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Abstract: The interferon (IFN) family of cytokines not only has antiviral properties at
various steps in the viral replication cycle, but also anticancer activity through multiple
pathways that include inhibiting cell proliferation, regulating cellular responses to inducers
of apoptosis and modulating angiogenesis and the immune system. IFNs are known to
induce their biological activity through the induction of protein encoding IFN-stimulated
genes. However, recent studies have established that IFNs also induce the expression of
microRNAs (miRNAs), which are small endogenous non-coding RNAs that suppress gene
expression at the post-transcriptional level. MiRNAs play critical roles in tumorigenesis
and have been implicated to act as either oncogenes or tumor suppressors in various human
cancers. Therefore, IFN-induced miRNAs play an important role, not only in the host
response to innate immune response to cancer, but also in the tumorigenic process itself.
Furthermore, IFN-induced miRNAs may participate in and/or orchestrate antiviral defense
in certain viral infections. In this review, we describe our recent studies on the induction of
miR-21 by type I IFN, the role of the STAT3 and NF«B signaling pathways in IFN-induced
miR-21 expression, the role of miR-21 in different cancers and the role of miR-21 in
regulating the antiviral response.
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1. Introduction

The interferons (IFNs) are a family of endogenously-expressed glycoproteins initially discovered in
1957 based on their antiviral properties [1]. Although the IFN family is a central element in the innate
immune response to infectious agents, it also has been found to have clinical efficacy in various
nonviral human diseases. In fact, IFNs are currently among the most commonly-studied agents
employed in the biological therapy of cancer. The anticancer action of IFNs involves the inhibition of
cell proliferation by promoting cell cycle arrest [2], regulation of cellular responses to inducers of
apoptosis [3], as well as modulation of angiogenesis and the immune system [4,5]. In addition,
accumulating evidence suggests that IFN also plays an important role in the host response to cancer.
For example, defects in the IFN system can lead to increased susceptibility to cancer through
mechanisms that are incompletely understood [6].

Type I IFNs (IFNa and IFNp) bind to a multisubunit cell surface receptor displayed on nearly all
nucleated cells and elicit their biological effects by altering the pattern of target cell gene expression
through the activation of the non-receptor protein tyrosine kinases, JAK1 and TYK2. These kinases
induce the tyrosine phosphorylation of STAT proteins, which then travel into the nucleus and
recognize promoter elements in IFN-stimulated genes (ISGs) to directly activate their transcription [7-9].
The focus of the IFN field has been on ISGs, which encode hundreds of proteins, and their subsequent
role in IFN’s multiple biological activities [1,9-15]. However, a number of studies demonstrated that IFNs
can also induce the expression of non-protein encoding RNAs, such as microRNAs (miRNAs) [16—-19].

Mature miRNAs are an abundant family of small RNAs (~22 nucleotides) that are highly conserved
throughout evolution [20]. Following the synthesis of long primary miRNA (pri-miRNA) transcripts
by RNA polymerase II or Il (hundred or thousand nucleotides long), nuclear processing by the
enzyme Drosha produces a pre-miRNA transcript of ~70 nucleotides with a hairpin structure that is
shuttled into the cytoplasm. The mature miRNA species is processed by the Dicer RNase in the
cytoplasm into a 19- to 24-nucleotide product, which is then incorporated into the RNA-induced
silencing complex (RISC). The RISC, using the ~7-nucleotide “seed sequence” of the miRNA,
recognizes complementary sequences within the 3’ untranslated region (3’-UTR) of mRNA transcripts
for translational suppression and/or degradation of the mRNA target. Over 1800 miRNA genes have so
far been identified in the human genome that are believed to regulate an estimated 30% of all human
genes [21]. Since each miRNA can simultaneously regulate the expression of tens to hundreds of
genes, miRNAs function as “master-switches” to fine-tune gene expression post-transcriptionally and
regulate multiple cellular pathways, such as embryonic development, immune response, inflammation
and oncogenesis, as well as cellular growth and proliferation.

Since the IFN system is an integral part of the innate immune response, it is not surprising that
IFN-regulated miRNAs have been implicated in this critical host defense pathway. IFNP induces a
number of miRNAs, which display seed sequences present in the hepatitis C virus (HCV) genome [16].
For example, miR-196 and miR-448 are induced by IFN in Huh7 hepatoma cells, and synthetic
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mimetics of these miRNAs attenuate HCV replication in vitro [16]. Several of these IFN-induced
miRNAs (miR-1, miR-30, miR-128, miR-196, miR-296) are expressed in peripheral blood
mononuclear cells (PBMCs) from healthy individuals and from chronic HCV-infected patients, and
their expression is upregulated by IFN treatment to varying degrees [22]. These results indicate that
IFN-induced miRNAs may participate in antiviral defense in certain viral infections. It is important to
note, however, that more recent studies have questioned a physiological role that miRNAs may play in
fending off viruses in vertebrate hosts, particularly because the majority of virus/IFN-induced miRNAs
are present in low abundance that typically falls below the threshold (~100 copies per cell) believed to
impart any biological functions (reviewed in [23]). In this review, we describe our recent studies on the
induction of miR-21 expression by type I IFN, the role of the STAT3 and NF«B signaling pathways in
IFN-induced miR-21 expression, the role of miR-21 in different cancers and the role of miR-21 in
regulating the antiviral response.

