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Introduction
In this session we will go through the differential enrichment analysis of a ChliP-Seq experiment. This
will include:

e  Quality control

e Peak Calling

e Quantitation and Normalisation

o Differential enrichment analysis and validation of results.

Software
The software which will be used in this session is listed below. Software which requires a linux
environment is indicated by an asterisk*:

e SegMonk (http://www.bioinformatics.babraham.ac.uk/projects/segmonk/)

e R (https://cran.r-project.org/)
e LIMMA (https://www.bioconductor.org/packages/release/bioc/html/limma.html)

Data

The data in this practical comes from GEO accession GSE69646 and represents CTCF ChIP from
Naive and Primed Embryonic Stem cells and their accompanying inputs.

The data has already been mapped to the GRCh38 genome using bowtie2 and was imported into
segmonk using the default import parameters (a MAPQ filter for >=20). All reads were extended by
250bp to more closely reflect the true insert size of the data.


http://www.bioinformatics.babraham.ac.uk/projects/seqmonk/
https://cran.r-project.org/
https://www.bioconductor.org/packages/release/bioc/html/limma.html
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Exercise 1: Quality Control
If you have data open in segmonk already then close and re-open the program. Load in the segmonk
project file from the Human CTCF data folder.

Step 1.1

Using what you learned in the previous exploration exercise, look at the data presented here. The
project has already had 500bp probes tiled over the genome and a linear read count quantitation has
been performed (you can repeat this part if you like). Try to answer the following questions.

1. Does the data show obvious enrichment?

2. Do the enriched regions show a characteristic pattern of strand bias in the reads? If not, why
not?

3. Is there any evidence for PCR duplication in the samples?

4. Do the inputs look similar enough to each other that we can consider them together rather than
separately?

5. Are there regions which appear to be enriched in the input sample? If so could you identify
them?

6. In the ChIP samples are the enriched regions similar in both samples? Is the level of
enrichment similar across all samples? If not, does it group by condition?

7. Are the peaks narrow or broad in nature?

8. Are the peaks associated with any particular feature? Could we use features to quantitate the
data or should we peak call?

Exercise 2: Peak Calling

In this study you can hopefully see that peak calling, specifically narrow peak calling, would be
appropriate. We are going to look at two aspects of peak calling. We will start by doing a manual peak
calling for one of the samples using the MACS peak caller built into seqmonk.

For a final analysis we will import a set of MACS2 peaks called on the command line from the
underlying BAM files and will import these to create a merged set of peaks which we can then
gquantitate and analyse.

Step 2.1
We will use the MACS peak caller probe generator within segmonk to call peaks for one of the samples
so you can see how the process works. We’'ll use the Naive CTCF R1 sample.

To generate the peak lists go to Data > Define Probes > MACS Peak Caller.
In the options, the ChIP store will be the Naive CTCF R1 sample which you want to analyse. The Input

Store will be the Input Replicate Set (coloured purple) which will contain the reads from both input
samples. You can leave the p-value and fragment size options set to their defaults.
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% Define Probes..,

Probe Generator Options

Running Window Generator
Feature Probe Generator

Feature Percentile Probe Generator
IContig Probe Generator

Even Coverage Probe Generator
MACS peak caller

Read Position Probe Generator
Random Position Generator
Existing Probe List Generator
Shuffle Existing List Generator
Interstitial Probe Generator
Deduplication Probe Generator
Merge Consecutive Probe Generator
\Current Region Generator

Close

ChIP Stores to use

P-value cutoff
Sonicated fragment size
Skip deduplication step

Skip rescoring step

Create Annotation Track

LOE-5
300
O
O

Create Probes

After creating the probes you can use a linear read count quantitation to quantitate them. After each
call have a look at the positions which have been called and see if you agree with the decisions which

were made by the caller.

Find some locations where you don’t see consistent peak calls across both replicate sets. Is there no
enrichment at all in the samples where a peak wasn'’t called?

Step 2.2 Importing MACS2 Peaks

We now want to make a final set of positions which we can analyse to compare enrichment between
naive and primed. You have been provided with a set of peak call files from MACS2 which were run
on the underlying BAM files for this data.

naive 1 peaks.narrowPeak.txt

naive 2 peaks.narrowPeak.txt

primed 1 peaks.narrowPeak.txt

primed 2 peaks.narrowPeak.txt

We are going to import these peaks as annotation tracks and then create a merged set of peaks from

them.

