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Abstract

Three-dimensional organization of the chromatin has important roles in transcription, replication,
DNA repair, and pathologic events such as translocations. There are two fundamental ways to
study higher-order chromatin organization: microscopic and molecular approaches. In this review,
we briefly introduce the molecular approaches, focusing on chromosome conformation capture or
“3C” technology and its derivatives, which can be used to probe chromatin folding at resolutions
beyond that provided by microscopy techniques. We further discuss the different types of data
generated by the 3C-based methods and how they can be used to answer distinct biological
questions.
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Introduction

Chromatin organization is fundamental for biological processes that include transcriptional
regulation, DNA replication and chromosome segregation. It has been long recognized that
nuclear and chromatin organization is strongly associated with gene activity and chromatin
state. This is illustrated by the demonstration that genes positioned near the nuclear
periphery are often silenced, whereas genes in the interior of the nucleus are frequently
active. Furthermore, changes in chromosome condensation and decondensation during the
cell cycle were observed more than a century ago. Because it affects so many biological
processes, understanding the principles of genome folding has been, and is still, an intense
area of research.
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These efforts have elucidated several aspects of higher-order chromosome structure and
revealed their biological implications. Through microscopic imaging, we know that
chromosomes are confined to chromosome territories within the nucleus (Bolzer et al., 2005;
Cremer et al., 1982; Cremer et al., 2006). The gene-poor, large chromosomes tend to be
located at the periphery, whereas the gene-rich, small chromosomes are preferentially
located towards the interior of the nucleus. Although each chromosome occupies a distinct
territory, they are not completely isolated from each other; certain chromosomes display
intermingling i.e., chromosome kissing (Branco and Pombo, 2006). The preferred spatial
positioning of chromosomes in different cell types is strongly associated with recurrent
translocations (i.e., The Philadelphia Chromosome) in cancers that originate from the same
cell type. Within each chromosome territory, chromatin is partitioned into open and closed
(Atype and B-type) genomic compartments. The A-type compartments are gene rich, active,
early replicating, and enriched for open-chromatin marks (i.e., H3K27ac), several
transcription factors and DNasel hypersensitivity. In contrast, the B-type compartments are
gene poor, inactive, late replicating and have few for DNasel hypersensitivity regions
(Lieberman-Aiden et al., 2009; McCord et al., 2013; Seitan et al., 2013; Zhang et al., 2012).
Genomic compartments are crucial for genome integrity; it has been shown that
compartmentalization is drastically lost in progeria cells, which harbor a Lamin A/C
mutation, leading to premature senescence (McCord et al., 2013). More recent molecular
evidence has revealed that the underlying organization of genomic compartments, known as
topologically associated domains (TADs) comprise 100 kb to 1 Mb clusters of locally
interacting DNA regions. TADs are largely invariant across different species, cell types and
physiological conditions (Dixon et al., 2012; Nora et al., 2012), and may act as functional
units for transcription regulation (Giorgetti et al., 2014; Le Dily et al., 2014; Nora et al.,
2013). TADs are thought to facilitate transcriptional regulation by integrating regulatory
activities that occur within their boundaries (Gibcus and Dekker, 2013; Nora et al., 2013).
Cell type gene expression is modulated by the orchestrated regulation of chromatin
remodelers, transcription factors and histone modifications. In addition and more
importantly, enhancers and other distal cis-regulatory elements dictate the activity of gene
promoters through long-range interactions (over up to hundreds of kilobases). Within each
TAD, genes and several cis-regulatory elements are brought together in a cell-specific
manner to confer specific gene expression patterns that characterize phenotype (Sanyal et
al., 2012).

