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The clustered protocadherins (Pcdh) are encoded by three closely
linked gene clusters (Pcdh-�, -�, and -�) that span nearly 1 million
base pairs of DNA. The Pcdh-� gene cluster encodes a family of 14
distinct cadherin-like cell surface proteins that are expressed in
neurons and are present at synaptic junctions. Individual Pcdh-�
mRNAs are assembled from one of 14 ‘‘variable’’ (V) exons and
three ‘‘constant’’ exons in a process that involves both differential
promoter activation and alternative pre-mRNA splicing. In individ-
ual neurons, only one (and rarely two) of the Pcdh �1–12 promoters
is independently and randomly activated on each chromosome.
Thus, in most cells, this unusual form of monoallelic expression
leads to the expression of two different Pcdh-� 1–12 V exons, one
from each chromosome. The two remaining V exons in the cluster
(Pcdh-�C1 and �C2) are expressed biallelically in every neuron. The
mechanisms that underlie promoter choice and monoallelic expres-
sion in the Pcdh-� gene cluster are not understood. Here we report
the identification of two long-range cis-regulatory elements in the
Pcdh-� gene cluster, HS5–1 and HS7. We show that HS5–1 is
required for maximal levels of expression from the Pcdh �1–12 and
�C1 promoters, but not the Pcdh-�C2 promoter. The nearly cluster-
wide requirement of the HS5–1 element is consistent with the
possibility that the monoallelic expression of Pcdh-� V exons is a
consequence of competition between individual V exon promoters
for the two regulatory elements.

gene regulation � transcription enhancer � monoallelic expression

A fundamental problem in neurobiology is how individual
neurons of a given cell type acquire unique cellular iden-

tities. For instance, individual neurons of the same type can
engage in highly specific synaptic interactions, and they can
express unique subsets of genes. An excellent example of this
type of neuronal diversification is provided by individual olfac-
tory neurons, which express only one of �1,000 olfactory
receptor genes and establish connections based on the receptor
expressed. This is accomplished by a complex process involving
stochastic promoter choice, monoallelic expression, and a feed-
back mechanism that stabilizes promoter choice (1). Another
example is the highly conserved clustered Pcdh genes (Pcdhs-�,
-�, and -�), which encode diverse cadherin-like cell surface
molecules that are present at synaptic junctions (2–7). Single-cell
analyses reveal that individual Purkinje cells express distinct
subsets of Pcdh mRNAs (2, 8, 9). If different Pcdh proteins
function cooperatively at the synapse, they could provide an
extraordinarily diverse array of distinct synaptic tags and thus
may play an important role in establishing the identities of
individual neurons.

The organization of the Pcdh-� gene cluster results in the
generation of 14 different Pcdh proteins in the mouse. Multiple
first exons [variable region (V) exons] are arranged sequentially
and each encode six cadherin-like ectodomains, a transmem-
brane domain, and a small portion of the cytoplasmic domain.
They are followed by three constant region exons, which encode
the remainder of the cytoplasmic domain (Fig. 1A). Pcdh-�
mRNAs are generated by splicing a single V exon to the three
constant region exons. The two Pcdh-� V exons located closest
to the constant region exons, which are named �C1 and �C2, are

more related to each other and to the three similarly positioned
V exons in the Pcdh-� cluster than to the Pcdh �1–12 V exons
(Fig. 1 A) (3).

Each V exon is preceded by a promoter, and all Pcdh-�
promoters except the �C2 promoter contain a conserved se-
quence element (CSE) (6, 10). The CSE is 22-nt long and
contains an invariant tetranucleotide CGCT (CGCT box) that is
required for promoter activity. Activation of a particular pro-
moter leads to transcription of a long premRNA containing all
of the downstream V exons and the three constant exons.
Generation of the mature Pcdh-� mRNA involves splicing the V
exon proximal to the 5� end of the pre-mRNA to the first
constant region exon (10, 11).

