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Abstract

The cytokine-inducible Src homology 2-containing protein (CISH) is an endogenous suppressors of signal transduction and activa-
tor of transcription (STAT) and acts as a key negative regulator of inflammatory cytokine responses. Downregulation of CISH has
been reported to associate with increased activation of STAT and enhanced inflammatory pathways. However, whether microRNAs
(miRNAs) play a crucial role in CISH/STAT regulation in oral squamous cell carcinoma (OSCC) remains unknown. The expression
of CISH on OSCC patients was determine by quantitative real-time PCR (qRT-PCR) and immunohistochemistry. Specific target-
ing by miRNAs was determined by software prediction, luciferase reporter assay, and correlation with target protein expression. The
functions of miR-944 and CISH were accessed by transwell migration and invasion analyses using gain- and loss-of-function
approaches. Enzyme-linked immunosorbent assay (ELISA) and qRT-PCR were used to evaluate the pro-inflammation cytokines
expression under the miR-944, CISH, NNK or combinations treatment. We found that the CISH protein, which modulates
STAT3 activity, as a direct target of miR-944. CISH protein was significantly down-regulated in OSCC patients and cell lines
and its level was inversely correlated with miR-944 expression. The miR-944-induced STAT3 phosphorylation, pro-
inflammation cytokines secretion, migration and invasion were abolished by CISH restoration, suggesting that the oncogenic activity
of miR-944 is CISH dependent. Furthermore, tobacco extract (NNK) may contribute to miR-944 induction and STAT3 activation.
Antagomir-mediated inactivation of miR-944 prevented the NNK-induced STAT3 phosphorylation and pro-inflammation cytoki-
nes secretion. Altogether, these data demonstrate that NNK-induced miR944 expression plays an important role in CISH/STAT3-
mediated inflammatory response and activation of tumor malignancy.
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Introduction

Head and neck squamous cell carcinoma is one of leading cause of can-
cer deaths, and oral squamous cell carcinoma (OSCC) accounted for about
90% of head and neck cancer [1]. Despite chemotherapy and radiotherapy
were frequently adopted as a component of the postoperative intensive
therapy with the aim of the reducing recurrence rates and the probability
of metastasis [2,3]. However, thus far, no effective measures have been
available to reduce the loco-regional recurrences and lymph node metasta-
sis in OSCC patients [4]. Thus, better approaches for the treatment of
OSCC will eventually require a better understanding of the molecular
mechanisms that initiate and drive cancer malignant progression.

Recently, the importance of inflammation in tumor initiation and
malignant progression has been extensively investigated [5], including
malignant cell transformation, metastasis and generating an inflammatory
microenvironment that further facilitates tumor progression [6]. This pro-
cess is required by the presence of inflammatory cells and inflammatory
mediators, consisting primarily of cytokines and chemokines [7]. For
example, tumor necrosis factor-a (TNF-a) and interleukin (IL) family
(such as IL-6, IL-1b, IL-17 and IL-23), which support tumor growth,
angiogenesis, invasion and metastasis, and maintain a cancer-promoting
inflammatory environment [7–10]. A main common feature of these
cytokines that are positively regulated by signal transducer and activator
of transcription (STAT) family proteins, especially STAT3 [6]. STAT3
signaling is a major pathway for cancer inflammation because it is fre-
quently aberrant and persistent activation in cancer cells and capable of
inducing a large number of genes that are crucial for facilitating a tumor
promoting inflammatory microenvironment, both at the tumor initiation
and during cancer progression [11,12]. Under normal condition, the activ-
ity of STAT proteins is tight regulation by the induction of suppressors of
cytokine signaling (SOCS) proteins. SOCS proteins are negative feedback
regulators of cytokine signaling mediated by the Janus kinase (JAK)-STAT
signaling pathway [13]. The SOCS family consists of 8 members, includ-
ing SOCS1–7 and cytokine-inducible SH2 containing protein (CISH),
which silence the STAT pathways by competing binding to JAKs and
inhibiting their kinase activities, by masking STAT binding sites of the
cytokine receptor, or by targeting proteins for proteasomal degradation
[14]. Aberrant regulation of SOCS family proteins has been linked to a
variety of inflammatory diseases, including cancer [15,16]. Therefore, dys-
regulation of SOCS proteins could be one of the important mechanisms
for constitutive STAT activation and cancer inflammation.

Silencing of SOCS proteins is frequently observed in various cancers
[17]. Genetic dysregulation, including genomic deletion [18,19], muta-
tion [20] and single nucleotide polymorphism [21,22], as well as epige-
netic dysregulation, including DNA hypermethylation [23–25] and
histone modification [26,27], have been often discussed to participate in
SOCS genes silencing. Recently, increasing evidence also suggests that
microRNAs (miRNAs) play important roles in the altered expression of
a number of SOCS proteins in cancer cells [17]. MiRNAs are short
non-coding RNAs that bind to complementary sequences on target
mRNAs to induce gene silence either by inhibiting protein translation
or by increasing degradation of the mRNA [28]. Previous studies have
shown that miR-155 and miR-19a can downregulate the expression of
SOCS1 by directly binding the 30-UTR of the SOCS1 mRNA and
enhances the phosphorylation of STAT3 [29–31]. Another study demon-
strated that miR-194 and miR-424-5p significantly decrease SOCS2
expression and promote cancer migration and invasion [32,33]. Moreover,
miR-221 and miR-203 have been reported to regulate proliferation, apop-
tosis, and chemosensitivity by targeting SOCS3 [34,35]. These observa-
tions strongly suggest that aberrant miRNAs expression, which target
SOCS family proteins, may affect STAT pathway and play cancer-
promoting effect.