The two major techniques used to observe the spatial organization of chromatin can be
broadly categorized as microscopic and molecular assays. Light microscopy can provide
information about the shape and the distribution of chromosomes at a resolution of 50-100
nm in single cells. Electron microscopy, though it provides unprecedented resolution, does
not provide sequence specific information about the structures observed. On the other hand,
molecular assays provide a relative spatial-contact relationship among genomic loci for a
population of cells. Many of the molecular techniques rely on nuclear ligation (Cullen et al.,
1993), including the chromosome conformation capture methods (3C) (Dekker et al., 2002).
The 3C technique captures the population-averaged interaction frequency of two loci based
on their spatial proximity in the three-dimensional nucleus. Chromosome conformation
capture and 3C-derived techniques rely on the same basic biochemical steps to capture
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chromatin interactions: cross-linking of the nucleus with formaldehyde, fragmenting
chromatin by restriction digestion, re-ligating the digested ends in a dilute solution to favor
intra- over inter-molecular interactions, and finally detecting the chimeric ligated products
by PCR or deep sequencing. The resulting sequence information reveals the interactions of
distant genomic fragments in the linear genome, (Figure 1). Depending on the biological
question, each approach presents advantages and disadvantages.

In this review, we focus on molecular techniques to study genome organization. We mainly
focus on the 3C method and its derivatives (de Wit and de Laat, 2012; Dekker et al., 2013).
Excellent and in-depth protocols and reviews have been recently written about the
experimental details of the 3C-based methods (Belton et al., 2012; Ferraiuolo et al., 2012;
Naumova et al., 2012; Splinter et al., 2012). Therefore, here we focus on the different types
of data that are generated with different 3C-based assays, and more importantly, how they
provide answers to different biological questions.

Chromosome Conformation Capture (3C)

Chromosome conformation capture is used to identify the interaction frequency of two
selected fragments in the genome. At the end of the 3C procedure, a pool of genome-wide
intra- and inter-chromosomal interactions is generated (Naumova et al., 2012). However,
because the interaction frequency between any two fragments are analyzed in a pairwise
manner (one by one) by PCR using specific primers for each fragment, researchers are
limited to analyzing only a few loci or a genomic region within relatively small regions (10
kb to 1 Mb). Thus, 3C is considered a “hypothesis driven” technique, as a priori knowledge
about the genomic locations of the elements to be tested is required.

There are a number of key considerations for devising a 3C experiment. First is the required
resolution. This will be a function of the choice and number of restriction enzymes used. For
instance, to study the interactions between a particular promoter and an enhancer, a single 6-
base restriction enzyme, which cuts DNA approximately once every 4 kb in the genome and
yields an average restriction fragment size of ~4-10 kb is appropriate. If, on the other hand,
the intention is to identify a minimal regulatory region, or to conduct fine mapping of an
element, then a 4-base cutter, which cleaves DNA approximately every 256 bp, might be
preferred. Another consideration is the spacing of restriction sites around the genomic
regions of interest, because fragments smaller than 1 kb or larger than 10kb consistently give
biased results in 3C experiments. If there is a priori knowledge about a candidate regulatory
region (i.e., DNasel hypersensitivity, histone modification or transcription-factor binding),
it is advised that these elements be tested in a region of unknown function.

The third consideration is the genomic distance between the elements of interest. The
detection limit of 3C, in terms of genomic distance, is ~1 Mb, even though there are studies
which have identified interactions that span larger distances than this, or between
chromosomes (Amano et al., 2009; Harada et al., 2015; Spilianakis et al., 2005). A 6-base
cutter yields around 1 million restriction fragments whereas a 4-base cutter yields 16 million
fragments. Therefore, if fragments separated by very large distances are to be tested, it may
be better to use a 6-base cutter to reduce the complexity of the 3C library.
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Interpreting the results of a 3C experiment is also critical. The normalized interaction
frequency obtained from a successful 3C experiment, with appropriately conducted controls
(Dekker, 2006), provides information about the relative proximity of two (or more)
fragments in the three dimensional nuclear space. Even though one can infer that the two
fragments are in close proximity, these data do not necessarily infer functional relevance.
Additional experiments, such as luciferase-reporter assays, should be performed to assess
the functional relevance of these looping interactions. Moreover, 3C does not provide
information about the localization of these fragments in the nucleus (i.e., peripheral or
interior). If this is of interest for the biological question, supplementing the 3C results with
DNA-FISH is advised. Furthermore, 3C cannot determine the proximity of individual
haplotype chromosomes—the data do not distinguish whether the paternal or the maternal
chromosome, or both, make the long-range contact.

