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ABSTRACT

The current progress in the study of the spatial or-
ganization of interphase chromosomes became
possible owing to the development of the chromo-
some conformation capture (3C) protocol. The
crucial step of this protocol is the proximity
ligation—preferential ligation of DNA fragments
assumed to be joined within nuclei by protein
bridges and solubilized as a common complex after
formaldehyde cross-linking and DNA cleavage. Here,
we show that a substantial, and in some cases the
major, part of DNA is not solubilized from
cross-linked nuclei treated with restriction endo-
nuclease(s) and sodium dodecyl sulphate and that
this treatment neither causes lysis of the nucleus
nor drastically affects its internal organization.
Analysis of the ligation frequencies of the mouse
b-globin gene domain DNA fragments demonstrated
that the previously reported 3C signals were
generated predominantly, if not exclusively, in the in-
soluble portion of the 3C material. The proximity
ligation thus occurs within the cross-linked chroma-
tin cage in non-lysed nuclei. The finding does not
compromise the 3C protocol but allows the consid-
eration of an active chromatin hub as a folded chro-
matin domain or a nuclear compartment rather than
a rigid complex of regulatory elements.

INTRODUCTION

Recent advances in the studies of the spatial organization
of the eukaryotic genome became possible owing to the

development of chromosome conformation capture (3C)
and a set of derivative experimental procedures that
permit the estimation of the relative spatial proximity of
different genomic fragments within the nucleus (1–3).
These experimental procedures are commonly known as
C-methods. Using the original 3C protocol, de Laat and
coworkers have demonstrated that, in mouse erythro-
blasts, distant regulatory elements of the b-globin gene
domain are organized in a common complex to which
the promoters of globin genes are recruited in a develop-
mental stage-specific fashion (4). Based on these observa-
tions, the active chromatin hub (ACH) model has been
proposed, which is presently supported by substantial ex-
perimental evidence (4–10). The full-genome variants of
the 3C protocol (11–14) were used to study many import-
ant biological questions, including the elucidation of
general principles of higher order chromatin folding in
eukaryotic chromosomes (13,15,16) and analysis of the
composition of transcription factories (17). Taking into
account the range of applications of the C-methods and
significance of conclusions drawn based on the results
obtained using these methods, it is important to know
how these methods work and what the limitations of
their application are. Therefore, it should be noted that
the crucial step of all C-methods is the so-called proximity
ligation procedure (2). In the original 3C protocol (1,4),
cells are treated with formaldehyde to cross-link proteins
to nearby proteins and DNA. After the lysis of nuclei by
sodium dodecyl sulphate (SDS) and the solubilization of
proteins that were not cross-linked, the resulting DNA–
protein network is subjected to cleavage by a restriction
enzyme(s), which is followed by an appropriate dilution
and ligation at a low DNA concentration. It is assumed
that after cleavage, the cross-linked and separate DNA
fragments are solubilized (1,4). In a diluted solution,
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ligation between cross-linked DNA fragments should
be strongly favored over ligation between individual
DNA fragments. This is the primary assumption of the
proximity ligation procedure. After ligation, the cross-
links are reversed, and ligation products are detected
and quantified by polymerase chain reaction (PCR). It is
obvious that the solubilization of chromatin fragments is a
requirement for the implementation of the proximity
ligation procedure, at least in the above-described
fashion. Meanwhile, the solubilization of chromatin frag-
ments from formaldehyde-fixed nuclei constitutes a diffi-
cult task unless ultrasonication is used for the physical
destruction of both chromatin fibers and internal nuclear
compounds. Here, we show that in a standard 3C
protocol, <15% of the DNA is solubilized from mouse
fetal liver cells after digestion with HindIII and treatment
with SDS, and �40% of the DNA is solubilized if MboI is
used instead of HindIII. Most importantly, using the clas-
sical model system of the mouse b-globin gene domain in
erythroid cells, we demonstrated that it is in the
non-solubilized material that the expected 3C signals are
generated. Therefore, we conclude that the proximity
ligation occurs predominantly within the cross-linked
nuclei, wherein the mobility of the ends of DNA frag-
ments is highly restricted by links between adjacent chro-
matin fibers.

MATERIALS AND METHODS

3C analysis

3C was performed as previously described (4,18). Briefly,
fetal livers or brains were isolated from E14.5 mouse
embryos, disrupted by pipetting in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine
serum (FBS) and, in the case of the brain, 1.25mg/ml
collagenase I and were passed through a 40-mm cell
strainer to produce a single-cell suspension. An aliquot
containing 107 cells was treated with 2% formaldehyde
in phosphate buffered saline (PBS)/10% FBS for 10min
at room temperature, and then the reaction was stopped
by the addition of glycine to 0.125M. After washing with
PBS/10% FBS, the fixed cells were incubated for 10min in
an ice-cold lysis solution [10 mM Tris, pH 8.0, 10mM
NaCl, 0.2% Nonidet P40 and a protease inhibitor
cocktail (Fermentas)] at a concentration of 2� 107 cells/
ml to release the nuclei. The nuclei were harvested and
suspended in 0.5ml of 1.2� restriction buffer 2 (New
England Biolabs) for subsequent HindIII digestion or
0.25ml of 1.2� restriction buffer 3 (New England
Biolabs) for MboI digestion. SDS was added to a final
concentration of 0.3%, and the solution was incubated
for 1 h at 37�C with shaking followed, in the case of
MboI digestion, by the addition of 0.25ml of 1.2� restric-
tion buffer 3. Triton X-100 was added to a final concen-
tration of 1.8%, and the solution was further incubated
for 1 h at 37�C to sequester the SDS. The DNA was
digested by overnight incubation with 600 U of HindIII
or 800 U of MboI (New England Biolabs) at 37�C with
shaking. The restriction endonuclease was inactivated by
the addition of SDS to a final concentration of 1.6% and

incubation for 20min at 65�C, which was followed by
sonication when desired (VirTis VirSonic 100 sonicator,
setting 7). With or without sonication, the material was
then processed either accordingly to the standard 3C
protocol, or the soluble and the insoluble portions of the
3C material were separated by centrifugation (16 000g,
20min). After collection of the supernatant, the pellet
was resuspended in a buffer that matched the composition
of the supernatant.