Although Pcdh-� mRNAs are expressed throughout the ner-
vous system, individual Pcdh-� isoforms do not appear to be
expressed in specific brain layers or brain nuclei (2). In fact, RNA
in situ analyses have shown that single neurons of the same cell
type (olfactory bulb periglomerular cells in one case and cere-
bellar Purkinje cells in another) express different Pcdh-� mR-
NAs (2, 8). Moreover, single-cell PCR analyses of Purkinje cells
show that individual neurons express apparently random sets of
Pcdh �1–12 mRNAs, with the majority of cells expressing only
two (8). Remarkably, the same Pcdh �1–12 isoform can be
expressed from both chromosomes but rarely is, suggesting that
the choice of active promoters is random within each chromo-
some and independent between chromosomes. The mechanisms
of this unusual example of monoallelic expression are not known.
By contrast, expression of Pcdh-�C1 and �C2 V exons is biallelic,
and both mRNAs appear to be expressed in every neuron (9).
Thus, the Pcdh �1–12 and Pcdh-�C1 and �C2 promoters appear
to be regulated by distinct mechanisms. The apparently random
and predominately monoallelic expression of individual Pcdh
�1–12 mRNAs suggests that promoter identity and cell-specific
transacting factors cannot be the sole determinants of their
promoter activation.

In an effort to understand the mechanisms of monoallelic
expression of the Pcdh-� genes, we have identified long-range
cis-regulatory DNA elements in the Pcdh-� gene cluster. We
show that two of these DNA sequences display enhancer activity
in reporter assays, and one of them is necessary for high-level
expression from all Pcdh �1–12 promoters, as well as the
Pcdh-�C1 promoter. By contrast, the element is not required for
expression from the Pcdh-�C2 promoter.
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Results
Identification of Putative cis-Regulatory Elements in the Pcdh-� Gene
Cluster. Regulatory elements such as enhancers and locus control
regions are highly conserved between different mammalian
species (12–14). To identify intergenic regions containing puta-
tive DNA elements that regulate Pcdh-� expression, we com-
pared the genomic DNA sequences of the mouse and human
Pcdh-� clusters. Vista analysis (15, 16) was performed on mouse
and human Pcdh-� genomic sequences, including 138 kb up-
stream and 77 kb downstream of the mouse gene cluster and 80
kb upstream and 82 kb downstream of the human gene cluster.
The borders for this analysis were determined by the location of
the genes immediately upstream and downstream from the
Pcdh-� gene cluster. The upstream genes correspond to HARSL
for the mouse and Zmat2 for human, and the downstream gene
corresponds to Pcdh-�1 in both mouse and human. This analysis
revealed 65 conserved intergenic/intronic sequences (CISs) con-
taining �100 bp with �75% identity [Fig. 1 and supporting
information (SI) Table 1]. Six CISs were located between the �7
and �8 V exons and correspond to a relic mouse Pcdh-� V exon
that was created by the insertion of an intracisternal A-particle
retrotransposon present in laboratory mouse strains (17). An-
other conserved DNA sequence was identified in the promoter
of �1, two more within the promoter of �C2, and one in the
promoter of Pcdh-�1 (the first exon in the downstream Pcdh-�
cluster). The remainder of the conserved sequences are distrib-
uted in the 3� end of the cluster; 43 are located in the introns
between �C1 and the third constant region exon; the remaining
12 CISs are located downstream of the cluster. No CISs were
found immediately upstream of the cluster or in any of the
introns between �1 and �C1.

