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A family of transcription factors, the interferon regulatory factors
(IRF), was identified originally in the context of the regulation of the
type I interferon (IFN)-αααα/ββββ system. The IRF family has now expanded
to nine members, and gene-disruption studies have revealed the
critical involvement of these members in multiple facets of host
defense systems, such as innate and adaptive immune responses
and tumor suppression. In the present review article, we aim at
summarizing our current knowledge of the roles of IRF in host
defense, with special emphasis on their involvement in the
regulation of oncogenesis. (Cancer Sci 2008; 99: 467–478)

The original discovery of the first two members of the
interferon (IFN) regulatory factor (IRF) family, IRF1 and

IRF2, opened up new avenues of research in immunity and
oncogenesis, which we may call ‘the IRF world’. The transcription
factor IRF1 was identified originally as a regulator of the IFN
system.(1) Subsequent gene-disruption studies revealed that IRF1
plays various roles in the host immune system against microbial
infection: it is essential in IFN-induced antiviral and antibacterial
responses,(2,3) the Th1-type adaptive immune response, and the
development of natural killer (NK) cells.(4–6) Following the first
identification of IRF1, at least nine structurally related members
have been identified thus far, and currently constitute a family of
IRF transcription factors. In particular, along with recent
extensive studies of signaling pathways mediated by microbial
pattern recognition receptors (PRR), much attention has been
focused on the roles of the IRF family members in innate
immunity. Certain microbial products, such as double-stranded
(ds) RNA, lipopolysaccharides, and oligodeoxyribonucleotides
containing unmethylated CpG motifs, activate the IRF-mediated
induction of IFN-α and IFN-β genes through Toll-like receptors
(TLR). In addition, the recent identification of receptors for
cytosolic nucleic acid recognition, such as retinoic acid inducible
gene (RIG)-I, melanoma differentiation-associated gene (MDA)
5, and DNA-dependent activator of IRF (DAI, previously known
as DLM-1 or ZBP-1),(7,8) has delineated the downstream activation
pathways of IRF3 and IRF7 for type I IFN induction. In addition,
it has been found that IRF members participate in the PRR-
mediated induction of proinflammatory cytokines. It has been
shown that IRF5, which associates with MyD88, an adaptor of most
TLR, is a critical regulator of the induction of proinflammatory
cytokine genes.(9) Interestingly, this IRF5 function was found to
be negatively regulated by another member, IRF4.(10) IRF1, which
is induced by IFN-γ, is another mediator that is activated downstream
of the TLR-MyD88 pathway for the induction of specific genes
such as IFN-β, inducible NO synthase, and IL-12p35.(11) It was
also reported that IRF4 and IRF8 participate in TLR-mediated
signaling in dendritic cells (DC). Thus, many of the IRF family
members are essential regulators in PRR-mediated signaling.
In relation to these findings on the roles of IRF in immune
responses against infection, much attention has also been

focused on their involvement in DNA damage-induced responses
and regulation of oncogenesis. Loss of expression or function of
IRF is observed in human cancers, whereas a certain IRF member
is overexpressed in hematological malignancy. Interestingly,
human herpesvirus (HHV)-8 encodes several proteins, termed
vIRF, that are analogous to human IRF proteins and may be
involved in the pathogenesis of Kaposi’s sarcoma or other
cancers.(12,13)

In the context of oncogenesis, we can therefore categorize
several IRF family members into two types: antioncogenic IRF
and oncogenic IRF. In the present review article, we summarize
the contribution of IRF to the regulation of immune responses,
cell growth, apoptosis, and oncogenesis. Understanding the
molecular mechanisms by which the IRF members regulate
cellular growth and tumor suppression will contribute to a better
understanding of pathogenic processes leading to human immune
and malignant diseases, and will provide novel therapeutic
strategies.

Interferon regulatory factor family members: Fundamental 
characteristics and evolutionary implications

Interferon regulatory factor transcription factors have thus far been
shown to be transcriptional mediators in many biological processes,
including innate and adaptive immune responses, cell growth
regulation and apoptosis, and hematopoietic development.(14–16)

To date, nine members have been identified, as well as virus-
encoded analogs of cellular IRF (Fig. 1): (1) cellular IRF (IRF1,
IRF2, IRF3, IRF4 [Pip, PU.1-interacting partner: ICSAT, IFN
consensus sequence-binding protein in adult T-cell leukemia cell
line or activated T cells; lymphoid-specific member of the IRF
family], IRF5, IRF6, IRF7, IRF8 ([ICSBP, IFN consensus sequence
binding protein], and IRF9 [ISGF3γ, also refered to as p48]);
and (2) viral IRF (vIRF1, vIRF2, and vIRF3/LANA2). A
phylogenetic analysis(17) indicates that the IRF proteins can be
classified into four subfamilies: IRF1, IRF3, IRF4, and IRF5.
IRF10, which was also identified in chicken (see below for
details), belongs to the IRF4 subfamily.

Interferon regulatory factors share significant homology
within the conserved N-terminal DNA-binding domain, which is
characterized by having a winged-type helix-loop-helix motif
with a signature tryptophan pentad (Fig. 1). The crystal structure
of IRF1 and IRF2 revealed that three of these repeats contact
DNA with specific recognition of the GAAA and AANNGAAA
sequences (recognized bases are underlined).(18,19) The consensus
DNA sequences that IRF recognizes were determined in several
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contexts. (1) The IRF-binding element (IRF-E, G[A]AAAG/CT/
CGAAAG/CT/C),(20) which was determined as the consensus
sequence for IRF1 and IRF2 binding; (2) the IFN-stimulated
response element (ISRE; A/GNGAAANNGAAACT),(21) which
is recognized by IRF9; and (3) the IFN consensus sequence,(22,23)

for the site of recognition by IRF8. The secondary structures of
the DNA-binding domains of IRF are similar to each other,
suggesting that IRF members recognize similar, if not identical,
DNA sequences. The C-terminal portion varies among these
members and promotes versatile biological functions. In addition
to their intrinsic transactivation potential, some IRF acquire a
specific function by associating with another IRF member, other
transcriptional factors, or cofactors. In addition, their tran-
scriptional activities vary, resulting in activation, repression, or
dual activity on their target genes. This is partly attributed to the
partner proteins associated with IRF. These interactions are
mediated by two types of association module of the C-terminal
region: (1) IRF-associated domain 1,(24) which was initially found
in IRF8 and is conserved in all IRF (excluding IRF1 and IRF2);
and (2) IAD2, which is shared only by IRF1 and IRF2. In most
cases, these protein complexes enhance the ability of IRF to
bind to target DNA sequences such as ISRE or IRF-E. For
example, IRF9 acts as a DNA-binding subunit that associates
with Stat1 and Stat2 to form the ISGF3 heterotrimeric complex
in response to type I IFN signaling.(25) IRF8 forms multiple protein
complexes with both IRF1 and IRF2, resulting in increased
binding activity to ISRE.(24,26) IAD2 of IRF1 and IRF2 is an
independent module for this interaction with IRF8. The IRF8 and
IRF1 complex generally functions as a suppressor of transcription.
IRF4 and IRF8 interact with PU.1, a member of the ETS family,
and this interaction allows them to bind to the immunoglobulin
light-chain enhancer λB(27,28) for the subsequent activation of
gene transcription. IRF1, IRF3, and IRF7 form part of large
protein complexes (IFN-β enhanceosome, DRAF1) including

