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cells, we characterized specific protein–DNA interactions within
the α, β, and γ clusters by ChIP-seq analyses. First, we mapped
the active (H3K4me3) and repressive (H3K27me3) histone
methylation marks throughout the Pcdh gene clusters. We found
that each of the active α promoters and the HS7 and HS5-1
enhancers are marked by H3K4me3 (Fig. 1C). By contrast,
neither the active nor inactive promoters nor the enhancers of
the Pcdh clusters were marked by the repressive H3K27me3
histone modification (Fig. 1 C and F and Fig. S2A). As a positive
control for the antibodies and ChIP-seq protocol, we showed
that the promoter of the nonclustered Pcdh1 gene is marked by
both H3K27me3 and H3K4me3 (Fig. S2C).
ChIP-seq experiments using a specific antibody against RNA

polymerase II (RNAPII) revealed that RNAPII is enriched at the
promoter regions of αc2 and γc3 (Fig. 1C and F), two isoforms that
are expressed at high levels in the brain (1, 5). We presume that
RNAPII is not detected on the alternate promoters because of the
relative low levels of expression compared with the ubiquitously
expressed promoters. RNAPII is also enriched at H3K4me3-
marked enhancer sites of HS7 and HS5-1 of the α cluster. It is
important to note that we find similar enhancer-like sites in the
human γ cluster, designated as HS7-like (HS7L), HS5-1a–like
(HS5-1aL), and HS5-1b–like (HS5-1bL) [corresponding to the
mouse HS17 site (11)], which are enriched in RNAPII and/or
H3K4me3 (Fig. 1F). Interestingly, we also identified spliced
transcripts that are complementary to the HS7 (AK136271,
AK042845), HS7L (DA549378, CF593989), HS5-1aL (DA087514,
AI311853), andHS5-1bL (AK094264) sites (all accession numbers
from Genbank), suggesting that these enhancers have promoter
activities (13). Finally, we note that these α and γ enhancer sites are
DNase I–hypersensitive in the Encyclopedia of DNA Elements
(ENCODE) database, which is a characteristic of transcriptional
enhancers (14).

CTCF and Rad21 Binding Correlates with Promoter Activity. To in-
vestigate the relationship between the level of gene expression of
the human α, β, and γ clusters and the binding of CTCF and
cohesin subunit Rad21, we examined their binding profiles by
ChIP-seq and ChIP–quantitative PCR (ChIP-qPCR) experiments
in SK-N-SH cells (Fig. 1 C and F and Fig. S2 A and B). Previous
studies of the mouse Pcdhα cluster identified two CTCF-binding
sites in the alternate α isoforms, one in the promoter and a second
within the downstream exon (10). We observed the same binding
pattern in the human α cluster. As shown in Fig. 1C, CTCF binds
to both the promoter conserved sequence element (CSE) and the
exonic CTCF-binding site (eCBS) in the α4, α8, and α12 genes.
This binding profile directly correlates with the high levels of
expression of α4, α8, and α12 in SK-N-SH cells (Fig. 1B).
In the case of the human β and γ clusters, the binding of CTCF

to CSE correlates with the high expression levels of respective
isoform promoters (Fig. 1F and Fig. S2A). We do not observe
a corresponding eCBS in the members of the β or γ clusters.
However, we observed a second site in the ubiquitous γc3 gene
that binds to high levels of CTCF (Fig. 1F). The binding profiles
of Rad21 in the α, β, and γ clusters are similar to that of CTCF,
i.e., Rad21 binds to two sites in active alternate promoters of the
α cluster but only one site in the promoters of the β and γ clusters
(Fig. 1 C and F and Fig. S2A).

Binding of CTCF and Rad21 to c-Type Promoters. As was shown in
mouse cells, CTCF binds to the CSE of αc1 (Fig. 1C
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Discussion
The remarkable genomic organization of the clustered proto-
cadherin genes (1, 2, 4, 5) and the generation of multiple isoforms
through promoter choice and alternative pre-mRNA splicing
provide enormous single-cell diversity (3, 6). This diversity
appears to play a fundamental role in neural circuit assembly (22–
25). Understanding the mechanism by which this diversity is
generated is, therefore, fundamental to understanding the de-
velopment and function of the nervous system. Previous studies
have identified Pcdhα isoform promoters and enhancer elements
(2–5, 8) and have shown that they bind to CTCF and cohesin (9,
10). However, neither the function of CTCF/cohesin nor their
possible role in enhancer/promoter interactions was addressed.
Here, we made use of the diploid human neuroblastoma cell
line SK-N-SH to address these questions. We find that CTCF
and cohesin are required for the long range looping of Pcdhα
enhancers and active isoform promoters, and we show that
methylation of CpG dinucleotides in the CSEs prevents the
binding of CTCF to the CSE in vitro. We find that the two sites in
the HS5-1 enhancer form long-range DNA-looping interactions
with two sites in the active promoters, α8 and α12, and weak DNA
interactions with promoters of α4, αc1, and αc2 in human SK-N-
SH cells. These interactions correlate with the requirement of
HS5-1 for alternate promoter activity in mice (both quantitatively
and qualitatively), except for αc2, which does not require HS5-1
for maximal activity (9, 11). Interestingly, the most distal ubiqui-
tous promoter in the cluster, αc2, does not contain a CSE (2), and
is not recognized by CTCF (Fig. S3A). TheHS7 enhancer, which is
located between constant exons 2 and 3 (8), is also not bound by
CTCF (10) but is enriched in RNAPII (Fig. 1C). However, both
αc2 and HS7 are bound to Rad21. We found that the HS7 en-
hancer forms long-range DNA-looping interactions with the α8,
α12, αc1, and αc2 promoters in human SK-N-SH cells, which,
again, is consistent with requirement of HS7 for alternate and
ubiquitous promoter activity in mouse genetic studies (9). Thus,
there appears to be CTCF- and cohesin-dependent DNA looping
(α1 to α13 and αc1) and CTCF-independent but cohesin-de-
pendent DNA looping (αc2). Taken together, these studies pro-
vide conclusive evidence that DNA looping occurs between well-
characterized enhancers andmultiple activePcdh promoters in the
α cluster, and that this looping requires specific binding of CTCF/
cohesin to the transcriptionally active promoters and enhancers.
We propose that CTCF/cohesin-dependent long-range DNA-

