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INNOVATION

Novel ChIP-based strategies to
uncover transcription factor target
genes in the immune system

Amy S. Weinmann

Transcription factors can have a marked
effect on the fate of a cell by establishing
the gene expression patterns that determine
cellular function. Therefore, a great deal of
effort has been invested in identifying and
understanding the individual transcription
factors that influence key activities. New
strategies to identify transcription factor
target genes based on their ability to bind
to DNA in the nuclear environment have
recently been developed, providing an
opportunity to address many questions
concerning the function of transcription
factors. This article discusses the
advantages and applications for these
new strategies in reference to the
developing immune response.

In the haematopoietic system, a large amount
of work has established the identity of key
transcription factors that are responsible for
differentiation decisions and effector-cell
functions. For example, the differentiation
of CD4* T helper (T},) cells into either the
T, 1- or T ;2-cell phenotype is influenced by
transcription factors such as T-bet, signal
transducer and activator of transcription 4
(STAT4), GATA3 and c-MAF"“2. In another
example, the activities of factors such as
runt-related transcription factor 1 (RUNX1)
and GATA2 have been shown to be inti-
mately involved in early haematopoietic-
cell differentiation decisions’. To define the
cellular and molecular mechanisms by
which each factor acts, mice deficient in

these and other key factors have been used
to identify genes that are functionally regu-
lated by each factor. Complementary studies
using overexpression in non-permissive cell
types have also contributed to the hypothe-
ses concerning the mechanisms by which
each factor mediates its biological effects.
However, the main disadvantage of using
these genetic approaches to identify tran-
scription factor target genes is that the dif-
ferential gene expression patterns resulting
from either the overexpression or the lack of
expression of a transcription factor cannot
delineate between the direct and indirect
actions of that factor (FIG. 1). In other words,
which genes are controlled by the factor
directly binding to the regulatory elements
for that gene, as opposed to those that are
influenced through an indirect cascade of
events in response to the control of other
regulatory proteins? These difficulties in
interpretation can lead to confusion over
the order of events that occur in response to
transcription-factor activity and make it dif-
ficult to accurately piece together the cas-
cade of regulatory events involved in specific
biological processes.

New approaches are being developed and
refined to examine how transcription factors
influence cellular decisions on the basis of
their ability to regulate gene expression pat-
terns directly. Here, I discuss chromatin
immunoprecipitation (ChIP)-based target-
gene approaches that localize transcription-
factor binding in the context of the natural,

nuclear environment, and so avoid the main
disadvantage of the classical target-gene
approaches; most of which rely on inter-
preting altered mRNA levels and therefore
cannot distinguish direct versus indirect
target genes. These new ChIP-based
approaches have been developed over the
past few years, first in yeast*® and then in
the more complex human system®’, and
provide the exciting opportunity to address
questions concerning the identity of the
genes that have the potential to be directly
regulated by an individual transcription fac-
tor. After outlining the procedure, I discuss
applications for these techniques in study-
ing the role transcription factors have in the
immune response.

a Direct target b Direct target
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Figure 1 | Classifying transcription factor
target genes. A simplified representation of
direct and indirect transcription factor target
genes. a | In the case of the direct target, the
transcription factor (blue oval) directly interacts
with regulatory regions of a gene (that is,
promoter or enhancer) to influence transcription
and ultimately protein expression. b | In the
case of the indirect target, the transcription
factor is still functionally responsible for
regulating the downstream gene, but it is at
least one step removed and does not directly
interact with the regulatory regions of the gene.
Instead, the transcription factor directly controls
the expression of a second regulatory protein
(protein Y) that is then directly responsible for
regulating the expression of the final output
protein. Both the direct and indirect targets are
functionally regulated by the transcription factor,
but, the varying molecular mechanisms require
different strategies to manipulate the expression
of the output protein with the smallest number
of indirect effects.
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Figure 2 | Schematic representation of ChlP-based target-gene identification strategies. Cells
are treated with formaldehyde to crosslink proteins in close association with DNA. After crosslinking,
nuclei are isolated and sonicated to shear the genome randomly, allowing for a more refined localization
of the protein—-DNA interactions. Next, an immunoprecipitation step with a factor-specific antibody is
carried out. After collecting the immunoprecipitated material, the crosslinks are reversed and the DNA is
purified. The identity of the DNA fragments contained in the chromatin immunoprecipitation (ChIP) sample
can then be determined by either the standard PCR method for hypothesized targets or, to identify
unknown targets, by either cloning the fragments into a plasmid vector for sequencing, or by labelling

the ChIP material with fluorophores followed by hybridization to a genomic microarray.

