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1 Introduction

This document offers an introduction and overview of the R Bioconductor package DiffBind ,
which provides functions for processing DNA data enriched for genomic loci, including ChIP-
seq data enriched for sites where specific protein/DNA binding occurs, or histone marks are
enriched, as well as open-chromatin assays such as ATAC-seq.

It is designed to work with aligned sequence reads as well as lists of enriched loci identified
by a peak caller. The tool is optimized to work with multiple peak sets simultaneously, rep-
resenting different ChIP experiments (antibodies, transcription factor and/or histone marks,
experimental conditions, replicates) as well as managing the results of multiple peak callers.

The primary emphasis of the package is on identifying sites that are differentially bound
between sample groups. It includes functions to support the processing of peak sets, in-
cluding overlapping and merging peak sets, counting sequencing reads overlapping intervals
in peak sets, and identifying statistically significantly differentially bound sites based on ev-
idence of binding affinity (measured by differences in read densities). To this end it uses
statistical routines developed in an RNA-Seq context (primarily the Bioconductor packages
edgeR and DESeq2 ). Additionally, the package builds on Rgraphics routines to provide a
set of standardized plots to aid in binding analysis.

This guide includes a brief overview of the processing flow, followed by several sections
containing examples and discussion of more advanced analytic options. The first example
focuses on the core task of obtaining differentially bound sites based on affinity data, while
the second demonstrates the main plotting routines.

This is followed by discussions of multi-factor designs, blacklists/greylists, and normalization.

The final example revisits occupancy data (peak calls) in more detail, comparing the results
of an occupancy-based analysis with an affinity-based one.

The last portions of this document include certain technical aspects of the how these analyses
are accomplished are detailed.

2 Processing overview

DiffBind works primarily with peaksets, which are sets of genomic intervals representing
candidate protein binding sites. Each interval consists of a chromosome, a start and end
position, and usually a score of some type indicating confidence in, or strength of, the peak.
Associated with each peakset are metadata relating to the experiment from which the peakset
was derived. Additionally, files containing mapped sequencing reads (generally .bam files) can
be associated with each peakset (one for the ChIP data, and optionally another representing
a control sample).

Generally, processing data with DiffBind involves five phases:
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1. Reading in peaksets: The first step is to read in a set of peaksets and associated
metadata. Peaksets are derived either from ChlIP-Seq peak callers, such as MACS
([1]), or using some other criterion (e.g. genomic windows, or all the promoter regions
in a genome). The easiest way to read in peaksets is using a comma-separated value
(csv) sample sheet with one line for each peakset. (Spreadsheets in Excel® format, with
a .xls or .xlsx suffix, are also accepted.) An individual sample can have more than
one associated peakset; e.g. if multiple peak callers are used for comparison purposes
each sample would have more than one line in the sample sheet.

2. Occupancy analysis: Peaksets, especially those generated by peak callers, provide
an insight into the potential occupancy of the protein being ChlPed for at specific
genomic loci. After the peaksets have been loaded, it can be useful to perform some
exploratory plotting to determine how these occupancy maps agree with each other,
e.g. between experimental replicates (re-doing the ChIP under the same conditions),
between different peak callers on the same experiment, and within groups of samples
representing a common experimental condition. DiffBind provides functions to enable
overlaps to be examined, as well as functions to determine how well similar samples
cluster together. In addition, peaks may be filtered based on published blacklists of
region known to be problematic, as well as custom greylists derived from control track
specific to the experiment (see Section 6). Beyond quality control, the product of an
occupancy analysis may be a consensus peakset, representing an overall set of candidate
binding sites to be used in further analysis.

3. Counting reads: Once a consensus peakset has been derived, DiffBind can use the
supplied sequence read files to count how many reads overlap each interval for each
unique sample. By default, the peaks in the consensus peakset are re-centered and
trimmed based on calculating their summits (point of greatest read overlap) in order
to provide more standardized peak intervals. The final result of counting is a binding
affinity matrix containing a read count for each sample at every consensus binding
site, whether or not it was identified as a peak in that sample. With this matrix, the
samples can be re-clustered using affinity, rather than occupancy, data. The binding
affinity matrix is used for QC plotting as well as for subsequent differential analysis.

4. Differential binding affinity analysis: The core functionality of DiffBind is the
differential binding affinity analysis, which enables binding sites to be identified that are
significantly differentially bound between sample groups. This step includes normalizing
the experimental data and establishing a model design and a contrast (or contrasts).
Next the underlying core analysis routines are executed, by default using DESeq2 .
This will assign a p-value and FDR to each candidate binding site indicating confidence
that they are differentially bound.

5. Plotting and reporting: Once one or more contrasts have been run, DiffBind pro-
vides a number of functions for reporting and plotting the results. MA and volcano plots
give an overview of the results of the analysis, while correlation heatmaps and PCA
plots show how the groups cluster based on differentially bound sites. Boxplots show
the distribution of reads within differentially bound sites corresponding to whether they
gain or lose affinity between the two sample groups. A reporting mechanism enables
differentially bound sites to be extracted for further processing, such as annotation,
motif, and pathway analyses.
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3 Example: Obtaining differentially bound sites

This section offers a quick example of how to use DiffBind to identify significantly differentially
bound sites using affinity (read count) data.

