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Abstract

Transcription is a sophisticated multi-step process in which RNA polymerase Il (Pol 1)
transcribes a DNA template into RNA in concert with a broad array of transcription initiation,
elongation, capping, termination, and histone modifying factors. Recent global analyses of Pol Il
distribution have indicated that many genes are regulated during the elongation phase, shedding
light on a previously underappreciated mechanism for controlling gene expression. Understanding
how various factors regulate transcription elongation in living cells has been greatly aided by
chromatin immunoprecipitation (ChlP) studies, which can provide spatial and temporal resolution
of protein-DNA binding events. The coupling of ChIP with DNA microarray and high-throughput
sequencing technologies (ChIP-chip and ChlP-seq) has significantly increased the scope of ChIP
studies and genome-wide maps of Pol Il or elongation factor binding sites can now be readily
produced. However, while ChIP-chip/ChlP-seq data allow for high-resolution localization of
protein-DNA binding sites, they are not sufficient to dissect protein function. Here we describe
techniques for coupling ChlIP-chip/ChlP-seq with genetic, chemical, and experimental
manipulation to obtain mechanistic insight from genome-wide protein-DNA binding studies. We
have employed these techniques to discern immature promoter-proximal Pol Il from productively
elongating Pol 11, and infer a critical role for the transition between initiation and full elongation
competence in regulating development and gene induction in response to environmental signals.
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1. Introduction

1.1. Background

Synthesis of messenger RNA by RNA polymerase 11 (Pol 1) is a carefully orchestrated
process. Although the regulated recruitment of the transcription machinery to a gene
promoter has been studied for decades (1), recent evidence suggests that regulation can
occur at many steps in the transcription cycle, and may be particularly prevalent during
transcription elongation (2-5). Transcription begins with promoter recognition and binding
by the pre-initiation complex (PIC) consisting of Pol Il and general transcription factors
including TFIID and TFIIH. The C-terminal domain (CTD) of the Rpb1 subunit of Pol II,
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consisting of multiple copies of the consensus sequence YSPTSPS, is largely
unphosphorylated during initial promoter binding, which favors interactions between the
CTD and activators such as the Mediator complex (6, 7). Unwinding of DNA by TFIIH
allows Pol 1l to access the template DNA strand and begin incorporating nucleotides into a
nascent RNA chain. As the nascent RNA is extended, TFIIH phosphorylates Serine-5 of the
CTD, which is thought to positively influence the association of the mRNA capping
machinery (8, 9). Factors such as the Negative Elongation Factor, or NELF, complex in
collaboration with the heterodimeric DSIF complex (comprised of Spt4/Spt5) can impede
elongation through the promoter-proximal region (10-14).

Recruitment of the P-TEFb kinase signals the transition to productive elongation, by
phosphorylating the CTD at Serine-2 and helping to overcome NELF-dependent stalling of
early elongation (15-17). The Serine-2 phosphorylated, fully elongation-competent form of
Pol Il is then bound by RNA processing and termination factors as it transcribes in a highly
processive manner towards the poly-adenylation site, which signals for termination. In
addition to this coordinated regulation of the phosphorylation status of the Pol Il CTD and
the association of transcription elongation and processing factors, histone remodeling and
modifying factors are specifically recruited to facilitate efficient polymerase elongation (18).

Each aspect of transcription is governed by interactions between the largely proteinaceous
transcription machinery and the DNA template. Chromatin immunoprecipitation (ChlP) is
capable of providing high resolution spatial and temporal information about the interactions
between proteins and DNA in living cells. It is therefore well suited for dissecting phases of
the transcription cycle by placing individual protein complexes at specific genomic locations
at biologically significant times. For example, biochemical studies had identified the NELF
complex as capable of inhibiting Pol Il elongation, in a manner that can be reversed by the
kinase activity of P-TEFb (10-13), leading to the hypothesis that NELF played a role in
regulating the efficiency of transcript elongation by Pol Il prior to the transition to full
elongation competence. Subsequent ChIP studies have shown that the NELF complex is
associated broadly with unphosphorylated or Serine-5 phosphorylated Pol 11 near
transcription start sites. This association is not maintained in downstream regions where the
polymerase is Serine-2-phosphorylated and productive elongation occurs, thereby
confirming that the biochemically determined activity of the NELF complex is relevant and
placing it in a global in vivo context (19, 20).

The power of ChIP has been tremendously increased by its coupling with DNA microarray
technology. In traditional ChIP assays, protein complexes are localized to genomic loci by
querying immunoprecipitated DNA with quantitative or semi-quantitative PCR reactions
using primer pairs designed to amplify specific regions of interest. In ChIP-chip,
immunoprecipitated material is labeled with fluorescent dyes (with or without prior
amplification) and hybridized to DNA microarrays containing several hundred thousand, to
several million probes (Figure 1). Performing ChIP coupled with DNA microarrays has
several significant advantages over traditional ChlP. First, instead of querying a limited
number of loci selected by researchers with inherent biases, large contiguous genomic
regions are probed in a single experiment, eliminating bias and permitting discovery of
unanticipated sites of protein-DNA binding, as well as regions where binding is
unexpectedly absent. Second, localization of protein binding can be accomplished with
optimized commercially available platforms, eliminating time spent designing and testing
primer pairs and running expensive large-scale quantitative PCR assays. In addition, the use
of the same platforms by different research groups facilitates direct comparison of binding
data obtained for many individual proteins; groups such as the ENCODE consortium have
used this to a great advantage (e.g. 21). Third, the parallel analysis of thousands of genes
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allows one to parse the data into distinct classes of genes based on different binding
distributions or behaviors, and permits statistical comparisons to be made between classes.

Genomic distribution of Pol 11 and other transcription elongation factors has also been
determined through a process referred to as ChlP-seq (22), which offers an appealing
complementary or alternative method for mapping protein-DNA interactions. The strategy is
similar to ChlP-chip but instead of labeling immunoprecipitated material and hybridizing it
to a microarray, immunoprecipitated material is used to construct a library of millions of
individual DNA fragments which are amplified and then sequenced in parallel (Figure 1).
Massively parallel sequencing technology, also referred to as deep, or high-throughput
sequencing, is now widely available on a variety of platforms, each with distinct
characteristics (see section 2.6.2 below).

