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The nuclear factor kB (NF-kB) transcription factor regulates the expression of genes involved in cell survival and
immune responses. We have identified a novel interferon (IFN)-activated signaling pathway that leads to NF-kB
activation and demonstrate that a subset of IFN-stimulated genes and microRNAs that play key roles in cellular
response to IFN is regulated by NF-kB. This review focuses on the IFN-induced NF-kB activation pathway and
the role of NF-kB in the expression of IFN-induced coding and noncoding genes, antiviral activity and apoptosis,
and the therapeutic application of IFN in cancer and infectious disease.

Introduction

Type I interferons (IFNs) regulate diverse cellular
functions by modulating the expression of IFN-

stimulated genes (ISGs) through the activation of the well-
established signal transduction pathway of the Janus
tyrosine kinases and signal transducers and activators of
transcription (STAT) proteins. Recent studies have shown
that IFNs also regulate the expression of small noncoding
RNAs, microRNAs (miRNAs), which mediate the cellular
response to IFNs. Although the JAK/STAT signal trans-
duction pathway is critical in mediating IFN’s antiviral and
antiproliferative activities, other signaling pathways are ac-
tivated by IFNs and regulate cellular response to IFN. This
review will summarize the recent finding that the nuclear
factor kB (NF-kB) transcription factor also plays an impor-
tant role in regulating the cellular response to IFNs. NF-kB
clearly plays a critical role in the signal transduction path-
way that senses viral nucleic acids during pathogenic infec-
tion. These pathways lead to the induction of the IFNa/b
genes, which have been the subject of many reviews. How-
ever, less is known about the role of this transcription factor
family in the induction of IFN-induced coding genes, ISGs,
and noncoding genes, miRNAs.

Nuclear Factor jB

The NF-kB transcription factor was first discovered as a
factor in the nucleus of B cells that binds to the kappa light
chain of immunoglobulin (Ig) gene enhancer (Baeurele
and Baltimore 1988). The family of NF-kB transcription
factors bind to the cis-acting kB consensus sequence
[GGRNNN(N)YCC] and regulate the expression of genes
that play important roles in immunity, inflammation, cell
growth, and cell survival, which are also IFN-regulated

processes. The most interesting connection between NF-kB
and IFN is that NF-kB is a master regulator of cell survival,
and we, and most investigators in the field, had found that
IFN is a rather poor apoptosis inducer, despite its induction
of a number of apoptotic genes (Chawla-Sarkar and others
2003). In mammals the NF-kB family of related proteins in-
cludes NFKB1 (p105 processed to p50), NFKB2 (p100 pro-
cessed to p52), RelA (p65), RelB, and cRel. p50 and p52 lack a
transcription activation domain and function as repressors.
In contrast, p65, cRel, and RelB have a transcription activa-
tion domain, and, thus, when complexed with p50 or p52,
are capable of activating transcription. The dimers formed by
members of this family differ with regard to their DNA-
binding specificity and transactivation potentials. The
p50:p65 and p52:RelB heterodimers are the most commonly
observed NF-kB complexes in cells. The proteolytic proces-
sing of NFKB1 (p105) into p50 is constitutive and largely
cotranslational. In contrast, the processing of NFKB2 (p100)
into p52 is tightly controlled through phosphorylation in-
duced by various agents and subsequent ubiquitination.
Under most circumstances, NF-kB homodimers or hetero-
dimers are bound to IkB inhibitory proteins in the cytoplasm
of unstimulated cells. Many cytokines promote the classical
NF-kB pathway, in which the serine phosphorylation and
degradation of IkB proteins leads to the dissociation of the
cytosolic inactive NF-kB/IkB complexes, and subsequent
NF-kB translocation to the nucleus for DNA binding. The
degradation of IkB proteins requires the activation of IkB
kinase (IKK), a multiprotein complex consisting of IKKa and
IKKb catalytic subunits and the IKKg/NEMO regulatory
subunit (Baeuerle 1998). Targeted gene disruption of indi-
vidual IKK proteins has determined that IKKb and IKKg (but
not IKKa) are the major mediators of the classical NF-kB
signal transduction (Li and others 2005). In addition, a
growing number of NF-kB inducers activate an alternative
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NF-kB pathway that does not involve IkB degradation, but
rather involves the linkage of TNF receptor-associated fac-
tors (TRAFs) to the activation of the MAP3K-related kinase,
the NF-kB-inducing kinase (NIK). The alternative pathway
results in the ubiquitination and proteolytic processing of
p100/NFKB2 protein and nuclear translocation of p52:RelB
dimers to regulate specific NF-kB target genes (Pomerantz
and Baltimore 2002; Bonizzi and others 2004). The alternative
pathway for NF-kB activation is strictly dependent on IKKa
(Senftleben and others 2001), but independent of IKKb and
IKKg (Dejardin and others 2002).

