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Methods

A novel 6C assay uncovers Polycomb-mediated
higher order chromatin conformations

Vijay K. Tiwari,' Leslie Cope,? Kelly M. McGarvey,'* Joyce E. Ohm,’

and Stephen B. Baylin'->*

"Cancer Biology Division, The Sidney Kimmel Comprehensive Cancer Center, The Johns Hopkins University Medical Institutions,
Baltimore, Maryland 21231, USA; ?Biometry and Clinical Trials Division, The Johns Hopkins University Medical Institutions,
Baltimore, Maryland 21231, USA; 3Program in Cellular and Molecular Medicine, The Johns Hopkins University Medical

Institutions, Baltimore, Maryland 21231, USA

We describe construction of a novel modification, “6C,” of chromatin looping assays that allows specific proteins
that may mediate long-range chromatin interactions to be defined. This approach combines the standard looping
approaches previously defined with an immunoprecipitation step to investigate involvement of the specific protein.
The efficacy of this approach is demonstrated by using a Polycomb group (PcG) protein, Enhancer of Zeste (EZH2),
as an example of how our assay might be used. EZH2, as a protein of the PcG complex, PRC2, has an important role
in the propagation of epigenetic memory through deposition of the repressive mark, histone H3, lysine 27,
tri-methylation (H3K27me3). Using our new 6C assay, we show how EZH2 is a direct mediator of long-range intra-
and interchromosomal interactions that can regulate transcriptional down-regulation of multiple genes by facilitating
physical proximities between distant chromatin regions, thus targeting sites within to PcG machinery.

[Supplemental material is available online at www.genome.org.]

The past few years have seen an exciting development in tech-
nologies to address long-range chromatin interactions in vivo
(3C, 4C, 5C, 3C-chip, ACT, open-ended 3C to name a few) (Dek-
ker et al. 2002; Dostie et al. 2006; Ling et al. 2006; Lomvardas et
al. 2006; Simonis et al. 2006; Wurtele and Chartrand 2006; Zhao
et al. 2006). These techniques have revolutionized our concepts
about key aspects of transcriptional regulation. However, all of
these methodologies, to date, investigate physical proximities
between chromatin elements without specifically identifying the
protein components that may bridge them. Separate assays must
then be carried out in order to address the potential role of spe-
cific regulatory factor(s) in mediating such long-range chromatin
interactions. Moreover, when it comes to knowing whether a
specific protein has the property to mediate physical pairing be-
tween distant chromatin elements, there have not yet been tools
to specifically monitor this question.

In the present work, we combine multiple techniques to
construct a novel 6C (combined 3C-ChIP-cloning) assay to ad-
dress the question of long-range chromatin interactions medi-
ated by specific proteins. To demonstrate how this methodology
can work, we focus the assay on the protein Enhancer of Zeste
(EZH2). This protein is a key member of the Polycomb protein
complex (PcG) that regulates long-term gene silencing in mul-
tiple organisms. PcG proteins play crucial roles during early em-
bryonic development (Sparmann and van Lohuizen 2006;
Ringrose 2007) and are important for the self-renewal and pluri-
potency of embryonic stem cells (Bernstein et al. 2006; Boyer et
al. 2006; Sparmann and van Lohuizen 2006). Among the PcG
proteins, EZH2 is particularly important since it contains the his-
tone methyltransferase (HMTase) activity that catalyzes trimeth-
ylation of histone H3 at Lys 27 (H3-K27) (Cao et al. 2002; Cao
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and Zhang 2004). This mark is required for attracting key com-
ponents of PcG-mediated gene repression, and this activity is
shown to require two other components of PcG machinery,
SUZ12 and EED (Cao et al. 2002; Muller et al. 2002; Kirmizis et al.
2004; Pasini et al. 2007). Using our new assay, we now show that
EZH2, and/or its H3K27me3 catalyzed mark, can play an impor-
tant role in mediating long-range chromosomal interactions, in
cis and trans, that modulate transcription of genes encompassed
in the involved connected regions.

