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Letter

Functional diversity for REST (NRSF) is defined
by in vivo binding affinity hierarchies at the DNA

sequence level

Alexander W. Bruce,'*'° Andrés ). Lopez-Contreras, > Paul Flicek,>* Thomas A. Down,'*>
Pawandeep Dhami,'® Shane C. Dillon,"” Christoph M. Koch,' Cordelia F. Langford,’
lan Dunham,'-® Robert M. Andrews,' and David Vetrie'*1°

"The Wellcome Trust Sanger Institute, Wellcome Trust Genome Campus, Hinxton, Cambridgeshire CB10 1SA, United Kingdom;
2Department of Biochemistry and Molecular Biology, Faculty of Medicine, University of Murcia, Campus de Espinardo, 30100 Murcia,
Spain; *EMBL—European Bioinformatics Institute, Wellcome Trust Genome Campus, Hinxton, Cambridge CB10 15D, United Kingdom

The molecular events that contribute to, and result from, the in vivo binding of transcription factors to their cognate
DNA sequence motifs in mammalian genomes are poorly understood. We demonstrate that variations within the DNA
sequence motifs that bind the transcriptional repressor REST (NRSF) encode in vivo DNA binding affinity hierarchies that
contribute to regulatory function during lineage-specific and developmental programs in fundamental ways. First,
canonical sequence motifs for REST facilitate strong REST binding and control functional classes of REST targets that are
common to all cell types, whilst atypical motifs participate in weak interactions and control those targets, which are cell-
or tissue-specific. Second, variations in REST binding relate directly to variations in expression and chromatin config-
urations of REST’s target genes. Third, REST clearance from its binding sites is also associated with variations in the REI
motif. Finally, and most surprisingly, weak REST binding sites reside in DNA sequences that show the highest levels of
constraint through evolution, thus facilitating their roles in maintaining tissue-specific functions. These relationships have
never been reported in mammalian systems for any transcription factor.

[Supplemental material is available online at www.genome.org. The REST ChIP-chip data from this study have been

submitted to ArrayExpress (http://www.ebi.ac.uk/microarray-as/ae/) under accession no. E-TABM-660.]

In eukaryotes, the in vivo binding of transcription factors (TFs) to
genomic DNA is thought to be a complex process where TFs are
directed to some, but not all, of their respective cognate DNA se-
quence motifs, thus allowing cell- or lineage-specific coordination
of transcriptional programs. Factors thought to be involved in this
directed activity include TF protein expression levels and TF
cooperativity (Das et al. 2004), chromatin accessibility or his-
tone modification signatures (Orphanides and Reinberg 2002;
Guccione et al. 2006), nuclear localization (Nunez et al. 2008), and
the local sequence environment of the genomic DNA itself (The
ENCODE Project Consortium 2007). Gel-shift and similar assays
have been the conventional methods of empirically testing tran-
scription factor—-DNA interactions. However, they provide only
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a low-throughput in vitro read-out of TF binding at non-
physiological conditions (without taking into account the con-
siderations mentioned above). Large-scale experimental analysis
of TF binding sites in multiple cell types has been greatly facili-
tated using chromatin immunoprecipitation (ChIP) in combina-
tion with microarrays (ChIP-chip) (Ren et al. 2000, 2002; Horak
et al. 2002; Cawley et al. 2004) or high-throughput sequencing
(ChIP-seq) (Impey et al. 2004; Wei et al. 2006; Johnson et al. 2007).
The power of these methods, based on identifying large numbers
of in vivo TF-genome interactions, has provided far and away the
best opportunity to determine the role that the DNA sequence
itself contributes to TF binding in eukaryotic genomes in a stand-
alone fashion. Yet to date, high-affinity TF binding sites are easily
validated in cross-platform comparisons, whilst low-affinity sites
have been far more difficult to identify reproducibly (Euskirchen
etal. 2007). Thus, the relative contributions that a full repertoire of
variations of DNA sequence motifs have in directing TF binding in
vivo and the downstream biological consequences of site selection
have not yet been reported. This analysis has also been further
compounded by issues with computational methods used to de-
tect differences in TF binding motifs, as there are no completely
“natural” distance metrics for comparing motif variants in silico.

Repressor element 1 silencing transcription factor (REST; also
referred to as NRSF) is an essential vertebrate zinc finger tran-
scriptional repressor protein (Chen et al. 1998). Its role in neuro-
nal development is widely studied (Lunyak et al. 2002; Roopra
et al. 2004; Ballas et al. 2005): REST silences neural target genes in
neural progenitor cells, and its loss at terminal differentiation
allows their expression in mature neurons (Ballas et al. 2005).
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However, its role in various other developmental programs and
pathophysiological conditions is less well understood. These in-
clude cardiac (Kuwahara et al. 2003), hematopoietic (Scholl et al.
1996), pancreatic (Atouf et al. 1997; Martin et al. 2003; Martin et al.
2008), and smooth muscle development (Cheong et al. 2005),
Huntington’s disease (Zuccato et al. 2003), epilepsy (Palm et al. 1998;
Garriga-Canut et al. 2006), cardiac hypertrophy (Kuwahara et al.
2003), global ischemia (Calderone et al. 2003), and cancer (Lawinger
et al. 2000; Coulson 2005; Fuller et al. 2005; Westbrook et al. 2005).

REST represses target gene expression by binding to a DNA
sequence motif known as the repressor element 1 (RE1; also
known as NRSE) (Chong et al. 1995; Schoenherr and Anderson
1995). The RE1 is rare amongst transcription factor binding sites,
being 21 bp in length (Mori et al. 1992). Based on length alone,
RE1 is relatively uncommon in mammalian genomes. The com-
plexity of the RE1 motif also provides additional scope to examine
how variations of the motif contribute to REST binding affinities
and function. For these reasons, REST represents a simple experi-
mental paradigm to comprehensively study putative TF binding
site interactions.