2. MiR-21 Expression and Biological Functions
2.1. IFN-Induced miR-21 Expression

By bioinformatic analysis of miRNA promoters, we identified a potential binding site for STATI
and/or STAT3 in the miR-21 promoter. In addition, miR-21 expression is upregulated by IL-6 and
Toll-receptor signaling, which activate STAT3 [24,25]. To examine whether IFN affected miR-21
expression, human skin fibroblasts and prostate cancer, glioma and melanoma cancer cell lines were
treated with IFNo/B; total RNA was isolated, and the expression of mature miR-21 transcript was
determined by quantitative real-time PCR (qPCR) [18]. Although basal miR-21 expression was
relatively low in normal human skin fibroblasts and varied among the different cancer cell lines, IFN
induced a three to five-fold increase in miR-21 expression in all cells tested with the exception of PC3
prostate cancer cells. The inability of IFN to induce miR-21 expression in PC3 prostate cancer
suggests a potential role of STAT3 in the regulation on miR-21 expression, since these cells lack the
STAT3 gene [26]. IFN induced miR-21 expression at IFN concentrations above 10 units/mL and
resulted in a near maximal induction at 100 units/mL. Moreover, IFN induced miR-21 expression
within 2 h after IFN addition with levels peaking between 6 and 24 h after IFN addition and remaining
elevated at 48 h after IFN addition. These findings almost parallel the dose-dependence and time
course of IFN induction for the ISG, ISG15, indicating that there might be similarities in the IFN
signaling pathway that leads to the induction of ISGs and miR-21.

2.2. Signaling Pathways in IFN-Induced miR-21 Expression

STAT3 was originally identified as a transcription factor for acute phase response genes and is
activated by a wide variety of cytokines [15,27,28]. Under normal physiological conditions, STAT
proteins are transiently activated with activation lasting anywhere from a few minutes to several hours.
The phosphorylation of tyrosine 705 within the transactivation domain of STAT3 is required for
STAT3 dimerization, nuclear translocation and induction of gene transcription. High persistent
activation of STAT3 is found in diverse human tumors [29,30] and actively participates in tumor
formation and progression [30]. The family of NFkB transcription factors binds to the promoters of
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genes, which play important roles in immunity, inflammation, cell growth and cell survival [31-34].
In mammals, the NF«kB family includes NFkB1 (p105 processed to p50), NFkB2 (p100 processed to
p52), RelA (p65), RelB and cRel. While p50 and p52 lack a transcription activation domain and, as
homodimer, function as repressors, RelA, cRel and RelB have a transcription activation domain and,
thus, when complexed with p50 or p52, are capable of activating transcription.

Several lines of evidence indicate that both STAT3 and NF«B signaling pathways regulate miR-21
expression. For example, Toll-like receptor activation by LPS upregulates miR-21 expression in
macrophages, fibroblasts and PBMCs [35]. Moreover, IL-6 promotes the survival of multiple myeloma
cells through the induction of miR-21 expression [25]. Both of these stimuli are known to activate
STAT3 and NF«xB signaling. As already described, IFN rapidly induced miR-21 expression in a
dose-dependent manner [18]. However, while IFN robustly induced miR-21 expression in DU145
prostate cancer cells, IFN did not induce miR-21 expression in PC3 prostate cancer cells that have a
genetic deletion of the STAT3 locus. We found that IFN-induced miR-21 expression in DU145 cells
was ablated by the expression of a dominant negative STAT3 construct in which the required STAT3
tyrosine-phosphorylation site was mutated (F705-STAT3) or the knockdown of STAT3 expression [18].
Moreover, expression of wild-type STAT3 in PC3 cells restored the induction of miR-21 by IFN, but
the expression of the dominant negative STAT3 construct did not. These results demonstrated that
STAT3 is an important regulator of IFN-induced miR-21 expression. In addition, since miR-196a,
miR-296 and miR-351 were found to be IFN-induced miRNAs [16], we explored the role of STAT3 in
their IFN-induced expression. We found that while expression of F705-STAT3 also blocked the IFN
induction of miR-351 and miR-296, it had no effect on IFN-induced miR-196a expression. Therefore,
these results indicate that the expression of a subset of IFN-inducible miRNAs (miR-21, miR-351 and
miR-296) is highly dependent on STAT3 activation.

