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Abstract

Enhancers are pivotal for regulating gene transcription that occurs at promoters. Identification of the interacting enhancer–promoter
pairs and understanding the mechanisms behind how they interact and how enhancers modulate transcription can provide funda-
mental insight into gene regulatory networks. Recently, advances in high-throughput methods in three major areas—chromosome
conformation capture assay, such as Hi-C to study basic chromatin architecture, ectopic reporter experiments such as self-transcribing
active regulatory region sequencing (STARR-seq) to quantify promoter and enhancer activity, and endogenous perturbations such as
clustered regularly interspaced short palindromic repeat interference (CRISPRi) to identify enhancer–promoter compatibility—have
further our knowledge about transcription. In this review, we will discuss the major method developments and key findings from these
assays.

Introduction
A promoter is a DNA segment where stable transcription usually
initiates. This process is highly regulated by cis-regulatory ele-
ments, including enhancers that activate transcription. Multiple
theories about how promoters and enhancers interact were intro-
duced (1–4). These theories are based on a common assumption
that when enhancers are present in the close vicinity of different
promoters, they specifically interact and elevate the expression
of their target promoters. This process is also called enhancer–
promoter interaction (EPI). It is of overriding importance to exper-
imentally pinpoint which pairs of promoters and enhancers inter-
act to increase our understanding of the rules governing this
compatibility.

Discoveries from multiple perspectives are contributing to a
thorough dissection of the compatibility rules. One of these major
contributors is the finding of specific compositions of histone
marks that are associated with enhancers (5), as they provide
clues for genome-wide identification of enhancers (6,7) and thus
enable at-scale experimental testing of EPI. Recent studies have
also shown that calling distal divergent transcription signals (8,9)
captured by assays like Global Run-On (GRO)/Precision nuclear
Run-On (PRO)-cap help improve the specificity of enhancer iden-
tification (10,11).

The availability of comprehensive enhancer and promoter
maps motivates the development of assays that are capable of
high-throughput capture of EPIs. In this article, we review the
utilization of chromatin capture assays, ectopic reporter assays
and endogenous perturbation assays in identifying EPIs. We also
summarize the cutting-edge discoveries led by these assays.

Nascent RNA transcriptome identifies
enhancer accurately
To study the interactions between promoters and enhancers, it
is pivotal to first identify the active promoters and enhancers
in the genome. While promoters are easier to locate, identifying
enhancers is a more challenging job since the transcribed RNAs
at enhancers are usually unstable, and these RNAs do not encode
protein. Previously, epigenomic signatures have been employed
to locate potential enhancer candidates, with histone marks
H3K27ac7 and H3K4me1 as two key factors (12). To achieve
higher accuracy, multiple histone marks have been combined
in ChromHMM (13) for a more systematic deduction of the
enhancers. Other factors such as regions of open chromatin
and CCCTC-binding factor (CTCF) binding were also incorporated
to better define enhancers (14). The major drawbacks of these
histone-based assays include the requirement of multiple
experiments to detect different histone marks accurately and
the relatively low specificity of identifying a functional enhancer
(8,10). Recently, the divergent transcription of enhancer RNAs
has been found to be one of the best single marks to identify
enhancers (8,10), even without relying on other chromatin marks.
The emerging technology to detect nascent RNA transcripts and
their respective transcription start sites in a genome-wide manner
enables the efficient identification of most active enhancers
(15–18). Among these technologies, with sufficient high-quality
materials, GRO/PRO-cap was found to be the best to detect
enhancers accurately (11). In fact, the nascent RNA transcription
could also be used to define the boundary of a functional
enhancer unit (Fig. 1) (10).
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Figure 1. The architecture of an enhancer unit. The divergent transcription marks the active enhancer and its core components and boundary. Core
promoter motifs are located between ∼32 bp upstream of the TSS (TFIID binding) and ∼60 bp downstream of TSS (pause sites for RNA polymerase).