The solution was diluted by adding 7ml of 1� ligation
buffer (Fermentas). Triton X-100 was added to a final
concentration of 1%, and the solution was incubated at
37�C for 1 h while shaking. Next, 100U of T4 DNA
Ligase (Fermentas) was added, and the DNA was
ligated for 4.5 h at 16�C and then for 30min at room
temperature with slow agitation. Cross-links were
reversed by incubation at 65�C for 16 h in the presence
of Proteinase K (40 mg/ml). After cross-link reversion,
RNase A was added to a final concentration of
40 mg/ml, and RNA was digested for 45min at 37�C.
DNA was purified by extraction with phenol, phenol-
chloroform and chloroform followed by precipitation
with ethanol.

The ligation products were analyzed by TaqMan
real-time PCR. A random ligation standard was generated
using a bacterial artificial chromosome carrying the
murine b-globin gene locus along with flanking sequences
(BAC clone RP24-79I7, CHORI BACPAC Resources
Center), which was digested with HindIII or Sau3A
(isoschisomer of MboI insensitive to dam methylation)
and then ligated at a high DNA concentration. For data
normalization, the frequencies of ligation between frag-
ments of the gene Ercc3 were determined. If 3C material
was divided into soluble and insoluble parts, ligation
frequencies determined for each part were normalized to
the sum of ligation frequencies for Ercc3 gene determined
in the soluble and insoluble parts. The sequences of
primers and TaqMan probes are presented in Supple-
mentary Table S1.

Immunofluorescence and FISH

Cells or insoluble 3C material were cytospinned and fixed
with 1% paraformaldehyde (PFA) for 10min at room
temperature, then treated with 1% Triton X-100 for
10min and washed three times (5min each) with PBS.
After washing, the samples were pre-incubated in PBS
supplemented with 1% bovine serum albumin (BSA) for
30min and then incubated in the same solution with
primary antibodies for 1 h at room temperature. The fol-
lowing primary antibodies were used: mouse anti-Sc35
(Abcam ab11826), rabbit anti-nucleolin (Sigma N2662),
rabbit anti-topoisomerase II alpha (Abcam ab12318),
rabbit anti-H3K9me3 (Abcam ab8898) and rabbit
anti-H3K27me3 (LPBio AR-0171). After incubation
with primary antibodies, the samples were washed three
times (5min each) with PBS supplemented with 0.2% BSA
and 0.05% Tween 20. Primary antibodies bound to
antigens were visualized using Alexa Fluor 488-conjugated
secondary antibodies. The following secondary antibodies
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were used: rabbit anti-mouse AF488 (Invitrogen A11059)
and goat anti-rabbit AF 488 (Invitrogen A11008). DNA
was counterstained with DAPI (40,6-diamidino-2-
phenylindole).

To perform fluorescence in situ hybridization (FISH),
samples were cytospinned and fixed with cold
methanol-acetic acid (3:1) for 20min at 4�C, then treated
with RNAse A (100mg/ml) for 1 h at 37�C and washed with
2� saline-sodium citrate (SSC). After washing, samples
were digested with 0.1% pepsin in 0.01 N HCl for
10min at 37�C. For pepsin inactivation, slides were
washed twice with PBS supplemented with 50mM
MgCl2. Post-fixation was performed in 1% PFA for
10min followed by washing with PBS three times (5min
each). After post-fixation, samples were dehydrated in
ethanol series (70%–80%–96%, 5min each).
Chromosome painting using the XCyting Mouse
Chromosome Painting Probe for mouse chromosome 7
labeled with a green emitting fluorochrome (comparable
with fluorescein isothiocyanate) (MetaSystems) was per-
formed according to the manufacturer’s protocol. The
DNA was counterstained with DAPI for 10min at room
temperature. The samples were mounted using Dako
Fluorescent mounting medium (Dako/Invitrogen).

Slides were examined and photographed with an Eclipse
Ti-E inverted fluorescent microscope (Nikon, Japan)
equipped with an �60/NA=1.4 lens and iXon cooled
EMCCD camera (Andor), under the control of
NIS-Elements 4.0 software. Serial optical sections were
deconvolved using the AutoQuant blind deconvolution
algorithm included in the NIS-Elements package.

Electron microscopy

Samples at different steps of the 3C procedure were fixed
with 2.5% neutralized glutaraldehyde in the requisite
buffer for 2 h at room temperature, post-fixed with 1%
aqueous OsO4 and embedded in Epon. Sections of 100-nm
thickness were cut and counterstained with uranyl acetate
and lead citrate. Sections were examined and photo-
graphed with a JEM 1400 transmission electron micro-
scope (JEOL, Japan) equipped with a QUEMESA
bottom-mounted CCD-camera (Olympus SIS, Japan)
and operated at 100 kV.

