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Histone post-translational modification patterns represent epigenetic states of genomic genes and denote the state of
their transcription, past history, and future potential in gene expression. Genome-wide chromatin modification patterns
reported from various laboratories are assembled in the ENCODE database, providing a fertile ground for under-
standing epigenetic regulation of any genes of interest across many cell types. The IRF family genes critically control
innate immunity as they direct expression and activities of interferons. While these genes have similar structural and
functional traits, their chromatin landscapes and epigenetic features have not been systematically evaluated. Here, by
mining ENCODE database using an imputational approach, we summarize chromatin modification patterns for 6 of 9
IRF genes and show characteristic features that connote their epigenetic states. BRD4 is a BET bromodomain protein
that ‘‘reads and translates’’ epigenetic marks into transcription. We review recent findings that BRD4 controls
constitutive and signal-dependent transcription of many genes, including IRF genes. BRD4 dynamically binds to
various genomic genes with a spatial and temporal specificity. Of particular importance, BRD4 is shown to critically
regulate IRF-dependent anti-pathogen protection, inflammatory responses triggered by NF-kB, and the growth and
spread of many cancers. The advent of small molecule inhibitors that disrupt binding of BET bromdomain to
acetylated histone marks has opened new therapeutic possibilities for cancer and inflammatory diseases.

Introduction

Post-translational modification of core histones
including acetylation and methylation, occurring on the

lysine residues, and other modifications represent epigenetic
marks that denote the states of gene expression, lineage
derivation, and transcriptional and replicative potential
(Dawson and Kouzarides 2012; Rando 2012). Widely ac-
cepted signatures are histone H3 lysine 4 trimethylation
(H3K4me3) associated with active transcription and initia-
tion, H3K36me3 and H3K79me2 indicating active elonga-
tion. Additional marks are H3K9me3 denoting transcription
repression and heterochromatin, H3K27me3 signifying
polycomb-dependent repression (Vire and others 2006).
Acetylation of H3 and H4 indicates open chromatin and
active gene expression (Wang and others 2008). More re-
cently, enhancers, including super-enhancers are shown to
be marked by H3K4me1and H3K27ac (Hnisz and others
2013; Loven and others 2013). Besides classical acetylation
and methylation marks, new types of histone modification
are reported, adding further understanding of epigenetic
landscapes (Huang and others 2014).

DNA methylation is another mechanism by which genes are
epigenetically marked (Esteller 2007). DNA methylation almost
always signifies transcriptional repression, involved in devel-

opmental and cell type specific gene silencing and promoting
growth of some cancers by silencing tumor suppressor genes.

IRF family proteins globally control interferon (IFN) ac-
tivities, as they direct transcription of type I and type III IFN
genes and numerous IFN-stimulated genes (ISGs) (Tamura
and others 2008). Thus, they exert a decisive influence on
innate immune responses. The role of this family in innate
immunity is further reinforced by IRF4 and IRF8, which have
additional ability to control transcription of genes specific for
the innate and adaptive immune responses, besides IFNs.
Although, the 9 IRF genes share structural and functional
similarity, are dispersed in different chromosomes, and have
distinct expression profiles, presumably influenced by the
surrounding chromatin environment.

