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Chapter 1

Introduction

I began my scientific education at the university of Caen in 1993. After a licence in mathematics,
I decided to pursue my formation by a master in mathematical ingeniery. During that year, I
discovered statistics through both methodological concepts and various examples. At the end of
this year, I was convinced that applied statistics could be an interesting domain. I spent one year
at the university Paris-Sud and obtained a DEA on stochastic and statistical modeling. Then
I started a PhD in 1998, co-supervised by Sylvie Huet (MIA-Jouy, INRA) and Pascal Massart
(University of Paris-Sud, Orsay) and co-funded by INRA and the radioprotection division of
EDF. I considered two statistical problems arising during the estimation of the hazard function
of cancer death in Hiroshima. The first problem was dedicated to the estimation of the hazard
function when the covariate is mismeasured. Application was done to estimate the cancer risk
among the Hiroshima survivors taking into account that the received dose of radiation was
mismeasured. The second problem was a proposal of new and more flexible modeling of the
risk function in order to avoid the linear function usually used to link the risk function to the
covariate.

From a statistical point of view, my PhD allowed me to acquire skills in survival models,
models taking into account mismeasurement of the covariates and count process. From an appli-
cation point of view, the analysis of the Hiroshima data was really an personal experience since
I stayed three months at the Radiation Effect Research Fundation in Hiroshima to understand
the specificity of the data and to develop the non-parametric estimation of the hazard function.

After my PhD, I obtained a post-doctoral position at INRA to work on multi-compartment
models to propose dynamic modeling of epidemics. This project should provide a new insight on
the Bovine spongiform encephalopathy. However despite my interest for the statistical modeling,
I was disappointed by the absence of interactions between the different disciplinaries. Then, I
accepted a position at the hospital of Nantes in the medical and public health information
division, hosting biologists in human medicine and statisticians. Their mission is to develop
databases for the hospital and to perform statistical studies on human health. In collaboration
with Magali Giral and Yohann Foucher, I studied the impact of graft mass on the clinical outcome
of kidney transplants. I really appreciated to work in closed collaboration with biologists. In
retrospect, these four years have been rich in diverse and important experiences for the following.

In 2003, I succeeded to obtain a position as a researcher at INRA in the Plant Biology and
Breeding department. The scientific positioning is original because I share my activity between
the Unit of Plant Genomic (URGV) and the UMR AgroParisTech/INRA of Applied Mathe-
matics and Informatics. At URGV I work with biologists to confront the statistical approaches
to a biological reality. Moreover I have the chance to get involved in a lot of projects as soon
as they start and it allows me to identify and solve their methodological needs. This position
gave me the opportunity to develop methods and models for various kind of biological questions
relying on the gene expression and their control mechanisms. Moreover, all these projects gave
me opportunity of working with the most recent and sensitive biological technologies including
all the different types of microarray and the high throughput sequencing. At UMR, AgroParis-



Tech/INRA of Applied Mathematics and Informatics, I am in the team “Statistics and Genome”
where members develop statistical models for analyzing molecular biology data. In this stimu-
lating environment, I developed numerous collaborations in statistics around the problematics
of URGV. It results in methodological developments in model-based clustering and signal mod-
elings for normalization. From my point of view, this position is ideal because it allows me to
stay in the core of the statistical research and at the same time to be deeply involved in the
genomic field.

In the following manuscript, I focus on my research activity since 2003 and it is organized
as follows: The first chapter is dedicated to methodological developments in model-based clus-
tering, in particular the variable selection when observations are described by a large number of
variables. Then considering that a spatial dependence exists between observations, I developed
flexible models for estimating the emission distributions of an HMM. This first chapter finishes
with some contributions on the observation classification based on the conditional probabilities.
The second chapter is devoted to the developments of statistical methods particularly dedicated
to the analysis of high throughput data coming from molecular biology. The third chapter is
dedicated to biological projects. My main contribution is my involvement in the statistical anal-
ysis of the data produced by the transcriptomic platform of URGV. The fourth chapter is a
presentation of the projects that I would like to develop in a near future.



Chapter 2

Model-based methods for clustering

2.1 Variable selection in model-based clustering

The works presented in this section correspond to results of the PhD of Cathy Maugis- Rabusseau,
co-supervised with Gilles Celeux.

2.1.1 Background

The goal of clustering methods is to discover structures (clusters) among individuals described by
several variables. Many clustering methods exist and roughly fall into two categories. The first
one is based on similarity or dissimilarity measures. It gathers hierarchical clusterings, which
build trees and also methods like K-means algorithm which classify data through a number of
clusters fixed a priori. The second category is model-based methods which consist of using a
model for clusters and optimizing the fit of the model and the data. In practice, each cluster is
represented by a parametric distribution, like a Gaussian one and the entire dataset is modeled
by a mixture of these distributions. An advantage of these model-based methods is to provide
a statistically rigorous framework to assess the number of clusters and the role of each variable
in the clustering process.

Cluster analysis is more and more concerned with large datasets where observations are de-
scribed with many variables. In principle, the more information we have about each observation,
the better a clustering method is expected to perform. However the structure of interest may
often be contained in a subset of the available variables and a lot of variables may be useless
or even harmful to detect a reasonable clustering structure. It is thus important to select the
relevant variables from the cluster analysis view point. It is a recent research topic in contrast
to variable selection in regression and classification models (Kohavi and John, [1997; |Guyon and
Elisseefl, [2003; |Miller, |1990). This new interest for variable selection in clustering comes from the
increasingly frequent use of these methods on high-dimensional datasets, such as transcriptome
datasets. It is usually considered that co-expressed genes are often implicated in the same bio-
logical function and are potential candidates to be co-regulated genes (see for instance Sharan,
Elkon, and Shamir, 2002, or [Jiang, Tang, and Zhang), 2004, and references therein). Since the
number of transcriptome experiments always increases, an experiment selection in the clustering
procedure is desirable to reveal important biological phenomena.

Three types of approaches dealing with variable selection in clustering have been proposed.
The first one includes clustering methods with weighted variables (see for instance Friedman and
Meulman, 2004) and dimension reduction methods. For this latter, McLachlan et al.[(2002) used
a mixture of factor analyzers to reduce the extremely high dimensionality of a gene expression
problem. A suitable Gaussian mixture family was considered in [Bouveyron et al.| (2007) to
take into account the dimension reduction and the data clustering simultaneously. In contrast
to this first method type, in the two last approaches the variable selection is done explicitly.
In one hand, the so-called "filter” approaches select the variables before a clustering analysis
(see for instance |Dash et all 2002; Jouve and Nicoloyannis, 2005)). Their main weakness is the



influence of selection step done independently of the clustering step. In the other hand, the
so-called ”"wrapper” approaches combine variable selection and clustering. For distance-based
methods, one can cite|Fowlkes et al.|(1988]) for a forward selection approach with complete linkage
hierarchical clustering, |Devaney and Ram (1997) who proposed a stepwise algorithm where
the quality of the variable subsets is measured with the COBWEB algorithm or the method of
Brusco and Cradit| (2001) based on the adjusted Rand index for K-means clustering. There also
exists “wrapper” methods in the model-based clustering setting. When the number of variables
is greater than the number of observations, (Tadesse et al. (2005) proposed a fully Bayesian
method using a reversible jump algorithm to simultaneously choose the number of mixture
components and select variables. Kim et al.| (2006) used a similar approach by formulating
clustering in terms of Dirichlet process mixtures. In Gaussian mixture model clustering, [Law
et al.| (2004) proposed to evaluate the importance of the variables in the clustering process via
"feature saliencies” and used the Minimum Message Length criterion. [Raftery and Dean| (2006)
recast the problem of comparing two nested variable subsets as a model comparison problem
and addressed it using Bayes factor. An interesting aspect of their model formulation is that
irrelevant variables are not required to be independent of the clustering variables. They avoid
thus the unrealistic independence assumption between the relevant and irrelevant variables for
the clustering, considered in Tadesse et al.| (2005)), Kim et al.| (2006) and [Law et al.| (2004)). In
their model, the whole irrelevant variable subset depends on the whole relevant variables through
a linear regression equation. However, some relevant variables are not necessarily required to
explain all irrelevant variables in the linear regression and their introduction involves additional
parameters without a significant increase of the log-likelihood.

During her PhD, Cathy Maugis-Rabusseau has improved their method by considering another
type of relation between the irrelevant variables for clustering and the relevant ones. Two
variable role modeling had been proposed, their theoretical properties were derived and the
variable selection implementation was based on a backward stepwise algorithm. These are the
works described below.

2.1.2 Variable role modeling
Model SR: first improvement

Consider n observations y = (y4,...,y,) described by Q variables ( y’ in R?) and let define
a latent variable Z; which equals k if observation 4 arises from cluster £ and 0 otherwise. The
graph of the conditional dependence according to the partition of the () variables proposed by
Raftery and Dean! (2006) is given in Figure The variable Z indicates the ideal clustering, S
denotes the set of relevant clustering variables and S¢, its complement in {1,...,Q}, denotes the
irrelevant variables. Nevertheless all relevant variables are not necessarily required to explain
the irrelevant variables in the linear regression and their forced introduction involves to estimate
additional parameters without a significant increase of the log-likelihood.

z

Figure 2.1: Conditional dependency graph associated to the variable repartition proposed by
Raftery and Dean| (2006])

In Maugis et al. (2009b)), we improved their model by a model where irrelevant variables are
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explained by a subset of relevant variables. This partition of the variable roles is illustrated on
the graph of the conditional dependencies given Figure The Z indicates the ideal clustering,
the set of relevant clustering variables S is decomposed into R and S\ R. The variables R are
those entering in the regression equation of the irrelevant variables S¢, the complement of S in
{1,...,Q}. Let F be the set of all variable subsets family, the variable role is thus summarized
into a couple (S, R) belonging to

V={(S,R);(S,R) € F?, S#0, RC S}.

L

( v YS\R )

. v

Figure 2.2: Conditional dependency graph associated to the variable repartition proposed by
Maugis et al.[ (2009b)).

The density family associated with a variable partition (S, R) was decomposed into two
subfamilies of densities related to the variable partition :

1. On the relevant variable subset .S, a Gaussian mixture was considered. It is characterized
by its number of clusters K, varying from K, to K., defined by the user and its form
m, essentially related to the assumptions on the component variance matrices. It means

that
K

Zi ~ M(lapla s 7pK)7 with Zpk: =1
k=1

and
(v71Zi = k) ~ N (pr, ),

with the variance matrix >, satisfying the form m. Consequently, the likelihood associated
with the relevant variable S for a given couple describing the mixture (K, m) is

n K
Fous W51 K m,0) = T D oe®(y7 |1k, ) (2.1)
i=1 k=1
where the parameter vector is a0 = (P1, ..., DK 1, 1y -« Ky D1y« oy DK )-

2. The irrelevant variables of the subset S¢ are explained by the variables of the subset R
according to a multidimensional linear regression where the variance matrix are assumed
to have a spherical, diagonal or general form. The likelihood associated with the linear
regression of y°° on y% is then

n

Freey™ Iy 0, 8,9) = [[ 2y o + y8,9) (2.2)
=1

where a is the 1 x card(S€) intercept vector, (3 is the card(R) x card(S¢) coefficient regression
matrix and €2 the card(S¢) x card(S¢) variance matrix.
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The likelihood for a model is then given by
f(Y|K7 m? T, S’ R? 9) — fclust(yS|K7 m7 a)freg(ysc‘yR7 r? a? 67 Q) (23)

where the parameter vector 6 = («, a, 3, 2) belongs to a parameter vector set T (K,m,rS,R)-

To fit well the data, we considered a collection of models N where the number of components
of the mixture, the forms of the variance matrices as well as the variable partition vary. The
models in competition are then compared with their integrated likelihoods, approximated by
using the BIC approximation (Schwarz, [1978). The chosen model is defined as

A~

(K,m,S,R) = argmax {BIC...(y°|K,m)+ BIC.,(y*|y®)} (2.4)
(K,m,S,R)eN

where BIC,,, and BIC,, are respectively the approximation of the integrated likelihood of the
mixture and of the multivariate regression. The decomposition of the criterion as a sum of BIC
criteria is a direct consequence of the conditional independences of the model given in ([2.3)).

