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Summary

In this practical we will learn how to perform integrative analysis of ChlP-seq and RNA-seq data. We
will continue working on the data reported in the study entitled “Integrative genomic analysis reveals
widespread enhancer regulation by p53 in response to DNA damage” (Younger et al. (2015) Nucleic
Acids Res. 43 (9): 4447-4462). The full text of this article is available at the following link:
http://nar.oxfordjournals.org/content/43/9/4447.1ong. In the previous sessions we have determined the

locations of bound p53 and quantified changes of gene expression following activation of DNA repair
by doxorubicin. Here we will use the file with p53 peaks from the first practical and the file with
RNA-seq quantification by DEseq2 from the second practical and will learn how to combine these.

Converting DEseq output to a BED-compatible format

Some people say that 90% of bioinformatics is data conversion from one format to another.
Bioinformaticians do not agree with this and cannot tell you what constitutes the remaining 10% ©

Today we have been doing format conversions already; now let us focus on this task a bit more. First
of all, let us look at the output of DEseq?2 software, summarised in the file DEseq2_results.txt

that we

have

downloaded

from

Galaxy

and

copied to

the

directory

/storage/projects/proficio/ChlPseq. It contains differential gene expression data:

GenelID
Cengl
Plau
Adamts5
Nrd4al
Ptx3
Icam1
Notch3
Epha2
Crip2
Ii6st
Mt2
Mki67
Ckap2

Base mean
10253.9565478971
2868.70628875291
2965.14805964652
1953.34530631308
10991.9420032442
4478.63735905254
2249.90055725676
2135.073342786
1442.08969261518
12913.6159391834
2187.97154447509
8680.16437898843
5255.93442864738

log2(FC)

2.1733415985728
2.29644968758308
-3.5324246968983
3.1725957908854
-2.54241242151884
2.23008961534929
2.73860762232716
2.45779451307348
2.94651026539472
-1.45668667038069
-1.97523511200763
-1.79983281997386
1.7628614755545

StdErr
0.0496837029960621
0.0591563933877861
0.0745015980961711
0.0746751971051276
0.0486014725308458
0.0578959006213177
0.0732767783235185
0.0672508448471497
0.0842783818167692
0.042416124701033
0.0620548411881086
0.0568558109468329
0.0558089037520847

Wald-Stats
43.7435510542573
38.8199745804182

-47.4140795253604
42.4852683872937

-52.3114278050991
38.5189554254582
37.3734719918519
36.5466711780298
34.9616378705605

-34.3427571624717

-31.8304756597482

-31.6560926667095
31.5874592947663

P-value

O 0o oo oo

1.05419963864197e-305
2.01401713077518e-292
8.61827045902016e-268
1.80658921536963e-258
2.45248102528859%e-222
6.25200113502026e-220
5.48925058747985e-219

P-adj

O o oo oo

1.6483164349909e-302
2.75542718704179e-289
1.04807744637751e-264
1.97731189622206e-255
2.44021862016215e-219
5.70234603523307e-217
4.62152674461284e-216

As you can see, the first column gives us the name of the gene, the third column gives expression log2
fold change, and the fifth column gives the P value. These are perhaps the most interesting columns
from the point of view of what changes and how much is the change upon cell treatment.

Now let us look at the file peaks formatted.bed containing p53 bound sites that we have
created during the first ChlP-seq analysis practical:
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chrg 13548925 13549101 + 1050.7 O.BEE8 307 1160.7 3 386.91 0.00E+00 143 .98 0.00E+00 0.5E
chriz 111563380 111963556 + 1015.2 0.89 319 1121.5 2 560.76 0.00E+00 216.46 0.00E+00 0.5
chr? 139921178 139921354 + 510.2 0.91 292 895.1 5 179.01 0.00E+00 169.87 0.00E+00 0.8
chrg 12634989 12635165 + 654 0.934 157 722.5 1 722.52 0.00E+00 82.94 0.00E+00 1.11
chr4 128252925 128253101 + 600.8 0.864 186 663.7 4 165.92 0O.00E+00D 52.7 0.00E=00 0.9
chrl 156903370 156903546 + 561.7 0.908 263 620.6 5 124.11 0.00E+00 101.82 0.00E+00 0.6E
chrio 90831469 90851645 + 537.8 0.808 241 594.1 2 Z97.05 0.00E+00 104.72 0.00E+00 0.71
chr? 87100003 87100179 + 525.3 0.969 150 580.4 2 290.18 0.00E+00 65.18 0.00E+00 1.21
chri? 29227791 29227967 - 500.5 0.877 261 552.9 4 138.23 0.00E+00 38.91 0.00E+00 0.6E
chrg 23544523 23544699 + 473 0.866 187 522.5 3 174.18 0.00E+00 20.91 0.0QQE+Q0Q 0.8
chrs 140199080 140199266 + 459.7  0.863 266 507.8 4 126.95 0.00E+00 95.01 0.00E+00 0.62
chrio 117154716 117154892 + 449 0.894 234 495.1 4 124,01 0.00E+00 98.41 0. 00E+00 0.71
chrl 54901247 54901423 + 444 .6 0.914 246 491.2 4 122.79 0.00E+00 135.75 0.00E+00 0.67
chrg 64780293 64780469 + 437.5 0.923 226 483.3 2 241.66 O0.00E+00D 211.68 O0.00E+00 0.7
chrls 85690303 85690479 + 428.6 0.895 231 473.5 0.5 947.02 0.00E+00 B52.45 0.00E+00 0.71
chrg 117068448 117068624 + 423.3 0.658 221 467.6 9 E1.96 0. 00E+00 24.36 0. 00E+00 0.72
chr3 32263187 32263363 + 419.7 0.925 231 463.7 4 115.93 0.00E+00 99.63 0.00E+00 0.7
chrg 23545199 23545375 - 419.7  0.745 247 463.7 5 92.74 0.00E+00 17.78 0.00E+00 0.6E
chrio 117147028 117147204 + 418.8 0.832 241 462.7 2 231.36 0.00E+00 76.15 0.0Q0E+Q0Q 0.67
chrz 167369561 167389737 + 407.3 0.911 198 450 3 149.99 0.00E+00 &1.59 0. 00E+00 0.84
chr4 149423131 149423307 + 407.3 0.801 236 450 2 224,99 0.00E+00 49,37 0. 00E+00 0.6

In the BED file above, each line corresponds to one p53 peak determined in ChlP-seq. The first
column gives the chromosome number, the second column — region start, the third column — region
end, the fourth column — strand (all peaks are assumed to be on the plus strand, because the strand
information actually disappears after we call a peak), the fourth column is the score of the peak (the
higher the peak the bigger its score). These are all the columns that we will need.

