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Physical interactions between genetic elements located throughout the genome play important roles in gene
regulation and can be identified with the Chromosome Conformation Capture (3C) methodology. 3C converts
physical chromatin interactions into specific ligation products, which are quantified individually by PCR. Here we
present a high-throughput 3C approach, 3C-Carbon Copy (5C), that employs microarrays or quantitative DNA
sequencing using 454-technology as detection methods. We applied 5C to analyze a 400-kb region containing the
human B-globin locus and a 100-kb conserved gene desert region. We validated 5C by detection of several previously
identified looping interactions in the B-globin locus. We also identified a new looping interaction in K562 cells
between the B-globin Locus Control Region and the y-3-globin intergenic region. Interestingly, this region has been
implicated in the control of developmental globin gene switching. 5C should be widely applicable for large-scale
mapping of cis- and trans- interaction networks of genomic elements and for the study of higher-order chromosome

structure.

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

Intense efforts are under way to map genes and regulatory ele-
ments throughout the human genome (ENCODE Project Con-
sortium 2004). These studies are expected to identify many dif-
ferent types of elements, including those involved in gene regu-
lation, DNA replication, and genome organization in general.
Analysis of only 1% of the human genome has already revealed
that genes are surrounded by a surprisingly large number of pu-
tative regulatory elements (data available at http://genome.
cse.ucsc.edu/encode/).

In order to fully annotate the human genome and to un-
derstand its regulation, it is important to map all genes and func-
tional elements and also to determine all relationships between
them. For instance, all regulatory elements of each gene must be
identified. This endeavor is complicated by the fact that the ge-
nomic positions of genes and elements do not provide direct
information about functional relationships between them. A well-
known example is provided by enhancers that can regulate
multiple target genes that are located at large genomic distances or
even on different chromosomes without affecting genes immedi-
ately next to them (Spilianakis et al. 2005; West and Fraser 2005).

Recent evidence indicates that regulatory elements can act
over large genomic distances by engaging in direct physical in-
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teractions with their target genes or with other elements (Dekker
2003; de Laat and Grosveld 2003; Chambeyron and Bickmore
2004; West and Fraser 2005). These observations indicate that the
genome may be organized as a complex three-dimensional net-
work that is determined by physical interactions between genes
and elements. Therefore, we hypothesize that functional rela-
tionships between genes and regulatory elements can be deter-
mined by analyzing this network through mapping of chromatin
interactions.

Physical interactions between elements can be detected with
the Chromosome Conformation Capture (3C) method (Dekker et
al. 2002; Dekker 2003; Splinter et al. 2004; Miele et al. 2006). 3C
uses formaldehyde cross-linking to covalently trap interacting
chromatin segments throughout the genome. Interacting ele-
ments are then restriction-enzyme-digested and intramolecularly
ligated (Fig. 1A). The frequency with which two restriction frag-
ments become ligated is a measure of the frequency by which
they interact in the nucleus (Dekker et al. 2002).

3C was initially used to study the spatial organization of
yeast chromosome III (Dekker et al. 2002) and has since been
applied to the analysis of several mammalian loci such as the
B-globin locus (Tolhuis et al. 2002; Palstra et al. 2003; Vakoc et al.
2005), the T-helper type 2 cytokine locus (Spilianakis and Flavell
2004), the immunoglobulin « locus (Liu and Garrard 2005), and
the Igf2 imprinted locus (Murrell et al. 2004). These studies re-
vealed direct interactions between enhancers and promoters of
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Figure 1. Schematic representation of 5C. (A) A 3C library is generated
by conventional 3C and then converted into a 5C library by annealing
and ligating 5C oligonucleotides in a multiplex setting. 5C libraries are
then analyzed on a microarray or by quantitative sequencing. (B) 5C
primer design. Forward 5C primers anneal to the sense strand of the
3’-end of restriction fragments and include half of the selected restriction
site. All forward primers feature a common 5'-end tail containing the T7
promoter sequence. Reverse 5C primers anneal to the antisense strand of
the 3’-end of restriction fragments, including half of the restriction site.
All reverse primers contain a common 3'-end tail featuring the comple-
mentary T3 sequence (T3c) and are phosphorylated at the 5'-end. 5C
forward and reverse primers anneal to the same strand of head-to-head
ligation products present in the 3C library.

target genes, with the linking DNA looping outward. 3C was also
used to detect trans interactions between yeast chromosomes
(Dekker et al. 2002) and between functionally related elements
located on different mouse chromosomes (Spilianakis et al. 2005;
Ling et al. 2006; Xu et al. 2006). Together, these studies suggest
that long-range cis and trans interactions play widespread roles in
the regulation of the genome and that 3C is a convenient ap-
proach to map this network of interactions.

3C uses PCR to detect individual chromatin interactions,
which is particularly suited for relatively small-scale studies fo-
cused on the analysis of interactions between a set of candidate
elements. However, PCR detection is not conducive to ab initio
and large-scale mapping of chromatin interactions. To overcome
this problem, 3C libraries need to be analyzed using a high-
throughput detection method such as microarrays or DNA se-
quencing. The extreme complexity of the 3C library and the low
relative abundance of each specific ligation product make direct
large-scale analysis difficult. Here we present a novel 3C-based
methodology for large-scale parallel detection of chromatin in-

teractions. We refer to this method as 3C-Carbon Copy, or “5C.”
5C uses highly multiplexed ligation-mediated amplification
(LMA) to first “copy” and then amplify parts of the 3C library
followed by detection on microarrays or by quantitative DNA
sequencing.

5C was developed and validated by analyzing the human
B-globin locus and a conserved gene desert region located on
human chromosome 16. We find that 5C quantitatively detects
several known DNA looping interactions. Interestingly, 5C
analysis also identified a looping interaction between the B-glo-
bin Locus Control Region (LCR) and the y-3 intergenic region.
Previously, several lines of evidence have suggested that this re-
gion plays a role in regulating the developmentally controlled
switching from +y-globin expression in fetal cells to B-globin ex-
pression in adult cells (Calzolari et al. 1999; Gribnau et al. 2000).

