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Summary

Macrophages play essential roles in tissue homeostasis, pathogen elimination, and tissue repair. A
defining characteristic of these cells is their ability to efficiently adapt to a variety of abruptly
changing and complex environments. This ability is intrinsically linked to a capacity to quickly
alter their transcriptome, and this is tightly associated with the epigenomic organization of these
cells and, in particular, their enhancer repertoire. Indeed, enhancers are genomic sites that serve as
platforms for the integration of signaling pathways with the mechanisms that regulate mMRNA
transcription. Notably, transcription is pervasive at active enhancers and enhancer RNAs (eRNAS)
are tightly coupled to regulated transcription of protein-coding genes. Furthermore, given that
each cell type possesses a defining enhancer repertoire, studies on enhancers provide a powerful
method to study how specialization of functions among the diverse macrophage subtypes may
arise. Here, we review recent studies providing insights into the distinct mechanisms that
contribute to the establishment of enhancers and their role in the regulation of transcription in
macrophages.
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Introduction

Macrophages are fundamental effectors of the innate immune system (1). These cells
participate in a wide spectrum of biological processes in metazoan organisms, making
critical contributions not only to defense against pathogenic agents but also to
developmental aspects of the body and the preservation of tissue homeostasis. Further
attesting to their physiological importance is the observation that macrophages appear to
play an inherent role in essentially all known biomedical diseases including cancer,
metabolic disorders, neurological dysfunctions, etc. Therefore, understanding their
development and functions and how these are regulated constitute one of the great
challenges in modern medical research.
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Macrophages are among the most transcriptionally dynamic cell types, capable of rapidly
and dramatically altering their transcriptional output to quickly adapt to abruptly changing
environments, as it occurs during infections or tissue injuries. Furthermore, each subtype of
macrophage fulfills dedicated and specialized functions relative to the other members, as
illustrated, for example, by the role of microglia in modulating synaptogenesis (2) and that
of spleen macrophages in the phagocytosis of erythrocytes (3). Yet the overall gene
expression profile across the different macrophage populations exhibits, nonetheless, a
substantial amount of similarities (4). Thus, a subtype ‘specialization’ seems to arise from a
particular combination of expression or repression of a relatively small subset of genes. This
is rather exceptional given the fact that macrophages develop under very different contexts
and sometimes from different precursor cells (5-10). From a transcriptional perspective,
such ‘substantial similarities’ versus ‘specialized differences’ is rather intriguing, as
macrophages, for a given individual, share the same genome and express to a great extent
the same array of transcription factors (TFs).

Epigenomics provides an incredibly efficient paradigm to study how transcriptomes can
vary from one cell type to another or across time under changing environments for the same
cell type. The term ‘epigenome’ encompasses all the features associated with chromatin
parameters, including DNA methylation state, covalent modifications of histone proteins,
and the overall 3D architecture of the genome in the nucleus, etc., that participate in the
optimization of gene regulation of that given cell (11). Thus, a cell's epigenome is
intrinsically linked to the structural and spatial organization of its genome, giving it a unique
footprint signature, and is ultimately reflected by the global pattern of gene expression.

One of the great breakthroughs in epigenomics over the past decade has been the
development of massively parallel sequencing-based assays that allow quantitative
measurements of transcription factor binding, histone modifications, DNA methylation
states, and nascent RNA transcripts on a genome wide level. Application of these methods
has enabled the correlation of combinations of specific histone modifications with promoters
and distal transcriptional regulatory elements termed enhancers. As discussed in further
detail below, enhancers were found to greatly outnumber promoters in the genome, and to
be the most abundant binding sites for signal-dependent transcription factors (SDTFs), like
NF-kB. Although enhancers had long been implicated in gene regulation, the recognition
that mammalian genomes contain hundreds of thousands of enhancer-like regions,
significantly altered our conception of gene regulation, which had until then been rather
promoter-centric. Further of note, the repertoire of enhancers for a given cell type is largely
specific to that cell type, implicating that differential gene expression between two different
cell types can be attributed potentially to differential configuration of their respective
enhancer repertoire (Fig. 1). Thus, these two insights provide strong pillars for the
elaboration of a conceptual framework to understand the mechanisms responsible for
macrophage transcriptional dynamism, similarities, and differences. This review summarizes
recent advances in epigenomics, with a focus on enhancers, and how this paradigm has
contributed to furthering our understanding of transcription in macrophages.
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Enhancers possess a defining molecular signature

Enhancers are defined as DNA sequences that ‘enhance’ transcription from promoters.
Enhancers can be located upstream, downstream, or within the gene body with respect to the
location of the transcriptional start site (TSS) of the protein-coding or non-coding gene that
they regulate. Whether or not different positioning relative to the TSS confers different
functions to enhancers is not known, however. Functional binding of transcription factors to
DNA at enhancers promotes recruitment of general co-activators or co-repressors that
typically do not interact by themselves directly with DNA, and the summation of the activity
of all the recruited proteins at a given time will determine the ability of the enhancer to
modulate transcription. In the canonical sense, enhancers are considered to consist of the set
of binding sites required for the binding of the sequence specific TFs. However, the recent
findings that enhancers are pervasively transcribed and in at least some cases produce
enhancer RNAs (eRNAS) that contribute to enhancer functions require consideration of the
minimal functional unit of an enhancer to include its eRNA products. Finally, note that a
subset of genes within a cell, often linked to that cell's identity, are associated with clusters
of enhancers termed “locus control regions” (LCRs), such as those that control globin gene
expression (12). More recently, genomic regions exhibiting high densities of enhancers have
been given the term super-enhancers (13, 14).

The molecular features of enhancers include absence of DNA methylation and depletion of
nucleosomes at sites bound by TFs. The nucleosomes that are adjacent to transcription factor
binding sites are associated with characteristic post-translational modifications (PTMs).
With regards to this latter characteristic, nucleosomes at enhancers possess relatively high
levels of histone H3 lysine 4 monomethylation (H3K4me1l) and low H3K4me3 (15). Note
that an opposite ratio of these marks is characteristic of promoters, and that H3K4me2 labels
both enhancers and promoters (16) (Fig.1).

Nucleosomal PTMs may function as scaffolds or beacons for factors, sometimes referred to
as ‘readers’, that will ensure optimal assembly of TFs-co-activator/repressors. For instance,
unmodified H3K4 interacts favorably with repressors proteins, including Dnmt3L, an
essential cofactor for de novo DNA methyltransferase Dnmt3a/b, and Uhrf1, a factor
required for substrate recognition by the maintenance methyltransferase Dnmt1 (17, 18).
Given that DNA methylation represses transcriptional activity (19), H3K4 methylation may
interfere with Dnmt3L binding, thus preventing enhancers from being targeted for
repression by DNA methylation (20). On the other hand, given the number of proteins that
can ‘read’ and interact with H3K4mel, it is possible that this specific PTM plays a more
pro-active role in enhancer biology. However, this possibility has yet to be supported
experimentally.