Model SRUW: general variable role modeling

Thanks to several simulation studies, we realized that the model SR is not completely general
since it does not allow some irrelevant variables to be independent and others to be dependent
of the relevant variables simultaneously. In order to remedy to this drawback, in [Maugis et al.
(2009c)), we proposed to refine the variable role modeling to take into account the possibility that
some irrelevant clustering variables could be independent of all the relevant clustering variables
and others could be linked to some relevant variables at the same time. This new variable
partition is summarized in Figure [2.3] and such modeling allows us to define completely the
variable role by subsetting the relevant variables for the clustering .S, the redundant variables, U
defined as irrelevant variables linked to some relevant variables, R and, the independent variables
W defined as irrelevant variables independent of all the relevant variables.

N

Figure 2.3: Conditional dependency graph associated to a variable partition V = (S, R, U, W).

The variable role is thus summarized into a couple (S, R, U, W) belonging to

SeUpW ={1,...,Q}
V={((S,RUW)eF S+0,RC S
R=0if U =0 and R # () otherwise

The density family associated with a variable partition (S, R, U, W) is decomposed into three
subfamilies of densities related to the three possible variable roles.

1. On the relevant variable subset S, a Gaussian mixture is considered as in ([2.1).

12



2. The variables of the subset U are explained by the variables of the subset R according
to a multidimensional linear regression where the variance matrix could have a spherical,
diagonal or general form. The likelihood associated with the linear regression of yV on y*

is defined as in ([2.2)):
n

Fesy Uy 0, 8,9) = [[ @ [a+yi'8,9)
=1

where a is the 1 x card(U) intercept vector, 3 is the card(R) x card(U) coefficient regression

matrix and € is the card(U) x card(U) variance matrix.

3. The marginal distribution of the data on the variable subset W, which contains the vari-
ables independent of all relevant variables, is assumed to be a Gaussian distribution with
mean vector v and variance matrix 7. The form of the variance matrix 7 could be spherical
or diagonal. The associated likelihood on W is then

n

findep(yW‘L’y?T) = H(b(yy/|’y,7—)
=1

The likelihood for a model (K, m,r,l, V) is given by

f(Y|K7m7T? l7V7 9) - fclust(yS|K7 m? a)frcg(yU’yR7 T.? a7/87 Q)findcp(yW‘LFy? T) (25)

where 6 denotes the parameter vector (o, a, 3,2, , 7). This model, named SRUW, is a general-
ization of the model proposed in Maugis et al. (2009b), since this latter can be interpreted as a
SRUW model with U = 8¢ and W = (). As for the model SR, approximation of the integrated
log-likelihood derived from leads that the selected the model is the one maximizing:

BICClust (yS|K7 m) + BICreg(yU |T7 yR) + BICindep (yW | l)7 (26)

where the three functions are the associated BIC approximations of fuus, free a0d fingep. As for
model SR, the decomposition as the sum of three terms is a direct consequence of the conditional
independences of the model SRUW given in ([2.5])

2.1.3 Theoretical properties

For both models, the theoretical properties are established. Necessary and sufficient conditions
are given to ensure the identifiability of the model collections and a consistency theorem of the
variable selection criterions are stated. In practice, the theoretical properties for the SR model
were generalized to the SRUW model. However this latter being the most general, I give here
its theoretical properties.

Theorem 2.1.1 Let Ok, ,1v) be a subset of the parameter set T (g, 1 v), such that elements
0 - (Ol,awBaQa%T)

e contain distinct couples (pux, Xk) fulfilling Vs € S, 3(k, k'), 1 <k <k <K
Kk 3]s # Kk 5)s OT Ek,§|s a Zk/,§|s or Ek,§§|s # Ek',gg\sa (2.7)
where § denotes the complement in S of any nonempty subset s of S
o ifU#0,

* for all variables j of R, there exists a variable u of U such that the restriction B,; of
the regression coefficient matriz 3 associated with j and u is not equal to zero.

* for all variables w of U, there exists a variable j of R such that 3,; # 0.

13



e Parameters ) and 7 strictly respect the forms r and | respectively: They are both diagonal
matrices with at least two different eigenvalues if r and | are diagonal matrices and €2 has
at least a non-zero entry outside the main diagonal if v is a general matriz.

Let (K, m,r,1,V) and (K*,m*,r*,1*, V*) be two models. If there exist 0 € Ok 1 v) and
9* S G(K*,m*ﬂ“*,l*,v*) such that

f("K7 m? T? l’ V7 9) = f('|K*7m*7 r*7 l*7V*70*)

then (K,m,r,[,V) = (K*,m*,r*,[*,V*) and 0 = 0* (up to a permutation of mizture compo-
nents).

The conditions to ensure identifiability sound rather technical, but appeared to be natural.
Condition is the main condition : If the parameters py, 55, Xy 515 and X, g5, are identical for
all clusters then the identifiability could not be ensured because the regression density of § on s
could be factorized from the Gaussian mixture and regrouped with the regression density of 5S¢
on R. The second condition ensures that the subsets R and U are well defined. The regression
model proposed to link the redundant variables to a subset of relevant variables prohibits to
exchange a redundant variable and a relevant variable. The third condition speaks by itself (for
instance a diagonal variance matrix cannot be spherical). From a practical point of view, those
conditions appear to be quite reasonable and are expected to hold in real situations. It is not
possible to formally check identifiability, but situations where the main Condition would
not be fulfilled are exotic.

The second theorem stated the consistency property for the SRUW model. We proved that
the probability of selecting the true variable partition Vo = (So, Ry, Uy, Wp) by maximizing
criterion approaches 1 as n — oo when the sampling distribution is one of the densities in
competition and the true model (Ko, mg,ro,lo) is known. Details are available in Maugis et al.
(2008).

Theorem 2.1.2 Denoting h the density function of the sample y and

. 1 —
0 = — 1 7 Ka ’ 7l7V7 0
% G(K,m,r,l,V)argInaXn E n{f(yi| K, m,r )}

i=1
assuming that

(H1) The density h is one of the densities in competition: There ezists a unique known model

(Ko, mo,ro,lo, Vo) such that h = f(.|07 ) where

(Ko, mo, 70,0, Vo)

0* = argmin  KL[h, f(.|K,m,r,[,V,0)]

0€O (K m,r1, V)

with KL[h, f] = [In {%} h(zx)dx is the Kullback-Leibler divergence between the densities
h and f.
(H2) The vectors 6* and 0 are supposed to belong to a compact subspace @,(Ko,mo,ro,lo,v)‘

The variable partition V = (5’, R,U, W) maximizing Criterion (@ with fized (Ko, mo,T0,lo) is
such that R o
P(V = Vo) = P((S, R, U, W) = (S(), Ro, Uo, W())) — 1.

n—oo

for both theorems, proofs of these results are detailed in Maugis et al.| (2008]).
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2.1.4 Procedure for performing the variable selection

An exhaustive search of the optimal model is impossible in most situations. Consequently,
we proposed a two-nested-step algorithm. The first step consists in defining the best variable
partition for a given mixture model characterized by its number of component K and the form
of the variance matrices m. It is done by comparing the integrated likelihoods. The second step
consists in determining the best model of the collection by comparing the integrated likelihoods
when the mixture varies. First the idea of the algorithm is described for the model SR and then
its generalization for the model SRUW is presented.

For the model SR

The most delicate step of the procedure is to determine the variable partition for a given mixture
defined by the couple (K, m). In|Maugis et al| (2009b)), an embedding backward stepwise pro-
cedure is proposed: All the variables {1,...,Q} are declared relevant at the beginning and then
exclusion steps and inclusion steps are alternated to remove or include one-by-one some of them
until that the relevant variable set becomes stable. It allows one to define the relevant clustering
variable subset S(K,m). the subset R(K,m) is then obtained using a backward stepwise algo-
rithm for the regression of y° on y°. In this latter algorithm, all the variables {1, ..., S’(K, m)}
are considered to explain y°° and then exclusion and inclusion steps are alternated to remove
or include one-by-one some of them until that the relevant variable set explaining y°° becomes
stable.

The idea of the algorithm for defining g(K ,m) is described below. At each step of the
algorithm the variable {1,..., @} is divided into three subgroups: S the set of selected clustering
variables, j the candidate variable being considered for inclusion into or exclusion from the set of
clustering variables and U the irrelevant variable set. The decision of exclusion (resp. inclusion)
of variable j from (resp. in) the set of clustering variables is made by the comparison of two
models:

e Model M;(K,m) specifies that given y°, y’/ does not provide additional information for
the clustering and is explained by a subset y*ll of y.

e Model M;y(K,m) specifies that given y°, y7 provides additional information for the clus-
tering.

The two models are compared with the Bayes factor approximated by:
BICle(yJ |K7 m) - BICclust (yS7 y] |K7 m) - {BICclust (yS|K7 m) + BICreg (yj ‘yR[j])} . (28)

If BICyq(y’|K,m) is positive, then My(K,m) is chosen otherwise, M;(K,m) is chosen. To
choose the candidate variable in an exclusion step, all variables of S are considered and j is
defined as the one minimizing BICyg(y’|K,m). In an inclusion step, all variables of S¢ are
considered and j is the one maximizing BIC yq(y’| K, m).

The backward stepwise algorithm for the regression is similar and is described in Maugis
et al. (2009b).

Adaptation for the model SRUW

The algorithm is analogous to the one previously described for the model SR. The first step
consists in defining S(K,m) using a backward stepwise algorithm. The main change comes from
the three situations that can occur for the candidate variable j:

e MI1(K,m) : Given y*, yJ provides additional information for the clustering,

o M2(K,m) : Given y°, y7 does not provide additional information for the clustering but has
a linear link with the variables of R[j] (the nonempty subset of S containing the relevant
variables for the regression of y7 on y*),
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e M3(K,m) : Given y°, y7 is independent of all the variables of S,

The comparison of the three models is less straightforward than a comparison of two models
as previously. Fortunately by pointing out that the density under M3(K,m) can be written as
the density under M2(K,m) with an empty subset R[j], it allows us to recast the comparison of
the three models into the comparison of two models and to use the criterion constructed
for the SR model.