5C should be widely applicable to determine the cis and
trans connectivity of regulatory elements throughout large ge-
nomic regions. In addition, 5C experiments can be designed so
that complete interaction maps can be generated for any large
genomic region of interest, which can reveal locations of novel
gene regulatory elements and may also provide detailed insights
into higher-order chromosome folding.

Results

The 3C method has been described in detail (Dekker et al. 2002;
Splinter et al. 2004; Vakoc et al. 2005; Dekker 2006; Miele et al.
2006) and is illustrated in Figure 1A. A 3C experiment generates
a complex library of ligation products that reflects all chromatin
interactions that occur throughout the genome. The abundance
of each specific ligation product in the library is a measure of the
frequency of interaction of the two corresponding loci.

In a typical 3C analysis, individual interaction frequencies
are determined by quantifying the formation of predicted “head-
to-head” ligation products using semiquantitative PCR (Fig. 1A).
As a PCR control, a library is used that contains all ligation prod-
ucts in equimolar amounts. The control library is generated by
mixing equimolar amounts of minimally overlapping BAC
clones covering the genomic region of interest (Palstra et al.
2003; Dekker 2006). This mixture is then digested and randomly
ligated. Interaction frequencies are determined by calculating the
ratio of PCR product obtained with the 3C library and the
amount obtained with the control library.

Qutline of the 5C technology

We have developed 5C to detect ligation products in 3C libraries
by multiplex LMA (Fig. 1A). LMA is widely used to detect and
amplify specific target sequences using primer pairs that anneal
next to each other on the same DNA strand (Fig. 1; Landegren et
al. 1988; Li et al. 2005; Peck et al. 2006). Only primers annealed
next to each other can be ligated. Inclusion of universal tails at
the ends of 5C primers allows subsequent amplification of ligated
primers. LMA-based approaches are quantitative and can be per-
formed at high levels of multiplexing using thousands of primers
in a single reaction (Fan et al. 2004; Bibikova et al. 2005; Hard-
enbol et al. 2005; Wang et al. 2005).

To analyze chromatin interactions by 5C, a 3C library is first
generated using the conventional 3C method. A mixture of 5C
primers is then annealed onto the 3C library and ligated. Two
types of 5C primers are used: 5C forward and 5C reverse primers.
These primers are designed so that forward and reverse primers
anneal across ligated junctions of head-to-head ligation products
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present in the 3C library (Fig. 1A,B). 5C primers that are annealed
next to each other are then ligated with Taq ligase. This step
generates a 5C library, which is amplified with universal PCR
primers that anneal to the tails of the 5C primers. Forward and
reverse SC primers are only ligated when both are annealed to a
specific 3C ligation product. Therefore, the 3C library determines
which 5C ligation products are generated and how frequently. As
aresult, the 5C library is a quantitative “carbon copy” of a part of
the 3C library, as determined by the collection of 5C primers.

Forward and reverse 5C primers are designed to contain a
unique sequence corresponding to the sense and antisense strand
of the 3'-ends of restriction fragments, respectively (Fig. 1B; for
more details, see the Supplemental material). The primers also
contain universal tails for amplification (T7 at the 5’-ends of
forward primers and T3c at the 3’-ends of reverse primers)
(Fig. 1B). To analyze interactions between many restriction frag-
ments, multiple forward and reverse primers are mixed together
in the same multiplex 5C reaction. Since predicted forward and
reverse primers of each restriction fragment are complementary,
only one primer per fragment, either a forward or a reverse, can
be used in a given 5C experiment. To facilitate ligation, all re-
verse primers are phosphorylated at their 5'-ends. This 5C primer
design allows simultaneous amplification of all potential inter-
actions between all restriction fragments recognized by a forward
primer and all those recognized by a reverse primer.

Chromatin looping in the human B-globin locus

We developed and optimized the 5C approach by analyzing the
human B-globin locus. This locus was selected because several
looping interactions have previously been detected by 3C as well
as by a second method, RNA-TRAP (Carter et al. 2002; Tolhuis et
al. 2002), and therefore detection of these looping interactions
using 5C can be used to validate the new method.

The human B-globin locus consists of five developmentally
regulated B-globin-like genes (¢, HBE; Ay and Gy, HBG1 and
HBG2; 3, HBD; and B, HBB), one pseudogene (HBpsi), and a Locus
Control Region (LCR) located upstream of the gene cluster
(Fig. 2A). The LCR is characterized by five DNasel hypersensitive
sites (HS1-5) and is required for tissue-specific and position-
independent expression of downstream B-globin genes (Li et al.
2002; Stamatoyannopoulos 2005). Previous 3C analysis of the
murine B-globin locus revealed transcription-factor-mediated
looping interactions between the LCR and transcribed globin
genes (Drissen et al. 2004; Vakoc et al. 2005). The LCR was also
found to interact with HS elements located upstream (HS-62.5/
HS-60) and downstream (3'-HS1) from the locus (Tolhuis et al.
2002).

