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6.1 Introduction

The formaldehyde-based chromatin immunoprecipitation (ChIP) assay has revo-
lutionized the study of transcriptional mechanisms since its first demonstration in D.
melanogaster by Solomon et al. in 1988[1], providing a means by which protein-DNA
interactions can be analyzed without artificial perturbation of the cellular milieu.
Because of the large size and sequence complexity of the mammalian genome, suc-
cessful ChIP of a mammalian site-specific transcription factor was not accomplished
for another decade[2,3].  Although a relatively recent addition to the repertoire of
methods used to study transcriptional regulation, ChIP is now the “gold standard” by
which a transcription factor’s binding to a particular promoter region can be deter-
mined. Briefly, ChIP assays are performed by treating cells with formaldehyde to
physically link protein and DNA components of chromatin.  An antibody to a protein
of interest is then used to immunoprecipitate the DNA to which the protein is
crosslinked.  The immunoprecipitated DNA is then analyzed by PCR using primers spe-
cific for certain promoters that are thought to be good candidate target genes.
However, a significant disadvantage of ChIP-PCR is that only a limited number of
genes can be studied because informed guesses must be made about where a partic-
ular factor binds in the genome.  Scanning ChIP, a procedure in which the ChIP DNA
pool is examined by PCR using primers located at prescribed intervals throughout a
genomic region, can partially alleviate these problems[4-6].  However, this approach
is very labor intensive and can cover only a fraction of the genome.  Thus, although
the ChIP assay allows investigators to study DNA/protein interactions in living cells,
the standard methods of analysis significantly limit the scope of the experimental
design. 

To overcome the limitations of standard ChIP assays, high throughput microar-
ray-based interrogation of the immunoprecipitated DNA (ChIP-chip) was developed
in the laboratory of Richard Young[7] and has been used extensively for the past sev-
eral years to analyze transcriptional regulation in yeast model systems.  For example,
ChIP-chip in yeast was used to identify promoters bound by specific transcription
factors and to correlate actively transcribed regions with specific histone post-trans-
lational modifications[7-15].  More recently, the ChIP-chip technique has been adapt-
ed to mammalian systems.  To this end, arrays have been spotted with PCR products
that either span specific regions like the β-globin locus or that represent collections
of promoter regions for known genes[13,16-20] or CpG islands[6,21-27].  Further, oligonu-
cleotide tiling array platforms have also been developed to identify the chromosomal
binding locations of transcription factors such as Myc, Sp1, p53, and SUZ12[6,28].  

The combination of chromatin immunoprecipitation and genomic microarrays has
become a powerful tool that provides a means of rapidly identifying a large number
of target genes of a particular transcription factor.  Recent studies using such ChIP-
chip approaches have revealed hundreds of target genes for certain transcription fac-
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tors, suggesting that up to 5-10% of mammalian promoters may be bound by a given
transcription factor[16,20,21,24]. Somewhat surprisingly, when entire chromosomes were
analyzed, the number of target sites grew even larger due to the finding that the
transcription factors bound not only to promoter regions, but also to transcribed
regions and to 3’ ends of genes.  Extrapolation of this data to the entire genome sug-
gests that thousands of binding sites might be occupied by certain transcription fac-
tors.  Given these results, it becomes critical to ensure that the identified binding
regions are: 1) reproducibly identified by the microarray analyses, 2) specifically pre-
cipitated by antibody-epitope interactions, and 3) biologically relevant sites. 

The issues surrounding the reproducibility of array hybridization are related to
the algorithms by which “positive hits” are determined during the data analysis. The
significance of enrichment (as identified by increased hybridization intensity) of any
particular segment of DNA on a DNA microarray can be measured using a single array
error model[7], a median percentile ranking[8], or a sliding window approach[28].
Each of these methods has advantages and disadvantages, the discussion of which is
beyond the scope of this chapter (see Buck and Lieb, 2004[29] for more information).
Regardless of the method used to identify positive spots, it is essential to demon-
strate that these spots represent DNA fragments that have been enriched during the
ChIP procedure.  Confirmation of DNA-factor binding is typically performed using
gene-specific primers and quantitative or semi-quantitative PCR on independent ChIP
samples.  This follow-up PCR analysis validates that the experimental and computa-
tional protocols that were used can accurately measure the relative amounts of
sequences in a pool of antibody-precipitated DNA.  However, this type of follow-up
analysis does not directly address issues related to antibody specificity or biological
importance of the target.  This chapter will focus on an expanded set of follow-up
analyses which can be performed to demonstrate that the precipitated samples are
in fact bound by the transcription factor in the cell and that the binding is biologi-
cally relevant.  To this end, we propose that RNA interference (RNAi) represents an
excellent method for both target validation as well as investigation of the biological
significance of the observed binding.  

