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The strength and duration of NF-«kB signaling are tightly controlled by multiple negative feedback mecha-
nisms. However, in cancer cells, these feedback loops are overridden through unclear mechanisms to sus-
tain oncogenic activation of NF-kB signaling. Previously, we demonstrated that overexpression of miR-30e*
directly represses IKBo expression and leads to hyperactivation of NF-kB. Here, we report that miR-182 was
overexpressed in a different set of gliomas with relatively lower miR-30e* expression and that miR-182 direct-
ly suppressed cylindromatosis (CYLD), an NF-kB negative regulator. This suppression of CYLD promoted
ubiquitin conjugation of NF-kB signaling pathway components and induction of an aggressive phenotype
of glioma cells both in vitro and in vivo. Furthermore, we found that TGF-f} induced miR-182 expression,
leading to prolonged NF-kB activation. Importantly, the results of these experiments were consistent with an
identified significant correlation between miR-182 levels with TGF-f3 hyperactivation and activated NF-«B in
a cohort of human glioma specimens. These findings uncover a plausible mechanism for sustained NF-xB

activation in malignant gliomas and may suggest a new target for clinical intervention in human cancer.

Introduction

The NF-kB pathway, serving as a mechanistic link between inflam-
mation and cancer development, is constitutively activated in vari-
ous types of cancers (1-4). Over the last decade, ubiquitin (Ub)
modification has emerged as an important regulatory mechanism
for NF-kB signaling (5, 6). Notably, Ub conjugation is involved in
nearly every step within the signaling cascades that lead to NF-kB
activation. For example, during NF-kB activation by TNF-a or
IL-1B, signaling intermediaries, such as TNF receptor-associated
factors (TRAFs) and receptor interacting protein (RIP), are rapidly
modified with K63-linked poly-Ub chains, facilitating recruitment
and activation of TGF-f-activated kinase 1 (TAK1) and IxB kinase
(IKK) complexes (7-9). The activated IKK complex phosphorylates
IkBs, leading to assembly of K48-linked ubiquitination/degrada-
tion of IkBa and subsequent nuclear translocation and activation
of NF-kB (10, 11). More recently, linear ubiquitination of NEMO
and unanchored poly-Ub chains were also reported to be involved
in NF-xB activation (12, 13).

On the other hand, NF-kB signaling is negatively controlled by
Ub deconjugation mechanisms mediated by deubiquitinases, such
as CYLD and A20 (14, 15). CYLD, a K63-specific deubiquitinase,
has been demonstrated to switch off NF-kB signaling through
specifically deubiquitinating K63-linked poly-Ub chains from
multiple NF-kB signaling intermediaries, including TRAF2,
TRAF6, RIP1, TAK1, NEMO, and BCL3 (16-18). A20, another
suppressor of NF-kB, inhibits TNF-a-induced NF-kB activation
by removing K63-linked poly-Ub chains from RIP1 and promotes
addition of degradative K48-linked poly-Ub chains on RIP1 (19,
20). A20 can also deactivate the NF-kB signaling through dis-
mantling K63-linked poly-Ub chains from TRAF2, TRAF6, and
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NEMO (21). Moreover, several other factors, including TNIP1
and optineurin (OPTN), have been found to negatively regulate
NF-kB signaling (22, 23).

The TGF-B/Smad pathway is oncogenic in advanced tumors
including high-grade gliomas, an aggressive and lethal human
cancer (24). Elevated TGF-f activity plays diverse roles in the
progression of gliomas, such as promotion of cell proliferation,
angiogenesis, invasiveness, and the self-renewal capacity of glioma-
stem cells (25-28). Interestingly, although NF-kB activity is usu-
ally repressed by TGF-f in normal cells, in cancer cells, NF-kB can
be activated upon TGF-f treatment, which suggests that NF-kB
is an oncogenic mediator of TGF-f signaling in tumors (29, 30).
However, the functional cross-talk between TGF-f3 and NF-kB sig-
naling in cancer remains poorly understood.

Being able to coordinately regulate repertoires of target
genes, mictoRNAs (miRNAs) can potentially modulate mul-
tiple steps of cancer development and progression (31, 32). We
recently examined the alteration of miRNAs in human primary
glioma tissues of various WHO tumor grades using microarray
analysis and identified miR-182 as one of the most substan-
tially overexpressed miRNAs in clinical gliomas (33). Herein, we
report that miR-182 could be induced by TGF-f and directly
targeted and suppressed the 3'-untranslated regions (3'UTRs)
of multiple genes that function as negative regulators of NF-kB,
leading to NF-kB hyperactivation and aggressiveness of gliomas.
These results identified a regulatory mechanism that renders
NF-kB activation sustained in human gliomas, thereby support-
ing the functional and clinical significance of epigenetic events
in cancer progression.

Results
Reduced CYLD levels in gliomas correlate with patient prognoses. The
CYLD deubiquitinase is a key negative regulator for NF-kB signal-
ing (16-18), but its clinical significance and biological role in glio-
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Figure 1

Restoration of CYLD inhibits glioma tumorigenesis. (A and B) WB of CYLD in 3 normal brain tissues and 14 glioma tissues (A) and in NHAs and
15 individual glioma cell lines (B). a-Tubulin was used as a loading control. (C) Kaplan-Meier analysis of CYLD expression in survival of patients
with gliomas (P < 0.001, log-rank test; n = 161). (D) CYLD expression was inversely associated with CD31, Ki67, and MMP-9 expression in 161
clinical glioma specimens. Shown are visualizations of 2 representative cases and percentages of samples showing low or high CYLD expression
relative to CD31, Ki67, or MMP-9 levels. Scale bars: 100 um; 50 um (insets).
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Restoration of CYLD expression inhibits glioma growth and angiogenesis in vivo. Vector- or CYLD-transduced U373MG and LN229 glioma cells
were stereotactically implanted into mouse brains. (A) Paraffin-embedded tumor sections were stained with H&E or with anti-CD31 or anti-Ki67
antibodies; apoptotic cells were visualized by TUNEL staining (green) and counterstained with DAPI (blue). (B) WB analysis of CYLD expression
in vector- or CYLD-transduced U373MG and LN229 cells. (C) Quantification of microvascular density, proliferation index, and apoptotic index in
glioma tumors. Error bars represent mean + SD from 3 independent experiments. Scale bars: 50 um. *P < 0.05.

