@'PLOS | ONE

®

CrossMark

click for updates

{3 OPEN ACCESS

Citation: Sun Y, Pan J, Mao S, Jin J (2014) IL-17/
miR-192/IL-17Rs Regulatory Feedback Loop
Facilitates Multiple Myeloma Progression. PLoS
ONE 9(12): e114647. doi:10.1371/journal.pone.
0114647

Editor: Bing-Hua Jiang, Thomas Jefferson
University, United States of America

Received: June 15, 2014
Accepted: November 12, 2014
Published: December 9, 2014

Copyright: © 2014 Sun et al. This is an open-
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and repro-
duction in any medium, provided the original author
and source are credited.

Data Availability: The authors confirm that all data
underlying the findings are fully available without
restriction. All relevant data are within the paper
and its Supporting Information files.

Funding: This work was supported by the
Foundation of Science and Technology Agency in
Liaoning Province (2012225019, Research on
regulation of IL-17 on myeloma). The funder had
no role in study design, data collection and
analysis, decision to publish, or preparation of the
manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

PLOS ONE | DOI:10.1371/journal.pone.0114647 December 9, 2014

IL-17/miR-192/IL-17Rs Regulatory
Feedback Loop Facilitates Multiple
Myeloma Progression

Yuanyuan Sun, Jing Pan, Shudan Mao, Jieping Jin*

Department of Hematology, the First Affiliated Hospital of Liaoning Medical University, Jinzhou, Liaoning,
China

*yihaidaohang@163.com

Abstract

Multiple myeloma (MM) is a clonal plasma cell disorder which constitutes the
second most common hematological malignancy, and remains an incurable tumor
with poor survival. Recently, interleukin-17 (IL-17), produced locally in the tumor
microenvironment, has been reported to play a crucial role in tumor immunity. In this
study, we determined that exposure of MM cells to IL-17 had various promotive
influences on different aspects of tumor progression. IL-17 significantly induced cell
proliferation, inhibited cellular apoptosis, repressed cell adhesion to fibronectin and
collagen |, and facilitated cell migration. Exposure to IL-17 also resulted in
epithelial-mesenchymal transition (EMT), as evidenced by repression of the
epithelial marker E-cadherin, and induction of the mesenchymal marker Vimentin,
and EMT transcription factors Snail and Slug. Further experiments showed that IL-
17 activated the oncogenic p65 transcription factor, which directly repressed the
miR-192 gene via binding to the miR-192 promoter. Loss of miR-192 in MM cells
can mimic the effects of IL-17, and was required for the above oncogenic effects of
IL-17 on MM. Furthermore, we found that miR-192, and its homologous miR-215
directly targeted the 3’-untranslated regions of IL-17Rs, including IL-17RA and RE
mRNA. By examining bone marrow specimens derived from MM patients, a
negative correlation between miR-192 expression and IL-17 or IL-17RA expression
was observed. Also, IL-17 was negatively correlated with E-cadherin and positively
with Vimentin. Taken together, our study provides evidence that the IL-17/miR-192/
IL-17Rs regulatory feedback loop is manifest in MM and might represent a
promising and efficient prognostic marker and therapeutic target for MM.
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Introduction

Cancer is one of the major health problems in the Western world, with very poor
prognosis and high possibility of metastasis [1]. As the second most common
hematological cancer in the USA, multiple myeloma (MM) is characterized by a
monoclonal proliferation of malignant plasma cells and develops from a
complicated network composed of various molecular processes [2]. During
progression to metastasis, the interactions between myeloma cells with the
components of their microenvironment are thought to play an important role in
driving these cells malignant [3]. These interactions are critical to multiple stages
in tumorigenesis, from initial homing to the hematopoietic stem cells niche,
escape from normal immune suppression, and resistance to chemotherapeutic
treatments, to support of tumor growth and development of cancer-induced
complications [4]. Thus, tempering the response of host microenvironment to
myeloma is of great therapeutic value.