6.2 Target validation

As noted above, confirming the reproducibility of precipitation of a given genom-
ic fragment is a critical first step in target gene identification. However, the ChIP
assay may non-specifically enrich certain regions within complex mammalian
genomes.  This could be due to non-specific interactions of certain genomic DNA seg-
ments with experimental reagents (such as Staph A cells, magnetic beads, and/or the
antibody itself) or to non-specific antibody-antigen interactions.  Past studies have
used artificial systems to demonstrate that the targets identified via ChIP-chip are
bound to and regulated by the transcription factor under study.  For example, elec-
trophoretic mobility shift assays have been used as an independent means to exam-
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ine transcription factor binding to identified sequences.  While this in vitro assay is
able to demonstrate that a factor can bind to a given sequence, it does not address
the role that chromatin, protein-protein interactions, stoichiometry, and the cellular
milieu may play in the recruitment of a factor to DNA.  Thus, the gel shift assay does
not accurately reflect in vivo conditions and may lead to an excess of false negatives
and/or false positives.  Another method used to validate targets is to clone the iden-
tified promoter sequences into a reporter plasmid, co-express the transcription fac-
tor and reporter construct, and determine if the promoter is activated or repressed
by the factor.  In this case, the promoter being studied is not located in its normal
chromatin context and expression of the transcription factor at supra-physiological
levels might lead to non-specific effects (e.g. via squelching of co-activators/repres-
sors).  Thus, while these studies might indicate that a specific protein-DNA interac-
tion may occur in an isolated DNA fragment, they do not address whether the inter-
actions and their regulation occur at the endogenous loci.  In addition, because
many factors operate as obligate complexes for activity, false negatives may result
from stoichiometric imbalances due to over-expression of a single factor.  For these
reasons, we believe that other assays are best for validating the results of ChIP-chip
experiments. 

Strategies to assess the validity of ChIP-chip results can be grouped into two
classes: 1) those in which changes are made in the specific antibody used in the ChIP
assay and 2) those in which functional consequences of altering the expression of
the target transcription factor are analyzed.  Examples of the first class of approach-
es include experimental alterations such as the omission of the primary antibody from
the assay (sometimes called a “No Antibody “ control or, if only a secondary anti-
body is used, an “IgG” control), the use of an antibody that recognizes an epitope
not present in any cellular protein (e.g. a HA tag for mammalian cells or a Myc tag
for yeast cells), the use of multiple antibodies which each recognize a different epi-
tope on the same factor (e.g. [20]), and the use of a blocking peptide to obstruct the
antibody’s epitope recognition site prior to the immunoprecipitation[23].  Although
these are all important controls that can be utilized to identify false positives based
on nonspecific interactions, they do not address the biological significance of the
true positives.  The second class of validation strategies relies on the experimental
alteration of the expression level of the factor of interest.  This has been accom-
plished using a number of methods including: i) comparing immunoprecipitated DNA
from unrelated cell lines or tissue types where one cell or tissue expresses the factor
of interest and the other does not[30]; ii) comparing mouse embryo fibroblasts in
which the factor of interest has been deleted relative to the parental strain[31]; iii)
comparing cell lines in which the abundance of a factor has been modulated through
either receptor-mediated activation of signal transduction cascades or through exper-
imentally-mediated differentiation (e.g. [24]); and iv) examining the effect of a fac-
tor following its removal through the use of RNA interference (RNAi) ([6,23,32-34].
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Studies comparing samples obtained from cells or tissues that differ in the abun-
dance of a factor of interest can not only address the issue of “false positives” but
may also provide insight into the biological significance of the factor/promoter inter-
actions.  Indeed, several investigators have used this technique to correlate the
binding of a transcription factor at a particular promoter to the mRNA levels pro-
duced from that same locus in the presence versus absence of the factor[16,19, 24,25].
An example of this was demonstrated in an elegant study by Li et al.[13] who identi-
fied Myc binding sites in the human genome and then examined the expression lev-
els of 453 of the identified targets in 46 different tissues and cell lines.  The results
of their exhaustive efforts showed a striking correlation between expression levels of
the identified Myc targets and the reported levels of Myc mRNA in each of the tis-
sues or cell lines. However, not all tissues with significant levels of Myc mRNA had
the same patterns of target gene expression, nor was location analysis performed on
each tissue or cell line.  Therefore, while compelling, this study did not definitively
prove that Myc binding is directly responsible for the differences in mRNA levels. For
example, Myc could regulate other transcription factors that then directly regulate
certain of the mRNAs examined.  Further, Myc may be bound at a certain promoter
but not functionally affect the activity of the general transcriptional machinery at
that promoter. In a related study, Mao et al.[24] validated Myc targets identified with
ChIP-CpG arrays using the HL60 cell line.  Differentiation of these cells with DMSO
results in a large reduction in the levels of the Myc protein, thus allowing a compar-
ison of Myc binding and mRNA expression level of the putative target genes.  Using
this model system, they showed a correlation between Myc expression and its bind-
ing at the target loci as well as a correlation between Myc binding and transcription-
al activation of the identified target genes.  

