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Genome-wide chromatin profiling 
efforts have shown that enhancers 

are often located at large distances from 
gene promoters within the non-coding 
genome. Whereas enhancers can stimu-
late transcription initiation by commu-
nicating with promoters via chromatin 
looping mechanisms, we propose that 
enhancers may also stimulate transcrip-
tion elongation by physical interactions 
with intronic elements. We review here 
recent findings derived from the study of 
the hematopoietic system.

Introduction

The development of multicellular 
organisms relies upon the capacity of 
stem and progenitor cells to respond to 
their microenvironment and differentiate 
upon exposure to specific stimuli. This 
multi-step process involves complex epi-
genetic changes within regulatory tran-
scriptional networks, which contribute 
to the timely activation and repression of 
key developmental genes. Transcription 
of mammalian genes relies on the pres-
ence of a variety of cis-DNA regulatory 
sequences such as promoters and enhanc-
ers. Whereas gene promoters can be rela-
tively easy to identify (i.e., at the 5’ end 
of transcriptional units), locating and 
characterizing enhancers is far more com-
plicated. Transgenic experiments carried 
out over the last few decades have taught 
us important lessons about transcriptional 
enhancers and genomic organization. 
Attempts to express transgenes in animals, 
under the control of endogenous pro-
moter sequences, often resulted in weak 
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expression, altered tissue specificity, and 
frequent transcriptional silencing after 
stable integration of the transgene into the 
genome. Efficient transgene expression 
(maintaining developmental transcription 
dynamics and expression levels) required 
the use of large genomic DNA sequences. 
Besides promoter elements, these large 
DNA fragments contained introns and 
sequences surrounding the genes. It was 
deduced that natural sequences surround-
ing the genes contain tissue-specific tran-
scriptional enhancers. These findings 
suggest that promoters work in combina-
tion with additional regulatory sequences 
that may be remote from transcription 
start sites (TSS). Therefore the de novo 
identification of transcriptional enhancers 
is difficult since they show a great variety 
in sequence and localization with respect 
to their target genes.

The recent advances in high through-
put sequencing technologies, such as ChIP 
Sequencing (ChIP-Seq), have allowed 
chromatin structure and transcription fac-
tor occupancy to be analyzed on a genome-
wide scale.  Enhancers have recently been 
defined as discrete genomic sites harbor-
ing a local combination of open chroma-
tin structure (hypersensitivity to DNAse 
I), specific covalent histone modifications 
like mono- and di-methylation of histone 
3 lysine 4 (H3K4me1, H3K4me2), acety-
lation of H3K27, low levels of H3K4me3, 
and RNA polymerase II (RNAP II) and 
transcription factor (TF) occupancy.1-3 

Based on this epigenetic definition, thou-
sands of potential enhancers were local-
ized genome-wide, some of which have 
been functionally validated in vivo.4 
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current dominant model for long-range 
transcriptional regulation proposes that 
distal enhancers are brought into physical 
proximity to their target genes in the three-
dimensional nuclear space by chromatin 
looping mechanisms. The analysis of such 
spatial organization has been made possible 
thanks to the development of Chromosome 
Conformation Capture (3C) technology18 
and its high throughput derivatives (4C, 
5C, 3C-Seq, HiC).19 3C allows measur-
ing the interaction frequency between two 
distal DNA elements and thereby provides 
information about local genomic topology 
and chromatin looping. 3C was originally 
used to study chromosome conforma-
tion in yeast18 and the regulation of the 
ß-globin gene cluster by distal regulatory 
elements during erythroid development.20 
We recently developed 3C-Seq technology 
which couples chromosome conformation 
capture to high throughput sequencing.6,9 
3C-Seq measures interaction frequencies 
between a viewpoint (a DNA fragment of 
choice, e.g., gene promoter) and (distal) 
regulatory elements on a genome-wide 
scale. We recently used 3C-Seq for the un-
biased analysis of the spatial organization 
of the Myb proto-oncogene locus in ery-
throid cells.9 Myb is a critical hematopoi-
etic regulator required for the proliferation 
and expansion of all blood progenitors, 
and is dramatically down regulated during 
terminal differentiation. Failure to silence 
Myb expression is linked to impaired dif-
ferentiation and may play a key role in 
leukemogenesis.21 We showed that Myb 
transcription is regulated by an array of 
distal intergenic enhancers localizing up to 
109 kb upstream of the gene, which are oc-
cupied by the essential hematopoietic TFs 
GATA1, TAL1, and LDB1. 3C-Seq profil-
ing revealed that the enhancers loop to the 
Myb gene when it is transcriptionally ac-
tive, forming an active chromatin hub re-
sembling the one detected on the ß-globin 
locus. Importantly, the spatial organization 
of the locus is highly dynamic. During ter-
minal differentiation the active chromatin 
hub is destabilized and the enhancers no 
longer loop to the Myb gene, a feature cor-
relating with a loss of TF occupancy at the 
distal sites, and a loss of transcriptional ac-
tivity of the locus (Fig. 1).9 This and earlier 
studies suggest that dynamic chromatin 
looping and changes in spatial organiza-

