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Abstract

Chromosome conformation capture (3C)-based
techniques have revolutionized the field of nuclear
organization, partly replacing DNA FISH as the
method of choice for studying three-dimensional
chromosome architecture. Although DNA FISH is
commonly used for confirming 3C-based findings, the
two techniques are conceptually and technically
different and comparing their results is not trivial.
Here, we discuss both 3C-based techniques and DNA
FISH approaches to highlight their similarities and
differences. We then describe the technical biases that
affect each approach, and review the available reports
that address their compatibility. Finally, we propose an
experimental scheme for comparison of 3C and DNA
FISH results.

Introduction

Understanding the three-dimensional (3D) structure of
chromosomes is a central focus in modern molecular
biology. Besides characterizing how chromosome folding
is achieved in order to package meters of DNA inside a
cell nucleus that is only a few micrometers in diameter,
it is important to understand how regulatory sequences
interact with each other in 3D nuclear space [1, 2].
Moreover, in the context of a complex repetitive genome
such as our own, in which only a fraction of DNA se-
quences actually participate directly in gene regulation,
the challenge is to understand how specific regulatory
elements can find and control relevant genes over long
distances (often tens to thousands of kilobases away),
somehow enabling expression in the right place and at
the right time [3]. Furthermore, transcription can be a
noisy process, generating variability that is probably es-
sential in some contexts (such as dynamic developmen-
tal decisions) but that must be prevented in others [4].
How can these different scenarios be achieved in the
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context of chromatin dynamics—both in terms of the
physical properties of chromatin as well as in biological
processes such as the cell cycle, DNA replication, and so
on? In addition, chromatin can be packaged very differ-
ently in the nucleus, with heterochromatin existing in
many different states and occupying distinct and dy-
namic compartments, such as at the nuclear or nucleolar
peripheries or in PML bodies [5]. Understanding how
the genome is packaged and how this packaging is
exploited or dealt with in different contexts presents im-
portant challenges.

Two experimental approaches that have been exten-
sively used to investigate chromosome structure in eu-
karyotes are DNA fluorescent in situ hybridization (DNA
FISH) [6] and chromosome conformation capture (3C)
and its derivatives (reviewed in [7]). In the past, DNA
FISH was the method of choice for investigations of the
3D structure of the genome. Despite being an intrinsically
low-throughput technique that allows simultaneous evalu-
ation of only a handful of genomic loci in parallel, DNA
FISH has nevertheless allowed many fundamental discov-
eries to be made, such as the existence of chromosomal
territories [8] and the dynamic repositioning of genomic
loci with respect to nuclear compartments (such as the
nuclear periphery) during differentiation (see [9] for a
comprehensive review).

The recent advent of 3C-based approaches (such as
circularized chromosome conformation capture (4C),
chromosome conformation capture carbon copy (5C),
and Hi-C [7]) has revolutionized the field of nuclear
organization, enabling the detection of physical prox-
imity between multiple genomic loci (and eventually
across an entire genome) simultaneously. In this paper,
we collectively refer to 3C-based techniques as “3C” for
simplicity, since much of what we discuss is largely inde-
pendent of which particular 3C-based variant is chosen.
The development and refinement of 3C has led to several
important discoveries, such as the compartmentalization
of chromosomes into a complex hierarchy of folding
levels, ranging from loops between sequences in the kilo-
base range [10], to sub-megabase topologically associating
domains (TADs) that tend not to vary between tissues
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[11-14], and right up to multi-megabase active and in-
active compartments [15], which vary between cell and
tissue types. Thus, 3C technologies have transformed our
view of the genome, and DNA FISH, which was once the
state-of-the-art technique to study chromosome conform-
ation, is increasingly regarded as an accessory tool that is
used to confirm or validate 3C-based predictions.

In fact, DNA FISH and 3C are very different tech-
niques that provide intrinsically different (and comple-
mentary) types of information. 3C-based approaches
detect the cell population-averaged crosslinking prob-
abilities of the chromatin fiber. The most recent ver-
sions of these techniques enable genome-wide, high-
resolution measurements of the spatial proximity be-
tween genomic elements to be obtained. DNA FISH,
on the other hand, enables the measurement of 3D dis-
tances between a limited number of genomic loci; it
also enables the distribution of these distances within a
cell population to be determined. This information is
not accessible in 3C-based experiments. Moreover, the
two techniques are affected by common, as well as spe-
cific, potential sources of experimental error. Never-
theless, with appropriate precautions and carefully
designed experiments, the two methods can be power-
fully combined to bring comprehensive insights into
the folding of the genome over a wide range of length
scales.

