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INTRODUCTION

Hepatocellular carcinoma (HCC) is currently known as one of 
the deadliest types of cancer as well as the second-leading cause 

of cancer-related mortality worldwide.1 As a major barrier to 
cancer progression, the immune system has the ability to elimi-
nate tumor cells before they invade or progress during carcino-
genesis. Natural killer (NK) cells, a major component of the in-
nate immune response, play an important role in the immune 
function in liver and act as the first line of immune defense 
against viral infections and tumors.2 It is well documented 
that NK cells are abundant in the liver and essential for anti-
hepatoma activity.3 NK cytotoxicity against HCC cells is im-
paired in HCC, which might account for the failure of anti-tu-
mor immune response.4,5 Moreover, the number of liver NK 
cells is also dramatically diminished during HCC progression, 
and decreased NK cells in peripheral blood of patients with 
HCC is significantly correlated with poor prognosis of HCC.6 
Therefore, enhancement of NK cells’ cytotoxicity against tu-
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mors might be a promising immunotherapy approach. 
microRNAs (miRNAs) are a class of small non-coding RNAs, 

which mediate the regulation of gene expression via recogniz-
ing the complementary sequences within 3'-untranslated re-
gions (3'-UTR) of target mRNAs, leading to mRNA degradation 
or translational inhibition.7 Over the past few years, increasing 
studies have shown that miRNAs are frequently dysregulated 
in cancers, consequently affecting diverse physiological and 
pathological processes such as proliferation, invasion, and 
immune escape.8 In the immune system, miRNAs play signifi-
cant roles in regulating the development and function of B-cell 
subsets, regulatory T-cells, and myeloid lineage cells.9 More-
over, recent studies have shown direct evidence that miRNAs 
are considered important regulators for the development and 
functions of NK cells.10 miR-506, located on Xq27.3, was previ-
ously identified as a component of X chromosome-linked miR-
NA cluster in testes of primates.11 miR-506 has been reported 
to function either as oncogene or tumor suppressor in different 
types of malignancies.12 Importantly, previous studies report-
ed that miR-506 was downregulated in HCC tissues compared 
to adjacent normal tissues, and acted as a tumor suppressor 
miRNA in HCC. However, the entire role of miR-506 in NK cells 
remains far from being addressed.

In our study, we demonstrated that miR-506 expression was 
positively correlated with NK cell cytotoxicity isolated from 
peripheral blood of HCC patients. Moreover, ectopic expres-
sion of miR-506 significantly enhanced NK cell cytotoxicity by 
targeting signal transducer and activator of transcription 3 
(STAT3), a transcriptional factor that regulates all aspects of 
NK cell biology. Our study suggested that modulating miR-506 
expression maybe a promising approach for enhancing NK 
cell-based antitumor therapies.

MATERIALS AND METHODS

Subjects and isolation of NK cells
Written informed consent was obtained from all participants, 
and our study was approved by Medical Ethics Committee of 
First Affiliated Hospital of Guangxi Medical University. A total 
of 15 HCC patients and 15 healthy donors, who were recruited 
at the Hepatobiliary Surgery Department of First Affiliated 
Hospital of Guangxi Medical University, were included in our 
study. Peripheral blood mononuclear cells (PBMCs) were iso-
lated from HCC patients and healthy controls by density gra-
dient centrifugation (Human lymphoprep, TBD, Tianjin, Chi-
na). Primary NK cells were negatively selected from PBMCs 
using magnetic activated cell sorting human NK cell isolation 
kit (Sangon Biotech, Shanghai, China).