ChiIP-based assays

The standard ChIP assay allows the researcher
to take a virtual molecular snapshot of pro-
tein—-DNA interactions in the context of the
living cell (FIG. 2). This is accomplished by
treating the cells with formaldehyde to
crosslink proteins in close association with
DNA. Of note, formaldehyde can also
crosslink protein—protein interactions. This is
an important property allowing for the
analysis of proteins that are recruited to the
DNA through association with another DNA-
binding factor. Immunoprecipitation of the
sample with a transcription factor-specific
antibody allows for the isolation of DNA
fragments that are specifically associated with
the protein of interest. In the standard ChIP
assay, one must first have an idea of where a
factor interacts with the genome, because the
final analysis depends on PCR amplification
of the DNA with gene-specific primers. If a
fragment is specifically enriched in the
immunoprecipitated material and is absent
in a non-specific antibody control, this
would indicate that the region is specifically
bound by the protein of interest.

To adapt this procedure to identify
unknown transcription factor target genes,
strategies have been devised to identify the
DNA fragments bound by the factor of inter-
est without prior knowledge of the interacting

sequence (FIG.2). One method to accomplish
this goal is to clone the DNA from the
immunoprecipitated material into a plasmid
vector to allow for the sequencing of the frag-
ments using common vector-specific primers®.
After sequencing, genomic database searches
can be carried out to determine the location of
the immunoprecipitated DNA fragments in
relation to known or predicted genes. Do they
correspond to the promoter region of a gene
or do they reside in other regions of the
genome, such as distal or intronic enhancers?
Although the individual cloning and sequenc-
ing of the ChIP material can be time consum-
ing, this technique has the potential to identify
any DNA fragment that is bound by a tran-
scription factor. An alternative approach to
provide a high throughput screening strategy is
to use genomic microarray technology (BOX 1).
So far, genomic microarrays that contain sets
of selected promoters, a random representa-
tion of CpG islands and portions of continu-
ous genomic sequence have all been used to
screen ChIP samples®”*!°. Each has provided
information about the localization of tran-
scription factors in human cells, and at times,
the results have been somewhat unexpected.
In one study of nuclear factor-xB (NF-kB)
binding, the results indicated that NF-xB could
bind to many regions of the genome, not just
to the promoters®. The data also indicated that

binding does not always correlate with a func-
tional consequence in all cell types. For exam-
ple, it was shown that tumour-necrosis factor
(TNF) induced the binding of NF-xB to sev-
eral genes that were not concomitantly altered
in transcriptional activity®. This is an impor-
tant point to keep in mind when interpreting
data from ChIP-based target-gene studies,
which can only provide information about the
binding status of a transcription factor and
not its functional effect on gene expression.
This point is further discussed later.