Chromatin immunoprecipitation (ChIP) analysis of the miR-21 promoter showed that IFN induced
STATS3 binding to the most distal STAT3 binding site [19], which was the same site in the miR-21
promoter that was previously found to regulate IL-6-induced STAT3 binding [25]. Taken together,
these results demonstrate that the IFN induction of miR-21 is STAT3 dependent. Several potential
NF«B binding sites are also present within the miR-21 promoter. Using mouse embryo fibroblasts
deficient in the p65 NF«B subunit, we found that IFN induction of miR-21 was NF«B dependent [18].
By ChIP analysis, IFN was found to induce p65 NF«B binding to the miR-21 promoter in DU145
prostate cancer cells that was directly adjacent to the IFN-induced STAT3 binding site. Most
interestingly, IFN-induced NF«B binding to the miR-21 promoter, as well as p65 nuclear translocation
were ablated by STAT3 knockdown in DUI145 cells. These results suggest that IFN induces the
binding to the miR-21 promoter of a complex that contains both STAT3 and the p65 NFkB subunit.
These findings are of particular interest, since we previously reported crosstalk between IFN-induced
STAT3 and NF«B signaling pathways [14,36]. The crosstalk between the STAT3 and NF«B signaling
pathways is associated with cancer and inflammation [37,38]. Moreover, enhanced miR-21 expression
has been observed in various inflammatory conditions in which STAT3 and NF«xB may also play
critical roles [39—42].
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2.3. The Role of miR-21 in Cancer

miR-21 is the most frequently overexpressed miRNA in human tumors and in cancer cell lines, and
high miR-21 expression is observed in glioblastoma, head and neck cancer, ovarian cancer, B-cell
lymphoma, hepatocellular carcinoma, cervical cancer and lung cancer [43,44]. miR-21 is associated
with high proliferation, low apoptosis, high invasion and metastatic potential of cancer cells and
promotes oncogenesis; hence, it has been called an oncomiR [24,25,45-49]. For example, in a study
profiling 540 clinical samples from cancer patients, miR-21 was found to be the only consistently
upregulated miRNA [46]. Induction of miR-21 expression in an inducible transgenic knock-in mouse
model was found to result in spontaneous development of B-cell leukemia/lymphoma [50]. Moreover,
miR-21 expression modulates tumor number, incidence and size in a K-ras-dependent mouse lung cancer
model [43].

Based on previous studies indicating that miR-21 may regulate apoptosis, we examined the role of
miR-21 in IFN-induced apoptosis. We previously showed that IFN induces apoptosis in some cancer
cell lines, but this action appears to be counterbalanced by the induction of a potent cell survival
pathway, which is NFxB dependent [51,52]. We next examined IFN-induced apoptosis in DU145 and
PC3 cells and found that IFN induced marked apoptosis in PC3 cells, but induced little apoptosis in
DU145 cells [18]. Since we found that IFN-induced miR-21 expression in DU145, but not in PC3
cells, we hypothesized that miR-21 might regulate IFN-induced apoptosis. To directly test this
hypothesis, PC3 cells were transduced with miR-21, and stable cell lines were isolated with miR-21
levels comparable to DU145 cells. We then compared PC3 cells and those with restored miR-21
expression and found that miR-21 expression completely blocked IFN-induced apoptosis as measured
by a cell death ELISA assay and by TUNEL staining. These results suggest that miR-21 expression
suppresses IFN-induced apoptosis. Using a complementary approach to knockdown miR-21
expression in DU145 cells by ~85%, we found that IFN induced apoptosis in anti-miR-21 expressing
DU145 cells. These results taken together suggest that miR-21 plays an important role in suppressing
IFN-induced apoptosis.

To examine the role of miR-21 in a relevant in vivo model, we employed B16 melanoma cells,
which are a well-studied model for the ability of melanoma to metastasize to the lung and form large
metastatic lesions [53—55]. In brief, B16 cells were transduced with luciferase for live animal imaging
and directly introduced into the bloodstream of syngeneic C57BL6 mice by tail-vein injection.
Consistent with earlier studies, a strong luciferase signal was detected in the lungs of all mice injected
with B16 cells. Most interesting, we found that, while B16 melanoma cells exclusively formed
macrometatases in the lungs of tail-vein-injected mice, miR-21 KD (knockdown) B16 cells only
formed smaller lung tumors, and tumors formed mostly in other tissues. Furthermore, the survival was
markedly prolonged in mice injected with miR-21 KD cells [19].

