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ABSTRACT

Novel protein–DNA interactions in mammalian cells
are traditionally discovered in the course of promoter
studies. The genomic era presents opportunities for
the reverse; namely, the discovery of novel target
genes for transcription factors of interest. Chromatin
immunoprecipitation (ChIP) is typically used to test
whether a protein binds to a candidate promoter in
living cells. We developed a new method, ChIP
Display (CD), which allows genome-wide unbiased
identification of target genes occupied by transcrip-
tion factors of interest. Initial CD experiments pur-
suing target genes for RUNX2, an osteoblast master
transcription factor, have already resulted in the
identification of four genes that had never been
reported as targets of RUNX2. One of them, Osbpl8,
was subjected to mRNA and promoter–reporter ana-
lyses, which provided functional proof for its regula-
tion by RUNX2. CD will help to assemble the puzzle
of interactions between transcription factors and
the genome.

INTRODUCTION

One of the most important aspects of gene regulation is the
interaction of transcription factors with genomic cis-acting
elements. Until recently, new binding sites for transcription
factors have been discovered primarily during promoter stu-
dies focusing on known genes. Such studies typically include
sequence analysis for consensus binding sites, electromobility
shift assays, promoter–reporter analyses and chromatin
immunoprecipitaion (ChIP) experiments. These approaches
are skewed towards the studied genes, and specifically towards
binding sites located in their proximal 50 flanking sequences. A
less biased approach for the discovery of transcription targets
is manipulating the activity of transcription factors followed
by gene expression analyses, such as RNA differential display
(1) or expression microarrays. However, the interpretation of
such experiments can be problematic. First, it is generally
difficult to tell whether a responsive gene is a direct or an
indirect target of the transcription factor of interest. Second, in

experiments involving overexpression of transcription factors,
the response of some genes may be forced by exaggerated
concentrations of the transcription factor, resulting in physio-
logically insignificant results. Third, such studies do not pro-
vide information on the location of the cis-acting regulatory
elements. Last, expression studies are unable to disclose genes,
which bind the transcription factor of interest without influen-
cing the respective mRNA levels under the experimental con-
ditions used, due to, e.g. compensatory mechanisms or absence
of co-activators that may be present under different conditions.

The approach described in this paper utilizes ChIP, i.e.
immunoprecipitation of DNA fragments bound by a transcrip-
tion factor in normally functioning living cells. The question
typically addressed in ChIP experiments is whether a candi-
date genomic site is occupied by a given transcription factor.
Occupancy is assessed by subjecting the immunoprecipitated
material to PCR analysis and comparing the signal obtained
for the candidate target versus that obtained for a random
locus. It is tempting to assume that novel transcription factor
binding sites can be simply cloned from the immunoprecipi-
tated material. However, such ‘ChIP cloning’ is difficult due to
the overwhelming excess of non-specifically precipitated
DNA fragments. Still, several investigators have developed
ChIP-based approaches to identify novel targets for transcrip-
tion factors either by enhancing enrichment for targets via a
second round of ChIP, screening the library of imunoprecipi-
tated DNA for ability to bind the transcription factor in vitro,
or hybridization of immunoprecipitated DNA to microarrays
(2–4). The pros and cons of these approaches, as well as ChIP
Display, introduced in the present paper, are addressed in the
Discussion.

RUNX2 (a.k.a. CBFA1, AML3 and PEBP2aA) belongs to
the runt DNA-binding domain family of transcription factors.
It is preferentially expressed in osteoblasts (5) and partially
mediates the osteogenic action of bone morphogenetic pro-
teins (6,7). RUNX2 transcriptionally regulates several osteo-
blast marker genes including osteocalcin, collagen type I
and osteopontin (6,8,9). In doing so, it interacts with other
proteins, including CBFb (10), p300 (11), HDAC6 (12),
RB (13), AP1 (14), STAT1 (15) and LEF1 (16). Mice hetero-
zygous for Runx2 display a phenotype resembling cleido-
cranial dysplasia, a human autosomal dominant skeletal
disorder characterized by failed closure of cranial sutures
and lack of clavicles (17,18). Complete ablation of Runx2
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results in absence of bone formation, attributable to matura-
tional arrest of osteoblast differentiation (5). However, it is
difficult to explain the osteogenic property of RUNX2 and the
bone phenotype of the Runx2 knockout mice based on the
known RUNX2 targets alone. Thus, like many other transcrip-
tion factors, RUNX2 is involved in an important physiological
process, but the target genes it regulates are largely unknown.