The activation of NF-kB is a double-edged sword: while
normal functions of NF-kB are needed for proper innate and
adaptive immune responses, dysregulation of NF-kB can
lead to inflammatory diseases and tumorigenesis. For ex-
ample, constitutive NF-kB activity results in overexpression
of proinflammatory genes, which is associated with acute
and chronic inflammatory diseases, including ulcerative co-
litis, rheumatoid arthritis, and Crohn’s disease. Moreover,
high constitutive NF-kB activity has been found in many
tumor cell lines and in certain types of cancers, including
acute myelogenous leukemia, acute lymphocytic leukemia,
chronic myelogenous leukemia, multiple myeloma, prostate
cancer, ovarian cancer, and breast cancer. Inhibitors target-
ing components of the NF-kB signaling pathway effectively
suppress NF-kB activity, protect and relieve inflammatory
symptoms, and induce the apoptosis of tumor cells. Thus,
NF-kB represents an attractive drug target for therapy of
inflammatory and autoimmune diseases, as well as for can-
cer (Karin 2006; Du and others 2007).

MicroRNAs

Mature miRNAs are small single-stranded noncoding
RNAs that are highly conserved between different eukaryotic
species (Bartel 2004). Following the synthesis of the hundred
or thousand nucleotide (nt) long primary miRNA by RNA
polymerase II or III, nuclear processing by the enzyme Drosha
produces a pre-miRNA transcript of *70 nucleotides forming
a hairpin structure that is shuttled into the cytoplasm (Fig. 1).
Final production of the mature miRNA species in the cyto-
plasm requires processing by an RNase called Dicer, pro-
ducing a 19- to 24-nucleotide product, capable of being

incorporated into the RNA-induced silencing complex. The
RNA-induced silencing complex, in turn, is able to use the
*7-nucleotide ‘‘seed sequence’’ of the miRNA to recognize
complementary mRNA transcripts in its 3¢ untranslated re-
gion for translational suppression and/or degradation of the
mRNA target. Over 800 human miRNA genes have been
identified in the human genome that may regulate an esti-
mated 30% of all human genes (Lim and others 2005). Each
miRNA appears to regulate the expression of tens to hun-
dreds of genes, thereby functioning as ‘‘master-switches’’ that
fine-tune gene expression post-transcriptionally and coordi-
nate multiple cellular pathways in important processes such
as embryonic development, immune response, inflammation,
and oncogenesis, as well as cellular growth and proliferation.