Results

Construction of the 6C assay to study whether EZH2 mediates
inter- and intrachromosomal interactions

In order to address possible long-range interactions mediated by,
or in which EZH2 participates, we combined three different
methodologies, namely chromosome conformation capture (3C)
(Dekker et al. 2002), chromatin immunoprecipitation (ChIP),
and cloning to build a novel 6C assay (Fig. 1A). The beginning
steps involve the usual 3C procedure, where the crosslinked chro-
matin is subjected to restriction enzyme-mediated digestion fol-
lowed by intramolecular ligation. However, at the end of the 3C
procedure, instead of de-crosslinking, the ligated chromatin is
subjected to ChIP using an antibody against a protein of interest
(the suspected “bridging protein”). This is followed, to facilitate
insert cloning, by reversal of the crosslinking, purification of the
immunoprecipitated DNA, and ligation into a vector bearing the
sequence overhangs generated in the enzyme digestion used in
the 3C assay. This directly allows the cloning of 3C ligated frag-
ments pulled down by the antibody. The ligation mix is then
transformed, and the clones are screened by digestion with the
same restriction enzyme that was used for the 3C assay (Fig. 1A).
The clones showing multiple fragments upon digestion (multiple
inserts ideally mean 3C ligated partners) were subjected to se-
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quencing from both ends of the vector to discover the identity of We performed our assay in Tera-2 teratocarcinoma cells, us-
the interacting partners. Each step in the procedure was moni- ing an antibody against EZH2, to identify novel long-range chro-
tored via controls run in parallel for 3C, ChIP, and cloning steps matin interactions involving EZH2 as an integral component
(Supplemental Fig. 1A-C). (Fig. 1A). We took five clones that were obtained with evidence
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Figure 1. Construction of the 6C assay for EZH2. (A) Outline of the 6C assay. Briefly, cells are subjected to the conventional 3C procedure as described
previously (Tolhuis et al. 2002). However, subsequent to the ligation step, the chromatin is subjected to chromatin immunoprecipitation (ChIP) using
an antibody against the protein of interest (EZH2, in the present study), followed by ligation of the purified DNA into a cloning vector bearing the
sequence overhangs generated in the enzyme digestion used in the 3C assay (EcoRl|, in our case) to facilitate insert cloning and further screening. Clones
are screened by digestion with the restriction enzyme that was used for the 3C assay, and the ones showing multiple inserts were subjected to
sequencing from both directions in the vector to reveal the identity of the partners. (B) EZH2 is bound to the chromatin regions discovered in the 6C
assay and is associated with the trimethylation of H3K27 in undifferentiated Tera-2 cells. The ChIP was performed using antibodies against EZH2 and
H3K27me3 followed by amplification of the precipitated DNA using primers spanning the EcoRl enzyme sites (from each of the partners) used for
3C assay. The gel shows the results of semiquantitative PCR reactions for each of the partner regions in the five clones under investigation.
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for multiple inserts for further analysis. Two had intrachromo-
somal ligations (clones 1 and 5), although we cannot fully ex-
clude the possibility of interchromosomal interactions between
the homologous chromosomes. One clone had ligation of one
fragment from chromosome 6 to alpha-satellite sequences of an
unknown chromosomal origin (clone 4), one had ligated inter-
chromosomal regions (clone 3), and one had both inter- and
intrachromosomal ligations (clone 2) (Table 1; Supplemental
Table 1; Supplemental Fig. 2).

Next, we attempted to perform a deeper analysis with these
five clones. Since the above observations left us with clues that
EZH2 might be involved in the physical pairing of newly discov-
ered chromatin regions, it was important to establish that the
interacting regions are truly occupied by EZH2 in vivo using in-
dependent methods. Toward this end, we carried out ChIP analy-
sis using antibodies specific for EZH2 and H3K27me3, and the
immunoprecipitated DNA was amplified using primers spanning
the EcoRI sites found to be involved in 3C ligation with other
partner(s) in each of these clones. This semiquantitative PCR
analysis again revealed that all of our defined chromatin inter-
acting regions are bound by EZH2 proteins and have correspond-
ing H3K27me3 marks (Fig. 1B).

In order to further confirm that these interactions indeed
exist in the nucleus, we went back to the formaldehyde-
crosslinking-based 3C technique, which only detects intimate
interactions as formaldehyde bridges relatively short distances (2
A) and is reliable when it comes to finding a specific, functional
chromatin interaction present in the interphase nucleus (Solo-
mon and Varshavsky 1985; Jackson 1999; Splinter et al. 2004).
Moreover, 3C generates a population-average measurement of
interaction frequency between given genomic loci (Dekker et al.
2002), providing reliable and consistent observations across dif-
ferent experiments. We carried out 3C PCRs using primers to
probe our above candidate physical interactions and confirmed
that the identified partners in each of these five 6C clones (clone
1 to clone 5) are in close physical proximity in the nucleus of
undifferentiated Tera-2 cells (Fig. 2A). In addition, very strik-
ingly, each of these interactions were either severely reduced or
lost when these cells were differentiated, toward a neuronal lin-
eage, using ATRA (Fig. 2A). Importantly, this was an indirect
indication that Polycomb proteins such as EZH2 might hold
these regions together as the levels of polycomb components are
down-regulated as cells differentiate (Supplemental Fig. 3; Boyer
et al. 2006; Lee et al. 2006; Bracken et al. 2007; Ohm et al. 2007).