Here we report the development of ChIP Display (CD), a
novel method that allows the discovery of novel transcription
factor binding sites. The usefulness of the method is demon-
strated by our initial CD experiments, which have already led
to the identification of four novel RUNX2 target genes.

MATERIALS AND METHODS

Cell culture

A subclone derived from the MC3T3-E1 osteoblastic cell line
(19) was used for ChIP assay and EMSA. Cells were main-
tained in a–MEM supplemented with 10% fetal bovine serum
(FBS) (Invitrogen). Starting at confluency (day 3), 10 mM
b-glycerophosphate and 50 mg/ml ascorbic acid (Sigma)
were added to support differentiation. ST2 cells (Ricken)
were maintained in RPMI1640 supplemented with 10% FBS.
For transfection, the medium was changed to D-MEM and
then to differentiation medium as above. For RNA collection,
the RPMI1640 was changed to differentiation medium as
above starting at confluency (day 3).

ChIP Display

ChIP was performed essentially as previously described (20),
except salmon sperm DNA was substituted by bacterial tRNA
(Roche) for preadsorbtion of the A/G PLUS-agarose beads
(Santa Cruz). One MC3T3-E1 plate (100 mm, day 8) was
used for each immunoprecipitaton. Typical enrichment was
10 to 20-fold, estimated as the ratio of signals from collagen
versus insulin (Figure 4 and supplementary Figure 2).
Approximately one-fifth of the immunoprecipitated DNA
was subjected to CD. The DNA was treated with SAP
(Promega) in 1· React1 buffer (Invitrogen). After heat
inactivation (65�C, 15 min), the DNA was digested with 5 u
of AvaII (NEB) for 30 min at 37�C. Linkers (a mixture of
30 pmol of each A and T; supplementary Table 1) were ligated
using 1 U of T4 ligase (Invitrogen). Following overnight incu-
bation at 18�C, an additional 5 U of AvaII and 0.5 U of T4
ligase were added and the mixture was further incubated for
30 min at 37�C. The DNA was purified on ERC MinElute
columns (Qiagen) and subjected to 45 cycles of PCR ampli-
fications with Taq polymerase (Invitrogen) and primers des-
cribed in supplementary Table 1. PCR products were resolved
by 6% PAGE and stained with ethidium bromide. Bands of
interest were excised and the DNA was ‘freeze and squeezed’
using SpinX columns (Corning). The DNA from each band
was PCR-reamplified and digested with each of MspI and
HinfI (NEB). Following 3.5% agarose gel electrophoresis,
bands of interest were excised and the DNA was eluted
using Qiagen gel extraction kit and sequenced on ABI 3100
Genetic Analyzer using BigDye kit (ABI). Sequences were
mapped onto the mouse genome (Assembly m36) using
the SSAHA program on the Ensembl web server (www.
ensembl.org).

Electrophoretic mobility shift assay (EMSA)

EMSA was performed as previously described (20) with the
oligonucleotides shown in Supplementary Table 1.

Plasmids and transfections

The �751/+12 and +265/+907 Osbpl8 gene fragments were
PCR-amplified from MC3T3-E1 genomic DNA using the pri-
mers shown in supplementary Table 1 and Pfx polymerase
(Invitrogen). The amplicons were inserted, respectively,
between the HindIII and the BglII sites of pGL3 basic
(Promega), or, between the HindIII and the BamHI sites of
TK-luc, in which luciferase is driven by the thymidine kinase
promoter. Plasmids were confirmed by restriction digestion
and partial sequencing. ST2 cells were transfected and luci-
ferase activity was measured two days later as previously
described (20).

RT–PCR

RNA was prepared using TRIZOL reagent (Invitrogen) and
treated with DNaseI (Ambion). Reverse transcription was
performed with Thermoscript polymerase (Invitrogen) using
oligo(dT) for priming. PCR was performed with Taq poly-
merase (Invitrogen) and the primers described in supple-
mentary Table 1 in the presence of [a-32P]dCTP (20). PCR
products were subjected to PAGE and visualized using Storm
840 phosphoimager (Molecular Dynamics).