Among the multiple host microenvironment factors, the pro-inflammatory
interleukin-17 (IL-17), produced by a lineage of CD4" T helper cells (TH17 cells),
has been shown to be involved in several chronic pathologies, such as
inflammation, autoimmune disease, and tumors [5-7]. The levels of TH17 cells
are significantly increased in multiple mouse and human tumors including head
and neck cancer, melanoma, prostate cancer, sarcoma, ovarian cancer, renal
cancer, and pancreatic cancer [5]. Consistently, the IL-17 polymorphisms are
associated with oral, gastric, esophageal, ovarian and breast cancer [8]. Univariate
and multivariate analysis reveals that IL-17 is an independent prognostic factor for
overall survival of patients with colorectal cancer, and TH17 cells may facilitate
development of cancer by fostering angiogenesis via promoting VEGF production
from cancer cells [9]. Increase in circulating levels of IL-17 together with IL-6,
VEGF and TNF-a contributes to the increased breast-cancer-associated lung
metastasis and bone metastasis in pro-arthritic and arthritic mice. And treatment
with anti-IL17" celecoxib completely abrogates the development of metastasis and
significantly reduces the primary tumor burden [10]. In MM, significant elevated
levels of IL-17 are found in bone marrow and peripheral blood of the newly
diagnosed patients and relapsed patients; moreover, the IL-17 levels in patients
with stage II and stage III tumor are higher compared to those of stage I [11].
Proportion of TH17 cells is also increased in patient with MM, and the elevated
level correlates with clinical tumor stage. After myeloma peripheral blood
mononuclear cells (PBMCs) are TH17 polarized, the induced IL-17 significantly
promotes myeloma cell growth and colony formation via IL-17 receptor, adhesion
to bone marrow stromal cells, as well as cell growth in murine xenograft model of
MM [12]. However, the underlying mechanisms by which IL-17 and its related
genes regulate human MM development and progression remain largely
unknown.

MicroRNAs (miRNAs) are endogenous small non-coding RNAs which
negatively regulate gene expression either by translational repression, or target
mRNA degradation via binding target mRNAs through the 3'-untranslated region
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(3'-UTR) [13]. miRNAs have important regulatory functions in biological
processes which represent the hallmarks of cancer, such as proliferation,
apoptosis, invasion, and metastasis [14]. Abnormal expressions of many miRNAs
in cancer have been reported. Among these miRNAs, miR-192 has been
demonstrated to be significantly downregulated in multiple cancer types and play
a role of tumor suppressor. For example, miR-192 was markedly decreased in
metastatic renal cell carcinoma and restoration of its expression decreased cell
migration and invasion in renal cell carcinoma by targeting ZEB2, MDM2 and
TYMS [15]. In colorectal cancer, overexpression of miR-192 significantly
influenced 5-fluorouracil resistance and reduced cell proliferation by targeting cell
cycle progression [16]. It was also reported that in MM, miR-192 can be
transcriptionally activated by p53 and then target the IGF pathway to prevent
migration of plasma cells into bone marrow [17]. These data all indicate miR-192
may serve as a molecular target for tumors, including MM.

In this study, we aimed to investigate effect of IL-17 on growth and metastasis
of MM cells, and the intricate networks among molecules which control these
processes. We found IL-17 could induce proliferation, migration and epithelial-
mesenchymal transition (EMT) of MM cells, as well as inhibit cellular apoptosis.
A novel feedback circuit established by IL-17 mediated suppression of miR-192
and miR-192 regulation of IL-17 Receptor (IL-17Rs) was involved in these
activities. Our findings provide further evidence for the implication of pro-
inflammatory cytokine and dysregulated miRNAs in MM, and suggest particular
therapeutic impacts of IL-17 and miR-192.

