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In past years, many efforts were invested
to define epigenetic features associated
with enhancers of transcription. We pro-
pose that both transcription initiation
and the H3K4me3 histone modification
are among the best hallmarks of active
enhancers in several primary tissues and
extend the concept of large transcription
initiation platforms (TIPs).

Introduction

Eukaryotic organisms are in constant need
to respond to environmental and develop-
mental queues. This is typically brought
about via the alteration and tuning of the
RNA polymerase II (RNAP II)-dependent
transcriptional  regulatory  program.
Control of gene expression requires a tight
interplay between promoters, binding
transcription factors (TFs) that are able to
recruit RNAP II and general transcription
factors (GTFs) to form the pre-initiation
complex (PIC) and distant cis-regulatory
elements such as enhancers.! This inter-
play also provides important means to
diversify the gene expression programs via
dynamic promoter-enhancer interactions.
Enhancers are not constitutively active and
are known to be either active, inactive and
also in a developmentally poised state.”
When active, they enhance the recruit-
ment of RNAP II and GTFs at the target
promoters in order to increase transcrip-
tion levels. Recent genome-wide studies
have shed light on the epigenetic signa-
tures of enhancers and promoters.’*> Most
importantly, the recruitment of RNAP II
and resulting local transcription has now
been shown to be a global phenomenon in
several primary cells, including neurons,®
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macrophages’ and CD4*/CD8* double
positive thymocytes (DP).® In the latter,
we proposed that RNAP II recruitment
to enhancers provides a mark not only of
activity but also tissue-specificity of asso-
ciated genes. We also proposed that large
arrays of transcription initiation at pro-
moters, which we termed transcription
initiation platforms (TIPs), are hallmarks
of highly tissue-specific gene expression.
They overlap with a high density of tran-
scription factor binding sites (TFBS) and
CpG content. By analyzing published
data, we extend or observations to other
cell types and propose RNAP II enrich-
ment as a means to isolate active, tissue-
specific enhancers and promoters.

Enhancers

Enhancers were originally discovered in
vitro as DNA elements that could activate
and further strengthen promoter-depen-
dent transcription on naked templates in
an orientation independent manner and at
great distances.” These transient reporter
assays, however, suffer from many con-
ceptual shortcomings such as the cell type
used for transfection, the lack of proper
chromatin assembly on the plasmids or
the heterogeneity in the overall design
of experiments in various studies. Thus,
validation of enhancer elements is a dif-
ficult task and generally involves genetic
manipulation if to be tested in vivo. Their
mode of action still remains somewhat
elusive and is likely to differ depending
upon location. Two generally accepted
mechanisms are that of looping, tracking
or a combination thereof.! In the loop-
ing model a direct interaction between
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enhancers and promoters is believed to
facilitate the increased recruitment of TFs
or RNAP II. The tracking model instead
proposes initial RNAP II recruitment to
the enhancer and transcription toward the
target gene promoter, thereby resulting in
large areas of permissive chromatin such as
via the recruitment of histone acetyltrans-
ferases (HATs). Genome-wide localiza-
tion techniques like chromatin IP (ChIP)
coupled to microarrays (ChIP-on-chip) or
deep sequencing (ChIP-Seq) have made it
possible to study specific chromatin states
associated with enhancers or promoters.
Following initial studies in human cer-
vical cancer cells lines,> it was proposed
that enhancers display an H3K4mel"'s"/
H3K4me3"/HAT combinatorial epi-
genetic mark. These findings were further
validated in other tissues.* Others have
used only the recruitment of the HAT
p300 as a criterion to isolate enhancers in
the mouse embryo.” More recently another
layer of information has been added with
the finding that the H3K27Ac mark is
able to discriminate between active and
poised but inactive enhancers.'®'" Many
studies have since adopted such a combi-
natorial, the presence or absence of given
histone marks or modifiers, as a crite-
rion to isolate putative enhancers in the
genome. However, the data are not always
as unambiguous. Specifically in primary
human CD4* T cells, the “promoter
mark” of H3K4me3 was enriched at many
isolated enhancer regions.>'* These results
did not gain much attention, but were
recently verified across several human tis-
sues, showing that H3K4me3 is associated
to very strong enhancer activity.”® Our
laboratory recently validated these results
in primary murine thymocytes, show-
ing that this mark is indeed associated to
active enhancers and that its gain or loss
correlates with their activation and repres-
sion respectively.® It therefore appears
that from a strict epigenetic point of view,
promoters and enhancers are not as easily
distinguishable as previously thought.