To summarize, the algorithm first consists of separating variables into relevant and irrele-
vant variables. Second, the irrelevant variables are partitioned into redundant and independent
variables according to the conditioning relevant variables required in the regression. It remains
then to determine the set of conditioning relevant variables for the multidimensional regression
of the redundant variables and the general variance structures.

1. For each mixture model (K, m):

e Determine the variable partition into S (K,m) and S‘C(K ,m) by the stepwise selection
algorithm.

e Divide the variable subset S¢(K,m) into U(K,m) and W (K, m) by the stepwise
regression algorithm. For each variable j belonging to S(K, m), if the variable subset
R[j] of S(K,m) explaining j by a linear regression is empty, j € W (K, m), otherwise,
jeU(K,m).

e For each form r:

* Determine the variable subset R(K,m,r), included into S(K,m) and explaining
the variables of U(K, m) by using a stepwise regression algorithm with the fixed
form regression model r.

* For each form [, compute 6 and the criterion (2.6) for S’(K, m),R(K, m, r),U(K, m),W(K, m).
2. Then determine the best model of the collection which maximizes (2.6]).

Thanks to the trick and despite the three possible roles of each variables, the complexity of
the algorithm is not increased compared with the algorithm of model SR.

2.1.5 Conclusion and perspectives

Variable selection in clustering is a recent research topic in contrast to variable selection in
regression and classification models and this new interest comes from the increasingly frequent
use of these methods on high-dimensional datasets. Our works led to a new modeling principle
of the variable role in a model-based clustering setting. The SRUW model is the most versatile
since it recovers all the possible variable roles: Significant (S), redundant (U in relation with
R) and noisy (W). Moreover all previously studied variable selection models in model-based
clustering can be obtained as particular SRUW models.

From our experience on several datasets, variable selection in a model-based clustering setting
improves the clustering and its interpretation. It can happen that the data clustering is modified.
In such a case, the clusters are more homogeneous. In the other case, which can often happen, the
data clustering is not modified but the variable selection model provides an useful interpretation
of the variable role. In Maugis et al.|(2009a) we illustrated the use of SRUW model for discovering
the function of orphan genes of Arabidopsis thaliana plant from a transcriptome dataset. We
also compared our approach to sparse k-means and concluded that it is competitive (Celeux
et all 2011)

Because in real dataset, missing values occur, we also studied this aspect for data missing
at random in Maugis-Rabusseau et al.| (2012). A common practice is to remove observations
with missing values or to use imputation values to replace missing values. However it is known
to have an important impact on the clustering result (Celton et al., 2010). Consequently, we
extended the two models SR and SRUW with a management of the missing values inside the
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statistical model. It avoids a pre-processing step, often tricky and performs the variable selection
and the clustering of data with missing values. It required a new strategy to calculate the model
selection criterion via the explicit expression of the observed log-likelihood and a new parameter
estimation method (see Sections 3.2.1 and 3.2.2 of [Maugis-Rabusseau et al., 2012). Applications
on simulated data and real data showed that the variable selection procedure combined with an
imputation method could have difficulties to find the variable partition. Whereas our method
seems to be more reliable than imputation methods. It was able to find the true model up to
20% of missing values, the error rates were among the smallest.

After studying the variable selection problem in model-based clustering, we focused on gen-
erative models, as Linear Discriminant Analysis (LDA) and Quadratic Discriminant Analysis
(QDA), which estimate the class-conditional densities. Generative models are less parsimonious
than predictive and non probabilistic methods and those last methods are generally preferred
to generative models when the number of predictors is large in regard to the number of objects
in the training set. However, generative models have some advantages since they allow us to
determine the marginal density of the data. As noted in|Hastie et al.| (2009)), LDA and QDA are
widely used and perform well on an amazingly large and diverse set of classification problems.
Moreover LDA is regarded as a reference method by many practitioners, and an advantage of
LDA over QDA is that it is a more parsimonious method. There exists quite efficient methods to
select predictors in the LDA context. Efficient stepwise variable selection procedures are avail-
able in most statistical softwares (see McLachlan, 1992, Section 12.3.3). On the contrary, there
is less available material for QDA (Young and Odell, [1986)), and as far as we know, no variable
selection procedure for QDA is available in standard statistical softwares. However in the last
few years, there is a renewal of interest in this topic. Zhang and Wang (2008) proposed a variable
selection procedure for QDA based on a BIC criterion and Murphy et al| (2010) adapted the
variable selection procedure of Raftery and Dean| (2006) to the supervised classification context.
In Maugis et al.|(2011)) we considered the general variable role modeling proposed in the model
SRUW in model-based discriminant analysis. Numerical experiments highlighted the potentially
great interest of our variable selection procedure to improve the classification performances of
non linear Gaussian classification models. Actually those models involve many parameters when
the number of variables is large with respect to the training sample size. But our variable selec-
tion procedure allows us to overcome the dimensionality problem leading to powerful classifiers
with a nice interpretation of variable roles. Our opinion is that our methodology is able to make
the non linear generative classification methods such as quadratic discriminant analysis much
more efficient in high dimensional contexts and competitive with gold standard classifiers such
as LDA, logistic regression, k-nearest neighbor classifier or support vector classifiers in many
situations.

These modelings are interesting only if they are available. For this reason, a huge work of pro-
gramming has been done to propose softwares available at http://www.math.univ-toulouse.
fr/~maugis/. They are based on the Mixmod software (Biernacki et al.. 2006). Nevertheless,
algorithms are greedy in computation time and could discourage the users. To tackle this prob-
lem, it seems that the key is to change the initialization of the stepwise procedure, because it
remains a delicate step and the main drawback of our models. Currently the initialization of
the relevant set of variables is either all variables (backward procedure) or none (forward pro-
cedure). Nevertheless, these two procedures are the extremes and the best solution is probably
between these two strategies, by defining a subset of relevant variables. First idea is to use prior
information on the variables but it is rarely available. Consequently it is better not to rely on
and to develop new approaches to improving the initialization step.

The idea of these developments comes from the co-expression study of transcriptome data.
Since recently, transcriptome data are produced with microarray and observations are hybridiza-
tion signals that it is possible to model with Gaussian distributions. In recent years, gene expres-
sion studies have increasingly made use of High Throughput Sequencing (HTS) technology which
provides counts per gene. In this new context, it again requires to think about the definition of
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a new distribution of the component and a new modeling of the relationship between relevant
and irrelevant variables. So many open questions remain because only Gaussian mixtures are
for the moment considered.

2.2 Model-based clustering under Markovian dependency

The works presented in this section correspond to the results of the PhD of Caroline Bérard and
of Stevenn Volant, co-supervised with Stéphane Robin.

2.2.1 Background

Hidden Markov models (HMM) constitute an efficient technique of unsupervised classification
for longitudinal data. In such models, the neighborhood structure is accounted for via a Markov
dependency between the latent variables, whereas the conditional distribution of the observation
is ruled by the so-called ’emission’ distribution. This latter being usually a Gaussian distribution,
HMM can be viewed as a generalization of the classical mixture model. HMM were applied in
many fields including signal processing (Rabiner, 1989)), epidemiology (Sun and Cai, 2009) or
genomics (Li et al., 2005; Durbin et al.,[1998)). In most cases, the emission distributions are given
a specific form from a parametric class such as Gaussian, Gamma or Poisson. This may lead to
a poor fit, when the distribution of the data is far from the chosen class. Efforts were made to
propose more complex models capable of fitting skewed or heavy-tailed distribution, such as the
multivariate normal inverse Gaussian distribution proposed in|Chatzis (2010)). Nevertheless when
a priori knowledge on the clusters or on their numbers is available, the emission distributions are
often multimodal and the proposed models are not adapted for these cases. I faced this situation
when the high-throughput technologies in molecular biology became very perfected. An example
concerns the comparison of two transcriptomes when data are generated with a microarray where
probes cover the whole genome and where genes are observed through several adjacent probes.
From a biological point of view, four probe groups are expected and the conditional distributions
of the observations are usually multimodal. This question is considered in Section [3.3.3]

In the framework of the model-based clustering where no spatial dependence of the latent
variable is taken into account, the emission distribution modeling has been more investigated
(Hennig, 2010). Most methods start with a large number of Gaussian distributions and finish
with a smaller one. At each step two Gaussian components are merged into one by re-estimating
the parameters. It leads to better separate the clusters, but their distribution are still assumed
to be unimodal. A great interest has been recently paid to the definition of more flexible models
using mixture as emission distributions (Li, 2005; Baudry et al.,2010). These methods start with
a large number of Gaussian distributions and aim at combining them, rather than at merging
them. This idea can be viewed as semi-parametric approach as the shape of the distribution of
each component of these mixtures is hoped to have a weak influence on the estimation of the
emission distributions. The main difficulty is to combine the components and classical clustering
algorithms are generally used: K-means approach (Li, 2005)) or hierarchical clustering (Baudry
et al., [2010).

In Volant et al.| (2013) we extended this semi-parametric modeling to the HMM context.
We first showed that the inference can be fully achieved using the EM algorithm of [Dempster
et al. (1977) and proposed a hierarchical method for the initialization. To estimate the number
of hidden states, BIC-like criteria were derived and had been compared in a simulation study
to provide an effective procedure of the emission distributions of a general HMM. This work is
described below.

In |Volant et al| (2012)) we focused on a two-state HMM, where the emission distribution of
the first state is completely known whereas the second emission distribution is unknown and can
be multimodal. To retrieve the binary latent variables {Z;} associated with each observation,
we considered a finite collection of mixtures with a varying number of components and gathered
information provided by each of them using Bayesian model averaging (BMA). We proposed
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variational weights and compared them in a simulation study. This work is described in Section

2.2.9)

2.2.2 Mixtures for estimating emission distributions
Emission distribution modeling

Consider n observations yi, ..., ¥y, each one described by a reasonable number of variables, de-
noted ). The latent variable {Z,} is a D-state homogeneous Markov chain with transition matrix
IT = [mgqq] and stationary distribution g. The observations {Y;} are independent conditionally
to the hidden state with emission distribution ¢y (d = 1,..., D). Figure is a representation
of the conditional dependencies of a classical HMM.
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Figure 2.4: Conditional dependency graph in a HMM

In most cases, the emission distributions are given a specific form from a parametric class
such as Gaussian, Gamma or Poisson. This may lead to a poor fit, when the distribution of
the data is far from the chosen class, especially when the emission distributions are multimodal.
To tackle this problem, we proposed to model each emission distribution 4 as a mixture of Ky
parametric distributions:

Ky

(il Ze = d) ~ ba = > Xakd (-5 Var), (2.9)

k=1

where A\g is the mixing proportion of the k-th component from cluster d (Vk € {1,...,K;},
0 < Agr < 1and ), Agr = 1) and ¢(.;) denotes a parametric distribution known up to the
parameter vector . Since the distributions 4 are themselves mixtures, a second hidden variable
{W;} is introduced to indicate the component k within state d, denoted (dk). It is itself a Markov
chain with the transition matrix 2 = [W(dk),(d’k')]a where

W(dk),(d'k") = Tdd' Ad'k’» (2.10)

so the transition between (dk) and (d’k’) only depend on the hidden state Z at the previous
time. In this model, the graph of the conditional dependencies includes the new latent variables
as illustrated in Figure Introduction of the second latent variables {W;} is instrumental in
developing the estimation procedure. Nevertheless the role of the {W;} is limited to a technical
role because they will never used for the observation classification.