Materials and Methods
Tissue samples

Bone marrow samples were collected from twenty-two patients with MM (12 male
and 10 female) who were hospitalized at Department of Hematology, the First
Affiliated Hospital of Liaoning Medical University from 2008 to 2013. For the use
of clinical materials for research purposes, prior approval was obtained from the
Medical Ethics Committee of Liaoning Medical University (#LMU 5JZ-1013204).
The study was conducted according to the principles expressed in the Declaration
of Helsinki. All samples were collected and analyzed with prior written, informed
consent of the patients. The study was carried out in accordance with the
institutional ethical guidelines and the use of human bone marrow tissues was
approved by the Medical Ethics Committee of Liaoning Medical University
(#LMU 5]Z-1013204). All samples were freshly frozen in liquid nitrogen, and
then stored at —80°C for further use.

Cell culture, reagents and cell transfection

Human MM cell lines MM1S, MMIR and H929 were obtained from American
Type Culture Collection and routinely maintained in RPMI-1640 medium
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supplemented with 10% fetal bovine serum in a 37°C humidified atmosphere of
5% CO,. IL-17A was dissolved in water and used at indicated final concentration
for 12 h. Overexpression of miRNAs in cells was obtained by transfection with
miR-192 mimics: 5'-CUGACCUAUGAAUUGACAGCC or miR-215 mimics: 5'-
AUGACCUAUGAAUUGACAGAC using Lipofectamine2000. Knockdown of
miR-192 and p65 was performed using miR-192 inhibitor (5'-
CUGCCAAUUCCAUAGGUCACAG) or p65 siRNA (5'-
GCCCUAUCCCUUUACGUCA) respectively. For cells received combined treat-
ment, cells were treated with miR-192 mimics transfection first, followed by IL-
17A stimulation at 12 h before the endpoint of the indicated assay.

RNA extraction and quantitative real-time PCR analysis

Total RNA was extracted from tissues or cells using Trizol reagent or miRNeasy
Mini Kit according to the manufactures’ instructions. For miRNA expression,
total RNA was reverse-transcribed using the Tagman miRNA reverse transcription
kit and real-time PCR was performed using TagMan Universal Master Mix II. For
mRNA expressions, total RNA was reverse-transcribed using RT reagent Kit and
real-time PCR was carried out using SYBR green PCR master mix. miRNA and
mRNA expressions were normalized using detection of U44 snRNA or GAPDH
respectively. Gene expression was measured in triplicate and data were processed
using 2~ **CT method and normalized to control.

Protein extraction and western blot analysis

Cells were lysed in RIPA buffer (50 mM Tris/HCI, pH 8.0, 250 mM NacCl, 1%
NP40, 0.5% [w/v] sodium deoxycholate, 0.1% sodium dodecylsulfate) with
protease inhibitors. Lysates were centrifuged at 20,000 g for 30 min at 4°C.
Protein was subjected to a 10% SDS-acrylamide gel, transferred onto PVDF
membrane and blotted using indicated primary antibodies. Signals from HRP-
conjugated secondary antibodies were generated by ECL Substrates. GAPDH
served as the loading control.

Chromatin Immunoprecipitation (ChlIP) analysis

Cells were grown to 80% confluency and cross-linked with 1% formaldehyde

at 37°C for 10 minutes. Cells were then washed with ice-cold PBS and resuspended
in 0.5 mL of lysis buffer containing 1% sodium dodecyl sulphate, 10 mM EDTA,
50 mM Tris-HCI, 1 x protease inhibitor cocktail and sonicated to fragments of
200-500 bp. Antibodies against p65 or rabbit IgG control were added to each
aliquot of pre-cleared chromatin and incubated overnight. Protein A and G-
agarose beads were added and incubated for 2 h at 4°C. After reversing the
cross-linking, DNA was extracted with phenol-chloroform and used for

PCR assay. Primers used for ChIP assay: Binding site 1: forward 5'-
ACAGAGGGTTCAAGGTTTGG-3" and reverse 5'-
TCATCTCCCGCAGGTTCTT-3’; Binding site 2: forward
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5'- CATGTGGAACCTGCTGAATG-3" and reverse 5'- CCACTTCCTCCC-
ACTCTTCC-3'. Primers for acetylcholine receptor were used as control.