Immunoblotting and coomassie staining

Aliquots of the soluble and the insoluble 3C material were
sonicated (VirTis VirSonic 100 sonicator, setting 15, 30-s
pulse) to reduce the sizes of DNA fragments. The proteins
were then separated by 15% SDS-polyacrylamide gel
electrophoresis and either stained with Coomasie Blue
R-250 according to the standard protocol (19) or blotted
onto polyvinylidene difluoride membranes (Hybond-P,
Amersham Biosciences). The membranes were blocked
overnight in 5% dry milk in PBS containing 0.1%
Tween 20 (PBS-T) and incubated for 1 h with primary
antibodies (anti-Histone H3, Abcam ab1791) diluted in
PBS containing 0.02% Tween 20 and 5% dry milk.
After three washes with PBS-T, the membranes were
incubated for 1 h with secondary antibodies (horseradish
peroxidase-conjugated anti-rabbit immunoglobulin G) in

PBS containing 0.02% Tween 20 and 5% dry milk. The
immunoblots were visualized using an Amersham ECL
kit. Protein band quantification was carried out using
ImageJ software.

RESULTS

Distribution of DNA and histones between soluble and
insoluble fractions on treatment of cross-linked nuclei with
SDS and restriction enzymes

We chose mouse liver and brain cells to study the solubil-
ization of chromatin fragments from cross-linked nuclei.
The reason behind this decision was that the frequencies of
ligation of the b-globin gene domain fragments can be
subsequently analyzed separately in soluble and insoluble
material, and the results can be compared with the previ-
ously published data (4). In the first set of experiments, the
cross-linked nuclei were lysed with SDS solution [exactly
as proposed in the original 3C protocol (1,4)] and treated
with the HindIII restriction enzyme. The reaction was
terminated by the addition of SDS at a final concentration
of 1.6% and incubation at 65�C for 20 min. The soluble
and insoluble materials were then separated by centrifuga-
tion (16 000g, 20min). After collection of the supernatant,
the insoluble material (debris) was resuspended in a buffer
that matched the composition of the supernatant. This
suspension and the collected supernatant were then
diluted by the addition of 1� ligation buffer as in the
standard 3C protocol (1,4). Aliquots were taken from
both samples for (i) DNA isolation and (ii) ligation
followed by DNA isolation. Surprisingly, in both liver
and brain cells, the major portion of DNA (85 and
70%, respectively) remained in the insoluble fraction
(Figure 1A, ‘Hind’ bars). The size distribution of DNA
fragments was similar in the soluble and insoluble frac-
tions, and in all cases, the fragments were ligatable (Figure
1B, ‘Hind’ panels). Next, we repeated the above-described
experiments using an MboI restriction enzyme to cut
DNA in cross-linked nuclei. This enzyme recognises four
base pairs of DNA and cuts DNA into shorter fragments
than HindIII, which recognises six base pairs. Indeed,
analysis of the size distribution of the DNA fragments
isolated from cross-linked nuclei treated with MboI
demonstrated that the fragments were much shorter than
those observed in the experiment that used the HindIII
restriction enzyme (Figure 1B, ‘Mbo’ panels). The degree
of solubilization of these short DNA fragments increased
(Figure 1A, ‘Mbo’ bars). Nevertheless, a significant
portion of DNA (�25 and �60% in brain and liver
cells, respectively) remained in the insoluble fraction. It
is also of note that the MboI fragments from both
soluble and insoluble fractions were ligatable, as were
the HindIII fragments (Figure 1B, ‘Mbo’ panels).
We have next analyzed distribution of histones between

soluble and insoluble fractions in the course of preparation
of the 3C material. With this aim, the samples were
sonicated to decrease the sizes of DNA fragments and
incubated overnight at 65�C to reverse cross-links;
proteins were then separated in 15% Polyacrylamide gel
(PAAG) and either directly stained with Coomassie blue
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(Figure 1C) or transferred to a membrane followed by
visualization of histone H3 by immunostaining (Figure
1D). The results of a representative experiment are
shown on the top, and quantification of the data
obtained in three independent experiments is presented
below. It is evident that distribution of histones does not
closely match the distribution of DNA. In the case of fetal
liver cell nuclei digested by HindIII, a significant portion of
histones (75–80%) is solubilized, while most of the DNA
(�85%) remains in the nuclei (see above). These can be
easily explained by incomplete cross-linking of histones.

Preferential ligation between the fragments that are
thought to be assembled into an active chromatin hub
occurs mainly in the insoluble fraction

We first reproduced the 3C experiments on the b-globin
gene domain reported by Tolhuis et al. (4). In the first set
of experiments, the HindIII restriction enzyme was used to
cut DNA in cross-linked nuclei that were lysed by SDS. In
agreement with the results of the above-cited authors, in
fetal liver (erythroid) cells, the anchor placed on the
promoter of the major b-globin gene Hbb-b1exhibited

Figure 1. Partitioning of DNA and histones between soluble and insoluble portions of the 3C material and size distribution of DNA fragments.
(A) Relative amounts of DNA in soluble (super) and insoluble (debris) portions of the 3C material, as determined by fluorometric assays (Qubit,
Invitrogen). In each experiment, the total amount of DNA in two fractions is set as 100. (B) Electrophoretic separation of DNA from soluble and
insoluble portions of the 3C material before and after ligation (agarose gel, ethidium bromide staining). M—DNA size marker (Fermentas, SM0331).
(C and D) Partitioning of histones between the soluble and the insoluble portions of the 3C material. Proteins present in equal portions of the soluble
and the insoluble 3C material were separated by PAAG and visualized by Coomassie staining (C) or by immunoblotting with antibodies against
histone H3 (D). The intensity of bands was quantified using ImageJ software. In each experiment, the total amount of histones in two fractions is set
as 100. The error bars represent SEM for three independent experiments.
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elevated ligation frequency with the DNase I hypersensi-
tive sites 4/5 (HS4/5) of the locus control region (LCR)
and with the HS-62/-60, while the frequency of ligation
with the -42 region was lower (Figure 2A, left graph). In
brain cells, the above-mentioned peaks were not observed.
The ligation frequencies decreased with an increase in the
distance between the anchor and a test fragment, again in
agreement with the previously published results (1). The
principal results of the HindIII-3C analysis were con-
firmed in experiments with MboI-digested DNA in
cross-linked nuclei (Figure 2A, right graph).