The dataset for this example consists of ChIPs against the transcription factor ERa using five
breast cancer cell lines[2]. Three of these cell lines are responsive to tamoxifen treatment,
while two others are resistant to tamoxifen. There are at least two replicates for each of the
cell lines, with one cell line having three replicates, for a total of eleven sequenced libraries.
Of the five cell lines, two are based on MCF7 cells: the standard MCF7 tamoxifen responsive
line, and MCF7 cells specially treated with tamoxifen until a tamoxifen resistant version of
the cell line is obtained. For each sample, there is an associated peakset derived using the
MACS peak caller[1], for a total of eleven peaksets.

To save time and space in the package, only data for chromosome 18 is used for the vignette.
The metadata and peak data® are available in the extra subdirectory of the DiffBind package  !Note that due to

directory; you can make this your working directory by entering: space limitations the
reads are not shipped
> library(DiffBind) with the package. See

Section 12 for op-

X i ] tions to obtain the
> setwd(system.file('extra',package="'DiffBind')) full dataset. It is

highly recommended

. . . that your obtain the
If you have downloaded the vignette data, you can set the current working directory to 500M dataset to work

where it is located. Alternatively, the following code will download the data into a temporary  through this vignette.
directory in which you can run the vignette:

tmpdir <- tempdir()

url <- 'https://content.cruk.cam.ac.uk/bioinformatics/software/DiffBind/DiffBind _vignette_data.tar.gz'
file <- basename(url)

options(timeout=600)

download. file(url, file.path(tmpdir,file))

untar(file.path(tmpdir, file), exdir = tmpdir )

setwd(file.path(tmpdir,"DiffBind_Vignette"))

V V. V V V V V

Performing a full differential binding analysis can be accomplished in a single step based on
the sample sheet:

> tamoxifen <- dba.analyze("tamoxifen.csv")

Obtaining the sites significantly differentially bound (DB) between the samples that respond
to tamoxifen and those that are resistant is equally straightforward:

> tamoxifen.DB <- dba.report(tamoxifen)

The dba.analyze function simplifies processing if you want to perform an analysis using only
defaults. However this may not be the optimal (or even correct) analysis, so it is often
necessary to perform each step separately in order to have greater control of the analysis.
The default analysis involves six such steps, as follows:

> tamoxifen <- dba(sampleSheet="tamoxifen.csv") %>%
+ dba.blacklist() %>%
+ dba.count() %>%
+ dba.normalize() %>%
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+ dba.contrast() %%
+ dba.analyze()

Along the way, there are a number of useful plots and reports that can illuminate character-
istics of the data set and guide subsequent steps.

The following subsections describe the primary analysis steps in more detail.

3.1 Reading in the peaksets

The easiest way to set up an experiment to analyze is with a sample sheet. The sample sheet
can be a dataframe, or it can be read directly from a csv file. Here is the example sample
sheet read into a dataframe from a csv file:

> samples <- read.csv(file.path(system.file("extra", package="DiffBind"),
+ "tamoxifen.csv"))
> names(samples)

[1] "SampleID" "Tissue" "Factor" "Condition" "Treatment"
[6] "Replicate" "bamReads" "ControlID" "bamControl" "Peaks"
[11] "PeakCaller"

> samples

SampleID Tissue Factor Condition Treatment Replicate

1 BT4741 BT474 ER Resistant Full-Media
2 BT4742 BT474 ER Resistant Full-Media
3 MCF71  MCF7 ER Responsive Full-Media
4 MCF72  MCF7 ER Responsive Full-Media
5 MCF73  MCF7 ER Responsive Full-Media
6 T47D1  T47D ER Responsive Full-Media
7 T47D2  T47D ER Responsive Full-Media
8 MCF7rl MCF7 ER Resistant Full-Media
9 MCF7r2 MCF7 ER Resistant Full-Media
10 ZR751  ZR75 ER Responsive Full-Media
11 ZR752  ZR75 ER Responsive Full-Media
bamReads ControlID bamControl

1 reads/Chrl8_BT474_ER_1.bam BT474c reads/Chrl8_BT474_input.bam
2 reads/Chrl8_BT474_ER_2.bam BT474c reads/Chrl8_BT474_input.bam
3 reads/Chr18_MCF7_ER_1.bam MCF7c reads/Chr18_MCF7_input.bam
4 reads/Chr18_MCF7_ER_2.bam MCF7c reads/Chrl18_MCF7_input.bam
5 reads/Chr18_MCF7_ER_3.bam MCF7c reads/Chrl8_MCF7_input.bam
6
7
8
9