Proliferation assay

Cell proliferation rates were evaluated using a WST-8 assay. Cells were seeded in a
96-well culture plate at a density of 4,000 cells, treated with IL-17, miR-192
inhibitor or mimics as indicated. WST-8 reagent (10 pl) was added to each well at
1 h before the endpoint of incubation. OD450 nm value in each well was
determined by a microplate reader.

Trypan Blue exclusion viable cell assay

Cells treated as described above were trypsinized and resuspended in equal
volumes of medium and stained with 0.4% trypan blue solution. Cells were then
counted using a haemocytometer. Viable cells number was assessed based on

exclusion of trypan blue dye and cells that took up trypan blue were counted as
dead cells.

Apoptosis assay

Apoptosis assays were performed using Annexin-V apoptosis detection Kkit.
Briefly, cells were collected, washed with PBS and resuspended in binding buffer
containing Annexin V-FITC and propidium iodide (PI). After 15 min of
incubation at room temperature, samples were analyzed on a FACSCalibur flow
cytometer to determine rate of apoptosis.

TUNEL staining

Visualization of DNA fragmentation was performed using the fluorometric
TUNEL system for cellular apoptosis according to the manufacturer’s instruc-
tions. After centrifugation, cells were fixed in 4% paraformaldehyde at room
temperature for 15 min, and incubated with fluorescein-conjugated TdT enzyme
at 37°C for 1 h in dark. Cells were then mounted on glass slides, and examined
with a fluorescence microscope.

Immunofluorescence assay

Cells were fixed in 4% paraformaldehyde for 15 min at room temperature,
penetrated with 0.5% Triton X-100 for 5 min, and blocked with 5% BSA. Then
cells were incubated with PE-conjugated anti-Ki-67 antibody for 1 h on ice. Cells
with PE- conjugated normal mouse IgG1 were used as the isotype control. After
three washes, cells were analyzed on a FACSCalibur flow cytometer.
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Adhesion assay

Untreated 96-well flat-bottomed tissue culture plates were coated with 2.5 g/cm?
of fibronectin or 3.67 g/L of rat-tail collagen I overnight at 4°C. Cells were seeded
at a density of 4,000 cells per well. After incubation for 60 min, cells were treated
with percoll flotation medium and percoll fixative for 15 min, stained with 0.5%
crystal violet, and allowed to dry overnight. Cell attachment was determined by a
microplate reader at OD590 nm on the next day, once each well was solubilized
with Sorenson solution.

Migration assay

The migratory potential was evaluated using Costar 24-well plates containing

8 um pore size polycarbonate filter inserts. Briefly, 2 x 10> cells were resuspended
in serum-free medium and added to the upper inserts; 500 pl media containing
10% FBS with or without IL-17 were added to the matched lower chamber. After
48 h, non-migrating cells were removed using a cotton swab, and the underside of
the insert was stained with crystal violet. Cells migrated to media in the lower
chamber were also collected, stained with trypan blue and counted. Migration was
calculated as total cells including those on the lower membrane surface and those
in the lower supernatant.

Luciferase reporter assay

The fragment of 3'-UTRs of IL-17Rs (IL-17RA, IL-17RC, and IL-17RE)
containing miRNAs binding site were PCR amplified and then inserted into
pGL3-basic vector. Target site mutations were generated using the PCR products
with the appropriate primers containing point substitutions. The sequences were
verified by DNA sequencing. HEK293T cells were plated in 96-well plates and co-
transfected with reporter plasmid with miRNA mimics or control miRNA. At
48 h after transfection, luciferase activity was detected using a dual-luciferase
reporter assay system and normalized to Renilla activity.