1.2. Genome-wide analyses illuminate novel aspects of transcription elongation

Global analyses of Pol Il distribution have provided insight into mechanisms of regulation of
transcription elongation that are unattainable with either traditional ChIP or biochemical
techniques. In particular, ChIP-chip studies have detected a widespread decoupling of Pol 11
recruitment to a promoter and mature transcript formation in vivo. Preinitiation complexes
(PICs) were mapped across the human genome by Ren and coworkers using ChlP against
Pol 1l and TFIID. Surprisingly, 13% of genes with PIC-bound promoters did not produce
detectable transcripts, though PIC occupancy was confirmed through a variety of other
comparisons (3). A subsequent study detected Pol Il at the majority of promoters of protein-
coding genes in human embryonic stem cells, though only a subset of these genes produced
full-length transcripts detectable by expression microarray (2). The limited correlation
between transcription initiation and mature transcript production suggests that promoter-
proximal pausing or stalling, as described at the Drosophila heat-shock loci (23-25), may
occur at many more genes than previously appreciated. Promoter-proximal stalling is a
phenomenon wherein Pol Il is recruited to a gene promoter and initiates transcription, but
slows or stops during elongation through the promoter-proximal region (26). Escape of
stalled Pol Il into the gene is rate-limiting for expression of genes like Drosophila Hsp70,
but this was thought to be a relatively unique regulatory strategy.

To investigate how widespread promoter-proximal stalling is in Drosophila, our laboratory
employed ChIP-chip to map the total Pol Il distribution in S2 cells (using an antibody
against the small Pol Il subunit Rbp3) across the Drosophila genome. Analysis of signal
intensities for Pol 11 (Rpb3)-binding at promoters versus downstream regions revealed that
more than one thousand genes exhibit significant promoter-proximal enrichment of Pol 11, a
key hallmark of stalled polymerase (4). Very similar results were obtained by the Young and
Levine laboratories, who performed ChIP-chip on Pol 11 using different Pol 11-specific
antibodies in Drosophila embryos, indicating that these results were not specific to one
experimental or biological system (5). Importantly, in both S2 cells and embryos, validation
by subsequent ChlP-chip studies in genetically manipulated backgrounds as well as
permanganate footprinting (a technique that allows one to localize open transcription
bubbles associated with engaged, stalled Pol 11, described in ref. 27) confirmed that Pol Il
stalling is a widespread phenomenon (4, 5). Strikingly, Gene Ontology analysis of promoters
with stalled Pol 11 revealed a significant enrichment in Drosophila genes that are induced in
response to developmental or environmental stimuli, indicating that the transition to
productive elongation may be a critical developmental regulatory step (4, 5).
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Investigating transcription elongation with ChIP-chip/ChlIP-seq demands an antibody that
recognizes a biologically-relevant epitope with high affinity and selectivity. Moreover, it is
important for a rigorous analysis of Pol 11 distribution that one employs an antibody that
recognizes total Pol Il regardless of phosphorylation state; for example, the commonly used
8WG16 antibody (Abcam, Cambridge, MA) that specifically recognizes unphosphorylated
Pol Il CTD has a higher affinity for the initiating polymerase than for the
hyperphosphorylated, elongation-competent polymerase. ChIP material derived from
immunoprecipitation with 8WG16 will thus be inherently and substantially biased towards
enrichment in promoter-proximal Pol Il signal, making such material not well suited for
analyses of transcription elongation or Pol Il stalling (see section 3.4 below). We detect total
Pol 1l signal using a rabbit polyclonal antibody raised by our laboratory against the Rpb3
subunit of Pol 11, which recognizes Pol Il regardless of the phosphorylation state of the CTD
of the Rpb1 subunit (4, 28). Antibodies that recognize total Pol Il in mammalian systems are
commercially available (for example, H-224, raised against the N-terminus of Rpb1, Santa
Cruz Biotechnology, Santa Cruz, CA).

To contrast the distribution of total Pol 1l with that of productively elongating polymerase,
we also use a commercially available rabbit polyclonal antibody raised against the Serine-2
phosphorylated CTD (Abcam, ab5095; we note that, given the high level of conservation of
the CTD among species, this antibody works well in our hands in Drosgphila and
mammalian systems). Since Serine-2 phosphorylation of the CTD has been shown to occur
concomitantly with the release of Pol Il from the promoter-proximal region and the
transition to full elongation competence, ChlP-signal from this antibody does not show
significant enrichment near promoters, but instead reveals polymerase within the bodies of
active genes (4).

Both antibodies share features critical for obtaining meaningful ChlP-chip/ChIP-seq data;
high specificity (as demonstrated by western blotting); high affinity (quantitative PCR
assays of enriched regions frequently produce signals of 2-10% of input DNA); and low
background (signals in *background’ regions frequently produce qPCR signals in the range
of 0.01-0.2% of input DNA). Employing antibodies that produce low signal and/or high
backgrounds reduces the ability to discern areas of biologically meaningful protein
enrichment from noise inherent in ChIP-chip/ChlP-seq methods.

The ultimate test for antibody specificity is to immunoprecipitate DNA from wild-type cells
and cells that lack the factor of interest, obtained either through depletion using RNA
interference or in an isogenic knock-out cell population. In these cases, if the ChIP signal
arises from the desired target, the signal at enriched sites should disappear entirely. This
may not be feasible when immunoprecipitating essential proteins such as Pol 11 subunits, but
can be employed when determining binding sites for factors that are readily depleted such as
the NELF complex. A complementary method for testing antibody specificity is to induce
recruitment of the antigenic protein to specific sites and detect increased enrichment at these
sites but not in background regions.