Aside from miRNAs, epidemiological studies and experimental evi-
dences suggest that many environmental factors, such as UV irradiation,
chemical carcinogens and cigarette smoking, can increase phosphorylation
of STAT3 and link to inflammation-associated tumorigenesis in several
types of cancer, including oral cancer [36–40]. Although cigarette smoke
can activate STAT3 activity during oral carcinogenesis and promote cell
survival, proliferation, epithelial-mesenchymal transition and angiogenesis
[36,41,42], however, the molecular mechanisms of STAT3 activation
induced by cigarette smoke remain unclear. In this study, we demon-
strated that the exposure of oral cancer cell lines to 4-(Methylnitrosa
mino)-1-(3-pyridyl)-1-butanone (NNK), one of the major components
of tobacco, significantly induced miR-944 expression. Up-regulation of
miR-944 directly targeted CISH, a member of SOCS family proteins,
and increased the STAT3 phosphorylation, which is crucial for the expres-
sion of genes encoding pro-inflammatory mediators, such as chemokine
(C–C motif) ligand 3 (CCL3), CCL5, interleukin-1b (IL-1b), cyclooxyge-
nase 2 (COX-2) and inducible nitric oxide synthase (iNOS). Thus, these
findings defined a link between cigarette smoke and inflammation pro-
cesses suggested a novel role of miR-944 in stimulating STAT3 activity
through suppression of CISH protein, implicating an additional therapeu-
tic strategy may be helpful to overcome oral cancer in inflammatory
condition.
Material and methods

Clinical samples

Primary tumour tissues and their adjacent non-tumorous epithelia
from 33 patients harboring clinically localized oral cavity were received
curative surgery from 1999 to 2010. The study protocol was approved
by the Research Ethics Committee of National Health Research Institutes
(EC1040409-E) and Institutional Human Experiment and Ethic Com-
mittee of National Cheng Kung University Hospital (HR-97–100) for
the use of clinical materials for research purpose. Informed consent was
obtained from each patient. Tissues were obtained before chemotherapy
or radiation therapy and immediately snap-frozen in liquid nitrogen, then
stored at �80 �C before RNA extraction. Total RNA (including miRNA)
was isolated using the miRNeasy Mini Kit (Qiagen, #217004) according
to the manufacturer's protocol.
Cell lines and culture condition

OEC-M1 cells were cultured in RPMI 1640, Cal27 cells were main-
tained in DMEM and SAS cells were growth in DMEM/F12 (1:1).
DOK cells were maintained in DMEM supplemented with 1 mM sodium
pyruvate, FaDu cells were growth in a-MEM supplemented with 1 lM
hydrocortisone. SCC-25, SCC-9 and SCC-4 cells were cultured in
DMEM/F12 (1:1) supplemented with 0.5 mM sodium pyurvate and
1 lM hydrocortisone. All basal culture media (Gibco, Grand Island,
NY, USA) were supplemented with 10% fetal bovine serum (FBS, Kib-
butz BeitHaemek, Israel). Transformed oral keratinocytes (OKB4/
hTERT) were obtained from ScienCell and cultured in Keratinocyte-
SFM (Gibco, Grand Island, NY, USA) according to the manufacturer's
instructions. All cells were maintained in a humidified incubator at 37 �
C in a 5% CO2 atmosphere. NNK was purchased from Sigma-Aldrich
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(St. Louis, MO) and dissolved in DMSO (Sigma-Aldrich) as 0.5 M stock
solution. To assay the effects of NNK on OSCC cells, OE-CM1 and
SCC-25 were short-term treated with NNK (10–40 mM) or DMSO vehi-
cle for 24, 48 or 72 h. For gene knockdown experiments, the lentiviral
shRNA clones for CISH (shCISH) and non-targeting pLKO_TRC con-
trol plasmid (NS) were obtained from the National RNAi Core Facility
(Academia Sinica, Taiwan). For transfection of shRNA plasmids, cells
were transiently transfected with 2 mg of plasmids using Lipofectamine
2000 from Invitrogen (CA, USA) according to the manufacturer's
protocol.
Immunohistochemistry