One can consider multiple ways of generation of the 3C
profiles obtained in the above-described experiments.
Both soluble and insoluble portions of the initial 3C
material may contribute to the 3C profile without any
preference. Another possibility is that the soluble or the
insoluble portion predominantly or even exclusively deter-
mines the 3C profile. To choose between these
possibilities, we analyzed the ligation frequencies separ-
ately in the soluble and insoluble portions of the 3C
material obtained using either HindIII or MboI to digest
the DNA in the cross-linked nuclei. We first analyzed the
ligation frequencies in equal aliquots of the soluble and
insoluble material, disregarding the fact that the amounts
of DNA in these aliquots differed significantly. The results
of these experiments (Figure 2B) clearly demonstrated that
virtually all 3C signals observed in the experiment using
non-fractionated 3C material came from the insoluble
fraction. Indeed, in the insoluble fraction of the 3C
material prepared from erythroid cells, elevated ligation
frequencies of the anchor fixed on the Hbb-b1 promoter
with the HS4/5 of the LCR and the HS-62/-60, and a very
low ligation frequency of the same anchor with the -42
fragment were observed. As in the experiments with the
non-fractionated 3C material (see above), the results
obtained with the MboI digestion of cross-linked nuclei
closely matched those obtained with HindIII digestion.
When the soluble portion of the 3C material from eryth-
roid cells was analyzed, no characteristic increase of
the ligation frequencies with the HS4/5 of the LCR and
the HS-62/-60 was detected. Furthermore, even the
frequencies of ligation of the anchor to the adjacent
DNA fragments were diminished. In the soluble portion
of the material from brain cells, the frequency of ligation
of the fragments adjacent to the anchor was also dimin-
ished (Figure 2B). The observed characteristics of the in-
soluble and the soluble portions of the 3C material did not
change when the experimentally determined ligation
frequencies were normalized to the amount of DNA in
different samples (Figure 2C). When the soluble fractions
were plotted and normalized separately (to better see weak
signals), the characteristic 3C pattern still was not visible
(Figure 2D).

Because of the above-described results, the possibility of
non-equal solubilization of different DNA fragments from
the cross-linked nuclei should be considered. In the
extreme case, some fragments may be entirely absent in
either the soluble or insoluble fraction. Naturally, this
would affect the experimentally determined ligation
frequencies. To address this problem, we determined the
relative amounts in the soluble and insoluble fractions of

all fragments of the b-globin gene domain studied in our
experiments. In the case of HindIII digestion, we found
that with an increase of fragment length, the degree
of fragment solubilization decreased (Supplementary
Figure S1A and B). However, there was no correlation
between the relative amount of a fragment in the insoluble
or soluble portion of the 3C material and the observed
ligation frequency. For example, in the case of liver
cells, two long HindIII fragments containing the HS4/5
and Olfr59 gene were found almost entirely (�95%) in
the insoluble fraction, and of these two fragments, only
the one containing HS4/5 was preferentially ligated to the
Hbb-b1 promoter. In the soluble fraction, the highest
ligation frequency was observed for the fragment located
immediately upstream of the anchor fragment, whereas
this fragment was not the fragment represented at the
highest level in this fraction (Supplementary Figure
S1B). The MboI fragments were partitioned almost
randomly between the soluble and the insoluble portions
of the 3C material irrespective of their size, and the differ-
ences in fragment distribution fell into the 50% range
(Supplementary Figure S1C and D). Again, no correlation
was observed between the relative amount of a fragment
in the insoluble or soluble portion of the 3C material and
the observed ligation frequency.

The insoluble fraction of the 3C material is composed of
non-lysed nuclei

Because the proximity ligation that generates the charac-
teristic 3C signals proceeds predominantly in the insoluble
portion of the cross-linked material, it was important to
understand the nature of this insoluble fraction. To
address this problem, we inspected the insoluble material
under a fluorescence microscope after staining with DAPI
to visualize DNA and immunostaining with antibodies
that recognise characteristic components of different
nuclear compartments. The results of these experiments
are presented in Figure 3. First, it became evident that
the insoluble portion of the 3C material was composed
of non-lysed nuclei that retain a spherical shape and
some characteristic features of the internal organization
after extraction with 0.3% SDS solution and subsequent
treatment with a restriction enzyme followed by extraction
with 1.6% SDS solution. Indeed, using antibodies against
nucleolin, Sc35 and DNA topoisomerase II, we were able
to visualize nucleoli, splicing speckles and the nuclear
matrix in the non-lysed nuclei that were collected after
performing all steps of the 3C protocol that precede
DNA ligation (Figure 3B, panels a–c). Hence, all of the
above-mentioned compartments survive in cross-linked
nuclei that are subjected to treatment with a restriction
endonuclease and SDS extraction.
Inspection of samples of precipitated 3C material