Regulatory DNA sequences can be identified as DNase I
hypersensitive sites (HSs), which are thought to be a conse-
quence of the remodeling or removal of nucleosomes by bound
proteins, leaving the surrounding DNA accessible for degrada-
tion by DNase I (18). Given the complexity of brain tissue and
that individual neurons can express different sets of Pcdh-�
isoforms (2, 8), we made use of cell lines as homogenous sources
of nuclei for DNase I hypersensitivity assays. We used the mouse
neuroblastoma cell lines Neuro-2a and CAD, which express
defined subsets of Pcdh-�, and the mouse leukemia cell line
BB88, which does not express Pcdh-� (SI Fig. 5). We conducted
DNase I hypersensitivity assays on the 55 CISs in Neuro-2a cells,
covering �120 kb of the Pcdh-� cluster. We identified 15 HSs
distributed over 77 kb of the 3� end of the cluster and designated
them HS15 through HS1, with HS15 being the most 5�, and HS1
being the most 3� (Fig. 2 and SI Figs. 6–9, and SI Table 2). All
HSs except HS9 were found within 200 bp of a CIS discovered
by Vista analysis. HSs 15, 14, and 13 were all found within 2.2 kb

of the �C2 translational start site and likely correspond to its
promoter and associated regulatory elements. HSs 12, 11, and 10
are in the intron between the �C2 V exon and the first constant
region exon. HSs 9, 8, and 7 are in the intron between the second
and third constant region exons. HS6 is located 3.5 kb down-

Fig. 1. CISs in the mouse and human Pcdh-� gene clusters. (A) Genomic organization of the mouse Pcdh-� gene cluster. The Pcdh-� gene cluster spans �350
kb of mouse chromosome 18. Individual V exons (denoted by V, light-green ovals) are individually spliced to the three constant-region exons (denoted by Con,
dark-green ovals). Gray ovals indicate relics of a Pcdh-� V exon. (B) Sequence comparison between mouse and human for portions of the Pcdh-� cluster using
VISTA. The y axis indicates percent mouse/human sequence identity. The x axis indicates position along the cluster as measured in kilobase pairs. Blue shading
denotes exonic sequences, and red shading denotes CISs that are �75% identical between mouse and human DNA. A total of 65 CISs �100 bp with �75% identity
were identified.

Fig. 2. Identification of putative cis-regulatory elements by DNase I hyper-
sensitivity. (A) (Upper) a diagram of the region downstream of the third
constant-region exon indicating the positions of restriction enzyme sites, CIS
(orange boxes), and Southern blot probes (purple boxes). Red boxes indicate
identified DNase I HSs. (Lower) DNase I hypersensitivity assays on the region 30
kb downstream of the third constant region exon flanked by BglI sites on
Neuro-2a and BB88 nuclei. Triangles indicate increasing concentrations of
DNase I. Southern probe no. 13 was used. Five HSs were identified (HS5–1),
which are prominent in Neuro-2a but weak in BB88. (B) Schematic showing the
location of the 15 identified HSs in Neuro-2a cells. All but HS12 were also
present in CAD cells. Except for the weak HS1 and HS4, none were present in
BB88 cells.
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stream of the third constant region exon. HSs 5, 4, 3, 2, and 1
(hereafter referred to as HS5–1) are clustered �30 kb down-
stream of the third constant region exon. In BB88 cells, only HS1
and HS4 were identifiable and at a dramatically reduced inten-
sity compared with Neuro-2a cells (Fig. 2 and SI Figs. 6–9).

To determine whether the hypersensitive sites identified in
Neuro-2a cells are a general feature of Pcdh-�-expressing cells,
we examined CAD cells, which express a different subset of
Pcdh-� mRNAs. As shown in SI Table 2 and SI Figs. 10 and 11,
all 15 hypersensitive sites identified in Neuro-2a cells were also
present in CAD cells, with the exception of HS12, which was only
weakly detected in Neuro-2a cells and absent in CAD cells.

HS7 and HS5–1 Are Tissue-Specific Enhancers. We assayed the 15
identified HSs for enhancer activity in transient transfection
experiments. Individual HSs or groups of HSs were inserted
downstream of the firefly luciferase gene driven by the simian
virus 40 (SV40), Pcdh-�11, or Pcdh-�9 promoter. These con-
structs were transiently transfected into Neuro-2a or CAD cells,
and relative luciferase activity was measured (Fig. 3A). The HS7
and HS5–1 sequences consistently enhanced transcription from
each promoter at a level comparable to or greater than that
observed with the SV40 enhancer, indicating that HS7 and
HS5–1 can function as transcriptional enhancers. The remainder
of the HSs (HS15, 14, 13, 12, 11, 10, 9, 8, and 6) failed to display
any enhancer activity in these assays.