Statistical analysis

All data from 3 independent experiments were expressed as mean + SD and
processed using the SPSS 13.0 software. A P-value of <0.05 was considered to
indicate a statistically significant result. The differences among the groups were
estimated by Student’s t-test or one-way ANOVA. The Mann-Whitney U test and
Spearman’s correlation analyses were used to analyze the relationship between
miRNA expression and mRNA expression.
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Results

IL-17 leads to increased growth and metastatic properties of MM
cells

To determine the effects of IL-17 on biological function of MM cells, we treated
the human MM cell line MM 1S with recombinant IL-17A. As expected, treatment
of MMLIS cells with IL-17 significantly induced cell proliferation in a dose-
dependent manner, determined by WST-8 proliferation assay (Fig. 1A left) and
Trypan Blue exclusion viable cell assay (Fig. 1A right). Next, we determined the
rate of cellular apoptosis by Annexin-V binding assay which depends on the loss
of the cell membrane’s phospholipid asymmetry (Fig. 1B top and Fig. 1C), and
TUNEL assay which depends on the presence of DNA fragmentation (Fig. 1B
bottom). Moreover, because Ki-67 antigen is present in proliferating cells
throughout the cell cycle, we also stained cells with monoclonal Ki-67 antibody to
evaluate the proportion of proliferating cells (Fig. 1B middle). Although
difference of Ki-67 staining in cells with and without IL-17 treatment was slight, it
was still notable that cellular apoptosis was significantly lower upon stimulation
with IL-17 indicated by Annexin-V binding assay and TUNEL assay (Fig. 1B and
1C). Cellular adhesion was measured using two different extracellular matrixes
(ECM), fibronectin and collagen I. IL-17 treatment caused decreased cell adhesion
to fibronectin and collagen I (Fig. 1D). Cell motility was evaluated by migration
assay. As shown in Fig. 1E, compared to the controls, IL-17 treated cells exhibited
significant increased migratory ability. IL-17 treatment also resulted in EMT.
Western blot showed that the epithelial marker E-cadherin was repressed, and the
mesenchymal markers Vimentin was increased; meanwhile, EMT transcription
factor Snail and Slug were induced (Fig. 1F). Moreover, IL-17 treatment could
upregulate oncogenic Racl expression. Taken together, these results showed that
MMI1S cells undergo an increase in metastatic capacity in response to IL-17
exposure, which is accompanied by increased proliferation, impaired apoptosis
and adhesion, enhanced migration and induced EMT.

IL-17 directly represses miR-192 expression

We analyzed miR-192 expression in MM1S cells upon IL-17 treatment. After
exposure to IL-17 for 12 h, the expression of miR-192 decreased in a dose-
dependent manner (Fig. 2A). Expressions of miR-192 were also repressed after
exposure of H929 cells and MMIR cells to IL-17 (Fig. 2B). Therefore, this effect is
not restricted to MM1S cells, but is presumably a general response of MM cells.
We found IL-17 treatment induced activation of p65 pathway as shown in
Fig. 2C. Subsequently, by analyzing the miR-192 promoter region (about 1 kb
upstream of the miR-192 stem loop) using the TFSEARCH program [18], we
found several potential p65-binding sites that might regulate miR-192. Then we
performed ChIP assay and our results showed that p65 could bind to the two
indicated regions (Fig. 2D and E). Moreover, siRNA-mediated knockdown of p65
prevented the repression of miR-192 after IL-17 treatment, confirming that p65
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Fig. 1. Effects of IL-17 on proliferation, apoptosis, adhesion, migration and EMT properties of MM1S cells. (A) IL-17 induced cell proliferation was
analyzed by WST-8 assays (left) and Trypan Blue exclusion viable cell assay (right). (B) IL-17 inhibited cell apoptosis determined by Annexin-V binding
assay (top), Ki-67 staining (middle), and TUNEL assay (bottom). (C) Canonical histogram of apoptotic rate characterized by Annexin-FITC positive cells was
shown. (D) IL-17 decreased cell adhesion to fibronectin and collagen I. (E) IL-17 increased cell migration. (F) IL-17 induced EMT and Rac1 expression of
cells. Epithelial marker E-cadherin, mesenchymal marker Vimentin, EMT transcription factors Snail and Slug, and Rac1 expression were detected by
western blot analysis. Note all the effects induced by IL-17 were in a dose-dependent manner. (**P<0.01, *P<0.05, Figure is representative of 3
experiments with similar results.).

doi:10.1371/journal.pone.0114647.9001

mediates the repression of miR-192 observed after IL-17 treatment (Fig. 2F). In
summary, IL-17 could directly downregulate miR-192 through activating p65
pathway.