Based on the known RE1 canonical sequence, it is estimated
that there are ~1000-2000 REls in the human genome (Bruce
et al. 2004; Johnson et al. 2006, 2007), although estimates as high
as nearly 10,000 have been predicted in the mouse (Otto et al.
2007). It has been speculated that the majority of RE1 sites may be
occupied by REST in mouse, although only 13% of predicted RE1s
have been shown to be occupied (Otto et al. 2007), a figure not
that dissimilar to that reported in humans (Johnson et al. 2007).
These analyses demonstrate that a majority of the predicted RE1s
are associated with putative target genes that are expressed mainly
in neural cell types, a finding that is not consistent with evidence
linking REST to a wide variety of developmental programs. In
addition, sequence variants of the RE1 motif (Johnson et al. 2007;
Otto et al. 2007) may constitute a small proportion of REST/RE1
interactions in both species, although the exact role and extent of
such interactions in REST function are not known.

It is against this background that we sought to address
whether features of the RE1 sequence itself were key determinants
in REST binding affinity and its functional diversity. To this end,
we identified a broad spectrum of REST binding sites across a panel
of diverse human cell lines, deduced the target genes they regulate,
and determined how these interactions relate to the DNA se-
quence of RE1. Our results demonstrate, for the first time in a
mammal, that an in vivo binding affinity hierarchy defines the
functional diversity of a transcription factor and that this hierar-
chy is evident at the DNA sequence level. The findings of this
study in the context of our current understanding of the molecular
and functional requirements for transcription factor binding and
developmental transcriptional programs are discussed.

Results

Approach

We employed a combined experimental and computational
strategy that would allow us to study a variety of functional
aspects related to REST binding and clearance from its sites of in-
teraction within the human genome. An overview of the approach
is summarized in Figure 1A. To ensure the highest possible confi-
dence in our datasets, we hybridized DNA generated from chro-
matin immunopreciptation (ChIP) against REST to a genomic
DNA microarray comprising the 44 tiled regions of the human

genome selected for the pilot phase of the ENCODE project (The
ENCODE Project Consortium 2004, 2007; Koch et al. 2007). This
array utilized a PCR-product-based array technology proven to be
highly sensitive and quantitative (Dhami et al. 2005). To maxi-
mize the detection of cell-type-specific interactions, we performed
REST ChIP-chip across a diverse set of eight cell lines (seven REST-
expressing, one REST nonexpressing), representing both neural
and non-neural lineages (Supplemental Table S.1; Supplemental
Fig. S.1). We optimized the REST ChIP-chip assay (i.e., tested three
antibodies) and selected the best-performing antibody to profile
all eight cell lines (Fig. 1B). To minimize the discovery of false-
positive REST binding sites, we normalized the REST ChIP-chip
datasets with corresponding datasets using a nonspecific antisera
derived from the same chromatin source. This had the effect of
reducing the degree of nonspecific enrichment in the assay that
could be incorrectly assigned as REST binding events (Fig. 1C).
Using similar approaches, we investigated gene expression, his-
tone modification patterns, and chromatin accessibility across the
ENCODE regions and related these data to REST binding patterns
and target genes in the K562 cell line. siRNA-mediated knockdown
of REST in combination with ChIP-chip was used to investigate
clearance of REST binding sites in K562 cells. Computationally, we
used a two-state hidden Markov model (“NESSIE”; Koch et al.
2007) to define REST binding sites in our datasets and “Nested-
MICA” (Down and Hubbard 2005) to identify features of the un-
derlying RE1 motifs therein.

REST occupancy is predominantly cell- or tissue-specific

We detected a total of 591 NESSIE HMM hits for REST bind-
ing across the ENCODE regions in seven REST-expressing cell
lines. We did not detect any hits from the KELLY cell line (REST-
nonexpressing), providing confidence that our false-discovery rate
was low (<1.2%, based on the average number of hits obtained in
the other seven cell lines). The number of hits identified in each
REST-expressing cell line ranged from 56 to 163 and broadly
reflected levels of the REST protein (Supplemental Fig. S.1). By
clustering the HMM hits, we resolved them into 250 independent
sites of REST binding and determined the occupancy patterns
across the seven cell lines (Fig. 2). The majority of these sites
(64.8%) were closely associated with genes, either within tran-
scribed regions (46.8%) or within 2.5 kb of promoters (18%),
whilst the remainder were intergenic (Fig. 2A). Two-thirds of the
sites (166) were within 1 kb of CpG islands.

REST occupied sites in both neural and non-neural cell types,
with the proportion of sites being occupied uniquely in either the
neural (47.6%) or non-neural (17.6%) compartments (Fig. 2B),
reflecting the degree of lineage-specificity in REST binding in the
cell lines we studied. The REST occupancy patterns detected in
each cell type showed three discrete classes of binding sites (Fig.
2C). Sites were found to be common to all cell lines (common
sites), restricted to between two and six cell lines (restricted sites),
and unique to a single cell line (unique sites). Only 27 of the 250
sites were common, revealing that the vast majority of REST
binding sites (89.2%) showed a degree of cell line specificity, with
two-thirds of these sites showing unique occupancy in a single cell
line (Fig. 2D). These data indicate that REST occupancy in vivo is
predominantly cell- or tissue-specific, a view currently not well
supported in the literature (Mortazavi et al. 2006; Johnson et al.
2007; Otto et al. 2007). There were few obvious differences be-
tween the common, restricted, and unique classes in their asso-
ciation with gene features and CpG islands (Supplemental Figs.
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Approach to identify REST binding sites across the ENCODE regions. (A) Initially, three anti-REST antibodies were validated for enrichment