The observation that H3K4me1Hi19"H3K4me3-W regions predicts enhancers, coupled with
chromatin immunoprecipitation with massively parallel sequencing (ChlP-Seq) has greatly
facilitated efforts to identify enhancers genome-wide and has been applied to numerous cell
types already.

Immunol Rev. Author manuscript; available in PMC 2015 November 01.
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In mouse macrophages, this approach identifies between 35,000 and 45,000 enhancers (21,
22). In comparison, these numbers exceed that of promoters associated with protein-coding
genes, which altogether genome-wide potentially amount to 26,000 in mice, although only
fraction of these are active or poised in any given cell type (23). Importantly, macrophage
enhancers exhibit strong enrichment for sequences recognized by TFs relevant to
macrophage ontology and functions. In particular, the motif recognized by ETS family
member PU.1 is present in most macrophage enhancers, and PU.1 binding sites genome-
wide, or its cistrome, largely coincide with H3K4me1Hi9"/H3K4me3LOW regions. Other
motifs commonly found within enhancer regions in macrophages include motifs associated
with C/EBP family members, AP-1, IRF, and NF-xB factors (21, 22, 24). These co-
occurring motifs signify that enhancers provide sites for the integration at the genomic level
of TFS regulated by cell intrinsic and/or extrinsic signals, and that interactions between TFS
and DNA are more likely to occur at enhancers than at promoters. This feature constitutes an
important effector mechanism by which enhancers can in turn participate in the optimal
synchronization of transcriptional output in accordance with cellular activity and
metabolism. Indeed, a single promoter can be influenced by a variety of different
combinations of enhancers that possess different configurations of SDTFs motifs. Given that
these latter are intrinsically linked with signaling pathways, this integrating system thus
provides great flexibility to tune the expression of a gene according to the particular demand
encountered by the cells in a context-dependent manner.

Enhancers are cell type specific transcriptional units that optimize mRNA

transcription

Tremendous progress has been achieved over the past few years in our understanding of
how the right combination of interacting TFs and co-activators activates an enhancer, and
how this in turn translates into whether gene transcription is altered. In particular,
recruitment of co-activators that possess histone-modifying enzymatic capabilities appears
to be a prevalent feature associated with enhancer activation. Indeed, histone-acetyl-
transferases (HATS), including P300, and/or CREB-binding protein (CBP), are present at
active enhancers or are quickly recruited to enhancers shortly after they become activated
following functional SDTFs binding to DNA (15, 22, 25). These HATS catalyze the
acetylation of histone H3 at lysine K27, and H3K27Ac correlates with active enhancers and
promoters (16, 26-28). In addition, P300 and CBP, and other HATSs including GCN5 and
PCAF, catalyze acetylation of H3K9, K14, K18, and H4K5, K8, and K12, which also
correlate with active transcription (29-31). Based on these characteristics, genomic regions
characterized by high levels of H3K4me1l but low levels of histone acetylation are
considered poised, while regions characterized by the combination of high levels of both
H3K4mel and histone acetylation are considered active (12).

Enhancers can be inactivated or repressed by histone tail de-acetylation, histone lysine
methylation, and/or H3K4 demethylation. For example, recruitment of NCoR/SMRT co-
repressor complexes that contain histone deacetylase 3 (HDAC3) results in active histone
tail de-acetylation (32-34). The histone methyltransferase EZH2 present in the polycomb
complex trimethylates H3K27, resulting in transcriptional repression (35-37). Removal of
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the H3K27 trimethylation mark by the histone demethylases JmjC-domain protein JMJD3
and UTX is required for full activation of a large subset of genes that are induced by Toll-
like receptor 4 (TLR4) signaling in macrophages (38, 39). As a final example, the histone
lysine demethylase LSD1 is capable of demethylating H3K4mel and H3K4me2, providing a
mechanism for the ‘decommissioning’ of enhancers during cellular differentiation (40).
These observations provide evidence for a complex and dynamic choreography of TFs,
nucleosome remodeling factors, and histone writers, readers, and erasers at enhancers.

The precise molecular consequences of histone acetylation at active enhancers remain
incompletely understood. Acetylated lysine residues are recognized by bromodomains
present in diverse nuclear proteins including many HATSs themselves, various ATP-
dependent chromatin remodelers, general transcription factors (GTFs) of the RNA
polymerase 11 (RNAP I1) complex, and factors regulating transcriptional pause release (20,
41). In particular, H3 and H4 acetylation promotes interactions with bromodomain-
containing 4 protein (BRD4), which then catalyzes recruitment of transcription initiation
cofactors forming the Mediator complex and positive transcription elongation factor b (P-
TEFDb) (42, 43). These latter two elements are rather intriguing, given that they regulate,
respectively, pre-initiation complex assembly and elongation of the RNAP Il complex
downstream of transcriptional start sites (TSS). Particularly, recruitment of Mediator is
significant given (i) the positive correlation between gene expression and frequency of
promoter-enhancer interactions (44), and (ii) that Mediator directly contributes to enhancer-
promoter chromosomal looping (45). Note, however, that though chromosomal looping
between an enhancer and a target promoter is considered to be required to mediate enhancer
functions, exactly what it entails and how this is achieved molecularly is not completely
understood. All in all though, histone acetylation at enhancers likely plays an active,
necessary role to allow for the recruitment and control of the RNA polymerase machinery
complex at enhancers and promoters of protein-coding genes.

Strong evidence suggests an important role for RNAP Il activity at enhancers. RNAP 11
complexes are enriched at enhancer elements and respond dynamically to signal
transduction events (46-49). In addition, early studies reported the detection of RNA
transcripts originating from the LCR of the B-globin gene clusters (50-52). More definitive
evidence for the pervasiveness of an active role of RNAP Il at enhancers was later revealed
by a study reporting RNA transcripts derived from ~2,000 extragenic enhancers in neurons
(48). Finally, genome-wide detection of nascent RNA transcripts still associated with RNAP
Il using global run-on sequencing (GRO-Seq) demonstrated robust expression and
regulation of eRNA in macrophages, breast, and prostate cancer cells (47, 49, 53). Thus,
enhancer transcription is a widespread phenomenon observed across multiple cell types in
different species.

eRNAs modulate transcription of target protein-coding genes

eRNAs are a recently defined species of non-coding RNAs that are derived from active
enhancers. All appear to have 5’ cap, but the majority do not seem to be either spliced or
polyadenylated. Likely as a result of lack of polyadenylation, eRNAs are relatively unstable
and have short half-lives compared to mRNAs and long non-coding RNAs (IncRNAS).

