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miR-146a is directly regulated by STAT3 in
human hepatocellular carcinoma cells and
involved in anti-tumor immune suppression
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MicroRNAs (miRNAs) play an important role in tumorigenesis, but their role in tumor-induced immune suppression is
largely unknown. STAT3 signaling, a key pathway mediating immune suppression in the tumor microenvironment, is
responsible for the transcription of several important miRNAs. In this study, we observed that miR-146a, a known
important regulator of immune responses, was downregulated by blocking activated STAT3 in hepatocellular
carcinoma (HCC) cells. Furthermore, miR-146a inhibition in HCC cells not only altered the STAT3 activation-associated
cytokine profile but also reversed HCC-induced NK cell dysfunction in vitro and improved the anti-tumor effect of
lymphocytes in vivo. Importantly, ChIP and luciferase reporter assays confirmed that STAT3 directly bound to the miR-
146a promoter and induced miR-146a expression. These findings indicated that miR-146a expression was regulated by
aberrantly activated STAT3 in HCC cells and exerted negative effects on anti-tumor immune response, which resulted in
the upregulation of cytokines such as TGF-B, IL-17, VEGF and downregulation of type | IFN to create an
immunosuppressive microenvironment. This further insight into understanding the mechanism responsible for tumor-
induced immune suppression highlights the potential application of miR-146a as a novel immunotherapeutic target for
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HCC.

Introduction

Hepatocellular carcinoma (HCC) is the fifth most common
cancer worldwide." Although improvements have been made in
surgery and other treatments for HCC, the prognosis for HCC
patients remains unsatisfactory due to the high rate of recurrence
and metastasis. Tumor-induced immune suppression is accepted
as an important mechanism that protects the tumor from the
induction of an efficient anti-tumor immune response in the
host.” As an oncogenic transcription factor, signal transducer and
activator of transcription 3 (STAT3) has been noted to contrib-
ute to tumor-induced immune suppression in multple tumor
types,” including HCC.* Constitutive activation of STAT3 not
only negatively regulates Thl cytokines critical for potent anti-
tumor immune responses’ but also activates many genes involved
in immune suppression. Moreover, studies revealed that STAT3
could drive tumor-derived factors, such as IL-6, IL-10, and
VEGEF, to ensure persistent STAT3 activation in the tumor
microenvironment through crosstalk between tumor cells and
tumor-associated immune cells.>®” Activated STAT3 by this
“positive feedback loop” further promotes the expression of
growth factors and angiogenic factors, which then represses the
effects of the host anti-tumor responses and accelerates tumor

growth and metastasis. Conversely, inhibiting STAT3 not only
enhances autophagy,® suppress epithelial-mesenchymal transition
(EMT) and tumor metastasis of HCC,? but also induces robust
anti-tumor innate and adaptive immune responses that impede
tumor progression.”>” Therefore, identifying the malignant fac-
tors and understanding the molecular pathogenesis underlying
STAT3-mediated immune suppression are critical for improving
strategies for HCC therapy.

Studies on STAT3 targets were previously limited to protein-
coding genes. Recently, some non-coding STAT3 targets were
identified in liver and colon cancer.'®'? In addition to the geno-
mic mutation events that trigger the activation of oncogenes or
the inactivation of tumor-suppressor genes, the dysregulation of
microRNAs (miRNAs)—-a type of short, non-coding RNA, is
also a common epigenetic event in HCC development.'”> miR-
NAs are involved in the post-transcriptional regulation of genes,
either by degrading target mRNAs or by inhibiting the transla-
tion process, *'> and they play a critical role in many biological
processes, including tumorigenesis.'® During the initiation and
progression of many malignancies, miRNAs modulate cell prolif-
eration, survival, angiogenesis, invasion, and merastasis.'” "’
Among these identified miRNAs, miR-146a has been shown to
be an important player regulating tumor progression in addition
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to its known modulatory effects on adaptive and innate immune
responses. The initial evidence on the abnormalities of miR-146a
in cancer originated from a study showing that miR-146a was
upregulated in papillary thyroid carcinoma (PTC) as compared
to normal thyroid tissue.”” Bhaumik et al.*" found that over-
expression of miR-146a/b significantly downregulated TNF
receptor-associated factor 6 (TRAF6) and IL-1 receptor associ-
ated kinase 1 (IRAK1) in the highly metastatic breast cancer cell
line MDA-MB-231, which led to the inactivation of NF-kB and
impaired the metastatic potential of these tumor cells. These
findings not only suggest that miR-146a acts as a negative regula-
tor of constitutive NF-kB activity in breast cancer cells but also
indicate that miR-146a may be an effective molecule for sup-
pressing breast cancer metastasis. Moreover, studies in mice defi-
cient in miR-146a show that the loss of miR-146a favors the
development of myeloid and lymphoid neoplasia, strongly sup-
porting a role for miR-146a as a tumor suppressor for myelo—
lymphoid cells.”* However, in cervical cancer tissues, miR-146a
is upregulated compared to normal cervix, and this enhanced
expression increases the proliferation of cervical cancer cells, indi-
cating that miR-146a is closely related with promoting cervical
carcinogenesis and thus plays an oncogenic role in cervical can-
cer.?? And, miR-146a plays a key role in enhancing angiogenic
activity of endothelial cells in HCC,?* in addition to increase the
resistance to IFN-a* and antitumor drugs®® during HCC ther-
apy. Therefore, miR-146a may play different roles in diverse
kinds of tumor cells.