Several reviews have already covered recent studies
that have explored the different scales of chromosome
folding [1, 9, 16]. Here, we discuss the 3C and DNA
FISH approaches commonly used in such studies from a
rather theoretical perspective, with the aim of highlight-
ing their similarities and differences and of suggesting a
conceptual scheme for their comparison. We also de-
scribe the technical biases that can affect both tech-
niques, reviewing the available reports that support (or
question) their compatibility. Finally, we propose an ex-
perimental scheme for ensuring that the results of the
two methods can be successfully compared in a coherent
framework.

3D distances versus 3C counts: the theoretical link
DNA FISH usually involves fixation and permeabilization
of cells, followed by hybridization of fluorescently labeled
DNA probes (either single-stranded oligos or denatured
double-stranded DNA) to specific loci on the chromatin
fiber. Prior to hybridization, the sample must be slightly
denatured to allow base-pairing to occur between the
probe and the double-stranded target DNA. The target
locus can then be directly visualized using fluorescence
microscopy, enabling its localization to be assessed in the
context of the overall nuclear architecture and/or with re-
spect to other genomic loci [17]. Depending on the pur-
pose of the experiment, different strategies for fixation,
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permeabilization, and imaging can be adopted. In two-
dimensional (2D) DNA FISH [18, 19], the cells are swollen
in hypotonic buffer and fixed with methanol and acetic
acid in order to flatten the nuclei and thus allow 2D mi-
croscopy to be performed (without adjusting the focus in
the Z direction). In 3D DNA FISH (17, 20], cellular
morphology is maintained by fixation with formaldehyde
and permeabilization with detergents such as Triton X-
100. Cells maintain their 3D shape and imaging is per-
formed in 3D (i.e, by acquiring stacks of individual 2D
images in different focal planes). 2D FISH allows overall
tendencies to be estimated and is largely sufficient in
many cases (for example, for comparing chromosomal po-
sitioning, or positions of loci within chromosomes, be-
tween different cell types or between wild-type and
mutant samples). It should be mentioned that 3D FISH is
technically more challenging than 2D FISH, both in terms
of the experimental complexity of the protocol and the
more sophisticated imaging that it requires. For integrated
comparison with 3C data, however, 3D FISH measure-
ments are critical because they enable accurate distances
to be calculated.

An advantage of 3D DNA FISH is that it allows a
quantitative measurement of the three-dimensional dis-
tance (r,p) between two targeted loci a and b inside single
cells. Consequently, the associated probability distribution
P(r,,) that measures the variation of r,, across the cell
population can be extracted (Fig. 1a). Thus, DNA FISH al-
lows us to estimate the distribution and degree of variabil-
ity of 3D distances between pairs of genomic loci. In
addition, useful statistics can be extracted from the
probability distribution, such as the average or median
3D distance between two loci, or the number of cells
with the distance between two loci below a certain
threshold distance (Fig. 1a). Although mean or median
distances are often used to describe DNA FISH mea-
surements synthetically, quantitative measurements of
cell-to-cell variation in 3D distances can provide valu-
able information on the underlying configurations of
the chromatin fiber and have been used to infer possible
models of chromosome folding [21].