looping interactions among the putative enhancers (HS7L, HS5-
1aL, HS5-1bL) of the γ cluster and its variable promoters occur

in a similar manner to that observed for the HS7, HS5-1a, and
HS5-1b and variable promoters of the α cluster. The variable
region of the human γ cluster contains 19 alternate promoters
(12 a-type: γa1 to γa12; and 7 b-type: γb1 to γb7) and 3 c-type
(γc3 to γc5) ubiquitous promoters. Similar to the α cluster, each
of the 19 alternate promoters and the first ubiquitous promoter
(γc3) of the γ cluster contains a CSE (2) that binds to CTCF (Fig.
1F and Fig. S3). The last two c-type ubiquitous promoters (γc4
and γc5), similar to the last ubiquitous α promoter (αc2), do not
contain a CSE and cannot bind to CTCF (Fig. 1C and Fig. S3A).
Similar to HS7 of the α cluster, we found an HS7-like (HS7L)
site in the γ cluster, which also has RNAPII enrichment (Fig. 1F)
and is located in a similar position between the constant exons 2
and 3. In addition, we observed two downstream CTCF-binding
sites in the γ cluster, HS5-1aL and HS5-1bL, similar to HS5-1a
and HS5-1b of the α cluster. Interestingly, the HS5-1aL CTCF-
binding site in the 3′ UTR of the γ cluster, similar to the HS5-1a
of the α
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(22–25). Strikingly, a repertoire of heterozygous mutations in
chromatid-segregating cohesin (SMC1A, SMC3, RAD21) and
cohesin regulators (NIPBL, ESCO2) have been found to cause
a class of developmental disorders known as Cornelia de Lange
syndrome (CdLS) and Robert syndrome in humans (31). One
of the most intriguing unknown aspects of these syndromes is
the molecular etiology of CdLS in neurodevelopmental delay
and mental retardation. The important role of cohesin in the
regulation of clustered Pcdh genes (this study and refs. 10, 32,
and 33) suggests a neuropathologic basis for these syndromes
caused by human heterozygous cohesin mutations.
The observation that both theHS5-1 andHS7 enhancers interact

with and are required for maximal expression of multiple members
of the α cluster and that CTCF/cohesin is required for this in-
teraction suggests a complex mechanism of promoter choice. We
propose that the DNA-looping interactions recruit the promoters
bound toCTCF to enhancers in an active “transcriptional hub” (Fig.
6). This model is based on extensive and highly specific functional
and physical interactions between promoters and enhancers, and
the fact that the formaldehyde cross-linking used in the ChIP-seq
and 3C studies would be expected to crosslink a large complex
containing multiple enhancers and promoters. In this model, the
DNA-looping interactions between HS5-1 and the promoters of
α8 and a12 are formed by a double-clamping mechanism between
the HS5-1a/HS5-1b sites of the enhancer and the CSE/eCBS sites
of alternate promoters (Fig. 5D). At the same time, HS5-1 must
interact with αc1, because HS5-1 is required for its expression (9,
11). In addition,HS7must directly interact with αc2, as well as with
the active alternate promoters and ubiquitous promoters, because
this enhancer interacts with and is required for the maximum ac-
tivation of these promoters (9). Finally, long-range DNA-looping
interactions are formed between promoters of αc1 and α8 and
both alleles of the α8 promoters form looping interactions with
αc1 (Fig. S6 C and F). All of these observations are consistent with
the model of Fig. 6, in which the apparent simultaneous inter-
actions between the two enhancers and multiple promoters are
the consequence of the formation of a large transcriptional hub.

Presumably, promoter/enhancer interactions within this hub must
be maintained during DNA replication, because the pattern of
Pcdh expression in SK-N-SH cells has been maintained during
many rounds of cell division. Moreover, the stability of this com-
plex is required to maintain self-identity during the postmitotic life
of individual neurons. Further studies of the mechanisms of Pcdh
promoter choice during development and whether and how the
choice is maintained should provide important insights into the
role of Pcdh diversity in the assembly of neural circuits.

Materials and Methods
Recombinant Protein Production and EMSA. Full-length human CTCF cDNAwas
cloned from total RNA preparations of HEC-1-B by RT-PCR with a pair of
specific primers and confirmed by sequencing. The recombinant human
CTCF proteins were synthesized from pTNT-CTCF by using TNT T7 System
(Promega). All of wild-type (WT) and mutation probes were confirmed by
sequencing. See SI Materials and Methods for details.

Methylation Analysis. To determine CpG methylation state in SK-N-SH cells,
genomic DNA was analyzed on Infinium HumanMethylation450 BeadChips
(Illumina). CpGs located near each variable exonwere identified and grouped
by location.

ChIP-qPCR and ChIP-seq. ChIP was performed by using protein A agarose
beads from the Millipore and followed by standard qPCR experiments. The
ChIP-seq experiments were performed similarly, except that the precipitated
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