stained with DAPI fully confirmed the results of the quan-
titative analysis of the DNA distribution between the
soluble and the insoluble portions of the 3C material. It
is evident that residual nuclei obtained after treatment
with a restriction enzyme and SDS extraction still
contain a substantial amount of DNA. However, these
treatments cause an increase in the apparent size of the
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Figure 2. Frequencies of ligation of the fragment harboring the Hbb-b1 promoter with several selected fragments of the b-globin gene domain in
soluble and insoluble portions of the 3C material. (A) Results of standard 3C analysis performed without fractionating the 3C material. (B) Results
of 3C analysis performed separately on soluble (super) and insoluble (debris) fractions. (C) The same as (B) after normalization of the ligation
frequencies to the amount of DNA in the samples. (D) The same as (C), soluble fraction only. On the top of each graph, a map of the domain is
shown, with b-globin genes, olfactory receptor genes and DNase I hypersensitive sites shown by red arrows, blue arrows and black vertical lines,
respectively. Plotted on the horizontal axis are the fragment positions. The scale is in kilobases, and according to GenBank entry NT_039433, the ‘0’
point corresponds to the start of the Hbb-y gene. The black rectangle in the background of each graph shows the anchor fragment, and the gray
rectangles indicate test fragments. Plotted on the vertical axis are the ligation frequencies; the highest ligation frequency observed is set to 100
[the frequency of ligation between the anchor fragment and the upstream restriction fragment in the total 3C material from fetal liver cells (A) or in
the insoluble portion of the 3C material from fetal liver cells (B and C) or the soluble portion of the 3C material from fetal brain cells (D)]. Red and
blue lines show the results for liver and brain cells, respectively; solid lines show the results for the total 3C material (A) or the insoluble portion of
the 3C material (B and C); dotted lines show the results for the soluble portion of the 3C material. Ligation frequencies of HindIII and MboI
fragments are presented on the left and the right graphs, respectively. The error bars represent SEM for three independent experiments.

3568 Nucleic Acids Research, 2013, Vol. 41, No. 6



residual nuclei. This may be due to the partial decon-
densation of chromatin after extraction of those histones
that have not been cross-linked. It is important to know
whether this decondensation provokes redistribution of
chromatin within the nucleus. To address this question,
we analyzed the fate of heterochromatin domains in the
course of treatment of cross-linked nuclei with restriction
enzymes and SDS. Toward this aim, the nuclei were
immunostained with antibodies recognizing histone modi-
fications typical for constitutive [tri-methylation of histone

H3 lysine 9 (H3K9 me3)] and facultative [tri-methylation
of histone H3 lysine 27 (H3K27 me3)] heterochromatin
(20). In non-treated cells, both antibodies visualized re-
stricted heterochromatic regions (Figure 3A, panels d
and e). Although enlarged along with the whole nucleus,
these heterochromatic regions were clearly observed after
digestion of chromatin with a restriction endonuclease and
SDS extraction (Figure 3B, panels d and e). This strongly
suggests that harsh treatments performed during prepar-
ation of 3C material do not destroy formaldehyde-fixed

Figure 3. Visualization of nuclear compartments and chromatin domains in non-treated liver cells (A) and the same cells treated according to the 3C
protocol up to the ligation step (B). The insoluble fraction was collected after HindIII digestion and 1.6% SDS extraction. (a–e) Immunostaining
with antibodies against nucleolin (a), Sc35 (b), DNA topoisomerase II (c), H3K9me3 (d) and H3K27me3 (e). (f) Visualization of the chromosome 7
territory (FISH with a library of the chromosome 7–specific probes). In both sections of the Figure, the results of immunostaining are shown in the
first row (red) and counterstaining of DNA with DAPI is shown in the second row (blue). The superimposition of the immunostaining and
counterstaining of DNA is shown in the third row. Scale bar: 5 mm.
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nuclei and do not cause intermingling of distinct chroma-
tin domains. To verify this conclusion, we stained the
whole chromosome 7 using FISH with chromosome-
specific probes. The discrete chromosomal territory was
clearly visible both before and after treatment of
formaldehyde-fixed cells with a restriction enzyme and
SDS (Figure 3A and B, panels f). Furthermore, the next
step of the 3C procedure, incubation in ligation buffer,
affects neither the distribution of heterochromatic
regions and chromosome territories nor the visualization
of nucleoli, splicing speckles and the nuclear matrix (data
not shown). Finally, the degree of chromatin cleavage
does not significantly affect the specific distribution of
either chromatin (as revealed by staining of chromosome
territories and heterochromatic regions) or the nuclear
compartments analyzed in our experiments. Indeed,
similar results were obtained on analysis of cross-linked
nuclei treated with MboI instead of Hind III (Supple-
mentary Figure S2). Thus, formaldehyde cross-linking
preserves nuclei from lysis by SDS and strongly interferes
with chromatin solubilization. Consequently, it can be
concluded that in the course of the preparation of 3C
material, the proximity ligation proceeds within the par-
tially decondensed chromatin that is retained within
nuclear remnants. This conclusion is valid for both liver
and brain cells, as similar results were obtained when the
above-described experiments were repeated on brain cells
(Supplementary Figure S3).
To obtain more information about the structural milieu

of the proximity ligation, the nuclear remnants obtained
after treatment of fixed nuclei with a restriction enzyme
and SDS were inspected under an electron microscope.
Figure 4 shows the typical morphology of a mouse
fetal liver cell with a considerable amount of highly
condensed heterochromatin located at the nuclear per-
iphery (Figure 4A and A’). This characteristic nuclear
morphology remains well preserved after cell lysis and

extraction with 0.3% SDS/1.8% Triton X-100, which
almost completely removes the cytoplasm (Figure 4B
and B’). DNA digestion with HindIII restriction endo-
nuclease and subsequent extraction with 1.6% SDS
resulted in significant changes in chromatin structure, ren-
dering nuclei less electron dense and with almost the
complete disappearance of structurally defined condensed
heterochromatin (Figure 4C and C’). The main structural
component of these nuclei is represented by a meshwork
of thin fibers (10–25 nm in diameter), apparently of chro-
matin, as suggested by DNA and histone staining (see
Figure 3). The fibers are almost homogeneously
distributed throughout the nuclear volume, and only a
slight increase in fiber density is observed at the nuclear
periphery, apparently corresponding to regions of hetero-
chromatin. Interfibrillar distances range from 20–25 nm at
the nuclear periphery to 30–50 nm in central regions of the
nucleus. Similar results were obtained on electron micros-
copy analysis of fixed nuclei treated with MboI instead of
HindIII (Supplementary Figure S4).