levels in K562 cell lines (see also panel B). One of these, as well as rabbit IgG antisera, was used for subsequent ChIP-chip across the ENCODE regions in
eight diverse human cell lines representing both neural and non-neural lineages. REST datasets were normalized with rabbit IgG datasets and resultant
peaks of enrichments were identified computationally using a hidden Markov model (NESSIE). RET DNA motifs and target genes found at or near various
classes of REST binding sites were subsequently identified. In parallel, K562 cells were also used to generate expression data and ChlIP-chip data for
chromatin states (histone modifications, FAIRE, and histone density) and to perform siRNA experiments against REST. (B) UCSC genome browser vi-
sualization of enrichments levels obtained in K562 cells using three anti-REST antibodies across two ENCODE regions (ENm006 and ENmM002) upstream
of the L1CAM (left) and ACSL6 (right) genes, respectively. (Top) Genome coordinates. Enrichment scales (y-axis) in both regions are the same for all three
antibodies. Performance of antibody H290 was in the range of ~2-10 times higher than the other two antibodies tested. (C) (Top panel) UCSC genome
browser view of ChIP-chip enrichments (y-axis) detected across the 1-Mb ENCODE region ENmO007 (genome coordinates along x-axis shown at top of
panel) for raw anti-REST antibody-derived data. (Lower panel) Same data that have been normalized using data derived from the corresponding rabbit
1gG dataset. (Black bars, top) The five resultant “normalized” peaks all are associated with canonical RE1 motifs (Johnson et al. 2006); (gray arrowheads)
peaks of REST enrichment that were removed when correcting the data in this way.

S.2, S.3), although the common class showed a twofold increase in
its association with gene promoters.

Our 250 REST binding sites provide an almost 10-fold in-
crease in the number of previously identified REST binding sites
(26 sites) that had been discovered across the ENCODE regions
using ChlIP-sequencing in the Jurkat T-cell line (Johnson et al.
2007). We identified all 26 of these sites and could classify the vast
majority of them (19) as common sites, and the remainder as re-
stricted or unique. The vast majority (94.5%) of sites found only in
our study were those that showed restricted or unique occupancy
(Supplemental Figs. S.4, S.5). Thus, our view of REST occupancy

can be attributed to the identification of a large number of cell- or
tissue-specific binding sites that had previously not been identified.

REST occupancy is reflected in its binding affinities, variations
in the REI motif, and sequence conservation

We next examined the relationships amongst REST binding af-
finity, occupancy, variations in the RE1 motif (Fig. 3), and evolu-
tionary constraints on DNA sequences where REST binds. The
binding affinity of REST, as measured by enrichment levels in our
ChlIP-chip experiments, was directly related to occupancy patterns
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Figure 2. REST occupancy patterns across ENCODE regions. (A) Proportions of sites in each category as determined by capturing VEGA gene features
within a 2.5-kb window around each REST binding site. Numbers of sites in each category are shown. (B) Proportions and numbers of REST binding sites
in neural and non-neural lineages. Sites common to both are also shown. (C) REST occupancy for each of seven cell lines using the two-state HMM
algorithm NESSIE. Numbers of sites in each cell line are shown as those (1) present in only one cell line (“unique,” outside the circle) , (2) two to six of the
cell lines (“restricted,” middle section), or (3) common to all seven cell lines (“common,” inner spoke), some of which were seen at distinct sites in a given
cellline, but clustered into 27 common sites when compared with sites from across all seven cell lines (central hub). (D) Relative proportions and numbers

of unique, restricted, and common REST binding sites found in this study.

across cell lines. Common sites showed, on average, the highest
levels of enrichment, followed by restricted and unique sites, in
that order (Fig. 3A).

We determined the location of the highest-scoring RE1
motifs for every REST binding site; the relative strength of these
RE1 motifs also showed a direct relationship with enrichment in
ChIP-chip (Fig. 3B). Furthermore, whilst the consensus RE1 motif
we identified from this analysis (the “discovered” motif) showed
similar nucleotide constraints as the canonical or TRANSFAC RE1
motif (Fig. 3Ci), consensus motifs defined by occupancy levels
showed distinct differences at a variety of nucleotide positions.
Common sites most resembled the discovered and TRANSFAC 21
nucleotide RE1 motif (Fig. 3Cii). Restricted sites showed reduced
or, in some cases, increased constraints at a number of base posi-
tions. Unique sites, however, showed substantial degeneracy of
the left-hand portion of the RE1, and resembled an RE1 half-site
(Johnson et al. 2007). Similarly, by partitioning REST binding sites
into three groups based on ChIP-chip enrichments alone (high,
medium, low), we also saw differences in the consensus RE1 motifs
derived for each group (Fig. 3Ciii). These, by and large, showed
similarities to those consensus motifs defined by common, re-
stricted, and unique binding sites, demonstrating that binding
affinity was a major determinant in distinguishing subtypes of RE1s.

Sequence conservation levels of the DNA environments in
which bound RE1s were located revealed a somewhat surprising
and intriguing relationship with REST occupancy. While all

regions containing bound RE1s showed higher levels of sequence
conservation than would be expected at random, restricted and
unique sites were found in DNA sequences that showed higher
levels of sequence conservation than the common sites, which
had generally higher binding affinity for REST (Fig. 3D). Thus,
evolutionary pressures on RE1s may not be driven solely to attain
high binding affinity and common occupancy, and additional
factors, such as other TF sites, may play roles in maintaining
particular types of RE1 motif structures, occupancy patterns, and
binding affinities in various functional contexts.