Advantages of ChiIP-based assays

The modified ChIP assays have several
advantages for identifying transcription
factor target genes. First, by virtue of the
properties of the ChIP assay, only DNA
fragments specifically associated with the
protein of interest will be identified. This
eliminates the traditionally problematic
mRNAs that are indirectly regulated by
altered signal-transduction cascades. Second,
this approach can be carried out with biolog-
ically relevant cell populations. Therefore, the
transcription factor can be examined with-
out altering its levels (that is, overexpression
or gene knockout), leaving the stoichiome-
try of biologically relevant protein—protein
interactions that occur in the context of a
given cellular environment intact. This
might be particularly important when
examining issues concerning cell specificity
of transcription-factor activity, as each cell
type might have a different set of limiting co-
factors. Another advantage of this technique
is that it takes into account the chromatin
environment of an individual cell type that
might in fact be responsible for communi-
cating a degree of cellular specificity. For
example, repressive chromatin organization,
as shown by a lack of characteristic DNase I
hypersensitivity, is observed at the inter-
leukin-4 (IL-4) locus in T ;1 cells, correlates
with the prevention of transcription-factor
binding and gene inactivation'’. By contrast,
several DNase-I-hypersensitive regions that
are associated with a more accessible chro-
matin structure are found at the IL-4locus
in THZ cells, where transcription factors can
bind and induce transcription''. This exam-
ple illustrates the importance of taking into
account the endogenous chromatin organi-
zation, which can contribute to the regula-
tion of factor binding and transcriptional
activity in specific cell types. Finally, this
technique also provides the advantage that
prior knowledge of potential target genes or
binding elements is not required. Instead,
this technique provides an unbiased local-
ization of transcription-factor binding in the
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cellular environment. Therefore, new targets
that might have been overlooked by current
hypotheses can be uncovered.

Using these new target-gene identifica-
tion approaches, many questions can be
directly addressed to better understand the
molecular details of the immune response.
The molecular pathways that a transcription
factor might regulate for functional matura-
tion, cell-type-specific activity and family-
member specificity are just a few of the
questions that can be investigated. The fol-
lowing sections discuss these issues using
the transcription factor T-bet as an exam-
ple. T-bet represents a model transcription
factor that is important in the development
of many haematopoietic cell types and it
highlights the insight that can be gained
from these target-gene strategies.

Using ChIP strategies to analyse T-bet

Identification and characterization of T-bet.
The transcription factor T-bet is a T-box-
family member that has been hypothesized
to have a crucial role in the development of
the immune response, as it was originally
isolated due to its selective expression by
the T, 1-cell lineage of CD4* T, cells'.
Transient overexpression of T-bet in naive
CD4* T, cells results in T 1-cell lineage
commitment, as shown by the ability of
these cells to produce interferon-y (IFN-vy)
and repress T ,2-type cytokine activity'?. In
addition, T-bet overexpression in T ;2 cells

Box 1 | Genomic microarrays

reverses their commitment and leads to IFN-y
production. These experiments indicated that
T-bet has a crucial role in the development of
T, 1 cells, a hypothesis that was confirmed by
analysis of T-bet-deficient mice®.

Further studies of the expression pattern
of T-bet have shown that it is also expressed
and has specific roles in many other
haematopoietic cell types, including natural
killer (NK) cells, macrophages, dendritic cells,
B cells and CD8" cytotoxic T cells'>"*'6.
Surprisingly, in T-bet-deficient mice, although
T,1 cells were unable to produce marked
amounts of IEN-y, CD8* T cells could still pro-
duce high levels of the cytokine’, indicating a
divergence of T-bet function in the different
T-cell lineages. A related T-box-family mem-
ber, Eomesodermin, has recently been identi-
fied and shown to be important in CD8*
T cells, which might explain why T-bet is
less crucial for IFN-y production by this cell
type'”. Collectively, these data indicate that
there is a degree of cell-type specificity to
the functional activity of T-bet. Uncovering
the molecular pathways that are regulated
by T-bet in the different cell types will help
to address the role that T-bet has in the
developing immune response.

Addressing molecular pathways. The expres-
sion of a single transcription factor can have
marked consequences on cell fate. In the
example of T-bet, the developmental pathways
of T, 1 cells and other haematopoietic lineages