CISH Protein expression was immunohistochemically examined using
multiple head and neck cancer tissue array (# HN803b, US Biomax Inc.,
Rockville, MD). This multiple head and neck carcinoma tissue array con-
tains 9 cases of normal tongue tissue, 22 cases of tongue squamous cell car-
cinoma and 47 cases of other subtype of head and neck carcinoma tissue
(including larynx squamous cell carcinoma, nose squamous cell carcinoma
and carcinoma sarcomatodes). We used 9 cases of normal tongue tissue
and 22 cases of tongue squamous cell carcinoma to represent the oral cav-
ity specimens. Briefly, sections were deparaffinized and rehydrated
through graded alcohols. Antigen retrieved in heated citric acid buffer
(pH 6.0) and endogenous peroxidase activity was blocked with 3% hydro-
gen peroxide for 10 min. After washing, Sections were blocked and then
incubated with anti-human CISH polyclonal antibody (GTX100216,
1:100, GeneTexInc, Irvine, CA, USA) at 4 �C overnight. Specific signals
were then developed with LSAB+kit (DakoCytomation, CA, USA) using
diaminobenzidine (Biocare) as chromogen. Sections were then counter-
stained with hematoxylin and observed under light microscope. Tumor
CISH level was scored according to CISH staining intensity as follows:
no staining, weak, intermediate and strong. Two pathologists indepen-
dently assessed all the scorings.
RNA extraction and quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from OSCC cells using TRIzol reagent (Life
Technologies, Gaithersburg, MD) according to the manufacturer's proto-
col. For mature miRNA detection, the cDNA was synthesized from total
RNA using miRNA-specific primers in a Biometra T3000 thermocycler
(Biometra GmbH, Germany) by following the manufacturer's instruc-
tions. The miRNA cDNA was quantified using TaqMan Universal PCR
Master Mix (Applied Biosystems) and normalized with RNU44, serving
as the internal control. For mRNA detection, the cDNA was synthesized
using random hexamer primers and SuperScript III reverse transcriptase
(Invitrogen, Carlsbad, CA) and then used as template to quantify CISH,
CCL3, CCL5, IL-1b, COX-2, iNOS and TP63 using gene-specific pri-
mers and normalized to the expression of GAPDH gene. The primer
sequences were used for PCR reaction as followed: 50-TTC GGG AAT
CTG GCT GGT ATT-30 (forward) and 50-GAA CGT GCC TTC
TGG CAT CT-30 (reverse) for CISH expression, 50-AGT TC TCT
GCA TCA CTT GCT G-30 (forward) and 50-CGG CTT CGC TTG
GTT AGG AA-30 (reverse) for CCL3 expression, 50-GAG TAT TTC
TAC ACC AGT GGC AAG-30 (forward) and 50-TCC CGA ACC
CAT TTC TTC TCT-30 (reverse) for CCL5 expression, 50-CCC TTG
GGT GTC AAA GGT AA-30 (forward) and 50-GCC CTC GCT TAT
GAT CTG TC-30 (reverse) for COX-2 expression, 50-ATG ATG GCT
TAT TAC AGT GGC AA-30 (forward) and 50-GTC GGA GAT TCG
TAG CTG GA-30 (reverse) for IL-1b expression, 50-GCA GAA TGT
GAC CAT CAT GG-30 (forward) and 50-ACA ACC TTG GTG TTG
AAG GC-30 (reverse) for iNOS expression, 50-GAA GGT GAA GGT
CGG AGT-30 (forward) and 50-GAA GAT GGT GAT GGG ATT
TC-30 (reverse) for GAPDH expression. All qRT-PCR reactions were
run on an Applied Biosystems StepOne Plus real-time PCR system. The
expression level was defined based on the threshold cycle (Ct), and relative
expression levels were calculated as 44Ct after normalization with refer-
ence control.

Protein extraction and western blot analysis

Cells were lysed using protein extraction buffer (50 mM Tris-HCl, 1%
NP-40, 150 mMNaCl, and 0.1% SDS) containing protease inhibitor cock-
tail (Sigma-Aldrich, Inc.) and phosphatase inhibitor (1 mMNa3VO4). Pro-
tein concentrations were then determined by the BCA assay kit (Thermo,
USA) with bovine serum albumin as standard. Equivalent amounts of pro-
tein lysates were subjected to 10–12% SDS-PAGE gel and transferred to
polyvinylidene fluoride membranes (Pall Life Sciences, Glen Cove, NY).
The membranes were probed with specific antibodies against CISH
(#8731, Cell signaling, Danvers, MA), STAT3 (#610189, BD Biosciences,
NJ), phospho-STAT3 (p-STAT3, Tyr705) (#9131, Cell signaling), STAT5
(#25656, Cell signaling), phospho-STAT3 (p-STAT5, Tyr694) (#9359,
Cell signaling), COX-2 (#12282, Cell signaling), and iNOS (ab204017,
Abcam, Cambridge, MA). GAPDH (GTX100118, Thermo Fisher Scien-
tific, San Jose, CA) was used as an internal control. Signals from HRP-
coupled secondary antibodies were visualized by the enhanced chemilumi-
nescence (ECL) detection system (PerkinElmer, Waltham, MA) and the
chemiluminescence was exposed onto Kodak X-Omat film (Kodak, Cha-
lon/Paris, France). Protein levels were determined as the integrated area (pix-
els) of the band intensities by densitometry analysis with Image J software
(Bethesda, MD, USA). The numerical values for protein band intensities
were corrected with the values of the GAPDH bands.

Plasmid construction

For gene expression, a 828-base pair fragment of CISH was amplified
by PCR and cloned into the BamHI and EcoRI sites of the pcDNA3.1
plus vector (Invitrogen, Gaithersburg, MD), using the CISH cloning pri-
mers: 50-GGG GAT CCA TGT ACC TAG AAC ACA CCA GCA-30

(forward) and 50-GGG AAT TCT CAG A GC TGG AAG GGG TAC
TGT C-30 (reverse). For miRNA luciferase reporter assay, the CISH 30-
UTR region was generated by subcloning PCR-amplified full-length
human CISH cDNA (1170-base pair from the stop codon respectively)
into the Xho1/Xba1 sites of pmiRGLO firefly luciferase-expressing vector
(Promega, WI, USA), using the cloning primers: 50-GGG GGC TCG
AGC TGT ACG GGG CAA TCT GCC CAC-30 (forward) and 50-
GGT CTA GAC ACA AC T GAA AAT CGG CCC CAT TGA G-30 (re-
verse). The miRNA binding sites mutation reporters were constructed by
using Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) with speci-
fic primers: 50-ATG ATT TAA TGG TTA TAG CAA AGA ACA GTT
TGG TGG TCT TT-30 (forward) and 50-TGC TAT AAC CAT TAA
ATC AT G AAG TCT TAT CAG ACG TGT ATT T-30 (reverse) for site.