mas remains unexplored. Using immunoblotting analysis, we found
that CYLD expression was reduced in glioma tissues (» = 14) and in
all 15 glioma cell lines tested, compared with that in normal brain
tissues (n = 3) and in primary normal human astrocytes (NHAs)
(Figure 1, A and B). Furthermore, statistical analysis revealed that
CYLD levels inversely correlated with glioma WHO tumor grades
(P < 0.001) and were associated with shorter overall survival of
patients with gliomas (P < 0.001) (n =161; Figure 1C and Supple-
mental Tables 1-3; supplemental material available online with
this article; doi:10.1172/JCI62339DS1). Additionally, we found
that CYLD expression inversely correlated with levels of CD31
(P < 0.001), Ki67 (P = 0.005), and MMP-9 (P = 0.001) (Figure 1D).
All these data suggest a possible link between CYLD reduction and
human glioma progression.
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To investigate the biological effect of CYLD on gliomas, we modi-
fied U373MG and LN229 glioma cells to stably overexpress CYLD
and stereotactically implanted them as well as control glioma cells
into the brains of mice (Figure 2). Immunohistochemical (IHC)
staining with an anti-CD31 antibody showed markedly decreased
microvascular densities in CYLD-transduced versus control tumors
(Figure 2A). The tumors formed by CYLD-transduced glioma cells
also displayed lower cell proliferation indices and higher cell apop-
tosis (TUNEL-positive) compared with control tumors (Figure 2, B
and C), which demonstrated that reconstitution of CYLD inhibited
glioma growth and angiogenesis in the brain.

miR-182 targets CYLD. Consistent with published microarray data
(NCBI/GEO/GSE4290; n = 180, specifically 23 nontumor and
157 tumor samples), we found no appreciable alteration of CYLD
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Figure 3

miR-182 directly targets CYLD and activates NF-kB signaling. (A) Predicted miR-182 target sequence in CYLD-3'UTR and mutant containing
2 mutated nucleotides in the seed sequence of miR-182 (miR-182-mut). (B) Real-time PCR analysis of miR-182 expression in vector- (V) or
miR-182-transduced cells and 4 WHO grade IV glioma samples. Transcript levels were normalized by U6 expression. (C) WB of CYLD expres-
sion in vector- or miR-182-transduced cells, or the cells transfected with a negative control (NC) or a miR-182 inhibitor. a-Tubulin was used as
a loading control. (D) miRNP IP assay showed association of miR-182 with CYLD. FOXO3 and GAPDH were used as positive and negative
controls, respectively, and 5S rRNA was used as a control for overall expression levels. (E) Luciferase assay of cells separately transfected with a
pGL3-CYLD-3'UTR reporter with increasing amounts (10 or 50 nM) of a miR-182 mimic, a miR-182 inhibitor, or a miR-182 mutant. (F) Luciferase
reporter NF-kB activity. (G) EMSA of endogenous NF-kB activity markedly increased in miR-182—transduced glioma cells, but decreased in cells
transfected with the miR-182 inhibitor. OCT-1 DNA-binding complex was used as a control. (H) GSEA showed an apparent overlap between
NF-kB—dependent and miR-182—upregulated gene sets. Error bars represent mean + SD from 3 independent experiments. *P < 0.05.
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Figure 4

miR-182 sustains NF-kB activity. (A) WB of K63-linked poly-Ub of RIP1 and NEMO and K48-linked poly-Ub of lkBa in cells treated with 10 ng/ml
TNF-c. in, inhibitor. (B) WB analysis of p-IKKp, total IKKf, and IkBa expression in cells treated with 10 ng/ml TNF-c.. (C) In vitro kinase assay
of vector- or miR-182—-transduced cells, or miR-182 inhibitor-transfected cells treated with 10 ng/ml TNF-a. for the indicated times (see Supple-
mental Methods). IKKf was subjected to IP, and kinase activity was determined by phosphorylation of a recombinant GST-IkBa substrate using
a phospho-specific IkBa antibody. Equal IP of IKKf was shown. Error bars represent mean + SD from 3 independent experiments. *P < 0.05.

mRNA expression in glioma tissues compared with normal brains
(Supplemental Figure 1, A and B), which suggests that reduc-
tion of CYLD protein in gliomas was not due to transcriptional
inhibition. Interestingly, in analysis using publicly available algo-
rithms (TargetScan), CYLD was predicted as a target of miR-182
(Figure 3A), one of the most substantially overexpressed miRNAs
in clinical glioma specimens and glioma cell lines, including
U373MG and LN229 cells (Figure 3B and ref. 33). To validate the
effect of miR-182 on the inhibition of CYLD expression, U373MG
and LN229 cells stably overexpressing miR-182 were established
(Figure 3B). As shown in Figure 3C, CYLD expression decreased in
miR-182-transduced cells, but increased in cells transfected with
a miR-182 inhibitor. Nevertheless, the half-life of CYLD protein in
miR-182-transduced cells was comparable to that in control cells
(data not shown), which indicates that miR-182 did not induce
CYLD protein degradation. Analyses by miRNP IP assay revealed a
selective association of miR-182 with CYLD (Figure 3D). Notably,
the inhibitory effect of miR-182 on the activity of luciferase report-
er linked with the 3'UTR of CYLD (CYLD-3'UTR) was abolished by
amiR-182 inhibitor. Moreover, a mutation introduced to miR-182
failed to reduce the luciferase activity, despite the presence of
CYLD-3'UTR (Figure 3E). Collectively, these results established
CYLD as a bona fide target of miR-182.