spatio-temporal regulation of gene expres-
sion during development.
In agreement with this observation, exam-
ination of genome-wide association studies 
revealed that mutations in non protein-
coding genomic regions contribute to 
disease traits in up to 40% of the cases.11 
For example, single nucleotide polymor-
phisms (SNPs) affecting the severity of 
the erythroid disorders beta-thalassemia 
and sickle cell anemia were found within 
the HBS1L-MYB and BCL11A loci.12 
The causative SNPs fall into intergenic 
and intronic regions, respectively, up to 
80 kb away from the gene promoters. An 
intronic SNP within the HERC2 gene 
has recently been linked to the regulation 
of the downstream OCA2 gene which is 
involved in human pigmentation.13 One 
of the most extreme examples is the loca-
tion of an enhancer 1 Mb upstream from 
the Sonic Hedgehog (SHH) gene, within 
an intron of the unrelated LMBR1 gene.14 
SNPs were found in this region in humans 
and shown to affect spatio-temporal SHH 
expression resulting in the congenital 
abnormality preaxial polydactyly, one of 
the most frequently observed hand mal-
formations.15 These intriguing findings 
reveal the incredible functional com-
plexity of the non-coding genome, with 
intergenic, intronic and even gene des-
ert areas16-17 having the potential to play 
critical roles in gene regulatory networks 
both in development and disease. This 
raises the question of how mammalian 
genome organization relates to transcrip-
tional regulation, and how this organiza-
tion dynamically changes during cellular 
differentiation to allow distal enhancers to 
regulate transcription over large distances 
in vivo.

Long-range Transcription  
Regulation by Chromatin Looping

New insights derived from ChIP-Seq 
analyses have provided a very detailed view 
of the regulatory potential of the genome 
although it is restrained to a linear per-
spective. Functional genomics studies are 
now facing the challenge of linking distal 
enhancers to their cognate genes, function-
ally dissecting enhancer-gene relationships, 
and understanding the impact of non-
coding sequence variations in disease. The 

However, this definition of enhancers 
may not be sufficient to predict enhancer 
function in a spatio-temporal fashion dur-
ing development. Furthermore, with the 
recent identification of 67 novel types 
of histone modifications,5 the typical 
enhancer signature is likely to evolve and 
reveal a high degree of complexity and 
diversity. Presently, the best way to iden-
tify these critical regulatory elements is by 
combining histone modification profiling 
with the binding of general and tissue-
specific TFs.

The Genome is Big: Why Not Just 
Use All This Space?

ChIP-Seq-based studies have deter-
mined the genome-wide binding sites of 
TFs with unprecedented ease and speed. 
Unexpectedly, a highly complex picture 
of transcriptional regulatory networks 
(TRNs) has been revealed. Textbook 
examples of TF binding at promoters or 
near genes are in fact exceptional cases, 
with several studies showing that criti-
cal tissue-specific TFs bind at large dis-
tances from genes TSS either in intergenic 
regions or within introns. For example, 
the binding profiles of the essential hema-
topoietic factors GATA1, TAL1, LDB1 
and RUNX1 show distal occupancy 
(intronic/intergenic) in up to 90% of 
the cases.6-7 Binding sites are often local-
ized several dozen to hundreds of kb from 
the nearest TSS, indicative of long-range 
transcriptional regulation. In addition, 
it appears that developmentally regu-
lated genes may harbor multiple binding 
sites for the same TF complexes, raising 
the possibility that TF-bound regulatory 
elements may act in a cooperative and/
or specialized fashion during develop-
ment,6-9 underscoring the complexity of 
TRNs. Similar findings were reported for 
non-hematopoietic tissues,10 indicating 
that transcriptional regulatory elements 
are generally spread within the non-
coding fraction of mammalian genomes. 
Importantly, enhancer location is clearly 
not restricted to the immediate vicinity of 
their cognate target genes as they may be 
found upstream, downstream or within 
genes. Long-range transcriptional regula-
tion by distal enhancers hence emerges as 
an important mechanism driving proper 
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that the dynamic and timely establishment 
of higher order chromatin structures is 
involved in establishing and maintaining 
transcriptional regulatory networks.