We found that both HS1 and HS7 contain CSEs similar to
those found in all Pcdh-� promoters except the �C2 promoter
(SI Fig. 12) (6). This finding is consistent with the possibility that
HS1 and HS7 are regulatory elements, because cis-regulatory
elements and the promoters they act upon often share binding
sites for the same regulatory proteins (19–21). None of the other
HSs contain a CSE-like sequence.

The reporter assays demonstrated that HS7 and HS5–1 can
function as enhancers in transient transfections. To determine
whether they can also function as such in vivo, we assayed their
ability to drive reporter gene expression in transgenic mice. We
cloned HS7 and HS5–1 downstream of an hsp68 minimal pro-
moter driving lacZ (Fig. 3 B and C). Upon integration into the
genome, the hsp68 minimal promoter is active only when in
proximity of an enhancer (22). If HS7 and HS5–1 function as
enhancers in the Pcdh-� locus, each should promote a consistent
tissue-specific and developmentally regulated pattern of trans-
gene expression in multiple transgenic founders (13, 23).

Endogenous Pcdh-� expression is first detected in the nervous
system of the developing mouse embryo at embryonic day
(E)12.5, peaks at postnatal day (P)0, and then moderately
declines to a steady-state level that is maintained in the adult (2,
4, 24). We chose to analyze transgene expression at E14.5 and
E15.5, when Pcdh-� expression is high, yet the embryo is still
permeable to whole-mount �-galactosidase staining. At this
stage, Pcdh-� expression is detected throughout the nervous
system, with prominent expression in most areas of the devel-
oping CNS (2, 24–26). However, the expression is not limited to
the CNS and is present in sensory and sympathetic ganglia,
olfactory epithelium, retina, middle and inner ear, whisker
follicles, and the mouth (24, 27, 28).

In all five transgenic lines containing the hsp68-lacZ-HS5–1
transgene, �-galactosidase staining was detected in the devel-
oping cerebral cortex and olfactory bulb. In some of the lines,
staining was also present in other areas of the nervous system,
including the olfactory epithelium, midbrain, developing cere-
bellum, spinal cord, whisker follicles, and mouth (Fig. 3B, SI
Table 3, and SI Fig. 13). Only one line displayed aberrant
expression, presumably because of position effect at the site of
integration, likely because of the influence of local enhancers
surrounding the insertion site (22, 23). Thus, the HS5–1 en-
hancer is capable of activating reporter gene expression in most

if not all areas that express Pcdh-�, but it does so most
consistently in the olfactory bulb and the cortex.

In all but one of the 14 transgenic lines containing the
hsp68-lacZ-HS7 transgene, �-galactosidase staining was promi-
nently seen in the whisker follicles (Fig. 3C, SI Table 3, and SI
Fig. 14). Most of these lines also displayed expression in eyebrow
follicles, ears, and eyes. In seven of the lines, prominent staining
was also seen in the spinal cord, and in five of these staining was
present in the midbrain. Only three lines displayed staining in the
cerebral cortex or olfactory bulb. We conclude that HS7 by itself
is capable of activating reporter gene expression in most areas of
Pcdh-� expression but does so most consistently in the whisker
and eyebrow follicles, ears, and eyes.

As a negative control, we tested the hsp68-lacZ transgene

Fig. 3. HS7 and HS5–1 are tissue-specific enhancers. (A) Reporter assays for
constructs containing HSs cloned downstream of the SV40, Pcdh-�11, or �9
promoter for both Neuro-2a and CAD cells. The y axis represents relative
reporter activation compared with the construct containing only the SV40,
�11, or �9 promoter. (B) A schematic representing the construct used to test
HS5–1 for enhancer activity in transgenic mice and the expression in a repre-
sentative transgenic line in mouse embryos at E14.5. pHsp68, minimal pro-
moter from heat-shock protein 68; pA, poly(A) signal. (C) A schematic repre-
senting the construct used to test HS7 for enhancer activity in transgenic mice
and the expression in two representative transgenic lines in mouse embryos at
E14.5. Abbreviations are the same as in B.
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containing no enhancer. Of the five different transgenic pup
founders analyzed, all displayed some position effect. However,
none shared a common expression pattern, indicating that the
intrinsic activity of the hsp68 minimal promoter and the inser-
tional specificity of the transgene are negligible (SI Fig. 15).