EZH2 knockdown leads to loss of physical proximity
between the paired partners

Our observations that the interactions between several remote
chromatin regions are possibly mediated by EZH2, prompted us
to investigate the effect of depletion of cellular levels of EZH2 on

Table 1.
the chromosomal regions in the five clones analyzed in the 6C assay

the interactions between the 6C partners in each of our five
clones. We transiently transfected Tera-2 cells with small inter-
fering RNA (siRNA) specific for EZH2 or a nontargeting control
(NTC), and both Western blot and real-time RT-PCR confirmed
efficient knockdown of EZH2, as shown in Figure 2B (upper pan-
els). Moreover, the EZH2 knockdown led to a very efficient and
global reduction in the associated mark, H3K27me3, compared
with a random NTC, without affecting another histone mark
H3K4me2 (Fig. 2B, upper right panel). Interestingly, 3C analysis
using multiple primer combinations revealed that siRNA against
EZH2 led to reduction or complete loss of interactions between
6C partners in each of these clones, while NTC did not interfere
with any of these physical proximities (Fig. 2B, lower panels).
This provided strong evidence that EZH2 is a direct mediator of
this pairing between different chromosomal segments, both in-
ter- and intrachromosomally.

EZH2 siRNA directed loss of physical pairing leads
to up-regulation of flanking genes

Our findings that EZH2 brings distinct chromatin domains to-
gether led us to speculate that such proximity might strengthen
PcG-dependent silencing by increasing the concentration of con-
stituent PcG proteins and other associated repressors around
genes in a silencing hub. This kind of pairing might promote
efficiency of PcG function by allowing delimited numbers of PcG
complexes to regulate large numbers of genes that are subject to
silencing at a given time in the EC cells. Similar suggestions have
been put forth previously for transcriptional activation in the
case where multiple genes were found to share the same tran-
scription factory (RNA pol II machinery) in a transcription-
dependent manner (Osborne et al. 2004). There is also evidence
that transitions between active and silent transcriptional states
involve shuttling between euchromatic and heterochromatic
nuclear compartments (Brown et al. 1997; Francastel et al. 1999).

To help study the potential gene expression implications of
our demonstrated long-range interactions of EZH2, we first
searched for genes to examine by combining siRNA-mediated
depletion of EZH2, expression microarray technology, and quan-
titative pathway analysis to determine the effects of EZH2 knock-
down in undifferentiated human EC (Tera-2) cells. We trans-
fected these cells in a proliferative phase with siRNA oligonucle-
otides specific for EZH2. Real-time RT-PCR and Western blot
analysis of lysates prepared 72 h after transfection confirmed, as
was shown in Figure 2B, that the siRNA efficiently inhibited the
RNA and protein synthesis of its specific target, which accompa-
nied a very efficient and global reduction in the associated het-
erochromatic mark, H3K27me3.

RNA was extracted at this point, labeled, and hybridized to
Agilent 4x44K gene expression arrays. After image processing,
the data were normalized as described (Zahurak et al. 2007), and

The chromosomal location of the individual genomic regions (interacting partners) as well as the nature of interaction between

Partner 1 Partner 2

(chromosome; position)

(chromosome; position)

Nature of
captured interactions

Partner 3
(chromosome; position)

Clone 1 7, 93,333,086 7; 93,657,303
Clone 2 12; 24,538,756 16; 14,014,941
Clone 3 9; 20,495,553 2; 84,376,520
Clone 4 6; 114,576,043 alpha-satellite
Clone 5 4; 154,929,772 4; 154,839,653

Intrachromosomal

Both inter- and intrachromosomal
Interchromosomal

Unknown

Intrachromosomal

12; 65,753,941

Genome Research 1173

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 14, 2026 . Published by Cold Spring Harbor Laboratory Press

Tiwari et al.