Xi1 Xy Xyt

Figure 2.5: Conditional dependency graph in an HMM with mixtures as emission distributions
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Finally to fit well the emission distributions, we considered a collection of models M where
each model m is defined by D and the D-uplet (K1,...,Kp) specifying the number of hidden
states and the number of components within each hidden state.

D
M= {m:: (D,Ky,...,Kp);1 <D Vd K;>1 with ZKd:K},
d=1

The choice of K is left to the user because as the {WW;}, it only plays a subsidiary role for the
classification problem.

Inference for a given model m € M

The most common strategy for maximum likelihood inference of HMM relies on the EM algo-
rithm (Dempster et al.l [1977; Cappé et al., [2005)). Despite the existence of two hidden layers Z
and W, this algorithm could be applied by using the following decomposition of the log-likelihood

log P(Y) = Ey [log P(Y, Z,W)| — Ey[log P(Z, W|Y)]

where Ey stands for the conditional expectation, given the observed data Y. The E-step consists
in the calculation of the conditional distribution P(Z, W|Y) using the current value of the
parameter 0". As P(Z,W|Y) = P(Z|Y)P(W|Z,Y), the conditional distribution of the latent
variables P(Z,W|Y) can be calculated in two steps. First, P(Z; = d|Y') := 74 is calculated via
the forward-backward algorithm (Rabiner, 1989)) which only necessitates the current estimate of
the transition matrix II" and the current estimates of the emission densities at each observation
point: ¥(Y;). Second, P(W; = dk|Z; = d,Y’) := 6;a, is given by

s _ Ak ‘75(th’de))
tdk — N
Zf:dl A((jj)gb(yt) ’Yc(lj ))

For the M-step, the completed log-likelihood is developed as
Ey [log P(Y, Z,W)] = Ey[log P(Z)] + Ey [log P(W|2)] + Ey[log P(Y|Z, W)],

and straightforward calculations show that

Ey[log P(Z Zﬁdlogq (Z1 =4d) +Z Z Nedar 1og Taar
t=1d,d'=1
D Kgq n
Ey[log P(W|2)] =) | ZTtd5tdk log Adk,
d=1k=11
Kd n

Ey[log P(Y|Z,W)] =

Mu

> Teabrar 10g da(Y, Var),
=1t=1

&.

=1

W

where 1ig = P(Zy = d|Y), nuaer = P(Zt = d, Zy11 = d'|Y), dtap = P(Wy = dk|Zy = d,Y).
Explicit expression of the parameter estimators is then obtained.

n
Rawr < Mads
=1

n ~
> teq TedOtdk
M

Nk = =
2?71 Ttd
Kq
Ya = argmax Z Fa Y Orar10g G (yri Yar).
Yk y=1 =1
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Like any EM algorithm, the algorithm behavior strongly depends on the initialization step.
The naive idea of testing all the possible combinations of the components leads to intractable
calculations, we chose to follow the strategy proposed by (Baudry et al., 2010) based on a
hierarchical algorithm. It consists in starting from a HMM with K-hidden states to finish with
a HMM with D-hidden states by combining the best pair of clusters at each step. To do this,
we define three likelihood-based criteria involving the Markovian dependency structure of the
latent variables: v )

V,}%Z = Ey [log P(Y; Gkul/)} ,
v]}g/lw = Ey [log P(Y, Z; Gkul)] ) (2.11)
Vi =Eylog P(Y,W; Gl

where G}, ; is a G — 1 clustersEI obtained by merging the two clusters k and [ from the model
with G clusters (D < G < K). Assuming that the hierarchical algorithm is at the G-th step, two
clusters k£ and [ are combined if they maximize one of the combining criteria Vj; defined above.
Once two clusters are combined into a new cluster, a model with G — 1 clusters is obtained.
Due to the constraints applied on the transition matrix of {W;}, the resulting estimates of the
model parameters do not correspond to the maximum likelihood estimates. So, to get closer to
a local maximum, a few iterations of the EM algorithm are derived to increase the likelihood of
the reduced model.

Selection criteria for the number of hidden states

In many situation, D is unknown and difficult to choose. To tackle this problem, we proposed
model selection criteria derived from the classical mixture framework.
The first criterion is the Bayesian Information Criterion, equal to

BIC(m) = log P(Y|m, ) — ”7’” log(n), (2.12)
where vy, is the number of free parameters of the model m and P(Y|m,§) is the maximum
likelihood calculated at its maximum. However BIC is not devoted to classification and it is
expected to mostly select the dimension according to the global fit of the model. Moreover
BIC does not distinguish the two latent variables whereas their role differs in the emission
distribution modeling. For this reason we also considered the Integrated Complete Likelihood
(ICL) criterion , proposed by (Biernacki et al.l|2000) to select the number of clusters. Although
ICL is established in the independent mixture context,(Celeux and Durand, 2008]|) used it in the
HMM context and showed that it seems to have the same behavior.

Consider a model-based clustering with a general latent variable U, ICL criterion is based
on the integrated complete likelihood and is defined by (McLachlan and Peel, 2000)) as

ICL(m) = Ey 1ogP(Y,U|m,§)}—”7mlog(n)
= log P(Y|m,0) — (—Ey [1ogP(U|Y,m,§)D - %mlog(n). (2.13)

Hence ICL can be viewed as BIC with an additional penalty term, which is the conditional
entropy of the hidden variable Hy (U) = —Ey [log P(U|Y,m, é\)} . This penalty term is a measure

of the uncertainty of the classification.
In our model, the latent variable U is the couple (Z, W), and a direct rewriting of (2.13))
leads to

-~

ICL(m) = log P(Y|m,0) — Hy (Z, W) — ”?m log(n). (2.14)
However the conditional entropy can further be decomposed as

Hy (Z,W) = Hy (Z) + Ey[Hy, z(W)],

Lthe term ‘cluster’ refers to either a component or a mixture of components.
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which gives raise to two different entropies: Hy (Z) measures the uncertainty of the classification
into the hidden states whereas Ey [Hy,z ()] measures the classification uncertainty among the
components, within each hidden state. Since this latter entropy may be irrelevant for our
purpose, we derived an alternative version of ICL, where only the former entropy is used for
penalization:

~

ICLy(m) = logP(Y|m,0)—?—ly(Z)—%nlog(n). (2.15)

These three criteria, BIC,ICL and, ICLy, display different behavior in independent mix-
tures and in HMM. In the independent case, the number of free parameters vy, only depends on
K and the likelihood log P(Y'|m, ) remains the same for a fixed K, whatever D. The criteria
BIC and ICL, given in Equations and respectively, are thereby constant whatever
the number of hidden states. Moreover, the IC'Ly always increases with the number of hidden
states so none of these three criteria can be used in the independent mixture context. On the
contrary, in the case of HMM, the likelihood log P(Y|m, 6) varies with the number of hidden
states. Furthermore, because the number free parameters depends on D through the dimension
of the transition matrix, the number of free parameters of a D-state HMM differs from that of
a (D — 1)-state HMM, even with a same K. For all theses reasons, these three criteria can be
considered to select the number of clusters.

We performed a simulation study to evaluate the behavior of the three merging criteria (VY
VY2 VY'W) and the selection criteria (BIC, ICL, ICLyz). following the simulation design of
(Baudry et al.l 2010). We evaluated the criteria by both the MSE (Mean Square Error) of the
conditional probabilities and the classification error rate when observations are assigned into an
hidden state with the Mazimum A Posteriori rule. The criteria VY and VY*Z behaved similarly
in most cases. Nevertheless, we proposed the VY criterion for combining the clusters due to
the smaller standard deviation of its MSE and its better rate of correct classification in highly
overlapping clusters. For the estimation of the number of clusters, we pointed out that ICL
overestimated the number of clusters. It can be explained by the fact that ICL involves the
latent variable W which is linked to the components. The criteria BIC and IC Lz do not depend
on W and are more reliable to estimate the number of clusters. According to our simulation
study, we opted for IC' Ly which has the highest rates of correct estimations of the number of
clusters whatever the scenario. To summarize, we propose using V¥ as the combining criterion
and estimating the number of clusters by IC' Lz and name this strategy HMMMIX summarized
below:

1. Fit an HMM with K components.
2. romG=K, K—-1,...,1

e Select the clusters k£ and [ to be combined as:

Y

(k,l) = argmax Vg,

i,5€{1,...,K}2

e Update the parameters with a few steps of the EM algorithm to get closer to a local
optimum.

3. Selection of the number of groups D:
D = argmax ICLy(k)
ke{K,...,1}

= argmax log P(Y,2|k,§k) Uk log(n),
ke{K,...,1} 2
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Some remarks

The interest of accounting for dependency in the hierarchical process is beneficial for the esti-
mation of conditional probabilities. We also studied the behavior of HMMMIX in the absence
of dependency by generating independent observations. We observed that the performances of
HMMMmIxX were very poor. Indeed, in an HMM, the likelihood function varies when combining
components, whereas it remains constant in an independent mixture. HMMMIX exploits these
variations both in terms of likelihood and conditional entropy and has therefore an erratic be-
havior when the dependency is actually absent. The performances of the method proposed by
Baudry et al.| (2010) were much better in the independent case. We therefore advise to use this
approach in the independent case. In some situation, where independence is not obvious, a BIC
comparison between the two methods is a solution to decide whether the dependence should be
taken into account.

2.2.3 Variational Bayes approach for model aggregation

The work presented above focuses on the emission distribution in a general framework. In|[Volant
et al. (2012) we considered a two-state HMM, where the emission distribution of the first state,
denoted g, is completely known whereas the second emission distribution, 1)1, is unknown and
can be multimodal. Our objective was to retrieve the binary latent variable {Z;} associated with
each observation by estimating the probability 7 = P(Z; = 0]Y’), which requires the estimation
of ¥1. To do this, we considered a finite collection of mixtures M with a varying number of
components and gathered information provided by each of them using Bayesian model averaging
(BMA).

Bayesian model averaging, mainly developed by Hoeting et al. (1999), provides the general
framework. [Madigan et al| (1994), Madigan and Hutchinson| (1995)), Raftery et al| (1997);
Volinsky et al|(1997) or Raftery et al.| (2003) demonstrated that BMA can improve predictive
performances and parameter estimation. Jaakkola and Jordan (1998) also demonstrated that
model averaging often provides a gain in terms of classification and fitting.

Let M a collection of models and A = §(©) a contrast for which we aim at estimating is
conditional distribution:

PAY) = ) P(AM=mlY)
meM
= Y P(AIM =m,Y)P(M =m|Y)
meM
= Y amPAIM =m,Y)
meM

Consequently when averaging, each model of the collection is weighted and the determination of
these weights «,, is the key ingredient of all these approaches. The calculation of «;, requires to
integrate the joint conditional distribution P(M,©|Y), where © is the random vector of model
parameters. Several approaches can be used: a Laplace approximation of this integral leads
to the BIC criterion, which is questionable for small sample sizes. One other commonly used
method is MCMC (Monte Carlo Markov Chain, Andrieu (2003))) which samples the distribution
and provides an accurate estimation of the joint conditional distribution, but at the cost of huge
computational time.