miR-182 activates NF-KB signaling. Since CYLD is a key negative regu-
lator of NF-kB signaling (16-18), we investigated whether miR-182
is involved in NF-kB activation. Overexpression of miR-182
increased, while inhibition of miR-182 reduced, the luciferase
activity of NF-kB reporter and expression of NF-kB target genes
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(Figure 3F and Supplemental Figure 2A). In contrast, the stimula-
tory effect of miR-182 on NF-kB activity was reversed by transfec-
tion with an IkBa dominant-negative mutant (Figure 3F and Sup-
plemental Figure 2B). Furthermore, EMSA showed that NF-kB
activity was dramatically increased in miR-182-transduced cells,
but decreased in miR-182-suppressed cells (Figure 3G). Analy-
sis of the expression profiles of miR-182- and vector-transduced
gliomas cells using the Gene Set Enrichment Analysis (GSEA)
approach revealed significant overlap between miR-182-regulated
genes and genes responsive to NF-kB activation (Figure 3H), fur-
ther suggesting an important role of miR-182 in NF-kB activation.

miR-182 sustains NF-XB activity. Next, we examined the effect of
miR-182 on the ubiquitination of molecules in the NF-kB signal-
ing pathway. Upon TNF-a treatment, overexpressing miR-182
increased, while inhibiting miR-182 reduced, K63-linked poly-
Ub levels of RIP1 and NEMO and the K48-linked poly-Ub level
of IkBat (Figure 4A). Concordantly, miR-182 overexpression led to
elevated phosphorylation of IKKP and reduced IxBa, which was
abrogated by the miR-182 inhibitor (Figure 4B). Importantly, in
vitro kinase assay showed that endogenous IKK kinase activity was
prolonged in miR-182-transduced cells upon TNF-a treatment.
In contrast, IKK kinase activity after TNF-a treatment was rapidly
decreased in miR-182-inhibited cells (Figure 4C). These results
suggest that miR-182 promoted Ub conjugation in the NF-kB sig-
naling and sustained NF-kB activity.

miR-182 upregulation promotes glioma cell aggression in vitro and in
vivo. Consistent with our Gene Ontology enrichment analysis
results (Figure SA), we found that miR-182 overexpression mark-
Number 10 3567
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edly increased, while its suppression reduced, the anchorage-inde-

the abilities of glioma cells to induce angiogenesis, as exhibited by

pendent growth ability and invasiveness of both U373MG and  the formation of second- and third-order vessels in chicken cho-

LN229 cells (Figure 5, B and C). Meanwhile, miR-182 overexpres-
sion strongly provoked, whereas miR-182 inhibition abrogated,
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rioallantoic membranes (Figure 5D). However, overexpressing the
IxBa dominant-negative mutant markedly decreased the number
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miR-182 promotes aggressive phenotype of glioma cells in vivo. (A) H&E and IHC staining showed that overexpression of miR-182 induced, while
suppression of miR-182 inhibited, the aggressive phenotype of glioma cells in vivo — as indicated by CD31-, Ki67-, and TUNEL-positive cells —
and invasion of glioma cells into surrounding brain tissues. Representative images of various brain sections were from 2 independent experiments
with 5 mice per group with similar results. Scale bars: 100 um (H&E and MMP-9 IHC); 50 um (all others). (B) Kaplan-Meier survival of mice (n =5
per group) inoculated with the indicated cells. Error bars represent mean + SD from 3 independent experiments. *P < 0.05.
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Figure 7

Suppression of miR-182 inhibits NF-kB activity and malignant proper-
ties of PDGCs. (A) Real-time PCR analysis of miR-182 expression in
NHAs and PDGCs derived from 2 separate glioma specimens. Tran-
script levels were normalized by U6 expression. (B) NF-kB reporter
activities in PDGCs derived from 2 separate glioma specimens trans-
fected with a negative control or a miR-182 inhibitor. (C) EMSA of
endogenous NF-kB activity showed a marked decrease in PDGCs
transfected with the miR-182 inhibitor. OCT-1 DNA-binding complex-
es were used as a control. (D) Luciferase activity of CYLD-3'UTR in
PDGCs transfected with negative control or the miR-182 inhibitor. (E)
WB of K63-linked poly-Ub of RIP1 and NEMO and K48-linked poly-Ub
of IkBa in negative control- or miR-182 inhibitor—transfected PDGCs
treated with 10 ng/ml TNF-a.. (F) Representative images and quanti-
fication of negative control- or miR-182 inhibitor-transfected PDGCs
analyzed in a clonogenic assay (see Supplemental Methods). (G)
Representative images and quantification of invaded cells analyzed
using a Transwell matrix penetration assay. Scale bars: 50 um. (H)
Representative images and quantification of HUVECs cultured on
Matrigel-coated plates with conditioned medium from negative con-
trol— or miR-182 inhibitor-transfected PDGCs (see Supplemental
Methods). Scale bars: 100 um. Error bars represent mean + SD from
3 independent experiments. *P < 0.05.

of colonies formed in soft agar by miR-182-transduced cells and
reduced miR-182-induced invasiveness and angiogenesis (Figure 5,
B-D), which suggests that functional NF-kB activation was critical
for miR-182-mediated aggressiveness of glioma cells.