CREB binding protein (CBP)/p300 proteins.(29–32) Similarly, IRF1
and IRF2 were reported to form a complex with multiple histone
acetylases, PCAF, CBP, and p300/CREB to bind to ISRE.(33) On
the other hand, IRF2, IRF4, IRF8, and IRF7 suppress transcription
from several ISRE promoters.(29–31) However, these IRF also
function as activators in other promoters.(28,34)

Although some IRF are expressed predominantly in hemato-
logical tissues, others are expressed ubiquitously (Fig. 1). Unlike
type I IFN genes, the gene locus of each IRF member is not
clustered in the same region (Fig. 2a). From an evolutionary view-
point, it was reported that type I IFN and IRF family members are
found in vertebrates.(35,36) Interestingly, IRF family members
appear to show similar features to nuclear factor (NF)-κB members
(which are also found in non-vertabrates) in various aspects:
each binding element contains the identical core motif GAAA,
and both factors are activated for the PRR-mediated induction of
cytokine genes. This process of activating each factor is mediated
by a similar class of IκΒ kinases. Moreover, its has been shown
that both factors interact with each other for the induction of
certain genes.(37–39) Together with recent findings about these
factors in the context of PRR-mediated pathways, it can be
postulated that IRF members might have evolved during vertebrate
evolution so as to modulate the functions of the NF-κB family,
such as the robust activation of type I IFN genes. In parallel
with the possible evolution of IRF genes, type I IFN genes seem
to have evolved from IFN-β to multiple IFN-α subtypes. In fact,
there is evidence that the IFN-α gene is controlled by IFN-β(40)

(A. Takaoka, unpublished data, 2000). Although the IFN-β gene is
activated by both IRF3 and IRF7, IFN-α genes are targeted mainly
by IRF7,(41,42) which may be considered as a newly evolved IRF.
It is interesting to note that the promoter of the IFN-β gene con-
tains multiple factor binding sites, such as those for NF-κB, IRF,
and AP-1, whereas only the IRF-binding site is found in IFN-α
genes. Indeed, the IFN-β gene is activated by the c-Fos transcription

Fig. 1. Interferon regulatory factor (IRF) family members. The fundamental characteristics of the nine human IRF family members (IRF1 to IRF9)
and one avian IRF10 are shown in the table (left), and their schematic domain models are shown in the right panel. All IRF carry the N-terminal
DNA-binding domain (DBD), which contains repeated tryptophan residues (represented by ‘W’) similar to c-myb. All IRF, except IRF1 and IRF2, have
an IRF association domain (IAD1) that is responsible for interaction with other family members or transcription factors such as PU.1, E47, and Stat.
Another association domain (IAD2) that is present in IRF1 and IRF2 is important for their interaction with IRF8. Mammalian IRF10 has not been reported.
Among the four viral IRF (vIRF) encoded by human herpesvirus-8, vIRF1 is shown as a representative. vIRF1 also contains an IAD domain.(157)
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factor, and this activation is critical to the negative regulation of
osteoclast differentiation.(43) Further approaches from the evolutional
viewpoint may provide some clue to elucidating signaling pathways
for the activation of IRF family members.

In light of the hitherto-defined, most distinctive function of
each IRF (Table 1), the IRF family members might be classified

tentatively into four categories: (1) interferonic IRF (IRF3 and
IRF7 as regulators of IFN production, and IRF2 and IRF9 as
negative and positive mediators in IFN signaling, respectively);
(2) stress-responsive IRF (IRF1 and IRF5); (3) hematopoietic
IRF (IRF4 and IRF8); and (4) morphogenic IRF (IRF6). However,
as described below, it is clear that most if not all of these IRF
are involved in oncogenesis and immunity. We will summarize
each class of IRF; it is recommended that readers refer to other
recent review articles for further details.(44–48)

Interferonic IRF

Regulators of IFN induction: IRF3 and IRF7. IRF3 and IRF7 are
the key regulators of type I IFN gene expression upon viral
infection. IRF3 is expressed constitutively and resides in the
cytosol. When cells are infected with viruses, the activation
of certain PRR including TLR3, TLR4, RIG-I,  MDA5 and DAI
(DLM-1/ZBP1) results in the phosphorylation of IRF3 on a
cluster of serine and threonine residues in the C-terminal region,

Fig. 2. Mutations and aberrant expression of interferon regulatory factor (IRF) genes in human cancers. (a) Schematic representation of human
chromosomes and gene loci of IRF genes. (b) Summary table of previous reports about mutations and aberrant expression of the IRF genes in
primary specimens derived from human malignancies. Expression levels included are based on both mRNA and protein levels. AML, acute
myelogenous leukemia; ALL, acute lymphocytic leukemia; CML, chronic myelogenous leukemia; NSCLC, non-small cell lung cancer; CNS, central
nervous system; t-AML, therapy-related acute myelogenous leukemia.

Table 1. Subfamily of the interferon regulatory factor (IRF) family
members

Subfamily Member

1. Interferonic IRF
(i) Regulators of type I interferon induction IRF3, IRF7
(ii) Mediators in interferon signaling IRF2, IRF9

2. Stress-responsive IRF IRF1, IRF5
3. Hematopoietic IRF IRF4, IRF8
4. Morphogenic IRF IRF6
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leading to its nuclear translocation and subsequent induction of
type I IFN genes. IRF7 is highly homologous to IRF3, but unlike
IRF3, IRF7 is expressed at a low level in most cells and is IFN-
inducible in an IRF9-dependent pathway. Similarly to IRF3, IRF7
is activated downstream of certain PRR including TLR3, TLR4,
TLR7, TLR8, TLR9, RIG-I,  MDA5 and DAI (DLM-1/ZBP1),
and undergoes nuclear translocation for type IFN I induction. IRF3
and IRF7 form a homodimeric or a heterodimeric complex with each
other and act differentially on the type I IFN gene family members.
It has been shown that IRF3 potently activates the IFN-β gene
rather than the IFN-α genes, except the IFN-α4 gene, whereas IRF7
preferentially activates the IFN-α and IFN-α5 genes.(49) During
viral infection, PRR-mediated signaling activates IRF kinases such
as TBK1 and IKK∈/i, leading to the induction of type I IFN genes,
but it was also reported that IRF3 and IRF7 are phosphorylated in
response to DNA damage caused by ultraviolet irradiation.(50,51)