Immunol Rev. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gosselin and Glass

Page 6

Note, however, that the frequency of transcription initiation of eRNAs appears comparable
to that of mMRNASs (54).

eRNAs are dynamically regulated upon signal transduction events orchestrated by SDTFs
including the androgen, estrogen, and peroxisome-proliferator activated receptor y (PPAR-v)
nuclear receptors and NF-«xB (16, 47, 49, 55). In addition, signal-dependent changes in
eRNA expression levels are highly correlated with corresponding signal dependent
transcriptional changes of nearby genes. Along the same lines, enhancer—promoter
interactions positively correlate with eRNA transcription, such that enhancers that interact
more with promoters of protein-coding genes through chromatin looping display higher
abundance of the associated of eRNA transcripts. Conversely, decreasing eRNA
transcription is associated with decreased corresponding mRNA transcription. Indeed, we
recently identified that the Rev-Erb nuclear receptors repress gene transcription in mouse
macrophages, including Mmp9 and Cx3cr1, by inhibiting eRNA transcription at their
respective enhancers (53). These enhancers possess Rev-Erb binding motifs, and binding of
Rev-Erbs to these sites presumably recruits the NCoR-HDAC3 complex (56, 57). Thus, in
the absence of the Rev-Erb factors, the Mmp9 and Cx3cr1 enhancers become de-repressed,
which translates into an aberrant increased transcription of Mmp9 and Cx3crl mRNAS.

The correlative nature of the evidence presented above regarding eRNAs and mRNA
prevents causative claims as to whether eRNAs actually fulfill relevant biological functions.
Although eRNAs per se could conceivably contribute to enhancer activity in promoting
gene transcription, their existence could also be a by-product of molecular events associated
with RNAP Il complex activities and that these events are the actual contributing effectors
of enhancers to gene transcription. In that case, it may be that the process of transcription
initiation and/or elongation per se at enhancers, or events related to them, are necessary for
the activating functions of enhancers. Under this scenario, eRNAs could be considered
merely as ‘noise’ from spurious engagement of the RNAP |1 complex.

Several independent groups have recently addressed these hypotheses experimentally and
demonstrated that at least some eRNAs in themselves play a fundamental role in regulating
the transcription of associated protein-genes (53, 58-60). For instance, targeted degradation
of eRNAs using either small interfering RNA or anti-sense oligonucleotides led to
significant reduction of nearby protein-coding genes (53, 58). In addition, in a tethering
system in a reporter assay, using actual eRNA sequences as bait increased transcriptional
activity of the reporter gene (58, 59). Importantly, inverted control sequences did not
provide any potentiating effect. Furthermore, we reported evidence suggesting that different
components of an enhancer might contribute differentially to its overall activity (53). By
cloning different sizes of genomic fragments corresponding to endogenous enhancer loci
active in murine macrophages, we showed that although the ‘core’ element of enhancers,
which include lineage-determining transcription factors (LDTFs) binding sites, conferred in
themselves potentiating effect in the reporter assay, constructs that also included eRNA
sequences promoted even higher transcriptional activity. Importantly, reversing the coding
sequence of the eRNA sequence relative to the core abolished this ‘enhancing’ effect.
Because this inversion completely changes the sequence of the eRNA product but retains all
the putative TF binding sites, these results imply that the sequence of an eRNA is important
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for its function. In sum, these reports suggest that sequence-specific eRNA transcripts can
contribute to enhancer-mediated transcriptional activation of neighboring protein-coding
genes.

From a functional standpoint, numerous studies suggest that eERNAs can modulate
transcription of protein-coding genes through various epigenomic mechanisms including
chromatin remodeling at promoters and chromosomal loopings between enhancers and
promoters. With respect to the former, depletion of eRNAs decreased chromatin
accessibility at promoters of target genes, leading to reduced RNAP |1 recruitment and lower
levels of MRNA transcripts (61). Exactly what led to these reductions however remains
unknown. On the other end, accumulating evidence from independent groups indicates that
eRNAs may promote enhancer-promoter chromosomal loopings (59, 60). Indeed, treating
human breast cancer cells with estrogen receptor a (ERa) ligand 17p-estradiol induces
formation of chromatin looping between activated enhancers and adjacent promoters
including NR1P1 and GREB1 (59). Targeted degradation of eRNAs associated with these
enhancers reduced enhancer-promoter interactions and decreased transcription of the gene
downstream of the corresponding promoter. Interestingly, Li et al. (45) noted that the
presence at enhancers of the cohesin complex, which along with the Mediator complex
regulates enhancer-promoter chromosomal looping in stem cells, increases as enhancers
become activated. Of note, eERNAs can interact with subunits of the cohesin complex, and
decreasing eRNAs lowers cohesin recruitment to enhancers. This suggests that interactions
of eRNAs with cohesin may promote and/or stabilize the presence of the latter at enhancers

(Fig. 2).

Hsieh et al. (60) also reported evidence that eRNAs regulate enhancer-promoter interactions
through chromosomal looping. In prostate cancer cells, the androgen receptor (AR)
increases transcription of the Kallikrein-related peptidase 2 (KLK2) gene by activating an
upstream enhancer known as KLK3. Enhancer RNAs originating from KLK3
immunoprecipitate with both AR and Med1 subunit of the Mediator complex, and KLK3
eRNA silencing decreases the AR-Med1 interaction, resulting in a reduction of both
enhancer-promoter interactions and transcription of KLK2. Importantly, eRNAs degradation
did not impact the presence of AR or RNAP Il at the enhancer, suggesting that eERNA
inhibition does not lead to overall collapse of enhancer functional features.

Although the evidence presented above supports the hypothesis that eRNAs promote
protein-coding gene transcription by catalyzing enhancer-promoter chromosomal loopings,
some discrepancies exist. Indeed, reducing eRNAs by chemically inhibiting elongation of
RNAP |1 with flavopiridol did not decrease estradiol-induced enhancer-promoter loopings
between the promoter of either P2RY2 or GREB1 and their corresponding enhancers (62).
Note however that as mentioned earlier, it is not clear exactly when or why chromosomal
loopings become functional. Thus, there might be a critical aspect to functional enhancer-
promoter chromosomal looping that may extend well beyond the sole detection of the
occurrence of a physical interaction between an enhancer and a promoter. Therefore,
although studies that used targeted degradation of eRNAs do suggest that eRNAs promote
enhancer-promoter loopings, their actual enhancing effects on protein-coding gene
transcription may very well be downstream of this event. Note also that as mentioned above,
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eRNAs also promote chromatin accessibility at promoters (61), which hypothetically may be
one downstream effect of functional enhancer-promoter looping. In this context, using
flavopiridol to assess the role of eRNAs on protein-coding gene transcription becomes
problematic because it will also interfere with RNAP |1 elongation over the gene body.
Therefore, this method of eRNA inhibition is less sensitive than targeted eRNA degradation
to assess the possible role of eRNAs on mMRNA transcription.

Specifying the enhancer repertoire in macrophages: role of lineage-

determining factor PU.1

Each cell type possesses a fundamental enhancer repertoire that will give rise to a canonical
transcriptional signature in a given context. Lineage-determining transcription factors
(LDTFs), or pioneer factors, are a class of TFs that play an essential role in the
establishment of the fundamental enhancer atlas characteristic of a given cell type. LDTFs
are relatively highly expressed and their interaction with DNA does not seem to be as
dynamic and subject to abrupt fluctuations as that of SDTFs, like the RELA/p65 subunit of
NF-xB or the SMAD TFs for example. Expression and/or activity of LDTFs seem to be
intrinsically linked with fundamental cytokines and factors known to promote the ontology
of the associated cell type. Importantly, LDTFs can presumably interact with their DNA
recognition elements in the context of closed nucleosomal DNA, decompact chromatin, and
reposition nucleosomes (63, 64). Note however that whether this is accomplished in a direct
or indirect manner, by recruiting chromatin remodeling enzyme for example, is not
completely understood. Nonetheless, LDTFs provide a nuclear effector mechanism used by
signals relevant to a cell's lineage to reconfigure the epigenome of a precursor cell such that
the transcriptional output of the differentiated cell is optimized to allow it to efficiently carry
on the cell's purpose and functions. Numerous LDTFs have been identified, and include
FOXAL, GATA family members, among others (65, 66).