The biological role of miR-182 in promoting the aggressive phe-
notype of gliomas was further examined in vivo by stereotactically
implanting engineered glioma cells into the brains of nude mice.
We used a stable miRNA sponge strategy to inhibit miR-182 in vivo.
Compared with control tumors, intracranial tumors formed by
miR-182-transduced cells displayed fewer TUNEL-positive tumor
cells, higher Ki67 signals, and an increased number of CD31-pos-
itive vessels (Figure 6A). However, the number of TUNEL-positive
cells markedly increased, and Ki67 and CD31 signals decreased,
in miR-182-inhibited tumors (Figure 6A). Notably, the borders of
miR-182-overexpressing tumors showed spike-like structures invad-
ing into the surrounding brain tissues, whereas control tumors
exhibited sharp edges (Figure 6A), which indicates that miR-182
overexpression induced glioma cell invasion into the brain. Mean-
while, THC analysis revealed that expressions of MMP-9 and VEGF-C,
2 well-known NF-xB targets, were upregulated in miR-182-
overexpressing tumors, but attenuated in miR-182-inhibited
tumors (Figure 6A). More importantly, Kaplan-Meier analysis dem-
onstrated that mice bearing miR-182-overexpressing brain gliomas
had significantly shorter survival than control animals; in contrast,
mice bearing miR-182-inhibited tumors exhibited longer survival
than control mice (Figure 6B). Taken together, our results suggested
that miR-182-induced invasiveness and angiogenesis of glioma cells
in vivo were largely attributable to NF-kB activation.

miR-182 suppression inhibits NF-KB activity and malignant properties of
patient-derived glioma cells (PDGCs). We further examined the effect
of miR-182 inhibition on NF-kB signaling in PDGCs, which more
closely resemble glioma tumor cells present in the tumor mass of
patients with gliomas (34). Consistent with the results described
above, miR-182 was expressed at high levels in PDGCs derived
from 2 independent clinical samples (Figure 7A). Inhibition of
miR-182 decreased NF-kB-driven luciferase activity and endog-
enous NF-kB activity, but increased the luciferase activity regu-
lated by the CYLD-3'UTR (Figure 7, B-D). TNF-o-induced K63-
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linked poly-Ub levels of RIP1 and NEMO as well as of IkBa were
also significantly attenuated in the miR-182 inhibitor-transfected
PDGCs (Figure 7E). Furthermore, when compared with the con-
trol cells, PDGCs transfected with the miR-182 inhibitor exhibited
markedly decreased growth (Figure 7F). Moreover, inhibition of
miR-182 significantly decreased the invasiveness of PDGCs and
their ability to induce tube formation of HUVECs (Figure 7, G
and H). Taken together, these data suggest that suppression of
miR-182 inhibited NF-kB activity and PDGC malignancy.

TGF- induces miR-182 in gliomas. It is notable that the coding
sequence of MIR182 is located in chromosome 7q32.1 and is also
frequently amplified in clinical gliomas (35). Genomic real-time
PCR analyses showed that the copy number of the MIR182 region
was increased approximately 2- to 3-fold in 35.6% of glioma samples
examined (n = 161; data not shown). On the other hand, we recently
reported that miR-182 expression was elevated in 98% of clinical
glioma specimens (33), which suggests that miR-182 overexpres-
sion in gliomas is only partly due to genomic amplification. Addi-
tionally, miR-182 is induced by IL-2 in activated helper T lympho-
cytes (36). Interestingly, glioma cells treated with TGF-3 showed a
marked increase in miR-182 expression, whereas IL-2, TNF-a, IL-1f3,
IL-8, IFN-y, and IL-6 had minimal effects on miR-182 expression
(Figure 8A). In contrast, TGF-f} treatment of NHAs did not affect
miR-182 expression (Supplemental Figure 3A). Concordantly,
expression levels of miR-183 and miR-96, the other 2 members of the
miR-183/miR-96/miR-182 cluster, was also upregulated in TGF-3-
treated glioma cells (data not shown). Importantly, the stimulatory
effect of TGF- on miR-182 was prevented by a TGF-f3 receptor I (TBRI)
inhibitor as well as by a TGF-f neutralizing antibody (Figure 8B).
Lastly, miR-182 expression was also upregulated in Smad2/Smad4-
overexpressing cells and downregulated in Smad2/Smad4-silenced
cells (Supplemental Figure 3, B and C). These results suggest that
TGF-f induced miR-182 expression in glioma cells.

Analysis of the MIR182 promoter region using the CONSITE
program predicted 3 typical TGF-B-responsive elements (SREs;
Figure 8C). ChIP assay showed that endogenous Smad2/Smad4
proteins bound to the first SRE in the MIR182 promoter (Figure 8C),
which indicates that the TGF-B/Smad pathway induced miR-182
expression through directly targeting the MIR182 promoter.

TGF-B—induced miR-182 contributes to sustained NF-KB activation. As
expected, luciferase activity of the NF-kB reporter significantly
increased in TGF-B-treated glioma cells, but decreased in cells
treated with a TRRI inhibitor or with a neutralizing anti-TGF-f
antibody (Figure 8D). p-IKKf was also elevated, and expression
of IkBa was reduced, in TGF-B-treated cells (Figure 8E and Sup-
plemental Figure 4A). Importantly, we found that K63-linked
poly-Ub levels of RIP1 and NEMO and K48-linked poly-Ub level
of IkBa increased in TGF-f-treated cells (Figure 8F and Supple-
mental Figure 4, B-D), which indicates that TGF-f; promoted Ub
conjugations of NF-kB signaling. Furthermore, endogenous IKK
kinase activity induced by TNF-a was prolonged in TGF-f-treat-
ed glioma cells (Figure 8G), which suggests that TGF-f3 sustained
TNF-o-induced NF-kB activation in glioma cells. However, the
stimulatory effects of TGF-P on the NF-kB pathway were abro-
gated by a miR-182 inhibitor (Figure 8, E-G, and Supplemental
Figure 4, A-D). These results indicate that miR-182 was involved
in TGF-B-mediated NF-kB activation.