In the unsupervised classification context, the problem is even more difficult as we need to
integrate the conditional P(M,©, Z|Y') since the latent variables {Z;} are unobserved. This
distribution is generally not tractable but, for a given model, |Beal and Ghahramani| (2003
developed a variational Bayes strategy to approximate P(©,Z|Y) in the exponential family
framework. We used this strategy to propose variational-based weights for model averaging in
a binary HMM model. We proved that the proposed weights are optimal in terms of Kullback-
Leibler divergence from the true conditional distribution P(M|Y’). To this end, we optimized
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the KL-divergence between P(0,Z, M|Y) and an approximated distribution Qg z 1. We also
derived two other weights based on the approximated distribution of P(©, Z|M,Y). Finally we
proposed a complete inference procedure for the case of binary classification when a collection
M of mixtures of parametric exponential family distributions was considered to estimate ;.
We used this framework to discuss the accuracy of the weights and the efficiency of the averaged
estimators of {r;}.

Variational weights

The aim of model averaging is to account for the information of each model of the considered
collection. It implies evaluating the conditional distribution:

P(M|Y) = / P(H, M|Y)dH, (2.16)

where H = (Z,0) stands for all hidden variables and M denotes a model. To calculate this
distribution, we need to compute the joint posterior distribution of H and M. Due to the
latent structure, this is not feasible. However, the variational theory allows one to derive an
approximation of this distribution. It is based on the minimization of the KL-divergence between
P(H,M|Y) and an approximated distribution Qg 1 and simple algebraic calculations show that
KL(Qm m||P(H, M|Y)) minimization with respect to Qg a can be separated in two parts, which
can be realized independently:

min | KL(QulIP(MIY)) + 3 Qartm) in KL(Qpl| PUHIY,m)) | (2.17)

Since we are mostly interested in (s which provides an approximation of P(M|Y), we first
minimized the KL-divergence with regard to Qs leading to weights that depend on Qg,. We
showed that the optimal weights, minimizing K L(Qg a||P(H, M|Y')) with respect to Qas, for
given distributions {Q g, m € M} are proportional to

U (Qppm) < P(m) exp[—KL(Qp || P(H]Y, m)) +log P(Y|m)], (2.18)

with > @ (Qum) = 1. If Qg = P(H|Y, m) then @y, resumes to P(m|Y).

We derived three different weights based on a variational Bayes approximation. The first
one comes from the complete optimization of the KL divergence. The second one is based on a
plug-in approach. The third weight uses the variational posterior as a proposal for importance
sampling. The following weights are general and can be used to estimate any parameter common
to all the models of the collection.

Full variational approximation To solve the optimization problem , for each model
m of the collection M, we minimized the divergence K L(Qgy,||P(H|Y,m)) with respect to
QH|m by using the Variational Bayes EM algorithm (VBEM; Beal and Ghahramani| (2003)). If
P(Y,Z|©, M) belongs to an exponential family and P(O|M) is its conjugate prior, then this
algorithm minimizes K L(Q g ||[P(H|Y, m)) within the class of factorized distributions Q,, =
{1QHm : QHm = QzmQem} and provides an approximate of P(H|Y,m) defined as:

VB :
= min KL(Qgm||P(H|X,m)).

We used it to define variational weights a)? achieving the optimization problem ({2.17) for
factorized conditional distribution Q. These variational weights are derived from Equation

(2.18)) and are defined as:
anP o P(m)expl~ min_ KL(Qgm||P(H|X,m)) + log P(X|m)].

QH|mELm
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Plug-in weights The weights a,, = P(M = m|Y) can be estimated by using a plug-in esti-
mation based on a direct application of Bayes theorem. By definition P(m|Y) = P(m)P (Y]m)
and is equal to P(Y|m,©)P(0|m)/P(0|Y, m) for any value of ©. Using the distribution Q@\m
resulting from the VBEM algorithm as an approximation of P(O|Y,m) and setting © at its
(approximate) posterior mean 6* = EQgﬁn (©), the plug-in weight of model m was defined as:

P(Y|m, 0 P(O"|m)
QuT, (")

alE o P(m)

(2.19)

Importance sampling The weights «,, can be also estimated via importance sampling
(Marin and Robert| (2009)) such that

P(Y|h,m)P(h|m)
P(mly) s [ P(m ()

for any distribution R. Importance sampling provides an unbiased estimator of P(m|Y’) and the
choice of the importance function R impacts the variance of the estimator. It is known that the
minimal variance is reached when R(H) equals P(H|Y).

In the variational framework, the approximated posterior distribution ‘Igﬁn is a natural
choice for the importance function R, leading to the following weights:

B

B

1 P(Y H<b P(H® -
§ ‘ )(b)() ), {H(b)}b:L.,,,B i1id. ~ QH|m
b=1

Although this estimate is unbiased, when the number of observations is large, it may require a
long computational time to get a reasonably small variance.

Application in a binary hidden Markov model

A two-state hidden Markov model (HMM) is considered. The {Y;} are supposed to be indepen-
dent conditionally to the latent variables {Z;} € {0,1}, distributed according to a first order
Markov chain. The function v is a known parametric function whereas v is unknown. To
approximate this latter, we considered a finite collection of mixture M = {f,,;m =1,..., M},

where -
= med (%),
k=1

with 7 is the mixing proportion of the k-th component from cluster d (Vk € {1,...,m}, 0 < m <
1 and >, m = 1) and ¢(.;y) denotes a parametric distribution belonging to the exponential
family known up to the parameter vector ~. Since v is approximated by a mixture, the initial
binary HMM with latent variable Z can be rephrased as an (m + 1)-state HMM with hidden

Markov chain {W;} taking its values in {0,...,m}. Its transition matrix deduced from ([2.10)
equals:
moo ToiN1 ... T017m
T T ... 717
Qm = . . . . " )
T TN ... T117m

where (mog, 701, 710, 711) are the terms of the transition matrix of {Z;}. In this framework, we
proposed a variational-based approach to provide an aggregated estimator of {7}, where 7, =
P(Zy =0|Y). First for each m € M, VBEM algorithm is applied to provide an approximation of
P(H|Y,m), i.e. Q};ﬁn . Inference is made on the (m+1)-state hidden Markov model involving W

rather than the binary hidden Markov model involving Z, because P(Y, Z|©, M) does not belong
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to the exponential family whereas P(Y, W|©, M) does. Second, weights, @Y. 2, al’F and, al® are

computed. Based on these weights, an averaged estimate of the distribution 11 is derived:

~ A 4~
1/}1 = Z amfﬂ’”
meM
where A corresponds to one of the proposed approaches (VB, PE or IS). The estimation of the
posterior probability 7; is similarly defined by its averaged estimate:

7~'t“4 =1- Z(/X\;A;L]EQVB (Zy),
m

W|m

where EQK/? (Z) corresponds to the expected value of Z calculated with the optimal variational

posterior distribution of W.

In a simulation study, we studied the accuracy of @¥'? and a*’¥ in terms of weight estimation.
The variational and plug-in weights were compared to the importance sampling, considered as a
reference as it provides an unbiased estimate of the true weights whatever the choice of R. It was
done by calculating the total variation distance. Similarities between the importance sampling
method and the variational method clearly appeared. The variational method provides a good
estimation of the true weights in contrast to the plug-in weights. We studied also the accuracy
of the posterior probability estimator by studying the Mean Squared Error (MSE) of aggregated
estimators based on the weights. The variational weights provide better results in terms of MSE
and its standard deviation than do the plug-in weights. These results are very close to those of
the importance sampling weights and even often better. The misclassification rate confirms the
closeness between our approach and the importance sampling. Both methods have a quite similar
misclassification rates whatever the simulation condition. Hence, when the computational time
of the importance sampling method becomes very high, we get a real advantage by using the
variational weights.

We analyzed epidemiologic and transcriptomic datasets. The aggregation model refines the
estimation of posterior probabilities, in particular the classification is different in cases where
the probability is close to 0.5, i.e. when the classification is difficult.

2.2.4 Conclusion and perspectives

In our works, HMM are viewed as a generalization of the classical mixture model where the
neighborhood structure was accounted for via a Markov dependency between the latent vari-
ables. It is a useful model for analyzing genomic data generated from array where the probes
covered the whole genome. Usually the emission distributions are modeled with a parametric
distribution leading to tractable calculations but to a poor fit, when the distribution of the data
is multimodal. To address this problem, we proposed a general modeling of an HMM where the
emission distributions are mixture of parametric distributions to get more flexibility. The two
works are examples of what we can do in such models and reveal a diversity of computational
and methodological problems.

In the work on the estimation of the emission distributions in a general HMM, we proposed
a hierarchical combination to initialize the estimation algorithm. We proposed three different
criteria for combining the clusters and three different criteria for model selection. Based on a
simulation study, we selected VY as combining criterion and ICLy for the estimation of the
number of clusters. This strategy provides estimation of the conditional probabilities close to
the true ones and they are very robust in terms of MSE whatever the dependency. Although
the method is described with an unknown number of hidden states D and is illustrated with
mixture of Gaussian distributions, the same approach can be used when D is known or with
other parametric distribution family in the mixtures. For the initial number of components
K, a brief simulation study has shown that for a large enough value of K, the classification
still remains the same. Further work would be needed to derive a computationally efficient and
theoretically grounded method to choose K.
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A remaining problem of HMMMIX is the computational time, especially when the size of
the dataset is greater than 10000. This is due to the calculation of the VY criterion which is
linked to the observed log-likelihood. The computation of this observed log-likelihood requires
the forward loop of the forward-backward algorithm whose complexity is linear in the number
of observations. Otherwise, the number of models considered in the hierarchical procedure is
X 5 d(d —1)/2, so the computational time dramatically increases with K and is of order
O(nK3). Consequently, to decrease the computational time, the space of models to explore
should be reduced.

In the binary hidden Markov model, we proposed averaged estimators of the posterior proba-
bility within a variational Bayesian framework. This approach allows us to avoid model selection
and take model uncertainty into account. Moreover it does not required more computational
time than the more commonly used selection approach. The results obtained on simulated data
show that our method enhances the estimator in terms of MSE in many simulation conditions.
The averaging approach improves the posterior probability estimation compared to the classical
selection approach. Moreover, we show that optimal variational weights are close to importance
sampling weights. Since the importance sampling copes with computational time problems for
high dimensional datasets, our method is of significant interest in this case. On real data, the
aggregation model still refines the estimation of posterior probabilities, especially in the neigh-
borhood of 0.5, where it is difficult to take a decision about the classification.

This method of averaging is general and can be applied to estimate any common param-
eter available in each model of the collection while mixtures of parametric exponential family
distributions are considered and conjugate priors exist. The Bayesian framework requires to
specify hyperparameters that could impact the results. Stevenn Volant studied their impact
(see Chapter 4.5 of his PhD). He showed that the main contribution of the hyperparameters is
in the normalization constant of the emission distribution. If the mixture used to approximate
the emission distributions has components with homogeneous variance, hyperparameters have
less impact on the weight calculation than hyperparameters of a mixture with components with
heterogeneous variance. He illustrated this fact in a simulation study and concluded that an
homogeneous mixture should preferred.