A limitation of the 3C technique is that one can only look at a portion of the picture, which
is constrained by the number of restriction fragments the 3C primers have been designed to
query and the genomic distance (up to ~1Mb). However, it is well established that promoters
and enhancers can establish long-range interactions many megabases away with other
regulatory regions. In order to circumvent this issue and probe the genome-wide interactions
of a single fragment (one versus all), Simonis et al., Zhao et al. and Wurtele et al. (Simonis
et al., 2006; Wurtele and Chartrand, 2006; Zhao et al., 2006) developed chromosome
conformation capture on ChlP, circular chromosome conformation capture and open-ended
chromosome conformation capture techniques, respectively. Although these parallel
methods answer the same biological question, they differ slightly in their experimental
procedures. In the 4C technique, DNA fragments that are ligated to the “bait” fragment are
amplified, and the amplified pool of interacting “prey” fragments are detected by either deep
sequencing or microarray analysis. More recently a modification of 4C, called enhanced 4C
(e4C), has been reported (Sexton et al., 2012). Using this technique, the interactions of a bait
fragment bound by a specific protein of interest can be evaluated. The advantage of 4C is
that it can detect all of the intra- and inter-chromosomal interactions of a specific fragment
(or an element) in high resolution. 4C has been widely used to study genes involved in
development and disease (Montavon et al., 2011; Noordermeer et al., 2011; Wei et al., 2013;
Zeitz et al., 2013).

A bottleneck for achieving high resolution in a 4C study is sequencing depth. When
analyzing 4C data, sequences are binned at a certain genomic size (for instance ~200 kb for
a 6-base restriction enzyme) (van de Werken et al., 2012). Interactions that occur over very
large distances and are detected at high resolution should be interpreted carefully, since
methodological artifacts can yield confounding data. Fortunately, bioinformatic methods
have been developed to overcome these artifacts (van de Werken et al., 2012). In addition,
the bin size can be reduced if very high depth sequencing has been performed, or if the
library complexity is high. Another parameter is the cis to trans ratio of the interactions.
Usually in the crosslinking step of 3C-based approaches, cis-interactions should
predominate in the resulting library. A low cis to trans ratio is an indication of poor
crosslinking, resulting in a high occurrence of random ligations throughout the genome.
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Chromosome Conformation Capture Carbon Copy (5C)

Transcriptional regulation occurs in an orchestrated manner that typically involves several
protein complexes and a congregation of cis-regulatory elements such as enhancers and
insulators. In other words, a genomic region can, and many times does, participate in
interactions with multiple elements. For instance, multiple enhancers can loop with a single
developmental gene promoter to fine-tune its transcription. In addition, genes within a
certain genomic region (for instance inside a single TAD) can be subject to similar modes of
regulation. As a result, it can be important to chart the interactions between a large number
of fragments in a genomic region. To address this need, Dostie et al. developed the
chromosome conformation capture carbon copy (5C) technique (Dostie et al., 2006;
Ferraiuolo et al., 2012). Briefly the 5C method begins with preparation of a 3C library.
Then, several to several hundred 5C primers are designed to span a large genomic region of
interest such that the primers will anneal precisely at the ligation junctions of the restriction
fragments in the 3C library. Next, the fragments are subjected to ligation mediated
amplification (LMA), to simultaneously amplify thousands of 3C junctions in a single
reaction. The resulting PCR amplicons are detected by either microarray analysis or deep
sequencing. The 5C method has been successfully used to study the B-globin and HOX loci,
and the embryonic stem cell gene loci, KIf4, Sox2, and Nanog and 1% of the genome
(Dostie et al., 2006; Phillips-Cremins et al., 2013; Rousseau et al., 2014; Sanyal et al., 2012;
Williamson et al., 2014).

