Chapter 12

Macrophage Activation as a Model System
for Understanding Enhancer Transcription
and eRNA Function

Karmel A. Allison and Christopher K. Glass

Abstract Macrophages are innate immune cells that sense the presence of patho-
gens through conserved pattern recognition receptors, which include TLR4.
Activation of TLR4 by bacterial lipopolysaccharide induces the expression of thou-
sands of genes that function to initiate inflammation and coordinate innate and adap-
tive immune responses. Transcriptional activation of TLR4-responsive genes is
mediated by signal-dependent transcription factors, such as NFkB, which bind to
DNA regulatory elements termed enhancers. Recent findings indicate that macro-
phage enhancers are actively transcribed in concert with nearby genes. Similar obser-
vations have been reported for other cell types, raising the general question of whether
enhancer transcription and/or the resulting enhancer RNAs (eRNAs) are of func-
tional importance. Here, we review the use of macrophage activation as an experi-
mental system for addressing these questions and highlight areas for future research.
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12.1 Macrophage Activation as a Model System

Macrophages are myeloid lineage cells, which play essential roles in innate and
adaptive immune responses and contribute to diverse aspects of tissue homeostasis
(Wynn et al. 2013). Importantly, many of the transcriptional programs required for
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appropriate responses to pathogens also contribute to the pathogenesis of numerous
chronic inflammatory diseases, which include atherosclerosis, diabetes, arthritis,
and cancer. The innate immune response to pathogens is triggered by the interaction
of pathogen-associated molecular patterns with pattern recognition receptors, which
include members of the toll-like receptor (TLR) family (Medzhitov and Horng
2009; Takeuchi and Akira 2010). TLR4 recognizes the lipopolysaccharide (LPS)
component of gram-negative bacteria, and is arguably the most intensively studied
pattern recognition receptor (Beutler 2000). TLR4 ligation results in activation of
several latent, signal-dependent transcription factors, including NF-kappaB (NF-
kB), interferon regulatory factors (IRFs), AP-1 factors, and STAT factors, which act
in a combinatorial manner to both positively and negatively regulate the expression
of thousands of genes (Medzhitov and Horng 2009; Smale 2012) (Fig. 12.1). This
response has been intensively studied at the level of genomics (e.g., Escoubet-
Lozach et al. 2011; Ghisletti et al. 2010; Kaikkonen et al. 2013; Ostuni et al. 2013),
proteomics (e.g., Meissner et al. 2013), and lipidomics (e.g., Maurya et al. 2013) in
macrophages.

The pathogen response of the mouse macrophage provides a powerful system for
applying genomics and associated modeling approaches to the understanding of
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Fig. 12.1 TLR4-dependent gene expression. Toll-like receptor 4 (TLR4) is a pattern recognition
receptor that is activated by lipopolysaccharide (LPS). Ligation of TLR4 results in transmission of
an inflammatory signal through Myd88 and TREF, resulting in activation of latent, signal-dependent
transcription factors, including NF-kB, interferon regulatory factors (/RFs), AP-1 factors, and

STAT factors. These factors act in a combinatorial manner to both positively and negatively regu-
late the expression of thousands of genes
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how transcriptional regulatory elements are selected from the genome and enable
complex cell-specific programs of gene expression. First, mouse macrophages are
exquisitely sensitive to LPS and other TLR4-specific analogues, such as Kdo2 lipid
A (KLA). In addition to the large number of genes affected by TLR4 signaling, the
dynamic range of transcriptional activation and repression exceeds three orders of
magnitude for the most highly regulated genes. The response has both immediate—
early and secondary phases based on the initial actions of latent transcription fac-
tors, which drive expression of cytokines such as TNF, and type I interferons, which
induce expression and/or activities of a subsequent set of transcription factors.
Although some genes, such as TNF and IL1b, are activated by TLR4 signaling in
many cell types, a substantial component of the transcriptional response to TLR4
ligation is cell type specific. Therefore, the TLR4 response provides a powerful
means of investigating the basis by which the genome is read to result in a signal-
dependent, temporally orchestrated, and cell-specific response at the level of
transcription.

Second, features of mouse macrophages themselves make them highly tractable
for performing genomics analysis. As primary cells, they do not have the caveats
associated with genomic alterations frequently associated with cell lines. Upward of
30 million thioglycollate-elicited macrophages (TGEMs) can be obtained from a
single mouse. Importantly, more than 96 % of plated TGEMs express defining mac-
rophage markers such as CD14 and CD11b, indicating a high degree of homogene-
ity. The relatively straightforward method for isolation has enabled simultaneous
examination of multiple experimental conditions using all currently available and
relevant genomics technologies, including ChIP-Seq, RNA-Seq, GRO-Seq,
5’-GRO-Seq, and HiC assays. Importantly, total and macrophage-specific loss-of-
function alleles are available for many genes of interest, and siRNA knockdowns
work well in TGEMs (e.g., Escoubet-Lozach et al. 2011; Heinz et al. 2010, 2013;
Kaikkonen et al. 2013; Lam et al. 2013).