Chromatin Landscape of the Human IRF Genes

Genome-wide histone tail modifications are now available
on public databases, including the ENCODE program at the
NIH Roadmap Epigenomics Mapping Consortium (www
.roadmapepigenomics.org). In this work, we examined epi-
genetic states of 6 human IRF genes by mining genome-
wide histone modification data reported for various human
cells that are deposited in the ENCODE database, and results
summarized in Fig. 1A–C. Our data consist of imputed tracks
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from 12 histone marks (H3K4me1, H3K4me2, H3K4me3,
H3K9ac, H3K27ac, H4K20me1, H3K79me2, H3K36me3,
H3K9me3, H3K27me3, H2A.Z) from a collection of 127
reference epigenomes and a total of 25 epigenetic states. DNA
methylation data were obtained from roadmap of epigenomes
project hosted at NIH Roadmap Epigenomics Mapping Con-
sortium (http://egg2.wustl.edu/roadmap/data/byDataType/
dnamethylation/RRBS/) Data were visualized using the
Washington University Epigenome Browser tool (http://
epigenomegateway.wustl.edu/browser/). Although we exam-
ined 127 epigenomes, data summarized here are from15
‘‘normal’’ and/or fresh cells and 3 representative cancer cell
lines. Our data reveal that the 6 IRF genes we chose to study
can be divided into 3 groups that exhibit distinct chromatin
landscapes, (A) IRF1 and IRF2, (B) IRF3 and IRF7, and (C)
IRF4 and IRF8.

IRF1 and IRF2

IRF1 and IRF2, the founding IRF members, have the
smallest C-terminal regulatory domain in the family. These
IRFs exhibited an open chromatin configuration throughout
the gene in all cell types presented here, from totipotent em-
bryonic stem cells (ESC), pluripotent hematopoietic stem
cells (HSCs) to differentiated immune cells, including T, B
lymphocytes and all myeloid lineage cells and established
cancer cell lines. Both IRF1 and IRF2 had the marks indicated
for active transcription initiation from the TSS and the marks
indicating positive transcription in the gene body. The 2 genes
also possessed enhancer marks both upstream and down-
stream regions. Enhancer marks were also present in the gene
body, which may contribute to the intragenic control of
transcription (Kowalczyk and others 2012). These features

FIG. 1. The epigenomic chromatin landscape of the IRF genes. A color-coded illustration of chromatin-state annotation
was deduced from histone modification patterns on various human cells deposited in the ENCODE database. Specific
histone tail modifications and the corresponding epigenetic and transcriptional states are shown in the bottom. Visualization
of the data was performed in the Washington University Epigenome Browser (http://epigenomegateway.wustl.edu/browser/).
(A–C) Human IRF genes exhibiting similar chromatin landscapes in various cell types (center) are grouped: A (IRF1 and
IRF2), B (IRF3 and IRF7), and C (IRF4 and IRF8). (D) DNA methylation signatures of the human IRF genes. The peaks
represent the fractional methylation signals obtained by the reduced representation bisulfite sequencing for indicated cell
types. The CpG islands at the promoter region are shown as a purple box.
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are consistent with the expression of the 2 genes in many cell
types. Although IRF1 and IRF2 are reported to act in an an-
tagonistic manner (activation vs. repression of target genes,
anti-oncogenic vs. oncogenic property), no chromatin marks
suggestive of their functional dichotomy were evident.

IRF3 and IRF7

IRF3 and IRF7 displayed similar open chromatin land-
scape in all cell spectrums. The 2 IRFs showed extended TSS
associated active chromatin marks in the 5¢ coding regions,
along with prominent active transcription signatures in the 3¢
coding regions. These features were not seen in IRF1 and
IRF2, although both groups are constitutively expressed in a
wide variety of cells. The strong active transcription marks
were noted in the region beyond the transcription end site both
in IRF3 and IRF7, an intriguing, yet mysterious feature. This
feature may be reinforced by the adjacent genes that may be
active. IRF3 and IRF7 are both expressed in an latent state
before stimulation, but activated to induce type I IFN genes
upon pathogen recognition receptor signaling. Both genes are
known to produce multiple isoforms. The histone modifica-
tion patterns distinct from IRF1 and IRF2 revealed here may
reflect these properties.