A Clone 1 Clone 2 Clone 3 Clone4 Clone 5
a b c
M uTt DT ut DT ut DT uT DT ut DT uT DT ut DT  H20
| —— —
— -
e - —
ut DT
ERCC3 ——— ——
NTC EZH2
B. SiRNA
EZH2
EZH2
12
@
g GAPDH v P
< 08
& o5
Z 0
2
2 04 H3K27me3
S 02
[°4
0+
NTC EZH2 SiRNA
Clone 1 Clone 2 Clone 3 Clone 4 Clone 5
M (@ (b) (@) (b) © @ e @ (b @ (b (@) (b)
[S—
e
- - a— i
NTC ey “— . — — pE—— ﬁ
EZH2 — i
SIRNA e et i
Om— et
<
=z
oc
wv
v £
£ N

ERCC3 WSEET G

Figure 2. EZH2 mediates long-range inter- and intrachromosomal interactions in undifferentiated Tera-2 cells. (A) 6C interactions exist in vivo in
undifferentiated Tera-2 cells and are lost on ATRA-induced cellular differentiation toward neuronal lineage. Semiquantitative 3C PCRs were performed
using one primer from each partner in the clone to detect interactions between 6C partners in undifferentiated Tera-2 (UT) and differentiated Tera-2
(DT) cells. For clone 2, “a” refers to the interaction between partner 1 and partner 2; “b,” the interaction between partner 1 and partner 3; and “c,”
the interaction between partner 2 and partner 3. In the Jower panel; interaction between two fragments at the ERCC3 locus, separated by ~10 kb, was
used to normalize crosslinking frequency between UT and DT samples. (B) siRNA-mediated depletion of EZH2 leads to loss of 6C interactions. The upper
panel shows the elimination of the target mRNA (left panel) and protein (right panel) by siRNA against EZH2. As a control, a random-sequence
nontargeting control siRNA was used (NTC). The undifferentiated Tera-2 cells were transfected with 25 nM EZH2 siRNA for two consecutive days using
Lipo 2000 reagent and were processed 72 h later for real-time RT-PCR analysis using EZH2 and GAPDH-specific primers (as controls) (upper left panel)
and for Western analysis using anti-EZH2 and anti-H3K27me3 antibodies (upper right panel). The blot was subsequently stripped and reprobed with
anti-GAPDH and H3K4me2 antibodies as controls. The H3K4me2 marks remain unaffected, indicating that the targeting is specific for EZH2, which
catalyzes the H3K27me3 marks. 3C assay was carried out in undifferentiated Tera-2 cells 72 h post-transfection with either siRNA specific for EZH2 or
with a NTC (lower panel). Semiquantitative 3C PCRs were performed using multiple primer combinations to detect interactions between 6C partners.
For the 3C PCRs, following combinations of primers (FP indicates forward primer; RP, reverse primer) were used. For clone 1, (a) FP of partner 1 and
FP of partner 2, (b) RP of partner 1 and RP of partner 2; for clone 2, (a) FP of partner 1 and FP of partner 2, (b) FP of partner 1 and FP of partner 3, (c)
RP of partner 1 and RP of partner 2, (d) RP of partner 1 and RP of partner 3, (e) FP of partner 2 and FP of partner 3, (f) RP of partner 2 and RP of partner
3, for clone 3, (a) FP of partner 1 and FP of partner 2, (b) RP of partner 1 and RP of partner 2; for clone 4, (a) FP of partner 1 and FP of partner 2, (b)
RP of partner 1 and RP of partner 2; and for clone 5, (a) FP of partner 1 and FP of partner 2, (b) RP of partner 1 and RP of partner 2. In the lower panel;
interaction between two fragments at ERCC3 locus, separated by ~10 kb, was used to normalize crosslinking frequency between NTC and EZH2
siRNA-treated samples. The figure represents the results of one experiment, which were further confirmed with samples generated in independent
experiments.
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fold changes were calculated to compare expression after siRNA-
mediated knockdown of EZH2 to the untreated control. Results
obtained on dye-swapped replicate arrays were averaged to pro-
duce reliable measures of differential expression. A total of 253
genes were identified as potential targets of EZH2-mediated tran-
scriptional repression (at least twofold up-regulated upon down-
regulation of EZH2) (Supplemental Fig. 4A). Moreover, as many
as 79 genes were found to be down-regulated in these siRNA-
treated cells. We randomly chose 16 genes from this list of up-
regulated genes for further validation by ChIP analysis for EZH2
occupancy, and we found that 13 out of 16 genes are indeed
occupied by EZH2 at their promoters (Supplemental Fig. 4B). This
gives a one-sided 95% confidence interval for the true proportion
of (0.58, 1.0); i.e., unless EZH2 occupies nearly 60% of all genes,
this represents significant enrichment at the 0.05 level.