It is easy to see that the RNA-seq data and ChlIP-seq data are represented in quite different formats.
For example, the RNA-seq data only contain the gene name, but do not contain the genomic
coordinates of this gene. Since the mouse genome is pretty much annotated, it is possible to get
genomic coordinates for each gene, but doing this manually would be too much work. We need to
need to make some trick in order to add the genomic coordinates to the genes. But before we do this,
let us ask ourselves a question: what is it that we want to learn from the combined analysis of RNA-
seq and ChIP-seq? May be we have some hypothesis that we want to check?

I have one hypothesis. | guess that p53 binding at regulatory regions should affect the genes
associated with those regulatory regions. What are the regulatory regions? Promoters and enhancers.
Let us just take the promoters for simplicity. Promoters are the regulatory regions upstream of the
gene. There is no consensus among scientists as to how large the promoters are. A good estimate for a
promoter size is about 1-2 kb. We have previously used a BED file with coordinates of all mouse
promoters, named “promoters_mm9.bed”:

chr4 131977322 131979322 - GXT_12943606 AKQ49209 GXL_283229 Phactr4
chr4 42215999 42217999 - GXT_12943623 AKO47126 GXL_778728 Gm10931
chr7 109212607 109214607 - GXT_12944438 AK078509 GXL_287330 Rnf121
chri4 5944054 5946054 - GXT_12946537 AK084071 GXL_778563 Gm10021
chrl7 95233138 95235138 - GXT_12947170 AK082664 GXL_461852 Gm1976
chrl7 95148281 95150281 - GXT_12947186 AK080683 GXL_473176 Mett14
chri9 39536565 39538565 - GXT_12947662 AKO50051 GXL_171813 Cyp2c38
chr7 109207990 109209990 - GXT_12949553 AK034806 GXL_287330 RnT121
chr7 109212649 109214649 - GXT_12949662 AK089714 GXL_287330 RnT121
chrx 67694797 67696797 - GXT_12950375 AK089806 GXL_216606 AK089806
chrl7 95148211 95150211 - GXT_12951740 AKQ43389 GXL_473176 Mettl4
chrl7 53092628 53094628 - GXT_12951756 AKQ40895 GXL_225725 Kcnhg
chrl?7 33391090 33393090 - GXT_12951767 AK0Q38946 GXL_660138 zfp9s5a
chrl7? 6957390 6959390 - GXT_12951785 AK0Q35271 GXL_155066 EzZr
chr4 25541413 25543413 - GXT_12953332 AK085009 GXL_282468 Fut9

This file contains almost 200,000 promoters in the mouse genome. Interestingly, the number of
annotated genes in the mouse genome is just about 60,000. How is it possible, that there are more
promoters than genes? For example, in the table above we can spot three instances of gene Rnf121,
which has three different promoters. Indeed, many genes have several alternative transcripts,
alternative transcription start sites, and each of these alternative transcription start sites has its own
promoter. But the problem is that the file with the results of DEseq quantifies gene expression per
gene, not per gene transcript. There is an easy (and dirty) solution to remove some lines from the file
promoters_mm9.bed which contain duplicated gene names. By doing so, we keep only one
promoter per gene. It is easy to do this in Excel, so | have done it for you. File
promoters_mm9_ 52k .bed contains one promoter per gene, in total about 52 thousand genes.



Adding promoter coordinates to the differential gene expression data

Let us now take the file with differential gene expression (DEseq2_results.txt) and the file
with promoters (promoters_mm9_ 52k.bed) and combine them in such a way so that for each
gene we would have both the coordinate of its promoter (taken from the file
promoters_mm9 52k.bed) and the values of its expression fold change (taken from file
DEseg2_results.txt). The genes in these two files are sorted differently, therefore the script
that is doing this has to read each of these large files and pair the corresponding lines from these two
files which contain the same gene name. We have recently developed a software package called
NucTools (https://homeveq.github.io/nuctools), which includes a Perl script merge2tabs.pl that
is doing exactly this. | have copied the script merge2tabs.pl to the directory
/storage/projects/proficio/ChlPseq. The command calling script merge2tabs.pl
in order to merge files promoters_mm9_52k_bed and DEseq2_results.txt is written in
your bash file Task_6 _DEseq_to BED format.sh as follows:

perl /storage/projects/proficio/ChlPseqg/merge2tabs.pl --
tablel=/storage/projects/proficio/ChlPseqg/promoters mm9 52k.bed --
table2=/storage/projects/proficio/ChlPseq/DEseq2_results.txt --
output=promoters_and_DEseq.bed --collD_tab1=3 --collD_tab2=0

All you need for this step is just to execute the bash file Task_6 DEseq_to_ BED format.sh:
qsub Task 6 DEseq_to BED_ format.sh

After the execution of this bash file you will get a new file named promoters_and_DEseq. bed.

The execution of Task_6_DEseq_to BED_format.sh takes about 20 minutes, please wait.