A number of miR-21 target genes that play important roles in the oncogenic process have been
previously identified, which include PTEN, PDCD4 and BTG2 [56]. We recently found that miR-21
regulates tumorigenesis in melanoma, glioblastoma and prostate cancer models and regulates the
expression of these miR-21 target genes in a cell-type-specific manner [18,19]. We identified and
validated that IGFBP3 and FBXO011 are also miR-21 target genes, and thus, their expression is
downregulated by miR-21. FBX011 (F-box only protein 11) is a component of the SCF ubiquitin ligase
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complex, targets BCL6 for degradation and is inactivated in diffuse large B-cell lymphomas [57]. The
insulin-like growth factor signaling pathway involves two ligands (IGF-I and IGF-II), three surface
receptors (IGF1R, IGF2R and IGF3R) and six IGF-binding proteins (IGFBPs) and plays an important
role in growth, development and the maintenance of homeostasis in normal cells. Accumulating
evidence suggests that disruption of the IGF system has major implications for growth retardation,
atherosclerosis, insulin resistance and cancer [58]. The involvement of IGFBPs in cancer varies
depending on the type of malignancy. For example, serum levels of IGFBP3 have been reported to be
associated with disease progression in melanoma patients [59].

2.4. The Role of miR-21 in Regulating [FN-Mediated Antiviral Action

Since the hallmark of IFN is its antiviral activity, we examined the effect of miR-21 expression on
IFN-induced antiviral activity. In brief, we examined the IFN-induced antiviral action against vesicular
stomatitis virus in DU145 and B16 cells after knockdown of miR-21 expression using a highly sensitive
luciferase-based reporter assay [60]. As shown in Figure 1, knockdown of miR-21 in both cell lines
markedly sensitized the cells to [FN-induced antiviral action. These results suggest that miR-21 dampens
the sensitivity of cells to the antiviral activity of IFN. In addition, as a complementary approach, we
examined the IFN-induced antiviral action in mouse embryo fibroblasts derived from miR-21
knockout mice [60]. As shown in Figure 2, and consistent with our findings in miR-21 knockdown
cells, miR-21-defective mouse embryo fibroblasts were sensitized to the antiviral activity of IFN.

DU145 cells B16 cells
-+ EV ] - B
100 - miR-21 KD 100 - miR-21 KD
[
E’ 80 80 1
(@]
[&]
S 60 60 |
X
D w0 401
©
Q2
‘O 20 20 A
>
—
0 r ’ ; r . . 0 : . T . . .
0 1 3 10 30 100 0 1 3 10 30 100
IFN, units/mL IFN, units/mL

Figure 1. The role of miR-21 in the antiviral action of IFN. Empty vector (EV)- and
antagomiR-21 transduced (miR-21 KD) human DU145 prostate cancer cells or murine B16
melanoma cells were added to 48-well plates (1 x 10* cells/well). After incubation overnight,
triplicate wells were treated with 0, 1, 3, 10, 30 or 100 units/mL of human IFNa or murine
IFNB, respectively, for an additional 24 h. The cells were then infected with a recombinant
vesicular stomatitis virus expressing firefly luciferase (rVSV-Luc) as the readout for viral
replication (generously provided by Dr. Sean Whelan, Harvard Medical School) at a
multiplicity of infection of one. At 6 h post-infection, cells were lysed by the addition of
65 uL of lysis buffer, and luciferase activity in the cell lysate (10 pL) was determined.
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Figure 2. The effect of miR-21 deficiency on the sensitivity of mouse embryo fibroblasts
to the antiviral action of IFN. Mouse embryo fibroblasts from miR-21 knockout mice or
their wild-type littermates (generously provided by Dr. Mark Hatley, St. Jude Children’s
Research Hospital, Memphis, TN, USA) were added to 48-well plates (1 x 10* cells/well).
After incubation overnight, triplicate wells were treated with 0, 1, 3, 10, 30 or 100 units/mL
of murine IFN for an additional 24 h. The cells were then infected with rVSV-Luc at a
multiplicity of infection of one. At 6 h post-infection, cells were lysed by the addition of 65
uL of lysis buffer, and luciferase activity in the cell lysate (10 uL.) was determined.

2.5. The Role of miR-21 in Regulating Immune Mechanisms Leading to IFN Expression

Several studies have shown that miR-21 can shape the host innate immune response. For example,
miR-21 expression is rapidly upregulated in hepatoma Huh7 cells following HCV infection [61].
Interestingly, miR-21 was found to target two important components, MyD88 and IRAK1, in the Toll-like
receptor signaling pathway that leads to type I IFN production. By downregulating MyD88 and IRAK 1
expression in Huh7 cells through a miR-21-mediated pathway, HCV represses type I IFN production
and promotes viral infection. In addition, miR-21 plays a central role in setting the balance of Thl and
Th2 cytokine expression. For example, targeted ablation of miR-21 in mice enhanced the production of
the Th1 cytokine IFNy, as well as the delayed-type hypersensitivity cutaneous response [62]. Moreover,
miR-21 knockdown in primary human lymphocytes resulted in enhanced IFNy production and
strengthened T-cell activation, indicating that miR-21 is a negative regulator of T-cell activation [63].
Future studies will elucidate whether miR-21 is a negative regulator of type I IFN (IFNo/B) production
in activated T-cells.