However, the signaling pathways leading to their activation
following viral infection and DNA damage are clearly different.
IRF3 is phosphorylated by DNA-dependent protein kinase
(DNA-PK) at threonine residue-135,(50) which differs from
TBK1-mediated phosphorylation sites. This post-translational
modification likely occurs in the nucleus, and downregulates the
export of IRF3 from the nucleus to the cytoplasm for degradation
by the ubiquitin–proteasome pathway. There was also a study
showing that DNA-damaging agents and ultraviolet irradiation
can activate IRF7 via the mitogen-activated protein kinase
kinase-4–c-Jun N-terminal kinase pathway.(51) IRF7 is localized
on human chromosome 11p15.5 in a region that is CpG rich.
Hypermethylation of the CpG island in the IRF7 promoter was
shown to be responsible for silencing of the IRF7 gene in the
2fTGH fibrosarcoma cell line and human astrocytoma tissues.(52,53)

These results suggest that IRF7 plays a role in the maintenance
of genomic stability. Further studies are needed to establish
whether IRF7 is necessary for tumor suppression. Relevant
to these observations, IRF7 was identified as a breast-cancer
susceptibility gene 1 (BRCA1) transcriptional target.(54,55) BRCA1
is a tumor-suppressor gene, the mutation of which is implicated
in hereditary predisposition to breast and ovarian cancer, and it
has been shown to be essential in a number of cellular processes
including DNA repair and recombination, cell cycle checkpoint
control, chromatin remodeling, and ubiquitination, as well as
transcriptional regulation.(56,57) In this context, IRF7 was shown
to be upregulated synergistically by BRCA1, specifically in the
presence of IFN-γ, coincident with the synergistic induction of
apoptosis.(55) However, further analyses will be required to clarify
whether IRF7 affects the tumor-suppressive function of BRCA1,
because the possibility that IRF7 acts as an apoptotic regulator or
a tumor suppressor is currently controversial.

Recently, it has been demonstrated that these IRF also participate
in the induction of another new class of IFN family members, type
III IFN, including IFN-λ1 (interleukin [IL]-29), IFN-λ2 (IL-28A),
and IFN-λ3 (IL-28B), which show similar biological antiviral func-
tions to type I IFN. It seems that the IFN-λ1 gene is regulated by
virus-activated IRF3 and IRF7, thus resembling the IFN-β gene,
whereas IFN-λ2 and IFN-λ3 gene expression is controlled mainly
by IRF7, thus resembling the expression of IFN-α genes.(58)

Mediators in IFN signaling: IRF2 and IRF9. IRF2 was found to play
a role as a negative regulator, attenuating IFN-α- and IFN-β-
induced gene transcription in ISRE, where IRF9 acts as a
component of the tertiary complex ISGF3.(41) IRF2-deficient
mice develop an inflammatory skin disease with CD8+ T-cell
abnormality, which is due to hyperactivation of IFN-α and
IFN-β signaling. IRF2 was initially assumed to function as a
transcriptional repressor of the IFN-β gene, whereas IRF1
functions as an activator. Further evidence has shown that IRF2
can actively induce certain genes such as vascular cell adhesion
molecule-1,(59) the cell cycle-regulated histone H4 genes,(34) and
the transporter of antigenic peptides to major histocompatibility

complex (MHC) class I gene.(60) The overexpression of IRF2 in
NIH 3T3 cells results in oncogenic transformation, which can
be reverted by the concomitant expression of IRF1.(61) IRF2
was also shown to reverse N-Ras-induced growth inhibition in a
myeloid cell line.(62) IRF2 functions in a late phase by maintaining
CD11blowDx5high cells expressing Ly49 receptors for efficient
NK cell maturation,(63) whereas IRF1 regulates the induction of
IL-15, which is involved in the expansion of immature NK cells
at an earlier stage.(5) IRF2 was also found to have a role in the
development of myeloid DC.(64,65)

Interferon regulatory factor 9 plays a major role in multiple
ISGF3-dependent gene induction by type I and type II IFN.(66)

However, an emerging body of evidence suggests non-ISGF3
roles for IRF9. IRF9 can also form a DNA-binding complex
with the STAT1 homodimer (Stat1–IRF9), which is required for
IFN-γ-stimulated induction of the human IP-10 gene.(67) IRF9
is efficiently targeted to the nucleus via an intrinsic bipartite
localization signal that functions in the absence of IFN signaling,(68)

and the ectopic expression of IRF9 confers resistance to antimi-
crotubule agents in breast cancer cell lines independent of IFN
signals.(69) Increased expression levels were observed in half of
the breast and uterine cancer samples tested (Fig. 2b),(69) which
suggests its potential role in cancer biology.

Stress-responsive IRF: IRF1 and IRF5. Intricate signaling networks
have evolved to sense various stresses and to repair stress-induced
damage, and these networks are critical to the elimination of
severely damaged cells, particularly for the prevention of malignant
transformation. IRF1 and IRF2 were initially identified as factors
that bind to positive regulatory domain 1 in the virus responsive
element (VRE) of the IFN-β gene. Although IFN-α and IFN-β
genes are normally induced in IRF1-deficient mouse embryonic
fibroblasts (MEF), the dsRNA-mediated induction of type I IFN
is downregulated in these mutant cells, and IRF1 has recently
been shown to participate in type I IFN gene induction in some
facets of TLR signaling.(11) However, many studies have revealed
that IRF1 is involved in a broader spectrum of biological functions,
including the IFN-γ-mediated induction of inducible NO synthase,
guanylate binding protein, 2′,5′-oligoadenylate synthetase (OAS),
and MHC class I, the development of CD8+ T cells, induction of
IL-12 and Th1 differentiation, and NK cell development. Thus,
IRF1 has crucial functions in the development and activation
of various immune cells. Furthermore, IRF1 also plays a critical
role in cell cycle regulation and apoptosis in response to a variety
of genotoxic stresses (see below).

The expression of IRF5 is upregulated in response to type I
IFN signaling and viral infection.(70) In vitro experiments with
overexpression assays have shown that IRF5 induces IFN-α1 as
the major subtype.(71,72) Gene-disruption studies have revealed
that IRF5 plays a critical role in innate immune responses
and is involved in TLR-mediated induction of proinflammatory
cytokines such as IL-6, TNF-α, and IL-12, rather than in type
I IFN induction.(9,73) IRF4 competes with the binding of IRF5 to
MyD88, an adaptor critical to TLR signaling, for the induction
of these cytokine genes.(10) There seems to be several differences
between the properties of human IRF5 and murine IRF5: unlike
human IRF5, which is expressed in multiple splice variants,(70)

there is only one IRF5 splice variant that is expressed at very
low levels in the bone marrow of C57BL/6J mice.(48) In contrast,
it was reported that elevated expression of multiple unique isoforms
of IRF5 by aberrant splicing and inappropriate polyadenylation,
which are driven by single nucleotide polymorphisms (SNP)
mutations in the IRF5 gene in humans, is an important genetic
risk factor for systemic lupus erythematosus (SLE), suggesting
that IRF5 is a susceptibility gene in SLE.(74–76) IRF5 can also be
induced by the tumor suppressor p53,(77) and promotes cell cycle
arrest and apoptosis in response to DNA damage.(72,78)