To import the peaks select:

File > Import Annotation > Text (Generic)

Then select all of the narrowPeak files from the MACS2_Peaks folder. You will then see a preview of
the top of the first file and you'll need to say which columns are the chromosome, start and end. These
are chromosome = col 1, start = col 2, end = col3
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ﬁ Format for naive_1_peaks.narrowPeak.txt... X
Row number  Col 1 Col 2 Col 3 Col 4 Col 5 Col & Col 7 Col 8 Col 3 Col 10 .
Column Delimiter Tab w

o 1 778552 773988 naive_1_peak_1 192 . 5.43966 2191334 19.20374 196
1 1 859705 870168 naive_1_peak_2 186 . 5.48122 2135780 18.65766 244
2 1 904571 905005 naive_1_peak_3 425 . 13.06389 4591288 4262113 221 Start at Row 0 v
3 1 939116 939483 naive_1_peak_4 135 . 7.06768 16.13816 13.56635 161
2 1 976013 976262 naive_1_peak_5 71 . 5.08873 9.56803 7.169% 152 Chr cal e
5 1 984058 984581 naive_1_peak_6& 555 . 1741852 6341436 65.53674 279
5 1 1001776 1002246 naive_1_peak_7 547 . 14.07305 58.37643 54.77023 223
7 1 1013286 1019610 naive_1_peak 8 166 . 6.3 1930513 [16.65304 145 St i
] 1 1032866 1033329 naive_1_peak_9 511 . 16.11432 5464175 51.12987 231
B 1 1058312 1059676 naive_1 peak_10 (380 . 1160273 |41.21609  [38.03823 156 End Col N
10 1 1063744 1064247 naive_1peak_11  [320 . 8.23831 35.11391 32.08997 267
11 1 1122050 1122992 naive_1peak_12  [261 . 10.03867 2899057 [26.11269 235 —— v
12 1 1123285 1123535 naive_1peak_13 |71 . 5.08873 9.56803 7.169% 126
13 1 1265059 1265381 naive_1pesk 14 |165 . 7.91580 19.22435 16.57548 181
13 1 1290189 1290543 naive_1pesk 15 |125 . 6.75998 15.14372 12.59330 198 Type Col ~
15 1 1291769 1292230 naive_1pesk 16 |206 . 8.71779 2343024 [20.68926 247
16 1 1300060 1300389 naive_1pesk 17 97 . 5.93685 12.26580 5.78822 161 Type
17 1 1301960 1302333 naive_1 pesk 18 |165 . 7.91580 15.22435 16.57548 177
18 1 1349198 1349622 naive_1_pesk_19  |215 . 7.14969 2431988 21.55250 07
13 1 1349719 1350026 naive_1_pesk 20  [220 . 7.72493 2434068 22.05921 206 Name Col v
20 1 1372007 1372475 naive_1_pesk 21 [326 . 9.40970 35.73543 32.69536 230
21 1 1376396 1376727 naive_1_pesk 22 81 . 4.90885 10.57271 8.19645 147 Desaiption Col -
22 1 1399329 1399868 naive_1_pesk 23 [169 . 7.59954 15.57645 16.91944 192 v

Cancel Continue

You can then press “Continue” until all of the peak sets are imported. Since you're importing multiple
annotation tracks they won’t automatically be added to your view. To make them appear you need to
select.

View > Set Annotation Tracks

Then select the 4 peak tracks from the Available Tracks and add them to the displayed tracks. You
should see them show up in the chromosome view.

Have a look at the sets of calls. Do you see the same positions coming up between the replicates for
each condition? Do you see differences between naive and primed?

Do you always see what you’d think was a biologically relevant enrichment increase where you have a
call?

Do you see obvious differences in the enrichment between samples where you have differences in the

presence / absence of a call in different samples?

Step 2.3 Creating a merged peak set

We now want to make a merged set of peaks from all of the predictions. We'll need to do this in two
steps.

Firstly we will use the feature probe generator to put probes over all of the peaks. To do this select:

Data > Define Probes > Feature Probe Generator

Select all 4 peak tracks in the “Features to design around” list and press create probes.
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G Define Probes... *

Probe Generator Options

— cos A
Funning Window Generator .

