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Ever since microscopes enabled visualization of the organization of eukaryotic cells,
scientists have been fascinated by the function and structure of their largest organelle, the
cell nucleus [1,2]. The realization that this is the compartment where the cell stores its
genetic material further intensified research on nuclear organization. Studying the in vivo
folding of chromosomes long relied predominantly on microscopy. Fluorescence in situ
hybridization (FISH) in particular has been, and still is, instrumental for localizing the
positions of whole chromosomes, individual loci and actively transcribed genes in nuclei of
single cells. Sophisticated FISH strategies revealed that that the nucleus may be structurally
and functionally compartmentalized with active and inactive genes adopting different sub-
nuclear positions [3]. They also highlighted the probabilistic nature of genome folding, by
showing cell-to-cell differences in the positioning of chromosomes and genes [4]. Classical
FISH studies however are limited in throughput and resolution. Although resolution
continues to improve, FISH cannot provide the fine-structure of chromosomal sub-regions
where regulatory sequences communicate with target genes. The technique can be applied to
interrogate contacts between more distal chromosomal sites, but only between those selected
by the investigator.

The development of chromosome conformation capture (3C) technology [5], ten years ago
now, opened up completely new avenues to study genome topology. 3C technology is a
biochemical method that uses formaldehyde to fix the three-dimensional organization of
chromatin in living cells. DNA is then digested and re-ligated, with ligation taking place
under diluted conditions to favor fusions between crosslinked DNA fragments. As a result, a
library is generated of ligation products between DNA fragments that were originally
physically close together in the nuclear space. In 3C, a number of selected fusion products
are analyzed and compared in a quantitative manner by PCR, to provide a measure for their
relative interaction frequency in the cell population [5].

3C technology has enabled studying chromosome folding at unprecedented resolution. It
was applied to demonstrate that regulatory DNA sequences control transcription by looping
to and physically contacting target genes tens or hundreds of kilobases away [6] (see also
[7])- 3C studies also revealed that such regulatory contacts can dynamically change during
development and differentiation [8] and that they are mediated by transcription factors
bound to the genomic sites involved [9,10]. The concept of chromatin loops being involved
in the developmental regulation of mammalian gene expression is now well established
[11,12].
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The subsequent development of genomics variants of 3C technology (4C, 5C, Hi-C, ChlA-
PET) provides new tools to investigate the shape of the genome in a more systematic and
unbiased manner. 4C, 5C and Hi-C technology analyze respectively one-versus-all (4C),
many-versus-many (5C), and all-versus-all (Hi-C) contacts in the genome (Figure 1)
[13,14]. The method of choice depends on the research question asked, and the resolution
required to address it.

4C (one-versus-all) studies [15,16] (see also [17]) revealed that individual genes in cell
populations form many contacts with loci elsewhere in the genome, mostly in cis (on their
own chromosome), but also in trans (with other chromosomes). Selected active genes were
shown to preferentially cluster with other active genes; they can switch to inactive chromatin
environments in tissues where their transcription is silenced [15]. These 4C results show that
co-expressed genes cluster together. Furthermore, there are some indications that co-
regulated genes, i.e. genes regulated by the same factors, from across the genome, or even
from different chromosomes, preferentially come together in the nuclear space. This was
found in Drosophila for loci silenced by the polycomb group proteins [18,19] and for tissue-
specific genes in mouse erythroid cells [20]; the generality of nuclear clustering of co-
regulated genes still needs to be demonstrated though. 4C strategies recently also provided
insight into the enigmatic phenomenon of partner selection during chromosomal
rearrangements in diseases such as cancer. It was shown that the three-dimensional contact
profile of a given locus determines its unscheduled selection of chromosomal rearrangement
partners after double-strand break formation [21,22]. Whereas original 4C protocols only
enabled moderate resolution analysis of contacts between gene loci, higher resolution
versions of 4C technology are now available and used to uncover the regulatory sequences
that contact genes of interest [23,24].

