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Abstract

Toll-like receptors (TLRs) play important roles in initiation of innate immune responses and
promotion of pathological forms of inflammation. Recent technological advances have enabled the
visualization of transcription factor binding and histone modifications in response to TLR
signaling at genome-wide levels. Findings emerging from these studies are beginning to provide a
picture of how signal-dependent transcription factors regulate the inflammatory response in a cell-
specific manner by controlling the recruitment of nucleosome remodeling factors and histone
modifying enzymes. Of particular interest, new small molecule inhibitors have been developed
that influence inflammatory responses by altering the reading or erasure of histone modifications
required for inflammatory gene activation. These findings suggest new approaches for treatment of
inflammatory diseases.

Introduction

Precise control of inflammation is essential for effective immunity and the maintenance of
normal tissue homeostasis. Inadequate inflammatory responses confer risk of overwhelming
infection, while excessive or inappropriate responses contribute to a diverse spectrum of
cancers and chronic inflammatory diseases. Members of the Toll-like-receptor (TLR) family
play important roles as initiators of inflammation by responding to structurally conserved
lipid, carbohydrate, peptide and nucleic-acid molecules that are components of microbial
pathogens[1,2]. There have been 10 and 12 functional Toll-like receptors identified in human
and mouse, respectively, that are characterized as type 1 transmembrane proteins. The
ectodomain contains leucine-rich repeats, which allow for recognition of microbial
pathogens. The intracellular domains couple to Myd88 and/or TRIF adapter proteins
required for downstream signaling pathways. TLRs can also function as receptors for
endogenous ligands that are danger signals of tissue injury and damage [3]. Consistent with
these findings, genetic studies have documented important roles of TLRs in a number of
inflammation-related disease models, including atherosclerosis and type 2 diabetes [4-7]. In
addition, there is substantial evidence that TLRs can play both stimulatory and inhibitory
roles in tumor biology [8,9]. Understanding the molecular mechanisms that underlie positive
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and negative regulation of TLR-dependent gene expression is therefore likely to facilitate the
development of novel therapeutic strategies for diseases that are influenced by TLR
signaling and other pro-inflammatory mediators.

The emergence of massively parallel DNA sequencing technologies has recently enabled the
development of a number of unbiased genome-wide approaches for interrogation of
transcriptional mechanisms controlling signal-dependent gene regulation, including
chromatin immunoprecipitation coupled to deep sequencing (ChIP-Seq) and global RNA
sequencing (RNA-Seq)[10]. ChIP-Sequencing approaches not only enable the definition of
the binding sites for transcription factors at a genome-wide level, they also enable
interrogation of the large number of histone modifications that are ‘written’ and ‘erased’ by
a diverse array of histone modifying enzymes and are ‘read’ by a similarly large number of
proteins that play essential roles in chromatin-dependent processes that include transcription,
DNA replication and DNA repair [11-13]. In general, the recruitment of histone modifying
enzymes required for transcriptional activation or repression is mediated by sequence-
specific transcription factors that interact with DNA recognition motifs in promoters and/or
enhancers [14]. We refer to the role of histone modifications in the regulation of gene
expression as ‘epigenetic’ control.

Application of ChiP-Seq and RNA-Seq methods to TLR4 signaling in macrophages has
resulted in a number of insights into the molecular mechanisms that enable rapid, high-
magnitude transitions in rates of gene expression. The conclusions emerging from these
studies are likely to be relevant to the understanding of signal-dependent gene activation in
diverse cell types. In this review we will focus on recent advances in defining the epigenetic
features that distinguish promoters from enhancers and evaluate their impact on regulating
inflammatory gene expression in macrophages.

TLR-dependent gene expression

TLRs represent a family of conserved proteins that serve to recognize ‘danger’ and
‘stranger’ signals (Figure 1). Stranger signals are exemplified by the lipopolysaccharide
(LPS) component of gram-negative bacteria, which serves as a pathogen-associated
molecular pattern that is recognized with high affinity by TLR4[15]. Danger signals are
exemplified by oxidized phospholipids that are generated in the context of injury and
chronic disease are ligands for TLR4[15]. Upon ligation, TLRs couple to Myd88 and/or
TRIF-dependent signal transduction pathways that activate latent transcription factors
including NFkB, AP-1 and interferon regulatory factors (IRFs)[16,17]. Upon activation,
these factors bind to regulatory elements in promoters and/or enhancers of target genes
where they function to recruit various co-activators required for gene activation. The
biological consequence of TLR signaling is the up-regulation of a large cohort of genes that
include interferons alpha and beta (IFNa/p), Nitric Oxide Synthase 2 (NOS2A), and Tumor
Necrosis Factor (TNF) which play critical roles in initiating innate immune responses to
bacterial and viral infection.
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Epigenomic features of TLR-dependent promoters