Luciferase reporter assays

The STAT3 reporter plasmid (pm67-tk-Luc) was kindly provided
from Dr. Wu-Chou Su [43]. Briefly, to construct pm67-tk-Luc plasmid,
an oligonucleotide containing four copies of the sequence
GGTTCCCGTAAATGCATCA (TTCCCGTAA is the STAT-binding
site) was introduced in the AccI-BamHI sites of pTATA-tk-Luc upstream
of the minimal promoter. Cells were harvested 48 h after co-transfection
of pm67-Luc reporter vector with control vector (Vec) or CISH expression
vector (CISH) with Dual Luciferase Assay System (Promega, USA)
according to the manufacturer's protocol. For 30-UTR reporter assay, cells
were cultured in 24-well plates and co-transfected with 300 ng of CISH
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30-untranslated region (UTR) wild type or mutant type pmirGLO reporter
plasmid and with 25 nM of miR-944 mimics (PM) (Applied Biosystems,
Carlsbad, CA) or control oligonucleotide (NC) (Applied Biosystems) with
Lipofectamine 2000 according to the manufacturer's instructions. The
luciferase assay was performed 48 h post transfection with Dual Luciferase
Reporter Assay System (Promega, USA) as described by the manufac-
turer's protocol. Luminometry readings were obtained using an Orion L
luminometer (Berthold).
Enzyme-linked immunosorbent assay (ELISA)

Transfected and control OEC-M1 and SCC-25 cells were seeded onto
6-well plates at 2 � 106 cells in serum-free culture medium. After culture
for total 48 h, the supernatant was collected and purified by passing
through 0.2 lm polyethersulfone membrane (Corning Costar, Rochester,
NY, USA) respectively to remove cell debris for cytokines assay by ELISA.
The cytokines in culture supernatant, including CCL3, CCL5, and IL-1b,
were quantified using Ready-to-use ELISA Kits (PeproTech, Interna-
tional, Inc., NJ, USA) according to the manufacturer's protocol.
Cell viability assay

Transfected SAS and SCC-4 cells were seeded into 96-well plates
(3000 cells/well). After overnight incubation, 200 ll of culture medium
was dispensed into each well. Following 72-h treatment, 3-[4,5-dimethyl
thiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) dye (Calbiochem,
CA, USA) was added. After 2 h of incubation, the medium and MTT dye
were removed by slow aspiration and 100 ll of dimethyl sulfoxide
(DMSO) was added to dissolve the remaining MTT formazan crystals.
The absorbance at 550 nm was measured using a 96-well plate Spec-
traMax 250 reader (Molecular Devices, CA, USA).
Cell migration and invasion assay

The migration and invasion assays were performed using 24-well
Fluoro-Blok insert-based assays system (8 mm pore size membrane; BD
Biosciences, Franklin Lakes, NJ). The culture insert was coated to a den-
sity of 40 mg/insert of Matrigel Basement Membrane Matrix (BD Bio-
sciences) for invasion assay, but was coated nothing for migration assay.
Subsequently, 5 � 104 cells were seeded in the upper chamber in culture
medium containing 10% NuSerum. After incubating 24 h for invasion
assay and 12 h for migration assay at 37 �C, the cells that passed through
the Fluoro-Blok membrane were fixed with 95% methanol and stained
with propidium iodine. The fluorescence images were then counted with
Analytical Imaging Station software package (Imaging Research, Ontario,
Canada).
Statistical analysis

Paired t-tests were performed to compare the CISH mRNA intensity
and expression level in cancer tissues and the corresponding adjacent
non-tumorous epithelia. Experimental graphs are expressed as the
mean þ standard error (SE) from at least three independent experiments.
Linear correlation and Pearson correlations were used to evaluate the cor-
relation between 2 variants. Differences with the various treatment groups
were assessed using the Student's t-test or one-way analysis of variance
(ANOVA) analysis with multiple comparisons in cases in which more than
2 conditions were compared on the same set. Calculations were performed
using Graph Pad Prism Ver. 4.01 (San Diego, CA). A p-value <0.05 was
considered as significant.
Results

Down-regulation of CISH in OSCC tissues and cell lines

In order to identify dysregulated genes in oral cancer, we have per-
formed microarray analysis from 40 of OSCC specimens and uploaded
the data to Gene Expression Omnibus (GEO) under accession number
GSE37991. From the microarray data, we found that CISH levels were
significantly downregulated in tumors compared with their corresponding
normal samples using microarray data generated from 40 pairs of OSCC
specimens (P < 0.001, Fig. 1A, B). CISH expression levels were then val-
idated in another 33 of OSCC tissue sample (Supplementary Table S1),
using quantitative RT-PCR, and were found to be significantly downreg-
ulated in tumors (P < 0.001, Fig. 1C, left), but there was no significant dif-
ference in CISH expression levels in stage I-II vs stage II-IV patients
(Fig. 1C, right). To confirm this trend in protein level, we used CISH-
specific antibody for immunohistochemistry in normal tissue and OSCC
biopsies from individual cases tissue array. We found that CISH protein
level were high in 88.9% of normal samples (staining intensity: No stain-
ing = 0%, Weak = 11.1%, Intermediate = 22.2%, Strong = 66.7%),
whereas only 27.3% showed a high stain signal in tumor samples (staining
intensity: No staining = 31.8%, Weak = 40.9%, Intermediate = 18.2%,
Strong = 9.1%) (Fig. 1D). Consistent with this, our western blotting anal-
ysis revealed that CISH levels are relatively lower in the most of OSCC cell
lines when compared with the transformed normal human keratinocyte
(Fig. 1E).
CISH mediates cellular functions through STAT3 inhibition