We first verified the presence of chromatin loops in the
human B-globin locus using the conventional 3C method. The
locus was analyzed in the erythroleukemia cell line K562 and in
the EBV-transformed lymphoblastoid cell line GM06990. K562
cells express high levels of - and y-globin, whereas GM06990
cells do not express the B-globin locus (Supplemental Fig. 1). 3C
libraries were generated from both cell lines and a control library,
which was generated using a series of minimally overlapping
BAC clones (see Methods). Interaction frequencies between the
EcoRI fragment overlapping the HSS element of the LCR and
EcoRI restriction fragments throughout the B-globin locus were
determined by PCR. To allow direct quantitative comparison of
interaction frequencies determined in K562 cells and GM06990
cells, interaction frequencies were normalized using a set of 12
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Figure 2. Analysis of the human B-globin locus and development of
5C. (A) Schematic representation of the human B-globin locus. The
B-globin genes and pseudogene are illustrated by red and yellow arrows,
respectively. The positions of HSs are indicated with black arrows. Olfac-
tory genes and pseudogenes are represented by black and yellow rect-
angles, respectively. The location of a gene of unknown function (EST
BU661736) is indicated by a green oval. (B) 3C analysis of interactions
between the LCR (HS5) and the rest of the B-globin locus. Interaction
frequencies were measured by semiquantitative PCR in K562 (locus ON)
and GMO06990 (locus OFF) cells. The y-axis indicates normalized interac-
tion frequencies; the x-axis shows the genomic position relative to the
LCR. Each data point is the average of at least three PCR reactions; bars
represent the standard error of the mean (S.E.M.). (C) Representative 3C
library titration in singleplex LMA with 5C primers. Increasing volumes of
3C library from K562 cells were analyzed with gene desert 5C primers,
and the amplified 5C ligation products were analyzed on an agarose gel.
An asterisk indicates a nonspecific band. (D) Quantification of titration
shown in C. Each data point corresponds to the average of three PCR
reactions; bars represent the S.E.M. (E) 3C, singleplex, and sixplex LMA
detection of looping interactions between HS5 and the Ay-globin gene
HBG1. Interaction frequencies from both cell lines were expressed relative
to the K562 LCR-Ay-globin interaction (HBGT), which was set at 1. Each
histogram value represents the average of at least three PCRs; bars rep-
resent the S.E.M.

interaction frequencies detected in a control region, a conserved
gene desert region on chromosome 16 (ENCODE region ENr313)
(ENCODE Project Consortium 2004).
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The normalized results are presented in Figure 2B. In both
cell lines, we find that HSS interacts frequently with adjacent
DNA fragments. These interactions likely reflect nonfunctional
random collisions resulting from the intrinsic close proximity of
neighboring restriction fragments (Dekker et al. 2002; Dekker
2006). The frequent random interactions between adjacent ge-
nomic fragments are likely dependent on local physical proper-
ties of the chromatin fiber and limit the ability to detect specific
looping interactions between elements separated by small ge-
nomic distances (2-5 kb) (Dekker 2006; Gheldof et al. 2006).
Importantly, random collisions are predicted to decrease progres-
sively for sites separated by increasingly large genomic distances.
In K562 cells, high interaction frequencies were observed specifi-
cally between the LCR and a restriction fragment located ~40 kb
downstream and overlapping the Ay-globin gene (HBGI), indi-
cating the presence of a strong looping interaction. We also de-
tected a frequent interaction between the LCR and the 3’-HS1
element. Interestingly, this interaction was also present in
GMO06990 cells. Previous studies of the murine locus have shown
that the analogous interaction also occurs in nonexpressing ery-
throid precursor cells (Palstra et al. 2003).

Finally, our analysis revealed less frequent random colli-
sions between neighboring restriction fragments around the LCR
in K562 cells as compared to GM06990 cells. We have observed
similar differences in random collisions around the active and
inactive FMR1 promoter (Gheldof et al. 2006) and have proposed
that these differences may reflect transcription-dependent
modulation of chromatin expansion or changes in subnuclear
localization.

Based on this analysis, we conclude that the conformation
of the human B-globin locus is comparable to the murine locus
with looping interactions between the LCR and 3'-HS1 in both
expressing and nonexpressing blood-derived cells. The interac-
tion between the LCR and the active Ay-globin gene is only ob-
served in globin-expressing K562 cells.

LMA detection of 3C ligation products

We used detection of chromatin loops in the B-globin locus to
develop and optimize the 5C technology. LMA was first per-
formed with a single pair of 5C forward and reverse primers to
verify that this method can quantitatively detect a ligation prod-
uct in the context of a 3C library. We designed a 5C primer pair
that recognizes a ligation product that is formed by two adjacent
restriction fragments located in the gene desert control region.
LMA was performed with this primer pair in the presence of
increasing amounts of 3C library (generated from K562 cells),
and the formation of ligated forward and reverse primers was
quantified by PCR amplification with the pair of universal T7 and
T3 primers. We find that ligation of 5C primers is not observed
when nonspecific DNA is present, is dependent on the amount of
the 3C library, and requires Taq ligase (Fig. 2C,D). We conclude
that LMA can be used to quantitatively detect ligation products
present in the 3C library.

LMA detection of looping between the LCR
and the Avy-globin gene

We determined whether singleplex LMA can be used to quanti-
tatively detect chromatin looping interactions in the B-globin
locus. We focused on interactions involving the LCR and three
diagnostic fragments in the B-globin locus (indicated as bars in
Fig. 2A): a restriction fragment located just downstream from the

LCR, a restriction fragment that overlaps the Ay-globin gene
HBG1, and a restriction fragment located in between the 3- and
B-globin genes. We designed a reverse 5C primer for the restric-
tion fragment overlapping HS5 of the LCR and forward 5C prim-
ers for the three other fragments. The linear range of 5C detec-
tion was determined with individual pairs of 5C primers in the
presence of increasing amounts of 3C libraries (from K562 and
GMO06990 cells) or control library (Supplemental Fig. 2).

Interaction frequencies between HSS and the three other
sites in the B-globin locus were determined by calculating the
amount of ligated 5C primers obtained with the 3C library and
the amount obtained with the control library. The interaction
frequency between the two adjacent restriction fragments lo-
cated in the gene desert control region was used for normaliza-
tion. Normalized interaction frequencies are shown in Figure 2E,
middle panel. We find that the data obtained with LMA closely
reproduced the 3C data, including the looping interaction be-
tween the LCR and the Avy-globin gene.

We then tested whether the four interaction frequencies
studied here (three in the B-globin locus and one in the control
region) can be detected and quantified in a multiplex LMA reac-
tion. We performed LMA with a mix of six 5C primers and used
PCR with specific primers to quantify the frequency with which
specific pairs of SC primers were ligated. We then calculated nor-
malized interaction frequencies as described above. We again ob-
tained similar results as with conventional 3C (Fig. 2E, right
panel). Together, these experiments demonstrate that LMA can
be used to quantitatively detect chromatin interactions.