These results indicate that the two enhancers identified in
silico and in vitro can function as tissue-specific and develop-
mentally specific enhancers in vivo. Although both enhancers are
capable of activating reporter gene expression in most if not all
areas of Pcdh-� expression, HS5–1 shows preference for the
CNS, especially the cortex and olfactory bulb, whereas HS7
shows preference for sensory organs, specifically whisker and
eyebrow follicles, ears, and eyes.

HS5–1 Is Necessary for High-Level Expression of all Pcdh-� mRNAs,
Except Pcdh-�C2. To test whether HS5–1 is necessary for expres-
sion of all Pcdh-� mRNAs, we deleted this DNA sequence from
the endogenous locus in mouse ES cells. We performed the
deletion in 129/Sv � Musculus castaneus F1 ES cells (29) and
analyzed the expression in heterozygous ES cells induced to
differentiate into CNS-like neurons. The unmodified M. casta-
neus chromosome served as an internal control.

The HS5–1 targeting vector was prepared from 129/Sv
genomic DNA. The HS5–1 region was replaced by a LTNL
cassette, which consists of the neomycin phosphotransferase and
thymidine kinase selection markers flanked by LoxP sites (30)
(Fig. 4 A and B). As expected, the recombination occurred on
the 129 chromosome (Fig. 4B), thereby generating the HS5–1
knockout allele (HS5–1ko). The LTNL cassette was subse-
quently excised by transient transfection of a Cre-producing
plasmid, thereby generating the HS5–1koc allele. Proper target-
ing and Cre-mediated recombination were verified by both
Southern blotting and PCR (Fig. 4 A and B and data not shown).

To compare Pcdh-� expression from the 129 and M. castaneus
chromosomes, we identified sequence polymorphisms in each
Pcdh-� exon (SI Table 4). To examine the effects of the deletion
in neuronal cells, we used an in vitro differentiation protocol that
generates a large percentage (�70%) of CNS-like postmitotic
neurons (31). Postmitotic neuronal markers were identified in
the in vitro differentiated cells by both RT-PCR and immuno-
cytochemistry (SI Fig. 16). To determine the effect of the HS5–1
deletion on Pcdh-� gene expression, RNA was extracted from
day 10 differentiated F1 ES cells and RT-PCR analysis of the
following Pcdh-� transcripts performed: constant region (all
Pcdh-�), �1–12, �C1, and �C2. Pcdh �1–12 mRNAs were
amplified by using a common forward primer that recognizes
�1-�12 and a reverse primer in the constant region. Pcdh �C1
and �C2 mRNAs were each amplified by using specific forward
primers and a constant-region reverse primer. The resulting
products were cloned and a large number of individual clones
sequenced to determine the chromosome of origin. By normal-
izing to the M. castaneus chromosome, it was possible to deter-
mine the effect of the HS5–1 deletion on the 129 chromosome.

Deletion of HS5–1 resulted in a 3-fold decrease (P � 0.001, �2

test) of overall Pcdh-� mRNA expression (Fig. 4C and SI Table
5). �1–12 and �C1 expression was reduced 5.2- and 4.5-fold
(both P � 0.001, �2 test), respectively. Remarkably, Pcdh-�C2
expression was not significantly altered (P � 0.2). Likewise, no
effect on Pcdh-� expression was observed (SI Table 5). We
conclude that HS5–1 is necessary for wild-type levels of tran-
scription for all Pcdh-� mRNAs (�1–12 and �C1), except for
�C2.