The IFN system is critical in the innate immune response
to pathogens, and thus it is not surprising that IFN-regulated
miRNAs are involved in this defense pathway. For example,
the liver-specific miRNA, miR-122, targets the 5¢ noncoding
region of the hepatitis C virus genome, acting to enhance
virus RNA replication as opposed to enhancing viral mRNA
translation or stability ( Jopling and others 2005). IFNa/b
treatment of the Huh7 human hepatocyte line reduces miR-
122 expression by 20%–40%, which may play a role in in-
hibitory action of IFN on hepatitis C virus (HCV) replication
(Pedersen and others 2007; Sarasin-Filipowicz and others
2009). Moreover, IFNb induces a number of miRNAs, which
display seed sequences present in the HCV genome and
specific mimics of these IFN-induced miRNAs were found to
inhibit HCV replication in vitro (Pedersen and others 2007).
The expression of several of these IFN-induced miRNAs
(miR-1, miR-30, miR-128, miR-196, and miR-296) are basally
present as well as induced by IFN to varying degrees in
peripheral blood mononuclear cells from healthy individuals
and from chronic HCV-infected patients (Scagnolari and
others 2010). These results clearly demonstrate that IFN-in-
duced miRNAs are critical to the host defense in certain viral
infections. However, future studies will elucidate whether
individual IFN-induced miRNAs are specific for infection by
certain pathogens.

The Activation of NF-jB Signaling Pathway
by IFNa/b, and the Roles of STAT3, PI3K, and Akt

By analyzing the promoter sequences within a number of
ISGs, we identified potential NF-kB binding sites. This led us
to assay nuclear extracts from IFN-stimulated cells for NF-kB
activity by DNA-binding assays (electrophonetic mobility
shift assay [EMSA]) with a consensus oligonucleotide probe
based on the kB binding site in the Ig light chain enhancer
(Yang and others 2000). Within 30 min of IFN stimulation,
NF-kB DNA-binding activity was induced in diverse cell
types (lymphoblastoid, fibrosarcoma, renal carcinoma, and
normal fibroblasts). Moreover, the kinetics and dose depen-
dence of IFN-promoted NF-kB activation was similar to that
of the IFN-induced JAK-STAT signaling pathway. The in-
duction of NF-kB DNA binding activity paralleled the IFN-
induced increase in transcriptional activity dependent on
NF-kB as determined with a kB-driven luciferase construct.

In the classical signaling pathway, NF-kB activity is tightly
controlled by inhibitory IkB proteins, which bind to NF-kB
complexes and sequester them in the cytoplasm. To determine
whether IFN induces classical NF-kB activation, IkBa levels
were determined by immunoblotting with anti-IkBa at var-FIG. 1. Schematic of microRNA (miRNA) biogenesis.
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ious times after IFN addition to the highly IFN-sensitive
Daudi lymphoblastoid cell line. IFN induced a progressive
decrease in cellular IkBa levels (Yang and others 2000). The
kinetics of induction of NF-kB activation in Daudi cells
paralleled that of IkBa degradation, indicating that IFN
promotes the dissociation of IkBa/NF-kB complexes through
induction of IkBa degradation. Since serine phosphorylation
of IkBa leads to its degradation, IkBa proteins with muta-
tions (IkBaM) or deletions of serine phosphorylation sites
(IkBaDN) function as super-repressors of NF-kB activation as
determined by EMSA or by kB-dependent reporter assays.
We found that expression of super-repressor IkBa (SR-IkBa)
mutants significantly blocked IFN-induced DNA binding
and transcriptional activity dependent on NF-kB.

Previous studies demonstrated that blockage of the clas-
sical NF-kB pathway by expression of suppressor constructs
sensitized cells to TNF-induced cell death (Beg and Baltimore
1996; Van Antwerp and others 1996; Wang and others 1996),
suggesting that NF-kB plays a key role in protecting cells
against apoptosis. We examined whether IFN could protect
cells against apoptosis through an NF-kB dependent path-
way, and found that IFN prevented apoptosis induced by
virus infection with vescular stomatitis virus (VSV) or by
crosslinking of cell surface receptors with anti-Ig (Yang and
others 2000). Previous studies showed that IFNa/b promotes
the survival of activated T cells in vitro (Marrack and others
1999). Expression of SR-IkBa constructs markedly sensitized
Daudi cells to IFN-induced death as determined by TUNEL
assays or by highly sensitive DNA fragmentation assays
(Yang and others 2000). Sensitization to IFN-induced apo-
ptosis by expression of SR-IkBa was also observed in other
tumor lines, including renal cancer and squamous carcinoma
cells. These results suggested that the IFN-induced NF-kB
pathway protects cells against apoptosis that is induced by
multiple apoptotic agents, including IFN itself.