Several types of genomic microarray, including select promoters, CpG islands and continuous
genomic sequences, have been used in chromatin immunoprecipitation (ChIP)-microarray
studies to examine transcription-factor binding in human cells®”*'°. Each has advantages as well
as inherent biases that need to be taken into account when interpreting experimental results.
Hypotheses can be rapidly tested by using microarrays that contain a large number of selected
promoters for genes with functions that are thought to be regulated by a particular factor;
however, such microarrays are unlikely to uncover new targets. New targets can be identified
using randomized promoter microarrays, CpG-island microarrays or microarrays containing
continuous genomic sequences. The rationale for using CpG-island microarrays is that CpG
islands typically correspond to the promoter and first exon of a gene”, and it is estimated that
more than 50% of promoters are in close proximity to a CpG island***°. Therefore, CpG-island
microarrays provide a promoter-enriched microarray that, although not comprehensive, presents
a feasible way to sample target genes with numerous functions in a relatively unbiased manner.
However, this type of analysis is limited to examining the binding largely at promoter regions,
and it is important to note that non-CpG-island promoters will not be sampled. Finally, using
microarrays that contain a continuous genomic sequence of a single chromosome has the
advantage that any region of the genome that is bound by the transcription factor (that is,
promoter, distal enhancer, intronic enhancer or a genomic region of unknown function) can
be identified, as can any type of promoter (that is, CpG or non-CpG island). However, these
microarrays are limited to examining the genes found on a single chromosome, making it difficult
to assess the molecular pathways that are regulated by a single transcription factor. As genomic-
microarray technology continues to develop and incorporate the genome-sequencing data, it
will soon be possible to have more comprehensive microarrays that contain all promoters or
possibly a greater number of chromosomes on a single microarray.
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are impaired in its absence. A key question to
address is the mechanism behind the role of
T-bet in these processes. Does T-bet directly
influence the transcriptional regulation of
important cytokine and effector-cell genes or
is it influencing cellular function through a
more indirect pathway by regulating other
crucial regulatory factors? Perhaps the most
probable answer is that these options are not
mutually exclusive, and a combination of
direct and indirect effects will contribute to its
function. Progress has been made using tradi-
tional methods to identify genes that are func-
tionally regulated by T-bet in T ;1 cells,and
their identities (IFN-y% HLX and IL-12R2)
indicate that a combination of effects is proba-
ble'>!®" However, there has been debate
about the nature of T-bet activity and where it
fits into the regulation of T 1-cell develop-
ment relative to other crucial T ;1-cell tran-
scription factors such as STAT1 and STAT4
(REFS 19,20). The new ChIP-based target-gene
strategies might provide a degree of molecular
clarity to this issue and identify which genes
have the potential to be regulated directly by
each factor during the sequential stages of
development. These data will ultimately
provide insight into the molecular series of
events that occur during the differentiation of a
T, 1 cell and will be complementary to the
genetic studies already carried out. Together,
this information can then be used to piece
together the series of gene expression events
that occur during the commitment process.
Sometimes, our investigation into the mol-
ecular series of events that allow a cell to
develop along a specific pathway can be lim-
ited due to the current knowledge that is avail-
able. In the case of a newly discovered factor,
there might be little information known,
whereas for a well-studied factor, the current
data might impede the uncovering of new
functions that do not fall within the estab-
lished constraints. In the case of T-bet, the
question remains whether T-bet has any addi-
tional, subtle roles in T ,1-cell differentiation
that are independent of the regulation of
cytokine and effector genes, which have been
the focus of present research. Do specialized
lineage-restricted transcription factors also
have a role in the fine regulation of common
cellular processes, such as mRNA stability or
protein trafficking, to suit the individual needs
of a particular cell type or developmental
stage? To address these questions in an unbi-
ased manner, the ChIP-based cloning method
allows for the identification of any potential
target gene, whereas the ChIP-microarray
method is perhaps best suited to examine
transcription factor target genes in a global
manner, while keeping in mind that bias can
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Figure 3 | Addressing questions using new ChlP-based target-gene approaches. a | Defining the
molecular pathways that a transcription factor regulates — do the target genes have similar or diverse
functions? Two opposing, simplified possibilities are shown. In the first, the transcription factor (blue oval)
only regulates genes that are involved in a single cellular function (pathway A). In the second case, the
transcription factor regulates genes whose products are involved in diverse cellular processes (pathways
A, Band C). b| Is cell-type specificity of the transcription factor at the level of DNA binding or does it
depend on the context of the association? Three cell types are represented by different colours. In one
case, transcription-factor binding correlates with transcriptional activity, with binding being dependent on
the nature of the chromatin structure in the individual cell type. In the opposing case, transcription-factor
binding is not cell-type specific, but rather the transcriptional specificity is determined by the presence of
other lineage-restricted binding proteins. ¢ | Do closely related members of a transcription-factor family
have the ability to bind to the same genes (gene A), or is their binding restricted in some settings (genes
B and C)? The possibilities of overlapping and mutually exclusive family-member binding patterns at

target genes are shown.