On the other hand, 3C and its derivatives such as 4C,
5C, and Hi-C (reviewed in [7]), as well as Capture-C
[22] and Capture-Hi-C [23], are population-averaged
biochemical assays in which chromatin is digested with
a restriction enzyme in fixed nuclei. Proximity-
mediated ligation is then used to create hybrid DNA
molecules between crosslinked restriction fragments
whenever they are sufficiently close in the 3D space. It
is important to stress that providing a clear definition
of what is “sufficiently close” for crosslinking is not an
easy task. As discussed in more detail below, it is rea-
sonable to assume that chemical crosslinking through
formaldehyde occurs between parts of the chromatin
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Fig. 1 Comparison of 3C and DNA FISH experiments. a Cell-to-cell variation in the three-dimensional (3D) distance r,, between two genomic loci
a and b gives rise to the distribution of distances P(r.,). Knowledge of P(r,) allows calculation of the mean and median 3D distances between a
and b Imean aNd Iedian- It also allows calculation of the fraction of cells for which the distance r, is smaller than a certain threshold R. b General
scheme for 3C-based techniques. Cells are fixed and crosslinked chromatin is digested with a restriction endonuclease. Restriction fragments that
were sufficiently close in the 3D space to be crosslinked by protein bridges (DNA-binding protein complexes) are then re-ligated to promote the
formation of hybrid DNA molecules arising from 3D proximity events. De-crosslinked DNA is then sequenced to identify the ligated restriction
fragments. The 3C signal for any locus pair (a and b) is proportional to the number of ligated restriction fragments that map to the two loci.

c From a theoretical perspective, the 3C signal is generated by genomic loci whose 3D distance r,, is smaller than the (locus-specific) crosslinking
range (R) over which the two genomic loci can be crosslinked by formaldehyde, and bigger than a minimum distance r,,,;, that arises from steric
hindrance between the two parts of the fiber. d Hypothetical scenarios giving rise to an increase in 3C signal (blue shaded area) when comparing
two distributions of 3D distances (blue versus red curves). (i) Increasing 3C signal results from an overall shift of distances towards smaller values,
corresponding to decreased mean (or median) distance. (i) 3C signal increases as a consequence of a shift from a mono- to a bimodal
distribution of distances, for example, in the case of the appearance of two sub-populations in different conformational states (e.g., compact
versus elongated). In this case Ieqn @Nd Fedian NOt sShown) do not change. (iii) Increased 3C signal is a consequence of increased cell-to-cell
variability in 3D distances, without appreciable changes in rmean (OF fmedian, NOt shown)

fiber that are separated by a range of 3D distances, from
a few nanometers up to a few hundred nanometers.
Despite the considerable uncertainty, these distances
are typically smaller than average 3D distances between
genomic loci considered in experiments comparing
FISH and 3C-based techniques (often >1 pm). Thus, 3C
and its derivatives can be thought of as detecting prox-
imity events between genomic loci rather than their ac-
tual 3D distances.

Early implementations of 3C-based techniques relied
on the detection of ligation products by PCR or micro-
arrays, but the most recent versions employ high-
throughput sequencing to detect proximity events and
their abundance across the cell population [24]. The
number of normalized read counts 3C,, between loci a
and b in Hi-C and 5C experiments can, in principle, be
thought of as being proportional to the number of cells
in which the two loci were located closer than a certain
range R within which crosslinking occurs (which is
most probably dominated by DNA-binding protein
complexes; Fig. 1b). Thus, in principle, 3C-based read

counts are linked to the distance distribution P(r,;) by
the following relationship [25]:

R
3Cp~a ></ 4nr3bP(rab) dra 1)

T'min

where « is a proportionality constant, r,,, is the mini-
mum distance between loci a and b that can be reached
due to steric repulsion between the two parts of the
fiber, and R is the crosslinking range (Fig. 1c).

From this theoretical point of view (in which we disre-
gard all sources of potential experimental biases), it is
already clear that relating 3C-based counts with 3D dis-
tances measured by FISH is not a trivial task. Notably,
the 3C signal is dominated by the low-distance portion
of the distance distributions (between r,,;, and R). In
support of this, 3C- and DNA FISH appear to be highly
correlated when comparing 3C-based counts with colo-
calization of corresponding FISH probes, but only when
defining colocalization radii that are much smaller
(five- to tenfold) than the maximal distances measured
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by FISH [11, 26]. Therefore, changes in 3C count are
not necessarily correlated to changes in average (mean)
or median distances. The simplest case is when the 3C
count increases as a consequence of decreased average
distance between loci a and b (Fig. 1d(i)). This is fre-
quently assumed to be the rule when comparing the
results of 3C-DNA FISH experiments, and it seems
reasonable to imagine that it is often the case. However,
it must be noted that, in principle, the 3C signal can in-
crease without a corresponding detectable increase in
the average (or median) 3D distance between two loci.
This is the case if the probability distribution of dis-
tances between loci a and b changes from unimodal to
bimodal behavior (Fig. 1d(ii)), for example, as a conse-
quence of the presence of two populations of cells in
very different conformational states; or if the cell-to-
cell variability in r,;, increases (Fig. 1d(iii)), for example,
as a consequence of increased chromatin flexibility. In
both cases, an experimental test of 3C results based on
the detection of mean or median distances would fail.
Thus, interpreting changes in 3C-based counts as
changes in mean (or median) distances should not be
the guideline when comparing experimental results
obtained using the two techniques. Rather, we would
suggest that an experimental scheme should rely on
the detection of proximity or overlap between DNA
FISH signals and a plot of their distributions, rather
than on their mean or median distances (for examples,
see [11, 26-29]).