Moreover, we found that there was crosstalk between the
IFN-activated STAT3 pathway and the NF-kB pathway.
While IFN induced prominent NF-kB activation in Daudi
cells, IFN did not induce NF-kB activation in a subclone of
Daudi cells with a STAT3 defect (Yang and others 1998).
Expression of STAT3 in this subclone restored STAT3 acti-
vation and IFN-induced NF-kB activation. In addition, we
previously established that STAT3 acts as an adapter to
couple PI3K to the IFNAR1 subunit of the IFN receptor
(Pfeffer and others 1997). A phosphopeptide corresponding to
the STAT3-docking site of IFNAR1 was found to block IFN-
induced NF-kB activation, indicating that NF-kB activation is
directed through the tyrosine phosphorylation-dependent
formation of the STAT3/PI3K signaling complex with the
IFNAR1 chain (Yang and others 2001). While expression of
dominant-negative (DN) PI3K blocked the IFN-induced IkB
degradation and NF-kB activation, constitutively active (CA)
PI3K promoted NF-kB activity, demonstrating that PI3K is
involved in NF-kB activation by IFN. In addition, DN-Akt
blocked IFN-promoted NF-kB activation and CA-Akt pro-
moted NF-kB activity in Daudi cells, demonstrating that Akt
is also involved in NF-kB activation by IFN. Further, while
IFN stimulated kB-dependent transcription in empty vector-
transfected cells, expression of DN-PI3K suppressed IFN-
activated kB-dependent transcription but not ISRE-dependent
transcription. These results indicate that NF-kB activation by
IFN via the PI3K pathway is distinct from the ISRE-driven
mechanism in regulating gene expression. Activation of

PI3K/AKT by IFN has also been described through the in-
sulin receptor substrate 1 (Uddin and others 1997) and
through the direct interaction of PI3K with IFNAR1, which
also leads to induction of NF-kB activity (Rani and others
2002). IFN-induced NF-kB activation was found to require
TYK2 but not JAK1 (Yang and others 2005b). IFNs induce NF-
kB activation in JAK1-deficient cells, an event blocked by the
expression of a kinase dead TYK2 construct. Protein kinase R,
an ISG, appears to directly activate the IKK complexes lead-
ing to the phosphorylation and degradation of IkB and re-
sulting in NF-kB activation (Deb and others 2001). Taken
together these results suggest that, since the NF-kB pathway
is essential to IFN-induced cell survival, there are multiple
IFN-stimulated pathways leading to NF-kB activation.