Intersecting p53 peaks with promoter-based RNA-seq data

After we have added promoter coordinates to the RNA-seq differential expression file, the resulting
file promoters_and_DEseq.bed looks like this:

chr4 42215999 42217999 GmL0931 Gm10931 O NA NA NA NA NA
chr7 109212607 109214607 Rnfl21 Rnfl21l 0 NA NA NA NA NA
chri4 5944054 5946054 Gm10021 Gm10021 O NA NA NA NA NA
chri7 95148281 95150281 Mettl4 Mettl4 O NA NA NA NA NA

Here the first column is the chromosome number, the second column in region start, the third column
is region end, then goes the gene name and its differential expression data (in this case of the four
genes printed here the expression data is not available, but for most other genes these are available).
We can notice that this resembles the BED format which we have seen a lot previously during the
ChlP-seq practical. And we know how to find the intersection between two files in BED format. This
is what we previously did for the intersection of p53 sites with different genomic features. Now let us
intersect p53 sites with the promoters linked to their corresponding gene expression data from RNA-
seg. All we need to do is to intersect regions in the file peaks formatted.bed and
promoters_and DEseq.bed. This is realised for you in the next bash file
Task_7_intersect _DEseq.sh:


https://homeveg.github.io/nuctools/

intersectBed -a
/storage/projects/proficio/ChlPseq/peaks_formatted.bed -b
/storage/projects/proficio/ChlPseqg/promoters_and_DEseq.bed -wb >
peaks_intersect_DEseq.bed

All we need to do now is just to execute bash file Task 7 intersect DEseq.sh.
qsub Task 6 DEseq to BED format.sh

The results of this calculation are stored in a new file called peaks_intersect_DEseq.bed.

The file peaks_intersect_DEseq.bed finally contains all the information we need to integrate
p53 binding ChlP-seq and gene expression RNA-seq data. Let us copy this file to our local computer
using WinSCP, and then open it in Excel:

- - peaks_intersect DEseq - Micrasoft Excel =t
“ Home | Tns 9 ormulas  Dat =€
=] X o Calibe PR VIR e s [ General . | | i S T[] E Awwsun
] g0 = ARl T @i
Paste o e BIU- - _\ EEE ®iF ._ﬂ % o9 %Rl o« ] Insert I:,\._u:-_- Fo 2l
AB10 - f
A B C D E F G H | ] K L M N o P (=} R
1 chrl5 85600303 85600440 + 4286 0895 231 4735 0.5 947.02 0.00E+00  82.45 0.00E+00 0.71 chrl5 25682440 85600440 Trc38
2 chrl5  B5600303 85690479 + 4286 0895 231 4735 0.5 ©947.02 0.00E+00  82.45 0.00E+00 0.71 chrl5 85680175 85601175 Gtsel
3 chrg 23206397 23296573 + 348.7 0.89 208 385.3 7  55.04 0.00E+00  137.97 0.00E+00 0.75 chrg 23295245 23297245 Ckap2
4 chr? 52721866 52722042 + 3443 0797 211 3804 2 190.19 0.00E+00 61.7 0.00E+00 0.74 chr? 52721178 52723178 Bax
5 chrl 1.3BE+08 1.38E+08 + 322.1 0.85 210 355.9 1 35587 0.00E+00  45.53 0.00E+00 0.73 chrl 1.38E+08 1.38E+08 Phlda3
6 chr? 16893989 16894165 + 2494 0819 182 2755 3 9183 0.00E+00  27.23 4,97€-288 0.76 chr? 16893932 16895932 Bbe3

This picture shows only part of the Excel file. Here we can see the information about the peaks. If we
scroll more to the right, we will see the second part of the same file:

- - peaks_intersect_DEseq - Microsoft Excel (e
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1 0.5 947.02 0.006+00  82.45 0.00E+00 0.71chrlS 85688440 85690440 Ttc3g Tte3s 0 NA NA N NA NA
2 0.5 %47.02 0.00E+00 82.45 0.00E+00 0.71 chrl5 85689175 85691175 Gtsel Gtsel 0 NA NA NA NA NA
3 7 5504 0.00E+00 137.97 0.00E+00 0.75 chrg 23295245 23297245 Ckap2 Ckap2  5255.934 1762861476 0.055800 31.58746 SRERENEN senewses
4 7 19019 0.00E+00 617 0.00E+00 0.74 chr? 52721178 52723178 Bax Bax 3574425 1584507423 0.343422 4.613877 3.956-06 2.37E-05
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7 4 6593 0.00E+00  72.89 0.00E+00 0.8chrl2  1.02E+08 1.02E+08 9030617003Rk 90306170 0 NA NA NA NA NA

Let us focus on the quantitative characteristics of p53 binding to the promoter and changes of gene
expression changes for the corresponding gene. The strength of p53 binding is characterised by the
ChlP-seq peak height, which is given by the peak score in column “E”. The change of gene
expression is given by the log2 fold change in the column “V”.

The simplest hypothesis that we can text now it this: whether the strength of p53 binding at the
promoter is correlated to the change of gene expression? To test this hypothesis we need to calculate
the colleration between columns “E” and “V”. This is easy to do in Excel. Just select some empty cell
and ask Excel to calculate in this cell the correlation between columns “E” and “V™:
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And just in case if you are still wondering where to find the CORREL function in Excel, here it is:
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So, in my case the correlation is 0.31. Is it the same for you? ©
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What can we say about this correlation? It is a moderate but statistically significant correlation. It tells
us that those genes which contain the strongest p53 binding are characterised by the largest changes of
gene expression when p53 pathways are induced due to antibiotic treatment. Did you expect to find it?
Well, at least this is something non-trivial, and this is a publishable scientific result that we were able
to derive from the integrative analysis of ChIP-seq and RNA-seq data.

Did the authors of the paper also notice this result? Yes they did. Interestingly, they came to a similar
conclusion using another type of analysis of the same data. Now let us do some other analysis.