Loss of miR-192 can mimic the effects of IL-17 on MM cells

We downregulated expression of miR-192 in MM1S cells to see whether knock
down of miR-192 alone could produce the same effects as treatment of IL-17.
Downregulation of miR-192 in MM1S cells was induced by transfecting cells with
miR-192 inhibitor (Fig. 3A). Consistent with the effects of IL-17 treatment, loss of
miR-192 significantly induced cell proliferation (Fig. 3B), repressed cellular
apoptosis (Fig. 3C, D), decreased cell adhesion to fibronectin and collagen I
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gPCR analysis. IL-17 treatment significantly downregulated miR-192 in a dose-dependent manner. (B) IL-17 treatment significantly downregulated miR-192
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downregulation of p65 prevented the repression of miR-192 after IL-17 treatment. (**P<0.01, *P<0.05, Figure is representative of 3 experiments with similar

results.).

doi:10.1371/journal.pone.0114647.9002

(Fig. 3E), and promoted cell migration as well (Fig. 3F). Moreover, cells with
respectively lower expression of miR-192 presented decreased level of E-cadherin,
increased levels of Vimentin, and induced Snail, Slug as well as Racl expression

(Fig. 3G).

miR-192 plays a crucial role in IL-17-regulated growth and
metastatic properties of MM cells

To further confirm the potential relationship between IL-17 and miR-192, we
detected the above biological functions of MMI1S cells under the treatment of
miR-192 mimics transfection combined with IL-17 stimulation. As shown in
Fig. 4, the increased expression of miR-192 significantly inhibited proliferation
(Fig. 4A), induced apoptosis (Fig. 4B, C) and adhesion (Fig. 4D), repressed
migration (Fig. 4F) and EMT ability (Fig. 4F) of MM cells. Moreover, when cells
were treated with miR-192 mimics together with IL-17, the ectopic expression of
miR-192 could even block IL-17 induced cancer progression. These results
indicated that IL-17 induced growth and metastatic properties of MM cells was
mediated by repression of miR-192.
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doi:10.1371/journal.pone.0114647.9003

IL-17Rs, including IL-17RA and IL-17RE are direct targets of miR-
192 and miR-215

Since miRNAs are often components of feedback loops, we hypothesized that
miR-192 itself may target components of the IL-17 signaling pathway. By using
the miRNA target prediction database (miRBase, miRNA.org and Target Scan),
we proposed that IL-17Rs, including IL-17RA, IL-17RC and IL-17RE were
putative targets of miR-192 and miR-215, who shares the exactly same seed
sequences as miR-192 (Fig. 5A). Ectopic expressions of miR-192 and miR-215 in
MMIS cells (Fig. 5B) repressed both protein (Fig. 5C) and mRNA (Fig. 5D) levels
of IL-17RA, IL-17RC and IL-17RE. To further investigate if the predicted binding
sites of miR-192 and miR-215 to 3-’UTR of IL-17Rs are responsible for this
regulation, the IL-17Rs 3-"UTR fragment, containing the wild type or mutant
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adhesion (D), suppressed cell migration (E) and EMT (F). IL-17 stimulation alleviated the above inhibitory effects of miR-192 compared with treatment with
miR-192 mimics transfection alone. (**P<0.01, *P<0.05, Figure is representative of 3 experiments with similar results.).

doi:10.1371/journal.pone.0114647.9004

miRNA binding sequences, were cloned into the Renilla luciferase reporter, and
co-transfected into HEK293T cells with miRNA mimics or scrambled control.
When wt-IL-17RA or wt-IL-17RE vector was introduced into the co-transfection
system, the luciferase activities of miRNA mimics transfected cells were
significantly reduced compared to control cells. Mutation in the corresponding
putative binding site abolished the miRNAs-mediated repression of luciferase
activity. But when wt- or mut-IL-17RC was used, no significant change of
luciferase activity was observed (Fig. 5E). These results demonstrated that miR-
192 and miR-215 could directly target IL-17RA and IL-17RE in MM cells by
interaction with the 3’-UTRs.