5C (many-versus-many) technology [25] was the first 3C-based method to employ deep-
sequencing and the first method to simultaneously analyze DNA interactions between
multiple combinations of selected chromosomal sequences. This offers the advantage that a
given interaction profile can be interpreted in the context of interaction profiles of other,
surrounding, sequences. The resulting contact matrices have served as input for 3D
modeling of chromosomal regions [26,27]. A recent comprehensive 5C study led to the
discovery of topologically associating domains (TADs) [28]. TADs are analogous to the
domains that were simultaneously discovered by Hi-C (see below) [29]: they represent
chromosomal segments in the megabase size range within which sequences preferentially
interact with each other. Presumably, TADs encompass genes and their cognate regulatory
sequences and serve to ensure that they efficiently find each other. Finally, 5C, like 4C, can
be used to identify contacts between regulatory sequences and gene promoters. In a recent
systematic 5C analysis, the regulatory interactions of transcriptional start sites in 1% of the
human genome were uncovered [30].

Hi-C is a completely unbiased method that analyzes contacts between all fragments in the
genome [31]. Hi-C showed that spatial separation of active and inactive chromatin occurs
throughout the genome. Analysis of Hi-C contact profiles has suggested that at the scale of
several megabases chromatin is spatially organized into fractal globules, a densely packed
but unknotted folding state [31]. Hi-C studies have provided detailed genome-wide contact
maps of the yeast [32,33] and Drosophila genomes [34], showing that similarly typed
chromatin regions preferentially cluster in the nuclear space. Hi-C results led to the
forementioned discovery of TADs; both the mammalian [29] and Drosophila [34] genome
seem to adopt such topological domains.

A fundamentally different branch of 3C-based methods combines chromatin
immunoprecipitation (ChIP) with chromosome conformation capture technology. The aim
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of this combination of techniques is to direct analysis of DNA contacts exclusively to
chromosomal sites that are bound by a protein of interest. The original chromatin
immunoprecipitation-combined loop assays combined ChIP with the traditional 3C method
to analyze DNA interactions between selected chromosomal sites bound by the protein of
interest [35]. ChIA-PET (chromatin interaction analysis by paired-end tag sequencing) is
effectively the unbiased high-throughput Hi-C variant of the ChIP-loop assay and searches
for contacts between any pair of sites in the genome bound by a protein of interest [36].
ChIA-PET uncovered DNA interaction networks between sites bound by respectively the
estrogen receptor, CTCF and RNA polymerase Il [36-38]. In principle, ChIA-PET should be
able to discover the DNA interaction networks of all DNA-associated proteins.

Collectively this shows how important the original development of 3C technology and of its
subsequent genomics variants has been for our understanding of the structure and function
of the genome. The methods are rapidly becoming standard research tools in many
laboratories that study chromatin structure, gene expression and genome function. In a
future not far from now, we expect that the systematic application of 4C, 5C, Hi-C and
ChIA-PET technologies, combined with ultra-deep sequencing, will lead to a thorough
understanding of how every gene is physically and functionally wired to its regulatory
sequences, how this wiring changes between cell types and what the protein factors are that
set up this three-dimensional regulatory circuit. This understanding is not only relevant to
crack the code of how our genome functions, but also to interpret the relevance of disease-
associated genetic variants, of which many localize to sequences outside the genes [39].

Several general overviews critically have been published that evaluate the technical pitfalls,
necessary controls and data interpretation issues of the 3C technologies [40,41]. This
volume of Methods provides detailed and up-to-date lab protocols of the many 3C
methodologies, provided by expert groups that often first pioneered these technologies. It
includes general protocols for 3C technology [42], for 3C technology in plants [43], for 3C
and related technologies in bacteria [44], for 4C technology in mammalian cells [45] and in
Drosophila [46], protocols for the ChIP-loop assay [47], for 5C [48] and Hi-C in
mammalian cells [49] and in yeast [50] and for ChIA-PET [51]. In addition, strategies are
described for the modeling of 3C-based data [52] and a conceptual framework is presented
to understand chromosome folding [53]. The detailed protocols provide troubleshooting
paragraphs and discuss the technical and theoretical issues that need to be considered.
Collectively, we expect this Methods volume will be very useful to both expert labs, who
will find new shortcuts, tricks and considerations to further optimize their running protocols,
and non-expert labs, who will be enabled to set up and add these technologies to their
routine tool box for studying chromatin, gene expression and genome function in the living
cell.
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Overview of the 3C technologies
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