Multiple lines of evidence suggest that PU.1 is an essential LDTF for macrophages. At the
cellular level for example, macrophages are completely absent in mice deficient for PU.1 (5,
67, 68). Also of note, signaling pathways downstream of CD115, the receptor for cytokines
macrophage colony-stimulating factor (M-Csf) and interleukin-34 (IL-34) and whose
activity is absolutely required for proper macrophage development and functions in vivo,
directly modulate transcription of the Spil gene that encodes the PU.1 protein (69).
Importantly, however, we provided direct molecular evidence that PU.1 has potent
epigenomic remodeling activity genome-wide (21). Using a PU.1-ER fusion protein system
to control PU.1 nuclear translocation with tamoxifen, in a context where endogenous PU.1
was knocked out, extensive nucleosome repositioning and chromatin opening at sites bound
by PU.1 occurs genome-wide within an hour of tamoxifen treatment. De novo H3K4mel
deposition, which was previously absent at those sites, was gained locally. These regions
exhibited enrichment for motifs recognized by other TFs relevant to macrophage
differentiation. Importantly, these nascent enhancers localized to genomic regions
previously identified as enhancers in an unrelated macrophage primary cell line. Similar
events occur following ectopic expression of PU.1 in mouse fibroblast cell line 3T3 (22).
Another strong indication of a role for PU.1 as a macrophage LDTF is that its loss in
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differentiated macrophages results in a decrease of H3K4mel at several enhancers
previously bound by PU.1 (22). On the other hand, note that decreasing the expression levels
of nuclear receptors LXRa and 8, which are critical regulators of phagocytosis and
inflammatory pathway checkpoints in macrophages, does not impact PU.1 binding or
H3K4mel deposition (21). Thus, absence of effects of these SDTFs on chromatin features
associated with enhancers in this context illustrates a hierarchical order to the process of
enhancer selection and function, in which LDTFs frequently act as initiators of enhancer
selection, enabling subsequent binding of SDTFs and conversion of a poised enhancer to an
active enhancer. Together, these observations led to the elaboration of a model of
macrophage ontology whereby PU.1, acting as a LDTF, specifies a fundamental epigenomic
landscape for macrophages that can then be used by SDTFs to integrate a diverse array of
signals with gene transcription.

An important point with regards to the establishment of enhancers relates to the molecular
mechanisms triggered by PU.1 and other LDTFs that lead to structural changes in local
chromatin and culminate with mono- and di-methylation of H3K4. A subset of the family of
histone methyltransferases (HMTSs) has been demonstrated to catalyze mono- and di-
methylation of H3K4 at enhancers in various different cellular types, including mouse
embryonic fibroblasts, cancer cell lines, adipocytes, and myocytes (70-72). However, the
mechanisms by which these HMTSs are recruited to enhancers to methylate H3K4 have not
been established. On the other hand, studies of a set of de novo formation of enhancers in
macrophages that occurs following TLR4 activation suggests that H3K4mel and H3K4me2
deposition is linked to enhancer transcription itself. Tracking chromatin state and
transcriptional changes associated with the formation of these new enhancers in this
particular context indicated the following temporal sequence of events during the selection
of an enhancer: (i) SDTFs and PU.1 bind in a collaborative manner to unmarked chromatin
and lead to nucleosomal displacement, (ii) subsequently, histone H4K5/8 acetylation and
eRNA transcription occurs, which is followed by (iii) progressive mono- and di-methylation
at H3K4 by HMTs H3K4 by mixed lineage leukemia 1 (MI11), M112/4, and MII3. These
observations, in addition to positive correlations between enhancer transcription and H3K4
methylation, both in terms of quantity and spatial length of the transcribed region, raised the
possibility of a functional relationship between enhancer transcription and H3K4
methylation at de novo enhancers. Consistent with this hypothesis, inhibition of RNAP II
initiation or elongation using a variety of different inhibitors reduced local H3K4
methylation at TLR4-induced enhancers. Similar positive correlations also exist between
increased transcription and higher H3K4 methylation at pre-existing enhancers and
promoters activated downstream of TLR4 signaling. Targeted degradation of eRNAs did not
abrogate the enhancer formation process, thus suggesting that the transcription process and
not the RNA product is the important effector. These findings are consistent with a sequence
of events in which histone acetylation results in the recruitment of the P-TEFb complex via
its bromodomain-containing BRD4 component. P-TEFb then phosphorylates the C-terminal
domain of RNAP I1, which provides docking sites for members of the MII family of H3K4
methyltransferases. The loading of Mlls to the CTD of Pol I1 thereby provides an
explanation for how they are recruited to enhancers and for the progressive accumulation of
H3K4mel and H3K4me2 during successive rounds of enhancer transcription.
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Substantial evidence suggests that selection of signal-dependent enhancers is linked with
active transcription and methyltransferase activity. Studies of enhancer methylation during
differentiation of adipocytes and muscle cells suggested an alternative mechanism in which
MII3 was recruited to newly formed enhancers by LDTFs themselves and preceded histone
methylation (72). It will therefore be of interest to determine whether there are general
differences in the mechanisms by which newly selected enhancers acquire their H3K4
enhancer signature depending on the nature of the specific factors involved.

Factors regulating enhancer selection in macrophages

An important question with respect to the ability of PU.1 to establish the macrophage
enhancer repertoire pertains to the original mechanisms that lead to the initial selective
binding of PU.1 genome-wide. To this end, nucleotide sequences of the DNA are, not
surprisingly, critically involved, as PU.1 is more likely to interact with an efficient
functional outcome with DNA sequences that match its DNA binding motif than sites that
do not (73). Indeed, mutations in the vicinity of potential PU.1 binding sites impair the
ability of PU.1 to interact efficiently with DNA and to promote di-methylation deposition at
H3K4 histones. On the other hand, mutations in motifs recognized by SDTFs do not impair
the establishment of the enhancer as defined by its methylation state.

Given the size of the mouse genome, there are potentially between 650,000 and 1.4 million
sites where PU.1 can bind DNA on a spectrum of different stringencies (73, 74). Yet, as
mentioned earlier, about only up to 45,000 of those are selected in differentiated
macrophages. Thus, a simple DNA sequence — PU-1 interaction model cannot account by
itself for the PU.1 cistrome in macrophages. How such stringent selection is achieved is not
completely understood, as is the equally important mechanism that prevents PU.1 from
forming enhancers at sites irrelevant to macrophage functions. Thus, additional layers of
regulations must be at play to optimize PU.1 activity as a LDTF.