REST occupancy reflects its functional diversity

We further explored these functional contexts of REST occupancy
by examining the types of genes controlled by the 250 REST
binding events across all seven cell lines. REST binding sites were
associated with the nearest annotated genes in the ENCODE
regions, and significant Gene Ontology (GO) terms were de-
termined for REST sites classified according to occupancy in each
cell line. Repression of distinct patterns of common and tissue-
specific cellular functions also showed a clear relationship to
patterns of REST occupancy (Table 1; Supplemental Table S.5).
Common REST sites were associated with GO terms reflecting in-
trinsic cellular processes and neuronal function. Restricted sites
were associated with lineage/tissue-specific GO terms including
a wider set specifying neuronal function in the non-neural lineage
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Figure 3. Relationship between REST occupancy, binding affinities, RE1 motifs, and sequence conservation. (A) Relationship between REST ChIP-chip
enrichment (y-axis) and REST sites categorized by common, restricted, or unique cell type distribution. (Boxes) Interquartile ranges; error bars are 95%
confidence intervals calculated by bootstrapping. (Open circles) Individual enrichment values that fall outside of this range. (B) The mean motif score (red
dashes within error bars) for each REST binding site, defined by genome coordinates of relevant microarray tiles, was calculated by the nmscan tool of
NestedMICA (y-axis) and is shown as a function of REST ChIP-chip enrichments. REST ChIP-chip enrichments were divided into 0.2-logq¢ bins. Error bars
(red) indicate 95% confidence intervals on the mean motif score, obtained by bootstrapping. (C) (i) The identified motif (“Discovered”) was compared
with the sequences of the RE1 consensus motif (““Canonical,” Bruce et al. 2004) and the RE1 motif described in the TRANSFAC database (“TRANSFAC").
The position of each nucleotide is numbered with respect to the TRANSFAC-derived sequence. (Asterisks) Nucleotides that are described as invariant in
the RE1 reference motifs (“Consensus” and “TRANSFAC"). (Upward gray arrows) Some of the increased nucleotide constraints in the discovered motif,
(downward black arrows) decreased nucleotide constraints. (ii) RE1 motifs identified in REST binding sites categorized by occupancy. (iii) RE1 motifs
identified in REST binding sites binned by ChIP enrichment levels. (D) Evolutionary DNA sequence conservation constraints on classes of REST binding
sites. The graph shows fraction of constrained bases across the entire sequence of each microarray tile containing the REST binding site (y-axis) with
respect to constraint thresholds (x-axis) using the GERP conservation metric.

and terms related to interferon-mediated responses in the neural
lineage. Unique REST sites were associated with GO terms found
only in two of the neural cell lines (either in NB69 or U373). This,
taken in the context of the relationships established above, pro-
vides a molecular basis (in terms of binding affinity, occupancy,
and variations in the DNA sequence of the consensus motifs) for
defining the functional diversity associated with REST within the
cell.

REST occupancy reflects chromatin structure and expression
of target genes

The association between REST occupancy, binding affinity, and
functional diversity also extended to REST’s regulatory role,
resulting in characteristic chromatin signatures across sets of REST
target genes. REST enrichment levels and occupancy patterns in
the K562 cell line typified those we observed in other cell lines
(Supplemental Fig. S.6). Therefore, we extended our analysis of
chromatin features in K562 (Koch et al. 2007) to examine these in

the context of REST binding sites and expression of its target
genes. Overall, the consensus chromatin configurations of REST
target genes associated with the three classes of REST occupancy
patterns showed observable differences between classes (Supple-
mental Fig. S.7). REST sites with common occupancy were asso-
ciated with genes with the lowest levels of mRNA expression
(Supplemental Fig. S.8), reflected in chromatin configurations
across target genes with predominantly repressive H3 K9me2 and
K27me3 histone marks. This is consistent with REST’s known role
in gene repression. Surprisingly, for the restricted and unique
classes of REST sites, target genes showed increasing levels of
mRNA expression (highest for the unique class) and marked
increases in levels of active H3 K4mel, K36mel and K9ac, K18ac
and K27ac histone marks, at the expense of the repressive marks.
However, both active marks and the repressive H3 K27me3 mark
coexisted on target genes associated with both of these classes of
REST sites, mirroring signatures found in bivalent chromatin
structures (Azuara et al. 2006; Bernstein et al. 2006; Roh et al.
2006). Paradoxically, all classes of REST sites showed similar
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Table 1. GO terms of REST target genes

generation of a signal involved in cell-cell signaling

multicellular organismal process
transmission of nerve impulse
neurotransmitter secretion

plasma membrane
system process

regulation of neurotransmitter levels

synaptic transmission

plasma membrane part

response to virus

interferon binding

interferon receptor activity
interferon-alpha/beta binding
interferon-alpha/beta receptor activity
cell-cell signaling

sensory perception of light stimulus
visual perception

nitric-oxide synthase binding

basal part of cell

basal plasma membrane

caveola

HEK293 COMMON HMMs

Hela COMMON HMMs

HepG2 COMMON HMMs

K562 COMMON HMMs

NBEY COMMON HMMs

SHSYSY COMMON HMMs

U373 COMMON HMMs

HEK293 RESTRICTED HMMs

Hela RESTRICTED HMMs

HepG2 RESTRICTED HMMs

K562 RESTRICTED HMMs

[NE69 RESTRICTED HMMs

SHSYSY RESTRICTED HMMs

U373 RESTRICTED HMMs

HEK293 UNIQUE HMMs

Hela UNIQUE HMMs

HepG2 UNIQUE HMMs

K562 UNIQUE HMMs

NB69 UNIQUE HMMs

SHSYSY UNIQUE HMMs

U373 UNIQUE HMMs

not significant
<0.01-0.001
<0.001-0.0001
<0.0001-0.00001
0.00001-0.000001

Statistically significant terms across REST binding sites are categorized by common, restricted, or unique cell type distribution. Data for each cell line are
shown separately. Key shows level of significance for filled boxes. All terms are shown that were statistically significant for REST targets, although some
remain unfilled in the data set shown here (see also Supplemental Table S.5).

repressive H3 K27me3 chromatin configurations reinforced by
a lack of obvious open chromatin signatures such as depletions in
nucleosome density or FAIRE peaks (Supplemental Fig. S.6).

REST clearance is defined by variations in the sequence of REls

It is known that within the neuronal development program, REST
silences its target genes in neural progenitors, and reduction in
REST expression at terminal differentiation coincides with their
expression into mature neurons (Ballas et al. 2005). We used
siRNA-mediated knockdown of REST to mirror this process in
K562 cells, and to address what roles occupancy, binding affinity,
and the RE1 motif itself play in clearance of REST from its in vivo
binding sites and reactivation of its target genes (Fig. 4).