NK cell culture and transfection
HCC cell line SMMC7721, HepG2, human NK cell line NK-92, 
and 293T cells were purchased from American Type Culture 

Collection (ATCC, Manassas, VA, USA). SMMC7721, HepG2, 
and 293T cells were maintained in DMEM with 10% heat-in-
activated fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, 
USA) and 1% penicillin/streptomycin. NK-92 cells were main-
tained in α-minimum essential medium (Invitrogen, Carlsbad, 
CA, USA) supplemented with 12.5% FBS (Sigma-Aldrich), 
12.5% horse serum (Gibco, Grand Island, NY, USA), 100 U/mL 
recombinant human IL (rhIL)-2 (PeproTech, Rocky Hill, NJ, 
USA), and 0.1 mM β-mercaptoethanol. The isolated primary 
NK cells were cultured in complete RPMI medium (Gibco) 
supplemented with 10% heat-inactivated FBS (Sigma-Aldrich), 
2 mM L-glutamine, and 100 U/mL rhIL-2 (PeproTech). All 
cells were incubated at 37°C in an incubator of 5% CO2. 

miR-506 mimic (miR-506), miRNA negative control (miR-
NC), miR-506 inhibitor (anti-miR-506), inhibitor control (anti-
miR-NC), pcDNA-STAT3, pcDNA empty control (pcDNA), siR-
NA specially against STAT3 (si-STAT3), and siRNA control (si-
NC) were purchased from GenePharma (Shanghai, China). 
NK-92 and primary NK cells were seeded into 96-well plates 
and transfected with the abovementioned nucleotides or 
plasmids, using Lipofectamine 2000 (Invitrogen). Co-culturing 
or RNA extraction was performed 48 hours after transfection.

Quantitative real-time PCR
Total RNA, including miRNA, was isolated from the isolated 
primary NK cells or NK-92 cells using TRIzol reagent (Invitro-
gen). Complementary DNA was synthesized from 1 µg of total 
RNA using PrimeScript RT reagent kit (TaKaRa, Dalian, Chi-
na). miR-506 detection was performed using TaqMan miRNA 
assay system (Applied Biosystems, Foster City, CA, USA), while 
STAT3 mRNA expression was examined using SYBR Green 
Real-time PCR Master Mix (TaKaRa). Quantitative real-time 
(qRT) PCR reaction was conducted on GeneAmp PCR 9700 
Thermo cycler (Applied Biosystems). Expressions of miR-506 
and STAT3 mRNA were evaluated using 2−∆∆Ct method. 

Cytotoxicity assay
NK-92 cell-mediated cytotoxicity against HCC cells was as-
sessed via flow cytometry using CFSE/7AAD cytotoxicity as-
say. NK-92 cells transfected with or without miR-506, miR-NC, 
anti-miR-506, anti-miR-NC, miR-506 + pcDNA, miR-506 + 
STAT3, anti-miR-506 + si-NC, or anti-miR-506 + si-STAT3 were 
labeled with 5 µM CFSE (Beyotime, Nanjing, China) for 10 
min at 37°C. Stained cells were washed twice with phosphate-
buffered saline (PBS) and mixed with target SMMC7721 cells 
at various effector-to-target ratios (E:T): 10:1, 5:1, and 2.5:1, 
followed by 6 h of incubation at 37°C. After washed twice with 
PBS, cell mixtures were and incubated with 7-AAD (KeyGEN 
BioTECH, Nanjing, China) for 15 min and detected using 
FACSCalibur system (BD Biosciences, San Jose, CA, USA).

Primary NK cell cytotoxicity was determined using a lactate 
dehydrogenase (LDH) assay according to the manufacturer’s 
instructions. Briefly, SMMC7721 or HepG2 cells were seeded 
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into 96-well plates at a density of 5×103 cells per well before co-
culturing. Primary NK cells transfected with or without miR-
506, miR-NC, anti-miR-506, anti-miR-NC, miR-506 + pcDNA, 
miR-506 + STAT3, anti-miR-506 + si-NC, or anti-miR-506 + si-
STAT3 were added to each well and co-cultured with SMMC 
7721 or HepG2 cells at an E:T ratio of 5:1. After 4 h of incuba-
tion, supernatant was collected and cytolytic activity of NK 
cells was examined using LDH Activity Assay kit (Jiancheng 
Bioengineering, Nanjing, China).