PU.1 collaborates with other transcription factors and nucleosomes to

establish the macrophage enhancer repertoire

Collaborative activity of PU.1 and C/EBP factors in specifying enhancers in thioglycolate-
elicited macrophages

Evidence suggests that a tremendous amount of additional information encoded in DNA,
extending well beyond the presence of a PU.1 recognition motif, influences the binding
behavior of PU.1 to DNA. Among these, two deserve particular attention: close co-
localization of the Pu.1 ETS motif with motifs recognized by other TFs that collaborate with
PU.1, including C/EBP and AP-1 factors, and co-occurrence of PU.1 and collaborator motifs
within sequences favoring specific nucleosomal placement.

Computational analysis of DNA motifs in the vicinity of PU.1 peaks in thioglycolate-elicited
macrophages (TGEMS) revealed strong enrichment for TFs C/EBP and AP-1 (73). ChIP-Seq
data also suggests that many of these motifs are biologically relevant, as over 13,000 peaks
for C/EBPa, or C/EBPp occur within 100bp of PU.1-bound sites in TGEMs. Thus, about a
third of the PU.1 cistrome intersects with C/EBP factors.
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We recently provided strong evidence that this genetic information is used in a functional,
collaborative manner by PU.1 and C/EBPa to establish functional enhancers. In this study,
natural genetic variation between C57BL6/J and BALB/cJ mouse strains was leveraged to
determine how genetic variation influences binding patterns of LDTFs. Analyses revealed
that a mutation in one strain within regions where a PU.1 peak is detected in the other strain
not only interferes with PU.1 binding in the mutant strain but also abrogates nearby C/EBPa
binding within the enhancer. A mutation within C/EPBa peaks had similar effects on PU.1
binding. Importantly, both types of mutations negatively affected histone modifications
H3K4me2 and H3K27Ac. On the other hand, mutations in SDTF motifs like NF-xB only
impaired RELA/p65 binding at this site following TLR4 stimulation but had no effect on the
binding behavior of PU.1 or C/EBPa.

Cellular studies also indicated that there is a close synergistic relationship between PU.1 and
C/EBP factors. Indeed, while ectopic expression of PU.1 in fibroblastic cell line 3T3
induced upregulation of the myelomonocytic marker Mac-1 in 35-40% of these cells, co-
expression of C/EBPa increased the number of Mac-1 positive cells to 90% (75).
Interestingly, sole expression of C/EBPa alone could not upregulate Mac-1. Similarly, Hela
cells acquire a monocytic-like phenotype and responsiveness to lipopolysaccharide (LPS)
only following induced co-expression of both PU.1 and C/EBPa (76).

Although we have until now primarily considered LDTFs and SDTFs to be distinct factors
and to operate at different levels of the hierarchy of enhancer selection and function, this
distinction is clearly blurred for several classes of SDTFs. NF-«xB provides one important
example. Although the vast majority of NF-xB binding that occurred following TLR4
activation of macrophages occurred at pre-existing enhancers, consistent with the actions of
SDTFs, about 10% of the binding occurred at de novo enhancers. At these locations, PU.1
binding was dependent on NF-xB and NF-kB binding was dependent on PU.1, consistent
with NF-xB functioning as a LDTF. Interestingly, C/EBPa also possesses features of both
LDTFs and SDTFs. It is indeed necessary to granulopoieis, and its activity is modulated by
ERK activity downstream of the receptors for G-Csf (CD114), M-Csf, and FLT3 (CD135),
which are all critical regulators of the hematopoietic stem cell system (77-80). Finally,
although much less explored, a similar picture is expected for members of the AP-1 family
of transcription factors. CD115 also regulates the activity of c-Fos transcription factor,
which is a prevalent member of the AP-1 heterodimer that shares, like C/EBP, strong co-
localization with the PU.1 binding motif (79). Although hypothetical, activation of c-Fos,
and possibly C/EBPa, by CSF-1 receptor signaling would bring PU.1 binding behavior
under the immediate influence of CD115, thus coupling a fundamental signaling pathway in
macrophages to their fundamental LDTF. This could ensure that the establishment of the
macrophage enhancer repertoire is properly synchronized with the physiological
environment in which it develops and/or functions.

Nucleosomes mediate collaborative activity of PU.1 with other transcription factors

The data reported by Heinz et al. (73) integrates elegantly with a second important type of
information encoded in DNA that influences LDTFs binding pattern, namely sequence
specifying nucleosomal placement. Evidence suggests that nucleosome placement within
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chromatin is not random in all instances, with certain nucleotide sequences increasing the
probability that a nucleosome will be located more frequently over a specific region of DNA
(81). In addition, a current hypothesis in epigenomics proposes that nucleosomal DNA
promotes synergistic binding between TFs, which in turn leads to more efficient
displacement or eviction of the nucleosome than if only one transcription factor is present
(82-85). Of interest, this hypothesis does not require protein-protein interactions between
PU.1 and CEBPa. This concords well with the observation that these two factors seemingly
do not interact directly with each other through protein-protein interactions and analyses of
DNA sequences at co-bound sites suggest that they cannot physically interact when they are
separated by more than 20 nucleotides (86). Although chromatin looping could potentially
bring the two factors together, no evidence suggests that this occurs efficiently in
macrophages over distances of less than 80 -100 base pairs (bp) (86). Note however that the
binding distance between PU.1 and C/EBP cannot be too far apart either, as the
collaborative model hypothesis imposes a possible upper limit in the range of a nucleosomal
length of nucleotides (i.e. 147 bp) (82, 83, 87).

Recent work provided evidence that the PU.1 binding pattern might be intrinsically linked to
some extent with nucleosome location in macrophages in many instances (74) (Fig. 3).
Indeed, cell types that do not express PU.1, including embryonic stem cells, neural
precursors, and mouse embryonic fibroblasts, exhibit high nucleosomal occupancy at
enhancer sites bound by PU.1 in macrophages relative to sites not active in macrophages but
that nonetheless possess a PU.1 motif. Interestingly, these regions of the genome displayed a
particular set of characteristics with regards to their DNA sequences that appear to promote
co-occurrence of both PU.1 binding in macrophages and nucleosomal occupancy in non-
expressing PU.1 cells. These DNA parameters are comprised of the inclusion of motifs for
TFs known to collaborate with PU.1 and overall G+C content as well as factors previously
known to influence nucleosomal placement such as configuration of CG/GG/CC and AT/TA
dinucleotides (i.e. nucleosomal container) (81). Anather factor, the DNA shape immediately
surrounding the ETS core motif recognized by PU.1, influenced only PU.1 binding and not
nucleosomal occupancy. Indeed, competitive EMSA revealed that mutating two nucleotides
flanking the ETS core motif decreased a competing DNA sequence's ability to pull away
PU.1 from binding its site in nuclear extract, but had no effect on nucleosomal
arrangements. These results suggest that particular DNA sequences contribute extensively to
the specification of the chromatin molecular environment, which in turn directly affect the
propensity for PU.1 binding that leads to efficient opening of chromatin, nucleosomal
depletion, and enhancer formation in macrophages.