3. Conclusions

IFNs are well known to induce their diverse biological actions through the induction of hundreds of
ISGs. However, recent studies show that IFNs also induce the expression of miRNAs that may
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fine-tune the expression of multiple genes at the post-transcriptional level. In this review, we describe
that: (1) miR-21 expression is rapidly induced upon IFN treatment; (2) the time course and dose
dependence of miR-21 expression is highly similar to that of ISGs; (3) IFN-induced miR-21
expression is dependent on both the STAT3 and NF«kB signaling pathways; (4) STAT3 and the p65
subunit of NFkB bind to the miR-21 promoter and regulate its expression; (5) IGFBP3 and FBXO011
are direct miR-21 target genes, and thus, their expression is downregulated by miR-21; (6), miR-21
promotes the oncogenesis of various cancers; and (7) miR-21 suppresses the IFN-mediated antiviral
response and regulates immune mechanisms, leading to IFN expression. Future studies should
elucidate the role of other IFN-induced miRNAs, their target genes and the role of these miRNAs and
their target genes in diverse biological actions of IFNs.

Acknowledgments

National Institute of Health Grants (CA133322 and AI069285), a Department of Defense Award
W81XWH-11-1-0533 and the Muirhead Chair Endowment at the University of Tennessee Health
Science Center financially supported this work.

Author Contributions

C.H.Y., KL., SR.P and L.M.P. conceived and designed the experiments; CH.Y. and S.R.P.
performed the experiments; C.H.Y., K.L., S.R.P and L.M.P. analyzed the data; K.L. contributed
reagents/materials/analysis tools; C.H.Y., K.L., S.R.P and L.M.P. wrote the paper.

Conflicts of Interest
The authors declare no conflicts of interest.
Reference

1. Pfeffer, L.M.; Dinarello, C.A.; Herberman, R.B.; Williams, B.R.; Borden, E.C.; Bordens, R.;
Walter, M.R.; Nagabhushan, T.L.; Trotta, P.P.; Pestka, S. Biological properties of recombinant
a-interferons: 40th Anniversary of the discovery of interferons. Cancer Res. 1998, 58, 2489—2499.

2. Tanabe, T.; Kominsky, S.L.; Subramaniam, P.S.; Johnson, H.M.; Torres, B.A. Inhibition of the
glioblastoma cell cycle by type I IFNs occurs at both the G1 and S phases and correlates with the
upregulation of P21i(WAF1/CIP1). J. Neuro-Oncol. 2000, 48, 225-232.

3. Chawla-Sarkar, M.; Lindner, D.J.; Liu, Y.F.; Williams, B.R.; Sen, G.C.; Silverman, R.H.;
Borden, E.C. Apoptosis and interferons: Role of interferon-stimulated genes as mediators of
apoptosis. Apoptosis 2003, 8, 237-249.

4. Kirkwood, J.M.; Richards, T.; Zarour, H.M.; Sosman, J.; Ernstoff, M.; Whiteside, T.L.; Ibrahim, J.;
Blum, R.; Wieand, S.; Mascari, R. Immunomodulatory effects of high-dose and low-dose
interferon a2b in patients with high-risk resected melanoma: The €2690 laboratory corollary of
intergroup adjuvant trial €1690. Cancer 2002, 95, 1101-1112.

5. Dvorak, H.F.; Gresser, 1. Microvascular injury in pathogenesis of interferon-induced necrosis of
subcutaneous tumors in mice. J. Natl. Cancer Inst. 1989, 81, 497-502.



Pharmaceuticals 2015, 8 844

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

Teng, M.W.; Swann, J.B.; Koebel, C.M.; Schreiber, R.D.; Smyth, M.J. Immune-mediated
dormancy: An equilibrium with cancer. J. Leukoc. Biol. 2008, §4, 988—993.

Larner, A.C.; Jonak, G.; Cheng, Y.-S.E.; Korant, B.; Knight, E.; Darnell, J.E.J. Transcriptional
induction of two genes in human cells by B interferon. Proc. Natl. Acad. Sci. USA 1984, §1,
6733-6737.

Friedman, R.L.; Manly, S.P.; McMahon, M.; Kerr, I.LM.; Stark, G.R. Transcriptional and
post-transcriptional regulation of interferon-induced gene expression in human cells. Cel/ 1984,
38, 745-755.

Darnell, J.E.J.; Kerr, LM.; Stark, G.R. Jak-STAT pathways and transcriptional activation in
response to IFNs and other extracellular signaling proteins. Science 1994, 264, 1415-1421.
Friedman, R.L.; Stark, G.R. a-Interferon-induced transcription of HLA and metallothionein genes
containing homologous upstream sequences. Nature 1985, 314, 637-639.