By using several different antibodies to perform immunoprecipitation on the same samples,
one can compare the distributions of different proteins, or protein modifications. This
strategy has been employed extensively in the study of histone modifications (29-31), as
well as modifications of the Pol Il CTD (6). By comparing the distribution of total Pol II
with Serine-2 phosphorylated Pol 11, we were able to infer that the bulk of promoter-
proximally enriched Pol Il was not hyperphosphorylated on Serine-2 and thus not engaged
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in productive elongation (4). Moreover, we established that while the amount of Serine-2
phosphorylated Pol Il-signal at a gene correlates well with transcript levels, the amount of
total Pol 11 does not, again suggesting that the level of Pol Il recruitment to the promoter is
not a good indicator of transcription levels and suggesting that gene expression can be
regulated post-recruitment of polymerase (4, and D.G. and K.A, unpublished observations).

2.2 Coupling ChIP-chip/ChlIP-seq with genetic and experimental manipulation

The comparison of gene expression in wild-type versus mutant or factor-depleted
backgrounds has been possible using expression microarray platforms for many years;
however the underlying mechanisms governing observed changes in transcription output
have remained elusive. Now, ChIP-chip/ChIP-seq techniques allow one to probe the global
distribution of the polymerase, transcription factors and histone modifications, shedding
light on transcription regulation. Each of the ChlP-chip studies of transcriptional elongation
cited above benefited from one of the most powerful methods for confirming specificity of
ChIP-chip data and placing the data in a meaningful biological context: the use of
complementary genome-wide analyses. By coupling ChIP-chip/ChlP-seq with genetic or
chemical manipulation or by probing the same samples with antibodies recognizing distinct
protein complexes, one may advance from merely mapping protein binding sites across the
genome to gaining mechanistic insight.

For example, our ChlP-chip localization of polymerase identified genes with promoter-
proximal enrichment of Pol Il and suggested that Pol I stalling might occur at many more
promoters than previously appreciated (4). To evaluate this possibility, a complementary
experiment was performed in which microarrays were probed with total Pol 11
immunoprecipitated DNA from S2 cells that had been either mock-depleted or depleted of
the NELF complex using RNA interference (RNAI). Since NELF had been implicated in
regulating promoter-proximal stalling at several Drosophila genes (20, 32), we reasoned that
depletion of NELF would identify promoters that harbored stalled polymerase by
significantly decreasing the promoter-proximal enrichment of Pol 1l ChIP signal observed at
those genes. In agreement with our predictions, NELF-depletion led to greatly reduced Pol Il
signal at genes identified as candidates for Pol Il stalling (Figure 2 and ref. 4), but not at
genes with more uniform Pol |1 distribution. These data indicated that NELF is an important
regulator of early elongation at many genes, and that promoter-proximal enrichment of Pol

Il is an excellent predictor of Pol Il stalling. The reduction in Pol Il signal was significantly
greater in the promoter region (where NELF is thought to be active) than in downstream
regions, providing confidence that biologically meaningful changes were detected. Also, the
loss of promoter-proximal Pol 11 signal at promoters with stalled Pol 11 was reproducible
across replicate ChIP-chip experiments and confirmed using traditional ChIP assays from
independently prepared ChIP material (ref. 4).

The comparison of two or more genetic backgrounds can be accomplished by the use of
deletion strains of yeast, through RNA interference in higher eukaryotes, or by using cells
derived from mutant or knock-out organisms. RNAi knockdown of proteins in Drosophila
S2 cells can provide a straightforward, rapid and robust depletion of protein complexes
thought to influence transcription elongation. We have depleted cells of NELF using double-
stranded RNA (dsRNA) targeting two of the four subunits of the NELF complex and
compared ChIP samples from these cells to ChIP material from cells that were mock-
depleted using dsRNA targeting p-galactosidase (LacZ). Because determining changes in
ChlIP-chip signals that occur following genetic manipulation requires a firmly established
baseline, we also frequently include untreated cells as a second control population in
addition to mock-depletion, and include biological replicates for all treatment conditions.
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To achieve highly efficient RNAI, we typically design dSRNAs complementary to a 1 kb
region corresponding to the last exon of the target gene. Large quantities of dSRNA required
for ChIP-chip experiments can be produced using commercially available kits, such as the
MEGAscript T7 kit (Applied Biosystems/Ambion, Austin, TX). Serum-starvation of S2
cells followed by serum re-introduction induces rapid uptake of dsSRNA, which is then
processed by the Dicer/R2D2 complex into small interfering RNAs (siRNAS) to initiate
RNA interference. Prior to performing ChlIP-chip experiments with cells depleted of the
NELF-complex, we extensively characterized the RNAI depletion and found it well-suited
for these studies for two reasons. First, depletion of one or two subunits of the 4-subunit
NELF complex effectively destabilized the entire complex, and thus diminished concerns
about effects of partial NELF complexes. Second, time-courses studies established that the
complex was efficiently depleted as early as 40 hours after the addition of dSRNA targeting
two NELF-subunits. Depletion time courses allow one to conduct experiments at a time
selected to maximize efficiency of depletion while minimizing the impact of secondary/
indirect/downstream effects. We typically make ChlIP material 70-90 hours following
treatment with dsRNA.

Similar strategies can be employed to elicit RNAI in mammalian cells, using transfections of
short interfering RNA (siRNA), plasmids that express short hairpin RNA (ShRNA) or
through infection with lentiviral vectors bearing an ShRNA expression cassette. In systems
that require transfection to achieve RNA. it is often preferable to create stable cell lines for
analysis, rather than performing transient transfection of cell populations, where low or
variable transfection efficiency can introduce significant heterogeneity that is problematic
when dealing with techniques as sensitive as ChlP-chip/ChlP-seq.