ICpG islands
Feature Probe Generator X

First EF

Feature Percentile Probe Generator

ene
Contig Probe Generator g

. IG_segment
Even Coverage Probe Generator Features to design around InRNA
MACS peak caller .

3 misc_RMA
Read Position Probe Generator
mRMNA

Random Position Generator
Existing Probe List Generator
Shuffle Existing List Generator
Interstitial Probe Generator splitinto subfeatures No -
Deduplication Probe Generatar
Merge Consecutive Probe Generator
Current Region Generator

naive_1_ peaks.narrowPeak.bd

naive_2_peaks.narrowPeak. bt

Remove exact duplicates

Ignore feature strand information O

Make probes Over feature ~ |From -0 [to + |0 |bp

Close Create Annotation Track Create Probes

Use the “Fixed value quantitation” to give a value of 1 to each probe (these probes aren’t going to be
around for long so it really doesn’t matter what quantitation they get!).

Next we need to merge overlapping peaks together. To do this select
Data > Define Probes > Deduplication Probe Generator
You can run the generator on its default settings which will just merge together any overlapping probes.

Since our probes do not have any directionality (which is why they're all grey in the display) the option
to merge strands separately doesn’t do anything.

i Define Probes... lé]

Probe Generator Options
Running Window Generator
Feature Probe Generator Starting Probe List Al Probes (46879) =
Feature Percentile Probe Generator : :
Contig Probe Generator
Even Coverage Probe Generator
MACS peak caller I
Read Position Probe Generator
Random Position Generator
Existing Probe List Generator
Shuffle Existing List Generator I
Interstitial Probe Generator
Merge Consecutive Probe Generator|  Merge strands separately
Current Region Generator I

Merge probes separated by less than (bp) 1] |

[ Close H Create Probes ]

—— = — T e — ————

When the quantitation options appear again you should quantitate with read count quantitation on a log
scale.
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$§ Define Quantitation... X

Quantitation Options
nrichment Quantitation | Countreads on strand All Reads ~
Fead Count Quantitation

Base Pair Quantitation

Exact Overlap Count Quantitation

Difference Quantitation

% Coverage Quanti tation Correct to what? Largest DataStore ~

Coverage Depth Quantitation

Duplication Quantitation

Distance to Feature Quantitation Count total onlywithin probes O

Probe Length Quantitation

Fixed Value Quantitation

Relative Quantitation

Manual Correction Quantitation

Log Transform Quantitation

Percentile Normalisation Quantitation

Gize Factor Normalisation Quantitation
ek, " licmsi

FETaNT]

Correct for total read count

Correct for probe length O

&l

Log Transform Count

L

Count duplicated reads only once O
Only quantitate visible stores O

Close Quantitate

Look carefully through your final set of peaks. Compare it to the individual peak tracks you have for
each sample, and the data you can see and check that it looks like you have captured all of the
potentially interesting places in the genome.

You can also have a look at a scatterplot of the 3 groups of samples against each other — comparing
the inputs to each of the ChIPs and the two ChIPs against each other.
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Exercise 3: Filtering, Quantitation and Normalisation

Step 3.1

Before we go any further we'll do one little bit of cleaning. If you find the Input Replicate set in the Data
View and right click on it and select “Probe Value Histogram” you should see something like this:

Input All Probes
5000

4000
3000
2000

1000

04

z 4 & 8 pul 12 14 16

What this says is that most input regions (as expected) have relatively low and consistent values.
However there are a small number of input regions with very (and in some case stupidly) high read
counts. Most of these come from the mitochondrion, but there are others. Since they will skew our
plotting it makes sense to get rid of them. We wouldn’t want to pursue hits with odd input read levels

anyway.
To get rid of these select:
Filtering > Filter on Values > Individual Probes

You can then select only the probes with input values below 6

G Probe Values Filter et

Testing probes in "All Probes’ (50034 probes)

Data Sets/Groups Value must be between and |6

Il ChIP Samples

Maive_CTCF_R2 for |Exactly w1 of the 1 selected Data Stores

rimed_CTCF_R1

Close Run Filter

Save this list as “Sensible Input” and then select it to show only those probes.