Discussion
Here we report the identification and functional characterization
of two long-range regulatory elements in the mouse Pcdh-� gene
cluster, HS5–1 and HS7. These elements were identified through
comparative genomics and DNase I hypersensitivity assays, and

Fig. 4. HS5–1 are necessary for high-level expression of mRNAs containing
any Pcdh � V exon (�1-�C1), except �C2. (A) A schematic of the strategy
used to delete HS5–1 in mouse ES cells. (Top to Bottom) The genomic
organization of the part of the Pcdh-� locus containing HS5–1; the target-
ing vector with the LNTL cassette; the Pcdh-� cluster after homologous
recombination (HS5–1ko); the Pcdh-� cluster after Cre-mediated excision
of the LTNL cassette (HS5–1koc). Purple rectangles represent Southern blot
probes used in B. Red blocks denote HS5–1. LTNL is the selection cassette
containing the thymidine kinase and neomycin resistance genes flanked by
loxP sites (black triangles). (B) Verification of the proper recombination of
the locus with the targeting vector and subsequent Cre-mediated excision
of the selection cassette using Southern blotting. (Left) Verification of the
proper recombination of the left arm using BamHI and the Southern probe
no. 12. (Right) Verification of the proper recombination of the right arm
using KpnI and the Southern probe no. 11. The targeting cassette recom-
bined with the 129 chromosome, as indicated. In both cases, the M.
castaneus allele has a different size because of strain-specific polymor-
phisms. (C) Comparison of expression of Pcdh-� mRNAs from differentiated
wild-type and HS5–1koc/� ES cells. Transcripts from all Pcdh-�, �1–12, �C1,
or �C2 were amplified by RT-PCR and cloned, and individual clones were
sequenced to determine the chromosome of origin. The ratio of 129 to M.
castaneus clones was then normalized to 1 for wild-type (wt) cells to
account for natural differences in mRNA expression between the two
chromosomes. For identity and number of clones sequenced, see SI Table 5.

*, P � 0.001. For �C2 analysis, P � 0.2. The P values were calculated by using
the �2 test.
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they display enhancer activity in transient transfections and in
transgenic mice. Both HS5–1 and HS7 contain a single CSE, an
element found in all Pcdh-� promoters except the Pcdh-�C2
promoter. In vivo tests of HS7 and HS5–1 activities in transgenic
mice revealed that they activate a reporter gene in tissues with
endogenous Pcdh-� expression (the CNS and sensory organs) at
an appropriate developmental stage, thereby demonstrating that
HS5–1 and HS7 are tissue and developmental stage-specific
enhancers. Although each enhancer is capable of activating
expression in most, if not all, regions where Pcdh-� mRNAs are
expressed, HS5–1 does so most consistently in the CNS (cortex
and olfactory bulb), whereas HS7 preferentially activates the
reporter in sensory organs (whisker and eyebrow follicles, ear
and eye).

Deletion of HS5–1 by homologous recombination decreased
the expression of Pcdh �1–12 and Pcdh-�C1 from the mutant
chromosome in differentiated ES cells by 5.2- and 4.5- fold,
respectively. Thus, HS5–1 is required for maximal levels of
expression from all of the Pcdh-� promoters except Pcdh-�C2.
The remaining transcriptional activity of the Pcdh �1–12 and
Pcdh-�C1 promoters may be a result of their activation by HS7
and/or additional regulatory elements within the gene cluster.
The additive effects of separate enhancers have been demon-
strated for the mouse �-globin locus control regions (32). The
lack of an effect of the HS5–1 deletion on Pcdh-�C2 expression
could be because of a high intrinsic activity of the �C2 promoter
alone, the presence of one or more Pcdh-�C2-specific enhancers
in the gene cluster, and/or incompatibility of Pcdh-�C2 promoter
and HS5–1 enhancer. It is also possible that HS7 compensates
for the loss of HS5–1 more efficiently for the Pcdh-�C2 promoter
than for other Pcdh-� promoters. At present, we are unable to
distinguish between these possibilities. It is worth noting, how-
ever, that Pcdh-�C2 has a developmentally delayed onset of
expression (4), and that the Pcdh-�C2 promoter does not contain
a CSE (6). Thus, it appears that the mechanisms that lead to the
activation of the Pcdh-�C2 promoter are distinct from those that
regulate the other promoters in the Pcdh-� gene cluster.