Hematopoietic IRF: IRF4 and IRF8. IRF4 and IRF8 are expressed
predominantly in hematopoietic cells, including lymphocytes,
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macrophages, B cells, and DC.(28,79) Both factors, whose DNA-
binding affinity is weak, can potently bind to DNA by dimerization
with other transcription factors,(80) including IRF1, IRF2, PU.1,
and E47. IRF4 has a critical role in the maturation of B and T
cells,(81) and also in the development of CD4+ DC.(82) It has been
shown that IRF4 regulates both isotype switching and plasma
cell differentiation by controlling the expression of activation-
induced cytidine deaminase and Blimp-1.(83,84) In human multiple
myeloma cells, IRF4 was found to be overexpressed by
chromosomal translocation.(85) IRF4 acts as an antagonist of the
IRF1-mediated transactivation of the TRAIL promoter, and also
negatively regulates IRF5-mediated induction of proinflammatory
cytokines by competitively blocking the binding of IRF5 to
MyD88.(10) IRF8 was originally identified as a protein that binds
to the ISRE motif in the promoter region of the MHC class I
gene H-2LD.(22,86) IRF8 null mice(87,88) also show major defects
in the differentiation of CD8+ DC and plasmacytoid DC and
develop chronic myelogenous leukemia (CML)-like syndrome.
IRF8 was shown to induce IL-12p40 and is involved in the Th1
response. Thus, this factor is critical for the regulation of both
immunity and oncogenesis, as described below.

A novel member of IRF, IRF10, has been identified in chicken.(17)

IRF10 is most closely related to IRF4 albeit with much lower
similarity (43–44%) than between avian and mammalian orthologs
of IRF4 (84%), but differs in both its constitutive and inducible
expression: IRF10 is expressed principally in hematopoietic
cells, but at very low levels in bursal cells. IRF10 is induced by
type I and type II IFN, as well as by concanavalin A, possibly
through an indirect pathway. The expression of IRF10 is also
upregulated by the oncogene v-rel, the proto-oncogene c-rel,
and IRF4 in lymphoid cells. The level of IRF10 induction in
lymphoid cell lines by Rel proteins correlates with Rel trans-
formation potential. Although it is interesting to study whether
this new member participates in the regulation of human cancer
development, it seems to be unlikely that a functional protein is
translated as the predicted open reading frame (ORF) is incomplete.(17)

Morphogenic IRF: IRF6. IRF6 is structurally related to IRF5 but,
in contrast to IRF5, IRF6 seems to have completely different
functions, acting as a key regulator of the switch from keratinocyte
proliferation to differentiation.(89) Indeed, IRF6-deficient mice
have a hyperproliferative epidermis that fails to undergo terminal
differentiation,(89) and show an abnormality in skin, limb, and
craniofacial morphogenesis.(90) In humans there is an association
of mutations of the IRF6 gene with Van der Woude syndrome
and popliteal pterygium syndrome, which are hereditary disorders
characterized by cleft lip and palate.(91) In addition, it was
reported recently that the IRF6 protein interacts with mammary
serine protease inhibitor (maspin).(92) Maspin is characterized as
a tumor suppressor owing to its ability to promote apoptosis and
inhibit cell invasion, and its expression is attenuated or absent
in aggressive breast carcinomas. This interaction occurs via
the conserved IAD and is regulated by IRF6 phosphorylation.
Similarly to maspin, the IRF6 expression level correlates inversely
with breast cancer invasiveness. Further investigation may clarify
its role in the metastatic potential of various human cancers.

Role of IRF family members in the regulation of 
oncogenesis

There are numerous reports about the involvement of IRF family
members in the regulation of tumor development. Some IRF
members suppress tumor development, whereas some accelerate
it. Consistently, there have been many reports regarding genetic
abnormalities and aberrant expression of IRF genes in primary
tissues derived from human cancer patients (Fig. 2b). In this section,
IRF members are classified into three categories: (1) antioncogenic
IRF (IRF1, IRF8, and IRF5); (2) oncogenic IRF (IRF2 and IRF4);
and (3) viral oncogenic IRF. On the basis of this classification,

we describe how these IRF regulate cell proliferation, DNA damage-
induced responses, and oncogenesis.

Antioncogenic IRF
IRF1. Gene-disruption studies have revealed that IRF1 has

similar but not identical functions to the p53 tumor suppressor.
Similarly to p53, IRF1 is critical to cell cycle regulation and
induction of apoptosis in response to stress signals.(93) IRF1-
deficient MEF cannot undergo cell cycle arrest in response to
DNA damage. It was subsequently found that a well-studied
cyclin-dependent kinase (CDK) inhibitor, p21WAF/cip, is a common
target gene that is induced transcriptionally by both p53 and
IRF1.(93) Their cooperative action was also found in the induction
of apoptosis in oncogene-expressing MEF. When MEF carrying
an activated form of the c-Ha-ras oncogene are exposed to DNA
damage such as that caused by radiation or chemotherapeutic agents,
apoptosis is induced in a p53- and IRF1-dependent manner.(94) In
thymocytes, DNA-induced apoptosis occurs through a p53-dependent
pathway, whereas in mitogen-activated mature T lymphocytes,
this type of apoptosis is dependent on IRF1 but not p53.(95) Thus,
like p53, IRF1 is an essential mediator in cellular responses to DNA
damage, thereby functioning as a tumor suppressor. However,
IRF2 is shown to have an oncogenic feature;(61) overexpression
of IRF2 leads to the transformation of NIH3T3 cells. This
phenotype can be reverted by the concomitant overexpression of
IRF1, suggesting that IRF2 constitutively occupies the IRF-E
of putative tumor-suppressor genes that would be otherwise
activated by IRF1.(96) However, the mutually antagonistic effect
of IRF1 and IRF2 might vary depending on the promoter context,
that is, IRF2 itself may activate the promoter of an oncogene.(34)

The antioncogenic function of IRF1 is not limited to only
IRF2-expressing cells, but other oncogene (e.g. c-myc or fosB)-
transformed cells can be reverted by introduction of the IRF1
gene, suggesting the broad role of IRF1 as a tumor suppressor.(97,98)

Although it was shown that at least two oncogenes need to be
activated to transform normal fibroblasts,(99) IRF1-deficient MEF
can undergo transformation even when a single oncogene is
activated.(94) Further analysis of IRF1-deficient mice has revealed
that the IRF1 gene belongs to a class of tumor-susceptibility genes that
may indirectly suppress tumor development.(100–102) IRF1 single
knockout mice did not show any spontaneous tumor development.
In contrast, IRF1 null mice crossed with mice carrying the activated
c-Ha-ras transgene or IRF1 and p53 double-knockout mice were
more susceptible to tumor development.(103) In this context, the loss
of IRF1 may also contribute to the development of human cancers.