In this study, we evaluated the relationship between the aber-
rant activation of STAT3 and miR-146a dysregulation in HCC
and explored the underlying molecular mechanisms. We found
the level of miR-146a expression in HCC cells affected not only
the STAT3 activation—associated cytokine profile but also the
HCC-induced suppression of anti-tumor immune responses.
Importantly, further exploration of the relationship between
STAT3 and miR-146a revealed that STAT3 directly activated
miR-146a transcription. These findings suggest that STAT3
transcriptional modulating executes its immune suppressive
effects partly by regulating miR-146a expression in HCC cells.

Results

Blocking of STAT3 decreased the expression of miR-146a

Increasing evidence supports that miR-146a contributes to the
complex molecular mechanisms involved in controlling cell
growth, differentiation, and survival as well as the processes
related to cancer development and progression.”' ™’ Interestingly,
the function of STAT3, currently an attractive target for antican-
cer therapy, has also been linked to the survival, proliferation,
angiogenesis, and immune suppression of HCC.»>” Since
STAT3 was previously shown to regulate some miRNAs, we
asked whether the constitutively activated STAT3 in HCC cells
could be related to miR-146a expression, or if STAT3 had a
potential modulatory effect on miR-146a expression. To address
this question, we tested whether manipulating STAT3 using a
Decoy ODN specifically targeting activated STAT3 would alter
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miR-146a expression in cultured HCC cells 77 vizro. As shown in
Fig. 1A and B, blocking STAT3 for 24 h suppressed miR-146a
expression in both the HepG2 and PLC/PRF/5 HCC cell lines
as compared to the Lipofectamine reagent control (Ctrl) or
scramble ODN-treated HCC cells. Since miR-146a was known
to target STAT1, and TRAFG6 as well as to negatively regulate
type I IFN signaling in SLE patients and miR-146a KO
mice,””*® we next tested whether blocking STAT3 also influ-
enced the expression of these miR-146a target genes in HCC
cells. Blocking STAT3 significantly enhanced the activity of
pmiR-Reporter vectors containing the 3’-UTR for STAT1 and
TRAF6 mRNA, but not the control pmiR-Reporter empty vec-
tor (Fig. 1C). Along with the STAT1 activation that occurred
upon blocking STAT3, the mRNA levels of molecules down-
stream of the type I IFN pathway were also upregulated, includ-
ing ISG15, MxA, and OAS-1 (Fig. 1D). Collectively, these
findings suggested that the expression of miR-146a and of mole-
cules along miR-146a—targeted pathways were closely related to
aberrant STAT3 activation in human HCC.

miR-146a promoted the expression of STAT3 activation—
associated cytokines in HCC cells

Dysregulation of many miRNAs, including miR-146a, favors
oncogenesis and cancer progression.”’>® To test whether miR-
146a expression in HCC directly affected tumor growth by regu-
lating cell proliferation, we modulated miR-146a expression in
HepG2 cells using miR-146a mimics or inhibitors and evaluated
cell growth and proliferation. As shown in Fig. 2A, while block-
ing STAT3 inhibited the growth of HepG2 cells, treating
HepG2 cells with miR-146a mimics or inhibitors did not signifi-
cantly alter HepG2 proliferation, which was then confirmed by
evaluating cell cycle (Fig. 2B). These results suggested that the
observed effect of miR-146a on tumor cells were not caused by a
direct effect of miR-146a on tumor cell proliferation.

In the tumor microenvironment, aberrant STAT3 activation
can suppress immune surveillance mechanisms by driving the
production of tumor-derived proinflammatory and immunosup-
pressive cytokines.”*”" Since various miRNAs are now consid-

2,
32,33 we

ered to represent a new class of inflammatory mediators,
investigated whether miR-146a indirectly regulated tumor
growth by influencing the expression of cytokines important for
immune surveillance of tumor growth. As shown in Fig. 2C,
inhibition of miR-146a using a specific inhibitor downregulated
the mRNA expression of cytokines associated with STAT3 acti-
vation, such as the inflammatory cytokines IL-6 and IL-17 as
well as the immunosuppressive factor TGF-f, but upregulated
mRNA expression of the potent immune stimulator IFN-a.. On
the contrary, miR-146a overexpression using miR-146a mimics
increased IL-6, IL-17, and TGF-f mRNA expression, but
reduced IFN-a. We then confirmed that these changes also
occurred at the protein level by ELISA analysis of the supernatant
(Fig. 2D). Since the changes in cytokine expression that occurred
upon inhibiting or overexpressing miR-146a in HCC cells phe-
nocopied the effects of blocking or activating STAT3, respec-
tively, these results indicated that miR-146a expression might be
downstream of STAT3 activation and be involved in creating a
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(Fig. 3A). By activating STAT3 with IL-6- 0 Ctrl STAT1 TRAF6 0 ISG15 MxA  0OAS-1
a known inducer of STAT3 signaling for
24 h, the increase in phosphorylated