Chromatin conformation capture assay
reveals dynamics of promoter–enhancer
interactions within topological associated
domains
Chromatin folding allows cis-regulatory elements that could be
up to million base pairs away from their target promoters to
be brought in contact with them. Chromosome conformation
capture (3C) (19) has been employed to study the dynamics of
chromosome architecture in yeast cells during meiosis. The strat-
egy relies on the ligation of proximal DNAs. The ligation frequency
of these DNA segments reflects their interaction probability. Later,
with the use of high-throughput sequencing and various DNA
amplification techniques, the field has moved from targeting a
single region in 3C to a many-to-one region in circular chromo-
some conformation capture (4C) (20) and many-to-many regions
in chromosome conformation capture carbon copy (5C) (21). Hi-
C represents one of the milestones for studying chromosomal
architecture in a genome-wide manner (22), enabling a more
comprehensive picture across interactions in the whole genome
and furthering our understanding of the topologically associat-
ing domains (TADs). CTCF and cohesin are critical players in
defining this fundamental chromatin architecture component
through loop extrusion (3). On the one hand, such boundaries
facilitate intradomain interactions. On the other hand, the bound-
ary also serves as an insulator that prevents regulatory ele-
ments from outside from interacting with the promoters within
the TADs (Fig. 2). Disrupting them causes ‘unlooping’ across the
chromatin and leads to genome-wide disruption of enhancer
and promoter pairs (23). CTCF-binding sites (CBS) that define
the boundaries of TADs, when in clusters, could also cooperate
redundantly to increase robustness such that the interactions
within the TAD remain unaffected even if individual CBS is dis-
rupted (24). Disruption of a single TAD could also lead to aberrant
gene expression during development and eventually exceptional
phenotypes.

The interaction between promoters and enhancers is a very
dynamic process. The interaction of enhancer and promoter is
not always a one-on-one situation. Within a TAD, enhancers
and promoters could freely interact with enhancer–promoter,
promoter–promoter and even enhancer–enhancer pairs (25). In
fact, many interacting promoters in the genome are inactive, and
some promoters could act as silencers to lower the transcription
level of their interacting partner (26). Several optimizations have
been made for higher resolution, including Micro-C (27) and in
situ Hi-C (28). In addition, to focus on chromatin interactions
around proteins of interest, the chromatin interaction assay is

Figure 2. Illustration of promoter–enhancer interactions within TAD.
Across the genome, architectural proteins such as CTCF define TADs to
facilitate interaction between elements inside them. CTCF interaction is
usually more stable, while interaction between enhancers and promoters
is more dynamic. The TAD also serves as an insulator such that enhancers
and promoters outside the TAD will have minimal chance to interact with
those within the TAD. When gene transcription occurs, unstable and low-
abundance transcription also occurs at the other side of the promoter,
and in both directions of the enhancer. These divergent transcripts mark
the active enhancers in the genome as shown in Figure 1.

integrated with chromatin immunoprecipitation (ChIP). These
methods include ChIA-PET (29), HiChIP (30) and PLAC-seq (31).
For example, a HiChIP assay targeting H3K27ac, a histone mark
for active enhancers, has revealed cell-type specific EPIs at 1-kbp
resolution (32). Rather than relying on protein binding, regions of
interest could also be specifically targeted by probing using a pool
of oligonucleotides, as used in the Capture-C (33). Efforts have
also been made to study promoter-centered interactions (34) and
enhancer-centered interactions (35). The oligonucleotides pool
must be designed based on existing knowledge of target promoter
or enhancer regions. Rather than selecting certain proteins of
interest or regions of interest, chromatin interactions among open
chromatin regions are of great interest since it is where interacting
enhancers and promoters occur. To focus more on interactions
in open chromatin, various methods have been developed to
integrate the chromatin capture assay with existing sequencing
methods that assess chromatin accessibility, such as Trac-looping
(36) and HiCAR (26), Ocean-C (37), HiCoP (38) and NicE-C (39).
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In certain circumstances, promoters can interact with multiple
enhancers at the same time (40). Modified from the previous
ligation-based approach, several methods have been developed
to obtain multi-way chromatin contacts, including C-walks (41),
Tri-C (40) and Multi-contact 4C (42). Some innovative non-ligation-
based methods are also introduced to resolve the multi-way
chromatin contacts. In genome architecture mapping (GAM) (43),
the random orientation of slices on nuclei is extracted such that
proximal DNA segments co-occur more often in different slices. In
the split–pool recognition of interactions by tag extension (SPRITE)
(44) and ChIA-drop (45), chromatin is crosslinked, followed by
fragmentation. In SPRITE, a repeated split-and-pool strategy
with the sequential addition of tags is employed such that
proximal DNA segments will be attached with a unique series
of ligated tags. In ChIA-drop, DNA segments are partitioned
using a microfluidic device, achieving the labeling of proximal
DNA segments with the same unique tags. To complement the
limitation of sequencing-based methods, a multi-color live-
cell imaging technique was used to study in vivo promoter-
enhancer interactions. This uncovered that gene transcription
activation at promoters requires sustained proximity between
the promoter and enhancers (46), and the level of transcription is
directly related to the contact frequency between enhancer and
promoter (47).