Enhancer Transcription
In eatly studies, low levels of GTFs and
RNAP II recruitment have been observed

at a small subset of isolated enhancers,?
but until recently it was unknown whether
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this represents a more general phenome-
non. In stimulated neurons, some 12,000
potential enhancers were isolated based
on the H3K4melh¢"/ H3K4me3*>/HAT
combinatorial (as compared with 1,000 in
unstimulated conditions). Many of these
enhancers also recruited RNAP II, result-
ing in local transcription of non-polyade-
nylated enhancer RNAs (eRNAs). While
not attributed to tracking due to their
relatively small size, e(RNA transcript lev-
els correlated with those of nearby genes.
Similar results were obtained in stimu-
lated macrophages;” however, RNAP 1I
recruitment was mostly restricted to the
relative proximity of transcription start
sites (TSSs). The transcribed RNA was
polyadenylated and essentially directional
toward the genes, reminiscent of tracking.
Interestingly, these RNAs were indepen-
dent on transcriptional elongation and
required only the presence of initiating
RNAP II, phosphorylated at the serine 5
residue (Ser5P) of its C-terminal domain
(CTD). The same epigenetic combinato-
rial was used to isolate enhancer regions in
this study, except that a machine learning
algorithm based on several hundred inter-
genic HAT binding sites was used, result-
ing in an H3K4mel"¢"/H3K4me"*/HAT
putative enhancer profile. While possible
direct or indirect functions of these RNAs
cannot be excluded from either study, it
was proposed that the mode of action lies
in creating permissive chromatin struc-
tures around these cis-regulatory elements.
Short abortive RNA transcripts were also
detected at enhancer regions enriched for
H3K27Ac in murine embryonic stem cells
(ESC), indicating the recruitment and
initiation of RNAP II at these regions.”
In stimulated human prostate cancer cells,
global run-on assays (GRO-Seq) was used
to show that the androgen receptor is able
to recruit RNAP II to enhancer regions
and that this in turn leads to local tran-
scription.” Besides the effect on local
nucleosomal structure, it was proposed
that the presence and levels of RNAP II
and eRNA’s at enhancers provides a more
robust indicator of enhancer activity as
compared with the previously used epi-
genetic combinatorial. We have shown
similar genome-wide recruitment of Ser5P
RNAP II to tissue-specific enhancers in
primary murine T cells.® Upon visual
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inspection of the data, we observed com-
plete PIC recruitment and deposition of
the H3K4me3 mark to known and well-
described active enhancers, validated on
the basis of genetic studies. Genome-wide
isolation of putative enhancers based on
the presence of H3K4mel/H3K4me3/
TBP/Ser5P resulted in a highly tissue-spe-
cific selection of associated neighboring
genes. When compared with the canoni-
cal combinatorial for isolation, we also
observed a drastically improved tissue-
restrictive expression profile, as exempli-
fied by the expression level differences
of selected genes in T cells as compared
with other tissues. Whereas in neurons
and macrophages either polyadenylated or
non-polyadenylated RNA was observed,
we showed the presence of both popula-
tions in our cells, including some well
known enhancer regions. Regardless of
the type of transcript however, another
main discriminating feature between pro-
moters and enhancers were the relative
H3K4mel:H3K4me3 levels, being higher

at enhancers as compared with promoters.