Supporting this feature of IRF1, genetic alterations in IRF1
expression have so far been reported in human hematological
cancers as well as solid cancers. Defects in one or both IRF1
alleles (5q31.1) accompanied by deletion or inactivating
rearrangement have been observed in human leukemia and
preleukemic myelodysplasia.(104) In this context, the loss of IRF1
expression by deletion or exon skipping was reported (summarized
in Fig. 2b). Indeed, approximately 20% of patients with myelod-
ysplastic syndrome or overt leukemia developing from myelod-
ysplastic syndrome carry the exon-skipped form of IRF1, that is,
lacking exons 2 and 3, which shows neither DNA-binding activity
nor tumor-suppressive activity.(105) In addition, frequent loss of
heterozygosity at the IRF1 locus has been found in patients with
gastric and esophageal cancers.(106–108) There is also a report
about a gastric cancer patient with a missense point mutation in
the second exon of the IRF1 gene of the residual allele, which
leads to the expression of functionally impaired IRF1.(109) However,
protein factors that interfere with the function of IRF1 were also
reported. A nuclear factor, nucleophosmin/B23/numatrin, which
is overexpressed in human leukemia cells, inhibits the DNA
binding and transcriptional activities of IRF1.(110)

What is the mechanism underlying IRF1-mediated tumor-
suppressive activity? Various genes that exert growth-inhibitory
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effects are induced by IRF1, for example 2′,5′-oligo(A) synthetase
E,(111) indoleamine 2,3-dioxigenase,(112) protein kinase, RNA-dependent
(PKR),(113) p21WAF/cip,(93) lysyloxidase (LOX),(114) angiotensin type
II receptor,(115) and caspase-1.(116) Among them, LOX is an extracellular
matrix enzyme that catalyzes the crosslinking of collagens or
elastin in the extracellular compartment, thereby regulating the
integrity of tissue structure. In addition, it also functions in various
intracellular processes, including cell motility and transcriptional
gene regulation.(117) These vital functions of LOX suggest that
aberrant regulation of LOX leads to tumorigenesis and tumor
progression. Indeed, there have been many reports about the loss
of LOX expression and function in human basal and squamous cells,
bronchogenic, colon, esophageal, gastric, head and neck squamous
cells, pancreatic and prostatic carcinomas, as well as melanoma.(117)

This may also be closely related to identification of the LOX
gene as a downregulated gene in ras-transformed fibroblasts.(118)

Interestingly, persistent treatment of ras-transformed fibroblasts
with IFN-α and IFN-β yielded a revertant of the ras-transformed
phenotype with the reexpression of this gene.(118,119) The pro-
moter of the LOX gene does indeed contain an IRF1-responsive
element, and transformation of the activated c-Ha-ras-expressing
IRF1-deficient MEF can be suppressed by expression of the LOX
gene.(114) Thus, LOX is a potential downstream mediator of the
tumor-suppressive activity of IRF1. However, the involvement of
LOX in IRF1-mediated transformation suppression is not observed
under different conditions: the ras + myc-induced transforming
phenotype with respect to growth in soft agar is not altered even
by the overexpression of LOX, yet it is suppressed by IRF1
expression.(97) Another study also showed that inhibition of LOX
transcription after transformation by the ras oncogene is not due
to regulation of IRF1 and IRF2.(120) Another potential candidate,
p21WAF/cip, does not appear to account for the IRF1-mediated tumor
suppression either.(97) Therefore, more studies will be required
for further understanding of this mechanism.

IRF8. It was reported that IRF8 is expressed predominantly
in hematopoietic cells, such as cells of myeloid and lymphoid
lineages, and its gene expression is upregulated by IFN-γ. Because
IFN-γ is a pivotal cytokine that is crucial for the clearance of not
only virally infected cells but also cancerous cells, it can be presumed
that IRF8 regulates tumor development. Of note, IRF8-deficient
mice exhibit marked expansion of granulocytes followed by a fatal
blast crisis, which is quite similar to human CML,(88) a disease known
to be caused by the constitutive kinase activity of the BCR-ABL
(breakpoint cluster region-Abelson murine leukemia) oncoprotein.
Particularly worth noting is that the IRF8 expression level
decreases markedly in CML and acute myelogenous leukemia cells
from patients,(121) and that a return to normal levels was observed
in patients in remission following treatment with IFN-α.

What is the underlying mechanism of IRF8 function? IRF8–/–

myeloid progenitor cells have defects in both differentiation and
growth. IRF8 drives their differentiation toward macrophages
whereas it inhibits granulocytic differentiation.(122,123) Moreover,
IRF8 inhibits myeloid cell growth and promotes apoptosis.(123,124)

Thus, the loss of IRF8 results in the accumulation of granulocytes,
and then presumably an additional genetic hit or hits in the
progenitor cells causes clonal expansion of undifferentiated cells
(i.e. blast crisis). Concerning the target genes of IRF8, one report
shows that some of these IRF8 effects may be explained in part
by an IRF8-mediated repression of bcl-2, a major antiapoptotic
target of BCR/ABL, on a transcriptional and protein level.(125) The
results of another group indicate that some of the myeloleukemia
suppressor activities of IRF8 are mediated through the regulation
of promyelocytic leukemia (PML), which is a tumor suppressor that
serves as a scaffold protein for nuclear bodies.(126) In addition,
IRF8 has been shown to inhibit the growth of p210 Bcr/Abl-
transformed myeloid progenitor cells. IRF8 suppresses c-Myc
expression at least in part by direct activation of B-lymphocycte-
induced maturation protein-1 (Blimp-1) and mitogenic Ets transcrip-

tional suppresor (METS), which may explain the mechanism of
growth arrest induced by IRF8.(127) The antagonistic role of IRF8
against Bcr/Abl is also supported by evidence that IRF8 can
ameliorate Bcr/Abl-mediated murine myeloid leukemia in vivo.(128)

These data indicate that the loss of IRF8 expression may be a major
event leading to the development of human CML, and that the
restoration of IRF8 expression can antagonize the oncogenic
activity of Bcr/Abl.

In addition to the effect of IRF8 in hematopoietic tumors
described above, this factor has also been shown to manifest
antitumor activity even in solid tumors. IRF8 expression was
found to be repressed by DNA methylation in human metastatic
colon carcinoma cell lines and murine mammary carcinoma
with lung metastasis in vivo.(129) It has been further shown that
the overexpression of IRF8 enhances apoptosis of cancer cells,
whereas the disruption of IRF8 function diminishes primary
tumor cell sensitivity to apoptosis and can convert a poorly
metastatic tumor to a metastatic phenotype.

Interferon regulatory factor 8 appears to exert its antileukemic
activity not only by the direct control of cell growth, differentiation,
and apoptosis (see above) but also by modulating antitumor
immunity. Indeed, the coexpression of IRF8 in Bcr/Abl-
transformed BaF3 cells causes a CD8+ cytotoxic T-cell response
to prevent the establishment of leukemia in vivo.(130) Furthermore,
human CML cells are sensitive to T cell-mediated immunity.(131)

Given the roles of IRF8 in macrophages and DC, IRF8 may also
elicit antitumor immunity through its ability to support the
differentiation and function of antigen-presenting cells.