STATS3 levels was accompanied by elevated
miR-146a  expression (Fig. 3B) and
enhanced STAT3 binding to the miR-
146a promoter (Fig. 3C). Meanwhile,
using a luciferase-based assay, we found
that IL-6 stimulation increased the lucifer-

Figure 1. The expression level of miR-146a in human HCC cells was inhibited by blocking STAT3.
After transfecting STAT3 decoy ODN (Decoy), scramble ODN (Scramble), or Lipofectamine reagent
control (Ctrl) into HepG2 (A) and PLC/PRF/5 (B) cells for 24 h, miR-146a expression was measured
by gPCR analysis. (C) Luciferase activity of pmiR-Reporter vector containing the mRNA 3’-UTR miR-
146a target genes STAT1 and TRAF6 was detected using a dual-Glo™ Luciferase assay system. (D)
Levels of ISG15, MxA, and OAS-1 mRNA were analyzed by gPCR analysis. Data are representative
of 3 independent experiments, and statistical significance was determined as **P < 0.01 and
*P < 0.05 compared to Lipo-Ctrl.

ase activity of the miR-146a promoter but
that blocking STAT3 reduced this lucifer-
ase activity, confirming that STAT3 regu-
lated the miR-146a promoter (Fig. 3D). No chromatin
enrichment by the STAT3 ChIP was observed in the negative
control (IgG), verifying the specificity of the ChIP assay. Thus,
these results demonstrated that STAT3 directly modulated miR-
146a expression.

miR-146a contributed to human HCC-induced immune
suppression 7z vitro

Tumor cells can escape from immune surveillance mecha-
nisms by reprogramming immune cell functions through secret-
ing cytokines such as IL-4, IL-10, and TGEF-B.** One of the
immune cells participating in immunosurveillance is the NK cell,
which exerts its anti-tumor effects via cytotoxic and immune reg-
ulatory capacities and is critical in the induction of an effective
adaptive anti-tumor immune response. And, previously we found
targeting blockage of over activated-STAT3 in HCC can enhance
NK cell cytotoxicity in vitro.* Therefore, in order to investigate
whether the soluble mediators released as a result of miR-146a
expression in HCC cells contributed to the escape of HCC from
immune surveillance mechanisms, we performed an in vitro
experiment, in which we incubated human NK cell lines (NK-92
or NKL) with supernatant from miR-146a mimic— or inhibitor—
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treated HepG2 cells for 12 h, and then examined the anti-tumor
cytotoxic function of these NK cells on naive HCC cells in a sub-
sequent co-culture. The “Medium” group represents NK cells
cultured in a-MEM alone without any supernatant from HCC
cells. Compared to NK cells incubated with supernatant from
HepG2 cells treated with the negative control (NC) RNA, treat-
ment with supernatant from miR-146a inhibitor—treated HepG2
cells enhanced the NK cell-mediated cytotoxic anti-HCC effect
by 14.82%-16.31%; conversely, treatment of NK cells with
supernatant from miR-146a mimic—treated HepG2 cells
increased the viability of HepG2 cells in co-culture by 9.57%—
12.36% (Fig. 4A). Moreover, we found that co-transfection of
miR-146a mimics with STAT3 decoy ODN in HCC cells could
restore the ability of the STAT3 decoy ODN-treated HCC cell
supernatant to inhibit NK cell-mediated cytolysis (Fig. 4A).
Similar results were observed in NK-92 cell-mediated specific
cell lysis against HCC cells by a CFSE/7-AAD flow cytometry
assay (Fig. 4B) as well as in the levels of NK cytolysis—related
molecules (NKG2A, NKG2D, FasL, perforin, granzyme B) in
NK cells incubated with the various HCC cell supernatants
(Fig. 4C). As shown in Fig. 4B, although the cytolytic ability
of NK cells incubated with supernatant from miR-146a
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Figure 2. miR-146a promoted the expression of inflammatory cytokines associated with STAT3
activation in HCC cells. As described in the Materials and Methods section, HepG2 cells were trans-
fected with negative control RNA (NC), miR-146a mimics (miR146a-Mim), miR-146a inhibitors
(miR146a-Inh), or STAT3 decoy ODN (STAT3-Dec). (A) HepG2 proliferation was analyzed by MTT
assay at the indicated time points. (B) Cell cycle was determined by flow cytometry. The levels of
inflammatory cytokines associated with STAT3 activation were determined by qPCR (C) and ELISA
(D) analysis. Data are representative of 3 independent experiments, and statistical significance