Another powerful approach is to couple ChlP-chip/ChlP-seq with experimental
manipulation. For example, Zhao and colleagues used ChlP-seq and micrococcal nuclease
digestion/sequencing (MNase-seq) to compare nucleosome locations and Pol Il binding in
resting and activated CD4* T-cells (33). This dynamic view of polymerase and nucleosome
redistribution in response to signaling events provided insight about the relationship between
Pol 1l occupancy, transcription activation, and promoter nucleosome occupancy. In a
separate study, ChlP-chip was employed to determine estrogen-receptor and Pol Il binding
events that occur following reintroduction of estrogen to MCF-7 cells (34). Similar
experiments combining induction of biological pathways or drug treatments with time-
resolved ChIP-chip/ChlP-seq mapping of Pol 11 and transcription factor binding may offer
great insight into the mechanisms that regulate transcription elongation.

2.3 Immunoprecipitation of protein-DNA complexes

Whereas traditional ChIP assays usually require 2.5-5x10° cells per immunoprecipitation,
ChIP-chip experiments require a larger number of cells (typically 1-5x107 S2 cells per
biological replicate; including samples for negative/no-antibody controls, quality control,
etc.). Thus, obtaining a sufficient cell population often renders ChlIP-chip experiments more
time consuming, expensive or technically challenging than traditional ChIP. Once suitable
cell populations are obtained, formaldehyde is added to form protein-DNA and protein-
protein crosslinks. Crosslinking conditions must be determined empirically to maximize
signal-to-noise ratio for the protein of interest. For proteins that are in close association with
DNA such as Pol Il or histones, short crosslinking times of 2-10 minutes with 1%
formaldehyde provide good results. For factors more distant from DNA such as the NELF
complex, increasing the duration of crosslinking to 30 minutes can substantially improve
signal with a minimal increase in noise. When immunoprecipitating Pol Il (Rpb3) we find
that cells can be crosslinked for 10 to 30 minutes with negligible impact on the signal to
noise ratio as determined by comparing peak enrichment to enrichment in background
regions assumed to be devoid of Pol Il (e.g. intergenic regions and heterochromatin).
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Crosslinked protein-DNA complexes are subsequently fragmented by sonication. We obtain
optimal results using the Bioruptor (Diagenode, Belgium) to sonicate DNA to a range
spanning from 250-600 bp. Though fragment size may theoretically be a critical
determinant of the width of the detected peak of enrichment at a protein-DNA binding site,
we find similar results are obtained with average fragment size distributions centered
anywhere from 300 to 600 bp. When comparing ChIP-chip data across different cell
populations it is perhaps most important that the DNA fragment size range correspond
closely between all samples investigated in one study. Size distributions of fragmented
chromatin may be quantitatively compared across experiments using an instrument such as
the Bioanalyzer (Agilent, Santa Clara, CA). Overly sonicated DNA produces poor results, in
part because DNA is denatured or damage is done to the epitopes targeted for
immunoprecipitation.

Antibodies must be titrated to ensure that peak signal intensities are biologically meaningful
and do not plateau at an arbitrary level due to saturation of the available antibody. Our
laboratory titrates antibodies over concentrations spanning an order of magnitude and
compares the signal obtained at each antibody concentration by qPCR at several well-
characterized loci. Optimum antibody concentration is selected as slightly above that where
the signal plateaus at multiple loci. After overnight binding of antibodies to protein-DNA
complexes, complexes are isolated with protein-A or -G agarose beads and washed using a
protocol such as that suggested by Upstate/Millipore
(http://lwww.millipore.com/techpublications/tech1/mcproto407; our laboratory has obtained
reproducible results employing the wash buffers recommended in this protocol, but we
include three, rather than one, high salt washes. This minimizes noise with little detriment to
signal).

2.4 Quality control

Because a single ChlP experiment involves so many steps that may influence the final
signal, it is critical that one validate immunoprecipitated material at control genomic regions
with known distribution and occupancy of the protein in question. Prior to proceeding with
ChIP-chip/ChIP-seq, we perform qPCR analyses using several primer pairs spanning the 7/
and other similarly characterized loci (Figure 3; ChIP, blue line, is compared to data from
ChlIP-chip in red and ChIP-seq in green). In these regions, we have determined that Pol Il
signal shows high enrichment at the promoter-proximal primer pair but at least 10-fold
lower enrichment in regions 400 bp upstream and downstream, as well as distant regions
where Pol 11 binding is negligible. This quality control assay validates that crosslinking,
fragmentation, immunoprecipitation, and washing were performed as in previous
experiments. For example, when DNA has been inadequately fragmented, the ratio of
enrichment in the promoter-proximal region to the upstream or downstream region is
diminished. Similarly, detection of apparent Pol Il enrichment in a distant background
region may indicate sub-optimal washing or immunoprecipitation conditions.

As an initial validation of the specificity of our ChIP-chip method, we probed Drosophila
genomic microarrays with material precipitated with protein-A agarose in the absence of
antibody. While only 13 ‘bound’ promoters were detected in the absence of antibody, Pol 11
(Rph3) immunoprecipitation performed in parallel detected 7,037 ‘bound’ promoters, giving
us high confidence that bona fide Pol Il binding events were detected in our Pol 1l (Rpb3)-
ChIP samples.

2.5 Preparation of DNA for genome-wide analyses

While ChIP with antibodies detecting very abundant, tightly associated proteins such as
histones may precipitate sufficient quantities of DNA to directly label for probing of arrays
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(~2 micrograms of material), ChIP-chip detection of less abundant proteins may require
amplification. Amplification can generate adequate quantities for labeling when starting
with as little as 10-100 ng of immunoprecipitated material, which is comparable to the
amounts needed for ChIP-seq. Rigorous comparisons of amplified and unamplified material
have shown that standard whole genome amplification (WGA) or ligation-mediated PCR
(LM-PCR) protocols introduce minimal bias, although they may somewhat decrease
sensitivity (35). In agreement with this, we have identified very similar Pol 11 binding sites
from amplified and unamplified material (see section 3.3 below); however, when
amplifying, we employ the minimal number of cycles of amplification required to generate
the required quantities of material.