The biological mechanism(s) promoted by having evolutionary forces selecting DNA
sequence features that favor, for a same region of the genome, an enhancer in one cell type
and nucleosomal occupancy in another remains speculative. An intuitive, yet very intriguing
possibility, however, is that nucleosomal occupancy may efficiently interfere with improper
use by SDTFs of information encoded in the genome. Given that SDTFs are typically not
expressed in a cell type specific manner and that enrichment for SDTF motifs is a defining
characteristic of the majority of all potential enhancer regions genome-wide, nucleosomal
occupancy may thus ensure that only regions specified by LDTFs in a given cell type can be
used to regulate the transcriptional output (Fig. 3).
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Together studies by Heinz et al. (73) and Barozzi et al. (74) offer great support to the
epigenomic hypothesis of nucleosome-mediated collaboration between TFs and its
application to the macrophage enhancer repertoire. Importantly, evidence from other
mammalian cell types also supports this model (87). However, many important aspects
remain unknown. For one, the overall binding dynamics and kinetics of the PU.1-C/EBPa-
nucleosomal eviction series of events in TGEMs remain to be fully characterized. For
instance, it is not clear how stable each event is (i.e. PU.1 binding to DNA), and whether
PU.1 and C/EBPa binding must occur sequentially or simultaneously. Whether their impact
on nucleosomal eviction is additive or synergistic is not clear either. All in all though, the
data presented above suggests that an array of critical information encoded in DNA is used
by LDTFs like PU.1 to select enhancers in a cell type-specific manner. It also indicates that
a primary function of LDTFs is to displace specific nucleosomes that act as barriers to shield
highly potent genomic information that must be used under very specific circumstances.

Roles of composite sequences and ternary molecular complexes

Direct protein-protein interaction between PU.1 and other TFs at the DNA interface is
another mechanism by which PU.1 likely promotes the establishment of the macrophage
enhancer repertoire. In particular, the ETS-IRF composite element (EICE) 5’-
GGAANNGAAA-3, in which the first four nucleotides correspond to the core ETS motif
and the last four are recognized by IRF4 or IRF8, is relatively prevalent among enhancers in
macrophages (21). In this context, IRF4 or IRF8 do not bind efficiently by themselves to the
IRF-half of the EICE motif due to both intrinsic characteristics of their DNA-binding
domain and the presence of an autoinhibitory domain present in their C-terminal. However,
upon PU.1 binding to its ETS sequence, Arg222 in the PU.1 ETS domain abandons a
hydrogen bond with the DNA backbone in the major groove and, along with Lys223,
reaches across the minor groove to favor interactions with hydrophobic residues in IRF4/
IRF8 (88). Importantly, this is achieved by PU.1 without it losing affinity for its core 5’-
GGAA-3’ motif (88). Thus, ETS-DNA binding energy is redistributed to collaborative
protein-protein interactions. Furthermore, phosphorylated PEST domain of PU.1 further
potentiates these collaborative interactions by interfering with the autoinhibitory domain of
IRF4, resulting in a more stable ternary complex.

The precise contribution of the ternary complex model to the PU.1 cistrome and the
establishment of the macrophage enhancer repertoire have yet to be thoroughly investigated.
On the other hand, we note that AP-1: IRF composite sequences direct heterodimerization of
BATF with IRF4, which is critical to the differentiation of Th17 cells (89). Furthermore,
given the evidence demonstrating the important contribution of IRF4 and IRF8 to the
development and functions of mononuclear phagocytes (90-92), it is likely that ternary
complex mechanisms play an important role in macrophage ontology and functions.

PU.1 concentration as a major determinant of the nucleosome-mediated
PU.1-C/EBPa collaborative model

The nucleosome-mediated collaborative model is subject to the influence of numerous
parameters (83). Among them, the concentration of LDTFs in the nucleus is predicted to
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have a substantial impact on their efficiency to promote nucleosomal remodeling, and thus
establish enhancers.

The expression level of PU.1 per se correlates with different epigenomic outcomes. In this
regard, the role of PU.1 in B cells and macrophage ontology is particularly informative. As
is the case for macrophages, B cells also depend on PU.1 to develop. For instance, induction
of low activity of PU.1 in the nucleus with the PU.1-ER fusion system described above
reprograms hematopoietic progenitors into cells with a B-cell-like phenotype but higher
expression leads to macrophage reprogramming (21, 93). Importantly, DNA motifs enriched
in the vicinity of PU.1 at enhancers in B cells include EBF/PAX5/E2A, i.e. motifs
recognized by TFs important to B-cell development and functions. Note that these motifs are
not detected in macrophages. Similarly, B cells can be reprogrammed into macrophages by
overexpression of C/EBP factors but will only do so if PU.1 is sufficiently expressed (94).

The key role of PU.1 concentration in specifying macrophage versus B-cell development in
hematopoietic progenitors begs the question as to what mechanisms participate in the
regulation of PU.1 expression levels. Not surprisingly, many effectors appear to be critically
involved. At the transcriptional level, high levels of IRF8 downregulate PU.1 mRNA
transcription and promote B-cell development (95). In addition, PAXS5, a transcription factor
important to B-cell development, can inhibit C/EBP-mediated transcription of the Csflr
gene in B-cell progenitors (96), thus likely desensitizing the cell to macrophage-promoting
cytokines M-Csf and/or IL-34 that promote PU.1 expression. Cell cycle regulation also
contributes to high PU.1 expression in macrophages (97). Indeed, developing macrophages
accumulate high PU.1 levels by lengthening their cell cycle and not by increasing
transcription of the Spil gene relative to myeloid—lymphoid common progenitors. On the
contrary, developing B cells both decrease Spil rate of transcription and enter cell division
more rapidly.

The development of the macrophage enhancer repertoire is dependent on PU.1 expression
level, which is coherent with predictions derived from the nucleosome-mediated
collaborative transcription factor model of epigenomics. Importantly, the PU.1 concentration
and/or activity level parameter also likely play an important role at other stages of
bifurcation as macrophage progenitors develop, including the erythroid-myeloid and the
granulopoietic-myelopoietic stages (77, 98, 99). Note, however, that the extent to which PU.
1 expression per se directly translates into effective nuclear concentration remains unknown
as post-translational modifications of the PU.1 protein may also modulate its activity in
certain conditions (100).

Applying and extending the collaborative model to primary tissue

macrophages

Complete and efficient macrophage differentiation and/or polarization in vivo likely also
require the collaborative activity of PU.1 and a second transcription factor. This
collaborative interplay would presumably actually offer great plasticity for the optimization
of functions of differentiated macrophages. Indeed, different tissues exhibit very different
environmental milieu and requirements to function homeostatically, all of which are subject
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to fluctuations and perturbations. Together, these impose very different demands on
macrophage functions. To efficiently cope with this seemingly infinity of possibilities, PU.1
may provide a developing macrophage with a basic, plastic epigenomic architecture upon
which other signals/TFs can act to properly tune in a specific, efficient combination of
enhancers. This, in turn, ensures an optimal transcriptional output that will allow the
differentiated macrophage to function synergically with a given tissue at a given time and
context. Therefore, such collaboration between PU.1 and other TFs offers a simple, yet
apparently very efficient, strategy to achieve specialization and provides tremendous
plasticity/malleability to the macrophage cell family.