Generation of complex 5C libraries using highly multiplexed LMA

Comprehensive 5C analysis of chromatin interactions throughout
large genomic regions would require high levels of multiplexing
in combination with a high-throughput method for analysis of
5C libraries. Therefore, we tested LMA at higher levels of multiplex-
ing and explored two high-throughput detection methods to ana-
lyze 5C libraries: microarrays and quantitative DNA sequencing.

We designed 5C reverse primers for each of the three EcoRI
restriction fragments that overlap the LCR and 5C forward prim-
ers for 55 restriction fragments throughout a 400-kb region
around the LCR. This primer design allows detection of looping
interactions between each of the three sections of the LCR and
the surrounding chromatin in parallel in a single experiment (see
below). We also designed 10 5C forward and 10 5C reverse prim-
ers throughout a 100-kb region in the gene desert control region.
Forward and reverse primers were designed to recognize alternat-
ing restriction fragments. This primer design scheme allows the
detection of a matrix of interactions throughout the control re-
gion (see below).

We performed LMA with a mixture of all 78 SC primers
using 3C libraries from K562 and GM06990 and the control li-
brary as templates. Each S5C library contained up to 845 different
5C ligation products (the products of 13 reverse primers and 65
forward primers). These products included 165 possible interac-
tions within the B-globin locus, 100 interactions throughout the
gene desert, and 590 interactions between the two genomic re-
gions. We verified that the 5C libraries represented quantitative
copies of the selected fraction of the 3C libraries. To do this, we
again analyzed the same set of four interaction frequencies as in
Figure 2E. We used specific PCR primers to quantify the abun-
dance of specific 5C ligation products in the 5C libraries and
determined normalized interaction frequencies between the LCR
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and the three positions of the B-globin locus as described above.
We found that the 5C data closely reproduced the 3C interaction
profile in both cell lines (Supplemental Fig. 3) with strong loop-
ing interactions between the LCR and the Ay-globin gene HBG1
in K562 cells.

Analysis of 5C libraries on microarrays and by quantitative
sequencing

We tested whether microarray detection and quantitative se-
quencing can be used for comprehensive analysis of the compo-
sition of 5C libraries. First, to facilitate microarray detection, we
amplified the 5C libraries described above with Cy3-labeled uni-
versal primers. The labeled 5C libraries were then hybridized to a
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custom-designed microarray that can detect specific 5C ligation
products. Since each 5C product is composed of two half-sites,
each corresponding to a SC primer, cross-hybridization of non-
specific 5C products can occur to probes that share one half-site.
To assess half-site cross-hybridization, the microarray also con-
tained probes that recognize only one of the 78 5C primers pres-
ent in the library. To determine the optimal length of the micro-
array probes that allows the least cross-hybridization, each probe
was spotted with 18 different lengths of half-sites ranging from
15 to 32 bases (total probe length ranging from 30 to 64 bases).
5C libraries were hybridized to the array, and specific and half-
site hybridization was quantified. We found that probes that are
composed of two half-sites with a length ranging from 19 to 24
bases displayed the lowest relative level of cross-hybridization of
half-sites (see Supplemental Fig. 4). Data obtained with these six
feature lengths were averaged, and interaction frequencies were
calculated by dividing the hybridization signal obtained with a
5C library by the signal obtained with the control library (see
below; Supplemental Table 7).

Second, we analyzed the composition of 5C libraries by
quantitative sequencing. 5C libraries are composed of linear DNA
molecules that all are ~100 bp long, which makes them ideally
suited for high-throughput single-molecule pyrosequencing. We
generated similar 5C libraries as used for microarray detection,
except that five of the 65 forward primers were left out. We ana-
lyzed 5C and control libraries using the GS20 platform developed
by 454 Life Sciences Corp. (Margulies et al. 2005). For each li-
brary, we obtained at least 160,000 sequence reads (Supplemental
Table 4). For each sequence, we determined which pair of ligated
5C primers it represented and the number of times each specific
5C ligation product was sequenced was counted (see Methods;
Supplemental Table 5). As each ligation product was sequenced
many times (the median count for intrachromosomal interac-
tions was 133 for K562, 53 for GM06990, and 134 for the control
library), a quantitative determination of interaction frequencies
was obtained. Interaction frequencies were calculated by divid-
ing the number of times a 5C product was sequenced in a 5C
library by the number of times it was sequenced in the control
library (see Supplemental Table 6).

Large-scale 5C analysis of the B-globin locus

We first analyzed the interaction profiles of HSS throughout the
100-kb B-globin locus as detected on the microarray (Fig. 3A) and

Figure 3. Microarray and DNA sequencing analysis of 5C libraries re-
capitulates 3C interaction profiles. (A) 5C analysis of human B-globin
locus HS5 chromatin interactions in K562 (ON) and GM06990 (OFF) cells
detected by microarray. The y-axis indicates normalized interaction fre-
quencies. The x-axis indicates the genomic position relative to the LCR.
Each data point is the average of six hybridization signals obtained with
probes of 38-48 bases, and error bars represent the S.E.M. A schematic
representation of the entire locus is presented at the top. (B) Conventional
3C analysis of human B-globin HS5 chromatin interactions. (C) 5C analy-
sis of human B-globin HS5 interactions as detected by quantitative DNA
sequencing. Error bars indicate the standard deviation. We assumed that
count data were drawn for a Poisson distribution and, thus, that the
standard deviation equals the square root of the count number. Standard
deviations were propagated using the delta method. (D) Correlation be-
tween 3C and 5C human B-globin locus profiles from K562 cells. Micro-
array and DNA sequencing 5C results were compared to corresponding
3C data by calculating the fold difference (log ratio 5C/3C) for each pair
of interacting fragments (y-axis). The x-axis indicates the genomic posi-
tion relative to the LCR. The colored vertical bar across all panels high-
lights the interaction between the LCR and the region between the y- and
3-globin genes that contains the B-globin pseudogene.
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by quantitative sequencing (Fig. 3C). For comparison, the same
interaction profile was also determined by conventional 3C, and
data were normalized using interaction frequencies determined
within the control region (Fig. 3B). Both microarray detection
and quantitative sequencing reproduced the overall 3C interac-
tion profile of the B-globin locus in K562 and GM06990 cells. In
all three data sets, we found that the LCR specifically and
strongly interacted with the y-globin genes in K562 cells. In both
cell lines, we detected the looping interaction between the LCR
and the 3'-HS1 element.