As we have seen, relating the 3C count to the full dis-
tribution of distances through Eq. 1 is a complicated
“inverse problem” that requires using data of reduced
dimensionality (the two-dimensional matrix of 3C
counts 3C,;,) to infer the full distributions of 3D dis-
tances P(r,;), for all loci @ and b considered in the ex-
periment. In order to do this quantitatively, it is possible
to use computational strategies based on coarse-grained
physical models of the chromatin fiber, which try to find
the 3D fiber conformations that are compatible with the
set of restraints provided by the 3C results. To convert
3C counts into distances, all these models assume some
sort of functional relationship between 3C count and
the 3D distance of loci. Some models assume that the
3C count is inversely proportional to the mean 3D
distance and produce an average conformation of a
chromosomal region (for examples, see [30-33]); others
assume that only a fraction of conformations in a popu-
lation for which the distance r,; is smaller than a cross-
linking range R contribute to the 3C signal, as in Eq. 1
(see [28, 34]). Although the former class of models can
be useful when building a schematic, simplified con-
formational representation of the genomic region under
study, the latter are likely to provide more realistic en-
sembles of conformations. These population-based
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models are a useful tool in comparing 3C and DNA
FISH data because they allow the actual distribution of
distances P(r,;) to be deconvolved out of the 3C data
and to be compared with high-resolution DNA FISH ex-
periments [28, 34].

Experimental biases affecting 3C and DNA FISH
Both 3C and DNA FISH experiments are subject to a
range of technical issues. Some of these impact the two
techniques in a comparable manner, which facilitates
comparison of the results obtained, whereas other tech-
nical issues are specific to one or the other or affect the
two approaches differently. One fundamental similarity
(and common bias) is that both DNA FISH and 3C are
based on chemical crosslinking with formaldehyde. For-
maldehyde crosslinking favors DNA—protein [35] and, to
a much greater extent, protein—protein interactions with
a bias towards lysine, tryptophan, and cysteine [36]. Al-
though crosslinking occurs across a range of 2—3 A [37],
DNA loci that are much more distant are indirectly
crosslinked through the creation of protein—protein net-
works [38]. Hence, irrespective of whether the inter-
action events detected by 3C arise because of direct
(molecular) or indirect (protein-bridge mediated) prox-
imity [39], these de facto distances at which the proxim-
ity events occur can also be measured in a DNA FISH
experiment (notably if the latter is performed in the
same crosslinking conditions and in non-perturbative
denaturation conditions). Specifically, proximity events
constitute the low-distance tail of the distribution of dis-
tances P(r,;) between two loci 4 and b (Eq. 1).

A second similarity is that both DNA FISH and 3C re-
quire that nuclei are permeabilized in order to allow
fluorescent probes or restriction enzymes to access the
chromatin. Permeabilization is usually achieved by treat-
ment with detergents: Triton X-100 (in FISH) or Igepal
CA-630 (in 3C). Although this step might be thought to
lead to perturbations in 3D nuclear structure, both elec-
tron and high-resolution optical microscopies have
shown that nuclear ultrastructure is well conserved, at
least upon Triton permeabilization [40, 41]. Alternative
approaches that better conserve nuclear ultrastructure
by avoiding permeabilization have been developed. These
include CryoFISH [42], in which probe hybridization oc-
curs on cryosections of sucrose-embedded cells; however,
the 2D sectioning used in this technique does not allow
the determination of 3D distances unless consecutive sec-
tions from the same cells are analyzed.