To make our models available to the broader community, the two models are available in
R packages. For an estimation of the emission distributions with mixture Caroline Bérard and
Stevenn Volant made available an R package HMMMiX on the CRAN. This package proposes
to reduce a K-state HMM to a D-state HMM. For the binary hidden Markov model with a fixed
Gaussian distribution as emission for one state and a mixture of Gaussian for the other state,
Stevenn Volant made available an R package named VBMA4uMmM (Variational Bayes Models
Averaging for hidden Markov models) available on the CRAN. Optimal variational weights and
averaged estimator of the posterior probabilities are calculated.

2.3 Classification

The works presented in this section correspond to results of the internship and the PhD of
Caroline Bérard

2.3.1 Background

Model-based clustering aims at classifying observations in clusters. Once the model is selected
and the parameters are estimated, the probability of 7; := P(Z; = k|Y') for each observation
is available. It is called the conditional probability in a frequentist framework or the posterior
probability in a Bayesian framework. It is used to assign observation into clusters.

The classification is usually performed at the observation level whereas the observations
are not always relevant for the interpretation. A genomic example is the tiling array data:
observations are the probes and the biologist is mainly interested by the classification of a subset
of probes describing a biological entity like a gene. In this case, when region defined by adjacent
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observations, the most commonly used method is a sliding window approach where observations
are merged a priori. In|Bérard et al. (2011), we proposed a conditional probability for a given
subset of observations with arbitrary structure and a procedure of region classification.

By definition, a classification rule is a function that maps ) into {1,..., K}, where K is the
number of modality of the latent variable Z. The most popular one is the Mazimum A Posteriori
(M AP) classification rule, defined as

argmax  Tk;
k=1,....K

It is known to minimize the prediction error. Nevertheless it does not prevent against a high

level of misclassification and it does not take into account that only a small number among the K

populations may be of major importance for the experimenter. To circumvent these drawbacks,

a strategy is to focus on the classification of observations in regions of ) where populations do

not strongly overlap. It is illustrated by the thresholded classification rule

p ifm>1—-«a
0 (not classified) otherwise,

where 0 < a < 1/2 is a parameter to be chosen by the experimenter. Alternatively, one can
take into account the asymmetry between populations by selecting unequal misclassification
cost functions that emphasize the cost of misclassification cgy from a non-interesting population
¢ into a population k of interest. This has been investigated in McLachlan and Peel| (2000)) for
instance. Although the use of these alternative rules is attractive, there exist very few guidelines
about how to tune parameters « or ¢y and what are the consequences of this tuning on the
misclassification rate. In Martin-Magniette et al. (2008a) we proposed a statistical procedure
to control the proportion of observations wrongly classified in one of the two populations of a
mixture. These two contributions are described in the following.

2.3.2 Conditional probabilities for a subset of observations in a HMM

In a classical HMM, the conditional probabilities for an observation are obtained as a by-product
of the Forward-Backward algorithm. Nevertheless, an observation may not be the relevant bio-
logical entity. In Bérard et al.|(2011)) we proposed a generalization of the conditional probabilities
for a region, defined as a set of observations that can be decomposed into sub-regions of adjacent
observations. The conditional probability for such a region g to belong to group k is defined as
the probability for all its probes to belong to group k:

Qgi,y = P(Vt € g, Zs = k|Y).

The example in mind being the gene structure, to explain the calculation, the sub-regions
are named ‘exons’ and to the spaces between them as ‘introns’. Consider a gene g with ) exons
(and @ — 1 introns), denote e, the position of the first probe of exon ¢ and i, the position of
the first probe of intron ¢; thus i, — 1 refers to the last probe of exon ¢ — 1. As convention, ig
denotes the position of the first probe after the end of the gene. If Y,! denotes {Y;}u<i<y, the
conditional probability Q4 y equals:

i1—1 ig—1
P(Ze, = k|YEY)  x (H Akt>xH Bigx ] Aks

t=e1+1 t=eq+1
iQ—2
x Brgx | JI Ake| x P(Zig-1 =kl Zig—2 =k, Y1)
t=eq+1

where Ay s = P(Zs = k|Zs—1 = k,Y,) and By g = P(Ze, = k|Z;,_, 1 =k, Yi‘il), calculated with
the Forward recursion of the Forward / Backward algorithm. Figure illustrates a region
and the terms Ay, ; and By, 4.
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Start of

Figure 2.6: Schematic representation of a region

These conditional probabilities are not directly usable because their sum over k € {1,...K}
is not equal to one. We thus proposed a classification procedure. First region homogeneity
is verified using a wunistatus value. It is based on the log-ratio log(}_, Qgk,y/ > j Qgk), Where
Qg = P(Vt € g, Z; = k) is the non-conditional version of Qg y. Because Qg y goes to zero for
long regions and the ratio with Qg does not correct this effect, we applied an additional linear
correction on the log(D ", Qgr,y/ > Qgk) With respect to the length of the sub-regions and their
number to define a corrected unistatus value which is independent of the length of the region
and its composition. Then if this corrected unistatus is greater than 0, the region is considered
homogeneous and classified according to the MAP rule by using the conditional probabilities
Qi / 11 Qaty-

We applied this region classification on tiling array data but it was difficult to interpret
biologically the results given the fact that the functional annotation is still unclear.

2.3.3 Control of the false-positives in a mixture of two linear regressions

In Martin-Magniette et al.| (2008a), we devised a mixture of two linear regressions to investigate
protein-DNA interactions. Observations are the hybridization signal of probes of a microarray
and the mixture model aims at distinguish probes covering DNA regions where the protein of
interest is absent and probes covering DNA regions where the protein of interest is crosslinked
to the DNA. This model is explained in Section [3.3.2] If we used the MAP rule, it implicitly
means that misclassifications in both groups have the same cost. But from a biological point
of view, the cost is not the same since only the second group is relevant and any observations
wrongly assigned in this group mislead the biologist who looses time on a wrong interpretation.
In conclusion, even in model-based clustering, when only some groups are of interest, false
positives are of concern.

In the hypothesis test theory, the false discovery control is performed by controlling the
probability to reject wrongly the null hypothesis. We proposed an analogous concept in the
mixture model framework by controlling the probability for an observation to be wrongly as-
signed to the group of interest. Consider n independent random variables {Y;} and assume that
the distribution of Y; conditional to a given covariate x; is a mixture of two linear regressions.
Let Z; € {0,1} is a binary latent variable indicating the observation status. The conditional
distribution of Y; for a given x; is

moo(Yilzi) + (1 — 7)1 (Yilz:),

where 7 is the mixing proportion and ¢;(-|z) stands for the probability density function of a
Gaussian distribution with mean a; + bjz and variance a2
We focused on the classification task with objective to control the wrongly assign observations

in one component. Let 7; := P(Z; = 1|z;,Y;), we proposed to control the probability to be
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wrongly assigned to the group of interest by fixing a threshold s such that
P{r;>s|x;, Z; =0} = q,

where « is a predefined level. By definition, the threshold s depends on on « and x; and has
an explicit form in a mixture of two homoscedastic linear regressions. Moreover straightforward
calculations show that P{r; > s | z;, Z; = 0} is equivalent to P{Y > Y; | z;, Z; = 0}, where Y is
distributed according to a Gaussian of mean ag + box; and variance o2. This latter probability
being uniformly distributed on [0, 1], it has allowed one to control a misclassication rate analogous
to the false discovery rate of the hypothesis theory |Benjamini and Hochberg| (1995)).

2.3.4 Conclusion and perspectives

The use of model-based clustering in biological projects obliges to think about the classification.
When the observations are less relevant than a given subset of observations, it could be interesting
to classify directly the subset. We showed that in this case, it is necessary to generalize the
definition of the conditional probability and to be vigilant when subset are classified since the
sum the new conditional probabilities is not equal to one. From a practical point of view, the
subsets should be given a priori from external knowledge and this latter point is sometimes
questionable for the biologists.

When there exists an asymmetry in the group interpretation, we are confronted to false-
positives. We showed that in binary mixtures, it is sometimes possible to control the probability
to be wrongly assigned and to control the misclassification rate. In binary HMM, Sun and Cai
(2009) proposed a FDR control. It is based on a monotone condition on the ratio of the emission
distributions. When the number of groups is greater than 2, the problem becomes more difficult
because the notions of false-positives should be redefined. In an ongoing project in collaboration
with Tristan Mary-Huard (UMR AgroParisTech/INRA MIA 518), we are extending the idea
of false-positives when P groups are of interest among K (Mary-Huard et al., 2013). We build
classification rules that guaranty that as many observations as possible are classified in the groups
of interest, under the constraint that the proportion of misclassified observations in these groups
is controlled. As such, our idea can be understood as an extension of the BFDR developed in
Efron and Tibshirani (2002) to general finite mixture models.
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Chapter 3

Statistical approaches dedicated to
genomic questions

3.1 Context

The works presented in this chapter are dedicated to the data analysis of microarray. Figure|3.1
describes the principle based on hybridizations. Microarrays are miniaturized biological devices
consisting in DNA molecules named the probes, that are arranged at a microscopic scale onto a
solid support. In a second step, mRNA are extracted from the biological samples under study,
stabilized through a reverse transcription into cDNA and labeled with fluorescence dyes. They
are then deposited on the support. The labeled samples as well as the probes being single DNA
strand, as soon as a target sequence is the complementary of a probe sequence, both elements
hybridize. The next step consists in washing, drying the slide to keep only the targets fixed to
probes. Finally a scanner records, after excitation of the two fluorochromes at given wavelengths,
the intensity of the fluorescence emission signals, that is proportional to transcript levels in the

biological samples.
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Figure 3.1: Principle of a microarray experiment

Microarray technology revolutionized the molecular biology and various questions not al-
ways well-defined appeared. Statistical approaches dedicated to microarray are mainly based on

a good general culture in statistics (linear model, mixture, multiple tests, ..

.) and pragmatism.

The first section presents modeling questions to remove the technical biases that corrupt the
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hybridization signals. The second section is devoted to model-based clustering methods devel-
oped for specific questions. These methods were applied in various genomic projects and the
biological results are described in the next chapter.

3.2 Signal modeling for microarray data normalization

The works presented in this section are the results of a collaboration with Julie Aubert and Jean-
Jacques Daudin for the statistical part and with the persons of the transcriptomic platform of
URGYV and Eric Cabannes (Institut Pasteur) for the biological aspects.

3.2.1 Background

Biases exist at each step of the protocol from the sample preparation to the gene expression
measurement. Consequently, normalization is a necessary step and consists of identifying and
correcting technical biases on the observed intensities of the probes to deduce the value of the
biological signal. Normalization is impossible to circumvent and has an impact on the sequel of
the statistical analysis.

Even if the statisticians are not the most competent person to track these biases, in practice
they often do this task, since they have the possibility to propose a systematic approach based
on the modeling to define, quantify and correct the biases. Working on normalization is like
an investigation of a private detective: We observe the technical biases on the gene expression
measurements, have to inform the biologists that the quality of their data is bad and find the
origin of the biases or devise a procedure to remove them.