We then used some of the genes identified above to inves-
tigate our EZH2-dependent long-range interactions. We ran-
domly chose and analyzed the transcript levels of a total of 19
genes from our five analyzed clones, based on their residing in
the flanking chromatin regions around the interaction sites in
each of the partners in the clones captured in our 6C assay. In-
terestingly, real-time RT-PCR discovered that 14 out of 19 genes
are up-regulated to varying degrees (~40%-350% of the NTC)
after depletion of EZH2 (Fig. 3). While, the up-regulation seen in
each of these cases solely by EZH2 depletion is not very dramatic
for some genes, this may be consistent with a requirement for
specific differentiation signals, such as those induced by ATRA
treatment of the Tera-2 cells, which pushes them toward neuro-
nal differentiation. We have previously shown (Ohm et al. 2007),
as have others (Bernstein et al. 2006; Boyer et al. 2006; Lee et al.
2006), that this differentiation is associated with gene loss of the
EZH2 catalyzed H3K27me3 mark in the setting of full transcrip-
tional activation. Indeed, we found that 10 of our 19 genes were
up-regulated to different degrees above the EZH2 siRNA-induced
levels (Fig. 3) upon ATRA-induced differentiation of the Tera-2
cells, which also accompanies severe down-regulation of EZH2
(Supplemental Fig. 3). Thus, it appears likely that our broad do-
mains of linked chromatin regions may link multiple genes over
megabases of distance through PcG-dependent associations that,
in turn, modulate gene regulation.

Previous findings that PcG occupancy and associated H3K27
trimethylation marks are distributed over large chromosomal do-
mains might help explain our observations (Boyer et al. 2006; Lee
et al. 2006; Squazzo et al. 2006; Bracken et al. 2007; Rinn et al.
2007). There have been observations in Drosophila showing that
PcG proteins are localized primarily to the polycomb response
elements (PREs) while me3K27 is spread over the entire gene
(Kahn et al. 2006). By extrapolation, the distinct chromatin re-
gions that we captured in our 6C assay might represent the dock-
ing sites for the PcG proteins, from where the heterochromatin
mark H3K27me3 self-propagates and spreads in both-directions,
thereby silencing a number of genes on the way. We studied this
possibility for clone 4, where we found that the PcG-dependent
association of a chromatin element to alpha-satellite sequences
accompanied silencing of a number of genes flanking this region.
We performed ChIP using antibodies against EZH2 and
H3K27me3 for the clone 4 partner 1, clone 4 partner 2 (alpha-
satellite), and three gene promoters (HS3ST5, HDAC2, and
MARCKS) flanking partner 1. Semiquantitative PCRs followed
by gel-based quantiation indicated that while the levels of
H3K27me3 are similarly high on all of the three promoters as
well the two partners, the EZH2 occupancy was substantially

reduced as we moved away (genes HDAC2 and MARCKS) from
the interacting region (clone 4 partner 1) (Supplemental Fig-
ure 5).

Discussion

In this article, we describe our construction of an assay to deter-
mine how specific proteins may mediate and/or participate in
complexes that mediate long-range chromatin interactions that,
in turn, can regulate the transcriptional status of multiple genes
simultaneously. We use the protein EZH2, as our first example, to
show how the assay might work and show an illustrative body
of initial data to demonstrate that this is the case. Thus, we pro-
vide the first demonstration that the PcG protein EZH2 is able to
bring distant chromatin regions, both intra- and interchromo-
somal, together in the three-dimensional space of the mamma-
lian nucleus (Fig. 4). This is ultimately verified by the fact that
siRNA-mediated knockdown of EZH2 leads to loss of pairing be-
tween the 6C partners, concomitant with the up-regulation of
multiple flanking genes around each of the interacting chroma-
tin regions.