cells as assessed by flow cytometry, which
was not only consistent with the enhanced
lymphocyte cytolysis activity we observed 77
vitro but also further confirmed the
improved anti-tumor function of host
immune system. Additionally, ELISA analy-
sis of cytokines in the serum showed that

inhibitor—treated HepG2 cells was augmented compared to NK
cells incubated with NC control supernatant, it was still lower
than that of NK cells incubated with supernatant from STAT3
decoy ODN-treated HepG2 cells, indicating that other mole-
cules downstream of STAT3 activation, but independent of
miR-146a activity, were involved in HCC-induced immune sup-
pression. Taken together, these findings suggested that miR-146a
was involved in HCC-induced immune suppression, which was
associated with STAT3 over-activation in HCC.

Inhibiting miR-146a promoted the anti-tumor immune
response in vivo

Based on our observations that miR-146a expression in HCC
cells inhibited anti-tumor cytolytic NK cell function in vitro, we
predicted that miR-146a expression regulated by STAT3 activa-
tion in HCC cells promoted tumor growth in vivo. To test this,
a homograft mouse model was used to address whether miR-
146a influenced the anti-tumor immune responses in vivo. First,
we verified that blocking STAT3 for 36 h also downregulated
miR-146a in Hepa 1-6 cells, a murine liver cancer cell line
(Fig. 5A). Next, 2 x 10° Hepa 1-6 cells transfected with miR-
146a inhibitor or NC RNA were subcutaneously (s.c.) injected
into the right posterior flank of C57BL/6 mice. Two weeks later,
we found that liver and spleen lymphocytes from mice bearing
miR-146a—inhibited tumor cells exhibited an enhanced anti-
HCC effect that was at least 20% higher than that from
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the immune system status was improved in
mice bearing miR-146a—inhibited tumor
cells, including decreased TGF-B, IL-6, and
IL-18 as well as increased IFN-y (Fig. 5E). Collectively, these 7z
vitro and in vivo data substantiated the importance of STAT3-
induced miR-146a expression as a negative regulatory factor sup-
pressing the anti-tumor immune response in both human HCC
and murine models of HCC.

Discussion

As a key modulator of differentiation, miR-146a is dysregu-
lated in various types of tumors.”>*"**»3 Since previous studies
indicated that STAT3 and miR-146a regulated similar processes,
we attempted in this study to determine whether the constitu-
tively activated STAT3 in HCC cells influenced miR-146a
expression, and then we went on to explore whether miR-146a
contributes to the process of HCC-induced immune suppression.
We found that blocking STAT3 downregulated miR-146 expres-
sion in liver cancer (Fig. 1A and B), which subsequently allowed
for the upregulation of the known miR-146a targets, STAT1 and
TRAFG, and their downstram signaling pathways (Fig. 1C and
D).”"*83¢ These results suggested that a relationship might exist
between STAT3 activation and miR-146a expression, and that
miR-146a might be involved in the biological properties of
HCC.

In terms of whether miR-146a expression influenced the
growth of HCC tumors, we initially ruled out the direct
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mechanism of miR-146a promoting HCC

cell proliferation, as HCC cell proliferation A
was not affected by the introduction of a
miR-146a inhibitor or mimic (Fig. 2A and
B). We then focused on testing ways in
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regulated IFN-o. Thus, these data revealed

that miR-146a likely influenced the growth
of HCC cells in an indirect way by contrib-
uting to HCC-induced immunosuppressive
condition.

Since our data revealed that STAT3 was
involved in regulating miR-146a expres-
sion, we further tested whether this regula-
tion was via a direct or indirect mechanism.

Similar to protein-coding genes, miRNA
pared to control.

genes themselves are also subject to sophis-

Figure 3. STAT3 directly regulated miR-146a expression in HCC. (A) A ChIP assay was performed
24 h after STAT3 decoy ODN (Dec) or scramble ODN (Scr) treatment to evaluate the recruitment
of STAT3 on miR-146a promoter (miR146a-pro). (B) The level of phosphorylated STAT3 (p-STAT3)
(Tyr705) in IL-6-stimulated (400 U/mL) HepG2 cells was examined by western blotting (upper),
and a gPCR assay was used to detect the expression of miR-146a in HepG2 cells (lower). (C) After
IL-6 stimulation, a ChIP-PCR assay was performed using an anti-p-STAT3’% antibody or rabbit IgG
as a control. (D) The luciferase activity of the miR-146a promoter (miR146a-pro) in HepG2 cells
was measured using a dual-Glo™ Luciferase assay system. The ratio of firefly to Renilla luciferase
activity with pGL3-TK-Luciferase transfection was set as 1. Data are representative of 3 indepen-
dent experiments, and statistical significance was determined as **P < 0.01 and *P < 0.05 com-