To evaluate the biological functions of CISH during the progression of
OSCC, We ectopically expressed CISH in SAS and SCC-4 cells, which
exhibit low levels of endogenous CISH protein. The results showed that
CISH mRNA was significantly elevated in SAS and SCC-4 cells
(Fig. S1A), and the expression of CISH strongly reduced STAT3 phos-
phorylation (Fig. 2A) and its transcriptional activity (Fig. 2B). Instead,
we silenced CISH in OEC-M1 and SCC-25 cells, which exhibit high
levels of endogenous CISH protein, using CISH-specific lentiviral shRNA
construct (shCISH) and found that shRNA-mediated silencing of ectopic
CISH increased STAT3 phosphorylation (Fig. S1B). These results indi-
cate that STAT3 activity is primarily subject to negative regulation by
CISH in OSCC cells. Next, the phenotypic impact of CISH overexpres-
sion was tested in SAS and SCC-4 cells. The MTT assay showed that
CISH overexpression has no significant change on cell growth
(Fig. S1C). However, we observed a significant decrease in the migration
and invasion of SAS and SCC-4 cells with CISH overexpression (Fig. 2C,
D). In addition, STAT3 activation is recognized as an important link
between inflammation and cancer [6,44]. We then hypothesized that
CISH might inhibit STAT3-mediated downstream pro-inflammation
molecules secretion in OSCC cells. We found that the CISH overexpres-
sion was associated with decreased STAT3-mediated pro-inflammation
cytokines expression, including CCL3, CCL5, IL-1b, COX-2 and iNOS,
both at mRNA (Fig. S1D) and protein level (Fig. 2E, F).
CISH is a direct target of miR-944

Next, we attempted to investigate whether miRNA plays a major role
in CISH downexpression in OSCC. To determine the possible mecha-
nism for CISH dysregulation, we surveyed the configuration of
miRNA-binding sites within the 30-untranslated region (30UTR) of CISH
mRNA. We used targeting algorithms (TargetScan and microRNA.org)
combined with OSCC patients' miRNA microarray data (GSE45238)
[45] to search for putative miRNAs that might bind to CISH mRNA
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(Fig. 3A). Bioinformatics analysis identified three miRNAs, miR-7, miR-
944 and miR-135b, which could potentially binding in the 30-UTR of
CISH mRNA. However, only miR-7 and miR-944 were markedly up-
regulated in OSCC tissues compared with that in paired adjacent nontu-
mor tissues (Fig. S2). We next evaluated protein expression level of CISH
in miR-7 and miR-944 overexpression (PM) cells. The results showed that
the CISH expression was dramatically suppressed in miR-944-
overexpressing cells, not in miR-7-overexpressing cells, compared with
that in control cells (NC) (Fig. 3B). To further confirm whether miR-
944 could directly target CISH, we constructed and cloned the CISH
30-UTR fragment containing the putative miR-944 binding sites (wild-
type and mutant) into the pmirGLO reporter plasmid (Fig. 3C). We then
performed luciferase reporter assay in OEC-M1 and SCC-25 cells. Luci-
ferase assays showed that the expression of the wild-type, but not the
mutant plasmid, was suppressed in miR-944- overexpressing cells
(Fig. 3D). We next analyzed another OSCC testing cohort using qRT-
PCR approach and found a significant inverse correlation between the
expression levels of CISH and miR-944 (r = �0.35, p = 0.04) (Fig. 3E).
Furthermore, transfection of miR-944 mimics in OEC-M1 and SCC-25
cells not only decreased CISH protein expressions but also increased
STAT3 phosphorylation in a dose-dependent manner (Fig. 3F). By con-
Fig. 1. CISH is downregulated in human OSCC. (A) Heat map of CISH exp
downexpression. (B) Array ntensity of CISH in 40 of OSCC tumors compared
log2 ratios. Data are represented as mean þ SD; ***, p < 0.001. (C) Validation
their own adjacent normal tissues or compared with patients' stage. CISH
mean þ SD; ***, p < 0.001. (D) Immunohistochemical analysis of CISH in
equivalent to 50 mm. Bar charts show the percentage of CISH staining score f
and 22 cases of OSCC. The CISH staining intensity was scored as follows: No
CISH expression in total cell lysates of the human OSCC cell lines. OKB4/hT
control. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a
below the gels. The values were quantitated by densitometry and normalized
trast, transfection of miR-944 inhibitors (AM) increased CISH protein
in OEC-M1 and SCC-25 cells and decreased STAT3 protein phosphory-
lation (Fig. 3G). Taken together, our results showed that CISH is a direct
target of miR-944. Overexpression of miR-944 in OSCC cells decreases
CISH protein and increases STAT3 activity, suggesting an interaction
between miR-944/CISH/STAT3 signaling pathways.
MiR-944 regulates cellular functions through direct binding of CISH

To further confirm that miR-944 mediate the downregulation of
CISH to promote tumorigenicity. For this purpose, we constructed a
vector-based CISH expression plasmid lacking 30-UTR sequence, and thus
the CISH mRNA is not targeted by miR-944. Cells transfected with
CISH plasmid without 30-UTR were able to reduce STAT3 phosphoryla-
tion in the presence of miR-944 mimics (PM) (Fig. 4A). Moreover, CISH
restoration was able to reduce the miR-944-induced pro-inflammation
molecules expression (such as COX-2 and iNOS) (Fig. 4B and
Fig. S3A) and pro-inflammation cytokines secretion (such as CCL3,
CCL5 and IL-1b) (Fig. 4C). We further assessed the effect of CISH on
the in vitro migration and invasion potential of OEC-M1 cells by tran-
swell assay. As expected, the restoration of CISH potently suppressed
ression in 40 OSCC tissue pairs (GSE37991). Red, overexpression; green,
with their own adjacent normal tissues. CISH intensity is expressed as the
of CISH expession by qRT-PCR in 33 of OSCC tumors compared with

expression levels are expressed as the log2 ratios. Data are represented as
oral cancer tissue array. Bars in the right lower corners of all photos are
or the oral specimens in the tissue array, including 9 cases of normal tissue
staining, Weak, Intermediate and Strong. (E) Western blotting analysis of
ERT was an hTERT gene transformed keratinocyte and used as the normal
n internal control. Numerical values for protein band intensities are shown
to GAPDH.