IFN Activates an Alternative NF-jB Pathway
That Involves NIK and TRAF Proteins

The alternative NF-kB pathway is dependent on NIK and
TRAF proteins. To define the role of NIK in IFN-promoted
NF-kB activation, a DN kinase-inactive NIK mutant (DN-
NIK) was expressed in Daudi cells and was found to block
IFN-promoted NF-kB DNA binding activity and kB-dependent
transcription (Yang and others 2005a). However, while ex-
pression of DN-PI3K blocked IkBa degradation (Yang and
others 2001), expression of DN-NIK had no effect on IFN-
promoted IkBa degradation (Yang and others 2005a),
demonstrating that NIK and PI3K may play distinct roles
in IFN-induced NF-kB activation. TRAF2 functions as an
adaptor molecule for various members of the TNF super-
family to activate NIK and subsequently mediate NF-kB
activation (Au and Yeh 2007). To assess the role of TRAF2 in
IFN-induced NF-kB signal transduction pathway, cells were
transfected with an expression plasmid for DN-TRAF2,
which lacks the NH2-terminal 86 amino acids of the RING
finger domain of TRAF2 and functions as a DN for TRAF2-
dependent signaling events (Rothe and others 1995). Ex-
pression of DN-TRAF2 in Daudi cells blocked IFN-promoted
NF-kB DNA binding activity, as well as the stimulation by
IFN of kB-dependent transcription. These results indicate
that both TRAF2 and its downstream effector NIK are in-
volved in the IFN-induced alternative NF-kB signal trans-
duction pathway. The alternative NF-kB pathway mediates
p100 processing into p52 and the formation of p52 hetero-
dimers, which translocate into the nucleus to regulate gene
transcription (Pomerantz and Baltimore 2002). IFN induced
the appearance of p52 in both nuclear and cytoplasmic ex-
tracts prepared from Daudi cells, as determined by pull-
down assays with glutathione S-transferase fused p65
(RelA), although untreated Daudi cells contained no detect-
able p52 (Yang and others 2005a). We also found that both
DN-NIK and TRAF2 constructs blocked IFN-induced p52
appearance in nuclear extracts, demonstrating the roles of
NIK and TRAF2 in IFN-induced p100 processing. In contrast,
DN-PI3K expression or treatment with the pharmacological
PI3K inhibitor LY294002 had no effect on basal or IFN-
promoted appearance of p52, although they inhibited IFN-
induced NF-kB activation and NF-kB dependent gene
transcription. Thus, these results demonstrate that IFN-
induced p100 processing to p52 is dependent on NIK/TRAF
signaling but is independent of PI3K/Akt signaling.

To assess the role of NIK and TRAF2 in IFN-mediated cell
survival, Daudi cells were transfected with DN expression
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plasmids, and assessed for apoptosis. Expression of DN-NIK
or TRAF2, as well as PI3K, sensitized Daudi cells to IFN-
induced cell death as determined by TUNEL or DNA frag-
mentation assays, while expression of the empty vector alone
had no effect. These results indicate that the NIK/TRAF-
dependent pathway leading to NF-kB activation protects
cells against IFN’s proapoptotic action. Thus, IFN generates
cell survival signals through both the alternative NF-kB
pathway dependent on NIK/TRAF, and the classical NF-kB
pathway dependent on Akt/PI3K (Yang and others 2001).

These results indicate that there is a dynamic equilibrium
between the ability of IFN to promote apoptosis and the
ability of IFN to generate cell survival signals through an NF-
kB pathway. Inhibiting the NF-kB pathway drives IFN-
promoted apoptosis. The understanding of the pathways
that limit IFN-induced apoptosis may provide new avenues
to develop therapeutics to enhance the apoptotic action of
IFN. For example, the effectiveness of IFN in cancer therapy
is often limited by its inability to induce significant cell death.
Better characterization of such pathways could lead to new
strategies that improve IFN’s efficacy as an antitumor agent.

The Role of NF-jB in Antiviral Activity
and ISG Expression

Since the hallmark of IFNs is their antiviral activity, we
examined the role of NF-kB in the induction of IFN’s anti-
viral action by comparing mouse embryo fibroblasts (MEFs)
that had normal NF-kB function (wild type [WT]-MEFs) with
MEFs that had a germline disruption of both p50 and p65
NF-kB proteins (p50/p65-DKO MEFs). While IFN induced
NF-kB activation in WT-MEFs as determined by EMSA with
the consensus NF-kB oligonucleotide probe, IFN treatment
did not induce NF-kB activation in p50/p65-DKO MEFs.
However, p50/p65-DKO MEFs were more sensitive than
WT-MEFs to the antiviral action of IFN against influenza and
VSV virus (Pfeffer and others 2004; Wei and others 2006).
Thus, the NF-kB pathway suppressed IFN-induced antiviral
activity. The IkB kinase family member, IKKe, also appears
to play an important role in IFN-mediated antiviral activity
by directly regulating STAT1 phosphorylation (Tenoever
and others 2007).