ticated regulation. The factors determining

miRNA expression include genomic ampli-

fication, transcriptional regulation, processing, editing, and
decay.”” Among them, transcriptional regulation is a leading fac-
tor regulating miRNA expression; indeed, some reports have
characterized miRNA transactivators or suppressors, such as
¢-MYC and p53.®3? Using a ChIP assay, we found that STAT3
directly bound to the miR-146a promoter in HCC cells and that
blocking STAT3 obviously decreased this direct interaction
(Fig. 3A). Moreover, IL-6-induced activation of STAT3
increased miR-146a expression (Fig. 3B) and enhanced STAT3
binding to the miR-146a promoter (Fig. 3C) as well as the tran-
scriptional activity of miR-146a promoter (Fig. 3D), which was
inhibited by blocking STAT3 with decoy ODN. Thus, our data
reveal for the first time that STAT3 regulates miR-146a expres-
sion in HCC cells by a direct mechanism.

In the highly complex milieu of the tumor microenvironment,
many proinflammatory and immunosuppressive cytokines are
produced to suppress anti-tumor immune responses mediated by
NK cells and/or cytotoxic T lymphocytes (CTLs). In testing
whether inhibition of miR-146a could reverse HCC-induced
immune suppression and lead to a robust NK cell-mediated
anti-tumor response, which was observed as STAT3 in HCC was
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blocked by Decoy ODN *, we found that incubating supernatant
from miR-146a inhibitor—treated HepG2 cells enhanced NK cell
cytolysis; increased the expression of the NK activation—associ-
ated molecules perforin, granzymes, IFNs, NKG2D, and CDG69;
and decreased inhibitory receptor (NKG2A) expression (Fig. 4).
Thus, the similar anti-HCC effect observed after either STAT3
blockage or miR-146a inhibition provided further evidence to
support a functional relationship between STAT3 and miR-
146a. However, our data also suggested the possibility that other
STAT3-regulated molecules independent of miR-146a were
involved in HCC-induced immune suppression, as the cytolysis
observed after miR-146a inhibition was still lower than that of
NK cells incubated with supernatant from STAT3 decoy ODN-
treated HepG2 cells. It would be important and interesting to
identify these other STAT3-regulated mediators in future studies.

As miR-146a had previously been shown to play a significant
role in tumor progression in both breast and cervical cancers,>"?
we wondered whether miR-146a also played a role in hepatocar-
cinogenesis. We found that although altering miR-146a expres-
sion by transfecting miR-146a mimics or inhibitors into HepG2
cells had no effect on proliferation in the in vitro setting (Fig. 2),
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cells and regulatory T cells (Tregs),m’42 we

consider that the observed miR-146a levels
in whole HCC tissues cannot accurately
reflect the miR-146a expression in the HCC
cells alone due to the potential contribution
of these infiltrating immune cells.

The target of miR-146a responsible for
mediating HCC-induced immunosuppres-
sion has still to be clarified in the future.
However, the accumulated studies
revealed that miR-146a can induce the resis-
tance to type I IFN by rtargeting
STAT1,?” and downregulate type I IFN

have
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expression by targeting IRAKI and
TRAF6.* Here, we also observed that
STAT3 blockage upregulated STAT1 and
TRAFG, as well as the downstream genes of
type I IFN pathway. And type I IFN, which
is critical for NK cell activation by blocking
STAT3 in HCC cells,* could be increased
by miR-146a inhibition accompanied with
reversing HCC-mediated inhibitory effects
on NK cells. These findings indicated that
type I IFN signaling pathway might be a

vital target for miR-146a-mediated HCC-

induced immunosuppression. Furthermore,

Figure 4. miR-146a contributed to human HCC-induced immune suppression in vitro. After
HepG2 cells were transfected with negative control RNA (NC), miR-146a mimics (miR146a-Mim),
miR-146a inhibitors (miR146a-Inh), or STAT3 decoy ODN (STAT3-Dec) as described in the Materi-
als and Methods section, supernatant was collected and incubated with NK-92 or NKL cells in an
in vitro culture for 12 h. (A) The inhibitory effect of these NK cells on the viability of naive HepG2
cells was then analyzed by an MTT assay at an E:T ratio of 5:1. (B) The specific lysis of HepG2 cells
by these NK-92 cells was detected using a 4-h CFSE/7-AAD flow cytometry assay at an E:T ratio
of 5:1. (C) The molecules associated with NK cell cytolysis were examined by flow cytometry. The
data in the histograms represent the statistical analysis of the percentage of positive cells.
Medium, NK cells cultured in «-MEM alone without any supernatant from HCC cells. Data are rep-
resentative of 3 independent experiments, and statistical significance was determined as

other molecules such as SMAD4 is reported
to be one target of miR-146a, which can
inhibit cell proliferation, promote apoptosis
of gastric cancer,* and improve the sensitiv-
ity of HCC cells to the cytotoxic effects of
IFN-a,%’ suggesting miR-146a downregula-
tion may contribute to the therapy of gastric
cancer and HCC.