Step 3.2 Quantitation Consistency Assessment

Now we want to quantitate and normalise the values for each peak so that they are directly
comparable. This will also allow us to assess whether there is a biologically relevant difference in
overall enrichment between the samples.

You should already have your peaks quantitated by a log read count quantitation, but if not you can do
that now under Data > Quantitate Existing Probes > Read Count Quantitation.
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% Define Quantitation... >
Quantitation Options
nrichment Quantitation | Countreads on strand All Reads ~

Read Count Quantitation
Base Pair Quantitation

Exact Overlap Count Quantitation Correct for total read count
Difference Quantitation
% Coverage Quantitation Correct to what? Largest DataStore ~
Coverage Depth Quantitation
Duplication Quantitation
Distance to Feature Quantitation Count total onlywithin probes O
Probe Length Quantitation
Fixed Value Quantitation
Q Correct for probe length O

Relative Quantitation

Manual Correction Quantitation

Log Transform Quantitation

Percentile Normalisation Quantitation
Size Factor Normalisation Quantitation

b B, alinoi: T

&l

Log Transform Count

v

= Count duplicated reads only once O
Only quantitate visible stores O

Close Quantitate

To look at the overall enrichment you can draw a Cumulative Distribution Plot (Plots > Cumulative
Distribution Plot). You should expect to see a large difference between the inputs and the ChlPs, but
do all of the ChlPs look equally enriched? If not then is the enrichment linked to the condition?

You can also use a scatterplot (Plots > Scatterplot) to look at the relationship between the different
ChIP samples to try to confirm what you see in the distribution summary plots.

Step 3.2 Quantitation Normalisation

You should have seen that there is a substantial difference in overall enrichment between the naive
and primed samples. This is probably a real biological difference and with more replicates we could
build a very convincing case that the overall enrichment changes. Since we only have 2 replicates
then this result may just be indicative, but this is likely the largest biologically relevant difference in
these samples.

However, we also want to know if there are particular peaks which change in an unusual way given the
overall differences between the samples. We therefore want to normalise away the global changes we
see so that we can more directly do a positional analysis.

To do this we are going to use the enrichment normalisation quantitation. This sets two points of
reference — a lower one for a background level, and an upper one for a highly enriched region. The

tool then scales all samples between these two points.

The first thing we need to do is get rid of the input samples, since we don’t want to normalise those, so
use View > Set Data Tracks to remove them from the current view.

We can then normalise the remaining 4 ChlP samples. Select
Data > Quantitate Existing Probes > Enrichment Normalisation Quantitation.

We are going to normalise between the 20t and 90" percentiles. Have a look back at the cumulative
distribution plot and make sure you understand why these particular values were chosen.
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G Define Quantitation... x

Quantitation Options
Enrichment Quantitation
Read Count Quantitation
Base Pair Quantitation Lower Percentile 200
Exact Overlap Count Quantitation
Di fference Quantitation

% Coverage Quantitation
Coverage Depth Quantitation
Duplication Quantitation
Distance to Feature Quantitation
Probe Length Quantitation Upper Percentile Q0.0
Fixed Value Quantitation

el ative Quantitation

Manual Correction Quantitation

Log Transform Quantitation

percentile Normalisation Quantitation
Gize Factor Normalisation Quantitation
[Enrichment Normalisation Quantitation Ignore unquantitated probes
Linear Regression Mormalization Quantitation)
Bubset Normalisation Quantitation

Per Probe Normalisation Quantitation

Rank Quantitation

[F-Score Quantitation

Smoothing Quantitation i s
kEmoothing Subtraction Quantitation Calculate from probe list Sensible Input (50025) ~

Match Distribution Quantitation

Only quantitate visible stores

Close Quantitate

Note that we tick the box which says “Only quantitate visible stores” so that we don’t change the
input samples (which you should have removed from the view earlier).

Once the data has been normalised plot the Cumulative Distribution Plot again and see if the data
looks better matched now. You can also do a scatterplot between the naive and primed replicate sets
to check that the values are now directly comparable. When looking at the plot see if you think there is
an obviously separate group of points which are behaving differently between the samples, or whether
you're just looking at degrees of enrichment difference.