Luciferase reporter assay
Wild-type or mutated STAT3 3'UTR fragments containing the 
potential miR-506 binding sites were synthesized and cloned 
into pMIRNA-Reporter vector (Ambion, Austin, TX, USA) to pro-
duce pMIRNA-STAT3-WT (STAT3-WT) and pMIRNA-STAT3-
MUT (STAT3-MUT). 293T cells were seeded into 24-well 
plates and cotransfected with miR-506 or miR-NC and con-
structed luciferase plasmids using Lipofectamine 2000 (Invit-
rogen). After 48 h of transfection, firefly and Renilla luciferase 
activity was performed using Dual Luciferase Reporter Assay 
Kit (Promega, Madison, WI, USA).

Western blot
Cell protein was extracted from primary NK cells transfected 
with miR-506, anti-miR-506, or matched controls using RIPA 
lysis buffer (Sigma-Aldrich) for 10 min at 4°C and quantified 
using Bio-Rad protein assay system (Bio-Rad, Hercules, CA, 
USA). Equal amounts of cellular proteins were loaded on 10% 
sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel elec-
trophoresis and transferred to polyvinylidene difluoride mem-
branes (PVDF, Millipore, Billerica, MA, USA). Membranes 
were blocked with 5% nonfat milk at room temperature for 2 h, 
and then incubated with primary antibody against STAT3 
(1:1000; Cell Signaling Technology, Beverly, MA, USA) and 
β-actin (1:1000; Cell Signaling Technology) at 4°C overnight, 
followed by incubation with horseradish peroxidase-conju-
gated secondary antibodies (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) for 1 h. Protein bands were visualized using 
SuperSignal enhanced chemiluminescence kit (Pierce, Rock-
ford, IL, USA).

RNA immunoprecipitation assay
RNA immunoprecipitation (RIP) assay was performed with 
anti-Ago1 (Abcam, Cambridge, MA, USA) or IgG (Sigma-Al-
drich). SMMC7721 cells at 48 h after transfection with miR-506 
or miR-NC were lysed in complete RIP lysis buffer, and then 100 
µL whole-cell lysate of SMMC7721 cells was incubated with 
RIP buffer containing magnetic beads conjugated with human 
anti-Ago1 or negative control IgG. Samples were incubated with 
Proteinase K with shaking to digest the protein, and RNA co-
immunoprecipitated with anti-Ago1 or IgG antibodies was 
isolated using TRIzol (Invitrogen) and then subjected to qRT-
PCR analysis. 

Statistical analysis
All experimental results are shown as mean±SD, and all statisti-
cal analyses were performed using SPSS 19.0 (IBM Corp., Ar-
monk, NY, USA). Comparison between two or more groups was 
performed using Student’s t-test and one-way ANOVA. A two-
tailed p<0.05 was considered statistically significant.

RESULTS

miR-506 expression was positively correlated with NK 
cell cytotoxicity against HCC cells
To characterize the function of miR-506 in NK cells, we deter-
mined the expression of miR-506 in primary NK cells isolated 
from HCC patients and healthy controls. As shown in Fig. 1A, 
miR-506 expression was significantly downregulated in pri-
mary NK cells from 15 HCC patients as compared with that 
from 15 healthy controls. In addition, primary NK cells from 
HCC patients showed remarkably reduced cytotoxicity against 
SMMC7721 or HepG2 cells, with respect to primary NK cells 
from healthy controls (Fig. 1B and 1C). Interestingly, we found 
that miR-506 expression was positively correlated with NK cell 
cytotoxicity against SMMC7721 or HepG2 cells (Fig. 1D and E).