Fig. 2. Phenotypic effects of dysregulated CISH in OSCC cell lines. (A)
Western blot analysis of the STAT3, 5 and their phosphorylation form
after transfection of control vector (Vec) or CISH expression vector
(CISH) for 48 h in SAS and SCC-4 cells. GAPDH was used as protein
loading control. Numerical values for protein band intensities are shown
below the gels. The values were quantitated by densitometry and
normalized to GAPDH. (B) The effect of CISH on the transcriptional
activity of the construct containing the STAT3 binding sequence. The
relative luciferase activities are the ratios of Renilla luciferase normalized to
the vector alone control. (C) Migration assay following CISH overexpres-
sion for 24 h using Matrigel non-coated Boyden chamber assay in SAS and
SCC-4 cells. (D) Invasion assay following CISH overexpression for 24 h
using Matrigel coated Boyden chamber assay in SAS and SCC-4 cells. (E)
CCL3, CCL5 and IL-1b levels in cultured medium of CISH overexpres-
sion SAS and SCC-4 cells measured by ELISA (compared with Vec
control). (F) Western blot analysis of the CISH, COX-2 and iNOS after
transfection of CISH for 48 h in SAS and SCC-4 cells. GAPDH was used
as protein loading control. All data are represented as mean þ SD; **,
p < 0.01; ***, p < 0.001.
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the migration (Fig. 4D) and invasion (Fig. 4E) activities induced by miR-
944 overexpression. Similar results were obtained in pro-inflammation
molecules secretion and transwell assay with another OSCC cell lines
SCC-25 (Fig. S3B and Fig. S4A-C). These data demonstrate that miR-
944-mediated CISH functions are crucial in regulating STAT3 activity,
pro-inflammation molecules secretion, migration and invasive potential
in OSCC cells.
MiR-944 are elevated in OSCC cells exposed to NNK

The results described above indicate that the dysregulation of miR-944
has a deep impact on multiple functions in OSCC tumorigenesis; how-
ever, the molecular mechanism of miR-944 regulation remain unclear.
Recent evidence indicates that exposure to cigarette smoke causes numer-
ous diseases, including cancer and inflammation [46]. Moreover, cigarette
smoke exposure increases phosphorylation of STAT3 in several types of
cancers and head and neck cancer cells [40,47,48]. Because of 4-(Methyl
nitrosamino)-1-(3-pyridyl)-1-butanone (NNK) is one of the major com-
ponents of cigarette smoke and effective carcinogen [49]. Therefore, we
hypothesize that tobacco extract, such as NNK, may contribute to the
miR-944 induction and the activation of STAT3 in OSCC. To test this
hypothesis, we examined the effect of NNK on miR-944 expression in
OEC-M1 and SCC-25 cells. We found that NNK significantly induced
miR-944 expression in a time- and concentration-dependent manner
(Fig. 5A, B). Then we determined whether CISH mRNA was targeted
by NNK-induced miR-944. NNK treatment significantly suppressed
the luciferase reporter activity of the wild-type CISH 30-UTR, but did
not affect the mutant CISH 30-UTR (Fig. 5C). To determine whether
miR-944 is required for NNK-induced STAT3 activation in OSCC cells,
we transfected with the miR-944 inhibitor (AM) in OEC-M1 and SCC-
25 cells. We found that miR-944 inhibitor (AM) significantly repressed
the NNK-induced miR-944 expression (Fig. 5D). Furthermore, miR-
944 inhibitor (AM) not only restored the CISH protein levels that sup-
pressed by NNK treatment but also decreased the NKK-induced STAT3
phosphorylation (Fig. 5E). To confirm this finding, the effect of NNK on
the STAT3-mediated pro-inflammation genes expression were deter-
mined. Transfection of cells with miR-944 inhibitor (AM) essentially
inhibited the NNK-induced pro-inflammation genes expression (COX-2
and iNOS) (Fig. 6A) and pro-inflammation cytokines secretion (CCL3,
CCL5 and IL-1b) (Fig. 6B). In addition, the miR-944 inhibitor (AM) also
attenuated the migration and invasion activities (Fig. 6C) induced by
NNK treatment.

MiR-944 is located in the intron 4 of tumor protein p63 (TP63) gene
and maps to chromosome 3q27-28 [50,51]. Many studies have reported
that intronic miRNAs that are co-expressed with their host genes and play
important roles [52,53]. Here, we measured the expressions of TP63 in
OSCC cells exposed to NNK. We found that NNK significantly induced
TP63 expression in OEC-M1 and SCC-25 cells (Fig. 6D). Furthermore,
the expression of miR-944 was significantly correlated with the expression
of TP63 (r = 0.41, p = 0.0178) in OSCC specimens (n = 33), indicating
that that miR-944 is likely co-expressed with its host gene TP63 (Fig. 6E).
Discussion

The importance of inflammation-associated tumorigenesis has received
increasing attention in recent years. Abundant evidence suggests a crucial
role for STAT3 in inducing oncogenic inflammatory conditions, both at
the initiation of malignant transformation and during cancer progression
[54,55]. For cancer inflammation, STAT3 signaling is a major intrinsic
pathway because it is frequently activated in cancer cells and capable of
inducing a large number of genes encoding for inflammation [6]. STAT3
hyperactivation may be due to two molecular events, one is constitutive
activation by cytokine stimulation and the other is loss of SOCS proteins
expression [16,56]. Herein, we uncover that STAT3 can be activated
through a miR-944-mediated CISH down-expression pattern. Further-
more, our results clearly demonstrated that NNK-induced TP63/miR-
944 co-expression plays an important role in oral carcinogenesis. This is
the first investigation to provide mechanistic data linking miR-944/
CISH/STAT3-mediated inflammation to tumorigenesis.