miR-182 expression correlates with TGF-f/Smad pathway hyperacti-
vation and NF-XB activity in clinical gliomas. Finally, we examined
whether activation of the TGF-f/Smad/miR-182/NF-kB axis
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TGF- induces miR-182 expression. (A) Real-time PCR analysis of miR-182 expression in glioma cells treated with 10 ng/ml of the indicated
cytokines or with 100 pM TGF-p for 3 hours. Transcript levels were normalized by U6 expression. (B) Real-time PCR analysis of miR-182 expres-
sion in indicated cells treated with or without a TBRI inhibitor (2 uM) or a neutralizing anti-TGF-f antibody (2 ug/ml) for 3 hours. (C) Schematic of
typical SREs of the M/R182 promoter. Also shown are ChIP assay results for the SREs of M/R7182 promoter physically associated with Smad2/
Smad4. Expression levels of Smad2/Smad4 were analyzed by WB analysis (see Supplemental Figure 3). (D) Luciferase-reporter NF-kB activity in
the indicated cells, either treated with TGF-f for 3 hours or treated with or without the TBRI inhibitor (2 uM) or a neutralizing anti-TGF-f antibody
(2 ug/ml) for 3 hours. (E) WB of p-IKK@, total IKKB, lkBa, and p-Smad2 in TNF-o—treated cells (10 ng/ml) in response to treatment with 100 pM
TGF-p or control. (F) WB analysis of K63-linked poly-Ub of RIP1 and NEMO and K48-linked poly-Ub of IkBa in TNF-a—treated cells (10 ng/ml)
in response to 100 pM TGF-B. (G) In vitro kinase assay indicated that endogenous IKK kinase activity induced by TNF-o. was prolonged in
TGF-p—treated cells, which was abrogated by miR-182 inhibitor (see Supplemental Methods). Error bars represent mean + SD from 3 indepen-

dent experiments. *P < 0.05.
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with MMP9, VEGF-C, and Cyclin D1 mRNA expression, as well as p-Smad2 protein expression and NF-kB activity in 9 freshly collected human
glioma samples. (D) Hierarchical clustering analysis indicated a significant correlation (P < 0.01) between the transcriptional levels of representa-
tive TGF-p—targeted genes (such as SERPINE1, LTBP1, and SMAD?) and transcriptional levels of NF-kB—targeted genes (such as /L8, IL6, and
NFKBIA) in a published high-throughput microarray dataset (NCBI/GEO/GSE4290; n = 180). Error bars represent mean + SD from 3 independent

experiments. *P < 0.05.

identified in our glioma cell models is also evident in clinical
glioma tumors. By analyzing 161 glioma tissue specimens, we
found that, in agreement with a previous report (26), expression
of p-Smad2, an indicator of TGF-f activity, and miR-182 levels
strongly correlated with glioma grades and, inversely, with patient
survival (Supplemental Figure 5, A and B, and Supplemental
Tables 4 and 5). Moreover, p-Smad2 levels were strongly associ-
ated with expression of miR-182 and p-IKKp (S181) (P < 0.001
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for both; Figure 9, A and B). Consistently, miR-182 levels in 9 fresh-
ly collected clinical glioma samples positively correlated with the
mRNA levels of several NF-kB downstream target genes, includ-
ing Cyclin D1 (r = 0.750, P = 0.020), MMP9 (r = 0.883, P = 0.002),
and VEGF-C (r=0.700, P=0.036), as well as NF-kB activity (r=0.817,
P=0.007) and p-Smad2 expression (r=0.787,P=0.013) (Figure 9C).
Furthermore, statistical analysis of the cohort showed that
p-Smad2 was associated with significantly shorter survival of
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patients with gliomas (P < 0.001), which was also inversely asso-
ciated with high miR-182 (P < 0.001) and p-IKKf (P < 0.001)
levels (Supplemental Figure 5, A-C). Additionally, analysis of a
published microarray dataset (NCBI/GEO/GSE4290; n = 180)
using hierarchical clustering identified significant correlations
between the transcription of classical TGF-B-induced genes
(such as SERPINEI1, LTBPI1, and SMAD?) and that of NF-kB tar-
get genes (such as IL8, IL6, and NFKBIA) (P < 0.01; Figure 9D).
These data further support the notion that a hyperactive TGF-f/
Smad pathway induces miR-182 expression, resulting in activa-
tion of NF-kB signaling and consequently leading to promotion
of malignant phenotypes of gliomas and poor clinical prognosis
of clinical gliomas (Figure 10).

Discussion

Molecular mechanisms for CYLD regulation in gliomas. In addition to an
involvement in the development of inherited familial cylindroma-
tosis, CYLD reduction was also found to be associated with other
types of cancer, including melanoma, T cell leukemia, colon can-
cer, and hepatocellular carcinomas (37-39). However, the biologi-
cal effect of CYLD on the development and progression of glio-
mas remains unclear. In our present study, results from statistical
analysis of clinical specimens and an orthotopically xenografted
glioma model revealed that CYLD was clinically and biologically
relevant to glioma aggressiveness, further supporting the notion
that CYLD functions as a tumor suppressor.
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Aside from the mechanism by which mutations or deletions of
CYLD can lead to loss of CYLD expression (40), the reduction of
CYLD expression is also regulated at the transcriptional level in
human cancers. For example, the transcriptional repressor Snail
decreases CYLD expression in melanoma cells by directly target-
ing its promoter, and the Notch/Hes1 pathway sustains NF-kB
activation through repression of CYLD in T cell leukemia (37, 38).
CYLD can also be transcriptionally regulated through the NF-xB
pathway in a negative feedback pathway (41). However, the results
of our current study and published microarray analyses (NCBI/
GEO/GSE4290) have shown that expression of CYLD mRNA is not
decreased in glioma cells compared with normal brain tissues, which
suggests that reduced CYLD in gliomas might be regulated via trans-
lational repression. Analyses using publicly available algorithms and
the results of the present study identified CYLD as a direct target of
miR-182 in gliomas. Furthermore, TGF-B/Smad induced miR-182
expression. These data suggest that TGF-3/Smad signaling is hyper-
activated in high-grade gliomas, thereby increasing miR-182 expres-
sion and further reducing CYLD expression. Indeed, the hyperactiv-
ity of the TGF-f3/Smad pathway correlates with glioma progression
and poor prognosis of patients with malignant gliomas (26). Thus,
our cutrent study uncovers what we believe to be a novel mechanism
thatleads to CYLD reduction in cancer cells.