Enhancer-Transcription
by RNAP Il and Tissue-specificity

To strengthen and extend these obser-
vations in other cell types, we used pre-
viously published data for H3K4mel,
H3K4me3, Ser5P and CBP/p300 from
unstimulated neurons (GEO accession
number GSE21161°), unstimluated mac-
rophages (GSE17631,'¢ GSE19553" and
GSE199917) and embryonic stem cells
(ESC; GSE20530"® and GSE24165")
and performed similar comparisons of
enhancer isolation strategies as described
before in reference 8. Using the selection
criteria of H3K4mel/H3K4me3/Ser5P
(omitting TBP as it was not available
in all data sets), we were able to isolate
intergenic regions (IGRs) likely to repre-
sent enhancers controlling tissue-specific
genes (Fig. 1A). These include the T-cell
specific transcription factor 7 (7¢f7) in
DP T cells, SRY-box 2 (Sox2) in ESC,
immunoresponsive homolog 1 (/r¢gl) in
macrophages and a region between the
limbic system-associated membrane pro-
tein (Lsamp) and neuron growth-associ-
ated protein 43 (Gap43) genes in neurons.

As expected, however, not all isolated
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Figure 1. RNAP Il and H3K4me3 are present at putative enhancers and increase the tissue-specific and -restrictive expression pattern of associated
genes. (A) Examples of cell specific and non-specific RNAP II-bound enhancers in four different primary cell types. We used published data (see text)
to isolate putative enhancers based on the presence of H3K4me1/H3K4me3/Ser5P at intergenic regions (+5 kb from any known annotation) in DP
T cells, ESC, macrophages and neurons. The isolated regions are indicated as blue boxes underneath the H3K4me1 tracks. Using this strategy, we
isolated tissue-specific enhancers (highlighted in blue) such as at Tcf7 in DP, Sox2 in ESC, IrgT in macrophages, Lsamp/Gap43 in neurons as well as a
conserved ones such as at Vps8 (from left to right, highlighted by gray boxes). (B) Tissue-specificity of putative enhancer selections. We assessed the
tissue-specificity of genes associated to putative enhancers (neighboring upstream and downstream) by calculating the ratio of their expression level
as compared with that of all remaining genes for all tissues available on BioGPS."” Therefore, the higher ratios indicate higher tissue-specificity. The
rank indicates the first occurrence of a tissue of interest (see legends A-D) when sorting the tissue-ratios from highest to lowest. With the exception
of macrophages, either both the rank, but at least the ratio, increased when comparing a H3K4me1*/H3K4me3*/Ser5P to a H3K4me1*/H3K4me3/HAT
enhancer selection criteria. (C) Tissue-selective expression of genes associated with putative enhancer selections. To determine the tissue-selective
expression of selected genes, we calculated the median expression level within our tissue(s) of interest for each cell type and plotted the differential
to that of all remaining available tissues in the BioGPS database. Thus, the higher differentials represent the more tissue-selective expression pattern
of the genes. Again, with the exception of macrophages, the H3K4me1*/H3K4me3*/Ser5P selection criteria (orange) improves the tissue-selective gene
expression patterns as compared with H3K4me1*/H3K4me3/HAT (blue).

regions were tissue-specific and we found
a putative enhancer in all four cell types
upstream of the vacuolar protein sorting 8
homolog (Vps8) gene. With the exception
of macrophages, this selection criterion
provided a more tissue-specific expression
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pattern as compared with H3K4mel"ish/
H3K4me3®/HAT (Fig. 1B). In this
analysis, we compute the ratio of expres-
sion levels between the selected (neighbor-
ing the isolated enhancers) and all genes
within one tissue. As a result, the higher
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the ratio, the more tissue-specific the gene
selection is. It is also noteworthy that
the most dramatic improvements were
obtained in thymocytes and ES cells, as
in macrophages and neurons the tissue in
question was ranked first using all selection
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criteria, with changes only observed in
ratios. Similar results were obtained when
comparing the tissue selective expres-
sion patterns (Fig. 1C). In this case, we
compute the median expression levels of
selected genes in the tissues of interest
and compare them to the median expres-
sion levels in all remaining tissues avail-
able in the BioGPSY database. The higher
the differential, the more tissue-selective
the genes are expressed. In all cases except
for macrophages again, H3K4mel"is"/
H3K4me3*/HAT provided the less
tissue-restrictive expression pattern. These
results were greatly improved for thy-
mocytes, ES cells and neurons upon the
inclusion of Ser5P in combination with
H3K4me3. In three out of four cell-types,
it is therefore apparent that the inclusion
of Ser5P/H3K4me3 greatly improves
the tissue-specific and tissue-restrictive
expression pattern of genes associated to
isolated enhancers.