Based on single-cell RT-PCR experiments, the activation of
individual Pcdh �1–12 promoters appears to be stochastic and
displays an unusual type of monoallelic expression (in most cells,
only 1 of the 12 promoters is active on each chromosome) (8).
Thus, random combinations of at least two of the Pcdh �1–12
proteins are expressed in individual neurons. By contrast, both
Pcdh-�C1 and -�C2 are expressed in a biallelic manner (9). At
present, it is not clear why the HS5–1 action results in biallelic
expression in one case (Pcdh-�C1), whereas it results in random
monoallelic expression in the case of Pcdh �1–12. At least two
mechanisms have been proposed to account for other examples
of random monoallelic expression. In one mechanism, a pro-
moter or an essential regulatory element assembles a functional
transcription complex with a low probability (for example,
because of limiting levels of transcription components), thereby
resulting in monoallelic expression (33, 34). In another mecha-
nism, an essential regulatory element that is shared among two
or more promoters is capable of interacting with only one
promoter at a time. The most striking example of this mechanism
occurs among the olfactory receptor gene family, where an
enhancer element located on one chromosome can activate only
one allele of �1,000 olfactory receptor genes located on the
same or different chromosomes (1). Moreover, in this case, the
enhancer-dependent selection of the active promoter is com-
bined with inactivation of the enhancer element on the second
chromosome by DNA methylation, leading to monoallelic ex-
pression of only a single allele of an individual olfactory receptor
in one olfactory receptor neuron. Although it is possible that
certain Pcdh-� promoters compete for HS7 and HS5–1 activity,
imprinting or active allelic exclusion of HS5–1, HS7, or individ-
ual Pcdh �1–12 promoters is unlikely, because both chromo-

somes express at least one of Pcdh �1–12 mRNAs and sometimes
even the same Pcdh �1–12 mRNA within a single cell.

Extraordinary diversity can be generated at the cell surface by
expression of one or a few genes from a larger set of related genes
in a mutually exclusive manner (1). In the case of the clustered
Pcdhs, the random expression of the many individual isoforms in
the Pcdh-�, -�, and -� gene clusters could, in principle, combi-
natorially generate an extensive diversity of protein expression at
the synapse. The studies reported here provide insights into the
organization of the intergenic regulatory sequences required to
generate this diversity.

Methods
Nucleic Acid Preparation. Plasmid DNA was isolated by using
Qiagen (Valencia, CA) miniprep and maxiprep kits. Total RNA
was isolated by using TRIzol Reagent (Invitrogen, Santa Clara,
CA). BAC DNA was purchased from Children’s Hospital Oak-
land Research Institute, then prepared using cesium-chloride
method (35). Primers were synthesized by Operon (Huntsville,
AL); see SI Table 6 for primer sequences.

Comparative Genomics. The mouse Pcdh-� locus sequence was
compiled from sequences corresponding to GenBank accession
nos. AC020967–69 and AC020971–74. The human Pcdh-� locus
sequence was compiled from sequences corresponding to GenBank
accession nos. AC005366, AC004776, AC005609, AC005618,
AC005752, AC005754, AC008468, AC010223, AC025436, and
AC074130. Repetitive elements were identified and masked by the
RepeatMasker program (36). CIS (�100 bp and �75% identity)
were identified by using the program Vista (15, 16).

DNase I Hypersensitivity Assays. The DNase I hypersensitivity
assays were done as described (37). The complete protocol is
available in SI Supporting Text.