Disruption of the residual nuclei results in a decrease of
the 3C signals

Collectively, the data discussed above may indicate that
preservation of the internal nuclear organization is essen-
tial for producing specific 3C signals. The other possibility
is that the nuclear remnants just interfere with solubiliza-
tion of the ligated DNA–protein complexes without af-
fecting the specificity and/or efficiency of ligation. To
choose between the two possibilities, it is necessary to
destroy the residual nuclei under conditions that do not
affect the integrity of the putative DNA–protein
complexes and then perform the proximity ligation in a
solution. We have tested several strong dissociating
agents, such as guanidine hydrochloride and guanidine
isothiocyanate, but failed to lyse nuclei fixed by

Figure 4. Electron microscopic analysis of the insoluble 3C material from liver cells at different steps of the 3C procedure. After formaldehyde
cross-linking (A and A’), after isolation of nuclei and extraction with 0.3% SDS followed by 1.8% Triton X-100 (B and B’) and after digestion with
HindIII restriction endonuclease followed by extraction with 1.6% SDS (C and C’). Panels below show the enlarged framed region of the above
images. Scale bars: 1mm (A–C) and 250 nm (A’–C’).
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formaldehyde. Other researchers reported that sonication
increased solubilization of the 3C material (21) and even
increased the resolution of the C-protocols (22). We have
thus sonicated the 3C material before the ligation step and
then looked for the 3C signals in the total 3C material and
separately in the soluble and insoluble fractions. The ex-
periment was performed on E14.5 mouse embryo liver
cells. Cross-linked chromatin was digested with either
HindIII or MboI. As expected, even mild sonication (1-s
pulse) caused the release of an important portion (�50%
in the case of Hind III digestion and �80% in case of
MboI digestion) of cross-linked chromatin fragments
into the soluble fraction. More intensive sonication (3-s
pulse) ensured a solubilization of �85% of DNA from
HindIII-treated nuclei (Figure 5A). Under these condi-
tions, the average size of the released fragments decreased
a little, but the possibility to ligate the solubilized frag-
ments was not visibly affected (Figure 5B). Solubilization
of an important (or even the major) portion of the
cross-linked DNA fragments after sonication correlated
with the apparition of the detectable 3C signals in the
soluble fraction. However, the level of these signals
was much lower than that observed in the insoluble
fraction (Figure 5C). It was especially evident after
normalization to the amount of DNA present in each
fraction (Figure 5D). Furthermore, the total 3C signals
(i.e. the signals detected in the unfractionated 3C
material) decreased with the increase of the percentage
of the solubilized DNA fragments. For example, in the
experiments with HindIII endonuclease, the relative
ligation frequency of the Hbb-b1 promoter to the HS4/5
of the LCR in the total 3C material decreased from �65 to
�25% (Figure 5E). One may suggest that this drop in the
3C signals is because of the breakage of restriction frag-
ments caused by sonication. To find out if this indeed
happens under conditions of sonication used, we
analyzed the levels of circularization of the anchor
HindIII restriction fragment on ligation of a mixture of
restriction fragments prepared from the control 3C
material and the 3C material subjected to 1-s or 3-s
pulses of sonication. The results obtained demonstrated
that under our conditions of sonication, the level of
breakage of the tested 1-Kb HindIII fragment was <5%
(data not shown). Although larger Hind III fragments
could be more seriously damaged by sonication, this is
not likely to affect the possibility of ligation of their
ends to the anchor fragment and thus the formation of
bona fide amplicons that were very short (100–200 bp) in
all our experiments. Thus, it is likely that the observed
decrease of the level of total 3C signals observed in experi-
ments with sonication of cross-linked nuclei is caused by
the disruption of the internal nuclear organization rather
than by additional fragmentation of DNA.

DISCUSSION

The proximity ligation procedure is a crucial step of all
C-methods (2). It has been assumed that DNA fragments
joined via protein bridges are solubilized from the
formaldehyde-fixed nuclei after DNA cleavage by