Step 3.3 Viewing the normalised data

Now that we have values which are more directly comparable you can go back to re-draw the
scatterplot of the native vs primed. Have a look and see if the data appears to be well normalised now.
See if you think there will be large or small number of hits.

Have a look at some of the largest changes and get a feel for what these look like in the real data.
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Exercise 4: Differential Enrichment Analysis

Step 4.1 LIMMA statistical testing

Since we are no longer working with raw counts but have applied a more complex normalisation to the
data we don’t have the option of using count based statistics such as DESeq or EdgeR. If our samples
had been better matched we could have done a raw, uncorrected count and then used these tools.

As it is since we are effectively working with continuous data we can use the LIMMA tool to find
differentially enriched regions.

To do this select:

Filtering > Filter by Statistical Test > Continuous value statistics > Replicated Data > LIMMA. If
you are using your filtered set of peaks (which you should) then you will get a warning saying:

Filtered list used ot

This test requires a representative set of all probes to be valid.
d l % Be careful running it on a biased subset of probes

This would be a problem if the filtering we’d done was related to the difference between the samples,
but in our case the filtering is on an independent factor so we can ignore the warning this time around.

To run the filter you simply need to select the two replicate sets (Naive and Primed) and then press
“Run Filter”.

S LIMMA Stats Filter X

Testing probes in 'Sensible Input' (39581 probes)
Replicate Sets to Test

P-value cutoff|0.05

Apply multiple testing correction

Close Run Filter

Save the list of hits you get.
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Exercise 5: Validating and exporting peak locations

Step 5.1
The first thing to check is that the peaks which were selected by the statistics make sense. We can do
a number of sanity checks on them.

Firstly we can highlight the LIMMA hits on a scatterplot of Naive vs Primed. We should see that the
hits fall on the outside of the cloud of points. You can double click on some of the more extreme points
on the outsides of the distribution to see what the differences look like in terms of the raw data. Do you
see a similar size of effect for peaks which increased and decreased? If not, why might this be?

You will see that you get a large number of hits from the analysis. If you wanted to focus on the most
promising ones you could do additional filtering:

e FDR filtering to select peaks with a more stringent cutoff

e Value filtering to remove peaks with lower levels of observation

e Fold change filtering to remove peaks with lower levels of absolute enrichment

e Intensity difference filtering to select peaks with the highest enrichment relative to their
observation level.

Step 5.2 Exporting Peaks

Finally, we are going to export a table of the hits we selected which we could take off for further
analysis. We’re going to annotate them with the name of the closest gene, but you should be very
careful in using such gene lists in any gene set analysis since our preliminary evaluation showed there
wasn't a strong linkage between the position of peaks and genes. We could however look for
conserved sequence motifs in the selected regions to see if a sequence based rationale for the
selection of the regions could be found.

To generate a report of the hit locations first select the LIMMA hit list in the Data view. Then select:
Reports > Annotated Probe Report.

We are going to annotate with the closest gene to each hit (up to 2kb away).

% Annotated Probe Report Options X

Reporting on probes in 'LIMMA stats p<0.05 after correction’ {11399 probes)

Annotate with | dosest ~
Annotation distance cutoff | 2000 bp
Indude - | unannotated probes
Include ~ | data for currently visible stores

Select List Annotation 3 annotations selected

Cancel oK

As well as being able to save the final list of interesting peaks to a text file, you can also use this
display to order the peaks by their FDR value, so you can look at the most significant peaks.
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Example Plots

So you know what you should be seeing here are copies of the plots you should generate in this
practical:

Step 2.3 Merged Peaks

T T T T T
4,850,000 4,500,000 4,950,000 5,000,000 5,050,000

Step 2.3 Raw Quantitation Comparison

Malve All Prote Primed All Prote:
16 18 A Frimed Al Prabe;
15
14 14
14
’
1z 1z i
12 B
10 10
H 10
8 8 ol
~ - 8
.. . o -
6 _.I' 5 L % #
. 3
) i :
44 I8 44 H % 4 R
- H d
W 2R b A
H T BT .
. == 2 :
R =0.692 g =T . R =0.632 ——r R=0.73
z 4 1 12 14 16 z 4 10 1z 14 16 2 4 3 12 14 16

g [t} [} 8
Input Input
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Step 3.2 Cumulative distribution plot before normalisation