Larner, A.C.; Chaudhuri, A.; Darnell, J.E.J. Transcriptional induction by interferon: New
protein(s) determine the length and extent of induction. J. Biol. Chem. 1986, 261, 453—459.
Pfeffer, L.M.; Mullersman, J.E.; Pfeffer, S.R.; Murti, A.; Shi, W.; Yang, C.H. STAT3 as an
adapter to couple phosphatidylinositol-3 kinase to the IFNAR-1 chain of the type I IFN receptor.
Science 1997, 276, 1418—-1420.

Yang, C.H.; Murti, A.; Baker, S.J.; Frangou-Lazaridis, M.; Vartapetian, A.B.; Murti, K.G.;
Pfeffer, L.M. Interferon induces the interaction of prothymosin-a with STAT3 and results in the
nuclear translocation of the complex. Exp. Cell Res. 2004, 298, 197-206.

Yang, C.H.; Murti, A.; Pfeffer, L.M. STAT3 complements defects in an interferon-resistant cell
line: Evidence for an essential role for STAT3 in interferon signaling and biological activities.
Proc. Natl. Acad. Sci. USA 1998, 95, 5568-5572.

Yang, C.H.; Shi, W.; Basu, L.; Murti, A.; Constantinescu, S.N.; Blatt, L.; Croze, E.;
Mullersman, J.E.; Pfeffer, L.M. Direct association of STAT3 with the IFNARI signal transducing
chain of the type I IFN receptor. J. Biol. Chem 1996, 271, 8057-8061.

Pedersen, I.M.; Cheng, G.; Wieland, S.; Volinia, S.; Croce, C.M.; Chisari, F.V.; David, M.
Interferon modulation of cellular micrornas as an antiviral mechanism. Nature 2007, 449, 919-922.
Sarasin-Filipowicz, M.; Krol, J.; Markiewicz, 1.; Heim, M.H.; Filipowicz, W. Decreased levels of
microRNA miR-122 in individuals with hepatitis C responding poorly to interferon therapy.
Nat. Med. 2009, 15, 31-33.

Yang, C.H.; Yue, J.; Fan, M.; Pfeffer, L.M. IFN induces miR-21 through a signal transducer and
activator of transcription 3-dependent pathway as a suppressive negative feedback on IFN-induced
apoptosis. Cancer Res. 2010, 70, 8108-8116.

Yang, C.H.; Yue, J.; Pfeffer, S.R.; Handorf, C.R.; Pfeffer, L.M. Microrna miR-21 regulates the
metastatic behavior of B16 melanoma cells. J. Biol. Chem 2011, 286, 39172-39178.

Bartel, D.P. Micrornas: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281-297.
Lim, L.P.; Lau, N.C.; Garrett-Engele, P.; Grimson, A.; Schelter, J.M.; Castle, J.; Bartel, D.P.;
Linsley, P.S.; Johnson, J.M. Microarray analysis shows that some micrornas downregulate large
numbers of target mrnas. Nature 2005, 433, 769—773.



Pharmaceuticals 2015, 8 845

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Scagnolari, C.; Zingariello, P.; Vecchiet, J.; Selvaggi, C.; Racciatti, D.; Taliani, G.; Riva, E.;
Pizzigallo, E.; Antonelli, G. Differential expression of interferon-induced micrornas in patients
with chronic hepatitis C virus infection treated with pegylated interferon a. Virol. J. 2010, 7, 311.
tenOever, B.R. RNA viruses and the host microRNA machinery. Nat. Rev. Microbiol. 2013, 11,
169-180.

Folini, M.; Gandellini, P.; Longoni, N.; Profumo, V.; Callari, M.; Pennati, M.; Colecchia, M.;
Supino, R.; Veneroni, S.; Salvioni, R.; et al. MiR-21: An oncomir on strike in prostate cancer.
Mol. Cancer 2010, 9, 12.

Loffler, D.; Brocke-Heidrich, K.; Pfeifer, G.; Stocsits, C.; Hackermuller, J.; Kretzschmar, A.K.;
Burger, R.; Gramatzki, M.; Blumert, C.; Bauer, K.; et al. Interleukin-6 dependent survival of
multiple myeloma cells involves the STAT3-mediated induction of microRNA-21 through a
highly conserved enhancer. Blood 2007, 110, 1330-1333.

Clark, J.; Edwards, S.; Feber, A.; Flohr, P.; John, M.; Giddings, I.; Crossland, S.; Stratton, M.R.;
Wooster, R.; Campbell, C.; et al. Genome-wide screening for complete genetic loss in prostate
cancer by comparative hybridization onto cdna microarrays. Oncogene 2003, 22, 1247—-1252.
Akira, S.; Nishio, Y.; Inoue, M.; Wang, X.-J.; Wei, S.; Matsusaka, T.; Yoshida, K.; Sudo, T.;
Naruto, M.; Kishimoto, T. Molecular cloning of APRF, a novel IFN-stimulated gene factor 3
p91-related transcription factor involved in the gp130-mediated signaling pathway. Cel/ 1994, 77,
63-71.