**P < 0.01 and *P < 0.05 compared to NC.

In summary, our results demonstrated

that STAT3 in HCC cells could directly

inhibiting miR-146 in the murine liver cancer cell line Hepa 1-6
decreased the growth of the homografted Hepa 1-6 tumors in
vivo (Fig. 5C). Importantly, lymphocytes harvested from mice
bearing miR-146a inhibitor—treated Hepa 1-6 tumors showed
an enhanced anti-tumor response, and cytolysis-related molecules
were upregulated on NK and T cells (Fig. 5B and D), recapitu-
lating our in vitro observations on NK cells. Moreover, the
immune system status was improved in mice bearing miR-146a
inhibitor—treated Hepa 1-6 cells (Fig. 5E). These findings thus
confirmed that miR-146a exerted an important role in liver
tumorigenicity and might be a potentially valuable molecular tar-
get for HCC immunotherapy.

In a recently published study, Rong et al. shows that miR-
146a expression in HCC tissues is lower than that in adjacent
non-cancerous hepatic tissues, ** which is seemingly contradictory
to what we would predict based on the data presented here. How-
ever, since HCC tissues also contain many infiltrating immune
cells in which miR-146a is abundantly expressed, including T
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modulate miR-146a expression. In HCC

cells, constitutively activated STAT3 not
only resulted in the overproduction of inflammatory and immu-
nosuppressive cytokines but also regulated the expression of
miR-146a miRNA. Thus, STAT3-regulated miRNAs might act
as mediators of STAT3-induced immunosuppression and pro-
mote the progression of liver cancer, and anti-tumor efficiency
could likely be improved by interfering with the expression of
these miRNAs, such as using nanoparticles delivery miR-146a
inhibitors or miR-146a-sponge vector. These findings provide
important insights into an immune suppression mechanism
underlying hepatocarcinogenesis and shed new light on potential
targeting strategies for HCC immunotherapy.

Materials and Methods
Cell lines

The human HCC cell lines HepG2 (The Cell Bank of Type
Culture Collection of Chinese Academy of Sciences, TCHu 72)
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Figure 5. Inhibition of miR-146a promoted the anti-tumor immune response in vivo. (A) After transfecting STAT3 decoy ODN (Dec), scramble ODN (Scr),
or Lipofectamine reagent control (Ctrl) into the murine liver cancer cell line Hepa 1-6 for 24 h, miR-146a expression was measured by qPCR analysis.
(B-E) Hepa 1-6 cells transfected with miR-146a inhibitors (miR146a-Inh) or control RNA (NC) were injected s.c. into the right posterior flank of C57BL/6
mice (2 x 10° cells/mouse), and tumor-bearing mice were sacrificed after 2 weeks. (B) The inhibitory effect of freshly isolated lymphocytes from liver or
spleen on the viability of naive Hepa 1-6 cells was analyzed by MTT assay at an E:T ratio of 50:1. (C) The weight of tumor, spleen, and liver in the indicated
tumor-bearing groups was measured. (D) Flow cytometry analysis was performed to examine CD69, CD25, NKG2D, and FasL levels in CD37NK1.1" and
CD3"NK1.1~ lymphocytes from tumor tissue, spleen, liver, and axillary and inguinal LNs. (E) TGF-B, IL-6, IL-18, TNF-a, and IFN-y levels in serum were
detected by ELISA assay. Data are representative of 3 independent experiments, and statistical significance was determined as **P < 0.01 and *P < 0.05

and PLC/PRF/5 (kindly supplied by Dr. Qu Xianjun, Depart-
ment of Pharmacology, Shandong University) were grown in
RPMI-1640 medium (GIBCO/BRL, Grand Island, NY, USA)
with 10% FBS. The human natural killer (NK) cell line NK-92
was purchased from ATCC (CRL-2407) and maintained in
a-MEM (GIBCO/BRL) supplemented with 12.5% horse serum
(GIBCO), 12.5% FBS, 100 U/mL rhIL-2 (Changsheng, Chang-
chun, China), 0.1 mM B-mercaptoethanol, and 0.02 mM folic
acid. The human NK cell line NKL was generously provided by
Dr. Jin Boquan (Fourth Military Medical University, China)
and cultured in RPMI-1640 containing 10% FBS and 100 U/
mL rhIL-2. The murine HCC cell line Hepa 1-6 was purchased
from Chinese Academy of Sciences Typical Culture Collection
cell bank (TCM39) and cultured in DMEM (GIBCO/BRL)
with 10% FBS. The above cell lines were used within 6 months
after receipt. Cells were never used above passage 10 and were

cultured in a humidified incubator with 5% CO, at 37°C.