12.2 Studying Enhancers with High-Throughput Sequencing

As a result of this proclivity toward high-throughput studies, mouse macrophages
are well suited for the investigation of the genome-wide phenomena such as
enhancer selection and activation. Enhancers are regions of the genome that are able
to regulate transcription from a distance, acting to increase or decrease transcrip-
tional activity at target genes by looping into close proximity with promoters (Ong
and Corces 2011). Enhancers act as platforms for the binding of many different
transcription factors, as well as for the recruitment of the Mediator complex, cohe-
sin, acetyltransferases, and RNA polymerase II (Pol II), all of which cooperate to
regulate transcription at gene promoters.

With the advent of high-throughput sequencing, the ability to locate and charac-
terize enhancers increased tremendously. Crucially, Heintzman et al. (2007)
described a particular pattern of histone methylation that acts as a signature for
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enhancers genome wide, making it possible to map the enhancer landscapes of a
variety of cells and organisms by looking for regions with high enrichment of H3K4
mono- and di-methylation (H3K4mel/2) and low enrichment of H3K4 tri-
methylation (H3K4me3) (Fig. 12.2). While this histone signature does not guaran-
tee that a given region is a functional enhancer, subsequent studies have shown that
the majority of functional enhancers are indeed H3K4me1-high and H3K4me3-low
(Heintzman et al. 2007; Heinz et al. 2010; Rada-Iglesias et al. 2011).

This genome-wide mapping of enhancers associated with specific chromatin sig-
natures has led to the recognition that enhancers are distinct from cell type to cell
type, even when gene expression is not (Heintzman et al. 2009). Further, recent
studies have indicated that the cell type specificity of enhancers drives cell type-
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Fig. 12.2 Enhancer and promoter transcription. Enhancers (yellow boxes) are marked by mono-
and dimethylation of H3K4, while gene promoters (green boxes) are marked by di- and trimethyl-
ation of H3K4. General transcription factors (GTFs) bind at both enhancers and promoters,
whereas lineage-determining transcription factors (LDTFs) and signal-dependent transcription
factors (SDTFs) bind primarily at enhancers, resulting in cell type-specific transcriptional activity.
RNA polymerase II (Pol II) is recruited at both enhancers and promoters, generating mRNA along
gene bodies and enhancer RNAs (¢eRNAs) at enhancers
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specific gene expression (Heinz et al. 2010; Kaikkonen et al. 2013; Thurman et al.
2012; Visel et al. 2009). Investigations of how similar signaling cascades and tran-
scription factors can establish distinct sets of enhancers in different cell types led
to the formulation of a hierarchical model of enhancer selection and function.
The hierarchical model relies on two classes of transcription factors—Iineage-
determining transcription factors (LDTFs) and signal-dependent transcription fac-
tors (SDTFs) (Garber et al. 2012; Mullen et al. 2011; Soufi et al. 2012; Trompouki
et al. 2011). LDTFs are the relatively small set of transcription factors crucial to a
particular lineage, and these factors collaborate in a combinatorial manner to com-
pete with nucleosomes to bind DNA in a cell type-specific manner. The binding of
these factors is proposed to establish open regions of chromatin that are associated
with cis-active regulatory regions. SDTFs, which are activated in response to cell
signals and are often shared across cell types, are then able to bind to the enhancers
pre-established by LDTFs (Ghisletti et al. 2010; Heinz et al. 2010; Mullen et al.
2011; Trompouki et al. 2011). This multi-step model explains how SDTFs like
NF-kappaB and the glucocorticoid receptor, which are widely expressed, can pro-
duce such different responses from cell type to cell type.