Zhong, Z.; Wen, Z.; Darnell, J.E.J. STAT3: A STAT family member activated by tyrosine
phosphorylation in response to epidermal growth factor and interleukin-6. Science 1994, 264, 95-98.
Turkson, J.; Jove, R. STAT proteins: Novel molecular targets for cancer drug discovery.
Oncogene 2000, 19, 6613-6626.

Bowman, T.; Garcia, R.; Turkson, J.; Jove, R. STATS in oncogenesis. Oncogene 2000, 19,
2474-2488.

Beg, A.A.; Baltimore, D. An essential role for NF-kb in preventing TNF-a-induced cell death.
Science 1996, 274, 782-784.

Beg, A.A.; Sha, W.C.; Bronson, R.T.; Ghosh, S.; Baltimore, D. Embryonic lethality and liver
degeneration in mice lacking the rela component of NF-kb. Nature 1995, 376, 167—-170.

Van Antwerp, D.J.; Martin, S.J.; Kafri, T.; Green, D.R.; Verma, I.M. Suppression of TNF-a-induced
apotosis by NF-«kb. Science 1996, 274, 787-789.

Wang, C.-Y.; Mayo, M.W.; Baldwin, A.S., Jr. TNF- and cancer therapy-induced apoptosis:
Potentiation by inhibition of NF-xb. Science 1996, 274, 784-787.

Sheedy, F.J.; Palsson-McDermott, E.; Hennessy, E.J.; Martin, C.; O’Leary, J.J.; Ruan, Q.;
Johnson, D.S.; Chen, Y.; O’Neill, L.A. Negative regulation of TLR4 via targeting of the
proinflammatory tumor suppressor PDCD4 by the microRNA miR-21. Nat. Immunol. 2010, 11,
141-147.

Yang, C.H.; Wei, L.; Pfeffer, S.R.; Du, Z.; Murti, A.; Valentine, W.J.; Zheng, Y.; Pfeffer, L.M.
Identification of CXCLI11 as a STAT3-dependent gene induced by IFN. J. Immunol. 2007, 178,
986-992.

Grivennikov, S.I.; Karin, M. Dangerous liaisons: STAT3 and Nf-kb collaboration and crosstalk in
cancer. Cytokine Growth Factor Rev. 2010, 21, 11-19.



Pharmaceuticals 2015, 8 846

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Ben-Neriah, Y.; Karin, M. Inflammation meets cancer, with NF-kb as the matchmaker.
Nat. Immunol. 2011, 12, 715-723.

[liopoulos, D.; Malizos, K.N.; Oikonomou, P.; Tsezou, A. Integrative microRNA and proteomic
approaches identify novel osteoarthritis genes and their collaborative metabolic and inflammatory
networks. PLoS ONE 2008, 3, €3740.

Sonkoly, E.; Wei, T.; Janson, P.C.; Saaf, A.; Lundeberg, L.; Tengvall-Linder, M.; Norstedt, G.;
Alenius, H.; Homey, B.; Scheynius, A.; et al. MicroRNAs: Novel regulators involved in the
pathogenesis of psoriasis? PLoS ONE 2007, 2, e610.

Wu, F.; Zikusoka, M.; Trindade, A.; Dassopoulos, T.; Harris, M.L.; Bayless, T.M.; Brant, S.R;
Chakravarti, S.; Kwon, J.H. MicroRNAs are differentially expressed in ulcerative colitis and alter
expression of macrophage inflammatory peptide-2a. Gastroenterology 2008, 135, 1624—1635.
Cheng, Y.; Ji, R.; Yue, J.; Yang, J.; Liu, X.; Chen, H.; Dean, D.B.; Zhang, C. MicroRNAs are
aberrantly expressed in hypertrophic heart: Do they play a role in cardiac hypertrophy? Am. J.
Pathol. 2007, 170, 1831-1840.

Hatley, M.E.; Patrick, D.M.; Garcia, M.R.; Richardson, J.A.; Bassel-Duby, R.; van Rooij, E.;
Olson, E.N. Modulation of K-Ras-dependent lung tumorigenesis by microRNA-21. Cancer Cell.
2010, /8, 282-293.

Krichevsky, A.M.; Gabriely, G. miR-21: A small multi-faceted RNA. J. Cell. Mol. Med. 2009, 13,
39-53.

Si, M.L.; Zhu, S.; Wu, H.; Lu, Z.; Wu, F.; Mo, Y.Y. MiR-21-mediated tumor growth. Oncogene
2007, 26, 2799-2803.