restriction enzymes and extraction with SDS. In a
diluted solution, the cross-ligation of joined DNA frag-
ments should be highly favored over the cross-ligation of
separate fragments (1,4). The primary observation made
in the present study is that the proximity ligation that
generates characteristic 3C signals proceeds in the insol-
uble fraction within the cross-linked nuclei that turned out
to be stable enough to resist SDS extraction. First, we
demonstrated that a significant portion of DNA cannot
be extracted from cross-linked nuclei after fragmentation
by restriction endonucleases and SDS extraction. The
amount of soluble material depends on the degree of
DNA cleavage. A higher portion of DNA is solubilized
after the treatment of cross-linked nuclei with MboI than
with HindIII, which cut DNA into fragments ranging in
sizes from �0.02 to �1.4 Kb and from �0.15 to �10 Kb,
respectively. The degree of solubilization also depends on
the nature of the cells. In our experiments, under similar
conditions, more DNA was solubilized from brain cells
than from erythroid cells. Most important, the character-
istic 3C signals were generated in the insoluble fraction
regardless of the portion of solubilized DNA. It is espe-
cially evident on comparing the analysis of ligation
frequencies in the insoluble and soluble 3C material
obtained from fetal liver cells using HindIII (solubilization
of �15% of total DNA) and MboI (solubilization of
�40% of total DNA) restriction enzymes. In both cases,
the preferential ligation of the fragments bearing regula-
tory elements of the b-globin gene domain was observed in
the insoluble 3C material only. Analysis of the insoluble
material obtained in the course of the normal 3C proced-
ure demonstrated that the nuclei cross-linked by formal-
dehyde are sufficiently resistant to SDS extraction. This
treatment causes a significant decompactization of chro-
matin but does not provoke drastic redistribution of chro-
matin domains. It has been reported previously that,
contrary to what one would expect based on the rationales
of the 3C procedure (1,4,23), dilution of the 3C material
before ligation is not essential to observe characteristic
profiles of the 3C signals (21). We have made similar ob-
servations (data not shown). These observations receive
an easy explanation after recognition of the fact that the
proximity ligation proceeds within non-lysed nuclei.
Taking into account this fact, one may ask whether char-
acteristic 3C ligation products can only be generated
within non-lysed nuclei. Two possibilities can be con-
sidered. First, ‘freezing’ of relatively large folded chroma-
tin domains within the nucleus may be essential for
generation of the characteristic 3C ligation products.
These folded domains may be stabilized both by stochastic
cross-links between neighboring chromatin fibers and by
interaction with non-chromatin structures such as nuclear
lamina, nuclear skeleton (matrix), Sc35 speckles et cetera.
If this scenario is correct, mechanical destruction of
cross-linked nuclei by sonication before ligation may be
expected to interfere with the possibility to generate
specific 3C ligation products. The other possibility is
that complexes of regulatory elements linked via interact-
ing proteins are fixed in the nuclei as originally proposed
(1,4,23) but simply cannot be solubilized due to mechan-
ical obstacles (such as the surrounding mesh of
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Figure 5. Effect of sonication on the DNA partitioning between soluble and insoluble portions of the 3C material and on the frequencies of ligation
of the b-globin gene domain fragments. (A) Relative amounts of DNA in the soluble and the insoluble portions of the sonicated 3C material. (B)
Electrophoretic separation of DNA from soluble and insoluble portions of the sonicated 3C material before and after ligation. (C) Results of 3C
analysis performed separately on soluble (super) and insoluble (debris) portions of the sonicated 3C material. (D) The same as (C) after normal-
ization of the ligation frequencies to the amount of DNA in the samples. (E) Results of standard 3C analysis performed on the sonicated 3C material
without fractionating into the soluble and the insoluble portions. The sonication time is indicated in seconds. The error bars represent SEM for two
independent experiments. Other designations are as in Figure 1 and 2.
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cross-linked chromatin fibers or the nuclear lamina
stabilized by formaldehyde cross-links). In this case,
mechanical destruction should not interfere with gener-
ation of the specific patterns of the 3C ligation products.
Indeed, these products will be generated in a diluted
solution exactly as postulated in the original 3C protocol
(1,4,23). It has been reported previously that sonication
improve solubilization of the 3C material but does not
improve the resolution of the 3C procedure (21). Here
we have studied the effect of sonication more systematic-
ally and made two important observations: (i) although
sonication stimulated solubilization of the 3C material,
the major portion of the characteristic 3C ligation
products was generated in the insoluble fraction even
after solubilization of >80% of cross-linked chromatin
fragments (Figure 5C); and (ii) solubilization of
cross-linked chromatin fragments correlated with the
decrease of the total 3C signals (i.e. the signals detected
in the unfractionated 3C material). Both observations
better agree with a supposition that characteristic 3C
ligation products can only be generated within non-lysed
nuclei. We suggest that in formaldehyde-fixed nuclei, the
mutual positions of regulatory elements located close to
each other are maintained owing to cross-links between
chromatin fibers, regardless of the nature of non-histone
proteins that directly interact with these regulatory
elements (Figure 6). Stochastic links between neighboring
chromatin fibers will ‘freeze’ the spatial configuration of
large chromosomal domains. The relative spatial positions
of different genomic elements within these domains will
not change after introducing a limited number of
double-stranded breaks into DNA as long as each of the
fragments is bound to other fragments by formaldehyde
links (i.e. remains a part of the cross-linked chromatin
mesh). Meanwhile, the DNA ends will possess local
mobility sufficient for ligation to other DNA ends
located in close proximity. At first approximation, it will
be correct to say that chromatin fibers are joined by for-
maldehyde cross-links randomly. Occasionally, even rela-
tively long fragments can be excluded from a cross-linked
network. These fragments will be solubilized by SDS ex-
traction. With the decrease of the average sizes of frag-
ments, the portion of fragments that are not cross-linked
to other fragments should increase. This explains the
observed higher degree of DNA (chromatin) solubilization
after the treatment of cross-linked nuclei with a restriction
enzyme that cuts frequently (MboI). However, the mutual
positions of different genomic elements will not be
preserved in soluble fractions that are composed (at least
for the most part) of separated DNA fragments. Thus, we
do not see the expected 3C signals in the soluble fraction.
Even the ligation frequency of adjacent DNA fragments,
which should be cross-linked rather effectively via
histones, is notably diminished in this fraction compared
with the insoluble fraction. This observation can be easily
explained by the lower probability of solubilization of the
cross-linked fragments because both fragments will stay
with the cross-linked chromatin network even if only
one of these fragments is linked to this network.

Mechanical destruction of cross-linked nuclei by sonic-
ation is likely to produce a variety of products from

separate chromatin fragments to relatively large pieces
of the cross-linked chromatin mesh (chromatin aggre-
gates), which will be partitioned between the soluble and
the insoluble portions of the 3C material, the heaviest
being precipitated under conditions that we have used
for the separation. Within large chromatin aggregates,
the relative spatial positions of individual genomic
elements are likely to be preserved. This should allow