The IL-17/miR-192/I1L-17Rs feedback loop is characteristic for MM

To test whether the regulations described above for MM cell lines are also
clinically relevant, we examined bone marrow specimens derived from 22 MM
patients. As shown in Fig. 6, a positive association of IL-17 and IL-17RA
expression (Fig. 6A) and a negative correlation between the expression of miR-
192 and IL-17 levels (Fig. 6B) or IL-17RA levels (Fig. 6C) were observed.
Moreover, expression of IL-17 negatively correlated with EMT-associated
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Fig. 5. miR-192 directly targets IL-17Rs, including IL-17RA and IL-17RE. (A) The predicted miR-192 and miR-215 binding sites within 3’-UTRs of IL-
17RA, IL-17RC and IL-17RE, and their mutated versions by site mutagenesis. Upregulation of miR-192 and miR-215 (B) repressed expressions of IL-17RA,
IL-17RC and IL-17RE at both protein (C) and mRNA (D) level. (D)The repression of luciferase activities by 3'-UTRs of IL-17RA and IL-17RE, but not IL-
17RC, was dependent on miR-192 and miR-215. Mutated 3'-UTRs of IL-17RA and IL-17RE abrogated miR mediated repression of luciferase activity.
(**P<0.01, Figure is representative of 3 experiments with similar results.).

doi:10.1371/journal.pone.0114647.9005

epithelial marker E-cadherin and positively correlated with mesenchymal maker
Vimentin (Fig. 6D, E). Conversely, the expression of miR-192 positively
correlated with E-cadherin (Fig. 6F) and negatively with Vimentin (Fig. 6G).

Discussion

Tumor development and progression have been demonstrated to be supported by
chronic inflammatory conditions which develop in the tumor microenvironment
and are characterized by various inflammatory factors [19,20]. Recently, there is
growing evidence that IL-17 plays an essential role in the recruitment of
inflammatory cells to tumor sites, and inhibition of IL-17 function has been
suggested as a very promising therapeutic approach for inflammatory diseases and
tumor [5, 10,21]. In this study, we identified an IL-17-triggered feedback loop
which involves miR-192-targeted IL-17Rs, including IL-17RA and IL-17RE, and
controls cellular growth and progression in MM. IL-17 significantly facilitated
metastatic capacity of MM cells, which is accompanied by increased proliferation,
impaired apoptosis and adhesion, enhanced migration and induced EMT. More
importantly, IL-17 directly repressed expression and function of miR-192; and
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Fig. 6. The IL-17/miR-192/IL-17Rs feedback loop is characteristic for MM. Correlative analysis of the indicated MRNAs and miR-192 in bone marrow
tissues of patients with MM was detected by gPCR. Spearman correlation coefficient with the respective significance was indicated.

doi:10.1371/journal.pone.0114647.9006
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miR-192 sequentially targeted IL-17RA and IL-17RE, which binds the ligand IL-17
to function in tumor microenvironment. Our results revealed the presence of the
IL-17/miR-192/IL-17Rs loop in MM cells, and implied that it may represent a new
mechanism of carcinogenesis.

IL-17, produced locally in the tumor microenvironment, plays important roles
in tumor immunity through ligand-receptor relationships. Inhibition of IL-17
significantly suppressed CD31, MMP9 and VEGF expression in tumor tissue and
inhibited tumor growth [22]. Consistent with an oncogenic role of IL-17 in tumor
development, tumor tissues have a higher frequency of IL-17 and IL-17" T cells
[23]. The IL-17R family comprises five receptor subunits, IL-17RA-IL-17RE,
which form productive receptor complexes to mediate activation of signaling in
inflammatory and tumor events [24]. By far, IL-17RA, which is believed the
largest member of the family, is a common signaling subunit used by the other
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four ligands. Through a distinct pathway depend on ACT1, IL-17RA activation

leads to culminating in the activation of NF-kB [25], MAPK [26] and PI3K [27]
pathways which are usually associated with tumorigenesis. Our data is consistent
with these previous studies, and more importantly, our results indicated that IL-
17RE may pair with IL-17RA to participate in IL-17 induced tumorigenesis.