Cellular DNA is organized in the nucleus through interaction with nucleosome complexes
consisting of a dimer of tetramers for histone H3, H4, H2A and H2B[18,19]. These
interactions enable the marked compaction of DNA required for packaging into the nucleus,
but also impose a barrier to transcription. The transition of the chromatin template from
transcriptionally silent to active requires a combination of nucleosome remodeling and
histone modification. Nucleosome remodeling is accomplished through the recruitment of
ATP-dependent nucleosome remodeling complexes by sequence-specific transcription
factors[20]. Similarly, sequence specific transcription factors are required for the recruitment
of histone modifying enzymes that function to erase repressive marks and write activating
marks[14]. Over 60 residues on histone tails are known to be post-translationally modified
by one of at least seven identified covalent chromatin modifications which include
acetylation, methylation, phosphorylation, ubiquitinylation, sumoylation, ADP ribosylation,
deimination, and proline isomerization[21].

A full description of the many post-translational modifications that occur on histone tails is
beyond the scope of this review, but acetylation and methylation of lysine residues located
on the tails of histone H3 and H4 are among the key modifications that have been linked to
regulation of gene expression (Figure 2).

The chromatin states of LPS-inducible promoters provide the ability for immediate
activation of inflammatory gene expression during a bacterial insult, while also strictly
imposing regulatory checkpoints to prevent spurious, unregulated gene activation. The
nucleosome structure surrounding promoters is highly dependent on the GC content, as low
GC content regions form stable nucleosomes not observed in high GC promoters[22,23].
These stable assembled nucleosomes require chromatin remodeling as a step in gene
activation and as a result are typically activated with slower kinetics than high GC
containing promoters. Therefore genes activated by TLR signaling can be divided into
primary response genes (PRGs) that are rapidly induced by signal-dependent activation of
latent transcription factors, such as NF-xB, and secondary response genes (SRGs) that
require additional transcription factors and chromatin remodelers that are induced/activated
as a consequence of the primary response[24]. ChIP-Seq studies have revealed that the
promoters for both PRGs and SRGs exhibit H3K4me3 under basal conditions by the Ml
family of histone methyltransferases and relatively little change in this mark is observed
upon TLR4 activation[25,26]. These findings are consistent with H3K4me3 being
established by signal-independent transcription factors that initiate promoter selection and
result in low but detectable levels of transcription under basal conditions.

Inflammatory cytokines are repressed in the basal state by the NCoR and SMRT co-
repressor complexes, which consist of NCoR or SMRT, Tbl1 and/or ThIR1 (exchange
factors), GPS2 and Histone deacetylase 3 (HDAC3)[27-29]. The presence of HDAC3 as a
core component of both the NCoR and SMRT complexes functions to keep H3K9/14
acetylation (H3K9/14ac, a mark of transcriptional activation) levels low under resting
conditions and increased levels following signal-dependent NCoR/SMRT turnover and
transcriptional activation. Surprisingly, the activation of hundreds of inflammatory genes is
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greatly impaired in HDAC3 —-/- macrophages and this effect has been thought to contribute
to the loss of interferon B gene activation[30]. These observations suggest that HDAC3
deacetylates substrates other than H3K9/14ac and/or the NCoR complex exerts repressive
effects through mechanisms independent of HDACS3.

The RNA polymerase Il complex is recruited to the promoters of PRG genes under resting
conditions, where it is maintained in an inactive, poised state [22,23,26]. Upon TLR4
activation, the histone acetyltransferases GCN5 and PCAF are recruited to pro-inflammatory
gene promoters to acetylate H4K5/K8/K12 which serves as a molecular beacon for BRD4, a
component of the P-TEFb complex[22,31]. Once recruited, cyclin-dependent kinase 9
(CDK9), a component of the P-TEFb complex, phosphorylates the carboxy terminal domain
of the large subunit of RNA Pol 11, causing the release of the negative elongation factor
(NELF) and promoting the transition into productive elongation[32]. Therefore acetylation
of H4K5/K8/K12 serves an essential role in controlling the elongation of inflammatory gene
transcripts (Figure 2) and recently has been the focus of a new class of pharmacological
inhibitors. Small molecules called I-BETs that mimic acetylated histone H4 have recently
been shown to be capable of blocking the recruitment of BRD4 and the P-TEFb complex to
TLR4-regulated promoters, thereby stalling the elongation of RNA polymerase 11[33]. These
inhibitors effectively suppress a subset of LPS-inducible genes and protect against
lipopolysaccharide-induced endotoxic shock[33].