N HRFNRNRWNRN PR

reads/Chr18_T47D_ER_1.bam T47Dc reads/Chrl8_T47D_input.bam

reads/Chr18_T47D_ER_2.bam T47Dc reads/Chrl8_T47D_input.bam

reads/Chr18_TAMR_ER_1.bam TAMRc reads/Chr18_TAMR_input.bam

reads/Chr18_TAMR_ER_2.bam TAMRc reads/Chrl8_TAMR input.bam

10 reads/Chrl8_ZR75_ER_1.bam ZR75c reads/Chrl8_ZR75_input.bam

11 reads/Chrl8_ZR75_ER_2.bam ZR75c reads/Chrl8_zZR75_input.bam
Peaks PeakCaller
peaks/BT474_ER_1.bed.gz bed
peaks/BT474_ER_2.bed.gz bed
peaks/MCF7_ER_1.bed.gz bed
peaks/MCF7_ER_2.bed.gz bed

B W N R
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5 peaks/MCF7_ER_3.bed.gz bed
6  peaks/T47D_ER _1.bed.gz bed
7  peaks/T47D_ER_2.bed.gz bed
8 peaks/TAMR_ER_1.bed.gz bed
9 peaks/TAMR_ER_2.bed.gz bed
10 peaks/ZR75_ER_1.bed.gz bed
11 peaks/ZR75_ER_2.bed.gz bed

The peaksets are read in using the following DiffBind function:

> tamoxifen <- dba(sampleSheet="tamoxifen.csv",

+ dir=system.file("extra", package="DiffBind"))

Alternatively, the previously read-in sample sheet could be used directly to create the DBA
object:

> tamoxifen <- dba(sampleSheet=samples)

The result is a DBA object; the metadata associated with this object can be displayed simply
as follows:

> tamoxifen

11 Samples, 2845 sites in matrix (3795 total):
ID Tissue Factor Condition Treatment Replicate Intervals

1 BT4741 BT474 ER Resistant Full-Media 1 1080
2 BT4742 BT474 ER Resistant Full-Media 2 1122
3 MCF71  MCF7 ER Responsive Full-Media 1 1556
4 MCF72  MCF7 ER Responsive Full-Media 2 1046
5 MCF73  MCF7 ER Responsive Full-Media 3 1339
6 T47D1 T47D ER Responsive Full-Media 1 527
7 T47D2  T47D ER Responsive Full-Media 2 373
8 MCF7rl1  MCF7 ER Resistant Full-Media 1 1438
9 MCF7r2  MCF7 ER Resistant Full-Media 2 930
10 ZR751  ZR75 ER Responsive Full-Media 1 2346
11 ZR752 ZR75 ER Responsive Full-Media 2 2345

This shows how many peaks are in each peakset, as well as (in the first line) the total number
of unique peaks after merging overlapping ones (3795), and the dimensions of the default
binding matrix of 11 samples by the 2845 sites that overlap in at least two of the samples.

Note: This DBA object, tamoxifen, is available for loading using data(tamoxifen_peaks).

Using the data from the peak calls, a correlation heatmap can be generated which gives an
initial clustering of the samples using the cross-correlations of each row of the binding matrix:

> plot(tamoxifen)

The resulting plot (Figure 1) shows that while the replicates for each cell line cluster to-
gether appropriately, the cell lines do not cluster into groups corresponding to those that
are responsive (MCF7, T47D, and ZR75) vs. those resistant (BT474 and MCF7r) to ta-
moxifen treatment. It also shows that the two most highly correlated cell lines are the two
MCF7-based ones, even though they respond differently to tamoxifen treatment.


http://bioconductor.org/packages/DiffBind
http://bioconductor.org/packages/DiffBind

DiffBind:

3.2

3.3

Differential binding analysis of ChIP-Seq peak data

Color Key

4 06 08
Correlation

Ta7D2
Ta7D1
r752
Zr751
BTa7a2

BT4TAL

MCF7r1

MCF7r2

MCF72

MCF71

MCF73

= N N § 5 g g2 =2 = =

Figure 1: Correlation heatmap, using occupancy (peak caller score) data
Generated by: plot(tamoxifen); can also be generated by: dba.plotHeatmap (tamoxifen).

Blacklists and greylists

Blacklists and greylists are discussed in a subsequent section. See Section 6 for more details.

Counting reads

The next step is to calculate a binding matrix with scores based on read counts for every
sample (affinity scores), rather than confidence scores for only those peaks called in a specific
sample (occupancy scores). These reads are obtained using the dba.count function: 2

> tamoxifen <- dba.count(tamoxifen)

If you do not have the raw reads available to you, this object is available for loading using
data(tamoxifen_counts).

After the dba.count call, the DBA object can be examined:

> tamoxifen

11 Samples, 2845 sites in matrix:
ID Tissue Factor Condition Treatment Replicate Reads FRiP

1 BT4741 BT474 ER Resistant Full-Media 1 652697 0.16
2 BT4742 BT474 ER Resistant Full-Media 2 663370 0.15
3 MCF71  MCF7 ER Responsive Full-Media 1 346429 0.31
4 MCF72  MCF7 ER Responsive Full-Media 2 368052 0.19
5 MCF73 MCF7 ER Responsive Full-Media 3 466273 0.25
6 T47D1 T47D ER Responsive Full-Media 1 399879 0.11
7 T47D2  T47D ER Responsive Full-Media 2 1475415 0.06
8 MCF7rl1  MCF7 ER Resistant Full-Media 1 616630 0.22
9 MCF7r2  MCF7 ER Resistant Full-Media 2 593224 0.14