In the macrophage system, molecular and genetic studies of the process of dif-
ferentiation from hematopoietic stem cells indicate essential roles of PU.1, C/
EBPo/p and AP-1 family members as LDTFs (Heinz et al. 2010). In line with this,
forced expression of PU.1 and C/EBPa in fibroblasts is sufficient to promote repro-
gramming to macrophage-like cells, albeit with low efficiency (Feng et al. 2008).
Although PU.1, C/EBPs, and AP-1 factors function as LDTFs in macrophages,
these lineage-determining functions are not exclusive to macrophages. For example,
PU.1 is also a lineage-determining transcription factor for B cells (Klemsz et al.
1990; Scott et al. 1994), and C/EBP« is required for differentiation of other cell
types, which include adipocytes (Cristancho and Lazar 2011; Herrera et al. 1989).
Studies of the genome-wide locations of PU.1 in macrophages and B cells indicated
cell-similar binding patterns at promoters but cell-specific binding patterns at distal
inter- and intra-genic locations (Heinz et al. 2010). At these locations, PU.1 fre-
quently co-localized with C/EBP and AP-1 factors in macrophages, and with B cell
lineage-determining factors in B cells. Gain- and loss-of-function experiments dem-
onstrated that co-binding of PU.1 with alternate lineage-determining factors was
co-dependent. For example, loss of function of PU.1 resulted in loss of C/EBPa
binding at sites where the two proteins co-bound within ~100 bp. Conversely, PU.1
binding at a subset of B cell-specific enhancers was dependent on co-expression and
binding of early B cell factor (EBF). In contrast, the binding of PU.1 in macro-
phages was not dependent on the nearby binding of SDTFs, whereas the binding of
SDTFs was dependent on the binding of PU.1 (Heinz et al. 2010). This co-dependence
of LDTFs was shown to be in effect genome wide, as binding motifs for PU.1 that
were disturbed by polymorphisms in multiple strains of inbred mice abrogated not
just PU.1 binding but binding of C/EBP as well as the SDTF NF-kappaB (Heinz
et al. 2013).
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12.3 Transcription at Enhancers

In addition to a histone signature and transcription factor binding, recent studies in
neurons and cancer cells revealed that widespread transcription characterizes
enhancer regions. That is, in addition to driving transcription at gene promoters,
enhancers themselves are transcribed. RNA Polymerase II (Pol II) was known to
bind at several well-characterized enhancers including the beta-globin enhancer
(Koch et al. 2008; Szutorisz et al. 2005), but these were thought to be idiosyncratic
occurrences. However, Kim et al. showed widespread binding of Pol II to 12,000
neuronal enhancers marked by both H3K4mel and the transcriptional co-activator
CBP (Kim et al. 2010). High-throughput sequencing of total RNA showed that Pol
IT was active at these locations and generated nuclear bi-directional transcripts,
called enhancer-RNAs (eRNAs), originating from the center of the CBP-identified
enhancers. The identified eRNAs were further shown to positively correlate with
expression of nearby genes, implying that eRNA synthesis occurs preferentially at
active enhancers.

In parallel, De Santa et al. described the same phenomenon in macrophages sub-
ject to LPS stimulation, and found that 70 % of extragenic Pol II binding sites over-
lapped with histone marks indicative of enhancers (De Santa et al. 2010). The
transcribed enhancers generated transcripts that were poly-adenylated but not
spliced or exported from the nucleus. The eRNAs were also very low in abundance
as compared with mRNAs; quickly induced, as eRNA synthesis preceded down-
stream gene synthesis at several loci investigated via RT-PCR; and transient, as they
were highly susceptible to depletion via actinomycin D treatment.

This transience makes eRNAs difficult to capture with traditional RNA-Seq.
However, the advent of global nuclear run-on sequencing (GRO-Seq) made possible
the in-depth study of non-coding RNA kinetics across the whole genome (Core
et al. 2008). Briefly, GRO-Seq takes advantage of a nuclear run-on reaction to tag
nascent RNAs as they are assembled by Pol II. These tagged nascent transcripts are
then sequenced, giving a real-time picture of transcription within the cell. Whereas
RNA-Seq measures expression levels of stable, spliced RNA species, GRO-Seq
returns data on rates of active transcription, of both coding and non-coding RNA
species. Using GRO-Seq in coordination with the enhancer histone signature, it was
estimated that ~18 % of transcripts in mouse macrophages were produced at
enhancer-like regions, comprising almost a third of unannotated transcripts (Allison
et al. 2014).

In MCF7 cells, Hah et al. used GRO-Seq to demonstrate extensive bidirectional
transcription at enhancers (Hah et al. 2011), and showed further that the expression
level of eRNAs was responsive to estrogen treatment. eRNAs in fact made up the
largest class of transcripts that were initiated proximal to an estrogen receptor alpha
binding site. Similarly, GRO-Seq was used in LNCaP cells to show widespread
changes in enhancer transcription in response to FoxAl and androgen receptor
(AR) binding (Wang et al. 2011). As in Hah et al., expression levels in eRNAs were
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associated with transcription factor binding events and correlated with the expres-
sion levels of nearby genes.

The close association of eRNA production and gene expression levels raises the
question of whether enhancer transcription or eRNAs themselves play a functional
role. The act of transcription by Pol II has been associated with the conference of
histone acetylation and the maintenance of open chromatin at extragenic regions
(Travers 1999), as well as the deposition of methyl marks at histones (Gerber and
Shilatifard 2003; Xiao et al. 2003), but initial reports of eRNAs did not assess the
relevance of these effects at enhancers genome wide. In their study of LPS-treated
macrophages, De Santa et al. found that transcription of an enhancer near the Ccl5
promoter was associated with increased acetylation in a manner sensitive to actino-
mycin D treatment (De Santa et al. 2010), but did not thoroughly establish the
importance of transcription at this particular enhancer or enhancers generally in the
recruitment of acetylation marks.