Genome-wide localization studies for several activation and repressive epigenetic marks
have revealed that extensive methylation and demethylation events are components of the
activation program at promoters and distal regulatory elements[11,34]. Recent studies have
demonstrated that pro-inflammatory gene programs are under the control of the histone
methyltransferase Smyd>5, which establishes the repressive mark H4K20me3[35] (Figure 2).
Smyd5 is recruited to target promoters through its interaction with NCoR, and represses the
basal expression of inflammatory genes. Interestingly, knockdown of Smyd5 results in
hyper-response to LPS further supporting its role as a transcriptional repressor. The
H4K20me3 epigenetic mark is removed upon TLR4 activation through the signal-dependent
delivery of the histone demethylase Phf2 by the NFxB component p65 to inflammatory
promoters. Whether similar events occur at enhancers remains to be established.

In addition, recent studies have found that inflammatory gene promoters become methylated
by EZH2 [36,37] on H3K27me3 under basal conditions, but the mechanisms by which
EZH2 is recruited to these promoters and the extent to which EZH2 modulates inflammatory
gene expression /n vivo remain unknown. The histone demethylase Jmjd3, responsible for
removing H3K27me3, is required for activation of a subset of TLR4-dependent genes. Small
molecules targeting the family of H3K27me3 demethylases Jmjd3 and UTX reduces
lipopolysaccharide-induced pro-inflammatory cytokine production in macrophages[38].
Surprisingly, genome-wide studies for Jmjd3 failed to establish a clear link between
demethylation of H3K27me3 and Jmjd3 recruitment to inflammatory gene promoters
suggesting the potential for additional substrates for Jmjd3 or important roles of UTX[36].
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Cell-specific and epigenomic features of TLR-regulated enhancers

Physiologic programs of regulated gene expression require collaboration between gene
promoters and enhancers. A striking finding to emerge from ChlP-Seq studies of a variety of
signal dependent transcription factors is the observation the great majority of binding sites
for such factors are in enhancers rather than in promoters[39]. This observation has
important functional consequences in that enhancers are selected in a cell-specific manner to
a much greater extent than promoters[40-44]. Therefore, binding of signal-dependent
transcription factors to cell-specific enhancers provides an important mechanism for
enabling a broadly expressed transcription factor, such as NFxB, to exert cell-specific effects
on gene expression. Recent studies in macrophages indicate that a relatively small set of
macrophage lineage determining transcription factors (LDTFs), that include PU.1 and
members of the C/EBP and AP1 families of transcription factors, function in a collaborative
manner to establish a large fraction of the enhancer-like elements in macrophages (Figure 2)
[42,45]. These factors are capable of opening up closed regions of chromatin and enabling
the coordinate or subsequent binding of signal-dependent factors such as nuclear receptors
and the p65 component of NFxB[42,45]. Although many signal dependent genes harbor
binding sites for the corresponding signal dependent transcription factor within their
promoters, this is often not the case, and signal-dependent activation of these promoters
therefore requires communication with enhancer elements that are under direct control of
such factors.

In contrast to promoters, which exhibit relatively high levels of H3K4me3 as compared to
H3K4mel or H3K4me2, enhancers are characterized as having relatively low H3K4me3,
and high H3K4mel (Figure 2)[26,40,46-48]. Interestingly enhancers have also been shown
to recruit RNA pol 11, which results in active enhancer transcription[26,49-52]. Enhancer
RNASs (eRNAS) are generally short transcripts (<1000 bp), lack polyadenylation, and appear
to be unstable. This observation has raised the key question of whether such transcripts
represent ‘noise’ due to spurious transcriptional activation at regions of open chromatin, are
a consequence of an important role of enhancer transcription itself, or actually play direct
roles in enhancer function. Recently, eRNAs have been shown to modulate the levels of
adjacent mMRNAs and may thus represent a novel layer of transcriptional control of
inflammatory responses[53].