Figure 6. The proposed model of an active chromatin hub/compart-
ment. (A) A schematic showing a putative dynamic interaction com-
partment containing two promoters (P1 and P2) controlled by a distant
enhancer (enh). The enhancer is located in close spatial proximity to P1
and P2 owing to the formation of a chromatin loop stabilized by a
cohesin ring (blue ring in the schematic). A complex of regulatory
proteins (yellow circles) may or may not directly join the enhancer
and promoter(s). After formaldehyde fixation, the mutual positions of
the enhancer and the promoters became ‘frozen’ owing to the
cross-links between closely located chromatin fibers. For the simplicity
of presentation, these fibers are shown crossing each other. (B) After
SDS extraction, the putative multicomponent protein complexes joining
the enhancer and the promoter(s) are disintegrated (because of
non-effective fixation of such complexes by formaldehyde), while the
chromatin ‘cage’ stabilized by formaldehyde cross-links survives.
Cleavage of DNA with restriction enzymes produces cohesive ends
that possess a certain (limited) mobility within a chromatin cage so
that the cohesive ends of different chromatin/DNA fibers located in
close spatial proximity can be cross-ligated. Linking of chromatin
fibers by formaldehyde is a stochastic process. In our model, the inter-
action compartment is stabilized by four cross-links between chromatin
fibers. A failure to produce some of these cross-links will result in the
separation of DNA fragments bearing the enhancer or the promoters
from a chromatin cage. These fragments will be solubilized. However,
in a solution, the fragments bearing the enhancer and the promoters
will no longer be held in spatial proximity. Consequently, ligation of
solubilized fragments will proceed without special preference and will
not result in the generation of characteristic 3C signals.
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for generation of a correct pattern of the 3C products on
subsequent ligation. With a decrease in the size of the
chromatin aggregates, the positioning information will
be lost owing to a separation/breakage of individual frag-
ments and increase of flexibility of the whole structure.
Indeed, in our experiments with sonication of cross-linked
nuclei, the correct 3C ligation products were generated
predominantly in the insoluble portion of the material
composed of large chromatin aggregates and nuclear
remnants.
It should be stated that recognition of the fact that in

the 3C protocol the proximity ligation is mediated within
non-lysed nuclei does not question the existence and func-
tional significance of chromatin loops that juxtapose
distant regulatory elements. As a matter of fact, the first
experimental evidence for such looping was produced
using the nuclear ligation assay, an experimental proced-
ure based on the proximity ligation in non-lysed nuclei
(24,25). The model of the proximity ligation inside the
chromatin cage (Figure 6) allows for a certain degree of
flexibility of an ACH. As soon as the rigid fixation of all
participating elements via formation of a common
complex with interacting proteins is not obligatory, the
chromatin hub can be considered to be a folded chromatin
domain or a nuclear compartment, where regulatory
elements and the promoters of transcribed genes are re-
cruited [an expression hub, as proposed by Kosak and
Groudine (26)]. The proximal positions of all of these
regulatory elements may be supported by proteins that
do not directly interact with any of them, for example,
by CTCF and cohesin holding together two insulators
(27–29) or by SATB1/2 interacting with MAR elements
(30). The proposed model allows for short-lived
alternating associations of regulatory elements with differ-
ent promoters present within the active compartment.
These temporal associations may explain the previously
observed alternating transcription of b-globin genes
(31,32) that appear to be recruited to the common ACH
(4). The possibility that enhancers present within the
nuclear compartment serve as nucleation centers for at-
traction of RNA Polymerase II, chromatin remodeling
factors, histone acetylases, et cetera, also should not be
ruled out.
Most of the 3C-derivative methods (4C, 5C, Hi-C) do

not really depend on solubilization of cross-linked chro-
matin fragments. The observations made using Hi-C
protocol (13,16,33) mostly concern the folding/shape of
large chromosomal domains. Consequently, identification
of multiple interactions between neighboring chromatin
fibers should be of primary importance. This can be
easily achieved without solubilization of chromatin from
the nucleus (see Figure 6).
In contrast to the 4C, 5C and Hi-C, the ChIA-PET (14),

ChIP-loop (34) and e4C (17) procedures strictly depend on
solubilization of cross-linked chromatin fragments, as a
specific portion of these fragments is selected for further
analysis using immunoprecipitation from solution. In the
ChIA-PET protocol (14), sonication is used to solubilize
relatively short cross-linked chromatin fragments. As
shown here, sonication causes massive drop in the detect-
able 3C signals. Under conditions used to prepare

ChIA-PET material, only ‘true’ complexes of regulatory
elements joined by protein bridges can be identified. It is
obvious that such complexes also exist. Otherwise, the
ChIA-PET method would not work. However, the per-
centage of such cross-linked complexes is likely to be
rather low. Indeed, ‘very deep’ sequencing is necessary
to detect ChIA-PET signals (2). It does not constitute a
problem as long as one realizes that interactions identified
by ChIA-PET and by most of the other C-methods may
be basically different. The 3C protocol as well as the 4C
and the 5C are indeed based on the fixation of chromo-
some conformation (‘freezing’ of the proximal location of
distinct regulatory elements within a chromosomal terri-
tory) and not on the fixation of interactions between pro-
moters and enhancers via regulatory proteins (protein
complexes). Correspondingly, the results of the 3C
analysis show the relative proximities of fragments
within the nucleus rather than the frequencies of the inter-
action of these fragments. The ChIP-loop (34) and e4C
(17) protocols do not include sonication step. Yet only
the soluble portion of the 3C material is analyzed, which
is subjected to immunoprecipitation before the proximity
ligation. In our cellular model, only 15% of total DNA
(DNA solubilized after treatment of nuclei with a 6-
bp-cutting restriction enzyme) would be available for the
ChIP-loop or e4C analysis. Furthermore, this would not
be a representative portion of the total 3C material
because of the non-equal solubilization of DNA fragments
of different sizes and underrepresentation of interacting
fragments that can be identified by the analysis of the
proximity ligation products. It may happen that the
degree of cross-linked chromatin fragment solubilization
differs in different cellular models. Still, it is obvious that
one should use the ChIP-loop and e4C procedures with
extreme caution. In particular, the degree of solubilization
of the cross-linked chromatin fragments should be strictly
controlled.
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