miR-506 overexpression enhanced NK cell cytotoxicity 
against HCC cells
To further validate the role of miR-506 in NK cells, gain-of-func-
tion and loss-of-function approaches were performed in NK-
92 and primary NK cells by transfecting with miR-506, anti-
miR-506, or matched controls. qRT-PCR analyses demonstrated 
that miR-506 expression was dramatically elevated in miR-
506-transfected NK-92 and primary NK cells, but significantly 
declined in anti-miR-506-treated NK-92 and primary NK cells 
(Fig. 2A and B). Moreover, CFSE/7AAD cytotoxicity assay 
showed that cytotoxicity of miR-506-mimicked NK-92 cells to 
SMMC7721 cells was evidently higher than that of miR-NC-
transfected cells (Fig. 2C). On the contrary, anti-miR-506-intro-
duced NK-92 cells exhibited decreased cytotoxicity to HepG2 
cells at different E:T ratios relative to anti-miR-NC group (Fig. 
2D). Consistently with the results from CFSE/7AAD cytotoxic-
ity assay, LDH assay demonstrated that enhanced expression 
of miR-506 by miR-506 mimic drastically increased primary 
NK cell cytotoxicity at E:T of 5:1, while knockdown of miR-506 
by anti-miR-506 strikingly inhibited the cytotoxicity of prima-
ry NK cells from HCC patients against SMMC7721 or HepG2 
cells (Fig. 2E and F). Collectively, these results demonstrated 
that miR-506 overexpression enhanced NK cell cytotoxicity 
against HCC cells.

STAT3 was a target of miR-506
To further investigate the underlying mechanism of miR-506 
in regulating NK cell cytotoxicity against HCC cells, bioinfor-
matics analysis was performed to predict the potential targets 
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of miR-506. The results demonstrated that STAT3 was predict-
ed as a target of miR-506 based on putative target sequence at 
position 1303–1309 of STAT3 3'UTR, as shown in Fig. 3A. To 
validate whether STAT3 was a direct target of miR-506, lucifer-
ase reporter plasmids containing wild-type or mutated STAT3 
3'UTR were constructed and luciferase reporter assay was 
performed. As displayed in Fig. 3B, overexpression of miR-506 
led to a remarkable reduction of luciferase activity of STAT3-
WT in 293T cells, but did not affect luciferase activity of STAT3-
MUT. To further explore whether miR-506 and STAT3 mRNA 
interact and form miRNA ribonucleoprotein (miRNP) com-
plexes, RIP assay was conducted and the results implicated 
that STAT3 could be specifically recruited to the miRNP com-
plexes isolated using Ago1 antibody following forced expres-
sion of miR-506 (Fig. 3C). qRT-PCR analysis demonstrated 
that STAT3 mRNA expression was aberrantly higher in prima-
ry NK cells from 15 HCC patients compared to that from 15 
healthy controls (Fig. 3D), and negatively correlated with miR-
506 expression in HCC patients (Fig. 3E). Moreover, we found 
that miR-506 mimic-transfected primary NK cells exhibited a 
significant decrease of STAT3 level, while anti-miR-506-treat-
ed primary NK cells displayed an evident increase of STAT3 lev-
el (Fig. 3F). Therefore, we concluded that miR-506 could sup-
press STAT3 expression by directly targeting 3'UTR of STAT3.

miR-506 overexpression enhanced NK cell cytotoxicity 
against HCC cells by targeting STAT3
We found that STAT3 mRNA expression was negatively corre-