Calculating average aggregate occupancy profiles

If you remember the first overview lecture, there were a lot of plots with average profiles of protein
binding around some genomic features. We have calculated in the first ChiP-seq practical p53
occupancy profiles chromosome-wide using HOMER (remember the HOMER tag directories?) Now
we can use these to calculate average aggregate occupancy profiles of p53 around some genomic
features. Say, we already know that p53 is enriched at promoters and enhancers, let us calculate p53
aggregate occupancy profiles around promoters and enhancers. This is realized for you in bash file
Task_8 average_profiles.sh:

#1/bin/bash
#$ -cwd
#$ -q all.q

#$ -S /bin/bash
cd ~

#Calculate average profile of p53 binding around transcription start
sites (TSS):

annotatePeaks.pl tss mm9 -size 2000 -hist 10 -d HOMER p53 >
profile_p53 around TSS.txt

#Calculate average profile of p53 binding around transcriptional
enhancers:

annotatePeaks.pl /storage/projects/proficio/ChlPseq/enhancers_mm9.bed
mm9 -size 2000 -hist 10 -d HOMER p53 >

profile_p53 around_enhancers.txt

#Calculate average A/T/C/G frequences around bound p53
annotatePeaks.pl
/storage/projects/proficio/ChlPseq/peaks_formatted.bed mm9 -size 2000
-hist 10 -CpG > profile_CpG_around_p53.txt

Here the first command calculates p53 occupancy around transcription start sites (notice the parameter
“tss” in the HOMER command line below:

annotatePeaks.pl tss mm9 -size 2000 -hist 10 -d HOMER_p53 >
profile_p53 around_TSS.txt

Other parameters in this command tell HOMER that the size of the region around TSS should be 2000
base pairs, and that the calculation should be performed with the step 10 base pairs, and the
occupancy data should be taken from the tag directory named “HOMER_p53”, while the results
should be placed in the output file named profile_p53_around_TSS. txt.

The second command in a similar way tells HOMER to calculate p53 occupancy profiles around
enhancers:

annotatePeaks.pl /storage/projects/proficio/ChlPseq/enhancers_mm9.bed
mm9 -size 2000 -hist 10 -d HOMER p53 >
profile_p53 around_enhancers.txt



The only difference here is that we need to tell HOMER where to take the enhancer coordinates
(/storage/projects/proficio/ChlPseq/enhancers_mm9.bed).

The third command tells HOMER that we want to calculate the frequencies of A/T/C/G nucleotides
around p53 binding sites. This is a useful function in the case if we are testing a hypothesis that our
protein of interest binds e.g. primarily inside CpG islands:

annotatePeaks.pl
/storage/projects/proficio/ChlPseq/peaks_formatted.bed mm9 -size 2000
-hist 10 -CpG > profile_CpG_around_p53.txt

Now we just need to execute the bash file:
gqsub Task 8 average profiles.sh
This calculation takes just about 5 minutes.
After the calculation is finished, we can locate in our home directory the files named

profile CpG_around_p53.txt
profile p53 around_enhancers.txt
profile p53 around TSS.txt
and copy them using WinSCP to our local computer. Then we can open them in Excel:

A B C D E F
1 Distance {/home/vti/home/vti/home/vteif/HOMER_p53 - Tags
2 -1000 0.809066 0.003673 0.003854
3 -990 0.807612 0.003695 0.003493
4 -980 0.811521 0.003777 0.003717
5 -970 0.812314 0.003761 0.003689
6 -960 0.810728 0.003677 0.003751
7 -950 0.809992 0.003715 0.003513
8 -940 0.811748 0.003653 0.003783

The first column shows the distance from the centre of the feature (e.g. the centre of enhancer). The
second column shows the average p53 occupancy at this distance. Then we can make the plot based
on these two columns:
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For example, this is how my plot for the average p52 occupancy around enhancers looks:

/home/vteif/HOMER_p53 Coverage
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Of course it is possible to adjust in Excel the scale and correct captions to make it a nicer figure:

p53 around enhancers

14
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Similarly, we can plot the average aggregate profile of p53 occupancy around transcription start sites:

+1

1500 1000 500 o 500 1000 1500

Notice, that unlike p53 around enhancers, the profile of p53 around enhancers is asymmetric. Should
it be expected to be asymmetric? Yes, because genes have directionality, and so do their transcription
start sites. But did you expect to see the p53 peak mostly shifted downstream of TSS? Usually it is
assumed that the promoter is more upstream than downstream of TSS. In this case it appears that p53
binds more at the part of the promoter downstream of TSS. Is it a scientific discovery? Hmm... may
be. Or maybe this is something already well known. Oh, wait, we actually have to read a lot of paper
before making scientific claims ©



Similarly, we can plot in Excel the nucleotide frequencies around p53 sites:

A B c D E F G H I J K L M N
1 Distance fiA frequen C frequen: G frequen T frequency
2 -1000 0.273228 0.231599 0.228841 0.266333
3 -990 0.272961 0.232002 0.229121 0.265917
4 980 0.272349 0.233173 0.229212 0.265266
5 970 0.271966 0.23167 0.228516 0.267848
6 -960 0.271107 0.234084 0.229257 0.265552
7 -950 0.273104 0.231657 0.229647 0.265591
8 -940 0.271075 0.233693 0.227482 0.267751
9 -930 0.271172 0.233297 0.227898 0.267634
10 -920 0.271614 0.23478 0.228074 0.265533
11 910 0.270892 0.233088 0.229719  0.2663 A frequency
12 -900 0.270691 0.229771 0.233049 0.266489 B frequency
13 -890 0.269559 0.231482 0.230292 0.263668
14 -880 0.271263 0.230857 0.232061 0.265819 G frequency
15 -870 0.268512 0.233062 0.233954 0.264473 T frequency
16 -860 0.269416 0.232419 0.234181 0.263985
17 -850 0.270762 0.230194 0.231911 0.267133 e
18 -840 0.273455 0.232555 0.229947 0.264043 o
19 -830 0.271263 0.231215 0.232106 0.265416 ‘ ‘ 02 ‘ ' '
20 -820 0.269071 0.235339 0.231449 0.264141 -1500 000 -S00 0 500 000 1500
21 -810 0.269195 0.234123 0.231345 0.265338

But what about the fine sequence patterns of p53 binding sites? We will learn them on the next step.