We performed unsupervised hierarchical clustering analysis
of all microarray tiles that are normally associated with REST
binding sites in K562 and examined their REST ChIP-chip en-
richment levels during a time course experiment where our REST
siRNA-mediated knockdown resulted in substantial removal of the
REST protein (Fig. 4A). Using this two-state experimental para-
digm (before and after REST knockdown), we could reliably use
a clustering approach to observe the effects of both REST binding
and release—and determine whether both processes are likely to
be controlled by different factors, and whether these processes are

reflected in the RE1 motif. Tiles for the 56 REST enrichments in
K562 that had been defined by occupancy resolved into 63 in-
dividual sites and into three distinct clusters (group 1, group 2, and
group 3), each defined by distinctive versions of the RE1 motif
(Fig. 4B). These groups, and the three motifs associated with them,
showed features that were strikingly similar to those defined by
REST occupancy (Figs. 2, 3). Group 1, 2, and 3 sites showed similar
patterns of overlap with sites previously identified by ChIP se-
quencing, with group 1 sites sharing the highest level of overlap
between the two studies (Supplemental Fig. S.9). Group 2 and 3
sites accounted for the majority of binding events (74.6% of sites).
The group 1 motif most resembled the discovered motif while
those of groups 2 and 3 showed the greatest deviations, particu-
larly at a number of base positions. We were also able to detect the
group 1 motif in sites with common occupancy at a higher level of
significance than in the restricted and unique occupancy classes
(Supplemental Fig. S.10). Group 2 and 3 sites were found with
higher significance than group 1 sites in all three occupancy
classes (due to the reduced levels of constraint on their motifs), but
this was much more obvious for the restricted and unique occu-
pancy classes.

Indeed, the REST groups defined by knockdown were also
defined by their binding affinities for REST. Group 1 sites showed
higher REST binding affinity than group 2 and group 3 sites both
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Figure 4. Relationship between between REST binding affinities, RE1 motifs, and clearance of REST from binding sites. (A) REST protein levels during
siRNA knockdown. (Top panel) Nuclear protein extracts were prepared from K562 cells and subject to Western blotting using an anti-REST antibody, to
confirm REST protein knockdown at 48, 72, and 96 h post-transfection with REST and luciferase (Lucif) siRNAs. (Lower panel) Membrane was reprobed
using an anti-CSTF64 antibody as a loading control. (B) Treeview diagram of hierarchical clustering of REST-enriched genomic tiles that were identified by
HMM analysis in REST and luciferase siRNA knockdowns in the K562 cell line. (Left) Tree diagram. Each tile is represented by a horizontal bar and is shaded
in red scale or green scale to denote the level of enrichment or depletion, respectively. Knockdown experimental states are labeled at the top of each
column of tiles. (Right) Recurring RE1 sequence motifs found in tiles of the three principle clusters of the tree (groups 1, 2, and 3). The overall discovered
motif shown in Fig. 3 is also shown. (Asterisks) Nucleotides that are highly conserved in the discovered motif, or that were found to be invariant in
previous studies. (C) Mean REST ChIP-chip enrichments (y-axis) for the three groups of REST binding sites (groups 1, 2, and 3 as defined in Results) in both
luciferase and REST siRNA knockdown conditions (x-axis) at 72 and 96 h post-transfection. The mean fold reductions in enrichment levels at both time
points (based on luciferase/REST ChIP-chip enrichments) are also shown at the right of the panel. (D) Induction of gene expression of REST target genes
during siRNA knockdown. Total RNA was extracted from cells at 48, 72, and 96 h time points, from either REST or luciferase (luc) siRNA transfected K562
cells. Quantitative RT-PCR was performed using oligonucleotide primers specific to 11 known (*) or putative REST target gene transcripts and six control
genes not associated with REST binding sites. Fold changes in mRNA levels (REST siRNA/luciferase siRNA) are shown on the y-axis; genes are shown along
the x-axis.

before and after knockdown (Fig. 4C). Group 3 sites showed the
lowest affinity before knockdown and were virtually cleared of
REST during knockdown, approaching baseline levels. Yet, the rate
at which REST clearance occurred (measured by the ratio of ChIP-
chip enrichments before and after knockdown) was not a dis-
tinguishing feature of the three groups, with group 1 and 2 sites
clearing at similar rates, and complete clearance being the rate
limiting factor for group 3 sites (Fig. 4C). Furthermore, target genes
associated with REST sites with a range of binding affinities and
RE1 subtypes showed no clear relationship in the degree to which

they were transcriptionally activated during REST knockdown
(Fig. 4D). Thus, while REST binding and clearance show a clear
relationship to the RE1 sequence, the kinetics of how clearance is
manifested at the site of binding and on derepression of REST
target genes are not obviously related to features of only the RE1.

Discussion

There is a paucity of experimental evidence in the literature that
describes in vivo DNA binding affinities of transcription factors as
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defining functional contexts, and what has been reported is lim-
ited to specific loci (Hentsch et al. 1992). However, it is a widely
held view that the DNA sequence motifs themselves are one of the
major determinants of TF binding specificity, and that degeneracy
at some nucleotide positions of binding sites selected through
evolution may play roles in determining function (Stormo 2000).
The findings of this study have begun to systematically explore
these questions and issues in the human genome using a com-
bined experimental and computational approach.

The data presented here support the existence of an in vivo
regulatory hierarchy for one transcription factor, REST (NRSF).
This hierarchy confers functional information through DNA
binding affinities encoded by variations in its RE1 binding motif as
follows. Binding affinities of REST are linked to patterns of occu-
pancy across cell lines. REST binding events that are shared in
common with all cell lines studied have the highest levels of ChIP-
chip enrichments, whilst weaker enrichments show restricted or
unique occupancy amongst cell lines. In turn, these binding pat-
terns and affinities relate to distinct functional groups of REST
target genes across cell lines and between cell lines derived from
neural and non-neural lineages. The levels of transcriptional re-
pression exerted by REST and reflected by chromatin config-
urations on its target genes also show similar relationships to
binding affinity. The ability to relieve targets from REST-mediated
transcriptional repression is also hierarchical—sites of weak in-
teraction are capable of completely clearing REST from their
binding sites (given we could not detect binding at these sites after
knockdown) whilst strong binding sites retain REST to some de-
gree. All of these features are linked to subclasses of the RE1 site,
where differences in constraints at individual DNA nucleotide
positions are evident in the various subclasses. The existence of
such a hierarchy for REST has direct relevance not only for our
current understanding of TF binding, but for how the REST reg-
ulome is capable of orchestrating diverse and complex transcrip-
tional programs using contextual cues encoded by genomic
sequence information.