RESULTS

ChIP Display

The main problem in cloning targets for a transcription factor
directly from immunoprecipitated chromatin is the overall
abundance of non-specifically co-precipitated DNA: although
fragments containing each given target site can be 10- to
30-fold more abundant than fragments representing any
random locus, the non-specifically precipitated fragments
altogether overwhelm the specific ones (Figure 1A). To over-
come this obstacle we devised a method, ChIP Display, which
effectively concentrates fragments containing each target
while scattering the remaining DNA. We concentrate targets
via restriction digestion: fragments containing a certain target
site now have the same size, allowing us to concentrate them
on a gel. Scattering of the non-specifically precipitated frag-
ments is achieved by dividing the total pool of restriction
fragments into families based on the identity of nucleotides
at the ends of such fragments (highlighted in Figure 2). Since
all restriction fragments containing each given target have the
same nucleotides at the ends, they remain in the same family
and the signal is not eroded. In contrast, the other fragments,
mostly background, are scattered into many families.

The CD protocol is rather simple (Figure 1). Following
ChIP, immunoprecipitated DNA is dephosphorylated by
shrimp alkaline phosphatase (SAP) to prevent ligation of link-
ers to DNA ends generated by sonication (Figure 1B). SAP is
then heat-inactivated and the DNA is digested with a restric-
tion enzyme. We used AvaII, whose recognition sequence,
GGWCC (W = A or T), can be expected approximately
every 500 bp in a random sequence. Linkers are then ligated,
which do not restore the AvaII sites (Figure 2A; Supplementary
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Figure 1. Principles of ChIP Display. (A) Precipitated DNA fragments (green—specific; black—non-specific) are aligned with the genome. Graph (red) shows the
representation of each nucleotide in the immunoprecipitate. The area shown contains two hypothetical target genes (#1 and #2). (B) Magnification of the two regions
of interest from (A). DNA fragments are treated with shrimp alkaline phosphatase (SAP) to prevent linker ligation to DNA ends generated during sonication. Red
circles, dephosphrylated end. (C) DNA is digested with AvaII. (D) Linkers are ligated to the ends of AvaII fragments. Also shown are the nested primers that can
amplify targets #1 and #2. (E) PCR products amplified in three reactions: left—target #1 is amplified in a reaction with a single primer (family X in Figure 2B);
middle—target #2 is amplified with two different primers (family V in Figure 2B); note that target #1 is amplified here again; right—most of the PCR reactions will
amplify neither target #1 nor target #2. (F) Schematic illustration of PAGE of PCR products from two ChIPs and two mock ChIPs (no Ab) belonging to one CD family.
(G) Each of the two co-migrating bands from (F) is excised, reamplified and restriction-analyzed with four cutters. Major co-migrating restriction products are then
isolated and directly sequenced.
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Table 1), so that ligation can be performed in the presence of
AvaII to recycle fragments that ligate to each other. Thirty-six
combinations of eight nested primers are then employed
to amplify fragments belonging to one family at a time
(Figure 2B). Each such primer contains either A or T at the
+3 position of the destroyed AvaII site and one nested nucleo-
tide, A, T, G or C, at the 30end (Figure 2). Amplified fragments
from two to three independent immunoprecipitates and two to
three no antibody control precipitates are resolved by PAGE
(Figure 1F). Bands reproduced in all the ChIP lanes and in
none of the control lanes are considered candidate targets and
are excised from the gel for further characterization.

Identification of novel RUNX2 targets

We are using CD in osteoblasts to discover novel transcription
targets for RUNX2, a DNA-binding protein that plays a pivotal
role in bone and cartilage development (5,21), but whose
direct targets are largely unknown. RUNX2 ChIP was per-
formed in day 8 MC3T3-E1 osteoblastic cultures, in which we
have previously demonstrated RUNX2 interaction with the
osteocalcin promoter (20). Figure 3A presents PAGE of the
PCR products belonging to a CD family, the one marked by X
in Figure 2B. A band of �350 bp is present in each lane
derived from a RUNX2 ChIP but not in any lane representing
a mock (no antibody) ChIP. This band was excised from
each ChIP lane, eluted from the gel and reamplified for
identification.