It is important to stress, given recent studies of the dynamics
for the rapid “on-oftf” interactions between transcriptional fac-
tors and proteins to the chromatin (Cheutin et al. 2003; Kosak
and Groudine 2004; Meshorer and Misteli 2006) that we prob-
ably have captured only a glimpse of some of the more stable
interactions out of the plethora of dynamic associations that
might be ongoing in the nucleus with regard to PcG functions
and structures. The chromatin domains localized within the PcG
bodies may only temporarily associate with these structures and
then leave one PcG body to incorporate into another one and
may not necessarily affect other partners in the complex. Re-
cently, using 3C-chip technology, it was discovered that one in-
active gene tends to cluster with other nontranscribed genes in
the nucleus, located both in cis and in trans (Simonis et al. 2006).
Such preferential clustering of inactive genes might be explained
by our findings relating the PcG-dependent physical proximity
of multiple chromatin domains with the silenced status of the
associated genes (Fig. 4).

From a technical standpoint, it is important to mention that
for our first construction of the 6C assay, while screening the
clones by restriction digestion, we found a very low frequency of
clones having multiple inserts (five out of 352). The rest of the
clones had a single insert and may represent distinct genomic
sites that are bound by PcG proteins but are not engaged in any
long-range associations. Very importantly, in essence, such find-
ings may also provide an indirect indication of the frequency at
which EZH2-dependent long-range associations take place in the
nucleus. On the other hand, the number of clones with multiple
inserts might also get reduced due to difficulty in cloning (liga-
tion and transformation) and sequencing of large size fragments
that might result from the ligation of EcoRI digestion generated
fragments in this first iteration of our 6C assay. Moreover, intra-
molecular ligation after crosslinking and digestion will lead to a
fraction of circular DNA that cannot be cloned and may further
reduce the number of clones in such an assay. Finally, we could
have also missed some interactions involving partners that bear
DNA methylation at the EcoRI site as EcoRI is a DNA methyl-
ation-sensitive enzyme. Thus, it may give partial digestion when
the last C of its recognition site is part of a methylated CpG
dinucleotide. We also analyzed clones from the control plate,
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Repressive Chromatin Hub

Figure 4. A hypothetical model showing that EZH2 mediates long-
range chromatin interactions, both in cis and in trans and brings about
silencing of multiple genes in a broad chromatin domain flanking the
interacting regions. Such proximity might help achieve physiologically
significant levels of PcG-dependent transcriptional repression of the tar-
get genes simply by increasing the concentration of Polycomb proteins
and associated repressors in the vicinity of the interaction, by virtue of
having multiple PcG occupied sites together. Alternatively, this kind of
pairing might also result simply from the sharing of Polycomb factories
(or PcG bodies) by multiple genes possibly due to less number of poly-
comb proteins available compared with the large number of genes that
are subject to silencing at a given time in these stem-cell like cells where
PcGs are crucial regulators of transcription. The distinct chromatin re-
gions that we captured in our 6C assay might represent the docking sites
for the PRC2 complex proteins (containing EZH2), from where the het-
erochromatin mark H3K27me3 self-propagates and spreads in both di-
rections, thereby silencing a number of genes on the way, or the complex
might contact the promoter directly by establishing small loop(s) be-
tween these docking sites and the site of action (promoter). Some genes
might be protected from such reaction due to their promoter-specific
protection mechanism(s), against such marks.

which all had single sequences and may represent nonspecifical-
ly precipitated sequences during the ChIP step. In addition, the
sequencing of five such clones revealed no similarity to any of
the clones obtained in the EZH2 6C assay.

Although, our 6C assay partly resembles the ChIP-loop assay
previously described (Horike et al. 2005), in terms of combining
3C and ChlIP assays, it differs from ChIP-loop assay in the order
in which these steps were performed and the other additional
steps we have added in order to make it more useful for a global
analysis. 6C offers a promising tool when the aim is to discover
novel interactions mediated by specific protein(s) of interest
without any presumptive knowledge of the interacting partners.
Previously performed ChIP-loop assays impose certain technical
concerns, as also discussed recently in a review by Simonis et al.
(2007), where they also point out for a need of techniques very
similar to our 6C assay. In a ChIP-loop assay, the ligation is done

after the ChIP procedure when the fragments are bound and
concentrated on the beads. Such a ligation step might facilitate
the ligation between all the fragments that are juxtaposed due to
their association with beads and not necessarily due to formal-
dehyde crosslinking, and thus may not reflect associations that
take place in the three-dimensional space of the mammalian
nucleus. In addition, the fragments generated at the end of the
ChIP-loop assay do not have any restriction enzyme ends and
thus are not easy to clone for further characterization and there-
fore are only suited for assaying interaction between known part-
ners, unlike our 6C assay. This limitation would also inhibit the
ChIP-loop assay from being combined with other assays (3C-
chip, 4C, etc.) for high-throughput global analysis (discussed be-
low) (Supplemental Fig. 6). This may be especially so when re-
producibility is concerned given the sonication procedure uti-
lized in the ChIP-loop assay vs. the use of restriction enzyme
digestion in the 6C assay.