STAT3 decoy/scramble oligonucleotide and RNA
oligonucleotide

Using phosphorothioate chemistry, sense and antisense
strands of STAT3 decoy or scramble oligonucleotide (ODN)
were synthesized using the Expedite™ Nucleic Acid Synthesis
System (Takara Biotechnology). The STAT3 decoy ODN

www.tandfonline.com
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sequences were 5-CATTTCCCGTAAATC-3' and 5'-GATT-
TACGGGAAATG-3/, and the scramble ODN sequences were
5-CATCTTGCCAATATC-3" and 5-GATATTGGCAA-
GATG-3". The sense and antisense strands were annealed and
purified by HPLC.*® The specificity of STAT3 decoy ODN tar-
geting STAT3 was confirmed previously.*

The miR-146a mimics and matching negative control RNAs
(dsRNA ODNs) as well as the miR-146a inhibitors and match-
ing negative control RNAs (single-stranded chemically modified
ODNs) were all purchased from Shanghai GenePharma Co.,
Led..

Cell transfection

Transient transfection was carried out with Lipofectamine™
2000 (Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s instructions. One day before transfection, HCC cells
were seeded to ensure >90 % confluency. For transfection of
DNA oligonucleotides, 50 nM STAT3 decoy or scramble ODN
were used with an ODN (pg) to LipofectamineTM 2000 (L)
ratio of 1:2.5. For transfection of RNA oligonucleotides, 50 nM
miRNA mimics or 20 nM miRNA inhibitors was used with an
RNA (nM) to LipofectamineTM 2000 (wL) ratio of 1:1. After
~4-6 h of transfection, supernatant was removed and washed
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twice with 1 x PBS, and fresh medium containing serum was
incubated with the cells for the indicated time periods.

NK cells treated with supernatant from tumor cells

After HCC cells were transfected with DNA oligonucleotides
or RNA oligonucleotides for 6 h, the transfection medium was
removed, and HCC cells were washed with 1x PBS to remove
residual ODN. These HCC cells were then cultured in fresh
medium (containing 10% FBS) for an additional 24 h. Superna-
tants were collected, and cells and debris were removed by centri-
fugation. NK cells were cultured in the supernatant for 12 h with
a 1:1 ratio of supernatant to medium (v/v).

Cell proliferation and viability assay

For the cell proliferation assay, HepG2 cells were transfected
with miR-146a mimics (50 nM), miR-146a inhibitors (20 nM),
or control RNA. After 4 h, these treated HepG2 cells (6 x 10°
cells/well) were seeded in 96-well plates. At the indicated time
points, 20 pL (5 mg/mL) MTT (Sigma) was added to each well
and incubated for another 4 h. After centrifugation, the MTT
solution was removed, and 200 pL dimethyl sulfoxide (DMSO;
Sigma) was added to dissolve the formazan crystals. Then, absor-
bance at 570-630 nm was determined using a Microplate Autor-
eader (Bio-Rad). For the cell viability assay, liver cancer cells
were plated at density of 1 x 10* cells/well in 96-well plates.
After 4 h, NK-92, NKL, or mouse lymphocytes were added into
the plates at different E: T ratios. At the 12-h time point, cell via-
bility was examined using the MTT method.

Cell cytotoxicity assay

Cell cytotoxicity against HepG2 cells was evaluated by flow
cytometry. After labeling HCC cells with 5-6-carboxyfluorescein
diacetate succinimidyl ester (CFSE, #C0051, Beyotime) for
15 min at 37°C, cells were washed and seeded in complete
medium for adherent culture. Then, NK-92 cells were added
with an E:T ratio of 5:1. HCC cells were incubated alone to mea-
sure basal levels of cell death. After 4 h, cells were collected,
washed twice with 1 x PBS, and incubated with 7-amino actino-
mycin D (7-AAD, #KGA219, KeyGEN BioTECH) for 15 min
at room temperature in the dark. Fluorescence data were acquired
using a FACSCalibur flow cytometry system (BD Biosciences).
The following formula was used to calculate Specific Lysis:%
Specific Lysis = (Sample Ratio — Basal Ratio) x 100, where
Ratio = % CFSE*7-AAD™ /9% CFSE™.

Flow cytometry

Cell phenotypes were analyzed by flow cytometry. Cells were
incubated with fluorescence-conjugated antibodies for 30 min at
4°C. For detection of intracellular cytokines, cells were stimu-
lated with monensin (6 wM) and ionomycin (1 pg/mL) (Sigma)
for 4 h in a 37°C, 5% CO, incubator, and then washed, fixed,
and permeabilized. Cells were then stained with a saturating
amount of the fluorescence-conjugated antibodies for 1 h at 4°C.
After washing with PBS, fluorescence from the stained cells was
acquired using a FACSCalibur (BD Biosciences) and analyzed
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using WinMDI 2.0 software. The fluorescence-conjugated anti-
bodies used in this study are described in Table S1.

For the cell cycle assay, at least 1 x 10° cells treated with the
indicated treatments were harvested and washed in PBS. After
fixation in 90% ethanol for 1 h at —20°C, cells were washed
twice and resuspended in RNase solution (50 pwg/ml) for
30 min at 37°C. Then, cells were stained with propidium iodide
(PI) at room temperature for 15 min. Fluorescence was quanti-
fied on a flow cytometer, and the percentage of cells in each phase
was calculated using ModFit software (BD Biosciences).