Direct sequencing of the eluted material is not feasible
because of contamination with co-migrating non-specific frag-
ments. Moreover, sequencing with a primer that anneals to the
linker is impossible since the same linkers are present at both
ends. We take an approach that again can be described as
‘scattering’. The reamplified material from each band is
digested by a set of four cutters and the products are resolved
on an agarose gel (Figures 1G and 3B). The patterns obtained
from each CD are compared and restriction fragments of simi-
lar size are excised and now directly sequenced with a linker-
primer. This restriction digestion step serves several purposes:
(i) it verifies that co-migrating bands from different ChIPs
indeed represent the same genomic fragment; (ii) it separates
the band of interest from background DNA that can interfere
with sequencing; and (iii) sub-fragments no longer have the

Figure 2. CD families. (A) Design of linkers and nested primers. Positions +1 to +6 are defined at the top. Nucleotides at positions +3 and +6 (highlighted) were used
to segregate AvaII fragments into families. Linkers contain a C at position+1 to destroy the AvaII sites and a 1:1 A:T mixture (W) at position+3. In addition, this panel
shows one of the eight PCR nested primers, the one with T at position +3 and C at position +6. (B) The eight nested primers produce 36 combinations for PCR. White
square—a single primer. Shaded square—two different primers.

Figure 3. CD identifies a novel RUNX2 target gene. (A) Three independent
RUNX2 chromatin immunoprecipitates (ChIP) and three no-antibody controls
were subjected to CD procedure using a single nested primer (with T and C at
positions +3 and +6, respectively; see Figure 1). Amplification products were
resolved in 6% polyacrylamide gel and visualized by ethidium bromide
staining. The three bands common to all three ChIPs (boxed) were excised.
(B) The DNA eluted from each of the bands in (A) was reamplified, digested
with either HinfI or MspI, and subjected to gel electrophoresis. Major restriction
products were sequenced and all mapped to the vicinity of the Osbpl8 start site.
(C) Schematic illustration of a 3 kb genomic region (horizontal line) centered
around the Osbpl8 transcription start site. The first exon is represented by the
white box. Black box (‘hit’) denotes the AvaII fragment that was amplified
during the CD procedure. The hit is located inside a CpG island (striped box) but
does not overlap with repetitive sequences (gray boxes). Ten putative RUNX2
binding sites are shown at the top as vertical bars perpendicular to the horizontal
line. The darker bars represent those RUNX2 sites that were confirmed by
EMSA (Figure 3A). The �751/+12 and +263/+996 fragments, which were
cloned into reporter vectors, are shown at the bottom.
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same ends and can thus be sequenced directly. Sequences
obtained in this manner from the three bands indicated in
Figure 3B by an asterisk, were aligned with the mouse genome
using the SSAHA program on the ENSEMBL website
(www.ensembl.org) and all mapped to the first exon–intron
boundary of the gene encoding Oxysterol Binding Protein-
Like 8 (OSBPL8) (22). The location of the hit in the wide
context of the Osbpl8 locus is shown in Figure 3C and sup-
plementary Figure 1. OSBPL8, a.k.a. Oxysterol binding pro-
tein Related Protein 8 (ORP8), has an oxysterol-binding
domain, a bipartite nuclear localization signal and a pleck-
strin homology domain (www.ensembl.org). Interestingly,
oxysterols are secreted by and promote osteoblast differentia-
tion and mineralization (23–25).

Additional novel RUNX2 targets identified by CD of two
other families (Supplementary Figure 1) encode (i) RUNX3,
another member of the RUNX family of transcription factors,
which plays a role in gut differentiation; although RUNX2 is
the RUNX member with the most well-established role in
osteoblast differentiation and bone formation (26), the other
RUNX proteins, RUNX1 and RUNX3, may also play a role in
this process (27,28); (ii) FLI1, a member of the Ets family of
transcription factors, which plays a role in hematopoiesis (29)
and is also expressed in osteoblasts (30); and (iii) a novel EST
(accession no. BI964607), encoding a protein homologuous to
the DYRK1A kinase (31). In all of these cases, the CD hit was
mapped to a location within 1 kb of the transcription start site.

For each of the four RUNX2 CD hits, we confirmed the
following: (i) sequences obtained from co-migrating bands
from independent ChIPs were identical; (ii) the observed
size and internal restriction sites for the AvaII fragment
were consistent with the database sequence; (iii) the AvaII
fragment was amplifiable with the specific primers used for
CD; and, most importantly, (iv) interaction of RUNX2 with
each target was confirmed by conventional ChIP assay with
gene-specific primers (Figure 4 and Supplementary Figure 2).