All of the technical considerations for 3C are also valid for 5C. Therefore, 5C cannot detect
interactions between regions separated by more than a few megabases (Ferraiuolo et al.,
2012). The most important consideration when generating a 5C library is primer design,
which has been extensively explained (Ferraiuolo et al., 2012). Briefly, 5C primers can be
designed in three different ways: alternating, anchored and mixed schemes. In the
alternating scheme, the forward and reverse 5C primers are designed on consecutive
restriction fragments, thereby providing an unbiased picture of the genomic region under
study. This approach, although it is most informative, requires a complex library and high
sequencing depth compared to the other primer schemes. The anchored primer design
scheme is a more targeted approach, when a priori knowledge is available. For example, the
interactions of gene promoters in a certain region with the rest of the genome can be queried
by designing forward primers on the promoters and reverse primers on all other restriction
fragments. Lastly, investigators can employ a mixed scheme that combines the two previous
schemes. For example, to investigate a few particular fragments in a particular genomic
region, design primers using an anchored scheme on the fragments of interest, and an
alternating-scheme primer-design for the rest of the genomic region.

As a result, 5C can provide in-depth information about the higher-order chromatin
organization of a selected genomic region. 5C data from multiple samples or physiological
conditions can be compared to infer biological function. Yet, the 5C approach is not
genome-wide and requires an a priori-defined region of interest.

J Cell Physiol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barutcu et al.

Hi-C

Page 6

For many biological questions, understanding the overall interaction frequency of the
genome in certain physiological conditions or disease states is desirable. In these cases, it is
impractical to investigate interaction frequencies using probe-based 3C approaches (i.e., 3C,
4C or 5C). To capture an unbiased view of genomic interactions, Lieberman-Aiden and van
Berkum et al. devised the Hi-C method (Lieberman-Aiden et al., 2009). A detailed protocol
and guidelines for data interpretation has been extensively explained (Belton et al., 2012;
Dekker et al., 2013; Lajoie et al., 2015). Hi-C is very similar to 3C in terms of methodology,
except that, after the restriction digestion, the digested ends are treated to incorporate biotin
prior to the diluted ligation step. After ligation, all chromosome interactions can be captured
genome-wide in an unbiased manner by recovering ligated fragments using streptavidin. The
Hi-C method has been extensively used in studies that address a myriad of biological
questions, related to disease (McCord et al., 2013), stem cell biology (Dixon et al., 2015),
evolution (Vietri Rudan et al., 2015) and cell cycle (Naumova et al., 2013).

Because they are fundamentally similar, many of the considerations for 3C are also valid for
Hi-C. In addition to being genome-wide, a major advantage of Hi-C is that interactions can
be detected even over relatively large genomic-distances. Hi-C can detect in-cis interactions
many megabases away, as well as trans-interactions. The Hi-C resolution achieved depends
on the sequencing depth. With sufficient replicates and deep sequencing, an interaction map
for the whole genome can be obtained at restriction-fragment-length resolution (Jin et al.,
2013; Rao et al., 2014). The Hi-C resolution required depends on the biological question at
hand. As explained for 4C, Hi-C data are binned at intervals that are based on the
sequencing depth and experimental objective. For instance, to chart a global view of a
cancer genome (i.e., translocations or genomic compartments), relatively low resolution data
(1-10 Mb bins) will suffice. Alternatively to map the fine details of interactions between
thousands of loci or sub-TADs, then very high resolution Hi-C data might be required (1
kb—40 kb bins). In libraries without high complexity or with low resolution, the data will
significantly suffer from noise at resolutions lower than 40 kb since each bin will represent a
much lower number of sequencing reads. The choice of restriction enzyme will also have a
significant effect on the resolution (see above, (Belton et al., 2012)). A good quality Hi-C
library should exhibit a high cis-/trans-interaction ratio. Recently, a method called tethered
chromatin capture (TCC) has been developed to reduce the background levels in the Hi-C
data (Kaikkonen et al., 2014; Kalhor et al., 2012). As Hi-C becomes a prominent method for
studying genome organization, new computational tools have made analysis of Hi-C data
more accessible (Heinz et al., 2010).