TIPs and Tissue-specificity

We previously proposed that TIPs drive
tissue-specific gene expression in pri-
mary T cells and used the data described
above to possibly extend this observa-
tion. We originally isolated TIPs based on
TATA-binding protein (TBP) and initi-
ating RNAP II recruitment areas. As for
enhancer selection however, a TBP data
set was not available for all cell types.
We therefore instead defined TIPs based
solely on the presence of a continuum of
enriched initiating RNAP II within an
area of greater than 400 bp. Using this
approach we identified TIPs at the pro-
moters of tissue-specific genes in all four
data sets (Fig. 2A). These genes include
special AT-rich sequence-binding pro-
tein 1 (Sazbl) in DP, sal-like 4 (Sall4) in
ESC, EGF-like module receptor 1 (Emrl)
in macrophages and calcyon neuron-spe-
cific vesicular protein (Caly) in neurons.
While we proposed that TIPs are enriched
at tissue-specific genes, we do not exclude
their presence at housekeeping genes as
well. Not unexpectedly therefore, we also
observed TIPs conserved across all four
cell types such as at the more ubiquitously
expressed optic atrophy 3 (Opa3) gene. As
expected, three out of the five TIPs shown
overlap with CpG islands at the promoters.
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Next, we wanted to test whether both the
genes and putative enhancers in inter-
genic regions (IGRs) isolated via presence
of TIPs increased the tissue-specific and
-selective expression patterns. For the for-
mer, we compared the expression pattern
of promoters isolated by the presence of
H3K4mel/H3K4me3/Ser5P with those
displaying T1Ps. Across all four cell types,
we observed an increased tissue-specificity
as exemplified by the higher ratio between
expression levels of our selected genes and
all remaining ones within each tissue or
group of tissues (Fig. 2B). In terms of
tissue-expression signature, the highest
ranked tissue was not significantly altered
with the exception of the thymocyte selec-
tion, improving the rank from three to
one. We obtained similar results in the
case of our putative enhancer (IGR) selec-
tion. When compared with the selection
via H3K4mel/H3K4me3/Ser5P, the pres-
ence of TIPs also appears to mark more
tissue-specific enhancers. This is particu-
larly evident in the case of ESC, where
the tissue rank improved dramatically.
Enhancers in these cells are likely to rep-
resent a special situation due to their plu-
ripotent nature, in that many are poised
for rapid activation upon differentiation
and therefore mark genes of other tissues.
Finally, genes isolated by the presence of
TIPs either on their promoters or puta-
tive enhancers also greatly improved the
tissue-restrictive pattern, as observed from
increased differential expression levels
between the tissues in question and all
remaining ones (Fig. 2C). The presence
of TIPs both at promoters and enhancers
therefore increases both their tissue-speci-
ficity as well as tissue-restrictive expression
pattern.