12.4 An Order of Events for Enhancer Transcription

Studies in primary mouse macrophages have helped elucidate the possible functions
of enhancer transcription by taking advantage of the finding that TLR4 signaling
induced the selection of thousands of “latent” or “de novo” enhancer-like regions in
the genome. These de novo enhancers are defined by the new acquisition of
H3K4mel and/or H3K4me?2 (Kaikkonen et al. 2013; Ostuni et al. 2013), marking
enhancers that did not exist in the basal state but rather appeared upon cell activa-
tion. In the studies of Ostuni et al., “latent” enhancers were defined by (1) the lack
of H3K4mel, H3K27Ac, and PU.1 in unstimulated cells; and (2) the presence of an
LPS-induced H3K4mel peak. There were ~500 such enhancers identified after 4 h
of LPS stimulation, and ~1,000 after 24 h. The appearance of latent enhancers was
not unique to LPS stimulation or TLR4 signaling, and several other stimuli, includ-
ing TNFa and interleukin 1-beta (IL-1b), each induced a set of latent enhancers.
Notably, Ostuni et al. did not find any histone mark or chromatin feature that allowed
pre-identification of the latent enhancers in untreated conditions.

Kaikkonen et al. described a similar set of enhancers in macrophages by per-
forming H3K4me2 ChIP-Seq of MNase-treated chromatin obtained following O, 1,
6,24, and 48 h of Kdo2-Lipid A (KLA) treatment (Kaikkonen et al. 2013). KL A, an
LPS-analogue, induced ~32,000 inter- and intragenic locations marked by the
enhancer histone signature prior to treatment, referred to as “pre-existing” enhanc-
ers. These regions were highly enriched for motifs recognized by PU.1, C/EBP, and
AP-1 factors, consistent with previous findings (Ghisletti et al. 2010; Heinz et al.
2010), and were significantly correlated with the expression levels of nearby genes
(Fig. 12.3). Notably, ~3,000 previously unmarked regions, termed ‘“de novo”
enhancers, gained H3K4me2 upon KLA stimulation. In contrast, ~1,000 regions
lost this mark following KLA treatment. Gain and loss of H3K4me?2 at enhancer-
like regions was highly correlated with expression of nearby genes.
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Fig. 12.3 Relationship of changes in eRNA expression to changes in mRNA expression. Heat
map illustrating the relationship between signal-dependent changes in eRNAs and corresponding
changes in expression of the nearest gene. Each column represents the amount of nascent RNA
detected at a specific genomic location as a function of time following treatment of macrophages
with a TLR4 agonist. Columns in the bottom panel correspond to locations of signal-regulated
enhancers. Columns in the upper panel correspond to genomic locations of the nearest mRNA
encoding gene. Red indicates upregulation of nascent RNA, and green represents downregulation.
The pattern illustrates that eRNA expression is significantly correlated with expression of the near-
est mRNA in stimulated macrophages (Reproduced from Kaikkonen et al. 2013, with
permission)

The emergence of de novo enhancers in response to a temporally precise signal
allowed Kaikkonen et al. to investigate the sequence of events that occur as closed
chromatin transitions to active enhancer-like regions. ChIP-Seq experiments for
histone acetylation (H3K2, H4K5, H4K8, and H4K12); for the LDTFs PU.1 and C/
EBPa; and for the p65 (RelA) component of the SDTF NF-kappaB as a function of
time following KLA treatment were conducted in parallel with GRO-Seq to define
nascent RNA transcripts as a measure of transcriptional output. These experiments
resulted in several important observations relevant to the general hierarchical model.
First, p65 binding was primarily observed to occur at pre-existing enhancers char-
acterized by high enrichment for PU.1, C/EBP, and AP-1 motifs. Co-binding of
PU.1 and C/EBPa was confirmed at a high percentage of these sites by ChIP-Seq
studies, though an increase in histone acetylation was associated with binding
of p65.

In contrast to pre-existing enhancers, motif analysis of de novo H3K4me2-
marked regions returned AP-1 and NF-kappaB motifs as the most highly enriched
sequence elements. Importantly, however, C/EBP and PU.l were also highly
enriched. Consistent with these findings, while PU.1 or C/EBPa binding was absent
under basal conditions, these factors were recruited to a large fraction of the de novo
enhancer-like regions concomitantly with p65 within 1 h of KLA treatment. Loss-
of-function studies indicated that in addition to the dependence of PU.1 binding on
the nuclear entry of p65, DNA binding of p65 was dependent on PU.1 at locations
where the two factors bound to closely spaced motifs. Therefore, at these locations,
p65 acted as both a signal-dependent and collaborative transcription factor to facili-
tate the selection of new functional enhancers.