DNA sequence motif analysis

Remember when we did peak calling in the first ChlP-seq practical we also asked HOMER to
calculate for us the DNA sequence motifs corresponding to the bound p53 peaks? Let us now look at
these data. Open in WinSCP the directory /motifs inside your home directory:

"B motifs - genome.essex.ac.uk - WinSCP “="TE ﬁ
Local Mark Files Commands Session Options Remote Help
EEl x? 2 Synchronize - Ii? |;E| J“ [0 Queue - - Transfer Settings Default - 3 ~
E genome.essex.acuk Q Mew Session
& C: bs1315 =ik i =kisRA Y- - - BB & |, Find Files = - | motifs = [ [T
Flam B 7 @@ Download = |2 Edit = ¥ L7 L Properties [ [m [ B ®
Chwlad_work\Essex\proficio\scripts /home/vteif/motifs
Mame . “ | | Name
GSES5727_MEF_ChIP_peaks.bed = .
GSES5727_MEF_ChIP_peaks.fa | homerResults
merge2tabs.pl I knownResults
mm3.fatai =l |- Eomchesulls.hth
mmé.genome homerMotits.motifs12
mm9_promoters_52k.bed homerMotits.all. motifs
peaks_formatted.bed homerMotits.motifs10
peaks_intersect_DEseq.bed homerMotits.motifs8
profile_CpG_around_p53.txt knownResults.txt
profile_p53_around_enhancers.bd. @ knownResults.html
":_] profile_p53_around_enhancers.xlsx seq.autonorm.tsy
profile_p53_around_TS5.Lx motifFindingParameters, txt
] m ] a4 m ]
0B of 24,241 KB in 0 of 25 1hidden 148 KB of 952 KBin1of 11
A sFIP3 21111 |

Now right-click on the file homerResults.html and select “open”. The HTML file will open in your

browser:



Homer de novo Motif Results (/home/vteif/motifs/)

Known Motif Enrichment Results

Gene Ontology Enrichment Results

If Homer is having trouble matching a motif to a known motif, try copy/pasting the matrix file into STAMP
More information on motif finding results: HOMER | Deseription of Results | Tips

Total target sequences = 15377

Total background sequences = 33092

* - possible false positive

[saof  [oaof STD(Bz

) 1 [ . [
Rank Motif P-value [ % Best Match/Details iMonfl—'lle

P-pvalue | Targets |Background |STD)

AA 3575 ’ . 510 42.5bp P33(p53)YmES-cMye-ChIP-Seq{GSE1143 1 ) Homer(0.725) |motif file
! QACQI %QE‘;‘ 1e-3523/-8.118e+03 42. 631% (68.8bp) More Information | Sunilar Motifs Found |{ma|rix)
) w .;1,:2 |

ENFA16(Z1) HEK293-ZNF416.GFP-ChIP-Seq{GSES8341) | .
42.6bp |motif file
I I ' . .2 439e+ 9 9% /
QC A le-1059-2.439¢+03 |13.08% |1.73% (62.5bp) Homer((.870) |‘:m‘".xJ
o= _ St |

More Information | Similar Motifs Found
/GBM-ATF3- -Seq(GSE33912V eri{ (). | 9
c le-d11 04746402 14.75%  |5.30% 511bp .-‘-\113([:21_1’) GB.M AT?I'.'!. ChIP "'».L_:I{G"‘;r“‘.)l VHomer(0.991)  |\motif .hh
L2 (63.8bp)  More Information | Sumilar Motifs Found |{ma|rlx)
| == 1 =1 1= - I I
4 A A I 16230 1-5.0726+02 0.83%  10.01% 47.9bp ZFX{Zf)y/mES. x.'.ﬁ (I)II‘ beq((J:‘:»l:.l.l-I} 1)YHomer(0.755) _mollf.ﬁle
. Lo (23.9bp) | More Information | Similar Motifs Found !jman'lxl

HOMER has found a number of motifs, ranked them based on the P values, and associated found
motifs with known transcription factors from its database. The top hit is p53. Surprise, surprise ©

(=]

W

Remember, HOMER actually did not know what type of experiment was performed. It did not know
that it was ChIP-seq with antibody against p53. The only information it had was the DNA sequence
motifs most frequently found in the peaks determined based on this experiment. Based on these DNA
sequence motifs, HOMER decided that the best matching transcription factor is p53. Bingo!

As the links in this HTML file suggest, you can click on them and get more information. We will let
you to play around this file for several minutes independently...

Gene Ontology (GO) analysis

The last type of integrative analysis that we will learn is the easiest to do and also quite a fun thing.
This type of analysis is based on the classification of molecular processes, pathways, and types of
molecules into a number of scientific terms such as “apoptosis”, “differentiation”, “cell cycle”, etc.
Usually wet lab biologists love this type of analysis because it gives them an impression that they
understood a lot about the system (in many cases this is an illusion, though). OK, let’s just do it. As
the introductory lecture suggested, there are many different online tools to perform GO analysis.

1.9. Let us perform GO analysis for genes which contain bound p53 at their promoters using
software DAVID. Go to the internet and open this address: https://david.ncifcrf.gov:

File Edit View History Bookmarks Tools Help
rm_ DAVID Functional Annotati... \+
(' D) @  httpsy/davidncifcri.gov € Q e of transcript per Million mapped reads + ﬁ‘ E a 4+ A 37_ =

b 5 ‘t DAVID Bioinformatics Resources 6.8
A & DATARN National Institute of Allergy and Infectious Diseases (NIAID), NIH

Home = Start Analysis = Shortcut to DAVID Tools = Technical Center | Downloads & APIs | Term of Service Why DAVID? = About Us

m .'