Regulation of Transcriptional 
Elongation by Distal Enhancers

Despite detailed information from a num-
ber of model loci,9,20,23,25 higher order 
chromatin structure and local genomic 
reorganization upon signaling remain, 
for the majority of genes poorly under-
stood or even completely uncharacterized. 
Importantly, the functional relationship 
between distal enhancer-gene interactions 

gene expression was also observed at the 
Kit oncogene locus. Kit expression in 
hematopoietic progenitors is controlled 
by a distal enhancer -114 kb upstream of 
the gene, which is occupied by GATA2 TF 
complexes and loops to the Kit gene when 
transcriptionally active. At the onset of 
terminal differentiation, the GATA2 com-
plexes are replaced by GATA1-nucleated 
complexes, correlating with a spatial reor-
ganization of the locus, a modification of 
enhancer-gene interactions, and a loss of 
Kit expression.22 These findings emphasize 
that complex interplay between regulatory 
factors binding to distal enhancers takes 
place during development, and suggest 

tion represent important features within 
gene regulatory networks.9,16,20,22-24

Chromatin Loop Formation  
and Maintenance

The mechanisms by which chromatin 
loops are specifically established or main-
tained remain unclear. Furthermore, 
whether chromatin looping is a cause or 
a consequence of gene activity remains 
unknown. However, it is clear that chro-
matin loops depend on the local binding 
of structural and transcriptional regulatory 
factors. Structural proteins such as CTCF 
and Cohesin have been shown to partici-
pate in three-dimensional genomic inter-
actions.25-27 For instance, both CTCF 
and Cohesin were shown to be crucial for 
imprinting at the H19/IGF2 locus,28 a 
locus subjected to long-range regulation by 
differential looping. It is worth noting that 
CTCF is also well known for its enhancer-
blocking function and, as such, can limit 
the range of activity of nearby enhanc-
ers.25,29 Within the immunoglobulin к light 
chain locus (Igк), conditional inactivation 
of the Ctcf gene in pre-B cells results in 
increased usage of the proximal Vк-3 gene 
family, which is rarely used in normal B 
cells. Increased Vк-3 genes usage correlates 
with increased interaction between the Igк 
locus enhancers and the Vк-3 genes in the 
absence of CTCF, suggesting that CTCF 
drives the specificity of enhancer-genes 
contacts at the Igк locus.26 The absence of 
CTCF has been linked to disruption of loop 
formation at several other developmentally 
regulated loci. For instance, targeted dis-
ruption of a CTCF binding motif in the 
ß-globin locus 3’HS1 element, abolishing 
CTCF binding, disrupts local loop forma-
tion.27 The Cohesin complex has also been 
linked to higher order chromatin struc-
ture formation and/or maintenance and it 
was shown that depletion of the Cohesin 
complex subunit Smc1 resulted in reduced 
enhancer-promoter loop formation at the 
Nanog locus in ES cells.30 In addition, TFs 
were also shown to play a role in long-
range gene regulation, e.g., the hemato-
poietic TFs LDB1, GATA1, FOG1, KLF1 
and BCL11A are required to maintain 
chromatin looping within the ß-globin, 
Myb and other loci.9,22,31-34 Differential 
enhancer-gene looping correlating with 

Figure 1. Transcription factor occupancy and three-dimensional structure of the Myb locus. (A) 
ChIP-Seq profiles of CTCF (red), LDB1 (blue) and KLF1 (gray) at the Myb-Hbs1l intergenic region. 
A schematic of the area including all TF-binding sites and their distance relative to Myb TSS is 
shown. (B) Spatial organization of the Myb locus in erythroid cells. On top, a linear schematic of 
the locus is shown (as in A), with the looping events towards the promoter summarized by the 
gray arrow. Below, the actual model of the three-dimensional conformation of the locus in vivo is 
shown, for both erythroid progenitors (expressing Myb) and differentiated erythroid cells (silenc-
ing Myb expression).
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such as HiC allowing the capture of the 
genomic “loop-ome” or ChIA-PET, which 
allows the detection of genome-wide loop 
formation nucleated by specific transcrip-
tion factors (for review see ref. 18). De-
fining the nuclear architecture, its depen-
dence on regulatory factors and its impact 
on gene expression remains an important 
challenge in the field of functional genom-
ics. However, it is likely to highlight key 
features that will grant us with a superior 
understanding of the regulatory role of the 
non-coding genome. One of the major 
challenges in this field may be to decipher 
the mechanism by which long-range inter-
actions can switch a stalled to an elongat-
ing form of polymerase.