The collaborative binding of p65, PU.1, and C/EBP at de novo enhancers was
temporally linked to the acquisition of histone acetylation and the initiation of
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enhancer transcription. Unexpectedly, these events substantially preceded the acqui-
sition of H3K4mel and H3K4me?2. In addition to this temporal relationship, the
length of eRNA transcripts was highly correlated with the distribution of H3K4mel
and H3K4me?2 (Kaikkonen et al. 2013), suggesting that enhancer transcription was
linked to the writing of these marks. To investigate this possibility, Kaikkonen et al.
assessed the effects of inhibiting Pol II elongation on the H3K4me?2 status after
KLA treatment. Two different elongation inhibitors were used: the cyclin-dependent
kinase (cdk) inhibitor flavopiridol, which at low concentrations preferentially inhib-
its the Cdk9 activity of P-TEFb (Chao and Price 2001); and IBET151, a selective
inhibitor of BET (bromodomain and extra terminal domain) protein binding to acet-
ylated histones, which disrupts the recruitment of P-TEFb complexes to acetylated
histones that are dependent on BRD4 (Dawson et al. 2011; Nicodeme et al. 2010).
Both drugs affected the elongation of KLA-induced nascent transcripts as evidenced
by a decrease in the cumulative GRO-Seq tags beyond the transcription start site
(TSS), with the effect of flavopiridol being more pronounced. Inhibition of eRNA
elongation by IBET151 and flavopiridol was correlated with a decrease in the depo-
sition of H3K4me?2 at ~40 % and ~70 % of de novo enhancers. The effectiveness of
drug treatment on reducing eRNA expression at individual enhancers was signifi-
cantly correlated with a corresponding local reduction of H3K4me1 and H3K4me?2.
Similar effects were observed with three other inhibitors of Pol II. KLA-induced
gain in H3K4me?2 observed at many pre-existing enhances was blocked by inhibi-
tion of Pol II elongation.

Collectively, these findings suggest that enhancer H3K4me1/2 deposition is cou-
pled to enhancer transcription, at least for de novo enhancers. Further, Kaikkonen
et al. demonstrated that transcription-coupled H3K4 methylation at de novo enhanc-
ers was mediated by members of the MIl family of histone methyltransferases.
These findings are consistent with the ability of Mlls to associate with the phos-
phorylated C terminal domain (CTD) of Pol II (Hughes et al. 2004; Krogan et al.
2003; MacConaill et al. 2006; Milne et al. 2005; Ng et al. 2003; Rana et al. 2011;
Wood et al. 2003) and suggest that the progressive accumulation of H3K4 methyla-
tion at de novo enhancers results from their association with active forms of Pol II
(Fig. 12.4). Whether this mechanism accounts for deposition of H3K4 methylation
at pre-existing enhancers remains to be established, but these findings provide evi-
dence for one functional consequence of enhancer transcription.

12.5 Enhancer Transcription as a Marker of Activity

The close temporal relationship between enhancer transcription, H3K4 methyl
deposition, and gene transcription raises the question of how to interpret eRNA with
respect to the enhancer signature derived from histone marks. While high levels of
H3K4mel with respect to H3K4me3 are considered characteristic of enhancer-like
regions in the genome (Heintzman et al. 2007), this combination is not necessarily
associated with enhancer activity. In the studies of Ostuni et al. the H3K4mel
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Fig. 12.4 Models for activation of pre-existing and de novo enhancers. (a) Pre-existing enhancers
are bound in the basal state by lineage-determining transcription factors (LDTFs) and are marked
by H3K4mel and H3K4me2. Many of these pre-existing enhancers are transcribed at a low level
by Pol II. (b) Upon initiation of an inflammatory signal (such as TLR4 stimulation with LPS),
signal-dependent transcription factors (SDTFs) are recruited to the open chromatin at pre-existing
enhancers. Co-activators such as histone acetyl transferases (HATs) are recruited to the enhancer
with the SDTFs, resulting in increased Pol II activity. (¢) Pol II transcription is associated with
increased dimethylation of H3K4 at enhancers via the recruitment of methyltransferases. (d) In
contrast to pre-existing enhancers, de novo enhancers lack LDTF binding and open chromatin in
the basal state. (e) Upon stimulation, SDTFs and LDTFs are both recruited and coordinately open
chromatin to form de novo enhancers. Co-activators and HAT's acetylate surrounding histones. (f)
The acetylated, bound de novo enhancers are then able to recruit Pol II and initiate transcription of
eRNAs. Transcription is followed by recruitment of methyltransferases and the deposition of di-
methyl at H3K4

signature associated with “latent” enhancers selected in response to LPS stimulation
persisted after the transcriptional response to LPS subsided. These regions were
associated with a more rapid response to subsequent stimulation, suggesting that the
H3K4mel mark provided a molecular memory that facilitated the second response
(Ostuni et al. 2013). Kaikkonen et al. observed a similar persistence of H3Kme?2 at
de novo enhancers even after the transcriptional response of nearby genes had
largely returned to baseline levels (Kaikkonen et al. 2013). Therefore, while both
H3K4mel and H3K4me?2 are associated with enhancers, they do not necessarily
reflect enhancer activity.