Interestingly, 3C and 5C analyses also revealed strong inter-
actions between the LCR and a region located between the y- and
d-globin genes in K562 cells. This region contains the B-globin
pseudogene, which is weakly expressed in K562 cells but is silent
in GM06990, and the initiation site for an intergenic transcript
(Gribnau et al. 2000).

We compared the 5C and 3C data sets directly by calculating
for each pair of interacting fragments the fold difference between
their interaction frequencies as determined by 5C and 3C. We
find that the difference in 5C data obtained by microarray de-
tection and conventional 3C is generally less than twofold (Fig.
3D). However, larger differences were observed when 5C data
obtained by quantitative sequencing were compared to 3C data
(Fig. 3D). This may be due to the fact that the dynamic range of
quantitative sequencing appears to be higher than that of semi-
quantitative PCR or microarrays, which results in higher peaks
and lower valleys in the profile obtained by sequencing as com-
pared to semiquantitative PCR. We also determined the correla-
tion between 5C and 3C data directly by plotting the data in a
scatter plot (Supplemental Fig. 5). We found a high degree of
correlation (r* = 0.73 for the data set obtained by sequencing and
r*=0.75 for the data set obtained on the microarray).

Taken together, these results provide clear proof of principle
that 5C in conjunction with microarray detection or quantitative
sequencing is a powerful methodology to quantitatively detect
chromatin interactions in a high-throughput setting.

Interactions between HS5 and upstream elements

The mouse LCR interacts with HS elements (HS-62.5/HS-60) lo-
cated up to 40 kb upstream of the LCR (Tolhuis et al. 2002; Palstra
et al. 2003). It is not known whether functionally equivalent
interacting elements are present in this region of the human
genome. It has been noted that olfactory receptor genes located
~90 kb upstream of the LCR are orthologous to ones located 40
kb upstream of the murine locus (Bulger et al. 2000), indicating
that these regions are related. In addition, the murine HS-62.5/
HS-60 element is embedded in a sequence that is similar to a
sequence located ~90 kb upstream of the human LCR (Bulger
et al. 2003). These observations indicate that the region located
~90 kb upstream of the human LCR is orthologous to the region
located ~40 kb upstream of the murine locus, suggesting that this
region may also interact with the LCR in human cells. To assess
in an unbiased fashion whether the LCR interacts with any up-
stream elements in the human locus, the SC experiment de-
scribed above was designed to include analysis of a large region
located upstream of the LCR.

We analyzed the interaction profiles obtained by microarray
detection and quantitative sequencing of HS5 with a region up to
280 kb upstream of the LCR. Both data sets showed that interac-
tions throughout this region are generally much lower than
those observed between the LCR and the B-globin locus. How-

ever, in both cell lines, we did detect elevated interaction fre-
quencies throughout a large domain located 50-100 kb upstream
of the LCR (Fig. 4A). This result was confirmed by conventional
3C analysis (Fig. 4A, cf. top, middle, and bottom panels). This
region contains three olfactory receptor genes and multiple HS
sites (Bulger et al. 2003).

These results suggest that the region located 50-100 kb up-
stream of the LCR in the human genome is in relatively close
proximity to the LCR and therefore may be functionally equiva-
lent to the genomic region located 40 kb upstream of the LCR in
the murine locus. In addition, these results illustrate that
large-scale mapping of interactions using 5C can greatly facilitate
the discovery of the locations of novel putative regulatory ele-
ments.

Parallel analysis of multiple interaction profiles

A major advantage of SC is the fact that interactions between
multiple elements of interest and other genomic elements can be
analyzed in parallel in a single experiment. The 5C experiment
described here was designed to illustrate this aspect of the meth-
odology. As described above, 5C forward and reverse primers
were designed to allow simultaneous detection of interaction
profiles of each of the three subsections of the LCR with the 400
kb of surrounding chromatin. Data obtained by microarray
analysis and quantitative sequencing of 5C libraries showed that
the interaction profile of the restriction fragment overlapping
HS2/3/4 of the LCR fragment is very similar to that of HSS (Fig.
4C). Interestingly, we found that in K562 cells, HS2/3/4 inter-
acted more frequently with sites throughout the B-globin locus
than HSS, suggesting that these HSs may contribute most to the
formation of the chromatin loops with the LCR. 5C analysis of
the LCR 3'-end, which contains HS1, did not yield sufficient
levels of ligation products to obtain a significant number of se-
quence reads. Analysis of microarray hybridization signals con-
firmed the low levels of ligation products formed with the 5C
primer for HS1, but the general patterns of interaction frequen-
cies for K562 and GM06990 cells were consistent with the pat-
terns obtained for HS5 and HS2/3/4 (Supplemental Table 7).

Large-scale 5C analysis of the gene desert control region

The 5C analysis of the B-globin locus was focused on the map-
ping of interactions between a fixed regulatory element, the LCR,
and the surrounding chromatin. 5C experiments can also be de-
signed so that a more global data set is obtained, which is par-
ticularly useful when the positions of regulatory elements are
poorly defined. Here we provide an example of an alternative SC
primer design scheme that provides insights into the general spa-
tial conformation of a genomic region.