Volinia, S.; Calin, G.A.; Liu, C.G.; Ambs, S.; Cimmino, A.; Petrocca, F.; Visone, R.; lorio, M.;
Roldo, C.; Ferracin, M.; ef al. A microRNA expression signature of human solid tumors defines
cancer gene targets. Proc. Natl. Acad. Sci. USA 2006, 103, 2257-2261.

Chan, J.A.; Krichevsky, A.M.; Kosik, K.S. MicroRNA-21 is an antiapoptotic factor in human
glioblastoma cells. Cancer Res. 2005, 65, 6029-6033.

Zhu, S.; Wu, H.; Wu, F.; Nie, D.; Sheng, S.; Mo, Y.Y. MicroRNA-21 targets tumor suppressor
genes in invasion and metastasis. Cell. Res. 2008, 18, 350-359.

Wang, P.; Zou, F.; Zhang, X.; Li, H.; Dulak, A.; Tomko, R.J., Jr.; Lazo, J.S.; Wang, Z.; Zhang, L.;
Yu, J. MicroRNA-21 negatively regulates Cdc25a and cell cycle progression in colon cancer cells.
Cancer Res. 2009, 69, 8157-8165.

Medina, P.P.; Nolde, M.; Slack, F.J. OncomiR addiction in an in vivo model of microRNA-21-
induced pre-B-cell lymphoma. Nature 2010, 467, 86-90.

Yang, C.H.; Murti, A.; Basu, L.; Kim, J.G.; Pfeffer, L.M. IFNo/p promotes cell survival by
activating Nf-xb. Proc. Natl. Acad. Sci. USA 2000, 97, 13631-13636.

Yang, C.H.; Murti, A.; Pfeffer, S.R.; Kim, J.G.; Donner, D.B.; Pfeffer, L.M. Interferon o/p
promotes cell survival by activating NF-kb through phosphatidylinositol-3 kinase and Akt.
J. Biol. Chem. 2001, 276, 13756—-13761.

Poste, G.; Doll, J.; Brown, A.E.; Tzeng, J.; Zeidman, I. Comparison of the metastatic properties of
B16 melanoma clones isolated from cultured cell lines, subcutaneous tumors, and individual lung
metastases. Cancer Res. 1982, 42, 2770-2778.



Pharmaceuticals 2015, 8 847

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Nicolson, G.L.; Brunson, K.W.; Fidler, I.J. Specificity of arrest, survival, and growth of selected
metastatic variant cell lines. Cancer Res. 1978, 38, 4105-4111.

Nicolson, G.L. Cancer metastasis. Sci. Am. 1979, 240, 66-76.

Buscaglia, L.E.; Li, Y. Apoptosis and the target genes of microRNA-21. Chin. J. Cancer 2011,
30, 371-380.

Duan, S.; Cermak, L.; Pagan, J.K.; Rossi, M.; Martinengo, C.; di Celle, P.F.; Chapuy, B.; Shipp, M.;
Chiarle, R.; Pagano, M. FBXO11 targets BCL6 for degradation and is inactivated in diffuse large
B-cell lymphomas. Nature 2012, 481, 90-93.

Trojan, J.; Cloix, J.F.; Ardourel, M.Y.; Chatel, M.; Anthony, D.D. Insulin-like growth factor type
I biology and targeting in malignant gliomas. Neuroscience 2007, 145, 795-811.

Panasiti, V.; Naspi, A.; Devirgiliis, V.; Curzio, M.; Roberti, V.; Curzio, G.; Gobbi, S.;
Calvieri, S.; Londei, P. Correlation between insulin-like growth factor binding protein-3 serum
level and melanoma progression. J. Am. Acad. Dermatol. 2011, 64, 865—872.

Yang, C.H.; Li, K.; Pfeffer, L.M. University of Tennessee Health Science Center, Memphis, TN.
Unpublished work, 2015.

Chen, Y.; Chen, J.; Wang, H.; Shi, J.; Wu, K.; Liu, S.; Liu, Y.; Wu, J. HCV-induced miR-21
contributes to evasion of host immune system by targeting MyD88 and IRAK1. PLoS Pathog.
2013, 9, €1003248.

Lu, T.X.; Hartner, J.; Lim, E.J.; Fabry, V.; Mingler, M.K.; Cole, E.T.; Orkin, S.H.; Aronow, B.J.;
Rothenberg, M.E. MicroRNA-21 limits in vivo immune response-mediated activation of the
IL-12/IFN-y pathway, Thl polarization, and the severity of delayed-type hypersensitivity.
J. Immunol. 2011, 187, 3362-3373.

Carissimi, C.; Carucci, N.; Colombo, T.; Piconese, S.; Azzalin, G.; Cipolletta, E.; Citarella, F.;
Barnaba, V.; Macino, G.; Fulci, V. MiR-21 is a negative modulator of T-cell activation. Biochimie
2014, 107, 319-326.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