DNA immunoprecipitated using a standard ChIP protocol is of adequate purity for dilution
and quantitative PCR analysis but often contains contaminants that interfere with subsequent
steps required for ChlP-chip or ChlP-seq analysis. Purification of immunoprecipitated DNA
through commercially available nucleic acid clean-up kits typically eliminates these
contaminants though substantially decreases yield. To ensure uniformity, control (input)
DNA that will function as a reference should be amplified and purified in parallel to
immunoprecipitated DNA. Following purification and amplification, we perform labeling,
hybridization, washing, and scanning according to the protocols suggested by the
manufacturer of the array platform used.

2.6 Choice of genome-wide mapping technique

Whereas the resolution of ChIP-chip is limited by the constraints of microarray probe
spacing, ChlP-seq can theoretically offer single base-pair resolution. ChlP-seq also bypasses
the labeling, hybridization, and washing steps required for ChlP-chip, which all may
introduce experimental bias. However, while massively parallel sequencing remains
expensive, microarray-based platforms are by comparison inexpensive, have proven robust,
and the use of two-color arrays allows for an important internal control; any enrichment seen
with immunoprecipitated DNA is reported relative to reference input genomic DNA. The
inclusion of input DNA with each experiment provides a convenient measure of ‘baseline’
signal and allows one to measure changes in enrichment between experimental conditions.
Whereas several methods exist for normalization of ChlP-chip data (36, 37), straightforward
methods for performing similar normalization of ChIP-seq data are not yet widely available.
Additionally, because microarray technology is now approaching its third decade, a wide
variety of commercial and publicly available tools for data processing and analysis exist,
and analogous tools for ChlP-seq are still in their infancy. However, expanding interest in
ChiIP-seq studies will undoubtedly lead to a variety of data analysis solutions in the near
future (38).

2.6.1 ChIP-chip and choice of array platform—When performing ChlP-chip, the
experimental question and model system will largely determine the choice of arrays, but
there are important trade-offs that should be considered when selecting a tiling array
platform. Arrays are available at a wide range of tiling densities, and offer anything from
whole-genome to promoter-specific coverage. Arrays with more closely spaced probes are
capable of delivering higher resolution binding data, but additional probe density comes at
the cost of reduced breadth of coverage with the same number of probes. In addition, the
more probes an array comprises, the more computing power is required for analysis; high-
density array formats generate files that, even after compression, are often too large to
upload to publicly available genome browsers in their entirety. Splitting the ChlP-chip data
into smaller, more manageable files, for example by individual chromosome, is often helpful
for overcoming this difficulty but requires some modifications to a standard work-flow (see
section 3.1).
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In addition to probe density, there are several differences between array platforms that make
them better or worse suited for particular applications. For example, arrays are available in
either one-color or two-color formats: whereas both involve labeling and hybridization of
immunoprecipitated material, the two color format permits simultaneous hybridization of
differentially labeled input DNA on the same slide, providing an internal control that is often
useful for normalization. Probe length is also a consideration, as it has been shown that
longer probes (50-75 nt) are more sensitive at detecting lower levels of enrichment (35).
While we have obtained high-quality data using platforms offered by Affymetrix (Santa
Clara, CA), Agilent (Santa Clara, CA) and NimbleGen (Madison, WI) in the past, we are
using the NimbleGen HD2 Drosophila whole genome tiling arrays (2.1 million probes per
array, covering the Drosophila genome at 55 bp resolution) for our current studies, as they
represent a good balance of sensitivity, coverage and cost-effectiveness.

2.6.2 Methods for performing ChIP-seq—ChIP-seq offers extremely high spatial
resolution by identifying the sequences present at the 5"-ends of either DNA strand of
immunoprecipitated material, but with this resolution comes unique computing challenges.
Convenient visualization and statistical analysis of 10 reads across the Drosophila genome
requires binning of data into 10-50 nucleotide windows, resulting in an effective loss of
resolution. Such difficulties are magnified when working with mammalian genomes. ChIP-
seq is extremely sensitive, and has a superior signal: noise ratio to ChIP-chip, allowing for
quantitative detection of protein-binding at both high- and low-affinity sites.

Several choices of massively parallel sequencing platforms are currently available, including
454 Life Sciences (39), Illumina (Solexa), or the Applied Biosystems SOLiD System. The
454 sequencing technology allows for long sequence reads (up to 400 nt) from ~400,000
individual molecules. Aligning these reads to the reference genome is relatively
straightforward, but sequencing depth is often insufficient for optimal ChIP-seq analysis. In
contrast, Illumina and SOLiD platforms can provide tens of million reads per sample lane;
however, these reads tend to be 30-40 nt in length, making them potentially difficult to map
uniquely to the genome assembly (see section 3.1 below).

3. Data analysis: extracting mechanistic insight from genome-wide binding

studies

Moving from raw ChIP-chip or ChIP-seq data (scanned array images or unfiltered sequence
reads) to biological insight requires sequential data analysis steps: 1) mapping signals
(ChIP-chip) or sequence reads (ChlP-seq) across the genome; 2) defining “bound” regions
where signal is significantly greater than background; 3) determining how peaks are
distributed relative to interesting genomic elements (e.g. transcription start sites); and 4)
parsing data structure to gain additional insight (Figure 5). Finally, data must be considered
in light of experimental manipulation such as RNAI, drug treatment, or gene induction.

3.1 Mapping signals to the reference genome and visualization

ChIP-chip data are readily normalized and mapped to specific genomic loci using
commercially available software tailored to each array platform. Two-color ChIP-chip
experiments produce Log2-scale ratios of enrichment of immunoprecipitated DNA relative
to genomic DNA (input) at each probe queried, which can be converted to a fold-enrichment
score for each probe of known location, and output as a .bed, .wig or other tab-delimited text
format. These data may be uploaded and viewed with genome browsers such as the UCSC
Genome Browser (http://genome.ucsc.edu/; (40), SignalMap (NimbleGen, Madison, WI1) or
the Integrated Genome Browser (IGB, Affymetrix;
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http://www.affymetrix.com/partners_programs/programs/developer/tools/
download_igh.affx).