°Note that due to
space limitations the
reads are not shipped
with the package. See
Section 12 for op-
tions to obtain the
full dataset. You can
get the end result of
the dba.count call by
loading the supplied
Robject by invoking
data(tamoxifen_counts)
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3.4

10 ZR751  ZR75 ER Responsive Full-Media 1 706836 0.33
11 ZR752 ZR75 ER Responsive Full-Media 2 2575408 0.22

This shows that all the samples are using the same, 2845 length consensus peakset. Also,
two new columns have been added. The first shows the total number of aligned reads for
each sample (the "Full" library sizes). The second is labeled FRiP, which stands for Fraction
of Reads in Peaks. This is the proportion of reads for that sample that overlap a peak in the
consensus peakset, and can be used to indicate which samples show more enrichment overall.
For each sample, multiplying the value in the Reads column by the corresponding FRiP value
will yield the number of reads that overlap a consensus peak. This can be done using the
dba.show function:

> info <- dba.show(tamoxifen)

> libsizes <- cbind(LibReads=info$Reads, FRiP=info$FRiP,

+ PeakReads=round(info$Reads = info$FRiP))
> rownames(libsizes) <- info$ID

> libsizes

LibReads FRiP PeakReads

BT4741 652697 0.16 104432
BT4742 663370 0.15 99506
MCF71 346429 0.31 107393
MCF72 368052 0.19 69930
MCF73 466273 0.25 116568
T47D1 399879 0.11 43987
T47D2 1475415 0.06 88525
MCF7rl 616630 0.22 135659
MCF7r2 593224 0.14 83051
ZR751 706836 0.33 233256
ZR752 2575408 0.22 566590

As this example is based on a transcription factor that binds to the DNA, resulting in "punc-
tate", relatively narrow peaks, the default option to re-center each peak around the point of
greatest enrichment is appropriate. This keeps the peaks at a consistent width (in this case,
the default summits=200 results in 401bp-wide intervals, extending 200bp up- and down-
stream of the summit)

We can also plot a new correlation heatmap based on the count scores, seen in Figure 2
(compare to Figure 1). While this shows a slightly different clustering, with overall higher
levels of correlation (due to using normalized read counts instead of whether or not a peak was
called), responsiveness to tamoxifen treatment does not appear to form a basis for clustering
when using all of the affinity scores. (Note that at this point the count scores are computed
using default normalization parameters. Note that the clustering can change based on what
normalization scoring metric is used; see Section 7 for more details).

> plot(tamoxifen)

Normalizing the data

The next step is to tell DiffBind how the data are to be normalized. Normalization is discussed
in detail in Section 7; here we consider the default normalization for our example, obtained
using the dba.normalize function:
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Figure 2: Correlation heatmap, using affinity (read count) data
Generated by: plot(tamoxifen); can also be generated by: dba.plotHeatmap (tamoxifen)

> tamoxifen <- dba.normalize(tamoxifen)

By default, the data are normalized based on sequencing depth.
The details of the normalization can be examined:

> norm <- dba.normalize(tamoxifen, bRetrieve=TRUE)
> norm

$norm.method
[1] "-l.ib"

$norm. factors
[1] 0.8099610 0.8232056 0.4298993 0.4567323 0.5786191 0.4962278 1.8309087
[8] 0.7652039 0.7361583 0.8771445 3.1959394

$lib.method
[1] "full"

$lib.sizes
[1] 652697 663370 346429 368052 466273 399879 1475415 616630 593224
[10] 706836 2575408

$filter.value
[1] 1

This shows the normalization method used (lib), the calculated normalization factors for each
sample, and the full library sizes (which include the total number of reads in the associated
.bam files).

10
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The default library-size based methods results in all the library sizes being normalized to be
the same (the mean library size):

> normlibs <- cbind(FullLibSize=norm$lib.sizes, NormFacs=norm$norm.factors,

+ NormLibSize=round(norm$lib.sizes/norm$norm. factors))
> rownames(normlibs) <- info$ID
> normlibs

FullLibSize NormFacs NormLibSize

BT4741 652697 0.8099610 805838
BT4742 663370 0.8232056 805838
MCF71 346429 0.4298993 805838
MCF72 368052 0.4567323 805838
MCF73 466273 0.5786191 805838
T47D1 399879 0.4962278 805838
T47D2 1475415 1.8309087 805838
MCF7rl 616630 0.7652039 805838
MCF7r2 593224 0.7361583 805838
ZR751 706836 0.8771445 805838
ZR752 2575408 3.1959394 805838

Other values show that the control reads were subtracted from the ChIP reads (this is done
by default because no blacklists/greylists were applied, see Section 6 for more details).

Normalization of ChIP (and related assays such as ATAC) data is a crucial, if somewhat
complex, area. Please see Section 7 for a more in-depth discussion of normalization in
DiffBind .