Fig. 3. CISH is a direct target of miR-944. (A) Flow chat of predicted miRNA which targets CISH 30-UTR using two independent algorithms
(microRNA.org and TargetScan) combined with our patients' miRNA array data (GSE45238). (B) Western blot analysis of CISH protein after
transfection of miR-944 mimics (PM) with 30 nM for 48 h in OEC-M1 and SCC-25 cells. (C) Schematic representation of the putative miR-944
binding sequence in the 30-UTR of CISH with wild-type form (CISH 30UTR WT) and mutant form (CISH 30UTR Mut). The mutated nucleotides are
labeled with underline. (D) Luciferase activity assays were performed after OEC-M1 and SCC-25 cells transfected with luciferase vectors containing the
wide-type or mutant CISH 30-UTR, in response to miR-944 over-expression. The relative luciferase activity of each sample is measured at 48 h after
transfection and normalized to Renilla luciferase activity. (E) Correlation analysis of miR-944 and CISH in human OSCC patients (n = 33) by qRT-PCR
analysis. Western blot analysis of the CISH, STAT3 and phosphor-STAT3 after transfection of miR-944 mimics (PM) (F) or miR-944 inhibitors (AM)
(G) with indicated concentration for 48 h in OEC-M1 and SCC-25 cells. All data are presented as mean þ SD; ***, p < 0.001 versus scramble control
(NC). GAPDH was used as protein loading control. Numerical values for protein band intensities are shown below the gels. The values were quantitated
by densitometry and normalized to GAPDH.
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CISH is known to function as a negative feedback regulator of the sig-
naling pathway induced by specific cytokines and growth factors [13,57].
CISH has been reported to associate with the interleukin 2 (IL-2) receptor
b-chain to disrupt the IL-2-induced Jak-STAT5 activity [58,59]. In addi-
tion, CISH was substantially induced by IL-4, negatively regulated the
activation of STAT3, STAT5 and STAT6 in T cells. CISH-deficient mice
could enhance the phosphorylation of STAT3, STAT5 and STAT6, and
subsequently developed a lung disorder that resembled allergic airway
inflammation [60]. Recently, CISH was demonstrated to mediate the eosi-
nophilic inflammation by regulating IL-13-induced CCL26 production
[61]. These findings suggest that CISH plays a key role in the inflamma-
tion in many diseases. However, the roles of CISH in oral cancer inflam-
mation remain unclear. In this study, we found that CISH down-
expression enhanced STAT3 phosphorylation but not that of STAT5 in
oral cancer. The persistent activation of STAT3 not only promotes tumor
cell migration and invasion, but also induces a large number of pro-
inflammatory genes expression and secretion, including CCL3, CCL5,
IL-1b, COX-2 and iNOS. We believe that these pro-inflammatory medi-
ators are required for inducing and maintaining a pro-carcinogenic condi-
tion in tumor microenvironment. For example, CCL3 has been reported
to promote vascular endothelial growth factor-A (VEGF-A) expression and
angiogenesis in human osteosarcoma cells [62]. And CCL3-deficient mice
were significantly protected from carcinogen-induced hepatocellular carci-
noma progression in vivo [63]. An interaction between CCL5 and its



Fig. 4. miR-944 regulates OSCC cell functions through targeting CISH. OSCC cells were transfected with miR-944 mimics (PM) or scramble control
(NC) for 24 h and then transfected with CISH expression vector without 30-UTR (pCDNA3.1-CISH) or control vector (pCDNA3.1) for another 24 h.
Under this condition, the level of CISH, STAT3 and phosphor-STAT3 were determined in OEC-M1 and SCC-25 cells by western blotting (A). The
RNA level of COX-2 and iNOS (B), protein level of CCL3, CCL5 and IL-1b levels in cultured medium (C), migration ability (D), and invasion ability
(E) were measured by qRT-PCR, ELISA and transwell assays in OEC-M1 cells. All data are presented as mean þ SD; **, p < 0.01; ***, p < 0.001 versus
scramble control (NC). GAPDH was used as protein loading control. Numerical values for protein band intensities are shown below the gels. The values
were quantitated by densitometry and normalized to GAPDH.
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receptors C–C chemokine receptor type 5 (CCR5) may favor tumor devel-
opment in multiple ways, such as stimulating angiogenesis, promoting the
release of matrix metalloproteases, inducing the recruitment of tumor-as-
sociated macrophage (TAM) into the tumor microenvironment, and tak-
ing part in immune evasion mechanisms [64,65]. In addition, IL-1b is
also a multifunctional and pro-inflammatory cytokine released to the
tumor microenvironment, and involved in the process of tumor growth
and metastasis. Chen's group recently described that IL-1b is able to reg-
ulate the epithelial-to-mesenchymal transition (EMT) by activating Twist
to promote cancer proliferation and migration [66]. Recently, it has been
reported that numerous tumors overexpress COX-2 and iNOS, which
both contribute to T-cell dysfunction in the tumor microenvironment
[67]. COX2 and its metabolite prostaglandin E2 (PGE2) could induce
the accumulation of myeloid-derived suppressor cells (MDSCs), which
inhibit the activation of CD4+ and CD8+ T cells and contribute to tumor
immune evasion [68]. Likewise, tumor cells exhibit high level of iNOS
may also recruit MDSCs into the tumor microenvironment to induce cell
cycle arrest of T cells, and then promote tumor progression and angiogen-
esis [69]. Thus, the use of inhibitors against COX-2 and iNOS may stim-
ulate cellular immunity and block tumor growth [67,70]. Taken together,
these findings indicates that STAT3-driven pro-inflammatory genes
expression from tumor cells plays an important role in regulating of
cancer-associated inflammation microenvironment. Moreover, CISH defi-
ciency could induce the activation of STAT3 in oral cancer. Thus the
investigation of mechanisms of CISH deficiency in oral carcinogenesis is
imperative and of great significance.