be introduced due to the content of the
microarray (BOX 1). The identities of the gene-
regulatory regions that are bound by the tran-
scription factor might then provide clues as to
which cellular processes have the potential
to be directly affected by that factor (FIG. 3a).

Addressing cell-type specificity. T-bet, as
with many other lineage-restricted tran-
scription factors in the immune system, has
a broader expression profile than originally
anticipated. Not only is T-bet expressed
by many haematopoietic lineages, but the
T-bet-deficient phenotype has confirmed
that it does in fact have a role in the fate of
diverse cell populations. Cell-specific defects
in T-bet-deficient T ;1 cells, NK cells and
B cells were observed'*!>?!. In addition, defects
in some antigen-specific cytotoxic T-cell

responses were also shown, as was impaired
dendritic-cell development'*?*2. An impor-
tant issue that needs to be addressed is the
mechanism behind these cell-specific phe-
notypes. One possibility is that T-bet is tar-
geted to and regulates different gene loci in
each cell population (FIG. 3b). In this case,
locus accessibility would probably account
for the cell-type specificity of T-bet action.
So, T-bet might have the same functional
capacity in each cell type, but its action is
restricted by cell-intrinsic chromatin struc-
ture that limits binding in different cell types.
This finding would also imply that T-bet
alone does not establish the chromatin
structure of the target genes, but rather other
cell-type-restricted factors are required to
establish an accessible chromatin environment
that exposes the binding sites for additional

factors. However, if T-bet is involved in chro-
matin-modification events, as is indicated by
data at the IFN-y promoter?, one would
then predict that T-bet has the ability to bind
to chromatin templates. This raises the
opposing possibility that T-bet is targeted to
the same loci in each cell population, but
that other cell-specific interactions at the tar-
get genes are responsible for the transcrip-
tional specificity. In both cases, the loss of
T-bet in a cell type that is competent for
expression of a particular gene will result in a
transcriptional defect in that gene, but T-bet
expression in a cell type that is not competent
for expression of that same gene will be
inconsequential. There is likely to be a contin-
uum of possibilities between these two oppos-
ing, simplified hypotheses. To start to address
these questions, it is first necessary to identify
the direct targets of T-bet in the different cell
populations in which it is expressed. The
ChIP-microarray target-gene approach again
provides a particular advantage in addressing
these questions from a global standpoint. Will
factor binding be detected in the same pattern
for all cell types? Alternatively, will there be no
obvious overlap between the gene-regulatory
regions that are bound in the diverse cell pop-
ulations? Or will the results be somewhere in
between? These data will provide valuable
clues at the level of DNA binding. However,
follow-up studies to determine whether
binding has a functional consequence on
transcriptional regulation in all or only a
fraction of cases will then be crucial to address
cellular specificity.

Addressing family-member specificity. One
of the most problematic issues to address
when examining the function of a specific
transcription factor is the role of closely
related family members in the same cell.
When one family member is lost, as is the
case in gene-knockout studies, another
closely related family member might com-
pensate in some situations. NF-xB-family
member specificity at various target genes
highlights this concept and was examined in
studies using cells deficient in either a single
or a combination of NF-kB-family mem-
bers?. The data showed that there was a dif-
ferential requirement for specific family
members to functionally regulate certain
endogenous promoters, but in several cases,
this was only revealed when a combination
of family members were lost. Other com-
mon methods to uncover the genes that are
functionally regulated by a transcription
factor involve the overexpression of that fac-
tor, which can cause the ratio of family
members to be artificially skewed in a cell
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Table 1 | ChlP-based target-gene studies in mammalian cells