Between 2003 and 2005, we were several members of the team “Statistique and Genome” of
UMR AgroParisTech/INRA MIA 518 working on biases occurring in microarray experiments. It
allowed us to have a good knowledge of these biases and to advice biologists. Working on tech-
nical biases requires to discuss a lot with the biologists generating the data to really understand
each step of the protocol. It is also important to have the confidence of the biologists. Indeed
applying a rigorous protocol takes time and if the biologists are not aware of the importance of
some steps, they can modify them to speed up the generation of the data but also the generation
of the technical biases. Moreover technical biases are often visible on data of bad quality that
biologists usually prefer to put in the trash instead of sharing them.

Briefly speaking, technical biases fall into two categories: they are either controllable and can
be avoided by good experimental practice or, uncontrollable and inherent to the technology. For
the latter, statistical methods are required and it begins by modeling the hybridization signals
by an analysis of variance to quantify the most important biases by comparing the mean squares
of each effect. If Yj 4, denotes the logarithm base 2 of the measurement for array i, dye j, RNA
sample k£ and gene g, the signal is usually modeled as follows:

Yijkg = 10+ A + D;+ Vi + Gg + (AG)ig + (VG)kg + (DG)jg + Eijig

where A; is the it array effect, Dj is the j'* dye effect, Vj, is the k'* RNA sample effect, Gy is
the g gene effect, and (AG);y, (DG)jy and (VG), are the corresponding interaction terms.
The terms Fj;j;, represent independent random errors with mean 0.

Kerr et al| (2002) showed that the most important bias is the dye bias. It comes from a
incorporation difference of the two dyes Cyb5 and Cy3 used to label the samples and from a
natural green fluorescence of the probes. To correct the dye bias, the most popular method is
the one proposed by |Yang et al.| (2002). It consists of modeling the expression differences by
a function of the averaged intensities and of estimating this function by the lowess procedure
(Cleveland, 1979).

In Martin-Magniette et al.| (2005b), we were interested in the gene-specific dye bias. We
wrote an analysis of the variance taken this bias into account and showed that it can be quan-
tified thanks to self-self hybridization slides. We showed that the gene-specific dye bias is the
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second major source of experimental variability and that it may alter the conclusions about the
differentially expressed genes. This work is described in Section

Most transcriptomic project are made using one or two samples on the same microarray.
But improvements in dye-labeling and in the scanner sensitivity allow hybridization up to four
samples simultaneously. Before the arrival of high throughout sequencing technology, the triple-
target or four-target technology was considered as very promising, since it allows more flexibility
in the design of experiments and a scaled down number of microarrays compared to two-color
microarray. Nevertheless adding a third or fourth labeled samples on a microarray introduces
new technical biases and it is important to think about the normalization of such microarray. In
2005, in the framework of an ANR project, named AgriArray, I worked with the transcriptomic
platform of URGV and colleagues of UMR AgroParisTech/INRA MIA 518 to identify new biases
related to the additional dyes. We proposed a normalization strategy for the multiple-target
micro arrays. Thanks to an adapted modeling of the signal, we evaluated the dye bleeding and
proposed a method to correct it. We also generalized the lowess procedure to correct the global
dye bias. This work is described in Section was published in Martin-Magniette et al.
(2008b)) but was never applied since the multiple-target technology was abandoned for the high
throughput sequencing technology. It is a risk that sometimes occurs in genomics because the
technologies are improved regularly.

3.2.2 Definition of an index to evaluate the gene-specific dye bias

In a self-self experiment, the same sample is hybridized twice on the same microarray. The
goal of such experiment is to evaluate the impact of the technical biases on the differential
analysis. During an analysis of two self-self hybridization slides, we were surprised to obtain
many differentially expressed genes. The reason was that for calculating the test statistic, the
quantity (Y114+Y214) — (Yi24+Y224) was wrongly calculated in place of (Y114+Ya24) — (Yi2g+Y214),
where Y;, denotes the logarithm base 2 of the measurement for array ¢, dye j and, gene
With the mean (Y114 + Ya24) — (Y12 + Y214), no differentially expressed genes were obtained, as
it is expected. We were amazed by the importance of the effect of a simple reverse of dye and
decided to write the signal model to understand the phenomenon.

Model allowing for gene-specific dye bias An experiment with p dye—swapsﬂ is considered
and the hybridization signal is decomposed according to an analysis of variance. Let Y, be
the logarithm base 2 of the measurement for array i, dye j, RNA sample k& and gene g. We
considered the following model:

Yijkg=p+ Ai + Dj+ Vi + Gy + (VG)rg + (DG)jg + Eijig

where A; is the it array effect, Dj is the it dye effect, Vj, is the k** RNA sample effect, Gy is
the g gene effect, and (DG);, and (VG), are the corresponding interaction terms. The terms
E;jig represent independent random errors with mean 0. If the RNA sample & = 1 is labeled
with the dye 7 = 1 in the first array, then the observed difference of expression between the two
RNA samples on the array i equals

Zig=V1i—Va+ (_1)i(D1 - D2) + (VG)lg - (VG)29 + (_1)i{(DG>lg - (DG)2Q} + Eigy

where the errors Eig are independent random variates with mean 0. According to Kerr et al.
(2002), the lowess procedure (Yang et al. (2002))) suppresses the first four constant terms and
alleviated the DG terms and, does not alter the VG terms. Consequently, the normalized
difference of expression between the two RNA samples on the array i can be decomposed as the
following:

Z{g =g+ (=1)"'By + Fig, (3.1)

'k index k is omitted since condition is a factor of only one level in a self-self experiment
2a dye-swap experiment consists of two technical replicates where opposite dye orientations are used. Thus
each sample is labeled with each dye.
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where 0, = (VG)14 — (VG)ag is the true difference of expression between the two RNA samples
and By, = (DG)}, — (DQ)j, represents the gene-specific dye bias. When it is non null, it states
that the probe corresponding to the gene ¢ incorporates one of the dyes preferentially. The
errors Fj, are random variates with mean 0 and are assumed to be independent despite the weak
structural dependence (of order 1/G) that exists by construction. By considering two self-self
experiments, it guarantees that the true difference of expression is null and thus the model
becomes a one-way anova model:

Zz{g = (_1)259 + Fi97 for ¢ = 1,2 (32)

Thanks to this signal decomposition, we pointed out that it is easy to evaluate the gene-
specific dye bias and to perform an analysis of this bias by testing the null hypothesis {5 =
... = fBg = 0} against the alternative hypothesis {At least one gene is such that 3, # 0}. Since
the number of genes, G, being large, the power of the test is high and the null hypothesis may
often be rejected. For that reason, we proposed the associated test statistic as a global index to
evaluate the gene-specific dye bias. We named it the Label Bias Index (LBI) and it is defined
by:

G
Zg:l(Z{g - Zég)2
= :
Zg:I(Z:/lg + Zég>2

We proposed to compare the LBI to the expectation of the Fisher distribution, equal to
(G —1)/(G —3) ~ 1. If the LBI is greater than 1, we conclude that the gene-specific dye bias
seems important.

LBI =

(3.3)

Application of the LBI We calculated the LBI from 11 self-self experiments from human
and Arabidopsis thaliana samples (Table . LBI is always greater than 1 but the gene-specific
dye bias is more important in the human experiments than in the Arabidopsis thaliana ones. For
human experiment, two types of microarray are available and for one microarray type, the LBI is
really high whereas the self-self experiment are made from the same sample. We also calculated
the correlations between all the ﬁ;, for each human/array 1 experiment. They are comprised
between 0.45 and 0.81. These results suggests that the dye bias may be attributed the nucleic
composition of the probe and the spotting effect (see Mary-Huard et al., 2004). Besides from
four slides where the same sample of Arabidopsis thaliana had been hybridized against itself, we
calculated the LBI on the six possible pairs of slides. The associated LBI was between 1.12 and
1.26, which proves its robustness. We did not investigate the origin of the gene specific dye bias
but advocated in our paper to perform dye-swaps if the gene specific-dye was high.

We tested the nullity of the coefficients B, in the model by using Varmixt, which
identifies clusters of probes with equal variance (Delmar et al., [2005). Many genes are detected
to have a gene-specific dye bias in the human experiments (column (b) of Table and these
results are in concordance with the LBI values. Furthermore, all the genes having a significant
specific dye bias are classified in the highest variance group by Varmixt. This suggests that
many genes from the highest variance group can not be detected as differentially expressed only
because their variability is increased by a specific dye bias effect. It confirms that the presence of
gene-specific dye bias can increase the false negative rate and so decrease the power of detection.
Indeed if the gene-specific dye bias is neglected in the model by setting 3, equal to 0 for
g=1,...,G, then the variance of the expression difference is overestimated.

Table contains also the mean, minimal and maximal values of the Bg for the detected
genes. We can see that the gene-specific dye bias may multiply or divide the ratio by a factor
greater than 2, which is sizeable. An analysis on the intensity level of the genes with a high
specific dye bias shows that the intensity of these genes is in a large range between 5.5 and 15.7,
with a median value between 9.5 and 10.2. Consequently, all expressed genes can be affected by
a specific dye bias whatever their intensity level. Moreover it means that to reveal its specific
dye bias, a gene needs to be transcribed.
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Organism / ar- | Sample LBI | (a) | (b) | Mean LR | Min. LR | Max. LR
ray

human/array 1 | samplel t1 | 4.64 | 0 | 120 0.87 -1.19 1.58
human/array 1 | sample2 t2 | 5.68 0 | 153 0.45 -1.46 1.52
human /array 1 | sample3 t3 | 4.07 | 0 2 1.97 1.73 2.21
human/array 1 | samplel t4 | 4.86 | 0 | 113 1.19 -1.16 1.81
human/array 1 | sample2 t5 | 4.64 | 0 | 33 0.19 -1.61 1.36
human/array 1 | sample3 t6 | 6.42 | 0 | 189 1.42 -1.26 2.95
human/array 2 | sample3 t2 | 10.29 | 0 8 -1.11 -1.35 -0.98
human/array 1 | sample3 t2 | 5.15 | 0 3 -2.05 -2.85 -1.45
At/CATMA leaf 1.79 | 0 0 - - -
At/CATMA bud 117 | 0 0 - - -
At/CATMA bud 124 | 0 0 - - -

Table 3.1: t=time, LBI = Label Bias Index, At = Arabidopsis thaliana (a): Number of genes
differentially expressed, (b): Number of genes having a significant dye bias (8, # 0), LR = Log
Ratio for genes having a significant dye bias.

Comments on the LBI Few weeks after the publication of this work, Dobbin et al.| (2005)
published comments on our work. Their remarks related to the design of microarray experiments
and notably about the use of dye-swaps. They considered that our recommendations contra-
dicted their previous recommendations Dobbin et al.| (2003)) for designing experiments, where
they suggested minimizing or eliminating the use of dye-swap arrays. Following their comments,
we precised our point of view in [Martin-Magniette et al.| (2005a) by explaining that our paper
focused on the detection, quantification and correction of this gene-specific.