As noted above, uniquely mapping ChIP-seq data to the reference genome assembly
presents unique computing challenges. The number of reads generated in massively parallel
sequencing experiments is of the order, frequently extending to 107 or 108 reads, such that
‘traditional” alignment tools Blast or Blat are inefficient and impractical. Alignment of short
reads generated in massively parallel sequencing experiments is greatly facilitated by
computationally efficient tools which allow researchers to take advantage of multiple
processors on high RAM machines. As with traditional alignment algorithms, the ability to
place sequences with imperfect but still useful alignments on a reference genome is a key
feature. The current Illumina (Solexa) technology produces sequence reads with
considerably position dependent error rates. It is known that the error rate near the 3" end is
highest and the rate near the 5” end is also relatively elevated (41). Many of the commonly
employed efficient short read alignment algorithms (ELAND, Illumina, San Diego, CA; and
MAQ, publically available at http://mag.sourceforge.net/index.shtml, (42) facilitate
mismatched alignment by allowing mismatch errors (often two per read) randomly
throughout the query sequences. Other efficient tools such as SOAP accommodate for the
increased error rate at the 3" end by trimming the most error-prone base calls in that
direction, but fail to correct for the elevated 5" error rate (43). These algorithms may fail to
align “useful” sequences by not accounting for the known position specific error. MOM (for
Maximal Oligonucleotide Mapping) is a seed based search tool that accounts for elevated
errors at both the 3" and 5” ends, and thus substantially improves alignment (44). MOM is
more sensitive, aligning a greater percentage of reads, while still aligning sequences at rates
as high or higher than many other efficient alignment tools. MOM has been created in
JAVA and is easily installed and used on JavaSE JRE 1.6 or later. We run MOM to map
sequence reads derived from the Illumina Genome Analyzer on an 8 CPU 32 GB RAM
machine running a 64bit JRE for increased performance and the ability to utilize larger
memory.

Both ChIP-chip and ChlP-seq have limitations associated with characterizing protein
distribution across repetitive sequences. With ChlP-chip technologies, repetitive sequence
probes are typically excluded from the arrays. Arrays typically afford the ability to query
repeat-masked genomes and often do not include probes that target multiple locations. An
advantage to this design is simplification of downstream analyses. However, excluding
probes that target repetitive sequences eliminates the opportunity to estimate protein binding
at these locations.

In contrast, ChIP-seq technologies query unmasked total reference genomes. With ChlP-seq,
variations in experimental design including read length, number of mismatches accepted, the
nature of the reference genome(s) investigated, and the genome elements being queried can
impact the number of hits that map to unique or multiple locations. ChlP-seq alignment
algorithms typically identify each read as mapping uniquely; mapping to multiple locations
(repetitive), not mapping to the reference genome, or quality control failure (functionally
reads with stretches of poly N). A typical ChlP-seq experiment will uniquely map 30 to 60%
of the raw reads to the reference genome. In addition, most alignment algorithms return the
number but not the set of locations for multiple hitting reads. It is often desirable to
determine the hit locations for reads that map to between 2—10 sites on the genome, as this
allows one to gain information about protein distribution at multi-copy genes (such as the
Hsp70 genes in Drosophila). The location set for such multi-hitting reads can be determined
using alternative alignment algorithms such as Blat. Thus, the potential distribution of multi-
hitting reads may be examined, although there are complications involved in assigning these
reads in a quantitative fashion across several potential binding sites. Paired-end techniques
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and variation of the ChIP-seq read length can be used to increase the unique search space in
the genome of interest. Repetitive elements of interest such as paralogous genes or
conserved regulatory or structural elements remain difficult to query and are typically
outside of the standard ChiP-seq work flow but estimation of coverage is possible and the
absence of reads across a given repetitive search domain may afford useful data.

Regardless of platform, both ChlIP-chip and ChlIP-seq experiments can generate similar Pol
Il binding distributions and provide a wealth of information about regulation of
transcription. Simple visual inspection of ChlP-chip/ChIP-seq data at several loci allows for
comparison of genomic ChIP data with expected results defined by traditional ChIP,
underscores the diversity in Pol 11-binding profiles at different genes, and highlights some of
the challenges of analyzing genome-wide data sets. ChlP-chip and ChlP-seq each reveal Pol
Il occupancy at the /ace promoter and throughout the gene with significant enrichment
detectable near the 3" end (Figure 4A), consistent with the idea that /ace is a highly
expressed gene that does not undergo Pol 11 stalling (4). At the Drosophila kay locus, ChIP-
chip and ChlIP-seq data sets demonstrate Pol 11 recruitment to multiple alternative
transcription start sites (Figure 4B). Both data sets also show substantial Pol 11 occupancy
downstream of only one &gy promoter, suggesting it is from this promoter that most
transcription occurs under these experimental conditions. However, differentiating between
elongating and promoter-bound Pol Il at genes with nested transcription start sties is
difficult; thus genes like kay may need to be excluded from downstream analyses. Likewise,
the smi35A promoter displays significant Pol 11 enrichment, but with background levels of
Pol 11-binding detected within the gene (Figure 4C). In addition, unanticipated binding
events, such as the apparently unannotated transcription start site upstream of the sm/35A
gene, are also readily detected by both platforms (Figure 4B). Both ChIP-chip and ChIP-seq
data are capable of resolving Pol 11 binding at the closely spaced CLIP-190 and CG6860
promoters (Figure 4D). The presence of independent promoters located less than 750 bp
apart is a common feature of the Drosophila genome, and requires high-resolution data sets
to ensure that Pol I1-binding data can be unambiguously assigned to a specific transcription
start site.