lated with NK cell cytotoxicity against SMMC7721 cells (Fig. 
4A). To demonstrate the effects of miR-506-STAT3 axis on NK 
cell cytotoxicity, NK-92 and primary NK cells were transfected 
with miR-NC, miR-506, miR-506 + pcDNA, miR-506 + STAT3, 
anti-miR-NC, anti-miR-506, anti-miR-506 + si-NC, or anti-
miR-506 + si-STAT3. Unsurprisingly, STAT3 mRNA level was 
inhibited in NK-92 or primary NK cells transfected with miR-
506, whereas introduction of STAT3 overexpression supported 
the abundance (Fig. 4B-E). Subsequently, CFSE/7AAD cyto-
toxicity assay showed that ectopic expression of miR-506 strik-
ingly promoted cytotoxicity of NK-92 cells against SMMC7721 
cells, while cotransfection with miR-506 and STAT3 dismissed 
this effect (Fig. 4F). In contrast, STAT3 knockdown significant-
ly abolished anti-miR-506-mediated suppression of NK cell 
cytotoxicity against HepG2 cells at different E:T ratios (Fig. 4G). 
LDH assay also revealed that increased expression of miR-506 
distinctly accelerated the cytotoxic activity of primary NK cells 
from HCC patients against SMMC7721 cells, which was obvi-
ously counteracted after overexpressing STAT3 (Fig. 4H). On 
the contrary, anti-miR-506-mediated inhibition of the cyto-
toxic activity of primary NK cells from HCC patients against 
HepG2 cells was dramatically abolished following STAT3 
knockdown (Fig. 4I). Taken together, these results demonstrat-
ed that overexpressing STAT3 greatly reversed miR-506-medi-
ated promotion of NK cell cytotoxicity against HCC cells.

Fig. 1. miR-506 expression was positively correlated with NK cell cytotoxicity against SMMC7721 cells. (A) Quantitative real-time PCR analysis of miR-
506 in primary NK cells isolated from 15 HCC patients and 15 healthy controls. (B and C) Primary NK cell cytotoxicity against SMMC7721 (B) or HepG2 (C) 
cells was detected by lactate dehydrogenase cytotoxicity assay. (D and E) Correlation between miR-506 expression and NK cell cytotoxicity against 
SMMC7721 (D) or HepG2 (E) cells. *p<0.05. NK, natural killer; HCC, hepatocellular carcinoma.
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DISCUSSION

In the immune system, miRNAs with known function play an 
important role in the development and activation of immune 
cells, as well as immune responses.13 In recent years, increas-
ing studies have focused on the emerging roles of miRNA in 
regulation of activation and cytotoxic function of NK cells in tu-
mor cells. For example, enforced expression of miR-889 attenu-
ated the susceptibility of HCC cells to NK cell-mediated lysis by 
targeting major histocompatibility complex class I chain-relat-
ed gene B (MICB), which participated in NK cell-mediated an-
titumor immune response.14 In addition, increased levels of 

miR-20a in ovarian cancer cells indirectly suppressed NK cell 
cytotoxicity by downregulating MICA/B expression.15 More-
over, upregulated miR-146a expression reduced NK cell-me-
diated cytotoxicity in chronic hepatitis B-infected patients and 
HCC patients by targeting STAT1.16 In the present study, we 
addressed the roles of miR-506 in regulating NK cells cytotox-
icity against HCC cells and the underlying mechanism.

The role of miR-506 in different types of cancer is complicat-
ed, even contradictory. miR-506 has been reported to be down-
regulated in addition to acting as a tumor suppressor in osteo-
sarcoma,17 esophageal cancer,18 breast cancer,19 and HCC.20 
On the contrary, it was convincingly demonstrated that miR-
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506 played an oncogenic role in melanomas 21 and colon can-
cer.22 However, the roles of miR-506 in regulating NK cells cy-
totoxicity against HCC cells were still unknown. In our study, 

we demonstrated that miR-506 expression was significantly 
downregulated in primary NK cells from HCC patients com-
pared to that from healthy controls. In addition, we found that 
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or mutated STAT3 3’UTR. (C) Quantitation of recruited mRNAs of STAT3 to miRNP complex immunoprecipitated with Ago1 by RIP analysis. (D) mRNA 
expression of STAT3 in primary NK cells from 15 HCC patients and healthy controls by quantitative real-time PCR. (E) Spearman correlation analysis be-
tween miR-506 and STAT3 mRNA expressions in HCC patients. (F) STAT3 level was detected in primary NK cells transfected with miR-506, anti-miR-506, or 
matched controls using western blot. *p<0.05. NK, natural killer; HCC, hepatocellular carcinoma; E:T, effector-to-target ratios; STAT3, signal transducer 
and activator of transcription 3; miRNP, miRNA ribonucleoprotein; RIP, RNA immunoprecipitation; 3'-UTR, 3'-untranslated regions.