*** Welcome to DAVID 6.8 with updated Knowledgebase (_more info). ***
**% If you are looking for DAVID 6.7, please visit our development site. ***

Shortcut to DAVID Tools Recommending: A paper published in Nafure Protocals describes step-by-step procedure to use DAVID!
Al ] |
| search |
2003 - 2016 What's Important in DAVID?
The Database for Annotation, Visualization and e New requirement to cite DAVID
Integrated Discovery (DAVID ) v6.8 comprises a full o IDs of Affy Exon and Gene arrays supported
Knowledgebase update to the sixth version of our original » Novel Classification Algorithms
web-accessible programs. DAVID now provides a ® Pre-built Affymetrix and Illumina
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Select “Functional annotation™:

Functional Annotation Tool
DAVID Bioinformatics Resources 6.8, NIAID/NIH

Home  Start Analysis Shortcut to DAVID Tools  Technical Center Downloads & APIs = Term of Service Why DAVID?  About Us

*** Welcome to DAVID 6.8 with updated Knowledgebase (_more info). **~
*** Il you are looking for DAVID 6.7, please visit our development site. *™*

Background Functional Annotation Tool

Gene List Manager « Submit your gene list to start the tool! Tell us how you like the ool
Read technical notes of the tool

Contact us for questions
Key Concepts:

Term/Gene Co-Occurrence Probability

Ranking functional categories based on co-occurrence with sets of genes in a gene list can rapidly aid in
unraveling new biolegical processes associated with cellular functions and pathways. DAVID 6.8 allows
investioators to sort aene cateaories from dozens of annotation svstems. Sortina can be based either the

Select the “upload” link, then under “step 1” paste your list of genes from Excel in the gene
list manager, under “step 2” select “official gene name”, and under “step 3” select “gene list™:

Upload 1 _List  Background Functional Annotation Tool

« Submit your gene list to start the tool! Tell us how you like the tool
Read technical notes of the tool

Contact us for questions
Key Concepts:

. 'Term/Gene Co-Occurrence Probability
: ma : Ranking functional categories based on co-occurrence with sets of genes in a gene list can rapidly aid in

unraveling new biological processes associated with cellular functions and pathways. DAVID 6.8 allows

»

|ZNF365

lznFdes investigators to sort gene categories from dozens of annotation systems. Sorting can be based either the
| ZnFs3g E number of genes within each category or by the EASE-score. More
[ZNF541 x
I|ZNF812
. Gene Similarity Search
B-Choose Fr : Any given gene is associating with a set of annotation terms. If genes share similar set of those terms, they are
[ - aFﬂe . most likely involved in similar biological mechanisms. The algorithm tries to group those related genes based on
1 Browse... No file selected. the agreement of sharing similar annotation terms by Kappa statistics. More
 Multi-ListFile

Term Similarity Search

vl Typically, a biological process/term is done by a corporation of a set of genes. If two or more biclogical
: processes are done by similar set of genes, the processes might be related in the biological network somehow.
This search function is to identify the related biological processes/terms by quantitatively measuring the degree
of the agreement how terms share the similar participating genes. More

Integrated Solutions

Under “Step 4” press “submit list”. You will receive the following notification:

11



,

€ ()8  httpsy//davidnciferf.gov/summary.jsp ® | Q Search <

Please note that multiple species have been detected in your gene list. You may select a specific specie(s) with the List on the
left side of the page by the specific sp } and pressing the "Select” button. As a default, all species in your list will be
used for analysis. Also note that you may need to select an appropriate background under the "BACKGROUNDS" tab in the manager to
the left. By default, the background corresponding to the first species in the list will be selected if an uploaded or Affymetrix b
is not in use.

Click “OK?”, and then highlight “Mus Musculus” and press button “Select species”:

6 | &) @  httpsy//david.nciferf.gov/summary jsp E1 ¢ @, david ge
N

- v ‘ll Functional Annotation Tool
‘j‘ iy Bo DAVID Bioinformatics Resources 6.8, NIAID/NIH

Home | Start Analysis | Shortcut to DAVID Tools | Technical Center | Downloads & APIs | Term of Servic

*=** Welcome to DAVID 6.8 with updated Knowledgebase (_Lmore info). **
*=** If you are looking for DAVID 6.7, please visit our development site. **

Background

. Annotation Summary Results
Gene List Manager

Current Gene List: List_1 2383 DAVID IDs
Current Background: Mus musculus Check Defaults

E Functional_Categories (3 selected)

- Use All Species -
Mus musculus(2383)
Canis lupus familiaris(2234
Pan troglodytes(2216) - E Literature (0 selected)
Select Species B Main_Accessions (0 selected)

B Gene_Ontology (3 selected)
B General_Annotations (0 selected)

B Pathways (2 selected)

Then click “Functional annotation clustering™:

281 Cluster(s) i Download File
Annotation Cluster 1 Enrichmeant Scora: 12.97 Count : P_Value - Benjamini
| UP_KEYWORDS Mitochondrion BRI mm 207 4.4E-20 3.8E-18
- EENEWORDE 1Iransit peptide RL - 111 4.6E-14 2.0E-12
I UP_SEQ_FEATURE transit peptide:Mitochondrion RIL - 98 6.1E-7 2.7E3
Annotation Cluster 2 Enrichmeant Scora: 9.9 Count P_Value Benjamini
I UP_KEYWORDS Transcription RT — an9 2.4E-18 1.5E-16
| UP_KEYWORDS Transcription requlation BRI 299 9.2E-18 5.0E-16
||  GOTERM_BP_DIRECT transcription, DNA-templated RL — 311 4.2E-13 2269
|  GOTERM_BP_DIRECT regulation of Uranscription, DNA-templated RI 344 1.8E9 48E6
] UP_KEYWORDS DNA-binding RI e 223 2.8E6 4.2E5
J GOTERM_MF_DIRECT DMA binding BRI — 265 4.6E-6 1.1E-3
w ol e e L adily, sequence: gy g 126 2.4E-3 1861
Annotation Cluster 3 Enrichmeant Score: 9.61 Count P_Value Benjamini
I (EECHEREHORES Metal-binding [:1 480  3.8E-14 1.8E-12
I GOTERM_MF_DIRECT metal ion binding RL — 476 6.7E-10 3.6E-7