Although there is less knowledge of how epigenomic processes control enhancer function in
comparison to promoters, enhancers have been proposed to exist in at least three functional
states defined by the levels of H3K4mel and H3K27ac levels in response to cell stimulation.
Enhancers can be poised for activation and have high basal H3K4me1l, with levels either
remaining the same or elevated upon stimulation. These enhancers are broadly active across
many cell types. Repressed enhancers represent the second class and are characterized by
high basal levels of both H3K4mel and H3K27ac levels which decrease upon cell
stimulation (Figure 2). Finally, latent enhancers have low basal levels of H3K4mel and
H3K27ac levels which increase in response to signal-dependent macrophage activation.
These latent enhancers are established by the macrophage lineage determining transcription
factors which allow the macrophage to selectively activate a subset of eRNAs and mRNAs in
response to specific cellular signals. This epigenetic signature remains at enhancers after
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stimulation has ceased and permits faster and more robust gene activation upon subsequent
stimulation[54].

Conclusions

Genome-wide analysis of transcription factor binding and histone modifications in response
to TLR activation have provided striking insights into molecular events underlying the
transcriptional program that drives the innate immune response. These findings are likely to
be applicable to other signal dependent programs of gene expression and to the
understanding of pathogenic patterns of gene expression that are associated with chronic
inflammatory diseases. The recognition that gene activation requires specific histone tail
modifications that are carried out by diverse families of histone modifying enzymes suggests
that pharmacologic manipulation of such modifications might provide new therapeutic
strategies. Substantial efforts have previously been directed at developing inhibitors of
histone deacetylases. More recent efforts indicate promise in approaches that act through
inhibiting histone demethylases (e.g., Jmjd3/UTX inhibitors) and mimicking histone tails
(e.g. the I-BETS). These efforts remain in their infancy, and substantial work will be required
to define the identities of what are likely to be a large number of histone modifying enzymes
that control the expression of inflammatory genes in macrophages and other relevant cell
types. The development of new small molecule inhibitors of specific histone modifying
enzymes will be important chemical tools for exploration of these questions and determining
the extent to which specific effects on gene expression can be achieved in vivo. Since
histone modifying enzymes control the expression of inflammatory gene expression whose
aberrant regulation contributes to several human diseases, such chemical tools may become
the basis for new therapeutic approaches to combat inflammatory driven illnesses.
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Highlights
TLR activation of latent transcription factors drives innate immune responses
Massively parallel sequencing technologies permit global analysis of mechanisms
Signal-dependent gene activation requires alterations in histone modifications
Some histone modification-dependent mechanisms can be inhibited by drugs

Epigenomic mechanisms may provide new targets for anti-inflammatory therapies
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Figure 1. General schemefor TLR-dependent regulation of gene expression
TLR dimers or heterodimers are activated by ‘danger’ (e.g., products of tissue injury) or

‘stranger’ (e.g., components of bacteria or viruses) signals. The liganded receptors couple to
Myd88 and/or TRIF-dependent signal transduction pathways that function to activate latent
transcription factors such as NFkB, AP-1 and interferon regulatory factors (IRFs). Upon
activation, these factors bind to regulatory elements in target genes and positively regulate
gene expression.

Curr Opin Pharmacol. Author manuscript; available in PMC 2017 December 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Stender and Glass Page 12

Enhancer Promoter

Basal
Transcription factors LDTFs (e.g., PU.1) GTFs (e.g., SP-1)
Histone H3 H3K4mei/2e, H3K27me3 @ H3K4me3 e, H3K27me3 @
Histone H4 H4K20me3e? H4K20me3 @

NF«xB .

+LPS — AP-1 Co-Repressor — Co-Activator

IRFs exchange

etc
Activated
Transcription factors STDFs + LDTFs STDFs + GTFs
Histone H3 H3K4me1/2e, H3K27ace H3K4me3e, H3K27ac @
Histone H4 H4K5/8/12ac H4K5/8/12ac

Figure 2. Epigenomic features of TL R-responsive promoter s and enhancersunder basal and
activated conditions

A prototypic enhancer is illustrated at left and a prototypic promoter at right. Blue circles
represent histone octomers. Lines emerging from the circles represent histone tails. LDTF;
lineage determining transcription factor, GTF; general transcription factor, STDF; signal-
dependent transcription factor. H3K4me1/2; histone H3 mono or di-methylated at lysine 4.
H3K4me3; histone H3 trimethylated at lysine 4. H3K27me3; Histone H3 tri-methylated at
lysine 27. H4K20me3; histone H4 trimethylated at lysine 20. H3K27ac; histone H3
acetylated at lysine 27.
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