The 6C assay involves steps to directly investigate the po-
tential of a candidate protein to be a chromatin looping mediator
and to bridge multiple chromatin elements, both in cis and in
trans in the nucleus. From a technical standpoint, the 6C tech-
nique could also be modified and incorporated with other re-
cently published techniques to discover all the chromatin re-
gions in the nucleus that interact with a given gene or a chro-
matin region of interest in a specific protein-dependent manner
(Supplemental Fig. 6). In this regard, future work could involve
construction of libraries of all the chromatin interactions medi-
ated by protein complexes, such as PcG using the 6C assay—and
comparison of such libraries from different cell types and dis-
eased cells, such as cancer cells, to investigate potential alter-
ations in the protein complex—-dependent genome architecture
and contribution of such differential chromatin organization to
cell type-specific transcriptomes. The 6C assay is a potential de-
velopment toward understanding the three-dimensional aspects
of genome organization and should constitute an important fu-
ture tool to unravel how specific proteins contribute to the spa-
tial distribution of distinct genomic loci.

Examples of the above possibilities involve some of the 6C
clones explored in this study that could shed light on the basics
of transcription regulation in mammalian cells. One interesting
example is clone 4, which harbors interactions wherein silencing
of genes such as MARCKS and HS3ST5 was found to depend on
PRC2 (EZH2)-dependent close physical proximity with alpha-
satellite sequences (Figs. 2B, clone 4, 3D). It has been shown that
the PcG proteins associate with pericentromeric heterochroma-
tin in both primary and transformed cell lines (Saurin et al. 1998;
Cmarko et al. 2003). Pericentromeric heterochromatin has been
associated with gene silencing activity, and it is known that fac-
tors recruit genes destined for heritable inactivation to pericen-
tromeric heterochromatin (Brown et al. 1999; Cobb et al. 2000;
Lundgren et al. 2000). Our findings directly extend these obser-
vations and implicate that PcG proteins might target certain ge-
nomic loci to pericentromeric heterochromatin in order to si-
lence them.

Figure 3. The genes flanking the interacting chromatin regions are up-regulated in Tera-2 cells depleted for EZH2 and in the ATRA differentiated cells.
The loss of pairing between 6C partners induced by EZH2 knockdown, or by ATRA-induced cellular differentiation of the Tera-2 cells toward a neuronal
lineage, is concomitant with the up-regulation of flanking genes residing in the interacting chromatin regions. Total RNA was prepared from NTC and
EZH2 siRNA-treated Tera-2 cells 72 h post-transfection using RNeasy Kit (QIAGEN), followed by cDNA synthesis and real-time RT-PCR for a total of 19
genes flanking the interacting chromatin region in each 6C partner for the five clones that we studied. The relative mRNA levels of the chosen genes
in NTC vs. EZH2 siRNA-treated Tera-2 cells are shown for clone 1 (A), clone 2 (B), clone 3 (C), clone 4 (D), and clone 5 (E). PCR of GAPDH mRNA was

used to normalize values across different samples.
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Methods

Cell culture and transient siRNA transfection

Tera-2 cells were maintained in McCoy’s SA medium supple-
mented with 15% FBS and grown at 37°C under 5% CO,. The
cells were transfected with either a NTC or EZH2 targeting siRNA
(Dharmacon D-001210-01 and D-004218-01) using Lipofect-
amine 2000 (Invitrogen). Cells were transfected at a 25 nmol/L
siRNA concentration and then transfected again 24 h later and
continued to be passaged for up to 72 h.

Microarray and data analysis

Total RNA was harvested from Tera-2 cells depleted of EZH2 as
well as control cells in log phase using the QIAGEN kit according
to the manufacturer’s protocol. RNA was quantified by using the
NanoDrop ND-100 followed by quality assessment with the 2100
Bioanalyzer (Agilent Technologies). The 28s/18s ratio was taken
for all the samples and was found to be greater than 2.2. Sample
amplification and labeling procedures were carried out using the
low RNA input fluorescent linear amplification kit (Agilent Tech-
nologies) according to manufacturer’s suggestions. The labeled
cRNA was purified using the RNA easy minikit (QIAGEN) and
quantified. RNA spike-in controls (Agilent Technologies) were
added to RNA samples before amplification. Samples (EZH2
siRNA) labeled with cy3 or cy5 were mixed with controls targets
(NTC; Agilent Technologies), assembled on oligo microarray, hy-
bridized, and processed according to the Agilent microarray pro-
tocols. Scanning was performed with the Agilent G25665BA mi-
croarray scanner using setting recommended by Agilent Tech-
nologies.