Ectopic reporter experiments reveal that
core promoter composition and intrinsic
activity of promoters affect EPI
A new era started when Banerji et al. integrated the SV40 DNA
sequence and β-globin gene into a plasmid and observed hun-
dred times boost in β-globin production driven by the SV40 DNA
sequence (48). DNA sequences that enhance transcription were
later termed enhancers. Testing the function of DNA sequences
outside their endogenous genomic contexts by reading the expres-
sion changes on a reporter is called ectopic reporter assay. Start-
ing from the 1990s, ectopic assays were used to identify DNA
sequences that determine the compatibility between enhancers
and promoters. In these experiments, researchers first noticed
that enhancers might only work with certain types of promoters
(49–51). This selectivity is partially explained by the preference
of enhancers toward promoters with different core promoter
elements. For example, an enhancer located upstream of the
human myoglobin gene interacts with the myoglobin promoter
but not the SV40 promoter because of the differences in their
TATA-boxes (52). Similarly, the preferences of enhancers toward
promoters with different core promoter elements (TATA-box and
downstream promoter element, DPE) were observed in Drosophila
(53,54). However, to what extent enhancers’ preferences over dif-
ferent core promoter elements affect EPI, especially in humans, is
still largely unexplored.

The maturity of high-throughput sequencing techniques
allows for the development of parallel testing of multiple
enhancers and their impact on transcription, like massively
parallel reporter assay (55–58) and self-transcribing active
regulatory region sequencing (STARR-seq) (59). In these assays,
different enhancers interact with a fixed minimal promoter,
and the changes in reporters’ expression levels are considered
enhancers’ activities. To test the intrinsic compatibility between
promoters and enhancers, instead of only swapping the enhancer
candidates, the minimal promoter also needs to be replaced by
other promoters of interest (Fig. 3A). The first attempt happened

in Drosophila melanogaster S2 cells and ovarian somatic cells
(60), where two parallel STARR-seq experiments were performed
with different promoters: one used the core promoter from
a housekeeping gene RpS12 (has TCT motif) and the other
used a modified developmental core promoter (has TATA-box,
initiator, motif 10 element and DPE). This study identified distinct
populations of enhancers that work with either the housekeeping
or the developmental promoter. It also showed that the binding
of transcription factors Dref (for the housekeeping promoter) and
Trl (for the developmental promoter) contributes to the selectivity
between enhancers and promoters.

More recent studies performed in mouse embryonic stem cells
(61) and human K562 cells (62) pushed the throughput to a higher
limit (up to 604 268 enhancer–promoter pairs), thus enabling a
more comprehensive view of the underlying determinants of
EPI. Based on their collected data, both studies suggested that
promoters’ intrinsic (or basal level) activity plays an important
role in determining enhancer–promoter compatibility; promot-
ers with high basal activity were less responsive to enhancers.
However, there are some contradictions in these two studies. For
instance, the K562-based study (62) showed that enhancers with
high intrinsic activity could boost the expression with a broader
spectrum of promoters. Similar to the Drosophila-based work (60),
this study noticed a dichotomy of compatibility between house-
keeping and non-housekeeping promoters and further pointed
out that promoters with strong intrinsic activity (less respon-
sive to enhancers) are usually from housekeeping genes, with
good binding signals from transcription factors of the ETS family,
YY1, among other transcription factors (TFs). In contrast, the
mouse Embryonic Stem Cell (mESC)-based study (61) suggests the
independence between a promoter’s class (housekeeping or not)
and EPI.

Several factors affect the credibility of ectopic results (see also
Cooper et al. this volume). First, comparative studies about in-
genome and episomal ectopic assays with fixed minimal pro-
moters have shown that genomic context can affect the absolute
measurements of enhancer activity (63–65). In the future, a revisit
of current conclusions will be of great importance with improved
versions of in-genome ectopic reporter assays (63,64) that are
capable of swapping both enhancers and promoters (Fig. 3A). Sec-
ond, the architecture of enhancers is still not completely under-
stood (10), and the incomplete cloning or synthesis of candidate
enhancers may confound the interpretation of the compatibility
rule. Last, the distance between enhancers and promoters on the
ectopic cassette is usually much closer than the actual linear
distances in their original context; thus, regulation through con-
formation constraint may be skipped in these settings. One way
to address this is to combine ectopic reporter assays with down-
stream high throughput clustered regularly interspaced short
palindromic repeat (CRISPR) validation, such as recently done (66).