We identified 250 independent REST binding sites across the
ENCODE pilot regions, only 26 of which had previously been
mapped (Johnson et al. 2007). Strikingly, while we screened only
1% of the human genome, our total sample size of identified REST
sites is only six- to sevenfold smaller than the total number of sites
found in the whole genome (Johnson et al. 2007). Analysis across
the ENCODE regions has shown to be a strong indicator of trends
across the whole genome (The ENCODE Project Consortium
2007). Thus, by extrapolation, we would estimate ~25,000 REST
binding sites in the human genome—a greater than 13-fold in-
crease in the number of sites experimentally verified in either the
human or mouse genomes (Johnson et al. 2007; Otto et al. 2007).
These findings resonate well with the idea that the majority of the
estimated 10,000 RE1 sites in the mouse genome may be occupied
by REST (Otto et al. 2007), and our figures would suggest that
perhaps even this may be an underestimate, if binding events at
degenerate RE1 are considered in these figures. Furthermore,
89.2% of the REST-genome interactions we identified across the
ENCODE regions show occupancy that is restricted to one or
several, but not all, of the cell lines studied here, suggesting that
the vast majority of REST binding sites are cell- or lineage-specific.
This challenges the current view that REST is primarily a global
repressor of neuronal gene expression (Chong et al. 1995;
Schoenherr and Anderson 1995; Palm et al. 1998) in both neural
and non-neural cell types. In support of the current view, we
identified significant GO terms for neuronal function in the target

gene sets found in common for all of the cell lines we studied.
These represented common high-affinity REST binding events
with RE1 motifs most closely resembling the canonical motif. Yet,
the majority of cell- or lineage-specific REST binding sites are ones
we considered to be weak affinity sites with noncanonical se-
quence variations in RE1, and only a very small proportion of
them (1.7%) have been identified by other studies (Johnson et al.
2007). Thus, it is clear why REST has not previously been seen to
have much more specialized functional repertoires among cell
types.

Our data and existing knowledge about the role of REST
suggest that this hierarchy is governed not only by binding pref-
erences of target sites in the genome, but also by the level of REST
protein expression (Bruce et al. 2004), and assume even greater
biological importance when one considers the situations in which
REST levels have been show to be dynamically regulated. As
neurons differentiate from the proliferative zone of the neural
tube and begin their migration to the marginal zone, REST levels
decrease to virtually nondetectable (Schoenherr et al. 1996). In
epileptic seizure rat models, REST levels increase rapidly in the
hippocampus after the onset of seizure, after which they return to
basal level (Palm et al. 1998). In rat models of ischemia, levels
increase in the hippocampus (Calderone et al. 2003), and in vas-
cular smooth muscle, fluctuating REST levels have been shown to
affect their proliferative properties that in turn are thought to
contribute to certain types of vascular pathology (Cheong et al.
2005). The aberrant expression of REST in pancreatic islet cells has
also been implicated in diabetes (Atouf et al. 1997; Martin et al.
2003, 2008). Thus, with an improved understanding of the func-
tional diversity of REST through the hierarchical model, we
can begin to better appreciate how such cell- and tissue-specific
(mis)regulation involving REST can be achieved.

We admit that whilst our knockdown data support a view of
a REST hierarchy, neither the rate at which REST was lost from RE1
sites nor the rate target genes were relieved from transcriptional
repression showed this same bias. We interpret this to suggest that
the binding of REST to RE1 and the rate at which REST is lost are
likely to be controlled in different ways and that there may be
additional requirements for REST clearance or for target gene
transcriptional activation (including the presence of cell-type
specific regulators). Indeed, given that the variants of the RE1
motif we identified from the siRNA knockdown experiments are
not entirely the same as those deduced from basal occupancy or
enrichment patterns, the role that the sequence of RE1 plays in
loss of REST may also be different from binding or reflect the
limited sample size of RE1 motifs we analyzed in K562. Notwith-
standing this, the subclasses of RE1 sites identified in the K562 cell
line during knockdown allowed us to study their cognate sub-
classes of target genes and provide evidence of how induction of
expression may be achieved for targets that bind REST with dif-
ferent affinities. Target genes that bind REST with low affinity,
when compared with high-affinity binders, are more likely to be
already expressed at low levels and have chromatin configurations
with histone modifications of both active and repressed genes.
These characteristics resemble genes that have “bivalent” histone
modification structures (Azuara et al. 2006; Bernstein et al. 2006;
Roh et al. 2006). Whilst the exact role of bivalency is unclear, it
may allow some classes of developmentally regulated target genes
to be primed for expression where rapid dynamic transcriptional
responses are required (Bernstein et al. 2006; Roh et al. 2006).
As weak REST binders also tend to be cell- or lineage-specific tar-
get genes, such “opposing” chromatin configurations may also
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provide a means of control in cell-specific developmental pro-
gramming. The role of weak affinity binding, in this context,
has been proposed in other organisms and fits well with a hierar-
chical structure of transcriptional control (Gaudet and Mango
2002).

The contribution that the DNA sequence of the RE1 has in
defining the binding affinity hierarchy cannot be overstated. Our
data support a redefined view of what degeneracy the consensus
RE1 motif can tolerate, and how this degeneracy facilitates the
range of binding affinities that REST requires to fulfill its functions
in the context of common or cell- and lineage-specific roles. Our
clustering and motif analyses provide evidence for three types of
RE1 motifs (canonical, degenerate, and half-sites), are consistent
with the three-state model that we propose for occupancy (uni-
versal, cell-specific, unique), and are consistent with previous
studies that define three classes of RE1 sites (Johnson et al. 2007;
Otto et al. 2007). However, it was previously thought that de-
generate or half RE1 sites were much less prevalent at sites of REST
binding than the canonical RE1. Our motif analysis for sites
showing restricted or unique REST occupancy suggests that de-
generate RE1s and RE1 half-sites may account for the over-
whelming majority (89.2%) of binding sites. Furthermore, the
REST binding hierarchy points to these sites as those that regu-
late key cell- and tissue-specific target genes in developmental
programs.