Interaction frequencies in Hi-C data represent the population average of several million
cells. Thus, the Hi-C technique cannot distinguish whether interactions are stable and
present in some cells, and non-existent in others; or are dynamically present in all cells.
DNA-FISH, on the other hand, can provide information about single cells, but it cannot be
used to simultaneously incorporate information about the proximity of several loci. Used as
complimentary methods, Hi-C and FISH can provide comprehensive and complementary
information about chromosome conformation (Williamson et al., 2014). More recently, Hi-C
has also been applied to single cells (Nagano et al., 2013). These analyses reveal that larger
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structures in the nucleus (such as chromosome territories) are stable among different cells;
however, higher resolution structures (i.e compartments) are more variable. Another
modification of Hi-C is called Capture Hi-C, in which a pool of sequences of interest (i.e.,
promoter sequences or specific disease loci) is enriched in the library prior to sequencing.
This targeted technique can provide a very high-resolution interaction map of enriched
sequences (Dryden et al., 2014; Furlan-Magaril et al., 2015; Schoenfelder et al., 2015).
Taken together, the Hi-C strategies for chromosome conformation analysis are promising
tools to elucidate different roles of genome organization in the cell nucleus in physiologic
and pathologic states.

ChIA-PET, 6C and ChlIP-loop

All of the techniques explained thus far are used to study genome organization from a
“DNA-centric” point of view. Because DNA organization is established and maintained by
protein and RNA complexes, several methods have been devised to study genome structure
from the protein perspective. One common approach is to combine chromatin
immunoprecipitation with 3C. DNA is first cross-linked, the protein of interest is
immunoprecipitated using an antibody, and 3C is then performed. These techniques not only
reduce background, they also enrich for genomic interactions that are enriched for binding
of the protein of interest. However, detecting chromosome interactions with these techniques
does not necessarily mean that the interaction is mediated by the protein. Additional
experiments, such as knocking down the protein of interest, are required to assess the
functional relevance of the data. 6C and chip-loop can query chromosome interactions in
“one by one” manner, requiring the design of fragment specific probes (Simonis et al., 2007;
Tiwari et al., 2008). However, the ChlA-PET technique uses deep sequencing to assess the
protein-bound interactome genome-wide (Fullwood et al., 2009). ChlA-PET has been thus
far performed on the estrogen receptor, Pol2 and CTCF (CCCTC-binding factor) (Fullwood
et al., 2009; Handoko et al., 2011; Li et al., 2012). Although ChIA-PET gives a genome-
wide view of chromatin interactions, this view is focused on the protein of interest under
investigation.

Future Considerations

All of the molecular techniques used to study genome organization have strengths and
limitations. The nature of the biological question asked will help determine whether probing
the interaction frequency between just a few loci, several loci, a whole chromosome, or the
whole genome, will provide the information sought (Figure 2). Nevertheless, all of these
techniques benefit when complemented with microscopic techniques, as none can achieve
the resolution of electron microscopy, or capture the dynamic interactions in single cells as
DNA-FISH can. However, they do provide information that microscopic techniques cannot.
Since most of these molecular techniques are relatively new, more studies will not only
improve the methodologies and the computational pipelines, but also will shed significant
light on genome organization in several pathologies and during development. 3C-based
methods, especially Hi-C, will undoubtedly serve as a pioneering tool to study genome
organization.
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An overview of the 3C-based techniques for intra- and interchromosaomal interactions.
They share a procedural front end that includes crosslinking, restriction-enzyme digestion,
DNA ligation in dilute conditions, and DNA purification. Downstream, however, there are
major differences in detection of these ligation products that yield significantly different

types of data.
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Figure 2.
An example Hi-C heatmap depicting the types of data generated by 3C or 3C-based

methods. 3C queries interactions on a one-by-one basis; 4C identifies interactions between a
single region and the rest of the genome; 5C generates a high-resolution interaction matrix
of a large genomic region; Capture Hi-C, ChlA-PET and other ChlP-based methods
characterize chromatin-looping interactions over several different loci; and finally Hi-C
queries genome-wide chromatin interactions at low or high resolution.
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