The 5C analysis described above included 10 forward and
10 reverse SC primers for restriction fragments located in the
gene desert control region (Fig. 5A). Importantly, forward and
reverse primers were designed for alternating restriction frag-
ments (Fig. SA). Combined, these primers detected chromatin
interactions throughout the region. Interaction frequencies
determined by microarray analysis and quantitative sequenc-
ing were plotted against the genomic distance between the in-
teracting restriction fragments. In both cell lines, interaction
frequencies were found to decrease with increasing genomic
distance (Fig. 5B). Similar results were obtained by conventional
3C analysis.
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reverse (bottom) 5C primers within the B-globin locus. (B) Chromatin interaction profile of HS5 with a
400-kb region surrounding the LCR. Physical interactions in K562 (ON) and GM06990 (OFF) cells were
measured by 5C and microarrays (top), 3C (middle), and 5C and quantitative sequencing (bottom)
analysis. The B-globin locus illustrated above the profiles includes features described in Figure 2A. The
forward-facing arrow indicates the location of an alternative e-globin transcription start site. Light and
dark orange ovals represent the Ubiquilin 3 (UBQLN3) and MGC20470 hypothetical genes, respec-
tively. Arrows indicate HSs identified in K562 cells. Red arrows indicate HSs identified in K562 cells that
have been proposed to be orthologous to HS-62.5/-62.0 in the murine locus (Farrell et al. 2002; Bulger
et al. 2003). (C) Chromatin interaction profile of HS2/3/4 of the LCR with the 400-kb region around
the LCR as determined by microarray (top) and quantitative sequencing (bottom). Colored vertical bars
highlight the interactions between the LCR and upstream HSs and the y-3 intergenic region.

The graphs in Figure 5 do not reveal where along the chro-
mosome particular interaction frequencies were measured. To
better illustrate that a global interaction map is obtained, we also
presented interaction frequencies between forward and reverse
5C primers as two-dimensional heat maps in which the color of
each square is an indication of the interaction frequency between
restriction fragments. Interaction frequencies displayed along
the diagonal reflect interactions between fragments located
closely together along the chromosome. The overall pattern of
interactions observed in this gene desert region is very different
from that observed in the B-globin locus and is consistent with
random-coil behavior of the chromatin fiber without long-range
looping interactions (Rippe 2001; Dekker et al. 2002; Dekker
20006).
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Figure 4. Large-scale 5C analysis of the human B-globin locus. (A) Positions of forward (top) and  range interactions between HSs were ob-

served in the mouse. The clustering of
these HSs has been proposed to create a
chromatin hub, or a specialized nuclear
compartment dedicated to the transcrip-
tion of the B-globin genes (Tolhuis et al.
2002; de Laat and Grosveld 2003). Sev-
eral of the HSs in the B-globin locus bind
the insulator binding protein CTCF (Far-
rell et al. 2002; Bulger et al. 2003) (and
for human HSS, see Supplemental Fig.
6), and this protein has been proposed to
mediate their interactions and forma-
tion of the chromatin hub (Patrinos et al. 2004). However, the
functional significance of some of these interactions is not
well understood as deletion of some of the elements does not
directly affect p-globin expression (Bender et al. 2006). Our ob-
servation that interactions between several of the HSs also occur
in GMO06990 cells, which will never express B-globin, suggests
that they may not directly regulate B-globin expression but are
involved in some aspect of higher-order chromosome architec-
ture.

The interaction profiles of HSS and HS2/3/4 are very similar,
except that HS2/3/4 interacted more frequently with the B-glo-
bin locus specifically in K562 cells. This result is in agreement
with observations that HS2 and HS3 have the strongest enhancer
activity (Fraser et al. 1993; Peterson et al. 1996). In addition,
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Figure 5. Analysis of the conformation of the gene desert control region. (A) Positions of alternating 5C forward (top) and reverse (bottom) primers
throughout the gene desert control region. (B) Chromatin interaction frequencies of the gene desert region as determined by conventional 3C (left
panel), by 5C and microarrays (middle panel), and by 5C and quantitative sequencing (right panel). Interaction frequencies are plotted vs. genomic
distance between the interacting fragments. Bars represent the S.E.M. Interaction frequencies detected in K562 cells are also presented as two-
dimensional heat maps in which the color of each square is a measure of the interaction frequency. Note: Primers 3, 6, and 20 recognize repetitive
sequences. These primers were included to generate 5C libraries, but data obtained with these primers are not included in B. Interaction frequencies

obtained with these primers are presented in Supplemental Table 7.

RNA-TRAP showed that the expressed globin gene interacted
most strongly with HS2 (Carter et al. 2002).

We identified a new chromatin looping interaction between
the LCR and the region between the - and 3-globin genes. This
result is intriguing given that this region has been implicated in
developmental control of the B-globin locus (O’Neill et al. 1999;
Chakalova et al. 2005). This region contains a B-globin pseudo-
gene that is activated in K562 cells (Supplemental Fig. 1), sug-
gesting that the looping interaction may be involved in tran-
scription activation. This region also contains a promoter for a
large intergenic transcript whose expression may be related to
activation of the adult B-globin gene (Gribnau et al. 2000). Cer-
tain patients who suffer from hereditary persistence of fetal he-
moglobin carry deletions in this region and display defects in
B-globin expression (Chakalova et al. 2005). In contrast to some
other looping interactions in the locus, CTCF may not play a role
in the interaction between the LCR and the y-3 intergenic re-
gions, as we did not detect CTCF binding to several sites within
the intergenic region, despite the presence of several weak puta-
tive CTCF binding sites (Supplemental Fig. 6).

Microarray detection and quantitative sequencing

Results obtained with microarray detection, quantitative se-
quencing and semiquantitative PCR are generally very compa-
rable. However, we also observed several differences. First, the
dynamic range of microarray detection was smaller than that of
quantitative sequencing, as has been observed before (Yuen et al.
2002). Second, small quantitative differences were observed be-
tween the data sets obtained by microarray analysis, quantitative
sequencing, and semiquantitative PCR, e.g., in the y-3 intergenic
region (Figs. 3, 4). These differences may reflect intrinsic biases in
the detection methods, but may also be due to experimental
variation between independently generated SC libraries.

Both detection methods have advantages. DNA sequencing
displays a larger dynamic range and obviates the need to design
a specific array for each genomic region of interest. On the other

hand, microarray analysis is currently more cost-effective, par-
ticularly when a given genomic region needs to be analyzed un-
der a large number of different conditions.