Based on the binding affinity framework we have described
here, an important question we asked was how does the affinity of
binding relate to the evolutionary constraint on REls and the
genomic DNA sequence environment in which they reside? A
logical a priori assumption we made was that the canonical RE1,
represented in the high-affinity “common” subclass, would reside
in sequences that are more evolutionarily constrained than RE1s
that confer weak REST binding. This assumption was proven to be
wrong, with the data supporting increased evolutionary con-
straint on DNA sequences in which weak-binding RE1s reside.
Given, however, that two-thirds of our REST sites are associated
with CpG islands, evolutionary constraints may be difficult to
measure and may skew the results to reflect CpG content rather
than occupancy. This difficulty is somewhat lessened here, as our
three REST occupancy classes are represented by similar pro-
portions of CpG island-associated REST binding sites. Nonethe-
less, this result is intriguing and would lend weight to the idea that
RE1s that bind REST weakly are constrained to remain weak
binders. Given that we see that cell- or tissue-specific function
of REST is related to weak REST binding at atypical RE1s, including
half-sites, this level of constraint would allow cell- or tissue-
specific functions to be maintained during evolution via selective
pressures on RE1s that vary according to their positions in the
hierarchy and in what contextual functional roles those RE1s are
involved. A previous model of the role and evolution of de-
generate RE1s (Zhang et al. 2006) does not accurately account for
such functional constraints.

We believe that our data and interpretations, supported by
rigorous statistics, more accurately reflect the hierarchical nature
of the REST regulome than has been reported previously. For
a number of reasons, we believe our ChIP-chip strategy using
a sensitive array platform and applied across seven different cell
lines was instrumental in uncovering aspects of this hierarchy,
which detected a wide spectrum of both strongly and weakly
enriching REST-genome interactions, the majority of which have
not been identified by ChIP-sequencing (Johnson et al. 2007).
With further improvements to ChIP-sequencing platforms and

deeper sequencing across multiple cell types, we believe these
limitations will be overcome for further genome-wide studies. It is
only once complete spectra of binding affinity profiles for other
transcription factors are uncovered across the human genome that
we believe that hierarchies of this nature will begin to emerge for
other transcriptional regulators.

Methods

Cell line culture

Eight human cell lines (K562, HEK293, HelLa, HepG2, U373,
SHSYSY, KELLY, and NB69; Supplemental Table S.1) were obtained
from the European Collection of Cell Cultures (www.hpacultures.
org.uk/). The following cell lines were all grown in RPMI 1640
media with the specified supplements: K562 (10% fetal calf serum
[FCS ]Jand 2 mM L-glutamine [LQ]), SHSY-5Y (15% FCS, 2 mM LQ,
and 1% nonessential amino acids [NEAA]), NB69 (15% FCS), and
KELLY (10% FCS). HEK293, HeLa, and U373 cells were grown in
DMEM supplemented with 10% FCS, 2 mM LQ, and 5 units/mL
penicillin/streptomycin. HepG2 cells were cultured in EMEM
containing 10% FCS, 2 mM LQ, and 1% NEAA.

siRNA transfections

Per condition, 5 X 10° K562 cells were resuspended in 100 pL of
room-temperature serum-free RPMI 1640 media and double-
stranded siRNA oligonucleotides (annealed at 100 wM) targeted to
either REST (sense; 5'-GGAGCAAGUCCUUAUUGAdTAT-3") or
luciferase (5'-CUUACGCUGAGUACUUCGAATAT-3') were added
to a final concentration of 20 nM. The cells were transfected using
the T16 program on an Amaxa Nucleofector and cultured for up to
96 h. For cells used for ChIP (see below), 10 individual trans-
fections were combined to yield 5 X 107 cells for chromatin
preparation. For the 96-h time-point described in the Results sec-
tion, 5 X 107 cells were incubated for 48 h after transfection with
anti-REST or luciferase siRNA, counted, and retransfected as de-
scribed above in order to prepare chromatin after a further 48-h
incubation.

RNA extraction and PCR-based gene expression analysis

Total cellular RNA from the eight human cell lines was purified
using TRIzol reagent (Invitrogen) and is described in full at
www.sanger.ac.uk/Projects/Microarrays/arraylab/methods.shtml.
Reverse transcription was performed from 1 pg of total RNA using
the Superscript II kit (Invitrogen) according to manufacturer’s
protocols. The resultant cDNAs were used to quantify the levels of
REST or beta-actin transcripts using gene-specific oligonucleotide
primers (REST: forward-CATTCGCTGTGACCGCTG, reverse-CAA
TTGAACTGCCGTGGG; beta-actin; forward-CCCTGGAGAAGGA
GATCACTG, reverse-ACATCTGCTGGAAGGTGGAC) and Ampli-
Taq DNA polymerase according to manufacturer’s protocols (Ap-
plied Biosystems). PCR products were resolved by electrophoresis
and visualized by ethidium bromide staining and UV trans-
illumination. cDNA was prepared from siRNA-transfected K562
cells in an identical manner to assay REST target gene transcripts
by quantitative real-time PCR (Supplemental Table S.2). 2X SYBR-
green PCR mastermix (Eurogentec) was used according to supplied
protocols on an ABI Prism-7000 real-time PCR machine (Applied
Biosystems). The AACt method was used to derive normalized fold
changes (with respect to beta-actin) in transcript levels from cells
transfected with anti-REST siRNA and compared with K562 cells
transfected with anti-luciferase (Livak and Schmittgen 2001).
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Protein analysis

The protocol is identical to that used previously (Bruce et al. 2006).
Ten million (107) cells were used for nuclear protein extraction to
detect REST protein expression in all eight individual cell lines,
and 5 X 10° cells were used for siRNA transfection in K562 cells.
REST protein was detected using the anti-REST antibody from
Upstate Biotechnology (07-579), and anti-CSTF64 antibody (sc-
16473; Santa-Cruz Biotechnology) was used to detect the loading
control protein CSTF64. The immunoblotted membrane was
stained in diluted Bradfords reagent (Bio-Rad; one part reagent to
four parts water) for 1 h at room temperature with agitation. The
blot was then destained in water, dried, and photographed.