In contrast, Wang et al. found that enhancer activation was tightly coupled to
eRNA production, as the gain and loss of AR binding was most closely correlated
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with eRNA synthesis rather than histone mark deposition or even the presence of
the histone acetyltransferase p300 (Wang et al. 2011). Similarly, eRNA production
as measured by GRO-Seq was highly correlated with nascent RNA production at
the nearest mRNA encoding gene throughout the entire KL A time course (Kaikkonen
et al. 2013). Providing further evidence for eRNA as a marker of active enhancers,
Wu et al. studied tissue-specific RNA expression in mouse embryonic tissues (Wu
etal. 2014). According to deep total RNA-Seq, previously validated enhancers were
extensively transcribed, and eRNA marked a larger set of active enhancers than
either H3K27Ac or p300. The enhancers marked by eRNA alone were subsequently
tested for their ability to activate a lacZ reporter gene, and 8 out of 19 tested enhanc-
ers drove reporter expression in the predicted tissue-specific manner. Further,
eRNAs have proven to be very sensitive indicators of transcription factor binding
and activity. In addition to the correlation between AR binding and eRNA produc-
tion seen by Wang et al., hundreds of eRNAs were observed to be responsive to pS3
binding in p53-competent as compared with p53-null cells (Allen et al. 2014), and
the effects of rosiglitazone treatment on adipocytes could be closely tracked via
changes in eRNA expression levels at PPARgamma binding sites (Step et al. 2014).

In order to systematically determine the relationship between enhancer transcrip-
tion and enhancer activity, Zhu et al. built a logistic regression model using 24 his-
tone marks and p300 assayed by ChIP-Seq in conjunction with GRO-Seq from
IMROO0 cells (Zhu et al. 2013). The model revealed that the histone mark most pre-
dictive of eRNA synthesis was acetylation at H3K27 (H3K27Ac), which had previ-
ously been shown to be a mark of active enhancers (Creyghton et al. 2010). Models
based on four histone marks achieved the highest area under the curve (AUC) value
for predicting enhancer transcription, with 432 combinations of the 24 histone
marks yielding AUC values within the top 5 % of all possible combinations. In addi-
tion to H3K27Ac, the activation marks H3K79mel, H3K9Ac, and H4K8Ac were
positively associated with eRNA production. On the other hand, the repressive mark
H3K27me3 was predictive of eRNA production with a negative coefficient. Despite
the correlation of these histone marks with enhancer transcription, Zhu et al. found
that eRNA was the single most predictive indicator of enhancer activity, with eRNA
synthesis being more significantly associated with increased expression at nearby
genes than histone marks in multiple cell types. These results are supported by a
separate study by Pulakanti et al. where it was found that eRNA synthesis correlated
with H3K27Ac deposition, hypomethylation, and occupancy of the DNA
hydroxylase Tetl in embryonic stem cells, all of which are traditional markers for
transcriptional activity (Pulakanti et al. 2013).

12.6 The Functionality of eRNAs

These findings suggest that enhancer function is in some way linked to enhancer
transcription. To directly study this possibility, Lam et al. investigated the mecha-
nisms by which the Rev-Erba and Rev-Erbf nuclear receptors functioned to repress
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gene expression in macrophages. RevErba/p are atypical members of the nuclear
receptor family in that they constitutively interact with NCoR/HDAC3 co-repressor
complexes but are unable to interact with nuclear receptor co-activators. As a con-
sequence, they function as active transcriptional repressors upon binding to Rev-Erb
recognition motifs (Yin and Lazar 2005; Zamir et al. 1996). Genome-wide location
analysis of biotin tagged (BLRP) Rev-Erba and Rev-Erbp in RAW macrophages
indicated that >80 % of their high confidence binding sites in the genome were at
enhancer-like regions characterized by high H3K4mel/low H3K4me3 and occu-
pied by macrophage LDTFs including PU.1 (Lam et al. 2013). Evaluation of Rev-
Erb target genes, such as Cx3crl, in Rev-Erba/f double knockout macrophages
using GRO-Seq revealed significant increases not only in the Cx3crl mRNA but
also a corresponding increase in eRNA production from an enhancer-like region
28 kb downstream of the Cx3crl TSS that is occupied by Rev-Erbf. Using a method
to measure nascent RNA at the site of transcriptional initiation, termed 5'-GRO-
Seq, the major sites of initiation were observed at the Cx3crl promoter and at the
—28 kb enhancer. Lam et al. found that initiation from both locations was greatly
suppressed by overexpression of BLRP-Rev-Erba, suggesting that the consequences
of Rev-Erb binding to its enhancer are direct suppression of enhancer transcrip-
tional initiation and indirect suppression of initiation from the Cx3crl promoter.