Osbpl8 gene is regulated by RUNX2

We decided to further study the regulation of the Osbpl8 gene
by RUNX2. Sequence analysis (TFSEARCH program,
Dr Y. Akiyama, www.rwcp.or.jp/papia/) revealed the presence
of ten putative RUNX sites in the vicinity of the transcription
start. Five are located within 50 flanking sequences, one in the
first exon and four in the first intron (Figure 3C). In EMSA
using MC3T3-E1 cell extract as a source of RUNX2, three of
these sites (at positions �667, �405 and +276) bound RUNX2
at least as strongly as the classical RUNX element from the
osteocalcin promoter [OSE2; (32)], 5 sites (�711, �559,

+801, +851, +892) bound RUNX2 more weakly and 2 were
incapable of binding (Figure 5A). Identity of the complexes
was confirmed by supershift assay and competition with the
OSE2 element from the osteocalcin promoter. Furthermore, in
transient transfection assays of ST2 bone marrow stroma-
derived pre-osteoblast cultures, co-transfection of RUNX2
stimulated by 1.6-fold the transcription from a plasmid, in
which the +263/+996 Osbpl8 intronic fragment (Figure 3C)
was fused upstream of the heterologous TK promoter
(Figure 5B). In contrast, a 1.5-fold repression was observed
with AML1-ETO (33,34), a dominant-negative RUNX pro-
tein. These effects were similar to those observed with the
basal osteocalcin gene promoter, a classical RUNX2 target
(32) (Figure 5B). The �751/+12 Osbpl8 promoter fragment
was also repressed by AML1-ETO, although no activation was
observed with wild-type RUNX2. Altogether, the ChIP,
EMSA and transfection assays suggest that Osbpl8 is a target
gene for RUNX2 and could therefore be differentially regu-
lated during osteoblast differentiation.

Osbpl8 gene expression was measured during BMP-2-
induced osteoblast differentiation of the ST2 cell cultures
(35). Osteoclacin, a classical marker of osteoblast differentia-
tion and a target of RUNX2 (13,20,32), was used as control. As
shown in Figure 5C, both osteoclacin and Osbpl8 mRNA
strongly increased as a function of time in response to
BMP-2 treatment. These results demonstrate the func-
tional consequences of RUNX2 binding to the endogenous
Osbpl8 locus.

DISCUSSION

ChIP Display, a method for the identification of novel tran-
scription factor targets in higher eukaryotes, is significantly
different from other reported ChIP-based approaches (2–4).
Bigler and Eisenman constructed a DNA library of about 1000
clones from chromatin immunoprecipitated with antibodies
against the thyroid hormone receptor (TR) and identified 2
potential TR targets by screening for TR binding in vitro
(3,36). However since non-specifically precipitated DNA frag-
ments can fortuitously bind the protein in vitro (but not in
vivo) utility of this approach is questionable. Weinmann et al.
(37) improved the efficiency of ChIP cloning by performing
double ChIP and identified eight E2F1 and E2F4 targets. In
addition to difficulties inherent to double ChIP, a large number
of false positives was still reported and the authors suggested
that application of the method was limited (2). CD can disclose
transcription targets in ChIPs that are enriched for targets by as
little as 10 to 20-fold. Despite this limited enrichment, the four
hits obtained in our initial CD experiments were all confirmed
as targets using conventional ChIP assays (Figure 4 and
Supplementary Figure 2).

Several investigators have hybridized immunopecipitated
DNA to genomic microarrays for the identification of targets.
While this approach is ideal for yeast (38,39), its application to
higher eukaryotes is significantly hindered by the size of their
genomes. Ren et al. (40) hybridized E2F1 and E2F4 ChIPs to
microarrays containing the �700 to +200 promoter regions of
1500 human genes selected based on their known cell cycle
dependency. Such arrays are not only biased towards the
handpicked genes, but would also fail to identify cis-acting