IRF4 and IRF8

IRF4 and IRF8 are structurally more similar to each other
than other IRF members, and are probable paralogues that co-
evolved from a common ancestor. Unlike other IRF genes,
IRF4 and IRF8 are expressed in an immune cell specific
manner, and contribute to the development and activity of
lymphocytes and myeloid cells, a role unrelated to IFNs
(Tamura and others 2008). Consistent with cell restricted ex-
pression, the promoter regions of IRF4 and IRF8 showed the
H3K27me3 mark that indicate polycomb mediated repression
in most cell lineages except in immune cell system where active
marks were more dominant. Further, IRF4 had active marks
(H3K4me3, H3K36me3, H3K76me2) in B cells and some
T cells, but repressive and/or bivalent signatures in NK, mye-
loid cells and some T cells. Whereas, IRF8 had positive marks
in monocytes, B cells, CD4/8 T, but had repressive marks in
neutrophils and T cells. Bivalent marks were evident in 2 ES
cells for both IRF4 and IRF8. However, in HSCs, IRF4 had a
bivalent mark, while IRF8 showed active TSS. In the 3 estab-
lished cell lines, IRF4 and IRF8 both showed repressive marks
throughout the genes, unlike other IRFs. In ES cells, active
chromatin marks are largely absent in both genes, although
IRF8 showed curious enhancer marks in HSCs and immune
cells throughout the gene, whereas IRF4 was devoid of this
signature in HSCs. These features suggest the possibility that
IRF4 and IRF8 are differentially regulated in early stem cells.

DNA Methylation Landscape of IRF Genes
in Cancer and Normal Cells

DNA methylation takes place in the CpG islands of genomic
DNA, that are for the most part located near the promoter re-
gions, and results in gene silencing (Esteller 2007; Rodriguez-
Paredes and Esteller 2011). DNA methylation is mediated by
DNA methyltransferases (DNMTs) and reversed by TET
DNA demethylases (Shen and others 2014). Aberrant DNA
methylation has been noted in various cancers, for example,
in tumor suppressor genes (eg, BRACA1), demethylation of

proto-oncogenes (eg, IGF2). An alteration has been noted for
DNMT3a in AML (Ley and others 2010). Moreover, aberrant
DNA methylation has been reported in some cancers for
several IRF genes. For example, methylation of IRF1, IRF4
and IRF7 is reported for various gastric cancers ( Jee and
others 2009; Yamashita and others 2010; Mitchell and others
2014). Abnormal IRF4 methylation has also been found in pe-
diatric B cell ALL (Musialik and others 2015). Hypermethy-
laion of IRF6 is found in squamous cell carcinoma (Botti and
others 2011). DNA methylation has also been reported for
IRF8 in renal cell carcinoma, colorectal cancer, melanoma and
other cancers (Yang and others 2007; Lee and others 2008;
Tshuikina and others 2008). DNA methylation-controlled
activity of IRF8 has been recently described for differentiation
of the osteoclasts (Nishikawa and others 2015).

Figure 1D summarizes the methylation state of IRF4, IRF7
and IRF8 genes for the same set of cells as above. Methylated
sites were present over the CpG islands of these IRFs, located
near the promoter and other intragenic regions even outside the
gene body. Interestingly, the overall methylation patterns were
similar across different cell types, including IRF4 and IRF8,
whose expression vary among these cells. The lack of cell type
difference, contrasts histone modification patterns, where no-
table differences were evident that corresponded to cell type
dependent expression, which may suggest that DNA methyl-
ation does not contributes to cell type specific expression of
IRF 4 and IRF8. However, DNA methylation patterns of es-
tablished cancer cell lines (HeLa, HepG2, K562) were mark-
edly different from those of normal cells for all 3 IRFs, showing
prominent hypermethylation in the CpG islands. It is possible
that these IRFs are downregulated in these established cells
resulting in transcriptional repression, which may potentially
be linked to their cancer status. Other IRF genes (IRF2, IRF3,
IRF5, IRF9) were also found to have similar DNA methylation
patterns across the cells, except IRF1 which displayed in-
creased methylation in ESC and HSC stem cells (not shown).