In this study, we demonstrated that miR-944 is upregulated in oral
cancer tissues and promotes tumor migration and invasion, suggesting that



Fig. 5. NNK exposure induces miR-944 expression. (A) OEC-M1 and SCC-25 cells were treated with NNK (10–40 mM) for 72 h, and the miR-944
expression level was measured by qRT-PCR analysis. (B) OEC-M1 and SCC-25 cells were treated with 20 mM of NNK for indicated time (24–72 h),
and the miR-944 expression level was measured by qRT-PCR analysis. (C) Luciferase activity assays were performed after OEC-M1 and SCC-25 cells
transfected with luciferase vectors containing the wide-type or mutant CISH 30-UTR, in response to DMSO control or 20 mM of NNK treatment. The
relative luciferase activity of each sample is measured at 72 h after transfection and normalized to Renilla luciferase activity. OEC-M1 and SCC-25 cells
were transfected with miR-944 inhibitors (AM) for 12 h, and followed by 20 mM of NNK treatment for another 72 h. Under this condition, the
expression level of miR-944 was determined by qRT-PCR analysis (D), and the protein level of CISH, STAT3, phosphor-STAT3 and GAPDH were
determined by western blot analysis (E). All data are presented as mean þ SD; *, p < 0.05; **, p < 0.01; ***, p < 0.001. Numerical values for protein band
intensities are shown below the gels. The values were quantitated by densitometry and normalized to GAPDH.
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miR-944 may function as an oncogene in oral cancer. To date, several tar-
gets of miR-944 have been reported. For example, one recent study
showed that miR-944 is significantly overexpressed in cervical cancer
and promotes cell proliferation, migration, and invasion by targeting
HECT domain ligase W2 (HECW2) and S100P binding protein
(S100PBP) [71]. He et al. showed that miR-944 is significantly overex-
pressed in breast cancer and promotes the chemotherapy resistance of
breast cancer by targeting BCL2 interacting protein 3 (BNIP3) [72].
On the contrary, it has been demonstrated that miR-944 repressed cell
proliferation, migration and invasion by targeting GATA binding protein
6 (GATA6) in colorectal cancer [73]. Thus, whether miR-944 serves as
oncogene or suppressor is depending on the different tumor type. Here,
we identified CISH as a novel target for miR-944 in oral cancer that
was not reported previously to our knowledge. CISH expression is signif-
icantly reduced in miR-944 overexpressed oral cancer cells. The mechanis-
tic data also suggest that miR-944-mediated CISH silencing then promote
pro-inflammatory genes expression and secretion by activating STAT3
activity. Therefore, it is conceivable that the miR-944/CISH/STAT3 axis
is critical for maintaining a pro-carcinogenic microenvironment in oral
cancer and may potentially serve as a therapeutic target.

Recently, there has been a growing evidence showing that miRNAs
play a role in the cigarette smoking-related inflammatory process [74].
Cigarette smoking has been implicated to correlate with STAT3 activation
in oral carcinogenesis [36], but the molecular mechanisms by which cigar-
ette smoke products activate STAT3 in oral cancer remain to be estab-
lished. Notably, our subsequent experiments demonstrated that NNK
can elevate the level of miR-944 and knockdown of miR-944 attenuates
NNK-induced STAT3 phosphorylation, as well as production of CCL3,
CCL5, IL-1b, COX-2 and iNOS, by targeting CISH, indicating a role
of miR-944 in the cigarette smoking-induced inflammation. Interestingly,
miR-944 is located in the intron of its host gene (TP63) and mapped to
human 3q27-28, a region frequently amplified in cancer [75]. It has been
reported that TP63 amplification and TP63 overexpression are prevalent
in squamous carcinomas and participate in tumor progression [76]. As
showed in this study, NNK treatment induced both TP63 and miR-
944 expression. Furthermore, the expression of miR-944 was significantly



Fig. 6. The effects of NNK on the STAT3-mediated pro-inflammation genes. OEC-M1 and SCC-25 cells were transfected with miR-944 inhibitors
(AM) for 12 h, and followed by 20 mM of NNK treatment for another 72 h. The RNA level of COX-2 and iNOS in cells (A), protein level of CCL3,
CCL5 and IL-1b in cultured medium (B) were measured by qRT-PCR or ELISA. (C) Migration and invasion ability were measured by transwell assays
in OEC-M1 and SCC-25 cells. (D) OEC-M1 and SCC-25 cells were treated with 20 mM of NNK for 72 h, and the TP63 expression level was measured
by qRT-PCR analysis. (E) Correlation analysis of miR-944 and TP63 in human OSCC patients (n = 33) by qRT-PCR analysis. (F) Proposed model for
comprehensive NNK-induced upregulation of miR-944 in stimulating STAT3 activation and pro-inflammatory genes expression through suppression of
CISH. All data are represented as mean þ SD; **, p < 0.01; ***, p < 0.001.

Neoplasia Vol. 22, No.11, 2020 MiR-944/CISH mediated inflammation via STAT3 H.-Y. Peng et al. 563
correlated with the expression of TP63 in OSCC specimens, suggesting
that miR-944 is co-expressed with its host gene TP63 and plays an impor-
tant role in oral carcinogenesis. Although the mechanisms involved in
cigarette smoking-induced TP63/miR-944 expression are poorly under-
stood. A link from inflammation to malignant transformation through
miR-944 has been established. Such information contributes to an under-
standing of how oral cancer is caused by cigarette smoking.

In summary, we have provided evidence that exposure of cells to NNK
induces an inflammatory response that contributes to NNK-induced
malignant transformation. We have shown that the NNK-induced upreg-
ulation of miR-944 in stimulating STAT3 activation and pro-
inflammatory genes expression through suppression of CISH (Fig. 6F).
These results highlight a relevant link, through miR-944/CISH/STAT3
axis, between cigarette smoking to inflammatory microenvironment,
which contributes a possible mechanism for cigarette smoking-induced
oral carcinogenesis.
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