Figure 4. Validation of CD hits. Association of RUNX2 with the Osbpl8 gene
(O), as well as the Runx3 gene (R), was tested using conventional ChIP assay.
Fragments of Osbpl8 (O) and Runx3 (R) genes were PCR amplified with
promoter-specific primers listed in Supplementary Table 1. Collagen
alpha1(I) (8) (C) and insulin (I) were used as positive and negative controls,
respectively. Genomic DNA was used to demonstrate dynamic range of
PCR amplification.
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elements distant from transcription start sites. Indeed, recent
analysis of Sp1 binding to human chromosomes 21 and 22
showed that only 27% of the occupied sites were located
within 1 kb of the 50 exon (4). In another study, Weinmann
et al. used microarrays containing 8000 CpG islands, which
are often associated with gene promoters (41,42). That CpG
islands represent only a fraction of genomic sequences to
which transcription factors bind is well demonstrated both
by the experiments of Cawley et al. (4) with Sp1, c–myc
and p53 and by our initial CD analysis with RUNX2: of
the four RUNX2 targets identified so far, only one, Osbpl8,

overlaps with a CpG island (Figure 3C and Supplementary
Figure 1).

Hybridization of ChIP to microarrays would be free of bias
if the entire genome could be represented on those arrays.
Cawley et al. (4) used oligonucleotide microarrays represent-
ing most of human chromosomes 21 and 22 for comprehensive
analysis of the genomic sites occupied by the transcription
factors Sp1, c-myc and p53. Limitations of this study include
the coverage of only two chromosomes and the high cost. In
the absence of a whole genome comprehensive microarray,
and given the anticipated limited access to such technology,

Figure 5. Osbpl8 expression is regulated by RUNX2. (A) Osbpl8 transcription start site is surrounded by RUNX2-binding elements. MC3T3-E1 cell extract was
subjected to EMSA with 20 bp oligonucleotide probes centered around putative RUNX2 binding sites located at the given positions relative to the Osbpl8
transcription start site. Positive control was the osteoblast-specific element 2 probe (OSE2) from the osteocalcin gene promoter (32). The RUNX2 complex
was either competed (C) with unlabeled OSE2 oligonucleotide or supershifted with anti RUNX2 antibodies (Ab). (B) Osbpl8 gene regulatory sequences surrounding
the transcription start site confer RUNX2 responsiveness. ST2 marrow stroma-derived cells were transiently transfected with 3 mg of the indicated reporter plasmid
and 0.5 mg of the indicated expression vector. Reporter plasmid containing the osteocalcin promoter, a classical RUNX2 target, was used as a positive control (32).
Luciferase activity with the empty vector was set at 100 (raw values were 26, 2532, 748 and 838 for -147-OC-luc, -751-osbpl8-luc, osbpl8-intr-luc and TK-luc,
respectively). Data are Mean – SEM (n = 3). (C) Osbpl8 gene expression parallels development of the osteoblast phenotype. ST-2 cells were treated at confluency
(day 0) with 300 ng/ml BMP2 to induce osteoblast differentiation. RNA was extracted on the indicated days for RT–PCR analysis of Osbpl8 (O8), osteocalcin (OC)
and cyclophylin (CP) mRNAs.
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CD will be useful for the identification of targets for transcrip-
tion factors, in mammalian cells.

In conclusion, ChIP Display facilitates identification of
direct binding targets for transcription factors. Depending
on the crosslinking reagent used for ChIP, CD can also be
used for the discovery of genomic targets for proteins that
associate with DNA indirectly. CD is not suited for compre-
hensive analysis of binding sites for proteins that interact with
a large number of genomic sites (e.g. SP1, DNA polymerase II
or HDACs). It is probably more suited to identify targets for
transcription factors with more limited number of targets. CD
does not require expensive technologies, but can be performed
with basic molecular biology equipment. It is relatively insen-
sitive to the high background typically associated with ChIP.
Genomic sites more highly occupied by the protein of interest
will yield stronger signal. Furthermore, CD gels allow visual
comparison among targetomes of transcription factor(s) in
various cell types and/or under different physiological condi-
tions and identification of only those bands that represent
in vivo protein–DNA interactions of biologically attractive
nature, such as cell-type-specific or hormone-responsive
gene occupancy. For example, different targets of RUNX2
in osteoblasts versus chondrocytes could be disclosed by
displaying side-by-side the respective CD families from
the two cell types, followed by the isolation and sequencing
of only those bands that are specific to either osteoblasts or
chondrocytes.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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