While the studies described above utilized ideal cell culture systems to study
transcription factor binding and activity under physiological conditions, there are,
unfortunately, only a handful of such cell lines in which the levels of known tran-
scription factors have been characterized during differentiation.  In addition, the dif-
ferentiation process alters the expression of many transcriptional regulators, thus
resulting in changes in transcriptional activation that are unrelated to the factor of
interest.  To circumvent this problem, it would be ideal to compare two cells or tis-
sues which differ only in the expression of a single transcription factor.  One way to
achieve this is to use mice which are nullizygous for a certain transcription factor.
However, this method is not without its own drawbacks since the nullizygous
embryos undergo selective pressures throughout development and compensatory
changes in gene expression may occur due to the loss of the factor.  Further, human
factors cannot be studied using this method.  Although human factors can be target-
ed in cultured cells using homologous recombination, this method requires signifi-
cant effort to create targeting vectors and to eliminate both alleles encoding the fac-
tor.  
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In contrast to the methods described above which are often labor-intensive, RNA
interference (RNAi) represents a fairly simple and powerful reverse genetic method
for the specific elimination of a single transcription factor.  This technique is per-
formed by introducing small interfering RNA (siRNA) duplexes into cells, inducing the
degradation of mRNAs having sequence identity with the siRNAs[35].  Although con-
ceptually similar to using homologous recombination to eliminate specific transcrip-
tion factors in mouse model systems, RNAi provides several advantages over the use
of nullizygous mice.  For example, transient reduction of mRNA and protein levels
using RNAi can be accomplished rapidly in cell culture, with >90% reduction of the
target protein in 3 to 6 days.  Also, plasmids coding for short hairpin (sh) RNAs pro-
duced using an RNA Polymerase III promoter can be utilized to produce stable knock-
downs of target proteins (e.g. [33]). Although in the following sections we will focus
on the use of RNAi to validate potential array targets, a detailed discussion of RNAi
is beyond the scope of this chapter.  For a complete overview of the theory and
methodology of RNAi, please refer to Hannon, 2002[36]; McManus and Sharp, 2002[37];
and Novina and Sharp, 2004[35].

6.3 Use of RNA interference to validate novel targets and to study in vivo
transcriptional mechanisms.

Many tools exist to assist in the design of effective siRNAs and shRNAs, such as
http://www.protocolonline.org/prot/Research_Tools/Online_Tools/SiRNA_Design/.
For designing siRNAs, we have adhered to the following basic requirements:  i) the
duplex RNA should be 21 nucleotides in length with a 3’ overhang of TT to avoid
exonuclease digestion; ii) the sequence chosen should avoid: introns, the 5’ and 3’
untranslated regions, and regions of the mRNA within 75 bp of the start codon; iii)
the sequence should be low to medium GC content (30-50%), with the 5’ end of the
sense strand containing a higher GC content for stability, and the 3’ end containing
a higher AU content to promote unwinding by RISC (RNA Induced Silencing Complex);
iv) it has been suggested that there should be a G or C at position 1 of the sense
strand, a U at position 10 of the sense strand, and an A at position 19 of the sense
strand (see Mittal, 2004 for details); and iv) to avoid off target effects, the chosen
sequence(s) should be BLASTed against the mammalian genome under study to
ensure the chosen region is unique.