However, the importance of the initiation of transcription still left open the ques-
tion of whether the transcripts generated at enhancers are themselves important for
enhancer function independent of the process of transcription. In order to gain an
understanding of the significance of the products of enhancer transcription, Lam
et al. designed siRNAs and antisense oligonucleotides (ASOs) to target the plus and
minus strands of Cx3crl and Mmp9 eRNAs. Both methods were capable of reduc-
ing eRNA transcript levels on the basis of quantitative PCR analysis of nuclear
RNA (Lam et al. 2013). Notably, reduction of eRNA expression was associated with
decreased expression of nearby, but not distant, genes. This is exemplified by the
ASO knockdown experiment presented in Fig. 12.5. Using a combination of
5’-GRO-Seq and conventional GRO-Seq to define the origin and length of the
Cx3crl minus strand eRNA, an overlapping series of ASOs was synthesized and
tested for ability to knockdown eRNA expression. The majority of these ASOs
reduced eRNA expression, with the effects of two of the most potent ASOs illus-
trated at the bottom of Fig. 12.5. Both ASOs significantly reduced Cx3crl eRNA
expression and Cx3crl mRNA expression. In contrast, neither ASO significantly
affected expression of distant genes, such as the Mmp9 and Csrnpl genes. Thus, at
least in the case of the selected Rev-Erb target enhancers, the production of eRNAs
was important for associated gene expression levels.

These results are supported by numerous studies outside macrophages. Melo
et al. identified enhancers that produced eRNAs in a p53-dependent manner in
immortalized human fibroblasts and MCF7 cells (Melo et al. 2013). The p53-bound
enhancers were further shown to interact with distal p53-dependent gene promoters.
Using siRNA, Melo et al. knocked down eRNAs at two p53 binding sites and dem-
onstrated a concomitant loss of target mRNA as well as a reduction of Pol II at the
promoters of the target genes. In primary human monocytes, liott et al. identified a
set of LPS-inducible eRNAs whose expression correlated with that of nearby genes
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Fig. 12.5 Evidence for functional roles of eRNAs. (a) The top panel represents the Cx3crl 28 kb
distal enhancer and the experimental design for testing functional roles of eRNA. Shaded regions
indicate locations of PU.1 binding, RevErb binding, and histone H3K4mel. Directional arrows
represent eRNA transcription start sites defined by 5'-GRO-Seq. Antisense oligonucleotides
(ASOs) were designed to tile eERNA generated along the minus strand of this enhancer region gene.
(b) Two representative ASOs against the Cx3crl enhancer eRNA reduced expression of both the
target eRNAs and the associated mRNA, as measured by qRT-PCR. The effect was specific to
Cx3crl mRNA, such that Mmp9 mRNA and Csmpl mRNA were unaffected by the ASOs
(Adapted from Lam et al. 2013 with permission)

(NE et al. 2014). Many of these enhancers had NF-kappaB binding sites, suggesting
they play an important role in transcriptional changes downstream of LPS stimula-
tion via TLR4. To investigate the role of one particular enhancer near the highly
induced IL1beta gene, liott et al. used locked nucleic acid (LNA)-based antisense
inhibitors to suppress expression of the eRNA. The knockdown by LNAs (but nota-
bly not siRNAs) of the enhancer transcript resulted in reduced induction of IL1beta
mRNA in response to LPS stimulation, demonstrating the importance of the eRNA
at the IL1beta enhancer in the regulation of the target gene.

These loss-of-function studies demonstrated the importance of particular eERNAs
in particular contexts but did not elucidate the mechanisms by which the eRNA was
regulating target gene expression. One potential mechanism was elucidated by Li
et al. in a study of estrogen receptor alpha (ER) binding in MCF7 cells (Li et al.
2013). Several enhancers that increased eRNA synthesis in response to E2 ligand
treatment and subsequent ER binding were knocked down with siRNAs and LNAs.
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Induction of the proximal ER-dependent genes was inhibited, but ER binding and
methylations at the enhancer were unaltered. A high-throughput variant of chromo-
some conformation capture, termed 3D-DSL (Harismendy et al. 2011), was used to
show that under normal conditions, ER binding induced qualitative and quantitative
changes in promoter-enhancer looping. However, the presence of the eRNA-
targeting siRNAs or LNAs resulted in alterations in the looping architecture at the
targeted loci, suggesting that the eRNA transcripts were instrumental in the orches-
tration of ligand-dependent chromosome conformation changes. Further supporting
this model, eRNA knockdown resulted in loss of cohesin, a protein with a role in
promoter-enhancer looping interactions (Hadjur et al. 2009; Kagey et al. 2010;
Schmidt et al. 2010), recruitment at the enhancers and associated promoters.