5C data obtained by DNA sequencing allowed an estimate of
the background of the LMA-based approach. We quantified 451
interactions between the B-globin locus and the control gene
desert region, which are located on different chromosomes.
These interactions are detected by forward primers located on
one chromosome and reverse primers located on the other, and
vice versa. There is no biological indication that the B-globin
locus and the gene desert region should preferentially interact.
Therefore, we reasoned that these interchromosomal interaction
frequencies would correspond to background signals. Generally,
we detected very low background interaction frequencies be-
tween the two regions (average interaction frequency 0.08 [stan-
dard error of the mean, or S.E.M. =0.02] for K562 and 0.08
[S.EM. = 0.01] for GM06990) (Supplemental Table 6), which is
75-fold lower than the interaction frequency between HS2/3/4
and the y-globin gene in K562 cells. However, we also detected a
few higher interaction frequencies. We do not know whether
these represent true interchromosomal contacts, false positives
due to primer design, or experimental noise. Future large-scale
5C analyses will provide more detailed insights into these issues.

5C applications

5C relies on multiplexed ligation-mediated amplification and
thus is potentially limited by the number of 5C primers that can
be used in a single reaction. Other assays based on LMA have
successfully used many thousands of primers in a single reaction.
For example, the methylation status of 1534 CpG sites was as-
sessed using a mixture of ~6000 primers (Bibikova et al. 200S5).
Another example is the use of highly multiplexed LMA with up
to 20,000 Molecular Inversion Probes in a single reaction to de-
tect single nucleotide polymorphisms (SNPs) (Hardenbol et al.
2005; Wang et al. 2005). When 5C is performed at a similar level
of multiplexing, e.g., using 10,000 5C primers in a single experi-
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ment, up to 25 million distinct chromatin interactions can be
detected in parallel involving up to 40 Mb (10,000 4-kb restric-
tion fragments) of DNA.

For highly multiplexed 5C analyses, it is important to care-
fully design 5C primers. Nine 5C primers that were used to
generate the SC libraries analyzed here perfectly recognized
abundant interspersed repeats, and these primers were found to
produce excessively large numbers of ligation products (see
Supplemental Table 5B). Thus, repeated sequences must be
avoided.

We anticipate two types of S5C applications that are distin-
guished by 5C primer design schemes. First, SC can be used for
large-scale mapping of chromatin looping interactions between
specific genomic elements of interest, similar to the analysis of
the B-globin locus described here. Such studies are focused on
mapping interactions between a “fixed” element (e.g., the LCR)
and other restriction fragments located in cis or in trans, in order
to identify elements with which it interacts. 5C allows simulta-
neous quantification of interaction profiles of many such “fixed”
elements in parallel in a single reaction followed by analysis on
a custom-designed microarray or by direct quantitative sequenc-
ing. To do this, reverse SC primers are designed for each fixed
fragment of interest, and forward 5C primers are designed for all
other restriction fragments, as shown in Figure 4A. This type of
analysis will allow rapid detection of networks of interactions
among multiple genes and regulatory elements throughout large
segments of the genome.

Second, 5C analysis can be used to generate dense interac-
tion maps that cover most or all potential interactions between
all fragments of any genomic region. Dense interaction maps can
provide a global overview of the conformation of a given ge-
nomic region. For example, when 5C forward and reverse prim-
ers are designed for alternating restriction fragments, as per-
formed here for the gene desert control region (Fig. 5), a relatively
dense matrix of interaction frequencies can quickly be obtained
throughout a genomic region. Although powerful, such a 5C
analysis will not provide a complete interaction map for a given
genomic region, as interactions between two fragments that are
both recognized by forward primers or by reverse primers cannot
be detected. This limitation can be overcome by performing sev-
eral 5C analyses, each with a permuted 5C primer design scheme
to obtain partially overlapping interaction matrices. When com-
bined, these maps can yield complete interaction maps contain-
ing interaction frequencies of all pairs of restriction fragments
throughout a region of interest. Each row and column of such
matrices would correspond to a “fixed” element experiment as
described above. Generation of complete interaction matrices
can be used as a discovery tool for unbiased detection of chro-
matin looping interactions between previously unannotated el-
ements. Analysis of a matrix of interaction frequencies can also
provide global information regarding the general spatial confor-
mation of a genomic region (Dekker et al. 2002; Gheldof et al.
20006).

Methods

BAC selection and control library preparation

A control library for the human B-globin locus and gene desert
regions (ENCODE regions ENmO009 and ENr313, respectively)
was generated as described (Dekker 2006; Miele et al. 2006).
Briefly, an array of bacterial artificial chromosomes (BACs) cov-

ering both genomic regions was mixed, digested with EcoRI, and
randomly ligated. In this study, the BAC arrays from the B-globin
locus and gene desert regions were mixed in a 4:1 ratio to ob-
tain strong signals for the B-globin locus. Interaction frequencies
were adjusted accordingly. The following seven BAC clones
were used for the B-globin region: CTC-775N13, RP11-715GS,
CTD-3048C22, CTD3055E11, CTD-264317, CTD-3234J1, and RP11-
589G14. A set of four BAC clones was selected to cover the 0.5-Mb
gene desert region, and include RP11-197K24, RP11-609A13,
RP11-454G21, and CTD-2133M23. BAC clones were obtained
from Invitrogen and the Children’s Hospital Oakland Research
Institute (CHORI).

Cell culture and 3C analysis

The GM06990 cell line was derived from EBV-transformed B-
lymphocytes and was obtained from Coriell Cell Repositories
(CCR). This cell line was cultured in Roswell Park Memorial In-
stitute medium 1640 (RPMI 1640) supplemented with 2 mM L-
glutamine and 15% fetal bovine serum (FBS). The K562 cell line
was obtained from the American Type Culture Collection (ATCC)
and cultured in RPMI 1640 supplemented with 2 mM L-
glutamine and 10% FBS. Both cell lines were grown at 37°C in 5%
CO, in the presence of 1% penicillin-streptomycin. 3C analysis
was performed with log-phase GM06990 and K562 cells using
EcoRI as previously described (Dekker et al. 2002; Vakoc et al.
2005; Miele et al. 2006). The primer sequences are presented in
Supplemental Table 2.