Aside from these similarities, the 3C and DNA FISH
techniques also have specific technical issues that need
to be evaluated accurately and controlled in order to en-
sure that the results can be correctly interpreted. In 3D
DNA FISH, crosslinked chromatin must be mildly dena-
tured in order to allow base-pairing between the probe
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and the target DNA. This is achieved by heating the
sample in the presence of formamide, which reduces the
melting temperature of double-stranded DNA and al-
lows DNA denaturation at lower temperatures than in
aqueous solution. Heat denaturation is, of course, a
major source of concern in DNA FISH experiments be-
cause it may lead to changes in nuclear and chromatin
organization. Indeed, electron microscopy observations
[43] have shown that heat denaturation can induce ap-
preciable changes in the fine-scale structure of the chro-
matin network. It is unclear to what extent the 3D
distances (>100 nm on average) between genomic loci
that are usually detected in DNA FISH (>50 kb apart)
are altered as a consequence of denaturation. Experi-
ments detecting LacO-tagged chromatin loci by using a
Lac repressor protein fused to green fluorescent protein
(GFP) in undenatured cells have given somewhat re-
assuring results, with FISH signals in structurally pre-
served cells showing a surprising similarity to signals
generated before denaturation, at least at the scale of
hundreds of nanometers [44]. With the improving reso-
lution of 3C-based experiments [10, 22], a careful evalu-
ation of denaturation artifacts will be essential to ensure
that the comparison of 3C and DNA FISH results is
meaningful. The recently developed CASFISH technique
[45], which relies on the binding of fluorescent Cas9 fu-
sion proteins to crosslinked (but not denatured) chroma-
tin in cell nuclei, could provide an interesting tool with
which to compare 3D distances before or after denatur-
ation, if combined with standard 3D DNA FISH experi-
ments on the same loci performed sequentially in the
same cells.

Another important bias that can influence DNA FISH
measurements occurs at the level of fluorescence mi-
croscopy and imaging. A common but often overlooked
issue concerns chromatic and mechanical aberrations
that result in artifactual displacements between signals
generated by probes that are labeled with different fluor-
ophores. Although this effect is usually negligible for loci
that are separated by large genomic distances, chromatic
and mechanical aberrations can substantially affect the
measurement of distances between loci that lie in the
tens to hundreds of kilobases range (when physical dis-
tances approach a few hundred nanometers). Such aber-
rations have to be taken into account and can be
corrected for computationally [46] to ensure that the
distribution of distances P(r,;) in Eq. 1 is correctly sam-
pled. This is especially important for the small distances
that dominate the 3C signal. The amount of aberrations
present in a microscopy setup can be easily estimated by
using calibration beads labeled in multiple fluorophores
and then measuring the shift in the positions of bead
centers when beads are imaged in the various colors.
Correction of such aberrations can be performed by

Page 5 of 9

elastic registration of DNA FISH images. Various methods
that can be used to achieve this have been implemented
in user-friendly computer programs such as Image]J (for
example, see [47, 48]).

The 3C-based techniques are also characterized by
certain distinct technical issues that can affect the ex-
perimental procedure and impact on how the data are
analyzed, especially when they are to be compared to
DNA FISH data. Such biases include the efficiency of
chromatin digestion, the choice of restriction enzyme
used, the efficiency of ligation, and other biases (see
[49, 50] for details). Here, we focus on two main issues
that are directly relevant to comparisons of 3C data
with DNA FISH measurements.

First, the range R over which two genomic loci can be
crosslinked by formaldehyde (Fig. 1b, ¢ and Eq. 1) is not
known. Quantitative comparisons between 4C or 5C
reads and percentage of colocalizing FISH signals give
optimal agreement when colocalization is defined in a
range of 500 nm-1 pum [11, 26]; calculations based on
modeling and comparison with DNA FISH measure-
ments have estimated the crosslinking range to be ap-
proximately 100 nm [28]. This value could depend,
however, on the local concentration of amino groups
that are responsible for formaldehyde-mediated cross-
linking. It is thus possible (although formally unproven)
that this value could be modulated by the local chroma-
tin composition [51] and by indirect cross-linking to
large insoluble nuclear aggregates [38].