Genome-wide endogenous perturbation
studies indicate the general rule of EPI
Endogenous perturbations of candidate enhancer regions
followed by detecting the changes in gene expression is an
essential strategy for identifying enhancers and their target
genes. These perturbations can be introduced by knocking
out candidate enhancers. For example, using transcription
activator-like effector nuclease (TALEN), researchers identified an
enhancer that interacts with BCL11A in human erythrocytes (67).
CRISPR/Cas9, because of its flexibility, is becoming a more popular
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Figure 3. Illustration of ectopic reporter assays and endogenous perturbation methods for identifying EPIs. (A) Ectopic assays rely on constructing
reporter cassettes with promoters and candidate enhancers of interest. Barcodes (BCs) are usually added to the cassettes to make contributions
from different elements distinguishable. When integrating the reporter cassettes into plasmids, the following testing is considered episomal, while
if the cassettes are integrated into chromosomes, the testing is considered in-genome. (B) The overview of three types of endogenous perturbation
methods (CRISPR-based). For interference-based methods, the red octagon represents the fused repressor. For activation-based methods, the green
rocket represents the fused activator.

choice for endogenous perturbations (Fig. 3B). Multiple enhancer
targets have been successfully identified with this method
(68–75), including enhancers of globin genes (69,75), CDKN1A (70)
and Myc (76).

The methods mentioned above have bottlenecks in testing scal-
ability from two aspects: first, they are usually coupled with RT-
qPCR (68,77), Fluorescence-Activated Cell Sorting (FACS) (71,75)
or phenotypic selection (70,72,74,78), which limits the number of
target genes that can be queried. Second, the precise knockout of
enhancer regions with CRISPR/Cas9 usually requires the concur-
rent introduction of two guide RNAs (gRNAs), making it relatively
inconvenient when perturbing many enhancers (78,79). One way
to improve the perturbation throughput is to use catalytically
inactive Cas9 protein (dCas9). When fused to repressive chro-
matin modifiers, like KRAB, it induces heterochromatin around
the target sites (80,81), and this is termed CRISPR interference
(CRISPRi); dCas9 can also be fused to transcription activators,
such as a hybrid VP64-p65-Rta tripartite activator (82), and the
system is called CRISPR activation (CRISPRa). CRISPRi (77,78,83)
and CRISPRa (84) work with a single gRNA, which makes the
large-scale perturbation of enhancer candidates an easier task
(Fig. 3B). The maturation of single-cell CRISPR screening (85–88)
further enabled the simultaneous identification of enhancers
and their targets at a larger scale (89–92). Besides, many efforts
have been made to increase the statistical power for detecting
gene expression changes. For instance, leveraging the synergy
between multiplex CRISPRi and single-cell sequencing, Gasperini
et al. identified 664 cis enhancer–gene pairs in human K562 cells
(90); Schraivogel et al. used semi-nested target amplification and
successfully tested the regulatory relationships between 1778
enhancers and 149 genes (92).

Based on the identified EPIs from large-scale endogenous
perturbations, we can draw three preliminary conclusions: first,
about 73–95% of surveyed enhancers only regulate one gene
(83,90–92). Second, although the linear distance was widely
used in assigning enhancers to their target genes, 16–48% of
the enhancers do not regulate their closest expressed genes
(90–92). Third, substantially elevated contact frequency was
observed when overlaying validated EPIs with conformation
capture experiments (90,92).

EPIs identified by endogenous perturbations are considered
highly credible and have been widely used as the ground truth
in building in silico tools for predicting EPI (83,93,94). However,

complete avoidance of false positive and negative EPIs is still
challenging. For example, shadow enhancers (95,96), which are
redundant enhancers that regulate the same gene, play an impor-
tant role in the course of development. When perturbing one
of the shadow enhancers, the disruption may be compensated
by other enhancers and thus lead to false negatives. Technical
issues, such as targeting efficiency (97) and specificity (98–100),
can also affect the reliability of identified EPIs. For interference-
and activation-based methods, the perturbation affects relatively
broader regions (usually within 200–900 bp), and ambiguity can
come from other enhancer candidates in the vicinity of the per-
turbed target (77,83,101). It may be helpful to reduce false pos-
itives by overlaying CRISPRi- and CRISPRa-identified enhancers
with epigenomic evidence such as histone marks (14) and diver-
gent transcription (11).

Future perspectives
Chromatin conformation capture techniques blossomed our gen-
eral understanding of how enhancers and promoters interact and
enabled the invention of numerous in silico EPI prediction tools
(102). The recent development of ectopic reporter assays and
endogenous perturbation assays further makes large-scale identi-
fication of enhancer–promoter pairs with high accuracy possible.
Preliminary conclusions from these studies suggest that impor-
tant roles the intrinsic activity of promoters and enhancers may
play in the determination of EPIs; however, the bridge between
the sequence composition of enhancers and promoters and their
activity is still missing. With the continuous integration between
biological science and data science, the rapid accumulation of
these functional characterization data promises a more in-depth
understanding of the sequence determinants of EPIs in the near
future.