Concluding Remarks

The current genome-wide characteriza-
tions of enhancers provide a picture of in-
creasing complexity and diversity in both 
enhancer structure and function.25,38 We 
expect that different classes of enhancers 
will fulfill specific functions, such as fa-
cilitating transcriptional pause release or 
enhancing transcription elongation. The 
presence of multiple enhancers at single 
gene loci suggests that subsets of function-
ally specialized enhancers may provide a 
means to precisely drive transcription dur-
ing specific developmental windows within 
specific lineages. Analyzing transcriptional 
regulation in both time and space empha-
sized the highly dynamic nature of the ge-
nome, which has recently been compared 
to a “regulatory jungle”,17 bearing “regula-
tory archipelagos”.16 The rules governing 
the genomic regulatory landscape in its 
incredible complexity are only now just 
being discovered. Understanding the inter-
play between distal enhancers, their target 
genes, and their individual roles within 
complex genetic loci will remain a major 
task both in basic and disease-driven re-
search.
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transcription primarily through a stimula-
tory effect on transcription elongation.35 
Similar to the Myb upstream regulatory 
elements, the LCR was highly enriched for 
positive elongation factors, while proximal 
promoter sequences showed less binding of 
these factors.36 Together, these data suggest 
that the function of at least a subclass of 
distal enhancers may be to provide direct 
local stimulation of transcription elonga-
tion (Fig. 2). In support of this view, a 
recent genome-wide histone modification 
profiling study, performed in differentiat-
ing erythroid cells, suggested that the regu-
lation of transcription elongation plays a 
key role in gene induction and repression 
processes during cellular differentiation.37 
Future investigations will reveal whether 
direct transcription elongation stimulation 
by enhancers is a general mechanism.

Important Technical Challenges 
and Remaining Questions

Since 3C-based technologies only provide 
topological information, their functional 
relevance should be interpreted with cau-
tion and needs to be supported by addi-
tional experiments. These experiments 
typically aim at correlating gene expression 
and TF occupancy with chromatin loop-
ing dynamics but assessing the functional-
ity of a looping event remains a difficult 
task. One way to address this question is 
to generate mutant alleles and conditional 
enhancer deletions to address their roles 
in vivo, and to selectively disrupt specific 
loop formation.8,27 In the case of genes 
controlled by multiple regulatory elements 
(e.g., Myb), this will show whether tran-
scriptional activity directly depends on all 
the active regulatory elements or whether 
there are specific elements and/or subsets 
driving stage-specific high level expression. 
Despite the availability of high throughput 
recombineering technologies, such ap-
proaches remain laborious and time con-
suming. 
It remains a challenge to obtain a broader 
picture of genomic architecture with suf-
ficient resolution to visualize individual 
enhancer-gene contacts, and explore the 
correlation with gene transcription. Sev-
eral new technological developments have 
provided new possibilities with approaches 

and transcriptional activity is still a matter 
of debate. The prevalent model is that dis-
tal enhancers loop to target gene promot-
ers where they stimulate transcription by 
providing an increased local concentration 
of positive acting factors.25,30 However, 
this model does not apply to all cases. 
Sometimes distal enhancers show a prefer-
ential interaction with the transcribed part 
of their target genes (e.g., at intronic sites) 
rather than at promoter regions.9,22 These 
observations raise questions regarding the 
functionality of such enhancer-gene con-
tacts. We recently showed that the -81 kb 
Myb enhancer preferentially associates with 
the first intron of the gene. This region is 
strongly occupied by CTCF and was pre-
viously shown to harbor an ‘attenuator’ 
site regulating transcription elongation.21 
Accordingly, we demonstrated that this 
region represents the site where RNAP II 
switches from the initiating to the elon-
gating form, as characterized by phos-
phorylation of serine (Ser) residues 5 and 
2. The appearance of transcription elon-
gation-associated chromatin marks (e.g., 
H3K36me3) also occurs just downstream 
of the intronic CTCF site.9 However, 
both this site and the Myb promoter har-
bor only minor quantities of the positive 
elongation factor CDK9, a kinase involved 
in the phosphorylation of RNAP II Ser 2, 
which regulates transcription elongation. 
Instead, strong enrichments of CDK9 and 
an additional positive elongation factor, 
Tif1γ, were found at the upstream regula-
tory sites, including the -81 kb enhancer. 
We proposed a model where RNAP II 
stalls at Myb intron 1, close to the CTCF 
site, and requires stimulatory activity from 
the distal enhancers to bypass the attenua-
tor element. Interestingly, when erythroid 
cells were treated with the CDK9 kinase 
inhibitor DRB, and transcription elonga-
tion was inhibited, distal enhancers still 
looped to Myb intron 1. This suggests that 
the loops became non-functional due to 
their inability to provide kinase activity. 
Intriguingly, our unpublished observations 
suggest that this mechanism also oper-
ates on other developmentally regulated 
genes in erythroid cells (van den Heuvel, 
Kolovos et al. unpublished). Furthermore, 
previous experiments have shown that the 
ß-globin LCR controls high level globin 
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