IRF5. Along with accumulating studies of the role of IRF5 in
the innate immune response,(9,71–73,78) this factor was also reported
to be a direct target of p53,(77) and to undergo nuclear translocation
upon DNA damage, suggesting a possible role of IRF5 in DNA-
damage responses and tumor suppression.(78,132) This functional
activity of IRF5 seems to be similar to that of IRF1. It has been
reported that the effects of IRF5 on cell cycle regulation and
apoptosis are independent of p53.(133) In addition, the overexpression
of IRF5 in B-cell lymphomas expressing non-functional p53 results
in G2–M cell cycle arrest and cell death with the upregulation of
genes involved in cell cycle regulation and apoptosis (e.g. the
p21WAF/cip, caspase-8, Bak, Bax, and DAP kinase 2 genes).(133)

IRF5 was also shown to sensitize tumor cells to DNA damage-
induced cell growth inhibition and apoptosis via a p53-independent
pathway.(132) Intriguingly, the loss of IRF5 mRNA expression
was often found in leukemia cells as well as gastrointestinal
tumors (Fig. 2b),(132,133) suggesting a putative role of IRF5 as a
tumor suppressor that mediates cell cycle arrest, apoptosis, and
immune activation. Consistent with these previous reports, our
recent analysis of IRF5-deficient mice revealed that IRF5 is a
critical mediator of the induction of apoptosis in response to
DNA damage.(78) However, unlike previous reports,(132,133) a recent
study using MEF from IRF5-deficient mice showed that IRF5 is
dispensable for the induction of p21WAF/cip, and cell cycle arrest
after X-ray irradiation or adriamycin treatment normally occurs
in these cells. It was shown that IRF5 is involved selectively in
DNA damage-induced apoptosis but not in cell cycle arrest.(78)

IRF5-deficient MEF undergo transformation by the expression
of activated c-Ha-Ras alone, and these cells show tumorigenic
properties in nude mice. There is a similar report by another group
showing that overexpression of IRF5, but not IRF7, inhibits growth
of the human B-lymphoma cells BJAB (carrying non-functional
p53) and tumor formation in nude mice.(133) Interestingly, induction
of known p53-dependent proapoptotic genes, such as Puma and
Noxa, is normally observed in the absence of IRF5,(78) suggesting
that IRF5 functions as a tumor suppressor by acting on a pathway
that may be distinct from that of p53.

In light of the findings above, it will be of great interest to
examine the status of the IRF5 gene and its expression in human
cancers. It is interesting that the constitutive expression of IRF5
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occurs primarily in lymphoid tissue, peripheral blood lymphocytes,
and DC, but it has not been detected in B- and T-cell leukemia cell
lines,(71) nor in most of the clinical samples from patients with
hematological malignancies (e.g. chronic lymphocytic leukemia
[CLL], acute lymphocytic leukemia [ALL], acute myelogenous
leukemia [AML]) as well as gastrointestinal tumors.(132,133) Although
it remains to be investigated further whether the IRF5 gene is
deleted in these tumors or silenced by hypermethylation, these
data suggest that the loss of IRF5 expression in hematological
malignancies may be associated with leukemogenesis.

What are the mechanisms underlying DNA damage-induced
IRF5 activation? Post-translational modification, nuclear trans-
location, and the transactivating function of IRF5 are induced
after virus infection and DNA damage, but the signaling pathways
leading to its activation appears to be quite different.(132,134) It
was previously shown that several serine residues (Ser-477/
Ser-480 or Ser-427/Ser-430) at the C terminus of human IRF5
play critical roles in the virus-induced activation of IRF5.(132,134)

Newcastle disease virus induced phosphorylation of IRF5 at
Ser-427 and Ser-430 and phosphorylation was not detected in
cells treated with the DNA-damaging agent irinotecan, indicating
that irinotecan-induced IRF5 phosphorylation occurs at distinct
serine residues. It will be interesting to determine which kinases
are involved in the phosphorylation of IRF5 for its transcriptional
activity. The phosphatidylinositol-3 kinase-related kinases ataxia
talangiectasia-mutated (ATM), ATM and Rad3-related (ATR),
and DNA-PK become activated in response to DNA damage and
transduce signals to downstream targets, including p53 and
the checkpoint kinases Chk1 and Chk2.(135) Therefore, it can be
speculated that these kinases may be candidate kinases involved
in IRF5 phosphorylation. Indeed, database analysis shows that
Thr-272 of IRF5 may be a potential target site for phosphorylation
by ATM or DNA-PK.(132,134) Thus, several IRF can be activated via
a DNA damage-triggered signaling pathway, and have emerged
as crucial regulators of stress-induced cellular responses. In this
regard, IRF can also be considered as key transcription factors
that link immunity and oncogenesis.

Regarding IRF9, the role of IRF9 in tumor suppression is
implicated in the context of type I IFN-mediated antitumor
activities.(136,137) The binding of IFN to the receptor complex
leads to the activation of two main signaling pathways mediated
by ISGF3 and IFN-α-activated factor (AAF)/IFN-γ-activated factor
(GAF): IRF9 acts as a DNA-binding component of the former
transcriptional complex. Hundreds of cellular genes are activated
transcriptionally after IFN stimulation,(138) and most ISG require
IRF9. In this context, IRF1 is also a downstream mediator that is
induced through the AAF/GAF pathway. Most of the IFN-
inducible IRF, such as IRF5 and IRF7, are dependent on ISGF3,
that is, IRF9. In general, some of these ISG were shown to encode
proteins that mediate tumor-suppressor activities directly in
tumor cells, or indirectly through the activation of tumor immu-
nity. It has been demonstrated that there is crosstalk between
type I IFN-mediated signaling and a p53-mediated pathway,
which further revealed a new regulatory mechanism for p53-
mediated responses in tumor suppression. The p53 gene was
found to be induced by treatment with IFN-α and IFN-β, result-
ing in an increase in the expression level of the p53 protein.(139) This
induction of the p53 gene is mediated in an ISGF3-dependent man-
ner through the activation of two ISRE, which were found to be
within the promoter and first-intron regions of the p53 gene.
Therefore, the p53 gene is not induced by IFN-α or IFN-β in the
absence of IRF9. In this respect, IRF9 acts as a critical compo-
nent of IFN-induced p53 upregulation, which contributes to
boosting the activation of the p53-mediated proapoptotic path-
way upon stimulation with DNA-damaging agents such as radi-
ation and chemotherapeutic agents.(139) However, it was reported that
the protooncogene myc directly regulates expression of the IRF9
gene.(140) IRF9-deficient cells are highly susceptible to cytotoxic

chemotherapeutic agents,(140) and this result suggests that IRF9 may
function in the regulation of DNA damage-induced responses.