Now let’s go back to the Excel file and select only those genes which have p53 at their promoters and
their expression was upregulated upon treatment (log2 fold change >0):

Eda-o-|z peaks_intersect [
“ Home = Insent  Page Layout  Formulas  Dats Review  View  Acrobat
= X cu Calibri S AN Tmm ¥ EhwoepTe General
= — Sy Copy - . A
at . e A i c Merge B Center - 00+
" formpaineer: B 1 U h-A-EEEW ES orge & Conter - - %
= w X Y Z Al
1 * |NA NA NA NA
2 NA NA NA NA
3 0.055800 31.58746 RERESENR SubuRneg
4 » | 0.343422 4613877 3.95E-06 2.37E-05
5 0.09778 11.65215 2.24E-31 6.62E-30
6 ” 0.260172 4.730944 2.23E-06 1.39E-05
7 03 i 7Y NA NA NA
B Number Filters. » Equals. NA
9 arch P Does Not Equal Hr pEESEREn
10 7 {Select Al) = Groater Than_. B3 2.61E-61
11 12471492136 E Greater Than O Equal To. 24 LE2E-13
12 -2.304931858 25 0.928194
#]-2.138440404
13 <11, 796700876 Less Than Or Equal To. 05 0.000251
14 %1 RTTSOITIS o NA
15 i 19 191€-18
16 o Canee} Top 10 NA
17 [4:-EFig unA fbove Average MNA

Now submit them again to DAVID and do all the steps in DAVID as above:

122 Cluster(s)

Annotation Cluster 1

Enrichment Score: 6.94

GOTERM_CC_DIRECT mitochondrion 1 S 123 42610 2287
UP_KEYWCRDS Mitochondrion RI - 81 3.6E-0  4.1E-7
UP_KEYWORDS Transit peptide RT - 45 4367 21E5
UP_SEQ_FEATURE transit peptide:Mitochondrion RI - 40 2.8E-4  4.06-1
UP_KEYWORDS Lysosome RI = 32 7AED 4957
GOTERM_CC_DIRECT Isosome R = 8 2.268 3.066
KEGG_PATHWAY Lysosome BRI - 19 1.1E5 2.7E-3
GOTERM_CC_DIRECT Iysosomal membrane RI = 22 S.5E-4 2.68-2
L RETROES Metal-bindiag 1\ S—— 181 14E6 5385
GOTERM_MF_DIRECT metal ion binding [ S 180 4.SE5 2052
UP_KEYWORD3 Zing RT — 109 7.364 1662
UP_KEYWORDS Zine-finger Bl == 79 8.9E3 B.0E-2

Now let’s repeat this only for the genes which contain p53 at their promoters and are downregulated
upon treatment:

“ Home | Insert Pagelayout Formulas Data Review View  Acrobat
. [
o Cut Calibri 11 AT A= EE} - zﬁWraPTg,q General - ﬂ % }ﬂ‘l E- g‘ [~
P_aste " Copy - Sy - A o <0 ».0 Cundit_i;nal Format  Cell Insert Delete Format
- ¥ Format Painter B FU--- = i Merge & Center - %v h % Formatting ~ as Table ~ Styles ~ - - -
Clipboard B Font i Alignment B Number & Styles Cells
R1 - fe| Tte3s
S5 T u \ w X Y z AA AB AC AD AE AF
1 Ttc38 0 NA NA NA NA NA
3 Ckap2 5255.934 1.762861476 0.055809 31.58746 HHHHHHEA RHHHERY 0.312581
4 Bax 35.74425 1.584507423 0.343422 4.613877 3.95E-06 2.37E-05
3 Phida3 982,9958 1.139347638 0.09778 11.65215 2.24E-31 6.62E-30
6 Bbc3 67.78692 1.230860618 0.260172 4.730944 2.23E-06 1.39E-05
g pr365 969. 282 9 QIFACAQIADY N AAAQ1IEA 20 2NETE -
10 Trafa 1947 Custom AutoFilter m
12 Cede58  4.831| snow rows where:
iz Rps271 64.9 NA
B Khi2e 804 ETET— - | 0 [
18 Svop 15. @ And @ Or
20 Btg2 1243
21 Rps19 5.18| .
22 Bbc3 67.70 useto represent any single character
24 Nudecd2 8.84] | Use * to represent any series of characters
25 {1Rik 6530418L: 31.5
] N OK ] l Cancel I
26 Trp53inpl 1053
217 Sesn2 12257705 T T6084 TS5 0086759 1338014 7 90 AT 3. 3TE=3Y
La Eenn 1245 A110 A F125A8 A 1000NE 5 IAS0TZ A ANA1AO N AANETO
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Here is what we get for the downregulated p53-dependent genes:

Annotation Cluster 1 Enrichmeant Score: 4.82
Lalaaiiel Cell cycle BT s
GOTERM_BP_DIRECT cell cyele RT -
UP_KEYWORDS Cell division RI -
e D EC mitotic nuclear division BRI =
UF_KEYWORDS Mitosis RI -
GOTERM_EP_DIRECT cell division Rl =
Annotation Cluster 2 Enrichment Score: 4.33
UP_KEYWORDS Mitochondrion RI1 [——
RESHENNLATE Transit peptide RI =
UP_SEQ_FEATURE transit peptide: Mitochondrion RT -
Annotation Cluster 3 Enrichment Score: 3.66
R SRR Protein transport Bl ==
GOTERM_BF_DIRECT protein transport LA -
L KEVNCHDS Transport BRI J—
GOTERM_BP_DIRECT transport RT -
Annotation Cluster 4 Enrichment Score: 2.76
S Endoplasmic reticulum Bl =
GOTERM_CC_DIRECT endoplasmic reticulum RI —
GOTERM_CC_DIRECT dopl reticulum bré RT -

Count  P_Value Benjamini

43
43
2%
2
20
2%

63
30
26

39
39
71
70

49
57

1.4E-7 7.5E-6
7.0E-7 1.7E-3
4.8E-5 1.4E-3
1.1E-4 B8.4E-2
1.26-4 3.2E-3
1.86-4 7.2E-2

P_Value  Benjamini

2.4E-8  1.5E-6

2.3E-4 4.3E-3
1.BE-2 9.7E-1

P_Value Benjamini

9.0E-7 3.1E-5
1.0E-5 1.3E-2
9.0E-3 7.5E-2
2.8E-2 T.9E-1

P_Value Benjamini

1.6E-4 3.5E-3
4.5E-3 1.1E-1
7.86-3 1.8E-1

We can see that the genes responsible for the cell cycle are downregulated after treatment. What does

this mean? It means that the cells are struggling with doxorubicin-induced DNA damage and cannot

enter the cell cycle. This is quite consistent with doxorubicin action leading to cell apoptosis.