Variants residing in enhancers can affect the functionality
of enhancers and thus influence the expression of target
genes. Quantitative trait loci (QTL) analysis identifies variants
that are associated with gene expression changes, and when
overlaying these variants with enhancer candidates, it serves
as a high-throughput approach to identify EPIs. Considering the
increasing availability of high-quality enhancer maps, QTL-based
approaches will certainly deepen our understanding about EPIs.
A comprehensive review on quantitative trait locus approaches

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/31/R
1/R

97/6677345 by Physical Sciences Library user on 27 April 2023



Human Molecular Genetics, 2022, Vol. 31, No. R1 | R101

for identifying non-coding variants can be found in Bykova et al.
this volume.

Conflict of Interest statement. The authors declare no conflict of
interest. The funder had no role in the writing of this review or
the decision to submit it for publication.

Funding
National Institutes of Health (nos. UM1HG009393, R01AG077899,
R01DK115398, R01DK127778, and R01HD082568 to H.Y.).

References
1. Blackwood, E.M. and Kadonaga, J.T. (1998) Going the distance: a

current view of enhancer action. Science, 281, 60–63.
2. Carter, D., Chakalova, L., Osborne, C.S., Dai, Y.-F. and Fraser, P.

(2002) Long-range chromatin regulatory interactions in vivo.
Nat. Genet., 32, 623–626.

3. Fudenberg, G., Imakaev, M., Lu, C., Goloborodko, A., Abdennur,
N. and Mirny, L.A. (2016) Formation of chromosomal domains
by loop extrusion. Cell Rep., 15, 2038–2049.

4. Monfils, K. and Barakat, T.S. (2021) Models behind the mystery
of establishing enhancer-promoter interactions. Eur. J. Cell Biol.,
100, 151170.

5. Andersson, R. and Sandelin, A. (2020) Determinants of
enhancer and promoter activities of regulatory elements. Nat.
Rev. Genet., 21, 71–87.

6. ENCODE Project Consortium (2012) An integrated encyclopedia
of DNA elements in the human genome. Nature, 489, 57–74.

7. Roadmap Epigenomics Consortium, Kundaje, A., Meuleman,
W., Ernst, J., Bilenky, M., Yen, A., Heravi-Moussavi, A., Kher-
adpour, P., Zhang, Z., Wang, J. et al. (2015) Integrative
analysis of 111 reference human epigenomes. Nature, 518,
317–330.

8. Andersson, R., Gebhard, C., Miguel-Escalada, I., Hoof, I., Born-
holdt, J., Boyd, M., Chen, Y., Zhao, X., Schmidl, C., Suzuki, T. et
al. (2014) An atlas of active enhancers across human cell types
and tissues. Nature, 507, 455–461.

9. Core, L.J., Martins, A.L., Danko, C.G., Waters, C.T., Siepel, A. and
Lis, J.T. (2014) Analysis of nascent RNA identifies a unified
architecture of initiation regions at mammalian promoters and
enhancers. Nat. Genet., 46, 1311–1320.

10. Tippens, N.D., Liang, J., Leung, A.K.-Y., Wierbowski, S.D., Ozer,
A., Booth, J.G., Lis, J.T. and Yu, H. (2020) Transcription imparts
architecture, function and logic to enhancer units. Nat. Genet.,
52, 1067–1075.

11. Yao, L., Liang, J., Ozer, A., Leung, A.K.-Y., Lis, J.T. and Yu, H.
(2022) A comparison of experimental assays and analytical
methods for genome-wide identification of active enhancers.
Nat. Biotechnol., 40, 1056–1065.

12. Heintzman, N.D., Stuart, R.K., Hon, G., Fu, Y., Ching, C.W.,
Hawkins, R.D., Barrera, L.O., Van Calcar, S., Qu, C., Ching, K.A. et
al. (2007) Distinct and predictive chromatin signatures of tran-
scriptional promoters and enhancers in the human genome.
Nat. Genet., 39, 311–318.

13. Ernst, J. and Kellis, M. (2012) ChromHMM: automating
chromatin-state discovery and characterization. Nat. Methods,
9, 215–216.

14. ENCODE Project Consortium, Moore, J.E., Purcaro, M.J., Pratt,
H.E., Epstein, C.B., Shoresh, N., Adrian, J., Kawli, T., Davis,
C.A., Dobin, A. et al. (2020) Expanded encyclopaedias of DNA

elements in the human and mouse genomes. Nature, 583,
699–710.