Similar results were obtained by Hsieh et al. in a study of androgen receptor
(AR) enhancers in a prostate cancer cell line (Hsieh et al. 2014). eRNAs were pro-
duced at an enhancer of the AR-dependent gene KLLK3 that was also marked by
H3K27Ac, H3K4mel, and AR itself. Both the enhancer and KLK3 were induced
upon androgen treatment. Upon knockdown of the eRNA with siRNA, expression
of both KLK3 and the nearby KLK2 was inhibited, although other KLK genes in the
locus were unaffected. To assess the role of the eRNA in regulating the two KLK
genes, Hsieh et al. performed RNA immunoprecipitation with the sense and anti-
sense strands of the eERNA and found that both pulled down AR as well as Mediatorl
(Med1), which has been shown to be involved in chromosomal looping (Chen et al.
2011). 3C-gPCR demonstrated that either siRNA knockdown of the eRNA or
knockdown of Med1 resulted in reduced looping of the KLK2 promoter to the
enhancer locus. However, knockdown of the eERNA did not affect AR or Pol II occu-
pancy at the enhancer itself, implying that the functional role of the eRNA in estab-
lishing enhancer-promoter looping is downstream of enhancer assembly.
Complicating this result slightly, Hsieh et al. also found that knockdown of the
eRNA at the KLLK3 enhancer resulted in reduced expression of several AR target
genes in trans, raising the question of what indirect effects the eRNA knockdown
might have.

A second potential mechanism was highlighted by Mousavi et al. in an analysis
of MyoD and MyoG binding activity in C2C12 skeletal muscle cells (Mousavi et al.
2013). At two enhancers, one proximal to MYODI1 and the other proximal to
MYOG, knockdown of eRNAs with siRNA resulted in reduced recruitment of Pol
II to both enhancers and their target genes. In line with this, binding of the transcrip-
tion factor MyoD was reduced at the MYOG enhancer in response to knockdown of
its eRNA, although this was not the case for the MYODI1 enhancer being studied.
For both enhancers, knockdown of eRNAs resulted in reduced DNAse I accessibil-
ity at the target genes, although it was not clear how this effect was mediated, espe-
cially given that knockdown of the MYOD 1 eRNA resulted in decreased accessibility
at both MYOD1 and MYOG.

A third means by which eRNA might affect transcriptions was described in neu-
rons responding to KCl-mediated membrane depolarization (Schaukowitch et al.
2014). Two enhancers proximal to the immediate early genes Arc and Gadd45b in
neurons produce eRNA in response to stimulation. Strand-specific knockdown of
the eRNAs with shRNA or LNAs resulted in reduced induction of their respective
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target genes, but, unlike the KLLK3 locus, the looping of the enhancer to the pro-
moter region was unaffected according to 3C assays. Similarly, recruitment of Med1
and members of the cohesion complex were unaffected. However, Schaukowitch
et al. found that eRNA knockdown resulted in a marginally increased occupancy of
the negative elongation factor (NELF) complex at the promoters of the target genes.
NELF binds directly to Pol II and nascent RNA, and its release from the promoters
of target genes is an important step in the unpausing of Pol IT and subsequent mRNA
elongation (Kwak and Lis 2013). In conjunction with increased NELF, there was a
decrease in the elongating form of Pol II (phosphorylated at serine 5) with eRNA
knockdown. Further, the eRNAs at Arc, Gadd45b, and c-fos were shown to pull
down 1.5% to 2x more NELF in ultraviolet-crosslinked RNA immunoprecipitation
assays, implying that the eRNA was binding directly to the RNA-binding domain of
NELF. Thus, Schaukowitch et al. propose a model in which eRNA is able to desta-
bilize the binding of NELF to nascent mRNAs, thereby allowing Pol II to elongate
and continue to transcribe the mRNA.

12.7 Concluding Remarks

Enhancer transcription has emerged as a fascinating and quantitatively significant
source of nuclear noncoding RNAs. Many questions remain regarding the general
importance of enhancer transcription itself (apart from the eRNA product). At pres-
ent, there is limited evidence that enhancer transcription is a major mechanism for
deposition of H3K4me1/2 at enhancers other than the de novo enhancers studied by
Kaikkonen et al. (2013). Although the proposed mechanism linking enhancer tran-
scription to deposition of H3K4mel/2 via a Polll/MLL interaction is appealing,
further studies of other classes of enhancers (e.g., those that are selected during
transitions in cell differentiation) will be required to determine generality. In addi-
tion, while functional roles have been established for a small number of eRNAs,
there is as yet no consistent picture of their mechanism(s) of action. Future studies
are needed to examine questions such as the sequence determinants of activity and
the identities of important interacting molecules, such as NELF. Macrophages are
very likely to continue to be a robust experimental system for examination of these
questions.
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