IFNs produce many of their biological effects through the
induction of the ISG family of early response genes. To
identify NF-kB-regulated ISGs, gene expression profiling
was performed on RNA from IFN-treated WT-MEFs and
p50/p65-DKO MEFs (Pfeffer and others 2004). The subset of
NF-kB-regulated ISGs included genes encoding GTP-binding
and antigen presentation proteins (Wei and others 2006). The
NF-kB-regulated GTP-binding ISGs have antiviral, antimi-
crobial, and antiproliferative properties, and include the 65–
67 kDa guanylate-binding proteins (Gbp 1 and Gbp2), the
Mx proteins (Mx1 and Mx2), and the 47-kDa GTPase Ifi47/
Irg47 (Vestal and Jeyaratnam 2011). The NF-kB-regulated
antigen presentation ISGs include Tap1, Tap2, Psmb9/Lmp2,
and Psmb8/Lmp7, and are involved in degrading intracel-
lular proteins into antigenic peptides, and contribute to the
transport of these peptides to endoplasmic reticulum where
they bind to the assembled major histocompatability com-
plex (MHC) class I molecules (Ploegh 2000). While NF-kB
suppresses the IFN-induced expression of Gbp1, Ifi47, Mx1,
Mx2, Tap1, Psmb9/Lmp2, and Psmb8/Lmp7, NF-kB en-
hances the IFN-induced expression of Gbp2 and Tap2

(Pfeffer and others 2004). Thus, the IFN-activated NF-kB
pathway not only counterbalances the ability of IFN to in-
duce apoptosis and antiviral activity, but also differentially
regulates the expression of specific ISGs.

The Binding of NF-jB Proteins to the Promoters
of a Subset of ISGs

To define specific transcription factors that may directly
regulate the expression of Ifi47, Tap1, and Mx1, we per-
formed chromatin immunoprecipitation (ChIP) assays on the
promoters of NF-kB-regulated ISGs (Wei and others 2006).
IFN treatment rapidly (between 15 and 60 min) induced
STAT1 and STAT2 binding to Ifi47, Tap1, and Mx1 pro-
moters in both WT and p50/p65-DKO MEFs. Importantly,
p50 was basally bound to Mx1, Ifi47, and Tap1 promoters in
WT cells and remained bound for up to 2 h after IFN addi-
tion. Remarkably, the time course of expression of these ISGs
correlated precisely to when p50 detached from these pro-
moters. Interestingly, in p50/p65-DKO MEFs IFN induced
the recruitment of IRF1 to the promoters of all 3 ISGs, and
IRF1 recruitment closely correlated with the more rapid and
enhanced gene induction upon IFN treatment. These results
taken together demonstrate that p50 homodimers are basally
bound to the promoters of these ISGs and may suppress their
induction by IFN, perhaps by impairing the recruitment of
IRF1 to the promoter. Most interesting, the finding that p50
homodimers inhibit the expression of a subset ISGs has re-
cently been confirmed (Cheng and others 2011).

To further characterize the role that specific NF-kB pro-
teins play in IFN-induced gene expression, we examined the
binding to the promoter of IFN-induced chemokine,
CXCL11. IFNa/b induces CXCL11 expression in IFN-
sensitive Daudi cells but not in an IFN-resistant Daudi
subclone (DRST3) that has a defective STAT3-dependent
signaling pathway (Yang and others 2007). The p50 NF-kB
subunit was found basally bound to the CXCL11 promoter in
IFN-sensitive Daudi cells but was displaced from the pro-
moter after IFN treatment (1 h). In contrast, while p65 was
not basally promoter-bound, IFN induced its binding. In
DRST3 cells, while p50 was not basally bound to the CXCL11
promoter, IFN induced p50 binding within 1 h after addition,
and p65 was neither basally promoter-bound nor was its
binding IFN-induced. Moreover, IFN also induced the
binding of the transcriptional activator IRF1 to the CXCL11
promoter in Daudi cells. WT-STAT3 expression in DRST3
cells rescued the recruitment of the p65 NF-kB subunit and
IRF1 to the CXCL11 promoter by IFN. Similar to the findings
in MEFs, p50 dimers are bound to ISG promoter to suppress
their expression, and are displaced upon IFN-induced ISG
expression. The pattern of transcription factor binding in
WT-STAT3-expressing DRST3 cells was indistinguishable
from that in IFN-sensitive Daudi cells. These results indicate
that the defective STAT3 signaling pathway in DRST3 cells
affects the binding of NF-kB and IRF proteins, which coop-
erate in the transcription regulation of CXCL11.

