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Abstract

Motivation: In recent years, the interest in analyzing chromosome
conformation by Hi-C and related techniques has grown. It has been
shown that contact frequency matrices obtained by these methods cor-
relate with other methods of measurement of activity such as transcrip-
tomics and histone modification assays. This brings a question of testing
for differential contact frequency between experiments to the field.
Results: In this work, we provide a freely available software that imple-
ments two statistical methods for testing the significance of differential
contact frequency in topological domains between two experiments. One
method follows an empirical, permutation based approach to computing p-
values, while the other is a parametric test based on the Poisson-Binomial
distribution.

Availability: The software is freely available on the GNU General Public
License at https://bitbucket.org/rzaborowski/differential-analysis
Contact: [r.zaborowski|bartek]@mimuw.edu.pl

Supplementary information: Supplementary data are available at
Bioinformatics online.

1 Introduction

Hi-C is a method to study global chromosomal architecture by analy-
sis of chromatin contacts ([Lieberman-Aiden et al., 2009]). As a result
of Hi-C assay a library of paired end reads is produced. Reads are
then mapped onto reference genome and interpreted as pairs of spa-
tially neighbouring regions. Hi-C data is usually analyzed with help
of contact maps - symmetric matrices where rows and columns mark
chromosomal regions and cells on their intersection represents number
of contacts between them. A particular feature associated with contact
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maps of eukaryotic genomes is presence of Topologically Associating Do-
mains (TADs) - regions of genome strongly enriched with self-interactions
([Dixon et al., 2012]). The role of TADs is still not fully understood how-
ever it has been shown that some TADs strongly correlate with replication
domains ([Pope et al., 2014]) and separate different regulatory neighbour-
hoods ([Andrey et al., 2013]). The deletion of TAD boundaries can lead to
disruption of large chromosomal landscapes and consequently cause tran-
scriptional misregulation ([Nora et al., 2012]). Moreover TAD boundaries
tend to show significant level of conservancy between cell types and species
([Dixon et al., 2012]).

Recently Hi-C became a useful technique for differential analysis. This
sort of analysis aim to explain gene expression or epigenetic modification
differences between cell types, species or in response to experimental con-
ditions like different stimuli treatment. For example in [Le Dily et al., 2014]
and [Dixon et al., 2015] it was shown that depletion and enrichment in
Hi-C intra-TAD interactions is linked with genes down- or upregulation
respectively. This kind of studies require appropriate statistical methods
for detection and quantification of chromatin regions with depletion or
enrichment in interactions.

In this paper we present an application for systematic detection of
TADs enriched or depleted in contact frequency. Our pipeline implements
two methods. First is based on permutation test and is very similar to
the one used in [Dixon et al., 2015]. Second method uses parametric test
based on Poisson Binomial distribution.

2 Definitions

In this article we will use E = {A, B} to represent a pair of different exper-
iments A and B. This can be different cell lines or different experimental
conditions for example treatment with stimuli and no treatment, etc. Each
experiment L € E is a tuple: L = (M*,T"), where M* = {m},;:1<i <
¢,1 < j < ¢}, ¢ represents chromosome length in given resolution and m®
is symmetric ¢ X ¢ matrix such that: miL, ;€ R™. For simplicity we present
a case for one chromosome. In case of many chromosomes the reasoning
is analogous. T7 = {t* : (i,s,e),i € N1 < s < ¢,1 < e < ¢}, where i is
TAD identifier and s, e are TAD start and TAD end respectively. In other
words each experiment consists of set of contact maps and set of TADs.

3 Methods

3.1 Preprocessing

Pipeline input are 2 sets of experimental data A and B. First step of

preprocessing is to calculate a sum of contacts for each map of experiments
C C

under study: ST = >3 mf ;- Next each contact map is normalized by
i=1j5=1

dividing all its entries by appropriate sum and multiplying by constant

factor: MY = {mf; : W;ﬁ - X}, where constant factor X is equal to the
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mean of A and B contact sums, i.e.: X = . Lastly differential map
A

is computed according to formula: D = {d;; : ™i; — m;,;}.

s44sB
2

3.2 Permutation test

In this approach the type of domain and strength of effect (enrichment
or depletion) is calculated using the median of TAD differential interac-
tions. Using such test statistic positive median represent enriched TAD
with respect to experiment A and negative median means that TAD is
enriched in experiment B relative to A. To assess strength of enrichment
or depletion of TADs a distribution of medians in randomized data for
each TAD is produced:

1. for each chromosome calculate N random differential maps by ran-
domly permuting all entries in the matrix along their respective di-
agonals,

2. based on random differential maps calculate distribution of medians
for each TAD.

Given distribution of randomized medians for each TAD we can calculate
an empirical p-value of observing actual TAD median differential inter-
actions. Finally obtained p-values are corrected for multiple hypothesis
testing using Bonfferoni correction.

3.3 Parametric test

Another method for differential domains detection can be based on the
following intuition. If a TAD is enriched in contacts relative to experiment
A we would see most of its cells positive. We can associate this pattern
with flipping a coin N times with probabilities pT4P = (p, .., pn) and
observing how often (n) we see heads (positive values). In this case N =

# — V refer to the number of cells inside TAD, V =v(e —s) — w
and v stands for the number of diagonals excluded from contact map
starting from main diagonal (i.e. masked diagonals). Due to Hi-C contact
decay bias we estimate vector of probabilities for each differential map
pP = (pv+1, -+, Pc) by calculating p; for the i-th diagonal separately. p;
is then calculated by dividing number of positive (negative for depletion)
bins on i-th diagonal by the number of all bins on this diagonal. Our test
statistic for a TAD of size N is then number of positive bins (negative for
testing depleted TADs) and we calculate p-value of observing this number
of positive bins assuming Poisson-Binomial distribution. Due to the fact
that dfj do not have binary values, but reals we approximate n using

following formula:

e—s e—s

> 5 d
n— 1=s j=1i+v N (1)

e—s e—s

> > ldil

i=s j=1i4+v
The rationale here is that higher the values of cells inside TAD, more
enriched it gets. Conversely if TAD contains negative cells it lowers its en-
richment effect and therefore lowers n. Assuming that n ~ PB(k, N, pTAD )
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Figure 1: Differential map of human chromosome 1. Above diagonal: MSC
replicate 1 - ESC replicate 1, below diagonal: MSC replicate 1 - MSC replicate
2

we want to calculate: Prpg(k > k, N,pT4P). Calculated p-values are

then corrected for multiple hypothesis testing using Bonferroni correction.