15. Kruesi, W.S., Core, L.J., Waters, C.T., Lis, J.T. and Meyer, B.J.
(2013) Condensin controls recruitment of RNA polymerase II to
achieve nematode X-chromosome dosage compensation. elife,
2, e00808.

16. Henriques, T., Scruggs, B.S., Inouye, M.O., Muse, G.W., Williams,
L.H., Burkholder, A.B., Lavender, C.A., Fargo, D.C. and Adelman,
K. (2018) Widespread transcriptional pausing and elongation
control at enhancers. Genes Dev., 32, 26–41.

17. Hirabayashi, S., Bhagat, S., Matsuki, Y., Takegami, Y., Uehata,
T., Kanemaru, A., Itoh, M., Shirakawa, K., Takaori-Kondo, A.,
Takeuchi, O. et al. (2019) NET-CAGE characterizes the dynamics
and topology of human transcribed cis-regulatory elements.
Nat. Genet., 51, 1369–1379.

18. Duttke, S.H., Chang, M.W., Heinz, S. and Benner, C. (2019) Iden-
tification and dynamic quantification of regulatory elements
using total RNA. Genome Res., 29, 1836–1846.

19. Dekker, J., Rippe, K., Dekker, M. and Kleckner, N. (2002) Captur-
ing chromosome conformation. Science, 295, 1306–1311.

20. Zhao, Z., Tavoosidana, G., Sjölinder, M., Göndör, A., Mariano,
P., Wang, S., Kanduri, C., Lezcano, M., Sandhu, K.S., Singh,
U. et al. (2006) Circular chromosome conformation capture
(4C) uncovers extensive networks of epigenetically regulated
intra- and interchromosomal interactions. Nat. Genet., 38,
1341–1347.

21. Dostie, J., Richmond, T.A., Arnaout, R.A., Selzer, R.R., Lee, W.L.,
Honan, T.A., Rubio, E.D., Krumm, A., Lamb, J., Nusbaum, C.,
Green, R.D. and Dekker, J. (2006) Chromosome conformation
capture carbon copy (5C): a massively parallel solution for
mapping interactions between genomic elements. Genome Res.,
16, 1299–1309.

22. Belton, J.-M., McCord, R.P., Gibcus, J.H., Naumova, N., Zhan,
Y. and Dekker, J. (2012) Hi–C: a comprehensive technique to
capture the conformation of genomes. Methods, 58, 268–276.

23. Kubo, N., Ishii, H., Xiong, X., Bianco, S., Meitinger, F., Hu, R.,
Hocker, J.D., Conte, M., Gorkin, D., Yu, M. et al. (2021) Promoter-
proximal CTCF binding promotes distal enhancer-dependent
gene activation. Nat. Struct. Mol. Biol., 28, 152–161.

24. Anania, C., Acemel, R.D., Jedamzick, J., Bolondi, A., Cova, G.,
Brieske, N., Kühn, R., Wittler, L., Real, F.M. and Lupiáñez, D.G.
(2022) In vivo dissection of a clustered-CTCF domain boundary
reveals developmental principles of regulatory insulation. Nat.
Genet., 54, 1026–1036.

25. Li, G., Ruan, X., Auerbach, R.K., Sandhu, K.S., Zheng, M., Wang,
P., Poh, H.M., Goh, Y., Lim, J., Zhang, J. et al. (2012) Extensive
promoter-centered chromatin interactions provide a topolog-
ical basis for transcription regulation. Cell, 148, 84–98.

26. Wei, X., Xiang, Y., Peters, D.T., Marius, C., Sun, T., Shan, R.,
Ou, J., Lin, X., Yue, F., Li, W., Southerland, K.W. and Diao, Y.
(2022) HiCAR is a robust and sensitive method to analyze open-
chromatin-associated genome organization. Mol. Cell, 82, 1225–
1238.e6.

27. Hsieh, T.-H.S., Weiner, A., Lajoie, B., Dekker, J., Friedman, N. and
Rando, O.J. (2015) Mapping nucleosome resolution chromosome
folding in yeast by micro-C. Cell, 162, 108–119.

28. Rao, S.S.P., Huntley, M.H., Durand, N.C., Stamenova, E.K.,
Bochkov, I.D., Robinson, J.T., Sanborn, A.L., Machol, I., Omer,
A.D., Lander, E.S. and Aiden, E.L. (2014) A 3D map of the human
genome at kilobase resolution reveals principles of chromatin
looping. Cell, 159, 1665–1680.