Chromatin immunoprecipitation (ChIP)

ChIP was essentially the same as previously reported (Koch et al.
2007) with cells being cross-linked with formaldehyde (to a final
concentration of 0.75% or 1%) for 10 min. When assaying REST
binding in the eight different cell lines, aliquots equating to 1 X
107 cell equivalents of chromatin were used per immunoprecipi-
tation using 10 pg of the relevant antibody. ChIP assays from K562
cells transfected with siRNA were performed using 5 X 10° cell
equivalents and 5 pg of antibody. Supplemental Table S.3 details
all the antibodies used. All ChIP assays were performed as three
independent biological replicates. Formaldehyde-based chroma-
tin fractionation (FAIRE) (Giresi et al. 2007) assays were performed
using cross-linked chromatin prepared as for ChIP.

ChlIP-chip labeling and microarray hybridization

The labeling protocols were the same as previously reported (Koch
et al. 2007). Labeled ChIP DNA samples and input samples were
hybridized onto the Sanger ENCODE PCR product tiling array
(Koch et al. 2007). Hybridized microarrays were scanned using
a ScanArray 4000 confocal laser-based scanner (Perkin Elmer).

Gene expression analysis on arrays

We prepared total RNA from three bioreplicates of K562 cells using
TRIzol reagent as described above. Each purified RNA sample was
assessed for quality and integrity using the 2100 Bioanalzyer
(Agilent) following the manufacturer’s instructions. Transcrip-
tional activity in K562 was determined by hybridizing samples to
the Sanger ENCODE array. Labeled samples were prepared by
oligo-dT priming or random priming as described at http://www.
sanger.ac.uk/Projects/Microarrays/arraylab/protocol5.pdf. RNA sam-
ples (labeled with Cy3) and K562 genomic DNA (labeled with Cy35)
were hybridized, scanned, and quantitated as for ChIP-chip anal-
ysis. Overall expression levels were computed across all three
bioreplicates as the mean of the polyA+ and oligo(dT) Z-scored
data mapping to the 2000 bp at the 3’ end of each gene. REST
target genes were grouped according to variations of the RE1 motif
(see Results; Fig. 4), and the mean expression levels were calculated
for all genes within each group.

Computational analyses of ChlIP-chip data

Pre-processing and normalization

Pre-processed data were created from raw enrichment data from
three bioreplicate hybridizations as previously described (Koch
et al. 2007). In addition, histone modification ChIP-chip datasets
were normalized by dividing the final composite median data for
each ChlIP-chip assay with histone density (based on averaged H3
and H2B levels) and normal rabbit IgG antisera datasets. Similarly,

REST ChIP-chip experiments were normalized with the rabbit IgG
antisera control datasets (in order to account for nonspecific
binding not attributable to REST). Final normalized datasets were
used to create three datasets used in the analyses: (1) median-
centered enrichment data, (2) log,-centered enrichment data, and
(3) logy-centered Z-scored enrichment data (log,-centered data
minus the mean were divided by the standard deviation of the
entire dataset). All data were stored and analyzed on NCBI genome
build 35 (hgl7).

Determination of REST binding sites

Peaks of REST enrichment within the data were identified using
a two-state hidden Markov model (“NESSIE”; Koch et al. 2007). An
Excel workbook describing the exact genomic coordinates for each
identified REST/genome interaction and a file compatible for
UCSC genome browser upload showing the location of each hit as
genome annotation are available (Supplemental Table S.4). Over-
laps between the HMM sites identified in each cell line were de-
termined using an in-house script (available on request) in order to
derive nonredundant clusters of REST binding sites.

REST target genes and Gene Ontology (GO)

Genes whose transcriptional start sites lay within 100 kb of HMM-
identified peaks (NCBI build 35, [hgl7]) were identified, and all
GO terms for each of these genes were retrieved from the Gene
Ontology database (www.geneontology.org). A complete list of all
the HMMs and their associated target genes and GO terms are
available as supplemental data. The genes nearest to REST binding
sites within these 100-kb intervals were used to determine statis-
tically significant GO terms (http://go.princeton.edu/cgi-bin/
GOTermFinder) for various subgroupings of REST sites as described
in Results.

REI motif and DNA sequence conservation analysis

Genomic DNA sequences corresponding to the HMM hits in each
cell line were probed for recurring DNA sequence motifs using
95% confidence levels as determined by bootstrap analysis with
the “NestedMICA” tool (Down and Hubbard 2005). In all cases,
the DNA sequence coordinates of the microarray tiles that gave the
highest enrichment for REST binding within each HMM were used
to determine window sizes for computing the highest-scoring RE1
motifs. Hierarchical clustering of REST binding data in K562
cells prior to and after siRNA knockdown of REST was performed
using Cluster 3.0 (Euclidean distance similarity metric with aver-
age linkage) and visualized with Java Treeview. Evolutionary
constraints on DNA sequences contained within a ~1-kb win-
dow around highest-scoring RE1 sites were derived using the
GERP conservation metric found at http://www.ensembl.org/
index.html.

Analysis of REST binding sites, histone enrichments, and genomic features

Normalized ChIP-chip datasets described above were viewed
within the UCSC genome browser as formatted wiggle tracks
(http://genome.ucsc.edu/goldenPath/help/wiggle.html) permitting
the visualization of continuous-valued data in the context of
annotated genome features. Histone modification behavior in the
context of genes and REST binding sites was plotted using the
R programming language (http://www.r-project.org/). Consensus
histone modification profiles for subsets of REST target genes were
visualized based on RE1 motif groupings as described in the
Results. Gene coordinates for VEGA genes were downloaded from
the Ensembl database (http://www.ensembl.org/). Genomic
coordinates for REST binding sites were determined from HMM
“NESSIE” analysis described above. Perl scripts were used compute
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the average environment around genes or REST binding, using
a sliding window.
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