3.2 Identifying peaks of Pol Il binding across the genome

Biological meaning may be derived in identifying genomic regions where ChlP-chip probes
are bound by the protein of interest at levels significantly above background or where ChlP-
seq read density is significantly enriched above background. A variety of commercial and
publicly available software packages exist to determine regions of significant ChIP
enrichment (peak-detection), and best peak finding algorithm is often platform dependent
(36). Peak detection algorithms typically employ normalized signals and P values for each
genomic probe on the array to identify genomic regions where multiple adjacent probes
show significant enrichment that is unlikely to have occurred by chance. Most algorithms
allow for user-defined false discovery rates, and output text files containing a list of regions
bound at a given level of confidence.

Defining bound regions with ChlP-seq data may be substantially more challenging because
optimized commercial software is not widely available. In principle, after binning sequence
reads in appropriately sized windows, regions of ChiP-seq enrichment may be identified in a
manner analogous to that employed for ChlIP-chip. Enriched regions are identified as areas
where sequence reads are concentrated in a particular window at a frequency that is highly
unlikely to have occurred by chance. This cut-off for ‘read density’ may be determined for a
chosen P value; alternatively a false-discovery-rate approach may be employed. There are
several publically available ChlP-seq peak finding tools including F-Seq, a Java package
that efficiently generates a continuous tag sequence density estimation (45), and ERANGE,
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a multi-utility python suite that supports read directionality models and multi-reads may be
employed for rapid determination and mapping of local bound regions (46).

When identifying enriched regions using ChIP-seq, it is important to consider two issues: a
determination of background, and how “mappable” individual sequences are. Background,
or noise, in ChlP-seq experiments is very low: even with very deep sequencing, most
windows of 100-1000 bp will contain between zero and one read. Nonetheless, a careful
estimate of background signal permits a statistically rigorous evaluation of which windows
have a significantly enriched read density (e.g. 47). The second consideration arises because
each ~35 nt block of sequence across the genome is not unique (especially when allowing
for mismatches), leading to sites where reads could not be expected to align. Thus, any
calculation of read density should also correct for the possibility of a given position to be
represented in the data set.

The ability to uniquely map each position in the genome or in regions of interest can be
determined /n silico by extracting the appropriate sized subsequence at single base intervals
on each strand. For example, for a 35mer read length one would extract the sequence from
each chromosome corresponding to positions 1-35, 2-36, 3—-37, etc. Mapping these
extracted sequences back to the reference genome using the same parameters as the
experimental data defines those genomic locations that are uniquely mappable. This is
obviously a computationally intensive task for the global examination of large reference
genomes such as mammals (5-6 x 109 total subsequences corresponding to 4-5 x 109
unique subsequences from both strands). However, adjusting local read hit density by the
ratio of mappable/unmappable locations may improve the understanding of relative signal.
Additionally, the set of unmappable locations affords the ability to differentiate between
locations where signal is absent, and locations to which sequences could not be uniquely
mapped (e.g. 47).

3.3 Mapping bound regions to genomic elements

We employ a custom program to globally identify where regions of Pol 11-binding are
located with respect to Drosophila genomic elements of interest. Two input files are
constructed; the first contains genomic locations for all detected ChlP-chip or ChIP-seq
peaks (chromosome, strand, plus start and stop coordinates). The second file contains
genomic positions for the transcription start and poly-adenylation sites for ~21,000
“elements”, each comprising one unique Pol I transcript (including mMRNA, snoRNA,
ncRNA, etc.). Pairwise comparisons are made for all bound regions and all elements, and a
list of all elements that overlap with a bound region is output. This list also contains specific
information about where bound regions are located with respect to the transcription start
site, allowing for determination of “bound” promoters, as well as evaluating binding levels
within downstream gene regions. This method has the advantage of easy adaptation to
enrichment data obtained with any ChIP-chip or ChlP-seq platform, facilitating between-
method comparisons and combination of data sets. This type of ‘all-by-all” comparison
generates a computationally large search space that can be mitigated by parallelizing the
data (for example by chromosome) or in our case by employing an efficient C++ program
operating on a high RAM server.

ChIP-chip coupled with this type of analysis is a robust method for identifying genomic
elements bound by Pol Il. We identified similar sets of Pol 11-bound promoters with two
very different protocols (Figure 6). In the first, Pol Il (Rpb3)-immunoprecipitated DNA was
directly labeled (without amplification) and used to probe low-density Agilent Drosophila
Whole Genome 2-ChlP sets (4). Pol 11-bound genomic regions were defined using a custom
algorithm as previously described (48) and mapped to the Drosophila Release 3 Genomic
sequence (Berkeley Drosophila Genome Project) (4). In the second, immunoprecipitated

Methods. Author manuscript; available in PMC 2012 August 31.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gilchrist et al.

Page 13

DNA was amplified by WGA before labeling and used to probe high-density NimbleGen
HD2 Drosophila whole genome arrays. Pol I1-bound genomic regions were determined with
NimbleScan software (FDR < 0.05) and mapped against all annotated Drosophila promoter
regions from the Drosophila Release 5 Genomic sequence. Both methods identified
approximately 5400 Pol I1-bound promoters; 4363 (>80%) of these were identified as bound
by both methods, despite differences in amplification and labeling, array platform, analysis
method, and Drosophila genomic assembly.

3.4 Distinguishing Pol Il stalling from productive elongation

While it is useful to distinguish bound promoters from those devoid of binding, visual
inspection of Pol 1l (Rpb3) ChlIP data reveals that the distribution of Pol Il across bound
genes varied greatly (examples shown in Figure 4). At some bound genes Pol Il was rather
uniformly distributed throughout the gene body, while at others Pol Il was enriched near the
transcription start site. As discussed above, we wished to quantify the levels of promoter-
proximal polymerase enrichment in order to identify genes with stalled Pol I1. This was
accomplished by calculating a “stalling index”, which was the ratio of the average probe
signal near each bound promoter (between positions =250 and +500 with respect to the
transcription start site) to the average signal in the downstream transcribed region (between
+501 and the site of termination). A frequency distribution of this ratio at all bound genes
was approximated by a Gaussian; however, a substantial group of outliers displayed
significant Pol 11-enrichment at the promoter versus downstream regions (4). Those genes
whose stalling indices fell more than two standard deviations above the mean were
considered to be good candidates for Pol 11 stalling, and further analysis of these genes
confirmed that the majority of them did indeed harbor stalled Pol I1.