29. Fullwood, M.J., Liu, M.H., Pan, Y.F., Liu, J., Xu, H., Mohamed,
Y.B., Orlov, Y.L., Velkov, S., Ho, A., Mei, P.H. et al. (2009) An

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/31/R
1/R

97/6677345 by Physical Sciences Library user on 27 April 2023



R102 | Human Molecular Genetics, 2022, Vol. 31, No. R1

oestrogen-receptor-alpha-bound human chromatin interac-
tome. Nature, 462, 58–64.

30. Mumbach, M.R., Rubin, A.J., Flynn, R.A., Dai, C., Khavari, P.A.,
Greenleaf, W.J. and Chang, H.Y. (2016) HiChIP: efficient and
sensitive analysis of protein-directed genome architecture. Nat.
Methods, 13, 919–922.

31. Fang, R., Yu, M., Li, G., Chee, S., Liu, T., Schmitt, A.D. and Ren,
B. (2016) Mapping of long-range chromatin interactions by
proximity ligation-assisted ChIP-seq. Cell Res., 26, 1345–1348.

32. Mumbach, M.R., Satpathy, A.T., Boyle, E.A., Dai, C., Gowen, B.G.,
Cho, S.W., Nguyen, M.L., Rubin, A.J., Granja, J.M., Kazane, K.R.
et al. (2017) Enhancer connectome in primary human cells
identifies target genes of disease-associated DNA elements.
Nat. Genet., 49, 1602–1612.

33. Hughes, J.R., Roberts, N., McGowan, S., Hay, D., Giannoulatou,
E., Lynch, M., De Gobbi, M., Taylor, S., Gibbons, R. and Higgs,
D.R. (2014) Analysis of hundreds of cis-regulatory landscapes
at high resolution in a single, high-throughput experiment. Nat.
Genet., 46, 205–212.

34. Mifsud, B., Tavares-Cadete, F., Young, A.N., Sugar, R., Schoen-
felder, S., Ferreira, L., Wingett, S.W., Andrews, S., Grey, W., Ewels,
P.A. et al. (2015) Mapping long-range promoter contacts in
human cells with high-resolution capture Hi-C. Nat. Genet., 47,
598–606.

35. Madsen, J.G.S., Madsen, M.S., Rauch, A., Traynor, S., Van
Hauwaert, E.L., Haakonsson, A.K., Javierre, B.M., Hyldahl,
M., Fraser, P. and Mandrup, S. (2020) Highly interconnected
enhancer communities control lineage-determining genes in
human mesenchymal stem cells. Nat. Genet., 52, 1227–1238.

36. Lai, B., Tang, Q., Jin, W., Hu, G., Wangsa, D., Cui, K., Stanton, B.Z.,
Ren, G., Ding, Y., Zhao, M. et al. (2018) Trac-looping measures
genome structure and chromatin accessibility. Nat. Methods, 15,
741–747.

37. Li, T., Jia, L., Cao, Y., Chen, Q. and Li, C. (2018) OCEAN-C: mapping
hubs of open chromatin interactions across the genome reveals
gene regulatory networks. Genome Biol., 19, 54.

38. Zhang, Y., Li, Z., Bian, S., Zhao, H., Feng, D., Chen, Y., Hou, Y.,
Liu, Q. and Hao, B. (2020) HiCoP, a simple and robust method
for detecting interactions of regulatory regions. Epigenetics Chro-
matin, 13, 27.

39. Luo, Z., Zhang, R., Hu, T., Zhu, Y., Wu, Y., Li, W., Zhang, Z.,
Yao, X., Liang, H. and Song, X. (2022) NicE-C efficiently reveals
open chromatin-associated chromosome interactions at high
resolution. Genome Res., 32, 534–544.

40. Oudelaar, A.M., Davies, J.O.J., Hanssen, L.L.P., Telenius, J.M.,
Schwessinger, R., Liu, Y., Brown, J.M., Downes, D.J., Chiariello,
A.M., Bianco, S. et al. (2018) Single-allele chromatin interac-
tions identify regulatory hubs in dynamic compartmentalized
domains. Nat. Genet., 50, 1744–1751.

41. Olivares-Chauvet, P., Mukamel, Z., Lifshitz, A., Schwartzman, O.,
Elkayam, N.O., Lubling, Y., Deikus, G., Sebra, R.P. and Tanay, A.
(2016) Capturing pairwise and multi-way chromosomal confor-
mations using chromosomal walks. Nature, 540, 296–300.

42. Vermeulen, C., Allahyar, A., Bouwman, B.A.M., Krijger, P.H.L.,
Verstegen, M.J.A.M., Geeven, G., Valdes-Quezada, C., Renkens,
I., Straver, R., Kloosterman, W.P., de Ridder, J. and de Laat, W.
(2020) Multi-contact 4C: long-molecule sequencing of complex
proximity ligation products to uncover local cooperative and
competitive chromatin topologies. Nat. Protoc., 15, 364–397.