Discussion

The systematic and genome-wide isolation
of enhancers based on epigenetic profil-
ing has received much attention in recent
years and was primarily based on early
discoveries showing the differential depo-
sition of the H3K4me3 mark between
enhancers and promoters.’> As mentioned
before, however, recent high-resolution
genome-wide location studies have put
these results in question'? and some stud-

ies propose the presence of H3K4me3 as
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a hallmark of (strong) enhancer activ-
ity."**  Furthermore, enhancers have
now been shown to recruit RNAP II in
several tissues and cell types,®”" includ-
ing the assembly of the complete PIC in
murine thymocytes.® It is therefore a very
daunting question as to what really dis-
tinguishes enhancers from promoters. We
and others," propose that the presence of
RNAP II at these cis-regulatory regions
provides a better mark of their activity as
compared with the previously employed
chromatin combinatorial. As shown here,
isolation of enhancers based on the pres-
ence of both RNAP ITand H3K4me3 gen-
erally provides both a more tissue-specific
and tissue-selective expression signature of
associated genes as compared with HAT
and H3K4mel only. The fact that many
more enhancers were isolated in neurons
and macrophages in stimulated conditions
raises the possibility of discriminating
induced from steady-state enhancers. We
do not claim that the enhancers isolated
in the presented studies are false-positives,
but might instead represent a population
that has been transiently activated and
therefore lacks the deposition of further
methyl groups on H3K4. Very strong,
steady-state and active enhancers would
instead carry this mark. Finally, we pro-
pose that isolating both promoters and
enhancers based on the presence of TIPs
results in a more tissue-specific and -selec-
tive gene expression pattern. They often
overlap CpG islands, though to a lesser
extent at intergenic regions.® It would be
interesting to investigate whether these
genomic regions have a direct effect on
PIC assembly. This could be mediated
either via increased recruitment due to an
overabundance of TFBS or by a thermo-
dynamic environment that creates nucleo-
some depleted regions (NDRs) allowing
for increased PIC recruitment.”® The
observation that TIPs at putative enhanc-
ers also increases tissue-specificity, argues
for the fact that the levels of RNAP II at
these regions might be correlated with
their activity. It will certainly be also of
importance to further investigate the
biological meaning and consequences of
enhancer transcription. This phenomenon
could be associated to the creation of a
permissive open chromatin conformation.
Alternatively, eRNAs could themselves
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Figure 2. TIPs at both promoters and enhancers increase the tissue-specific and -restrictive expression pattern of associated genes. (A) Examples of
cell specific and non-specific promoter TIPs in four different primary cell types. We used the enrichment (at least two peaks with a minimal enrichment
threshold across an area >400 bp) of RNAP Il at promoters (-2/+1 kb) to isolate TIPs (highlighted in blue). Using this strategy, we isolated tissue-specific
TIPs at Satb1 in DP, Sall4 in ESC, Emr1 in macrophages, Caly in neurons as well as conserved ones such as at Opa3 (from left to right, highlighted by gray
boxes). The CpG islands track (red) was obtained from the UCSC browser? and is shown as a reference. (B) Comparison of the tissue-specific expression
of genes associated to promoters and putative enhancers associated to IGRs (H3K4me1*/H3K4me3*/Ser5P or TIPs). The tissue-specificity was calcu-
lated as described in Figure 1B. The presence of TIPs increased the tissue-specificity for both promoters and putative enhancers across all four tissues.
The tissue-ratio rank either remained unchanged as first or increased in the case of DP and ESC. (C) Comparison of the tissue-selective expression of
genes associated to promoters and putative enhancers (H3K4me1*/H3K4me3*/Ser5P or TIPs) as described in Figure 1C. The presence of TIPs either
at promoters (purple) or putative enhancers (red) increased the tissue-restrictive expression pattern as compared with their isolation via H3K4me1*/
H3K4me3*/Ser5P (green and orange respectively).

exert enhancer functions directly” or
by binding to histone modifiers like
many large intergenic non-coding RNAs
(lincRNAs) 2 or Polycomb-associated
RNAs.” Finally, it was recently shown
that paused RNAP II can act as an insula-
tor** in Drosophila, indicating its diverse
roles in transcription regulation not only
at the promoter or across gene bodies, but
also indirectly via association to cis-regu-
latory elements. Overall, we propose the
use of RNAP II recruitment as a means to
isolate active and tissue-specific enhanc-
ers, and that this tissue-specificity both
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at promoters and enhancers is further
increased via the presence of TIDs.
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