Although a systematic comparison of the epigenomic features and enhancer repertoire of
different macrophage family members has yet to be reported, numerous studies have
provided insights into the networks of TFs and signaling pathways that potentially
contribute to the proper epigenomic configuration of a given macrophage subtype. In
particular, work on microglia, peritoneal macrophages, and spleen macrophages has
provided valuable information regarding the spectra of signals used by different
macrophages to accomplish proper differentiation and functions.

Proper microglia development and functions depend on IRF8 and TGF-g1

signaling

Microglia are the resident macrophages of the central nervous system (CNS). The microglial
population exclusively originates during embryogenesis from yolk sac-derived ¢-KIT*
erythromyeloid progenitors (101, 102). These progenitors seed the developing CNS early in
embryogenesis during the primitive stage of hematopoiesis. Although the half-life of
microglia is not known, it appears that the population as a whole is maintained throughout
life independently of blood-borne, peripheral contribution (5, 7). Interestingly, a recent study
suggests that a microglia progenitor whose survival does not require CD115 signaling may
also exist in the brain (103).

In spite of some conflicting data, mice lacking IRF8 generally exhibit defects in microglia
ontology and functions, with studies reporting a decrease, no change, or increase numbers of
microglia in IRF87~ mice (101, 104, 105). Minten et al. (104) and Horiuchi et al. (105)
noted that IRF8~ displayed reduced morphological complexity, namely a wider and shorter
cell body and cruder ramifications. Lack of IRF8 also impairs gene expression in quiescent
and activated microglia and negatively affects their phagocytotic abilities under certain
conditions (104, 105). Thus, although IRF8 may not be absolutely required for a microglia-
like cells to develop and survive in the CNS, it likely plays an important role in properly
tuning the transcriptome of these cells, as was proposed in the discussion of the PU.1-IRF8
ternary model.

Although still speculative, it is highly probable that the SMAD TFs also play a critical role
in microglia ontology and functions given the essential role that TGF-f signaling plays in
microglia biology. A significant decrease in microglia cell number was observed in the CNS
of TGF-p1 * mice, and those that survived were small, had less elaborate ramifications, and
expressed lower levels of CD11b (106). These effects were recently validated (107).
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Importantly, this latter study offered evidence that addition of TGF-B1 to primary microglia
cultured with M-Csf promotes a gene expression signature that approximates better to that of
freshly sorted microglia, compared to microglia cultured with M-Csf alone. Thus, TGF-1 is
not only critical to the survival and/or expansion of microglia during development, but also
likely plays a role in organizing microglial functions in addition to helping restrain their
activity and maintain quiescence (108, 109).

Retinoic acid promotes GATAG6 expression, which regulates the
development and functions of resident peritoneal macrophages

Although heterogeneous, macrophages from the peritoneal cavity can be broadly divided
into two groups in mice based on F4/80 and MHCII expression (110). F4/80L°WMHC]|High
macrophages likely depend on the CCR2Hi9"-expressing monocyte subtype to maintain their
population. On the other hand, F4/80HI9"MHCI1LOW macrophages, which are required for
the control of IgA production by B-1 cells, might be derived from progenitors that originate
either from the bone marrow in a CCR2-independent manner or that seeded local
proliferative niches early during embryogenesis, although this remains to be precisely
characterized. F4/80HI9NMHCII-°W macrophages also appear to maintain their population
through a self-replenishment mechanism. Importantly, evidence suggests that the
F4/80H19NMHCI1L°W macrophage population depends on transcription factor GATAG to
survive in the proper compartmental environment of the peritoneal cavity but not to develop
per se. Indeed, absence of GATAG6 promotes apoptosis in those resident peritoneal
macrophages, and this may be a consequence of decreased expression of acetyl CoA
synthesis-promoting enzyme aspartoacylase (111). Importantly, retinoic acid positively
modulated GATAG transcription and removing dietary vitamin A intake in mice decreased
GATAG expression in F4/80H19NMHCII-°W macrophages. This latter observation provides
another elegant example of how a factor in a given tissue can contribute to the
differentiation and functions of the resident macrophage population of the same tissue. In
addition, it demonstrates how an organism's environment and life habits can potentially
modulate gene expression, and possibly the epigenome, of its macrophages. Note that
another study also recently confirmed the critical role of GATAG® to the resident
macrophages of the peritoneal cavity (112).

SPI-C and LXRa contribute to the development and functions of different
subtypes of spleen macrophages

The spleen provides a potent cellular milieu for the generation of immune responses to
blood-borne antigens and for filtering the blood of senescent cells or potentially noxious
materials. As with the resident macrophages of the peritoneal cavity, the spleen
encompasses numerous diverse macrophage populations including the red pulp (RP),
marginal zone (MZ), and white pulp (WP) subtypes. The development, survival, and/or
functions of these different populations depend on the expression of different TFs. Indeed,
RP macrophages fail to develop in mice lacking SPI-C, an ETS transcription factor closely
related to PU.1, and this leads to decreased phagocytosis of red blood cells and dysregulated
iron homeostasis (3).
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MZ macrophages, but not the RP or WP subtypes, critically depend on LXRa (113). Indeed,
MZ progenitors, including monocytes, fail to differentiate into MZ macrophages in LXRa-
deficient mice. This is rather intriguing and implies that oxysterols, which are cholesterol
metabolites that act as ligands for LXRa and LXR, may contribute to the development of a
specific subset of macrophages. How this is accomplished remains to be characterized.
However, note that LXRs are important regulators of phagocytosis (114), which involves
lipid and cholesterol processing, and thus also likely oxysterols. Therefore, the ability to
efficiently engage in its functions may actually synergize with the proper development of
spleen MZ macrophages.

The studies presented above illustrate well how macrophages synergize with environmental
cues to optimize their development. However, how these factors are transduced and
integrated with PU.1 at the genomic level and whether there are PU.1-independent
mechanism involved remains unknown. Similarly, the exact molecular mechanism(s) that
these factors trigger to allow for effective epigenomic remodeling has yet to be
characterized.

Insult-driven polarization leads to de novo enhancer establishment in

macrophages

Although certainly required for efficient tissue functions under homeostatic conditions,
perhaps the most defining role of macrophages is to counter microbial infections and
promote repair following tissue injury. These latter two functions require substantial
adaptation for macrophages to acquire competences that are typically not required to
maintain healthy tissue functions. This entails important changes in their transcriptional
output and this has been documented substantially by numerous studies throughout the
years. Indeed, macrophage stimulation by pathogen-associated molecular patterns (PAMPS),
danger-associated molecular patterns (DAMPS), or various cytokines linked to diseases and
loss of homeostasis results in a dramatic, stimulus-specific overhaul of the transcriptional
output compared to the resting or quiescent states (115). The specificity of these responses,
which arises by activating distinct signaling pathways and SDTFs, is required as different
insults may require different combinations of macrophage effector mechanisms to be dealt
with efficiently.