Oncogenic IRF
IRF2. IRF2 was initially found to antagonize IRF1 in terms of

transcriptional activity.(141) In contrast to the antioncogenic
activity of IRF1, IRF2 shows an oncogenic potential: NIH3T3
cells with overexpressed IRF2 became transformed and were
more tumorigenic in nude mice, implicating IRF2 as a potential
oncoprotein.(61) One putative mechanism of the oncogenic
activity of IRF2 is that IRF2 antagonizes the antiproliferative
action of IRF1 by competing for binding sites in the promoters
of several growth-suppressing genes.(111,114,142) Consistently,
several studies showed that the IRF2 expression level increased
in clinical samples from esophageal squamous cell cancer(143) or
breast cancer,(144) whereas the IRF1 expression level decreased
in these cancers (Fig. 2b). The ectopic expression of activated N-
ras in primary hematopoietic cells and myeloid cell lines can
lead to proliferation inhibition; overexpression of the IRF2 gene
in U937 myeloid leukemic cells abrogates this N-ras-induced
growth suppression.(62) Although the exact mechanism underlying
this cell transformation is still unknown, it is assumed that IRF2
exerts its oncogenic activity by competing with IRF1 or other
IRF-family members for ISRE. This notion is supported by the
finding that NIH 3T3 cells expressing only the DNA-binding domain
of IRF2 can undergo transformation.(96) An alternative possibility
for the oncogenic activity of IRF2 is that IRF2, also known as
histone nuclear factor M (HiNF-M), plays a positive role in the
cell cycle regulation of the human histone H4 gene FO108.(34,145)

IRF4. There are several pieces of evidence suggesting a relation-
ship between IRF4 and oncogenesis. The expression of IRF4
has been shown to be upregulated in v-Rel-expressing cells, and
an increased expression level of IRF4 plays a role in the v-Rel-
mediated transformation process.(146) Similarly to IRF8 described
above, there are also several reports suggesting a possible role
of IRF4 in the pathogenesis of CML. The expression level of
IRF4 is significantly low in CML patients.(147,148) IRF8 and IRF4 play
a cooperative role in the differentiation of B cells and DC.(84) The
downregulation of IRF4 may promote leukemogenesis in the
myeloid cell context,(148) suggesting the possibility that IRF4 may
play a cooperative role with IRF8 in myeloid cell growth and
differentiation as well. In this regard, one putative mechanism
underlying downregulated IRF4 expression in leukemia is possibly
associated with CpG-site-specific IRF4 promoter methylation.(147)

The expression of another IRF, IRF8, is also impaired in myeloid
leukemias, particularly CML as mentioned above. However, in
contrast to IRF4, the defective expression of IRF8 does not
seem to be explained by promoter methylation.(147)

The IRF4 gene is a critical factor for the regulation of B-cell
proliferation and differentiation, which suggests that the deregulated
expression of this gene may contribute to B-cell malignancies. IRF4
upregulation seems to induce the growth of lymphomas or multiple
myeloma.(85,149) In human multiple myeloma cells, a chromosomal
translocation t(6;14)(p25;q32) juxtaposes the IgH locus to the multiple
myeloma oncogene 1/IRF4 gene, resulting in the overexpression
of IRF4.(85) Indeed, exogenous expression of IRF4 in Rat-1 cells causes
anchorage-independent growth.(85) However, the overexpression of
IRF4 alone is not sufficient for leukemogenesis in transgenic mice
overexpressing IRF4 in lymphocytes,(150) suggesting that additional
factors are required for the oncogenic activity of IRF4 in vivo.

The deregulation of IRF4 expression is also involved in human
T cell leukemia virus (HTLV)-1-induced oncogenesis. IRF4 is
upregulated constitutively in HTLV-1-infected cell lines and by
overexpression of the HTLV-1-derived oncoprotein Tax. This
Tax-driven IRF4 expression in HTLV-I-infected cells suggests a
role of IRF4 in reprogramming T cell gene expression.(151,152)

The constitutive expression of IRF4 in T cells results in decreased
expression of the G2–M checkpoint gene encoding cyclin B1,
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and several DNA-repair genes encoding Rad51, XRCC1, Yng1,
RPA, and PCNA. Such a transcriptional phenotype is strikingly
similar to that in HTLV-infected T cells.(151–153) Further studies
will identify and characterize IRF4 target genes in an effort to
further characterize the role of the IRF4 transcription factor in
HTLV-1-induced leukemogenesis.

Viral IRF. Kaposi’s sarcoma-associated herpesvirus (KSHV/
HHV8) has been associated etiologically with several malignancies,
including Kaposi’s sarcoma and primary effusion lymphoma (PEL).
HHV-8 encodes several viral IRF homologs (vIRF). One of the
KSHV non-structural regulatory lytic genes is ORF-K9, encoding
the viral interferon regulatory factor (vIRF1). vIRF1  (Fig. 1) is
a 449-amino acid protein that shares sequence homology with
cellular IRF(154,155) but does not compete with IRF1 for DNA binding,
nor does it bind to or sequester IRF1.(156) In contrast, several studies
have shown that vIRF1 can associate with cellular proteins such as
IRF1, IRF8, IRF9, CBP/p300, and p53 tumor suppressor.(157,158)

Despite an as yet undefined mechanism, these characteristics of
vIRF1 may explain the observation that vIRF1 inhibits IFN- and
IRF-mediated signaling (Table 2) through an as yet undefined
mechanism and transforms NIH3T3.(159) Another HHV-8-derived
protein, the replication and transcription activator (RTA), which
is necessary and sufficient for the switch from viral latency to
lytic replication, carries the DNA-binding domain that is similar
to those of IRF-family members. It is speculated that HHV-8
RTA may usurp the cellular IRF pathway, or vice versa. Indeed,
it was shown that IRF7 can compete with the RTA protein for
binding to the RTA response element in the ORF57 promoter to
downregulate RTA-induced gene expression.(160)

Human herpesvirus-8-associated PEL is a lymphoproliferative
disease of B-cell origin. PEL cells harbor a non-B, non-T
phenotype and lack significant surface Ig expression. In PEL
cells, IRF4 is reported to be expressed constitutively.(161) As
described above, this transcriptional factor, whose expression
is restricted specifically to the lymphoid and myeloid compart-
ments,(28) interacts with PU.1 to activate genes essential for
B-cell development. However, in PEL-derived B-cell lines, PU.1
expression is completely abrogated. In addition, defective or
markedly decreased expression levels of Oct-2, IRF8, and BSAP/
Pax5 are observed in these transformed cells. It is considered
that such a disruption of the B-cell-specific transcriptional
program may thus contribute to lymphomagenesis and to the
development of the non-B, non-T phenotype in PEL cells.(161)

Viral oncoproteins inhibiting IRF function

Viruses have evolved various strategies to counteract the activity
of IRF members as well as the IFN system, including type I IFN
production and receptor-mediated IFN signaling,(162–165) so as to
evade the host immune system. In particular, IRF3 and IRF7 are
targeted frequently by viral factors and inactivated directly or
indirectly. A complex combination of these viral strategies is

considered to contribute to the persistence of viral infection,
which is also considered to be one of the major risk factors
for virus-induced carcinogenesis (Table 2). A good example is the
association between hepatitis C virus and hepatocellular carcinoma,
although it remains controversial whether the virus plays a
direct or an indirect role in the pathogenesis of hepatocellular
carcinoma. To block the IFN system, hepatitis C virus encodes
a serine protease, NS3/4A, which cleaves IPS-1/VISA/MAVS/
Cardif, an adaptor protein, leading to inactivation of the RIG-I-
or MDA5-mediated IRF3/IRF7 pathway.(166) In addition, it was
reported that this protease also causes proteolysis of Toll/IL-1
receptor (TIR) domain-containing adaptor inducing IFN-β (TRIF)/
TIR-containing adaptor molecule-1 (TICAM-1), which is the
critical adaptor protein linking TLR3 to its downstream IRF3
activation pathway for dsRNA responses.(167)