Maive_CTCF_R1 Sensible Input
Maive_CTCF_RZ

101 Primed CTCF R1

Primed_CTCF Rz

Maive _Input

Step 3.2 Cumulative distribution plot after enrichment normalisation

Maive_CTCF_R1 Sensible Input
Maive_CTICF_RZ

101 Primed_CTCF_R1

Primed_CTCF_RZ
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Step 3.2 Scatterplot after enrichment normalisation

Primed Sensible Inpu
104
9 ]
e
& s
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&1 *'
LT | -'
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7 1. s 4 ..
Ly, LAY B
= s
P .
13 M 4-'5.?.! a
SRR s i
RN i
5 - |=...-.
" .
"ua -
e T
A .
-
44
34
2 o -
14
R =0.779
1 2 3 4 7 g 9 10

Maive

Step 5.1 LIMMA hits mapped onto a scatterplot

Primed Sensible Inpu
LIMMA stats p<0.05 after correction

R =0.779

Maive
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Step 5.2 Exported table of hits

G Annotated Probe Report X
Probe Chr... Start End ... FOR - Feature D Description .« Type Orientation  Dist... Maive Primed
Chr3:1349... [3 194928901 194929950 a Mot found 1] 778.99 185.713| A
Chr5:3329... |5 33297451 33298650 0|ACO10343.3 [ENSG... No description - |gene overlapping 0 490.758 145.099)
Chré:3327... |6 33279601 33280800 0B3GALT4 ENSG... beta-1,3-galactosyliransferase 4 [Source:HG... [+ |gene overlapping 1] 651,497 256.064
Chr14:106... (14 106882801 106383850 a Mot found 1] 270,063 57,432
Chr2:1139... |2 113979151 113880350 OLINCO1191  [ENSG... long intergenic non-protein coding RNA 1191 ... |+ |gene overlapping 0 568. 108 218.334
Chr19:586... (19 58600051 58606850 a Mot found 1] 202,237 40,972
Chr4:9616... 4 95169801 95170850 a Mot found 1] 175,806 37.829
Chr4:13%0... (4 189096601 139097500 a Mot found a 1B6.541 44,801
Chr10:100... {10 100559451 100570350 a Mot found 1] 35,939 170.357|
Chri1:135... |11 135075301 135075500 0|APO0D5135.1 [ENSG... Mo description - |gene overlapping 1] 467.116 178.836
Chri7:763... |17 76370101 76371150 0PRPSAP1 ENSG... |phosphoribosyl pyrophosphate synthetase as...|-  |gene overlapping 1] 270,063 &4, 253/
Chr22:502... |22 50275801 50275850 0PLXMNB2 ENSG... |plexin B2 [Source:HGMNC Symbol;Acc:HGNC:S... - |gene overlapping [i] 517.333] 233.252
Chri:1317... X 131767801 131765000 OFIRRE ENSG... (firre intergenic repeating RMA element [Sourc. .. gene overlapping 1] 205.25 51.469
Chr2:4447... |2 44479051 44480250 0|CAMKMT ENSG... calmodulindysine N-methyltransferase [Sourc... |+ |gene overlapping 1] 861,846 559,529
Chr13:114... |13 114352351 114353550 a Mot found 1] 211,947 56, 764
Chri:4057... [X 40573501 40574400 a Mot found a 272,863 89.244]
Chr20:303... |20 30376651 30377550 0FRG1BP EMSG... [FSHD region gene 1 family member B, pseudo... |+ |gene overlapping [i] 158,545 30,342
Chr7:3924,.. |7 3924951 3995350 0/SDK1 EMSG... |sidekick cell adhesion molecule 1 [Source:HGM... |+ |gens overlapping 1] T0.773] 251,34
Chr3:4693... |3 46935301 46936200 0jcchCiz2 ENSG... |coiled-coil domain containing 12 [Source:HGM... |- |gene overlapping 1] 26,266 143,803/
Chr3:2292... |3 229201 230250 ORPL23AP53  [ENSG... |ribosomal protein L23a pseudogene 53 [Sourc.. gene overlapping [i] 183] 50.783]
Chr17:743... |17 74353801 74354700 0KIF19 ENSG... kinesin famiy member 19 [Source:HGMNC Sym... |+ |gene overlapping 1] 76.798 250,521

Close Save