These observations raise an interesting parallel with the different subtypes of tissue
macrophages. Indeed, given that the differential gene expression pattern that tissue
macrophages exhibit among themselves is presumably derived to a large extent from
different epigenomic configurations, the polarization of macrophages in contexts of insults
is also likely to be associated with specific epigenomic arrangements.

We and others recently provided strong evidence validating this prediction. Stimulation of
macrophages with various activating ligands leads to important epigenomic changes in
macrophages. As mentioned earlier, TLR4 activation in mouse macrophages leads to a gain
of de novo mono-methylation at H3K4 at 1,000 to 3,000 discrete regions in the genome
compared to unstimulated macrophages (16, 116). These new enhancer-like regions have
been also referred to as ‘latent-enhancers’. Similar epigenomic remodeling also occurred in
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response to the activation of other cytokine signaling pathways, including the interferon v
(IFN-y) - STATL1 and the interleukin 4 (IL-4) — STAT6 axes (116). Importantly, many of
these latent enhancers appear to persist in time and correlative evidence suggests that they
may possess some functionality. Indeed, 72 h following an initial IL-4 stimulation, a second
stimulation leads to quicker activation of the de novo gained enhancers, as assessed by
H3K27Ac, compared to the first stimulation. Note, however, that a direct contribution of
these enhancers to regulation of specific protein coding genes has yet to be established. Of
note however, some of these unveiled latent-enhancers can also be activated at a later time
by TFs not related to the first signaling pathway that implemented them.

Work by Kaikkonen et al. (16) and Ostuni et al. (116) provide important proof of concept
possibly explaining how different macrophages, including tissue and insult-polarized, come
to be distinct. Indeed, the frequency and/or magnitude of interactions of specific SDTFs with
DNA appear to be a significant driver of epigenomic remodeling. Furthermore, that
enhancers can be gained and maintained following macrophage activation is significant with
respect to chronic inflammatory diseases associated with aging including cancer, metabolic
deregulations, and neurodegenerative diseases. Conceptually speaking, many of those
diseases are linked with the acquisition of different set-points of activating/inhibitory feed-
forward/feed-back mechanisms (117). Given the predominant role that macrophages play in
these diseases, we hypothesize that significant epigenomic remodeling may occur in these
cells, which in turn may lead them on the one hand to promote disease activity and on the
other hand de-sensitize their susceptibility to disengage from damaging activities.

Concluding remarks

The application of the epigenomic paradigm to macrophage studies has led to a major
overhaul in our conceptualization of the mechanisms that regulate gene expression in these
cells. In particular, the realization that most of the transcriptional activity of RNAP 11 in
macrophages at any given time occurs at enhancers has been impactful. That enhancers
constitute essential sites of integration of SDTFs with RNAP Il complex activity, along with
the identification of eRNAs, has allowed for an elegant way to introduce how the effects of
natural genetic variation might translate into different phenotypes at the organism level.

Given that mutations in exon sequences typically negatively affect protein expression and/or
functions, often leading to relatively strong phenotypes owing to qualitative, loss-of-
functions effects among others, genetic variation at enhancers is, in contrast, more likely to
have a quantitative effect, effecting the frequency and/or magnitude of transcription of
associated protein-coding genes. In this scenario, any biochemical process a corresponding
protein is part of should still run to completion, but with different dynamics and kinetics.

Many important questions remain unanswered. For example, in spite of the progress made in
deciphering the DNA-binding behavior of PU.1 in mouse macrophages, current knowledge
and mathematical models only predict at best 70 to 75% of the actual sites bound by PU.1.
Thus, many additional, unidentified factors are likely to make important contributions to the
binding behavior of PU.1 and that of other TFs for that matter. In particular, we note that
given that human histones possess 130 PTM sites (118), much remains to be investigated
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regarding the contribution of chromatin states to the regulation of both transcription factor
binding and gene transcription in general.

We predict that recent advancements in macrophage epigenomics will make significant
contributions to medicine at both the diagnostic and the therapeutic levels. Epigenomics
already has proven helpful in resolving paradoxical clinical observations in prostate cancer
and in refining our understanding of the contribution of predisposing alleles to the etiology
of atherosclerosis, among others (49, 119). With respect to therapeutics, given that
expression of protein-coding genes can be inhibited by silencing targeted eRNAs, it is
conceivable that this approach can be leveraged to inhibit genes whose expression promotes
the etiology and/or maintenance of clinical diseases, in a gene and cell type specific manner.
Therefore, work in epigenomics, by combining fundamental concepts of chemistry, genetics,
and cell biology, has set the stage for promising advancements to human medicine.
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Fig. 1. Cell type-specific selection of enhancers
Depiction of H3K4me2 ChiIP-seq data obtained from mouse macrophages, T cells, and

smooth muscles cells (SMC) in the vicinity of the Fos gene genomic locus. In macrophages,
H3K4me2 peaks reveal an enhancer located 5kb upstream of the Fos transcription start site
(TSS). This enhancer is also established in T cells but not in SMCs. On the other hand, T
cells and SMCs each display a unique enhancer at 7kb and 10kb respectively. H3K4me2
marks are also present at promoters and may extend beyond the TSS at highly transcribed
genes, reflecting high levels of transcriptional activity by RNAP I1. Note that spacing
between H3K4me2 peaks at enhancers is indicative of absence of nucleosome and concords
instead with the binding of TFs.
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Fig. 2. eRNAs contribute to functional chromosomal looping between enhancersand promoters
to increase mRNA transcription

Under basal conditions, low level of constitutive activity promotes RNAP 11 activity at both
a distal enhancer downstream of a gene and at the protein-coding gene. In this context,
eRNAs promote enhancer-promoter interactions through cohesin/Mediator complex activity.
Strong stimulation of a target SDTF leads to its efficient binding at the enhancer and
increased transcription of eRNAs, leading to increase enhancer-promoter interactions
strengths and/or frequencies, resulting in more transcription of the protein-coding gene.
However, recruitment of a repressor complex at the enhancers interferes with SDTF binding
and/or local RNAP Il activity. Lower eRNA abundance decreases enhancer-promoter
interactions, which correlates with lower mMRNA transcription.
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Fig. 3. Collaborative model of epigenomic lineage deter mination in macrophages
Co-occurrences of binding sequences for PU.1 and collaborative TFs, including C/EBP

factors, within a ~147 nucleotides window are relatively prevalently encoded within larger
DNA sequences that promote a more defined nucleosome placement (in green). In cells that
do not express PU.1, such specific nucleosome placement may protect these cells from using
genomic information not relevant to their functions. Note that neighboring nucleosomes may
be more mobile relative to their interaction with DNA (arrowheads). In macrophages
however, the same nucleosome is probabilistically more effectively evicted and/or displaced
as a result of the collaborative binding activity of PU.1 and C/EBP factors. This then allows
for more efficient binding of the NF-xB p65 subunit following TLR4 stimulation, for
example.
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