Recently, a similar method has been used to identify genes with stalled Pol Il using
massively parallel sequencing data (47). After identifying genes with promoter-proximal
peaks of signal, the Fisher’s exact test was used to compare the density of reads within this
promoter-proximal window to the density of the reads within the body of the gene. Genes
with a statistically significant enrichment of read density near the promoter were defined as
being significantly paused or stalled.

4. Discussion and future directions

Because the process of transcription is fundamentally a series of highly-coordinated
interactions between the DNA template and protein factors, ChIP studies of protein-DNA
interactions have greatly aided the in-vivo dissection of transcription regulation. Global
ChIP-chip and ChlP-seq analyses have accelerated the pace of discovery, allowed insights
unattainable with other methods, and have played an important role in identifying the
elongation phase of transcription as a critical point of biological regulation. These assays are
powerful, robust, and likely to become more economically and computationally feasible.
When coupled with genetic and experimental variation, they are capable of providing a great
breadth of mechanistic insight; thus they should be considered an important part of the tool-
kit for investigating regulation of transcription elongation.
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Figure 1. Workflow for ChlP-chip and ChlP-seq Experiments
Following experimental manipulation (yellow boxes), cells are crosslinked with
formaldehyde, sonicated to fragment chromatin, and protein-DNA complexes
immunoprecipitated with antibodies targeting the protein or modification of interest (here,
Pol 11). Following quality control gPCR to confirm expected ChIP signal at control regions,
immunoprecipitated DNA is processed specifically for either ChIP-chip or ChIP-seq. ChIP-
chip can provide information about all immunoprecipitated DNA sequences complementary
to tiling array probes in a strand-insensitive manner. ChlP-seq provides information about
all mappable sequences located at the 5”-ends of immunoprecipitated DNA (red and blue
boxes).
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Figure 2. Global Changesin Pol Il Promoter Occupancy Upon NEL F-depletion Detected with
ChIP-chip

ChIP-chip was performed on Agilent Drosophila Partial Genome arrays using Pol 11 (Rpb3)
ChIP material from Drosophila S2 cells that were mock-treated or depleted of NELF with
RNAI (1099 Pol I1-bound promoters; (4). A) Average Pol 11 signal at probes in the
promoter-proximal regions (—250 to +500 bp with respect to the transcription start site) of
Pol 11-bound genes (log, ratio of IP to input). B) Change in average promoter-proximal Pol
I1 signal upon depletion of NELF, calculated for each bound promoter as ((Average
Promoter SignalNeLF-depleted) — (Average Promoter Signalyock-treated))- POl 11 signal
decreased at 1065 of 1099 promoters in NELF-depleted cells relative to mock-treated cells.
C) Pol Il signal detected near the Hsp70Aband Timp promoters. Note the large decrease in
Pol 1l signal at 77mp and the smaller but appreciable decrease at Hsp70Ab in response to
NELF-depletion; Pol 11 stalling was detected at both genes.
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Figure 3. Pol Il Distribution Detected by ChlP, ChlP-chip, and ChlP-seq

Drosophila S2 cells were crosslinked, sonicated, and total Pol Il (Rpb3) was
immunoprecipitated. Pol 11 ChIP signal at the 7/promoter region was quantified with gPCR
using primer pairs spaced on average every 100 bp (blue line), ChIP-chip using Agilent
Drosophila Whole Genome 2-ChlP sets with average probe spacing of 250 bp (red line), or
ChlIP-seq reads sequenced with the Illumina Genome Analyzer (green line), binned in 25
nucleotide windows. Genomic positions are reported as bp x 1072, and represent the center
point of primer pairs used, probe sequence, or window.
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Figure 4. Comparison of Pol |1 Distribution as Determined by ChlP-chip and ChlP- seq
The distribution of Pol Il (Rpb3)-binding at the: A) /ace; B) kay, C) smi35A and; D)
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CG6860/CLIP-190 genes was determined by ChIP-chip (NimbleGen HD2 Drosophila whole
genome arrays) or ChlP-seq (Illumina Genome Analyzer reads binned in 25 nucleotide

windows).
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Figure 5. ChlP-chip and ChlP-seq Data Analysis Workflow
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ChlIP-chip data (fold enrichment of immunoprecipitated material over genomic DNA) and/or
ChiIP-seq data are mapped to a reference genome. Control bound and unbound regions are

visually inspected and validated by comparison to standard ChIP and gPCR. Genomic
regions where signal is significantly greater than expected by chance (user-defined
threshold) are identified as ‘bound.” Bound regions are then compared to a database of

genomic elements of interest (e.g. promoters) to identify bound elements. Note that absence
of detected binding from a genomic region may result from absence of complementary
probes upon the array (ChIP-chip), masking of repetitive regions (ChIP-chip and ChlP-seq),

or unmappable regions (ChlP-seq).

Methods. Author manuscript; available in PMC 2012 August 31.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gilchrist et al. Page 22

[5443 Pol II-Bound Genes] [5298 Pol lI-Bound Genes]

(Agilent) (NimbleGen)
M M
[ Identify Intersection ]

v

1080 4363 935

Figure 6. Pal 11 Binding Detected with Differing ChlP-chip Methods and Platforms

Pol Il (Rpb3) ChIP was performed with material generated from Drosophila S2 cells and
binding was detected with NimbleGen HD2 Drosophila whole genome arrays or Agilent
Drosophila\Whole Genome 2-ChlP sets. Pol 11-bound genomic regions were determined for
the NimbleGen array with NimbleScan software (FDR < 0.05) and mapped against promoter
regions from the Drosophila Release 5 Genomic sequence. Pol I1-bound genomic regions
were determined for the Agilent arrays with the Drosophila Release 3 Genomic sequence as
previously described (4, 5, 48).
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