The Role of NF-jB in the Induction miR-21
by IFN

We examined the miRNA database to identify potential
IFN-induced miRNAs by focusing on miRNAs with putative
STAT3 and NF-kB sites within their promoters. One such
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potential IFN-induced miRNA was miR-21, which is found
overexpressed in many human cancers (glioblastoma, breast
cancer, and prostate cancer) and accumulating evidence in-
dicates it functions as an oncogene (Loffler and others 2007;
Folini and others 2010). IFN induced miR-21 expression in a
variety of human and mouse cells with a time course and
dose dependence similar to the IFN induction of an ISG,
ISG15 (Yang and others 2010). A role for STAT3 was impli-
cated in the induction by IFN of miR-21 based on the lack of
an IFN effect on miR-21 expression in the PC-3 prostate
cancer cell line, which has a genomic deletion of the STAT3
gene (Clark and others 2003). As further evidence of the role
of STAT3 in this pathway, STAT3 knockdown or expression
of a DN-STAT3 mutant (the canonical Y705 phosphorylation
site mutated to phenylalanine) was found to block IFN-in-
duced miR-21 expression (Yang and others 2010). ChIP
analysis showed that IFN induced the binding of STAT3 to
the most distal putative STAT3 binding site in the miR-21
promoter. Because of our interest in the crosstalk between
STAT3 and the NF-kB pathway in IFN action, experiments
were performed in MEFs with a genetic deletion of the p65
NF-kB subunit, which showed that IFN-induced miR-21 ex-
pression was also dependent on NF-kB. STAT3 knockdown
blocked both IFN-induced p65 binding to the miR-21 pro-
moter and p65 nuclear translocation, suggesting that STAT3
and p65 are linked together in this IFN signaling pathway.
Thus, IFN-induced miR-21 expression is regulated by both
STAT3 and NF-kB at the level of the miR-21 promoter. Be-
cause miR-21 may promote cell survival (Chan and others
2005; Si and others 2007), we examined whether miR-21
plays a critical role in suppressing IFN-induced apoptosis
(Yang and others 2010). We found that miR-21 was inversely
correlated with the ability of IFN to promote tumor cell ap-
optosis in prostate cancer cell lines. Moreover, miR-21

knockdown also sensitized cells to other inducers of apo-
ptosis (camptothecin and staurosporine).

Concluding Remarks

As illustrated in Fig. 2, IFNs activate not only the JAK/
STAT signaling pathway but also the NF-kB signaling
pathway. NF-kB regulates the expression of coding (mRNA)
and noncoding (miRNA) genes as well as the cellular re-
sponse to IFNs. Although STAT3, TYK2, PI3K, AKT, IKK,
TRAF, and NIK have been identified in the IFN-activated
NF-kB signaling pathway, the components of this signaling
pathway have not been fully elucidated and could be cell
context dependent. ChIP assays on the promoters regulated
by NF-kB indicate that the outcome is highly dependent on
the interplay between different STAT, NF-kB, and IRF pro-
teins. The therapeutic effectiveness of IFN in cancer is often
limited by IFN’s inability to induce significant cell death
because of the high constitutive NF-kB activity in tumor
cells. Since there is a close relationship of NF-kB between
inflammation, tumorigenesis, and the cellular response to
IFN, we hypothesize that selectively targeting the NF-kB
pathways may represent a novel strategy for enhancing
IFN’s therapeutic effectiveness and/or diminishing IFN’s
undesirable side effects. Inhibiting NF-kB activity in vitro
sensitizes cells to IFN’s apoptotic and antiviral activities.
However, it will be important to determine whether in-
hibiting NF-kB activity in vivo will enhance IFN’s antiviral
and antitumor clinical activity.
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