3.5 Establishing a model design and contrast

Before running the differential analysis, we need to tell DiffBind how to model the data,
including which comparison(s) we are interested in. This is done using the dba.contrast
function, as follows

> tamoxifen <- dba.contrast(tamoxifen,
+ reorderMeta=1list(Condition="Responsive"))
> tamoxifen

11 Samples, 2845 sites in matrix:
ID Tissue Factor Condition Treatment Replicate Reads FRiP

1 BT4741 BT474 ER Resistant Full-Media 1 652697 0.16
2 BT4742 BT474 ER Resistant Full-Media 2 663370 0.15
3 MCF71 MCF7 ER Responsive Full-Media 1 346429 0.31
4 MCF72  MCF7 ER Responsive Full-Media 2 368052 0.19
5 MCF73  MCF7 ER Responsive Full-Media 3 466273 0.25
6 T47D1 T47D ER Responsive Full-Media 1 399879 0.11
7 T47D2 T47D ER Responsive Full-Media 2 1475415 0.06
8 MCF7rl  MCF7 ER Resistant Full-Media 1 616630 0.22
9 MCF7r2 MCF7 ER Resistant Full-Media 2 593224 0.14
10 ZR751  ZR75 ER Responsive Full-Media 1 706836 0.33
11 ZR752  ZR75 ER Responsive Full-Media 2 2575408 0.22

Design: [~Condition] | 1 Contrast:
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3.6

Factor Group Samples Group2 Samples2
1 Condition Resistant 4 Responsive 7

This call will set up any "default" contrasts by examining the project metadata factors and
assuming we want to look at the differences between any two sample groups with at least
three replicates in each side of the comparison (that is, any factor that has two different
values where there are at least three samples that share each value.) It also establishes the
Responsive condition as the baseline, so it will be in the denominator of the default contrast.
In the current case, there is only one such comparison that qualifies: The Condition metadata
factor has two values, Resistant and Responsive, that have at least three replicates each (we
see that there are four Resistant sample replicates and seven Responsive sample replicates.)

This function also establishes the default design, which includes only the metadata factor
directly involved in the contrast ( Condition).

While in this example we are using dba.contrast in the default mode, it does allow for
fine-grained control over the design and contrasts one wishes to model. See Section 5 for a
more detailed discussion of how including the Tissue factor in the design provides for better
modeling of the example experiment.

Performing the differential analysis

The main differential analysis function is invoked as follows:

> tamoxifen <- dba.analyze(tamoxifen)
> dba.show(tamoxifen, bContrasts=TRUE)

Factor Group Samples Group2 Samples2 DB.DESeq2
1 Condition Resistant 4 Responsive 7 246

This will run the default DESeq?2 analysis (see Section 10.3 discussing the technical details
of the analysis). Displaying the results from the DBA object shows that 246 of the 2845 sites
are identified as being significantly differentially bound (DB) using the default threshold of
FDR <= 0.05

A correlation heatmap can be plotted, correlating only the 246 differentially bound sites
identified by the analysis, as shown in Figure 3.

> plot(tamoxifen, contrast=1)

Using only the differentially bound sites, we now see that the four tamoxifen resistant samples
(representing two cell lines) cluster together, while the seven responsive form a separate
cluster. Comparing Figure 2, which uses all 2845 consensus binding sites, with Figure 3,
which uses only the 246 differentially bound sites, demonstrates how the differential binding
analysis isolates sites that help distinguish between the Resistant and Responsive sample
groups.

Note this is plot is not a "result" in the sense that the analysis is selecting for sites that
differ between the two conditions, and hence are expected to form clusters representing the
conditions.

See Section 5, where a multi-factor design is applied to this analysis, for a more sophisticated
way to model these data.
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Figure 3: Correlation heatmap, using only significantly differentially bound sites
Generated by: plot(tamoxifen, contrast=1); can also be generated by: dba.plotHeatmap(tamoxifen, contrast=1)

3.7 Retrieving the differentially bound sites
The final step is to retrieve the differentially bound sites as follows:

> tamoxifen.DB <- dba.report(tamoxifen)

These are returned as a GRanges object, appropriate for downstream processing:
> tamoxifen.DB

GRanges object with 246 ranges and 6 metadata columns:

segnames ranges strand | Conc Conc_Resistant
<Rle> <IRanges> <Rle> | <numeric> <numeric>
976 chrl8 26861047-26861447 * | 8.37281 4.44855
2470 chrl8 65030123-65030523 * | 6.02482 2.65613
1484 chrl8 41369550-41369950 * | 8.25529 5.12414
2452 chrl8 64490736-64491136 * | 7.42827 3.23712
2338 chrl8 60892950-60893350 * | 8.09133 3.44567
2524 chrl8 67565747-67566147 x| 3.80325 2.43917
1221 chrl8 33021825-33022225 * | 5.04267 2.81227
433 chrl8 11320959-11321359 * | 4.29417 5.15749
235 chrl8  7757228-7757628 * | 5.04773 6.13374
1405 chrl8 38482793-38483193 * | 4.23057 2.02778
Conc_Responsive Fold p-value FDR
<numeric> <numeric> <numeric> <numeric>
976 8.98991 -3.09374 1.81584e-08 3.36377e-05
2470 6.62520 -2.86498 2.84202e-08 3.36377e-05
1484 8.84621 -2.74884 3.82692e-08 3.36377e-05
2452 8.05134 -3.08707 4.82434e-08 3.36377e-05
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2338 8.72229 -3.12556 7.73225e-08 4.31305e-05
2524 4.23561 -1.30051 0.00423292 0.0486294
1221 5.57838 -1.46474 0.00423698 0.0486294
433 3.38332 1.31165 0.00429149 0.0490532
235 3.56723 1.45105 0.00436302 0.0496672
1405 4.76394 -1.45924 0.00440771 0.0499719