Real-time PCR quantification

Total RNA from log-phase cells was isolated with the RNeasy
Mini Kit as described by the manufacturer (Qiagen). cDNA was
synthesized with oligo(dT),, (Invitrogen) using the Omniscript
Reverse Transcription Kit (Qiagen). B-Globin transcripts were
quantified by real-time PCR in the presence of SYBR Green I stain
(Molecular Probes). The specific human B-globin primers used in
this analysis are summarized in Supplemental Table 1.

5C primer design

Forward and reverse primers were designed to recognize the top
or bottom strand of the 3’-end of EcoRI restriction fragments.
Primer homology lengths varied from 24 to 40 nucleotides, and
melting temperatures were centered at 72°C. The genomic
uniqueness of all primers was verified with the SSAHA algorithm
(Ning et al. 2001). Forward 5C primers were designed to include
a 5’-end tail that includes (5'-3") CTG followed by one Mmel
restriction site (TCCAAC) and a modified T7 Universal primer
sequence (TAATACGACTCACTATAGCC). Reverse 5C primers
were designed to include a 3’-end tail that includes (5'-3") a
modified complementary T3 Universal sequence (TCCCTTTAGT
GAGGGTTAATA) and one Mmel restriction site (GTCGGA), fol-
lowed by CTC. 5C forward and reverse primers each contained
half of the EcoRI restriction site, and only the reverse primers
were phosphorylated at the 5’-end. All 5C primers are presented
in Supplemental Table 3.

5C library preparation

The 3C library (representing ~150,000 genome copies) or control
library (5 ng) was mixed with salmon testis DNA (Sigma) to a
total DNA mass of 1.5 pg, and with 1.7 fmol of each 5C primer in
a final volume of 10 pL of annealing buffer (20 mM Tris-acetate
at pH 7.9, 50 mM potassium acetate, 10 mM magnesium acetate,
and 1 mM DTT). Samples were denatured for 5 min at 95°C and
annealed for 16 h at 48°C. Annealed primers were ligated for 1 h
at 48°C by adding 20 uL of ligation buffer (25 mM Tris-HCI at pH
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7.6, 31.25 mM potassium acetate, 12.5 mM magnesium acetate,
1.25 mM NAD, 12.5 mM DTT, 0.125% Triton X-100) containing
10 units of Taq DNA ligase (NEB). Reactions were terminated by
incubating samples at 65°C for 10 min. 5C ligation products were
amplified by PCR using forward (T7modif, CTGTCCAACTAA
TACGACTCACTATAGCC) and reverse (T3modif, GAGTCCGAC
TATTAACCCTCACTAAAGGGA) primers. Six microliters of liga-
tion reaction were amplified with 10 pmol of each primer in
25-uL PCR reactions (32 cycles of 30 sec of denaturing at 95°C,
30 sec of annealing at 60°C, and 30 sec of extension at 72°C).
5C libraries were purified with MinElute Reaction Cleanup Kit
(Qiagen) to remove unincorporated primers and other contami-
nants as recommended by the manufacturer.

Singleplex and sixplex 5C analysis

5C libraries from K562 and GM06990 (each representing
~150,000 genomes) or control libraries (5 ng) were incubated
with individual 5C primer pairs and processed as described
above, except that ligation reactions were amplified by 35 PCR
cycles of 30 sec of denaturing at 95°C, 30 sec of annealing at
60°C, and 30 sec of extension at 72°C. Amplified 5C ligation
products were resolved on 2% agarose gels and visualized with
ethidium bromide (0.5 pg/mL). Sixplex 5C analysis was per-
formed by mixing six distinct 5C primers with 3C or control
libraries. Individual 5C ligation products of sixplex samples were
detected by PCR with specific internal PCR primers and measured
on agarose gels as described above. Linear-range PCR detection of
5C products was verified by twofold serial dilution titrations of
multiplex samples. The sequences of internal primers are avail-
able on request.

5C library microarray analysis

5C libraries were prepared by performing multiplex LMA with 78
5C primers, and amplified with a 5'-Cy3-labeled reverse PCR
primer complementary to the common 3’-end tail sequence of
reverse 5C primers (Cy3-T3modif). Maskless array synthesis and
hybridization were carried out with 100 ng of amplified 5C li-
braries at NimbleGen Systems Inc. as previously described
(Singh-Gasson et al. 1999; Nuwaysir et al. 2002; Kim et al. 2005;
Selzer et al. 2005). Each array featured the sense strand of pre-
dicted 5C ligation products. The arrays also contained several
inter-region negative controls. The arrays contained 18 replicates
of increasing feature lengths ranging from 30 to 64 nt, which
were used to identify optimal array probe lengths (Supplemental
Fig. 4). A full description of the array design is available on re-
quest. Arrays were scanned using a GenePix4000B scanner (Axon
Instruments, Molecular Devices Corp.) at 5-um resolution. Data
from scanned images were extracted using NimbleScan 2.0 ex-
traction software (NimbleGen Systems, Inc.).

5C library high-throughput DNA sequencing analysis

5C libraries were generated with 73 5C primers, as described in
the Results section. Each library was amplified with 5’-end phos-
phorylated PCR primers and processed for single-molecule pyro-
sequencing as previously described (Margulies et al. 2005). Using
the GS20 platform developed by 454 Life Sciences Corp., 550,189
sequence reads totaling 60 million bases were obtained. The
mean read length was 108 bases (mode, 112 bases). Each read was
BLASTed against all forward and reverse primers. For each
sample, the number of reads that matched each of the 682 pos-
sible primer pairs (62 forward X 11 reverse) was counted. These
combinations include 159 possible interactions in the B-globin
locus, 72 interactions in the gene desert region, and 451 inter-

region interactions. The data are summarized in Supplemental
Tables 4 and 5.
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