Mechanism mediating sustained NF-XB activity in gliomas. We recently
reported that miR-30e* is overexpressed in clinical gliomas and
disrupts the NF-kB/IkBa negative feedback loop, resulting in con-
October 2012
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stitutively activated NF-kB signaling (42). In this study, we dem-
onstrated a distinct mechanism by which miR-182 enhances the
strength, and prolongs the duration, of NF-kB signaling through
inhibition of the deubiquitination-mediated negative feedback
loop. By analyzing the Cancer Genome Atlas (TCGA) database,
we also found that miR-30e* and miR-182 were not persistently
coexpressed at similar levels in clinical glioblastoma multiforme
(GBM) samples (Supplemental Figure 6A). However, levels of
miR-182 and miR-30e* expression were separately, and also posi-
tively, correlated with the expression of IL-8, a direct target and
also an indicator of NF-kB activity (P < 0.001 for both; Supple-
mental Figure 6B). This finding suggests that expression of either
miR-182 or miR-30e* could be sufficient for activation of NF-kB.
Importantly, expression of IL-8 in GBM samples with high levels
of both miR-182 and miR-30e* was significantly higher than that
in GBM tissues only showing high levels of either miRNA alone
(P < 0.001 for both; Supplemental Figure 6B), which suggests that
miR-182 and miR-30e* can act at least additively in stimulating
the NF-xB signaling. Consistent with this finding, coexpression of
miR-182 and miR-30e* further potentiated NF-kB transcriptional
activity and invasion of glioma cells compared with the effects of
expressing miR-182 or miR-30e* alone (Supplemental Figure 6,
C and D). Taken together, these results suggest that miR-182 and
miR-30e* are capable of activating NF-kB signaling in distinct yet
cooperative fashions, thereby promoting glioma tumorigenicity
and invasion. The precise roles of miR-182 in NF-kB activation
and glioma progression need to be further investigated in cells
with low or no expression of miR-30e*.

Contribution of miR-182 to NF-B signaling regulation. It has been
established that inhibition and termination of the NF-kB sig-
naling cascade is tightly regulated by negative feedback mecha-
nisms involving several NF-kB negative regulators, such as CYLD,
A20, TNIPs, and OPTN as well as NF-kB inhibitor IxBs (5, 6). In
the present study, restoration of CYLD expression in miR-182-
transduced cells only partially reversed miR-182-induced NF-kB
activation (Supplemental Figure 7A), which suggests that other
regulatory targets might also be involved. Indeed, analyses using
publicly available algorithms predict that TNIP1, OPTN, and
USP15 could also be potential targets of miR-182 (Supplemen-
tal Figure 7B). We found that the expression levels of, and the
reporter activity driven by, the 3'UTR of TNIP1, OPTN, or USP15
could be drastically repressed in miR-182-transduced cells, but
increased in miR-182-inhibited cells, and that miR-182 was selec-
tively associated with TNIP1, OPTN, and USP15 (Supplemental
Figure 7, C-E). These results suggest that miR-182 could directly
regulate these transcripts. Thus, the identification of the mul-
titarget function of miR-182 may reveal a novel mechanism by
which the negative feedback loops for regulating NF-kB signaling
are abrogated in cancer cells (Figure 10). Moreover, these results
also suggest that the aforementioned miR-182-regulated targets
might be also involved in glioma progression, which is currently
being investigated in our laboratory.

Interestingly, A20 has been found to be overexpressed in clini-
cal gliomas, and overexpression of A20 establishes resistance to
TNF-a- or TRAIL-induced apoptosis in glioblastoma (43, 44).
On the other hand, however, A20 does not exhibit any signifi-
cant preference in deubiquitinating K63-linked poly-Ub chains
in vitro (45, 46), which suggests that A20 might cooperate with
other proteins to inhibit NF-kB signaling. It has previously
been demonstrated that TNIP1, an A20-binding inhibitor of
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NF-kB, physically interacts with A20 and functions as an adap-
tor for recruitment of A20 to its target, NEMO, and that silenc-
ing TNIP1 prevents deubiquitylation of NEMO by A20 (47, 48).
Whether the inhibitory effect of overexpressed A20 on NF-xB
signaling in gliomas can be attenuated by miR-182-mediated
TNIP1 repression requires further investigation.

Effect of miR-182 on TGF-B/Smad—induced NF-«B activation. TGF-f3
and inflammatory cytokines, such as IL-18 and TNF-a, are mutual
inhibitors of each other, especially in regulating NF-kB signaling.
For instance, TGF- can induce expression of IkBa that inhibits
NF-kB signaling (49, 50). TGF-B/Smad-induced Smad?7 prevents
formation of the TRAF2/TAK1/TAB2/TAB3 complex and disrupts
the IRAK4/IRAK1/Pellinol/TRAF6 complex, resulting in inhibi-
tion of TNF-a- or IL-1B-stimulated NF-kB activation (51, 52).
TRAF2/TRAF6-mediated K63-linked polyubiquitination of TAK1,
which can be deubiquitinated by CYLD, is required for activation of
TAKI1 (53). Here we showed that miR-182 directly repressed USP15,
the Ub-specific protease that prevents IkBa proteasomal degrada-
tion through removal of K48-linked Ub chains (54). Interestingly,
we also found that Smad7 expression was decreased in miR-182-
transduced cells, but increased in miR-182-inhibited cells (Supple-
mental Figure 8, A-C). Thus, it is plausible that miR-182 modulates
TGF-B-mediated NF-kB activation through multiple mechanisms,
namely by downregulating USP15 to promote IkBa. proteasomal
degradation, reducing CYLD to activate TAK1, and decreasing
Smad?7 to enhance the formation of the TRAF2/TAK1/TAB2/TAB3
complex or the IRAK4/IRAK1/Pellinol/TRAF6 complex. Interest-
ingly, USP1S was recently reported to play a role in the activation
of TGF-f} signaling (55). On the other hand, analysis of the TCGA
datasets indicated that USPIS is expressed at various levels among 4
clinical relevant subtypes of GBM samples (data not shown). These
observations warrant further investigation of the effect of miR-182
on the TGF-f pathway in gliomas.