Agilent array data were preprocessed using a simple loess
normalization without background subtraction, as described by
Zahurak et al. (2007). Log fold changes were calculated for each
array and averaged over the dye-swap replicates. A gene set en-
richment analysis was performed for gene ontology (GO) terms
and for involvement KEGG pathways (Ashburner et al. 2000).
Genes were ranked by log fold change, and a nonparametric Wil-
coxon rank sum test was used to determine whether the genes
annotated to a given GO category (or given pathway) and which
show more differential expression than would be expected by
chance alone. P-values were adjusted using the Benjamini-
Hochberg false discovery rate (Pawluk-Kolc et al. 2006).

ChIP

ChlIP assays were performed as described previously (McGarvey et
al. 2006), with only modification that immunoprecipitation was
performed using Dynal Magnetic beads purchased from Invitro-
gen (Protein A beads [100-02D] and Protein G beads [100-04D]).
Trimethylated H3K27 antibody was produced as previously de-
scribed (McGarvey et al. 2006). Antibody to EZH2 (Upstate) was
purchased from the commercial source. Primers and amplifica-
tion conditions are available by request from the authors.

3C assay

3C assay was done essentially as discussed by Tolhuis et al. (2002)
with minor modifications for human cells. The PCR analysis was
optimized by mixing, digesting, and ligating the PCR products
spanning the EcoRI sites from each of the partners in 6C clones.
A novel control was designed and tested for human ERCC3 locus
in order to be able to normalize crosslinking frequency across
different samples. The primer sequences and PCR conditions
used in the 3C assay are available on request.

6C assay

The 6C protocol was designed by combining 3C, ChIP, and clon-
ing techniques with further modifications to optimize the effi-
ciency of the experiment. The beginning steps involve the usual
3C procedure (Tolhuis et al. 2002), where the crosslinked chro-
matin is subjected to restriction enzyme-mediated digestion
(EcoRI in our case) followed by intramolecular ligation. However,
at the end of 3C procedure, instead of de-crosslinking, the ligated
chromatin is subjected to ChIP as described above, using an an-
tibody against the protein of interest (the suspected “looping
mediator”; EZH2 in the present study) followed by reverse
crosslinking, purification of the immunoprecipitated DNA, and
ligation into pBluescript II RI Predigested Vector (Stratagene).
This directly allows the cloning of 3C ligated fragments pulled
down by the antibody. The ligation mix is transformed into
XL10-Gold Ultracompetent Cells (Stratagene), and cells are sub-
jected to blue-white screening. Plasmids are purified from white
colonies and are screened by digestion with the same enzyme
that was used in the 3C procedure (EcoRI in this study). The
clones showing multiple fragments upon digestion (multiple in-
serts ideally mean 3C ligated partners) are subjected to sequenc-
ing from both ends of the vector (T3 and T7 promoter-specific
primers for pBluescript II RI) to discover the identity of the in-
teracting partners. Each step in the procedure was carefully
monitored, and controls were run in parallel to ensure accuracy
of the procedure (Supplemental Fig. 1), including controls for the
3C procedure by testing ERCC3 locus (Supplemental Fig. 1A),
ChlIP assay (GATAS as a positive control in our case, shown pre-
viously by Ohm et al. 2007 as a PcG target in Tera-2 cells)
(Supplemental Fig. 1B), and cloning method (calculation of the
percentage of white colonies in experimental vs. control
samples) (Supplemental Fig. 1C) during the corresponding steps
in the 6C protocol.

RNA purification and real-time RT-PCR analysis

RNA was isolated with RNeasy kit (QIAGEN) according to the
manufacturer’s instructions. For qPCR analysis, 1 pg of total RNA
was reverse transcribed using the Superscript First-Strand Synthe-
sis System (Invitrogen). Quantitative real-time RT-PCR using was
performed using QuantiTect SYBR Green PCR Kit (QIAGEN). PCR
primers and amplification conditions are available on request.
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