How should 3C and DNA FISH be compared?
Given these various technical issues and possible experi-
mental biases, it seems legitimate to question whether
the results of 3C-based techniques can be compared to
(or even validated by) DNA FISH measurements.
Although negative (or discordant) 3C versus FISH cor-
relations may be underrepresented in the literature be-
cause of an obvious publication bias towards positive
reports, the majority of studies suggest that 3C-based
techniques and 3D DNA FISH give concordant results
over a wide range of genomic and spatial ranges [10, 11,
26-28, 34, 52—-54]. Moreover, this seems to be the case
irrespective of which variant of the 3C method was
employed (4C, 5C, Hi-C, or Capture-C). This suggests
that the technical issues that specifically affect either of
the two techniques probably have a relatively small im-
pact, except perhaps at some specific locations in the
genome. For example, clearly discordant outcomes of 3C
and DNA FISH have been reported at the HoxD cluster
[51]. At this locus, the chromatin state differs massively
between the two biological conditions investigated in the
study, namely Polycomb repressive complex 1 (PRC1)
and PRC2 knockout mouse embryonic stem cells. In
PRC1 mutant (RingIB-/-) cells, the HoxD locus
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remains associated with high levels of PRC2 proteins,
whereas in PRC2 (Eed-/-) mutant cells, the PRC2
coating is lost. Williamson et al. [51] reported con-
cordant 5C and FISH results in PRC2 (Eed-/-) cells,
where both techniques pointed to chromatin unfold-
ing, when compared to wild-type cells. However, in
PRC1 (RinglB-/-) cells, discordant results were observed;
here, strong 5C interactions (unaltered compared to those
of wild-type cells) were contradicted by decompaction ob-
served in FISH. The authors suggested that the observed
5C versus FISH discrepancy could result from differential
crosslinking efficiencies when large quantities of PRC2 are
lost (Eed-/-) or maintained (Ringlb-/-) at the HoxD
locus. Thus, it is possible that, in certain specific cases,
where the chromatin composition changes in a major way
between experimental samples, the FISH and 3C-based re-
sults may diverge. Another study on the same locus, the
physical compaction at the HoxD locus was measured
in vivo by DNA FISH and super-resolution microscopy
[55]. However, the study examined different tissues of
wild-type mice in which the changes in chromatin com-
position are milder than those in PRC1 versus PRC2
knock-out cells. In this case, the compaction measured by
FISH was correctly predicted by 4C-based experiments.
Thus, the divergence between DNA FISH and 3C tech-
niques seems to occur mainly when there are relatively
massive changes in chromatin content at a particular
locus, and this is clearly something that should be borne
in mind when comparative 3C versus DNA FISH experi-
ments are performed.

An important aspect that needs to be taken into con-
sideration when comparing DNA FISH and 3C results is
the choice of the criteria that have to be used to quantify
DNA FISH distance distributions. Since short-range dis-
tances below the crosslinking range R dominate the 3C
count (Eq. 1), methods that detect physical proximity ra-
ther than mean 3D distances should be more suited for
comparisons between 3C and DNA FISH results. In fact,
colocalization methods that are based on correlations of
pixel intensities [11, 27] have proven to be very sensitive
in detecting subtle differences in contact probabilities,
such as those resulting from changes that occur inside
or outside of TADs, predicted by 3C approaches. This
may result from the fact that these methods assess over-
laps between relatively extended objects rather than ab-
solute 3D distances, and thus may be more sensitive in
detecting short-distance features such as partial overlaps
between signal peripheries.

On the other hand, measuring 3D distances is clearly
the method of choice for either assessing difference in
structure over large genomic distances [26] or testing
quantitatively the predictions of structural models [28, 34].
It is important to keep in mind, however, that the full
probability distribution of distances (and not just the
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mean) must be carefully sampled in order to avoid mis-
leading interpretations.

In conclusion, we propose an experimental scheme for
the careful comparison of 3C and DNA FISH results to
ensure that the validity of the comparison is maximized:

1. To minimize the effect of potential fixation biases,
fixation conditions for 3C and FISH should be as
similar as possible. Possibly, a fraction of the same
cells that were fixed for 3C should be separated
from the main batch and used immediately to
prepare coverslips for DNA FISH (this can be done,
for example, by adsorbing fixed cells on poly-L-
lysine-coated coverslips). Alternatively, another
batch of cells grown on coverslips should be fixed
with the reagents used for 3C.