A similar GO analysis can be also performed in another GO software called GOrilla

http://cbl-gorilla.cs.technion.ac.il

' o GOvilla - a tool for identifyi., * \4

€ (O cbl-gorilla.cstechnionacil @ | Q goilla go analysis

GORILLA = iz
L]
- oo

-
Gene Ontology enRIchment anaLysis and visuaLizAtion tool

GOrilla is a tool for identifying and visnalizing enviched GO terms in vanked lists of genes,
It can be mun in one of two modes:

1. Searching for enriched GO terms that appear densely at the top of a ranked list of genes or
2. Searching for enriched GO terms in a target list of genes compared to a background list of genes.

For further details see References.

> B O + A K &

Running example Usage instructions GOrilla News(Updated March Sth 2013) References

Step 1: Choose organism
Homo sapiens -
Step 2: Choose running mode
@ Single ranked list of genes Two unranked lists of genes (target and background lists)
Step 3: Paste a ranked list of gene/protein names

Names should be separated by an <ENTER=>. The preferved format is gene
symbol. Other supported formats are: gene and protein RefSeq. Uniprot. Unigene

Contact
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Gene Ontology enrichment analysis using EnrichR

Open http://amp.pharm.mssm.edu/Enrichr/. Then upload your BED file with all p53 peaks
(peaks_Tormatted.bed) using the “Browse” button, select “mouse mm9”, then click
“submit”:

. Login | Register
@ E n r I C h r 5,576,889 lists analyzed

What's New?  Libraries Find a Gene About Help

Input data

Choose an input file to upload. Either in BED formatora Or paste in a list of gene symbols optionally followed by
list of genes. For a quantitative set, add a comma and a comma and levels of membership. Try two examples:
the level of membership of that gene. The membership  crisp set example, fuzzy set example

level is a number between 0.0 and 1.0 to represent a

weight for each gene, where the weight of 0.0 will

completely discard the gene from the enrichment

analysis and the weight of 1.0 is the maximum.

Try an example BED file.

peaks_formatted.bed

Select parameters for bed file to gene list conversion.
Species: Mouse mm9 ~
Max number of genes: 1000 ~

0 gene(s) entered

EnrichR will calculate for you the enrichments of many different genomic features at the
regions submitted in your BED file. E.qg., this is the “Transcription” panel that I’ve got:

ﬁ E n rl C h I Login | Register

LIRSl  Pathways  Ontologies  Disease/Drugs  Cell Types Misc  Legacy Crowd

No description available (1000 genes)

P
A

ChEA 2016 TRANSFAC and JASPAR Genome Browser PWMs
PWMs

TPS2_20018659.ChIP-ChIP RIE Mouse SPmos vewcReB2

TPS3.23651856.ChIP Seq MEFs Mouse SMwDamowse Moot

_92_Ch[P-Stq_MC3[3_Muu)e -I} _

ENCODE and ChEA Epigenomics Roadmap HM TargetScan microRNA

Consensus TFs from ChIP-X ChIP-seq

FEGR e somccum e

|ueTEEnCODE | HaKz7ac H1 Derived Neuronal Progenitor Ci |ACTGTAG MIR-139

oo onarac 30869 e s

2874 ENCODE | H2BK120ac IMR9O [GTGTTGAMIRS -

_ H3K27ac CD4 Maive Primary Cells _81
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Interestingly, EnrichR finds p53 and p53-related features as top hits. Importantly, EnrichR
does not know which experiment we are working on, it only knows the genomic coordinates
of the peaks obtained after ChIP-seq. If these peaks look to EnrichR like p53 binding, then
this means that our analysis is correct and our peaks indeed represent p53 binding.

Convincingly, the “Pathways” panel of EnrichR is almost completely devoted to p53 binding:

ﬁ E n r i C h r Login | Register

Transcription [GEMGWENS Ontologies  Disease/Drugs  Cell Types  Misc  Legacy  Crowd

No description available (1000 genes)

KEGG 2016 WikiPathways 2016

o
]
o
[a]
=1
S
3
™
N
o
—
o
I

on of DNA Damage Respons: tion by TP53_Homo sz

Homo sapiens_hsa05166

Homo sapiens_R-H5A-2

sponse_Homo sapiens_WP7

sapiens_hsa04110

ing Pathway_Homo sapiens_' o sapiens_R-HSA-73894

ted proteclysis_Homo sapie

us musculus_WP1763 ses to stress_Homo sapiens_|

0 sapiens_hsa05161

BioCarta 2016 Humancyc 2016 NCI-Nature 2016

rgets of TAp63 is¢

ucleotide phospheryl

Homo sapiens_ imidine deoxyribonucle riptional targets of AP1 fami

n_Homo sapiens_PWY-7 uclear beta catenin signaling

o sapiens_h_egf

n factor network_Homo sapi

yribonucleotides de novo bi

ctivation of SMRT Corepressc

We can let you play with EnrichR a bit more on your own. This is the end of the practical.

If time remains at the end, please feel free to suggest for discussion your own directions for
integrative analysis, or ask the lecturers how to do the analysis for your experimental system.

We hope you enjoyed the course!
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