The efficacy of any given short interfering RNA (siRNA) is determined not only
by its effectiveness in mediating the degradation of the target mRNA but also by the
efficiency by which it is delivered to the cell.  To ensure optimal transfection effi-
ciency and to avoid off-target effects, it is important to optimize the transfection
conditions for each duplex RNA construct in every cell type used.  Transient localiza-
tion of siRNAs into cells can be accomplished either through electroporation or by
using lipophyllic carrier agents.  Introduction of the siRNAs into cells can be moni-
tored by labeling the siRNA with a fluorophore and then assessing the uptake via flow
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cytometry.  Using this technique, have found that certain transfection reagents work
more effectively than others in a given cell line.   For example, as shown in Figure
1, the siRNAs were efficiently transported into the SW480 colon cancer cells using
either reagent 1 or reagent 2, but only reagent 2 was effective in introducing the
siRNAs into the HT29 colon cancer cells.  Due to differences in transfection efficien-
cy, it is important to carefully titrate the amount of siRNA used in each experiment
so that a high enough concentration is obtained for effective degradation of the tar-
get mRNA.   However, introduction of excessive amounts of siRNA is not desirable.
Semizarov et al.[38] found that transfection of human cells with concentrations of
siRNAs of 100nM or more resulted in the reproducible activation of stress response
genes such as gadd45 and bcl2.  Activation of a cellular stress response would con-
found the interpretation of the gene expression changes observed upon introduction
of the siRNAs.  Therefore, to avoid off-target effects, many investigators recommend
using concentrations of siRNA that do not exceed 20nM.  In addition, it is important
to include a control siRNA to monitor non-specific effects.  The control siRNA can
either be a scrambled version of the siRNA used to target the factor or a sequence
specific to an mRNA that is not produced in the cells (e.g. GFP in mammalian cells).
A more rigorous approach towards eliminating the potential for off-target effects of
an siRNA involves using two RNA duplexes specific for different areas of the target
mRNA[39]. 

To overcome some of the difficulties associated with transient introduction of
siRNAs including high cost, off-target effects and limited time periods for assays,
constitutive expression of shRNAs using the RNA Polymerase III, U6, or H1 small
nuclear RNA promoters can be employed[40].  While the introduction of plasmids
encoding shRNAs can usually be easily accomplished using traditional transfection
techniques, transfection of certain cell types, including stem cells, has proven to be
more difficult.  For this reason, several methods based on viral transduction have
been established including the use of the Molony murine leukemia virus, the murine
stem cell virus, or the lentiviral based systems.  For proteins whose long-term loss
would be detrimental to cell survival, inducible shRNA systems have also been devel-
oped to allow the controlled removal of the target protein (for example, see [41]).

After the introduction of the siRNA into the cell is optimized, it is critical to
assess whether the constructs are effective in reducing the mRNA and protein levels
of the target.  Protein levels are usually compared using Western analysis in treated
and untreated cells.  As shown in Figure 6-1B, the level of SUZ12 protein was not
reduced using reagent 1 (as expected since this reagent was not effective in intro-
ducing the siRNAs into the HT29 cells; see Figure 6-1A).  However, the levels of SUZ12
were reduced using reagent 2, demonstrating that the introduced siRNAs were effec-
tive in mediating the degradation of the SUZ12 mRNA.  Once it has been demonstrat-
ed that the introduction of the siRNA into the cells reduces the level of the transcrip-
tion factor of interest, the technique can then be combined with ChIP for target val-
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idation.  For example, introduction of a siRNA or shRNA specific to a transcription
factor can be used to verify that the antibody used in the ChIP is specific for that
protein.  This is especially important when studying a transcription factor that is a
member of a highly related family of factors because the antibody might show cross-
reactivity with other family members.  However, if targeting the mRNA of the factor
by siRNA results in knock-down of only that family member and in loss of signal
detected by ChIP using an antibody to that protein, then clearly the signal detected
is specific for the protein of interest and not another family member.  Using this
method, we have found that siRNA specific to E2F6 abrogated the ability of E2F6
antibodies to enrich target promoters (Figure 6-2B), but did not prevent E2F1 anti-
bodies from enriching targets[23].  In this case, RNAi-ChIP provided a clear demon-
stration of antibody specificity in the ChIP assay.  In addition, the experiments also
demonstrated that removal of E2F6 by siRNA resulted in altered mRNA levels of the
target genes (Figure 6-2A).  Thus, the combination of RNAi, ChIP, and RT-PCR provide
target validation and confirmation of functional binding.