2. When comparing different conditions in DNA FISH
(such as different differentiation stages or mutants),
the various samples should be processed in parallel
in order to minimize differences in denaturation
time and temperature. Ideally, all samples should be
dispensed on the same coverslip to ensure maximal
uniformity of conditions.

3. Optical aberrations should be limited as much as
possible during image acquisition. Mechanical stage
drifts, which can result in image distortions, should
be minimized (for example, by using stabilized
sample stages). Chromatic aberrations should be
reduced by preferring microscopes that mount filter
wheels in combination with multiband-pass dichroic
mirrors, instead of rotating filter cubes [46].

4. Despite all precautions and even in stable and
well-aligned microscopes, residual aberrations can
be of the order of a few hundreds of nanometers,
and thus comparable to the distances that
dominate the 3C signal. These residual aberrations
need to be measured using fluorescent beads and
computationally
corrected after image acquisition using elastic
channel registration [46] in order to make sure that
short distances (below 300 nm) are correctly sampled.

5. Replicate 3C-based experiments should be performed
in parallel to account for technical and biological
variability correctly [56].

6. 3C counts should not be exclusively compared to
mean 3D distances measured by DNA FISH. We
suggest that different methods should be used in
parallel to compare the two techniques, notably
those that measure spatial proximity (for example,
correlation of pixel intensities).

Although it is impossible to rule out confounding ef-
fects resulting from the specific bias of each technique
completely, these expedients should at least ensure that
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the comparison between 3C-based results and DNA
FISH measurements is fair.

Conclusions

Accurately designed combined 3C-DNA FISH experi-
ments represent a powerful tool that can be used to deter-
mine the 3D conformation of chromosomes, including its
cell-to-cell variability and its relevance in the context of
fundamental biological functions such as transcription.
Further, the possibility of combining DNA FISH with
super-resolution microscopy [11, 55, 57] and/or integrat-
ing it with single-cell 3C approaches [58] opens exciting
new avenues. However, one major drawback of these
crosslinking-based techniques is that they do not allow as-
sessment of the temporal dynamics that underlie the cell-
to-cell variability in chromosome conformation. An ultim-
ate level of understanding of chromosomal structures, and
notably an understanding of their cell-to-cell and tem-
poral variability, will thus undoubtedly come from live-cell
experiments in which (groups of) single chromosome loci
can be imaged simultaneously and over many cells. This
has proven to be a daunting task, especially in mammalian
cells, and has been achieved in the past by using hom-
ologous recombination to insert exogenous genomic se-
quences that can be visualized by fluorescent bacterial
operators [59]. The genome engineering revolution [60]
has brought this perspective closer by enabling the eas-
ier generation of knock-in mammalian cell lines [61].
Engineered cell lines could provide recruitment sites for
fluorescent operators or oligomerizing proteins [62], or
could even allow recruitment of multiple fluorophores
to endogenous DNA directly using catalytically inactive
Cas9 [63].

Live-cell imaging is likely to remain a low-throughput
technique that allows the investigation of a small num-
ber of genomic loci in tightly controlled experimental
systems, such as clonal culture cell lines expressing con-
trolled levels of fluorescent proteins. In developmental
or disease-related contexts (for example, in human tis-
sues), 3C-based approaches complemented with DNA
FISH will probably remain the methods of choice for the
investigation of chromatin structure. It will therefore be
crucial to implement accurately controlled 3C-FISH ex-
periments to compare the results of these two tech-
niques, notably by adopting the procedures we have
proposed in this review. In addition, novel approaches to
3C and FISH that do not require crosslinking, such as
native 3C [64] and CASFISH [45], may pave the way to
more physiological experiments that combine population-
averaged and single-cell techniques.

Finally, thanks to the greatly improved ability to mod-
ify mammalian genomes with CRISPR/Cas9 or TALEN
approaches, we are entering an era when the structural
and functional models of chromatin organization that

Page 7 of 9

can be built on the basis of 3C and FISH results can be
tested genetically. On the one hand, this will require
carefully controlled quantitative experiments, but on the
other hand, it will provide an unprecedented opportun-
ity to obtain a mechanistic description of chromosome
conformation and its function in the context of tran-
scription and other important biological processes.
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