seqinfo: 1 sequence from an unspecified genome; no seqlengths

The metadata columns show the mean read concentration over all the samples (the default
calculation uses log2 normalized read counts) and the mean concentration over the samples
in each of the first (Resistant) group and second (Responsive) group. The Fold column shows
the log fold changes (LFCs) between the two groups, as calculated by the DESeq2 analysis.
A positive value indicates increased binding affinity in the Resistant group, and a negative
value indicates increased binding affinity in the Responsive group. The final two columns give
confidence measures for identifying these sites as differentially bound, with a raw p-value and
a multiple-testing corrected FDR in the final column (also calculated by the DESeq2 analysis).

We can compare the number of differentially bound sites that have enriched ER binding in
the tamoxifen Resistant samples and those with enriched binding in the tamoxifen Responsive
samples:

> sum(tamoxifen.DB$Fold>0)

[1] 64

> sum(tamoxifen.DB$Fold<0)

[1] 182

The bias towards enriched binding in the Responsive case (or loss of binding affinity in the

Resistant case) can be visualized using MA and Volcano plots, as shown in the following
Section.

Plotting in DiffBind

4.1

Besides the correlation heatmaps we have been looking at, a number of other plots are
available using the affinity data. This section covers Venn diagrams, MA plots, Volcano
plots, PCA plots, Boxplots, and Heatmaps.

Venn diagrams

Venn diagrams illustrate overlaps between different sets of peaks. For example, amongst
the differentially bound sites, we can see the differences between the "Gain" sites (those that
increase binding enrichment in the Resistant condition) and the "Loss" sites (those with lower
enrichment) as follows:

> dba.plotVenn(tamoxifen, contrast=1, bDB=TRUE,
+ bGain=TRUE, bLoss=TRUE, bAll=FALSE)

Figure 4 shows the result.
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4.2

Binding Site Overlaps

Gain Loss

Resistant vs. Responsive:DB:DESeq2

Figure 4: Venn diagram of Gain vs Loss differentially bound sites

Generated by: dba.plotVenn(tamoxifen, contrast=1, bDB=TRUE, bGain=TRUE, bLoss=TRUE, bAll=FALSE)

Venn diagrams are also useful for examining overlaps between peaksets, particularly when
determining how best to derive consensus peaksets for read counting and further analysis.
Section 8, which discusses consensus peaksets, shows a number of Venn plots in context,
and the help page for dba.plotVenn has a number of additional examples.

PCA plots

While the correlation heatmaps already seen are good for showing clustering, plots based
on principal components analysis can be used to give a deeper insight into how samples are
associated. A PCA plot corresponding to Figure 2, which includes normalized read counts
for all 2845 binding sites, can be obtained as follows:

> dba.plotPCA(tamoxifen, DBA_TISSUE, label=DBA_CONDITION)

The resulting plot (Figure 5) shows all the MCF7-derived samples (red) clustering on one side
of the first (horizontal) component, with the Responsive and Resistant samples not separable
either in the first nor in the second (vertical) component.?

A PCA plot using only the 246 differentially bound sites (corresponding to Figure 3), using
an FDR threshold of 0.05, can be drawn as follows:

> dba.plotPCA(tamoxifen, contrast=1, label=DBA_TISSUE)
This plot (Figure 6) shows how the differential analysis identifies sites that can be used to
separate the Resistant and Responsive sample groups along the first component.

The dba.plotPCA function is customizable. For example, if you want to see where the
replicates for each of the unique cell lines lies, type

3Note that they

are separable in the
second and third
components; try
dba.plotPCA(tamoxifen,
DBA_CONDITION, la
bel=DBA_TISSUE, com
ponents=2:3)

dba.plotPCA(tamoxifen, attributes=c(DBA_TISSUE,DBA _CONDITION), label=DBA_REPLICATE).
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Figure 5: PCA plot using affinity data for all sites
Generated by: dba.plotPCA(tamoxifen,DBA TISSUE, label=DBA CONDITION)
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Figure 6: PCA plot using affinity data for only differentially bound sites
Generated by: dba.plotPCA(tamoxifen,contrast=1,label=DBA_TISSUE)

If your installation of Rsupports 3D graphics using the rg/ package, try dba.plotPCA(tamoxifen,contrast=1,
b3D=TRUE). Seeing the first three principal components can be a useful exploratory exercise.
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4.3

MA plots

MA plots are a useful way to visualize the relationship between the overall binding level at
each site and the magnitude of the change in binding enrichment between conditions, as well
as the effect of normalization on data. An MA plot can be obtained for the Resistant vs
Responsive contrast as follows:

> dba.plotMA(tamoxifen)

Resistant vs. Responsive (246 FDR < 0.050)

log Fold Change: Resistant — Responsive

log concentration

Figure 7: MA plot of Resistant-Responsive contrast

Sites identified as significantly differentially bound shown in red. Generated by: dba.plotMA(tamoxifen)

The plot is shown in Figure 7. Each point represents a binding site, with the 246 points
in magenta representing sites identified as differentially bound. There is a blue horizontal
line through the origin (0 LFC), as well as a horizontal red curve representing a non-linear
loess fit showing the underlying relationship between coverage levels and fold changes. The
plot shows how the differentially bound sites appear to have a minimum absolute log fold
difference of somewhere between one and two. As we have already seen, it also shows that
more ERa binding sites lose binding affinity in the tamoxifen resistant condition than gain
binding affinity, as evidenced by more red dots below the center line than are above it. This
same data can also be shown with the concentrations of each sample groups plotted against
each other plot using dba.plotMA(tamoxifen, bXY=TRUE).

Section 7 contains several examples of MA plots, including showing non-normalized data,
and the ability to plot any subset of samples against any other set of sample.
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4.4

4.5

Volcano plots

Similar to MA plots, Volcano plots also highlight significantly differentially bound sites and
show their fold changes. Here, however, the confidence statistic (FDR or p-value) is shown on
a negative log scale, helping visualize the relationship between the magnitude of fold changes
and the confidence that sites are differentially bound.

For example, the same data as plotted in Figure 7 can be visualized as a volcano plot:

> dba.plotVolcano(tamoxifen)

Contrast: Resistant vs. Responsive [246 FDR<=0.050]

-I0g10(FDR)

- FoRes005

log2 Fold Change

Figure 8: Volcano plot of Resistant-Responsive contrast

Sites identified as significantly differentially bound shown in red. Generated by: dba.plotVolcano(tamoxifen)

The plot is shown in Figure 8, with the predominance of lower binding in the Resistant case
evidenced by the greater number of significant sites on the negative side of the Fold Change
(X) axis.

Boxplots

Boxplots provide a way to view how read distributions differ between classes of binding sites.
Consider the example, where 246 differentially bound sites are identified. The MA plot
(Figure 7) shows that these are not distributed evenly between those that increase binding
affinity in the Responsive group vs. those that increase binding affinity in the Resistant
groups. This can be seen quantitatively using the sites returned in the report:

> sum(tamoxifen.DB$Fold<0)

[1] 182

> sum(tamoxifen.DB$Fold>0)

[1] 64

But how are reads distributed amongst the different classes of differentially bound sites and
sample groups? These data can be more clearly seen using a boxplot:

> pvals <- dba.plotBox(tamoxifen)
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Figure 9: Box plots of read distributions for significantly differentially bound (DB) sites

T T T T
Resistant  Responsive + + -

+ indicates sites with increased affinity in Resistant
~ indicates sites with increased affinity in Responsive

Tamoxifen Resistant samples are shown in blue, and Responsive samples are shown in red. Left two boxes show distri-
bution of reads over all DB sites in the Resistant and Responsive groups; middle two boxes show distributions of reads
in DB sites that increase in affinity in the Resistant group; last two boxes show distributions of reads in DB sites that

increase in affinity in the Responsive group. Generated by: dba.plotBox(tamoxifen)

The default plot (Figure 9) shows in the first two boxes that amongst differentially bound sites
overall, the Responsive samples have a somewhat higher mean read concentration. The next
two boxes show the distribution of reads in differentially bound sites that exhibit increased
affinity in the Resistant samples, while the final two boxes show the distribution of reads in
differentially bound sites that exhibit increased affinity in the Responsive samples.

dba.plotBox returns a matrix of p-values (computed using a two-sided Wilcoxon ‘Mann-
Whitney' test, paired where appropriate) indicating which of these distributions are signifi-

cantly different from another distribution.

> pvals

Resistant.DB
Responsive.DB
Resistant.DB+
Responsive.DB+
Resistant.DB-
Responsive.DB-

Resistant.DB
Responsive.DB
Resistant.DB+
Responsive.DB+
Resistant.DB-
Responsive.DB-

Resistant.DB Responsive.DB Resistant.DB+ Responsive.DB+

1.00e+00 2.69e-17
2.69e-17 1.00e+00
2.08e-17 3.40e-05
9.01e-01 2.33e-15
1.82e-05 2.02e-41
9.89%e-30 6.34e-05
Resistant.DB- Responsive.DB-
1.82e-05 9.89%e-30
2.02e-41 6.34e-05
1.67e-28 1.32e-01
4.84e-05 4.89e-25
1.00e+00 1.30e-31
1.30e-31 1.00e+00

2.
.40e-05
.00e+00
.6le-12
.67e-28
.32e-01

R R WRE W

08e-17

9.
.33e-15
.6le-12
.00e+00
.84e-05
.89%e-25

D AR WN

0le-01
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4.6

The significance of the overall difference in distribution of concentrations amongst the differ-
entially bound sites in the two groups is shown to be p-value=2.69e-17, while those between
the Resistant and Responsive groups in the individual cases (increased in Resistant or in-
creased in Responsive) have p-values computed as 3.61e-12 and 1.30e-31.

