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1 Introduction

The increasing amount of high throughput data has allowed to reveal that many
genomic properties are to some extent correlated, suggesting direct statistical
associations. Yet, these correlations could in fact be mediated by the indirect
effect of third properties and only provide partial insights on complex biological
systems. To quantify direct and indirect effects in genomic data, we performed
Mediation analyses following the approach of Pearl[1], a method typically used in
social sciences and epidemiology. We present here the extension of the Mediation
framework to the case of more than one mediating variable, and its application
to the genomic properties implicated in the biased retention of whole genome
duplicated genes, so-called ohnologs, in the course of vertebrate evolution.

2 The Mediation Framework

The Mediation analysis assesses the importance of a mediator M in transmitting
the indirect effect of a variable X on the response variable Y. In this framework,
the average direct effect DFE,,  is defined as the change on Y due to a change
of X from the initial value x to 2/, while keeping M fixed at the value m(z).
Similarly, the average indirect effect [ E,,  is defined as the change on Y if M
could be changed from the value m(z) to m(z’) while keeping X to its original
value z[1]. The Mediation formulae can be rewritten in terms of the expectation
value E(Y|z,m) of Y given X and M, and P(M|x), that denotes a value of M
drawn from a distribution P conditionally on X,

DE,y = Y(@',m(x)) = Y(w,m(z) = 3 _[E(Y|a!,m) — E(¥]z, m)|P(Mlo)
IE . =Y (x,m(2")) = Y (z,m(z)) = Zm E(Y|z,m)[P(M|z") — P(M|z)]
TE.w =Y (2 ,m(z')) =Y (x,m(z)) = Zm E(Y|2) — E(Y|x)

If X, M, and Y are binary variables, expectation values of Y and values of M
drawn from a conditional distribution P can be estimated from the counts in
the data of the triplets corresponding to each possible combination of values for
(X, M,Y). This means that all the effects can be directly derived from the num-
ber ngm, of triplets where (X, M,Y) = (z,m, y), for each value of (z,m,y)[1].



2.1 Extension to Many Mediators

In order to study several correlated properties in genomic data, we extended the
single mediator formulae to the case of more than one mediator. The simplest
generalization consists in gathering all the k& mediators for the ordered pair
of variables (X,Y) in a single super mediator M = {My, Ma,... My}. This
approach allows to discriminate the direct effect DFE,, from the effects through
any other indirect path connecting X and Y.

However, it is fundamental to identify the correct set of mediators for an or-
dered pair of variables (X,Y) in a causal graph. The mediators are the variables
that contribute to the correlation between X and Y, and belong to indirect paths
between X and Y that do not include any ‘v-structure’ (X... = M «+ ...Y). The
erroneous inclusion of non mediators in the super mediator M creates artificial
correlations between X and Y. By iteratively collecting the mediators of each
edge of a graph, we developed an efficient algorithm to recover in polynomial
time the correct set of mediators for each pair of variables in a graph.

3 The Mediation Analysis Applied to Genomic Data

We considered the 20,506 protein-coding genes in human. Based on data mining
analyses[2], we identified several gene properties, such as the essentiality or the
implication in cancers, and we inferred the underlying causal graph linking these
properties. We applied the extended Mediation analysis formulae to specifically
disentangle the direct from the indirect effects of properties favoring the specific
retention of ohnologs[2] during vertebrate evolution[3,4]. Our results demon-
strate that the retention of human ohnologs is surprisingly more strongly caused
by their susceptibility to dominant deleterious mutations than their interactions
within multi-protein complexes, unlike frequently invoked in the field.

3.1 Conclusion and Perspectives

Our study highlights the need to go beyond statistical correlations in the analysis
of genomic data and to rely on more advanced inference methods to disentangle
indirect from direct interaction pathways. The application of this approach to
other biological properties emerging from genomic data analysis will cast new
light on the function and evolution of biological properties and networks.
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