4 Sample usage

Below we present an example of our method applied to differential map of
human chromosome 1 (fig. 1). Upper triangle part illustrates comparison
between mesenchymal stem cells (MSC) and embryonic stem cells (ESC)
with detected enriched and depleted TADs. For comparison lower part
presents MSC replicates difference. The number of detected TADs is
equal to 61 enriched and 73 depleted in first case while MSC replicates
comparison produced 43 enriched and 20 depleted TADs. Hi-C data was
taken from [Dixon et al., 2015]. TADs used for analysis were produced
using Armatus software ([Filippova et al., 2014]) applied to MSC contact
maps. The test used was parametric with p-value threshold 0.05.

5 Discussion and Conclusion

The software we present here allows a growing group of researchers uti-
lizing hi-c and related technologies to easily analyze their datasets to
search for TADs with differentially enriched contacts between hi-c ex-
periments. It provides two different approaches to assessing significance
of the change: both the empirical, permutation based test proposed by
[Dixon et al., 2015] and the parametric based on the Poisson-binomial dis-
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tribution. Since the tool also allows for visualisation of results it should
be useful to many scientists.

Acknowledgements

We would like to thank Minna U. Kaikkonen and Henri Niskanen from
The University of East Finland for providing us with their unpublished
Hi-C data to test our method.

Funding

This work was supported by the Polish National Center for Research and
Development grant No. ERA-NET-NEURON/10/2013.

References

[Lieberman-Aiden et al., 2009] Lieberman-Aiden, E, van Berkum, NL,
Williams, L, Imakaev, M, Ragoczy, T, Telling, A, Amit, I, Lajoie, BR,
Sabo, PJ, Dorschner, MO, Sandstrom, R, Bernstein, B, Bender, MA,
Groudine, M, Gnirke, A, Stamatoyannopoulos, J, Mirny, LA, Lander,
ES, Dekker, J (2009) Comprehensive mapping of long-range interac-
tions reveals folding principles of the human genome. Science, 326,
5950:289-93.

[Dixon et al., 2012] Dixon, JR, Selvaraj, S, Yue, F, Kim, A, Li, Y, Shen,
Y, Hu, M, Liu, JS, Ren, B (2012) Topological domains in mammalian
genomes identified by analysis of chromatin interactions. Nature, 485,
7398:376-80.

[Nora et al., 2012] Nora, EP, Lajoie, BR, Schulz, EG, Giorgetti, L,
Okamoto, I, Servant, N, Piolot, T, van Berkum, NL, Meisig, J, Se-
dat, J, Gribnau, J, Barillot, E, Blthgen, N, Dekker, J, Heard, E (2012)
Spatial partitioning of the regulatory landscape of the X-inactivation
centre. (Nature), 485, 7398:381-5.

[Andrey et al., 2013] Andrey, G, Montavon, T, Mascrez, B, Gonzalez, F,
Noordermeer, D, Leleu, M, Trono, D, Spitz, F, Duboule, D (2013) A
switch between topological domains underlies HoxD genes collinearity
in mouse limbs. Science, 340, 6137:1234167.

[Pope et al., 2014] Pope, BD, Ryba, T, Dileep, V, Yue, F, Wu, W, De-
nas, O, Vera, DL, Wang, Y, Hansen, RS, Canfield, TK, Thurman, RE,
Cheng, Y, Glsoy, G, Dennis, JH, Snyder, MP, Stamatoyannopoulos,
JA, Taylor, J, Hardison, RC, Kahveci, T, Ren, B, Gilbert, DM (2014)
Topologically associating domains are stable units of replication-timing
regulation. Nature, 515, 7527:402-5.

[Le Dily et al., 2014] Le Dily, F, Ba, D, Pohl, A, Vicent, GP, Serra, F,
Soronellas, D, Castellano, G, Wright, RH, Ballare, C, Filion, G, Marti-
Renom, MA, Beato, M (2014) Distinct structural transitions of chro-
matin topological domains correlate with coordinated hormone-induced
gene regulation. Genes Dewv., 28, 19:2151-62.


https://doi.org/10.1101/093625
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/093625; this version posted December 13, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-ND 4.0 International license.

[Filippova et al., 2014] Filippova, D, Patro, R, Duggal, G, Kingsford, C
(2014). Identification of alternative topological domains in chromatin.
Algorithms Mol Biol, 9:14.

[Dixon et al., 2015] Dixon, JR, Jung, I, Selvaraj, S, Shen, Y, Antosiewicz-
Bourget, JE, Lee, AY, Ye, Z, Kim, A, Rajagopal, N, Xie, W, Diao, Y,
Liang, J, Zhao, H, Lobanenkov, VV, Ecker, JR, Thomson, JA, Ren, B
(2015) Chromatin architecture reorganization during stem cell differen-
tiation. Nature, 518, 7539:331-6.


https://doi.org/10.1101/093625
http://creativecommons.org/licenses/by-nd/4.0/