Therapeutic and prognostic value of miR-182. Upregulation of miR-182
has been previously reported in epithelial ovarian cancer and mela-
noma (56, 57). Importantly, overexpressing miR-182 in epithe-
lial ovarian cancer cells significantly promotes tumor growth and
enhances the metastatic potential of melanoma cells in vivo, impli-
cating miR-182 as an oncomir (56, 57). miR-182 overexpression in
breast tumor cells leads to genomic instability through reducing
BRCAI1 protein and renders cells hypersensitive to PARP1 inhibi-
tors, which suggests that miR-182 expression may affect therapeu-
tic responses (58). We recently reported that increased miR-182
expression significantly correlates with glioma WHO tumor grades
(33). Inlight of these separate prior studies, our present results sug-
gest that miR-182 could be a new and independent prognostic indi-
cator for evaluating the clinical outcomes of cancer patients.

Despite therapeutic advancements, current treatments against
malignant gliomas remain challenging due to ineffective targeting
of infiltrating glioma cells and formation of abnormal, dysfunc-
tional tumor vasculature (24, 59, 60). The TGF-B/Smad pathway
has been considered as a therapeutic target for gliomas (61, 62). In
this context, however, given the opposing roles of the TGF-f/Smad
pathway in glioma progression, to distinguish its tumor-suppres-
sive role from the tumor-promoting potential in clinical gliomas
represents a challenge. Here, we demonstrated that miR-182
was significantly upregulated in glioma cells treated with TGF-f3,
which functionally promoted the aggressiveness of gliomas both
in vitro and in vivo. Notably, TGF-§ treatment did not induce
miR-182 in NHAs. Therefore, understanding the precise regula-
Volume 122 Number 10
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tory mechanism of miR-182 in glioma progression will not only
advance our knowledge of the pathogenesis of gliomas, but also
permit the development of novel therapeutic strategies and to
identify an effective biomarker to predict outcomes for patients
with malignant gliomas.

Methods

Cell lines and primary cultured tumor cells. Primary NHAs were purchased
from Sciencell Research Laboratories and cultured according to the
manufacturer’s instructions. Glioma cell lines LN382T, A172, T98G,
LN18, LN229, LN464, SNB19, U373MG, US7MG, LN444, LN443, LN428,
U118MG, LN-Z308, and LN319 were from ATCC, E. Van Meir (Emory
University, Atlanta, Georgia, USA), or Y.-H. Zhou (University of California,
Irvine, California, USA). These cells were grown in DMEM supplemented
with 10% FBS. Fresh brain tumor tissues, obtained from the First Affiliated
Hospital of Sun Yat-sen University, were collected and processed within
30 minutes after resection. The primary cultured tumor cells were obtained
after mechanical dissociation, as previously described (34).

Plasmids, virus production, and infection of target cells. The human MIR182
gene was PCR amplified from genomic DNA and cloned into a pMSCV-
puro retroviral vector. miR-182 sponge was constructed by annealing,
purifying, and cloning oligonucleotides containing 6 tandem “bulged”
miR-182 binding motifs into the pMSCV vector. Human CYLD, TNIPI,
OPTN, and USPI15 were amplified by PCR from a human liver cDNA
library (Clontech) and cloned into the pMSCV vector. The 3'UTR region
of human CYLD, TNIPI, OPTN, and USPI1S genes, generated by PCR
amplification from NHAs, were cloned into the Sacl/Xmal sites of pGL3
luciferase reporter plasmid (Promega) and pEGFP-C3 vector (Clontech).
pBabe-Puro-IkBa-mut (plasmid 15291) expressing mutant IkBo. was from
Addgene. pNF-kB-luc and control plasmids (Clontech) were used to deter-
mine NF-kB activity. Transfection of siRNAs or plasmids was performed
using the Lipofectamine 2000 reagent (Invitrogen) according to the manu-
facturer’s instructions. Stable cell lines expressing miR-182 and miR-182
sponge were generated via retroviral infection using HEK293T cells as pre-
viously described (63) and selected with 0.5 ug/ml puromycin for 10 days.

Tissue specimens and patient information. A total of 161 paraffin-embedded,
archived clinical glioma specimens, including WHO I-IV grade tumors
and 14 freshly snap-frozen glioma tissues, were histopathologically diag-
nosed at the First Affiliated Hospital of Sun Yat-sen University from 2000
to 2010. Normal brain tissues were obtained from individuals who died in
traffic accidents and confirmed to be free of any preexisting pathologically
detectable conditions. Prior donor consent and approval from the Institu-
tional Research Ethics Committee were obtained.

RNA extraction and real-time quantitative PCR. Total miRNA from cultured
cells and fresh surgical glioma tissues was extracted using the mirVana
miRNA Isolation Kit (Ambion) according to the manufacturer’s instruc-
tions. cDNA was synthesized using the Tagman miRNA reverse tran-
scription kit (Applied Biosystems), and the expression level of miR-182
was quantified using miRNA-specific TagMan MiRNA Assay Kit (Applied
Biosystems). Real-time PCR was performed using the Applied Biosystems
7500 Sequence Detection system. The expression of miRNA was defined
based on Ct, and relative expression levels were calculated as 2-(Ctmir-182-Ccvo)
after normalization with reference to the quantification of U6 small
nuclear RNA expression.