BRD4 Translates Chromatin Signatures
into Gene Expression

Histone modifications only provide epigenetic marks, but
do not directly alter gene activity. There are proteins spe-
cialized in reading histone marks and translating into tran-
scription. Proteins of the BET bromodomain family are a
noted example. The family consists of BRD2, BRD3, BRD4
and BRDT, have 2 conserved bromodomains and the extra-
terminal (ET) domain (Fig. 2A). The former 3 proteins are
expressed ubiquitously in most cell types, while BRDT
expression is limited to testis. Through the bromodomains,
they bind acetylated histone tails of various core histones H3
and H4, displaying considerable lysine residue specificity
(Dey and others 2000, 2003; Wu and Chiang 2007).

Because of the abundant expression and its known role in
transcription, BRD4 has been most extensively studied
among other members. We have been studying BRD4 and
showed that BRD4 recruits P-TEFb, a transcription elonga-
tion factor, through its C-terminal motif to activates expres-
sion of many genes ( Jang and others 2005). BRD4 tightly
binds to chromosomes during mitosis and affects gene ex-
pression in the newly divided cells (Dey and others 2009).
BRD4 binds to a large array of constitutively expressed and
signal-induced genes in normal and cancer cells (Dey and
others 2009; Hargreaves and others 2009; Zhang and others
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2012). IRF genes are also shown to be occupied by BRD4 at
the promoters and the enhancers and are regulated by BRD4
in macrophages, T cells and cancer cells (Nicodeme and
others 2010; Zhang and others 2012; Pelish and others 2015).

As a reader/translator of the epigenetic marks, BRD4
plays a critical role in innate immune responses and in-
flammation. For example, IFN stimulation causes recruit-
ment of BRD4 and then P-TEFb to many ISGs, a process
essential for ISG transcription induction (Patel and others
2013; Sarai and others 2013). BRD4 recruitment is depen-
dent on the initial binding of ISGF3 complex (STAT1/2/
IRF9) and ensuing histone acetylation. Similarly, stimula-
tion of macrophages with LPS triggers BRD4 recruitment to
many proinflammatory genes activated by NF-kB, which is
also caused by induced histone acetylation in inflammatory
genes (Hargreaves and others 2009)

Development of small molecule inhibitors that disrupt the
interaction between acetyl-histones and the BET bromodomains
has opened many new avenues of research, and offers thera-
peutic possibilities for some diseases (Filippakopoulos and
others 2010; Nicodeme and others 2010) (Fig. 2B). The small
molecule inhibitors, representatives being JQ1 and I-BET are
shown to have the remarkable capacity to inhibit growth of
various cancers, including acute myeloid leukemia, myeloma,
diffuse large B cell lymphoma and various solid tumors, in many
cases prolonging host survival in mouse models (Filippako-
poulos and others 2010; Zuber and others 2011; Loven and
others 2013; Ceribelli and others 2014; Shi and others 2014;
Pelish and others 2015). These studies led to the view that BRD4
targets MYC, the growth promoting oncogene to enhance cancer
cell growth, and that the inhibitors preferentially attack BRD4.
These studies further showed that high MYC expression is
bolstered by the super-enhancer in the MYC gene that forms a
stable DNA loop, to which BRD4 is recruited and functions
along with other chromatin binding factors such as Mediators
and BAF complexes (Hnisz and others 2013; Loven and others

2013; Pelish and others 2015). Super-enhancers are reported for
other BRD4 targets, including IRF4 and IRF8 (Loven and others
2013; Pelish and others 2015). Super-enhancer-bound BRD4 are
reported to be more susceptible to JQ1 and I-BET than BRD4
bound to other regions, leading to preferential attenuation of
MYC activity and potent anti-oncogenic effect.