Heatmaps

DiffBind provides two types of heatmaps. This first, correlation heatmaps, we have already
seen. For example, the heatmap shown in Figure 2 can be generated as follows:

> corvals <- dba.plotHeatmap(tamoxifen)

The effect of different scoring methods (normalization) can be examined in these plots by
setting the score parameter to a different value. The default value, DBA_SCORE_NORMALIZED,
uses the normalized read counts (see Section 7). Another scoring method is to use RPKM fold
(RPKM of the ChIP reads divided by RPKM of the control reads); a correlation heatmap for all
the data using this scoring method can be obtained by typing dba.plotHeatmap (tamoxifen,
score=DBA_SCORE_RPKM_FOLD).

Another way to view the patterns of binding affinity directly in the differentially bound sites
is via a binding affinity heatmap, showing the read scores for some or all of the binding sites.
This can be plotted for the example case as follows:

> hmap <- colorRampPalette(c("red", "black", "green"))(n = 13)
> readscores <- dba.plotHeatmap(tamoxifen, contrast=1, correlations=FALSE,
+ scale="row", colScheme = hmap)
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Figure 10: Binding affinity heatmap showing affinities for differentially bound sites

Samples cluster first by whether they are responsive to tamoxifen treatment, then by cell line, then by replicate. Clus-

ters of binding sites show distinct patterns of affinity levels. Generated by: dba.plotHeatmap(tamoxifen, contrast=1,

correlations=FALSE)
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4.7

4.7 1

Figure 10 shows the affinities and clustering of the differentially bound sites (rows), as well as
the sample clustering (columns). In this case, the (normalized) counts have been row scaled,
and a red/green heatmap color palette applied.

Profiling and Profile Heatmaps

The dba.plotProfile() function enables the computation of peakset profiles and the plot-
ting of complex heatmaps. It serves as a front-end to enable experiments analyzed using
DiffBind to more easily use the profiling and plotting functionality provided by the profileplyr
package written by Tom Carroll and Doug Barrows (see https://bioconductor.org/packages/
release/bioc/html/profileplyr.html).

Processing proceeds in two phases.

In the first phase, specific peaksets are extracted from a DiffBind DBA object and profiles
are calculated for these peaks for set of samples in the DiffBind experiment. Profiles are
calculated by counting the number of overlapping reads in a series of bins upstream and
downstream of each peak center.

In the second phase, the derived profiles are plotted in a series of complex heatmaps showing
the relative intensity of overlapping peaks in each bin for each peak in each sample, along
with summary plots showing the average profile across the sites for each sample.

Due to the computational cost of this function, it is advised that the calculation of profiles
and the plotting be separated into two calls, so that the profiles do not need to be re-
generated if something goes wrong in the plotting. By default, when a DBA object is passed
in to generate profiles, plotting is turned off and a profileplyr object is returned. When
dba.plotProfile() is called with a profileplyr object, a plot is generated by default.

The main aspects of the profile plot are which samples are plotted (the X-axis) and which
sites are plotted (the Y-axis). These can be specified in a number of flexible ways. Other pa-
rameters to dba.plotProfile() determine how the data are treated, controlling aspects such
as how many sites are included in the plot, data normalization, sample merging (computing
mean profiles for groups of samples), and control over the appearance of the plot.

While few brief example and included here, a more complete document is available show-
ing more of the various options. The markdown source for this can be accessed as sys
tem.file(’extra/plotProfileDemo.Rmd’,package="DiffBind’); an html version is available

for browsing at https://content.cruk.cam.ac.uk/bioinformatics/software/DiffBind / plotProfileDemo.

html, and a pdf document can be found at https://content.cruk.cam.ac.uk/bioinformatics/
software/DiffBind /plotProfileDemo.pdf

Default profile plot

If an analysis has been completed, the default plot will be based on the results of the first
contrast. If the contrast compares two conditions, all of the samples in each condition will
be included, with the heatmaps colored separately for samples in each contrast condition.

Sample groups are merged based on the DBA REPLICATE attribute, such that each sample
class will have one heatmap based on the normalized mean read counts for all the samples
in that class that have the same metadata except for the Replicate number.

In terms of sites, two groups of differentially bound sites are included: Gain sites (with
positive fold change) and Loss sites (negative fold change). If there are more than 1,000
sites in either category, the 1,000 sites with the great absolute value fold change will be
included (the maximum number of sites to be profiled can be altered).

21


http://bioconductor.org/packages/DiffBind
http://bioconductor.org/packages/DiffBind
https://bioconductor.org/packages/release/bioc/html/profileplyr.html
https://bioconductor.org/packages/release/bioc/html/profileplyr.html
http://bioconductor.org/packages/DiffBind
http://bioconductor.org/packages/DiffBind
https://content.cruk.cam.ac.uk/bioinformatics/software/DiffBind/pl