Since their initial discovery, miRNAs have been implicated in the regulation of
cellular processes which are deregulated in tumors, including proliferation,
apoptosis, differentiation, cell migration and invasion [13, 14]. Depending on
cellular contexts and target genes that they regulate, miRNAs may function as
tumor suppressors or oncogenes [28]. miR-192 is well known as one of tumor
suppressors and plays a regulatory role in tumor progression [15—17]. Feng S et al.
[29] reported that miR-192 was expressed at low levels in lung cancer samples and
targeted the RB1 gene to inhibit cell proliferation and induce cell apoptosis in
lung cancer cells. In colon cancer, miR-192 regulates cell cycle and cellular
proliferation by targeting dihydrofolate reductase [30]. In MM, our gain of
function assays demonstrated that re-expression of miR-192 markedly inhibited
cell growth and metastasis capabilities, by suppressing IL-17R expression,
indicating that miR-192 might be a promising therapeutic target for multiple
types of cancer treatment, including MM. Moreover, miR-215 is closely related to
miR-192 because they share virtually identical transcriptional profiles, as shown in
Fig. 5A. The biological prediction and our validation experiments found there was
a similar regulation between miR-215 and IL-17Rs. Since miR-192 and miR-215
are highly homologous, we focused on the function of miR-192 throughout the
rest of this study.

The biogenesis of miRNAs starts from primary transcripts, primary miRNAs
(pri-miRNAs), under the control of RNA polymerase II and conventional
transcription factors. The pri-miRNAs of intergenic miRNAs are transcribed
under the control of distinct promoters or their host-gene promoters [31]. The
regulation of miR-192 is largely unclear until now. Here we show that miR-192
can be directly repressed by IL-17. It is known that IL-17 activation induced
transcription factor NF-kB [25] and MAPK [26], thus we proposed that miR-192
might be controlled by an upstream promoter containing a conserved NF-kB or
MAPK binding site. Besides, the tumorigenic effects of IL-17 involve induction of
IL-6 production, which in turn activates oncogenic signal transducer and activator
of Stat3, which plays essential roles in the pathogenesis of many cancers [32].
Using ChIP assay, we demonstrated IL-17 directly repressed miR-192 by
recruiting transcription factor p65. P65 is a ubiquitous transcription factor
present in almost all cell types and related to many biological processes such as cell
growth, tumorigenesis, apoptosis and inflammation [33]. Over the years,
constitutive activation of p65 has been found in multiple types of human tumor,
including lymphoma, multiple myeloma, ovarian cancer, lung carcinoma, breast
cancer, thyroid carcinoma, melanomas, bladder cancer, pancreatic cancer and
breast cancer [33]. The protumorigenic role of p65 signaling in epithelial cells was
also reported [34]. Here we found that p65 downregulated miR-192 expression by
directly binding to the miR-192 promoter; the downregulation was abrogated
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when p65 was repressed. Thus, our study suggests that p65 may be a cause for IL-
17-induced dysregulated miR-192 expression observed in MM.

In conclusion, we revealed the oncogenic effects of IL-17 in MM, and
elucidated the potential mechanism by which IL-17 is implicated in MM
progression. IL-17 can induce proliferation, migration and EMT in MM cells by
directly repressing miR-192, and miR-192 in turn suppresses expressions of IL-
17Rs. Our study provides the first evidence that the IL-17/miR-192/IL-17Rs axis is
manifest in MM and might represent a useful prognostic marker and therapeutic
target for MM.
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