Figure 6-1.  Correlation of transfection efficiency and RNAi-mediated protein knockdown.
A. Flow cytometric analysis of SW480 and HT29 cells either mock transfected (purple line), or trans-
fected with a duplex RNA specific for human SUZ12 that was labeled with a fluorophore (Label IT
siRNA Tracker, Mirus Co., Madison, WI) to measure cellular uptake of the siRNA.  SW480 cells were
effectively transfected with both transfection reagents tested (green and pink lines), while HT29
cells were only effectively transfected with reagent 2 (light gray and dark gray lines).  B. Western
analysis of SUZ12 protein levels in HT29 cells after transfection with unlabeled (uSUZ12) and
labeled (lSUZ12) SUZ12 siRNA. Details of the specific cell-culture, duplex RNA sequence, transfec-
tion procedures, and western analysis are described in Kirmizis et al., 2004.
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In addition to validation of the targets identified by ChIP-CpG arrays, RNAi-ChIP
can also be used to study the mechanisms by which the transcription factor of inter-
est regulates specific target genes.  The post-translational covalent modification of
histones is an important characteristic of chromatin structure that is associated with
gene expression.  For example, methylation of lysine 27 on histone H3 has been asso-
ciated with transcriptional repression[6,32].  The mammalian Polycomb Repressive
Complex 2 (PRC2) methylates lysine 27 and, to a lesser extent, lysine 9 of histone
H3 in vitro[32,42]. This complex contains enhancer of zeste 2 (EZH2), suppressor of
zeste 12 (SUZ12), embryonic ectoderm development (EED), and RbAP46/48.  In a
recent study, we identified human targets of PRC2 by using antibodies specific to
SUZ12 in ChIP-CpG assays[6].  We were subsequently able to validate the identified
targets using RNAi-ChIP by demonstrating that the CpG islands were specifically
enriched as a result of the antibody-epitope interaction and that other members of
the PRC2 complex were also present on the identified loci in a SUZ12-dependent
manner.  In addition, we also showed that lysine 27 of histone H3 was methylated
at the PRC2 target genes and that this methylation was dependent on the presence
of SUZ12 (Figure 6-3 and Kirmizis et al., 2004[6]).  Thus, RNAi was used not only to
validate the ChIP-CpG targets, but also to elucidate a functional outcome (histone
methylation) of the SUZ12 binding. 

Figure 6-2.  Use of RNAi to validate target genes identified via ChIP-chip assays. A. RNAi fol-
lowed by RT-PCR demonstrates that depletion of E2F6 from cells results in the increased transcrip-
tion from ChIP-CpG-identified targets art27, brca1, ctip, rbap48, and hp1alpha.  B. RNAi targeting
of E2F6 followed by chromatin immunoprecipitation prevents antibody-mediated enrichment of
E2F6 target sequences, demonstrating antibody specificity.  Figure reproduced with permission from
Oberley et al., 2003.  Details of specific cell-culture, RT-PCR, transfection procedures, and ChIP
analysis are described in Oberley et al., 2003.
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Figure 6-3.  RNAi followed by ChIP allows the identification of specific histone modifications
mediated by SUZ12. SW480 cells were either mock-transfected or transfected with SUZ12 siRNA
and allowed to incubate for 72 hours.  Cells were then re-plated and re-transfected with either
SUZ12 siRNA or no RNA duplex for another 72 hours and then harvested for ChIP analysis using
antibodies specific to tri-methyl lysine 27 of histone H3, Histone H3, or IgG.  Depletion of SUZ12
results in the specific depletion of the tri-methylated lysine 27 signal, while the overall amount of
histone H3 on the target genes remains unchanged. Details of the specific cell-culture, duplex RNA
sequence, transfection procedures, and ChIP analysis are described in Kirmizis et al., 2004.   

6.4 Summary 

Recent contributions from numerous investigators have demonstrated that ChIP-
CpG microarray analysis is a powerful means to identify a large set of target genes
for a specific transcription factor.  The quality and reproducibility of the hybridiza-
tion methodology has eliminated the need to individually analyze all of the identi-
fied targets using subsequent standard ChIP assays.  However, we suggest that the
initial identification of target promoters should be validated, not with a repetition
of the simple ChIP assay, but rather by the addition of an assay which can allow eval-
uation of the functional consequences of the DNA-protein interactions. The inclusion
of RNAi in the experimental design provides a mechanism to monitor the effects of
removing the factor from a binding site on gene expression and chromatin structure.
To date, these follow-up assays have been performed on only a subset of the target
genes identified by ChIP-chip assays.  However, we anticipate that future experi-
ments will incorporate custom-designed mRNA or promoter arrays to allow a compre-
hensive follow-up analysis of the identified targets. 
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