Western blotting analysis (WB). WB was performed as previously described
(63) using the following antibodies: anti-CYLD, anti-TNIP1, and anti-OPTN
(Sigma-Aldrich); anti-IxBo, anti-p-IkBa, anti-p-IKKf, anti-Smad2, and anti-
Smad4 (Cell Signaling); anti-IKKf (Santa Cruz Biotechnology); and anti-
USP15 (Abcam). To control sample loading, the blotting membranes were
stripped and reprobed with an anti-o-tubulin antibody (Sigma-Aldrich).
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IHC.THC analysis was performed in 161 clinical glioma tissue sections
as previously described (63). IHC stained tumor sections were examined
and scored independently by 2 observers for positively stained tumor
cells and THC signal intensity. The proportion of tumor cells was scored
as follows: 0, no positive tumor cells; 1, <10% positive tumor cells; 2,
10%-50% positive tumor cells; 3, >50% positive tumor cells. The intensity
of staining was graded according to the following criteria: 0, no staining;
1, weak staining (light yellow); 2, moderate staining (yellow-brown); 3,
strong staining (brown). The staining index (SI) was calculated as the
product of staining intensity score and proportion of positive tumor
cells. We assessed the indicated protein expression in IHC-stained tumor
sections determined by SI scores as 0, 1, 2, 3, 4, 6, and 9. Cutoff values
were chosen on the basis of a measure of heterogeneity using the log-rank
test with respect to overall survival.

Luciferase assay. 3,000 cells were seeded in triplicate in 48-well plates and
allowed to settle for 24 hours. 100 ng luciferase reporter plasmids or the
control luciferase plasmid plus 1 ng pRL-TK renilla plasmid (Promega)
were transfected into glioma cells using the Lipofectamine 2000 reagent
(Invitrogen). Luciferase and renilla signals were determined 24 hours after
transfection using a Dual Luciferase Reporter Assay Kit (Promega).

miRNP IP assay. Cells were cotransfected with a plasmid that encodes
HA-Ago1l and miR-182 (100 nM), followed by HA-Ago1 IP using an anti-
HA antibody. Real-time PCR analysis of the IP material was used to test
the association of the mRNA of CYLD, TNIP1, OPTN, USP1S, FOXO3a, and
GAPDH with the RISC complex.

EMSA. EMSA was performed using the LightShift Chemiluminescent EMSA
kit (Pierce Biotechnology). The following DNA probes containing specific
binding sites were used: NF-kB sense, 5'-AGTTGAGGGGACTTTCCCAG-
GC-3'; NF-kB antisense, 5'-GCCTGGGAAAGTCCCCTCAAC-3"; OCT-1
sense, S'-TGTCGAATGCAAATCACTAGAA-3"; OCT-1 antisense, 5'-TTC-
TAGTGATTTGCATTCGACA-3'.

Cell invasion assay. Various glioma cells (2 x 10%) were plated on the top
side of a polycarbonate Transwell filter (with Matrigel) in the upper cham-
ber of the BioCoat Invasion Chambers (BD) and incubated at 37°C for
22 hours, followed by removal of cells inside the upper chamber with cot-
ton swabs. Migrated and invaded cells on the lower membrane surface were
fixed in 1% paraformaldehyde, stained with hematoxylin, and counted
under a microscope (10 random fields per well, x100 magnification). Cell
counts were expressed as the mean number of cells per field.

ChIP. 2 x 106 cells in a 100-mm culture dish were treated with 1% form-
aldehyde to cross-link proteins to DNA. The cell lysates were sonicated to
shear DNA to sizes of 300-1,000 bp. Equal aliquots of chromatin superna-
tants were separated and incubated with 1 ug anti-Smad2 and anti-Smad4
antibodies (Cell Signaling) or an anti-IgG antibody (negative control; Mil-
lipore) overnight at 4°C with rotation. After reverse cross-link of protein/
DNA complexes to free DNA, PCR was performed using specific primers.

Intracranial brain tumor xenografts, IHC, and H&E staining. Various glioma
cells (5 x 10°) were stereotactically implanted into the brains of individual
mice (n = 5 per group). Mice were monitored daily and euthanized when
moribund. Whole brains were removed, paraffin embedded, sectioned
to 4-um-thick slides, and stained with H&E or separately with anti-Ki67
(Dako), anti-MMP-9 (Cell Signaling), anti-VEGF-C (Cell Signaling), or
anti-CD31 (Dako) antibodies. Images were captured using the AxioVision
Rel.4.6 computerized image analysis system (Carl Zeiss). Proliferation
index was quantified by counting the proportion of Ki67-positive cells. The
apoptotic index was measured as percent TUNEL-positive cells.

Microarray data processing and visualization. Microarray hybridization, data
generation, and normalization were performed at Shanghai Biochip Corp. fol-
lowing standard Agilent protocols. Bioinformatic analysis and visualization of
microarray data were performed using MeV 4.6 (http://www.tm4.org/mev/).
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Accession numbers. The microarray data described herein have been depos-
ited in the National Center for Biotechnology Information Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE33293.
Statistics. All statistical analyses were carried out using the SPSS 10.0 statisti-
cal software package. The 2 test was used to analyze the relationship between
CYLD expression and clinicopathological characteristics. Bivariate correla-

$2011020002757).

tions between study variables were calculated by Spearman’s rank correlation

coefficients. A Pvalue less than 0.05 was considered statistically significant.
Study approval. The use of human glioma tissue specimens was evaluated and

approved by the Ethical Committee of the First Affiliated Hospital of Sun Yat-

sen University, and written informed consent was obtained from all partici-
pants or their appropriate surrogates. All animal studies were conducted with
the approval of the Sun Yat-sen University Institutional Animal Care and Use

Committee and were performed in accordance with established guidelines.
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