BET inhibitors are also shown to be efficacious in regu-
lating inflammation and related diseases by preferentially
attacking BRD4. In LPS stimulated bone marrow derived
macrophages, BET inhibitors suppress induction of a subset
of inflammatory genes, including Il1b, Il6, Ccl2, Ccl12, Cxcl9
and Ifnb1, although the inhibitors downregulated only <25%
of all LPS induced genes (Nicodeme and others 2010; Belkina
and others 2013). The inhibition was largely attributed to that
of BRD4, and to some degree BRD2, causing inhibition of Pol
II elongation. Although not all inflammatory genes were
downregulated, injection of mice with the inhibitor provided
full protection from lethal endotoxin shock caused by LPS,
Salmonella, and CLP (Nicodeme and others 2010). Further,
BET inhibitors are shown to reduce development of inflam-
matory Th17 cells in vivo and in vitro. In this case also, the
inhibitors downregulated only a subset of Th17-polarized
genes (Bandukwala and others 2012; Mele and others 2013).
Nevertheless, IL-17A was one of BRD4’s targets, and the
inhibitor prevented BRD4 recruitment to the Il17 promoter.
Consistent with this selective effect, BET inhibitors signifi-
cantly ameliorated a mouse model of neuro inflammatory
disease, experimental allergic encephalomyelitis without
strongly limiting Th1 cells (Bandukwala and others 2012;
Mele and others 2013). BET inhibitors are also shown to
inhibit TNFa-induced inflammatory changes in endothelial
cells. These inflammatory genes are, for the most part, targets
of NF-kB and shown to form BRD4-containing super-
enhancers upon stimulation, and this was preferentially
inhibited by JQ1 (Brown and others 2014). Extending to
in vivo JQ1 markedly diminished plaque formation and

FIG. 2. Bromodomain protein BRD4. (A) Schematic structure: BRD4 are nuclear protein of *200 kDa, and it is
abundantly expressed in most if not all cell types. BD1 and BD2 represent the bromodomains, composed of 4 ahelices
through which they bind acetylated lysine on core histones, showing considerable specificity. The extra-terminal (ET)
domain offers a protein–protein interaction surface. The extreme C-terminal motif (CTM) confers binding of core P-TEFb
(cyclin T1 and CDK9) that phosphorylates Pol II C-terminal domain to start transcription elongation. BRD4 also has an
independent kinase activity that contributes to enhanced transcription (Devaiah and others 2012). (B) Inhibition of tran-
scription by small molecule inhibitors ( JQ1, I-BET). JQ1 and I-BET reversibly inhibits binding of acetylated histone tails to
BET bromdomains. This in turn interferes with constitutive and induced recruitment of BRD4 to the TSS, gene body and
enhancers where histones are acetylated or induced to be acetylated. This blocks transcription initiation. The inhibitors also
hamper BRD4-dependent P-TEFb recruitment, leading to inhibition of transcription elongation.
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atherogenesis caused by endothelial inflammation in Ldl-/-

mice (Brown and others 2014). These reports highlight ther-
apeutic potentials of BET inhibitors for cancers and inflam-
matory diseases.

However, it is important to note that BET inhibitors likely
have a negative side, since they hamper protective innate
immunity in both cancer and inflammatory diseases. Con-
sistent with this concern, these inhibitors compromise IFN
mediated transcription pathways that are important for
protection against infectious pathogens and cancer immune
surveillance (Patel and others 2013; Wienerroither and
others 2014; Gubin and others 2015).

Conclusions and Perspectives

Chromatin marks created by histone tail modifications are
the basis of epigenetic regulation. Genome-wide epigenome
information reveals that IRF genes carry characteristic chro-
matin marks that signify and predict their expression and the
activity controlling innate immune responses. Identification
of chromatin readers that recognize specific histone modi-
fication capable of regulating transcription provides mech-
anistic understanding of epigenetic regulation. In addition
to BET inhibitors discussed above, pharmacological agents
that aim at other epigenetic marks are being developed, with
a notable example of a H3K27 methylase inhibitor, shown
to inhibit pediatric glioma growth (Hashizume and others
2014). These efforts are likely to have substantive impacts on
prophylactic and therapeutic strategies to deal with chronic
infectious diseases, inflammatory disorders, and some types
of cancers.
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