Fig. 4. miR-506 overexpression enhanced NK cell cytotoxicity against HCC cells by targeting STAT3. (A) Correlation between STAT3 mRNA expression 
and NK cell cytotoxicity. (B and C) NK-92 cells were transfected with miR-NC, miR-506, miR-506 + pcDNA, miR-506 + STAT3, anti-miR-NC, anti-
miR-506, anti-miR-506 + si-NC, or anti-miR-506 + si-STAT3, and mRNA expression of STAT3 was examined. (D and E) Primary NK cells were treated 
with miR-NC, miR-506, miR-506 + pcDNA, miR-506 + STAT3, anti-miR-NC, anti-miR-506, anti-miR-506 + si-NC, or anti-miR-506 + si-STAT3, and then 
STAT3 mRNA abundance was detected. Cytotoxicity of NK-92 cells against SMMC7721 (F) or HepG2 cells (G) was assessed via flow cytometry using 
CFSE/7AAD cytotoxicity assay. Cytotoxicity against SMMC7721 (H) or HepG2 cells (I) was then determined using lactate dehydrogenase assay. *p<0.05. 
NK, natural killer; HCC, hepatocellular carcinoma; E:T, effector-to-target ratios; STAT3, signal transducer and activator of transcription 3.
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primary NK cells from HCC patients showed remarkably re-
duced cytotoxicity against SMMC7721 or HepG2 cells with re-
spect to primary NK cells from healthy controls, which was con-
sistent with previous studies.4,5 Moreover, miR-506 was positively 
correlated with NK cell cytotoxicity against SMMC7721 or 
HepG2 cells, suggesting that miR-506 might be associated with 
NK cell cytotoxicity in HCC. As expect, functional analysis dem-
onstrated that miR-506 overexpression enhanced NK cell cyto-
toxicity against HCC cells, while miR-506 inhibitor showed the 
reverse effect.

To further explore the molecular mechanism by which miR-
506 enhanced NK cell cytotoxicity against HCC cells, we pre-
dicted the potential targets of miR-506 using bioinformatics 
analysis. STAT3 was identified as a direct target of miR-506 by 
luciferase reporter assay, and RIP and miR-506 suppressed 
STAT3 expression. Constitutive activation of STAT3 is observed 
in diverse human tumors, and STAT3 has been reported to me-
diate the crosstalk between tumor and immune cells.23 More-
over, aberrant activation of STAT3 contributes to tumor im-
mune evasion via inhibiting antitumor immunity.24 It has been 
proposed that STAT3 regulated NK cytolytic activity, as well as 
reciprocal regulatory interaction between NK cells and other 
components of the immune system.25 Blockage of STAT3 in 
HCC cells augmented the cytotoxicity of NK cells by reversing 
HCC-induced immune suppression.26 Our study provided the 
evidence that STAT3 mRNA expression was significantly upreg-
ulated in primary NK cells from HCC patients and negatively 
correlated with NK cell cytotoxicity against SMMC7721 or 
HepG2 cells. Rescue experiments demonstrated that overex-
pressing STAT3 greatly reversed miR-506-mediated promotion 
of NK cell cytotoxicity against HCC cells, suggesting that miR-
506 overexpression enhanced NK cell cytotoxicity against HCC 
cells by targeting STAT3.

In summary, we firstly demonstrated that miR-506 was down-
regulated while STAT3 was upregulated in primary NK cells 
from HCC patients. Moreover, we found that miR-506 overex-
pression enhanced NK cell cytotoxicity against HCC cells by 
targeting STAT3. Therefore, targeting miR-506 may be a prom-
ising new therapeutic strategy for enhancing NK cell-mediat-
ed immunotherapy to treat HCC.
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