Transcription Method Type of microarray Findings Refs
factor studied
E2F1, E2F4, E2F6 ChIP cloningand  CpG islands and selected  Development of ChiP-based target-gene identification strategiesin =~ 6,7,8,
ChIP microarray promoters human cells using E2F4; family-member specificity also examined 30,31
GATA1 ChIP microarray Continuous genomic GATA1 binding across the B-globin locus examined 10
sequence from the
B-globin locus
HNF10, HNF4a, ChlIP microarray Randomly selected Family-member and cell-type specificity of HNF transcription 32
HNF6, RNA Pol I promoters factors analysed
MBD1, MBD2, ChIP microarray CpG islands Several target genes bound multiple MBD-family members, 33
MBD3, MECP2 but some targets had family-member specificity
MYC, MAX ChIP microarray CpG islands and Numerous MYC target promoters were identified and examined for 34,35
randomly selected the role of MAX in their regulation; 15% of promoters on the arrays
promoters were bound by a MYC-MAX heterodimer in cancer-cell lines
MYC, SP1, p53 ChIP microarray Continuous genomic Numerous MYC and SP1 binding sites were identified and many 36
sequence from correlate with non-coding RNAs
chromosomes 21 and 22
NF-«xB ChIP microarray Continuous genomic NF-xB binding sites across chromosome 22 examined 9
sequence from
chromosome 22
RB ChIP microarray CpG islands RB binding to target genes in different phases of the cell cycle examined 30
T-bet ChIP microarray CpG islands Target genes were identified to examine the function of T-bet 26
BARX2 ChlIP cloning N.A. Several BARX2 target genes were identifed and confirmed with 37
functional assays
EWS/ATFA1 ChIP cloning N.A. As a modification to the procedure, ChIP fragments were directly 38
cloned into a GFP-reporter vector to examine functional activity in
an overexpression assay; identified EWS/ATF1 targets included
POSH, ATM and ARNT2
EGR1 ChlIP cloning N.A. Modified procedure to incorporate a multiplex PCR step to amplify 39
ChlIP samples before cloning; identified EGR1 target gene, TOE1
E2A ChIP cloning N.A. Identified E2A target gene, BTLII 40
ORC1, ORC2 ChIP cloning N.A. Identified ORC target that might be a bidirectional origin of DNA 41
replication
RUNX1 ChIP cloning N.A. Identified PKC-B as a direct target of RUNX1 25

BARX2, BarH-like homeobox 2; ChIP, chromatin immunoprecipitation; EGR1, early growth response 1; GFP, green-fluorescent protein; HNF, hepatocyte nuclear factor;
MBD, methyl-CpG-binding domain protein; MECP2, methyl-CpG-binding protein 2; N.A., not applicable; NF-xB, nuclear factor-kB; ORC, origin recognition complex;
PKC-B, protein kinase C-B; RB, retinoblastoma; RNA Pol I, RNA polymerase Il; RUNX1, runt-related transcription factor 1; TOET, target of EGR1.

population. In both of these cases, the exper-
imental conditions can mask the normal
activities of individual proteins and distort
their natural function. Another powerful,
but potentially problematic, experimental
strategy to examine transcription-factor activ-
ity is the use of dominant-negative proteins.
Dominant-negative proteins often repress
the activity of more than just the intended
protein. This can complicate the interpreta-
tion of results that characterize the role of
an individual factor in a given cellular set-
ting. This concept was highlighted by the
discovery of Eomesodermin — a related
T-box-family member that might have a
complementary and/or independent role to
T-bet in CD8* T cells'’. In this case, domi-
nant-negative constructs for either protein
seem to repress the activity of both T-box-
family members, resulting in a more marked
phenotype than the loss of either transcrip-
tion factor alone. Therefore, when interpret-
ing the results of dominant-negative and

overexpression studies, it is important to
exercise caution, as unidentified family mem-
bers might be affected in addition to the
intended protein.