RNA isolation and quantitative real-time PCR (qPCR)

Quantitative real-time PCR (qPCR) was performed according
to the manufacturer’s instructions. Briefly, total RNA was iso-
lated using TRIzol (Invitrogen). RNA quality and concentration
were determined by spectrophotometric measurement of the
Azeo/Azgo ratio. cDNA was synthesized using the M-MLV
reverse transcriptase (Invitrogen). qPCR was performed using the
SYBR green real-time PCR Kit (TOYOBO) on an iQ5™ Real-
Time PCR detection system (Bio-Rad). Relative mRNA expres-
sion levels of the gene of interest were calculated using the
272ACt method. The primers are listed in Table S2. miRNA lev-
els were quantified by qQRT-PCR using specific Bulge-Loop™
miRNA qRT-PCR primers purchased from Guangzhou Ribobio

with U6 small nuclear RNA as an internal normalized reference.

Western blotting

HepG2 cells were homogenized in a total protein extraction
kit (BestBio) containing a dissolved protease inhibitor cocktail
(Sigma) for 30 min in ice-cold lysis buffer, and the homogenate
was centrifuged at 13,000 x g at 4°C for 15 min. Supernatants
were mixed in Laemmli loading buffer, boiled for 5 min, and
then subjected to SDS-PAGE. After transferring to PVDF mem-
branes (Millipore), immunoblots were incubated with anti—p-
STAT3, antd-STAT3 (Cell Signaling Technology), or anti-
B-actin (Santa Cruz) mAbs, followed by incubation with horse-
radish peroxidase (HRP)-conjugated secondary antibodies and
visualization by Immobilon Western Chemiluminescent HRP
Substrate (Millipore).

Chromatin Immunoprecipitation

Cells were seeded in 150-mm plates at a density of 2 x 10°
cells/well. After a 24-h transfection, 1% formaldehyde was added
into the plates for 15 min at room temperature. The Chromatin
Immunoprecipitation (ChIP) assay was carried out with a ChIP
Assay Kit (Millipore, #17-295) according to the manufacturer’s
instructions. Briefly, ChIP dilution buffer (containing a protease
inhibitor) was added to the cell pellet to isolate chromatin, and
the lysates were sonicated to shear DNA to an average length of
200-500 bp. The input was prepared by treating 5% of total
chromatin with proteinase K, heating the samples at 65°C for
6 h to remove crosslinking, and precipitating out the pellet with
ethanol. The final lysate was used for IP with anti-STAT3 (Cell
Signaling Technology) or normal serum IgG. After overnight
incubation with primary antibody at 4°C, protein A agarose
beads were added to the mixture for isolating immune
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complexes. The complexes were washed and eluted from the
beads with the elution buffer included in the ChIP Assay Kit.
Crosslinks were reversed by incubating with 5M NaCl at 65°C,
and ChIP DNA was purified by phenol—chloroform extraction
and ethanol precipitation. Finally, the concentration of extracted
DNA was determined on a NanoDrop spectrophotometer and
analyzed by PCR using primers designed around the specific
binding sites on the miR-146a promoter (miR146a-pro, 5'-
GCTCACTGCAACCTCCAA-3' and 5-TGTCCCAGCCCT-
GTAAAA-3'). The PCR products were electrophoresed on 2%
agarose gels, and the relative light intensities of the bands were
analyzed by AlphaEaseFC software. The resulting signals were
normalized as (Amount of DNA in antibody-specific IP — DNA
in IgG IP) / (Input DNA).

Luciferase reporter gene assay

For the reporter gene assay, HepG2 cells were plated at a den-
sity of 1 x 10% cells/well in 96-well plates (Costar) and tran-
siently transfected with pGL3-STAT1-Promoter luciferase,
pGL3-TRAF6-Promoter luciferase, or pGL3-miR146a-Pro-
moter luciferase (200 ng/well, Cat# 15091, Addgene) as well as
STAT3 decoy or scramble ODN in the presence of Lipofectami-
ne'™ 2000. The Renilla expression vector pRL-TK (20 ng/well,
Promega) was co-transfected into the cells to normalize the trans-
fection efficiency. After 24 h, cells were washed and lysed, and a
dual-Glo™ Luciferase assay system (Promega, #E2920) was
used to determine luciferase activity according to the man-
ufacturer’s instructions. The ratio of firefly to Renilla luciferase
activity associated with pGL3-TK luciferase transfection was set
as 1.

Homograft transplantation and in vivo studies

Hepa 1-6 cells (2 x 10° cells/mouse) treated with miR-146a
inhibitors or control RNA were injected into the right posterior
flank of 6-week-old male C57BL/6 mice, and these tumor-bear-
ing mice were sacrificed 2 weeks later. Tumor, liver, and spleen
weight were measured, and the lymphocytes from liver, spleen,
tumor tissue, and axillary and inguinal lymph nodes (LNs) were
isolated. All procedures were performed in accordance with Insti-
tutional Animal Care and Use Committee Protocols.
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