Transient Reporter Assays. Luciferase assay constructs were based
on the pGL3 series of plasmids from Promega (Madison, WI).
The details on plasmid construction are available in SI Support-
ing Text. Neuro-2a and CAD cells at 80% confluence were
transfected with Lipofectamine 2000 (Invitrogen) in a 96-well
plate with 210 ng of plasmid DNA containing 37 fmol of the
reporter plasmid to be tested, 10 ng of pRL-Tk (Promega), and
any amount of pBluescript to supplement the total amount of
DNA to 210 ng of total. Luciferase activity was assayed 24 h later
by using the Dual-Glo System (Promega) and an Analyst AD
luminometer (LJL Biosystems, Sunnyvale, CA).

Transgenic Mice. The phsp68-lacZ construct was obtained from
Marcelo Nobrega (U.S. Department of Energy Joint Genome
Institute, Walnut Creek, CA). HS5–1 and HS7 were amplified
from pGL3-HS5–1-SV40 and pGL3-HS7-SV40, respectively, by
using High-Fidelity Polymerase (Roche, Indianapolis, IN). Prim-
ers used were HS5–1-F-N1 and HS5–1-R-N1 (for HS5–1) and
HS7-F-N1 and HS7-R-N1 (for HS7). Both PCR products were
ligated into the NotI site of phsp68-lacZ to create phsp68-lacZ-
HS5–1 and phsp68-lacZ-HS7. The transgene was subsequently
excised by digestion with SalI and purified by using QIAquick
Gel Extraction kit (Qiagen). The hsp68-lacZ, hsp68-lacZ-HS5–1,
or hsp68-lacZ-HS7 transgene DNAs were then individually
injected by the Harvard Molecular and Cellular Biology Ge-
nome Manipulation Facility (Boston, MA) into fertilized oo-
cytes. Embryos were either harvested at E14.5 or allowed to
come to term to create founder lines. Embryos were stained for
�-galactosidase expression for 12–24 h, as described (13).

Generation of HS5–1 Knockout ES Cells. The HS5–1 knockout
cassette was created by subcloning the EcoR/V/BamHI fragment
of BAC RP22-307G19 that contained HS5–1 into pBlue-
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scriptSK(�). A HindIII portion of this DNA was then separately
subcloned into pBSSK(�). HS5–1 was excised from this frag-
ment with PflM/I/XbaI and replaced with a PflM/I/XbaI frag-
ment containing the LTNL cassette (30). This HindIII fragment
was then reinserted back into the original EcoRV/BamHI frag-
ment to create the completed targeting vector. F1 129/Sv � M.
castaneus cells were obtained from Kevin Eggan (Harvard
University, Boston, MA) (29). A full description of ES cell
culturing and modification is available in SI Supporting Text.

Characterization of HS5–1koc/� ES Cells. Wild-type and HS5–
1koc/� F1 129/Sv � M. castaneus ES cells were differentiated as
described (31). To test expression upon ES cell differentiation,
total RNA was reverse-transcribed by using Random Decamers
(Operon) and SuperScript III (Invitrogen), according to the
manufacturer’s instructions. The cDNA corresponding to 100 ng
of total RNA was amplified by using High-Fidelity Polymerase
(Roche) according to the manufacturer’s instructions. To gen-
erate the Pcdh-� constant region, Pcdh �1–12, �C1, and �C2

RT-PCR products for sequencing, 29, 29, 34, and 32 PCR cycles
were used, respectively. Primers used were MACon geno Ex3
and Cast-Acon-Ex3-R (Pcdh-� constant region), MAV�1643F
and MACR1C (�1–12), MC1�1793F and MACR1C (�C1), and
MC2�1860F and MACR1C (�C2). All primer pairs except
MACon geno Ex3 and Cast-Acon-Ex3-R spanned introns.
MACon geno Ex and Cast-Acon-Ex3-R did not generate a PCR
product in a no-RT control. The subsequent products were
cloned into pCR4-TOPO (Invitrogen), and individual clones
were sequenced at the Harvard Molecular and Cellular Biology
Sequencing Facility (Applied Biosystems, Foster City, CA). �2

test for statistical significance was used.
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