One way to bypass these concerns and to
examine the targets of a specific family
member is to identify targets in the context
of normal protein expression levels. The
ChIP-based strategies provide a powerful
method to accomplish this goal. Cells or
tissues are directly analysed and the pro-
tein—DNA interactions are examined in the
context of normal cellular levels without
experimental manipulation. So, it is possible
to test whether there truly is a redundancy
for family members in the context of natural
expression levels or whether there is, in fact,
specificity (FIG. 3¢c). With the case of T-bet and
Eomesodermin, differential expression levels
in CD4* versus CD8* T cells imply that they
might have different functional responsibili-
ties in each cell population'”. We can begin
to test this hypothesis with a global analysis

of the binding pattern of each protein in the
different cell types using the ChIP-microarray
technique.

Caveats and further studies

Although this is an exciting time, as with all
experimental strategies, caution must be taken
in interpreting the results. As discussed, these
techniques monitor the ability of a protein to
associate with DNA, but before further analy-
sis, it is not known whether there is a func-
tional consequence to the detected interaction.
It is entirely possible that not every interaction
will result in a functional effect, as indicated by
the study of NF-xB binding’. Therefore, fol-
low-up expression analysis is required to
determine whether the identified target genes
are regulated by the factor in a specific cell
population. This expression analysis is also
required to provide insight into whether a fac-
tor is acting exclusively as an activator or a
repressor, or can function as both in a context-
dependent manner. In addition, follow-up,
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detailed mechanistic studies will also need to
be carried out to provide a more complete
understanding of the role an individual factor
has at a target gene in a given cell type. These
follow-up studies will also independently vali-
date the transcription factor target genes iden-
tified. To interpret the data accurately, the use
of diverse experimental strategies for confir-
mation will provide a higher degree of con-
fidence that the findings are relevant and not
due to a caveat of an individual assay system,
which despite our best efforts remain.

Itis also worth noting that the premise of
this technique requires a reliable antibody that
works well in an immunoprecipitation assay.
Especially if used to examine family-member
specificity, care must be taken to ensure the
characteristics and potential crossreactivity
of the antibody to prevent misinterpretation of
the results. It is also important to minimize the
incorrect identification of targets (false posi-
tives) by carrying out comparisons between the
specific antibody and a non-specific antibody
control. Due to the highly repetitive nature of
mammalian genomes, false positives can be
problematic. As indicated earlier, independent
verification of potential target genes will help
to eliminate false positives, including those that
are due to non-specific immunoprecipitation.
The possibility of false negatives should also be
kept in mind. An antibody might interact
poorly, or not at all, with a protein if the epi-
tope it recognizes is not easily accessible, which
might be the case in some large, multiprotein
complexes. So, specific enrichment in the ChIP
assay cannot be used to determine relative
binding affinity at diverse target genes, because
epitope accessibility might influence the inten-
sity of the ChIP signal. Finally, it is important
to consider when interpreting the results of
ChIP-microarray studies, that the identity
of the sequences contained on the microarray
might introduce bias into the types of target
that can be identified (BOX 1).

Conclusions

The ChIP-based target-gene approaches
described here provide a new method to
examine the role of crucial haematopoietic
transcription factors in the developing
immune response. Several studies have already
been carried out and have provided unique
insight into the roles of NF-xB, RUNX1 and
T-bet”*%. As these and other factors continue
to be studied (TABLE 1), the rapidly developing
genomic microarray technology will provide
an even more robust and complete platform
to identify genomic binding sites. It is possible
that in the future, as has already been accom-
plished in the yeast system®®, complete
genomic microarrays will have the potential to

show the binding pattern of a transcription
factor across the entire genome. Comparing
and contrasting the binding and expression
data from multiple cell types, varying stimula-
tion conditions and different family members
will allow us to profile the series of molecular
events that are responsible for the develop-
ment of an immune response. These data can
then provide a basis for functional gene-
expression studies to allow for the specific
therapeutic targeting of expression pathways
that are dysregulated in disease states.
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