Epstein–Barr virus (EBV) latency has also been associated
with various human cancers.(168) In particular, the major EBV
oncoprotein latent membrane protein (LMP)-1 is one of the key
viral proteins required for the transformation of primary B
cells.(169) However, IRF7 was initially identified as a negative
regulator of the BamHI Q promoter (Qp),(32) which is used for
the transcription of EBV nuclear antigen 1 (EBNA-1) mRNA in
type I latency. LMP-1 acts as a constitutively active receptor-like
molecule, and LMP-1-triggered signaling induces the expression
of IRF7 (Table 2).(170) Thus, the induction of IRF7 by LMP-1
may cause the silencing of Qp in EBV type III latency. It was
also shown that IRF7-expressing NIH 3T3 cells show both
anchorage-independent growth and tumorigenicity in athymic
mice, and speculated that IRF7 has oncogenic properties and,
along with LMP-1, may mediate EBV transformation in the
pathogenesis of EBV-associated lymphomas.(169) However, there
are also several inconsistent observations that suggest that IRF7
is a tumor-suppressor gene or that IRF7 does not have a major
role in tumor suppression,(133) as described above. Further studies
will therefore be required to clarify this controversial issue.

Human papilloma virus (HPV) is a causative agent in the
etiology of cervical dysplasia and cervical cancer.(171) In contrast,
low-risk HPV-6 and HPV-11 are associated with benign condyloma
formation, whereas high-risk HPV-16 and HPV-18 are detected
frequently in cervical cancer. The malignant phenotype of high-
risk types (HPV-16 and HPV-18) depends on the expression of
two viral oncogenes, E6 and E7, both of which have been shown
previously to inactivate two cellular tumor suppressor proteins:
E6 binds to p53 and promotes its proteolysis, whereas E7 binds
to the hypophosphorylated form of pRb and interferes with its
binding to E2F. These HPV oncoproteins also target IRF-family
members, and inhibit their activities  (Table 2). The E7 oncoprotein
was shown to interact with IRF1 and interfere with the transactiva-
tion function of IRF1 by recruiting histone deacetylases (HDAC)
to the promoter.(172) Unlike pRb, IRF1 can also be inactivated by
the low-risk HPV 11 E7 oncoprotein. The functional inactivation
of IRF1 by both high-risk and low-risk HPV E7 oncoproteins may

Table 2. Effects of viral proteins on interferon regulatory factors (IRF) or IRF-mediated pathways

Virus Viral protein Targeted IRF Possible mechanism

HCV NS3/4A (IRF3, IRF7)×† Blockade of type I IFN production through cleavage of IPS-1/VISA/MAVS/Cardif or TRIF/TICAM-1
EBV LMP-1 IRF7↑ Induction by LMP-1
HHV-8 vIRF (IRF)× Unknown mechanism(s)

RTA IRF× Blockade of IRF pathway via its homologous DNA-binding domain
HPV E7 IRF1× Inhibition of its transcriptional activity through the interaction

E6 IRF3× Inhibition of its transcriptional activity through the interaction

†These IRF-mediatad pathways are inactivated indirectly. Cardif, CARD adaptor inducing interferon-β; EBV, Epstein–Barr virus; HCV, hepatitis C 
virus; HHV, human herpes virus; HPV, human papilloma virus; IFN, interferon; IPS, interferon-β promoter stimulator; LMP, latent membrane protein; 
MAVS, mitochondrial antiviral signaling; PEL, primary effusion lymphoma; RTA, replication and transcription activator; TRIF(TICAM1), 
TIR domain-containing adaptor inducing interferon-β (TIR-containing adaptor molecule-1); VISA, virus-induced signaling adaptor.
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provide another advantage to malignant and benign tumor forma-
tion in the cervix, respectively. In addition, it has also been reported
that HPV-16 E6 binds to the C-terminal transactivation domain
of IRF3, and the transcriptional activity of IRF3 toward the IFN-β
promoter decreases in the presence of E6.(173) Therefore, it can be
postulated that the HPV E7 and E6 oncoproteins might interfere
with IRF1-mediated antioncogenic activity and IRF3-mediated type
I IFN production, respectively, thereby overcoming the host immunity
in cervical tumor development. In this respect, it can be presumed
that the functional role of IRF3 in virus-induced apoptosis(174)

may be another reason why IRF3 is targeted by the HPV16 E6.

Conclusion and future prospects

Only two decades has passed since the initial discovery of IRF,
namely IRF1 and IRF2.(1) The subsequent discovery of other IRF
members and functional studies of IRF, particularly the generation
and analyses of mutant mice lacking one or more of the IRF
members, have provided new insights into the intricate gene-
regulation networks underlying many aspects of host defense.
Recent progress in studies of innate immunity has also further
accelerated advances in IRF studies. It has been revealed that IRF
family members are involved crucially in many facets of cellular
activity by regulating the gene transcription of type I IFN and other
cytokines and chemokines, IFN-inducible proteins, cell cycle and
apoptosis regulators, and cell differentiation factors. Although
each IRF member contains the conserved DNA-binding domain, all
members show various distinct regulatory effects on gene expression.
Thus, a given IRF member may positively or negatively regulate its
target genes depending on the promoter context or its association
with other transcription factors. In order to determine the mechanism
underlying these differential activities of IRF, it will be interesting
to search for new IRF-interacting molecules. In relation to this
issue, there are several interesting studies demonstrating that that

IRF3 associates with a subunit of NF-κB and functions as a
coactivator of gene transcription.(38,39) These studies would provide
further insights into the complex network of gene-induction path-
ways, which underlie the diversified activities of IRF.

In the present review, we described the ‘IRF world’ by focusing
mainly on the intrinsic aspects of IRF activity in the regulation
of oncogenesis. Although not touched upon in this review, there
are numerous studies demonstrating the role of IRF in antitumor
immunity. IRF1 is an essential regulator of NK cell differentia-
tion,(5) and it is also critical to Th1 differentiation of CD4+ T
cells through induction of IL-12 and IL-12 receptor subunit β1,
the critical signaling components for Th1 differentiation.(175) In
addition, recently accumulated evidence has revealed that
almost all members of the IRF family play crucial roles in the
differentiation, maturation, and activation of DC, which are
powerful sensors of cancer cells as well as pathogens.(87) Thus,
we envisage that our knowledge about the role of IRF in the
regulation of oncogenesis will expand further, particularly in
the context of human cancers. Furthermore, understanding IRF
biology will have an important impact on the clinical field
because various aspects of host defense are regulated by the IRF
and IFN systems. It will also provide a molecular basis for
cancer therapy.
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