43. Beagrie, R.A., Scialdone, A., Schueler, M., Kraemer, D.C.A.,
Chotalia, M., Xie, S.Q., Barbieri, M., de Santiago, I., Lavi-
tas, L.-M., Branco, M.R. et al. (2017) Complex multi-enhancer

contacts captured by genome architecture mapping. Nature,
543, 519–524.

44. Quinodoz, S.A., Ollikainen, N., Tabak, B., Palla, A., Schmidt, J.M.,
Detmar, E., Lai, M.M., Shishkin, A.A., Bhat, P., Takei, Y. et al.
(2018) Higher-order inter-chromosomal hubs shape 3D genome
organization in the nucleus. Cell, 174, 744–757.e24.

45. Zheng, M., Tian, S.Z., Capurso, D., Kim, M., Maurya, R., Lee,
B., Piecuch, E., Gong, L., Zhu, J.J., Li, Z. et al. (2019) Multiplex
chromatin interactions with single-molecule precision. Nature,
566, 558–562.

46. Chen, H., Levo, M., Barinov, L., Fujioka, M., Jaynes, J.B. and Gre-
gor, T. (2018) Dynamic interplay between enhancer-promoter
topology and gene activity. Nat. Genet., 50, 1296–1303.

47. Zuin, J., Roth, G., Zhan, Y., Cramard, J., Redolfi, J., Piskadlo, E.,
Mach, P., Kryzhanovska, M., Tihanyi, G., Kohler, H. et al. (2022)
Nonlinear control of transcription through enhancer-promoter
interactions. Nature, 604, 571–577.

48. Banerji, J., Rusconi, S. and Schaffner, W. (1981) Expression of a
beta-globin gene is enhanced by remote SV40 DNA sequences.
Cell, 27, 299–308.

49. Li, X. and Noll, M. (1994) Compatibility between enhancers
and promoters determines the transcriptional specificity of
gooseberry and gooseberry neuro in the Drosophila embryo.
EMBO J., 13, 400–406.

50. Sharpe, J., Nonchev, S., Gould, A., Whiting, J. and Krumlauf, R.
(1998) Selectivity, sharing and competitive interactions in the
regulation of Hoxb genes. EMBO J., 17, 1788–1798.

51. Merli, C., Bergstrom, D.E., Cygan, J.A. and Blackman, R.K. (1996)
Promoter specificity mediates the independent regulation of
neighboring genes. Genes Dev., 10, 1260–1270.

52. Wefald, F.C., Devlin, B.H. and Williams, R.S. (1990) Functional
heterogeneity of mammalian TATA-box sequences revealed by
interaction with a cell-specific enhancer. Nature, 344, 260–262.

53. Ohtsuki, S., Levine, M. and Cai, H.N. (1998) Different core pro-
moters possess distinct regulatory activities in the Drosophila
embryo. Genes Dev., 12, 547–556.

54. Butler, J.E. and Kadonaga, J.T. (2001) Enhancer-promoter speci-
ficity mediated by DPE or TATA core promoter motifs. Genes
Dev., 15, 2515–2519.

55. Melnikov, A., Murugan, A., Zhang, X., Tesileanu, T., Wang, L.,
Rogov, P., Feizi, S., Gnirke, A., Callan, C.G., Jr., Kinney, J.B. et
al. (2012) Systematic dissection and optimization of inducible
enhancers in human cells using a massively parallel reporter
assay. Nat. Biotechnol., 30, 271–277.

56. Patwardhan, R.P., Hiatt, J.B., Witten, D.M., Kim, M.J., Smith,
R.P., May, D., Lee, C., Andrie, J.M., Lee, S.-I., Cooper, G.M. et al.
(2012) Massively parallel functional dissection of mammalian
enhancers in vivo. Nat. Biotechnol., 30, 265–270.

57. Kheradpour, P., Ernst, J., Melnikov, A., Rogov, P., Wang, L., Zhang,
X., Alston, J., Mikkelsen, T.S. and Kellis, M. (2013) System-
atic dissection of regulatory motifs in 2000 predicted human
enhancers using a massively parallel reporter assay. Genome
Res., 23, 800–811.

58. White, M.A., Myers, C.A., Corbo, J.C. and Cohen, B.A. (2013)
Massively parallel in vivo enhancer assay reveals that highly
local features determine the cis-regulatory function of ChIP-
seq peaks. Proc. Natl. Acad. Sci. USA, 110, 11952–11957.

59. Arnold, C.D., Gerlach, D., Stelzer, C., Boryń, Ł.M., Rath, M. and
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