From my point of view, this work is a nice example showing that a methodological work can
impact experimental routines. To date, Martin-Magniette et al| (2005b)) is cited 46 times and
the origin of the bias was investigated in [Kelley et al.| (2008) and Margaritis et al. (2009). Our
paper is often cited to justify the use of dye-swaps. Indeed the existence or not of this bias is
important and if it is sizeable, it should be taken into account when experiments or new probes
are designed. On the transcriptomic platform of URGV, despite the absence of gene-specific dye
bias on the CATMA microarray, it was decided to continue the transcriptome comparisons with
dye-swaps to assure quality data.

3.2.3 Bleeding effects in multiple-target microarray

Most of microarray studies are made using one or two dyes labelling which allows the hybridiza-
tion of one or two samples on the same microarray. In such experiments, the most frequently used
dyes are Cy3 and Cy5. To hybridize simultaneously three or four samples, the dyes Alexa 488
and Alexa 594 are proposed and [Forster et al. (2004) evaluated triple-target microarray by com-
paring results of single-target, dual-target and triple-target microarrays. They concluded that
the use of triple-target microarray is valid from an experimental point of view. One year later,
Staal et al.|(2005) investigated the four-target microarray experiments. Their study shows that
Alexa 594 is best suited as a third dye and that Alexa 488 can be applied as a fourth dye on
some microarray types.

Introduction of additional dye induced signal bleeding from one dye-labelled sample to an-
other and it is a potential source of bias. Indeed, bleeding artificially increases the signal in
other channels of the same spot when the signal is high in one channel. Assume that a gene is
highly expressed in condition A and weakly expressed in condition B. The difference between
the two conditions is decreased by the bleeding. Therefore bleeding may induce a lowering in
the statistical power for detecting differentially expressed genes. Another possibility is that the
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bleeding effect induces a difference between two channels for the same gene: assume that a gene
is highly expressed in condition A and equally expressed in conditions B and C; if the bleeding
between the channel corresponding to condition A and the channel corresponding to condition
B is higher than the bleeding between A and C, then a difference between signals B and C will
appear, which is a technical artifact.

Forster et al| (2004) pointed out that signal bleeding can be considered as negligible be-
tween C'y3 and C'yb signals, but is important between Alexa594 and Cy3 signals, so that signal
cross-talk can not be neglected. To further investigate this bias, we wrote the signal model
to understand the phenomenon and proposed an easy experiment to evaluate and correct the
bleeding.

Identification and quantification of the bleeding In order to investigate bleeding, we used
single target hybridization microarray experiment produced by the transcriptomic platform of
URGYV and the single target hybridization data set from [Forster et al| (2004). From the raw
data (not log-transformed) of these datasets, we observed graphically that the bleeding bias C'y3
— C5 is negligible but the bleeding bias Alexa594 — (C'y5, C'y3) exists.

To quantify the cross-talks, we explained the blank channels by a linear regression of the
hybridized channel:

Yij = oy + BiYa + €44,

where Y;; is the raw intensity of gene ¢ on channel j, 3;; the coefficient of bleeding from channel
[ to channel j, a; the intercept and ¢;; is assumed to be distributed according to a centered
Gaussian of variance 2. Estimation of the bleeding effect is done using a robust method (R-
function rim, Huber| (1981)) to decrease the effect of outliers.

The results show that the impact of bleeding on the signal is low: The greater coefficient
is between Cy3 and Alexa594 (0.07). The weakness of the quantitative influence of bleeding is
confirmed by the values of the standard error of the signal in the different channels: the values
for the empty channels are between 6 and 200 times lower than the corresponding values for
hybridized targets. Moreover a good experimental design, where dyes are balanced, is also a so-
lution for cutting down the bleeding bias since the expression differences between two conditions
is the mean of the individual measures of this difference taken on each microarray. For example,
if only one difference is distorted by the bleeding bias, its influence on the mean difference of
expression is divided by the number of terms in the mean, which is equal to the number of
microarrays containing the two conditions.

Despite the absence of bleeding observed on the two datasets, it is possible that other dyes
or other laser technologies induce a greater bleeding bias. Hence we proposed a procedure to
correct the bleeding when its level is high. As the bleeding seems to work on a linear scale, a
natural idea is to correct the raw data using the following expression:

Yij =Y — > ByYil (3.4)
1]

where Y;; is the raw measure of expression of gene i on channel j, Y;; is the corresponding
value corrected for bleeding, and 3;; is the coefficient of bleeding from channel [ to channel j,
estimated from the previous models used to evaluate the bleeding from one-target microarrays.

The proposed correction assumes that the bleeding coefficients do not depend on the intensity
of the bleeding channel (this assumption seemed to be valid according to the two analyzed
datasets), that the effects of the bleeding from several channels are additive on a linear scale,
which is a realistic assumption. Finally, since we used preliminary single-target experiments, it
means that the bleeding coefficients do not depend on the microarrays. This latter assumption
seems reasonable if the machine-tuning parameters remain constant.

A smarter solution could be to estimate the coefficients 3;; by using p-target microarrays but
it is not routinely feasible due to the size of the design matrix (more than 2np, where n denotes
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the number of probes). Moreover simulations showed that there are many confounding effects
and consequently the estimates of the fj;, are not reliable.

3.2.4 Generalization of the lowess procedure for multiple-target microarray

Even if the bleeding bias is a new important bias for multiple-target microarray, the dye bias
still remains the most important one. On two-color microarray, the lowess procedure is the
most effective method to correct this bias. But its application is not straightforward since the
lowess procedure is devised only for correcting the bias between two dyes. A solution proposed
by [Forster et al.| (2004) is to applied the lowess procedure sequentially to correct Cy5/Cy3,
Cy5/Alexa594 and Cy3/Alexab94. However this procedure does not correct globally the dye
bias due to the three dyes. For this reason, we proposed a generalization of the lowess procedure
to correct the dye bias in one step on triple-target microarray.

Let ¢ = 1,--- ,n be the probe index, j = 1,---p the channel index and, y;; the logs trans-
formed intensity measure of probe i along the channel j. Let Y; = % > ;i Yij, be the mean channel

raw data for probe 7 on the log scale, and D;; = Y;; — Y;, the difference between channel j and
the mean channel for probe i. We model D;; as follows:

Dy = fj(Yi) + Ej
and estimate f; via a lowess. The value of the channel j after normalization is then defined by:
Yij =Yy — fi(Y2) (3.5)

Kerr et al.| (2002) proposed to validate a given normalization method by analyzing the raw
and the normalized data through an analysis of variance model. A good normalization method
should cut the sum of squares due to technical factors or interactions and should not decrease
the sum of squares of the gene-condition interaction. As expected, the normalization reduces all
the technical biases and the gene-condition interaction is only slightly decreased.

We measured also the impact of this normalization on the number of differentially expressed
genes by analyzing self-experiments, where only one sample is labeled with all the dyes and then
hybridized on the same array. In such experiments, no differentially expressed gene is expected.
Differential analyses with Varmixt (Delmar et al., |2005) of the triple-self arrays of Forster’s
experiment and of the URGV dataset give no genes differentially expressed after normalization.

In the framework of the ANR project AgriArray, it was possible to generate the transcrip-
tomes of the same samples with two or three-target microarrays. After differential analysis
with Varmixt, the number of differentially expressed genes with three triple-target microarrays
is higher than the number of differentially expressed genes with six two-color microarrays. It
proves that the proposed normalization for triple-target microarrays does not reduce the true
difference between gene expression more than the usual lowess method for two dyes does.

3.3 Model-based clustering for whole-genome analysis

3.3.1 MixThres: Truncated Gaussian Mixtures for an hybridization thresh-
old

This work is the result of a collaboration with Franck Picard

Microarrays are now usually used to investigate a biological process. The principle is to alter
the process by a gene mutation or an environment modification and to compare the transcriptome
under this constrained processes to identify key genes. There exists another question, more
delicate, which concerns the identification of the transcripts in a sample. An answer could be
deduced from the transcriptome comparisons. Indeed a gene declared differentially expressed is
inevitably transcribed in one condition. Nevertheless the answer is incomplete since a gene could
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be not differentially expressed between two conditions because transcribed at the same level in
the two samples. Consequently, identification of transcripts in a sample is another question and
it requires adapted statistical methods.

In a microarray, there exists a continuum of intensity values among probes and it is difficult to
distinguish probes for which there is not enough signal resulting from hybridization with specific
target, and not enough identity between the probe and the labeled transcripts to allow hybridiza-
tion. Existing procedures were usually based on an estimation of a local background per probe
from image acquisition softwares and an arbitrary threshold is defined for each individual probe.
For example |Quackenbush| (2002)) proposed to declare a probe as being above the background if
its red and green intensities are more than two standard deviations above background. These
methods are strongly dependent on the estimation of the background, which may be a poor
measure of non specific fluorescence Brown et al.| (2001). Alternatives are proposed by Bilban
et al.| (2002); Stolc et al.| (2004) based on the knowledge of either positive and negative controls
or a population of non-hybridized probes. Nevertheless such knowledge is rarely available. In
this work, our aim was to provide an automatic identification of hybridization threshold below
which a probe is considered as a non-hybridized probe. First we model the intensity histogram
by mixtures of distributions to capture different populations of probes and then we define an
hybridization threshold based on the conditional probabilities of the mixture.

Modeling the intensity signal distribution As illustrated on Figure we faced two
main characteristics of the data: intensity values are bounded and their distribution is posi-
tively skewed. Lower and upper boundaries are due to DNA autofluorescence and to saturation
respectively. As for skewness, it is due to the high proportion of probes which are not hybridized.
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Figure 3.2: Classical intensity histogram

In a preliminary analysis, many usual distributions were tested including non-symmetrical
distributions such as Lognormal, Gamma or Weibull distributions, but none systematically fitted
the left peak of the empirical distribution. Consequently we introduced truncation parameters
¢ = mingy(yy) and w = maxy(y,), where y, denotes the logs intensity of the probe g, to model
this asymmetry and we considered mixtures of truncated Gaussian distributions defined by:

K
9¢(ip,0) = prai (y; Or),
k=1

where gy (y;0) denotes a Gaussian density truncated at £ and u, 0 = (01,...,0k) is the param-
eter vector describing the truncated Gaussian densities and p = (p1,...,px) with Zszl =1
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is the mixing proportion vector. The key element of this model is the introduction of truncation
parameters that re-weighted the densities on the finite support [¢,u]. This strategy allows us
to model the left peak observed on real intensity histograms. When using truncated Gaussian
distributions, the empirical estimators of the mean and of the variance are biased due to trun-
cation. Consequently we added a fixed-point algorithm in the M-step to correct the bias, using
the fact that the maximum likelihood estimators are equal to the moment estimators when ¢
and u are known (Johnson et al., |1994).

To fit best the histogram, we considered a collection of mixture models of untruncated, left,
right and left-right truncated Gaussian distributions for which the number of components varied
between 1 and a maximal number chosen by the user. The best model is then chosen according
to the BIC criterion. An ideal situation would be to select a mixture of two components only.
However, it appears that fitting intensity histograms with two components leads to poor fit
quality and BIC always selects mixtures with four or five components, reflecting better the
continuum of intensity values observed in a microarray experiment.

Definition of the hybridization threshold Once the best model is selected using BIC, the
components are ordered according to their mean value. Then our aim is to define a hybridiza-
tion threshold to distinguish non-significant hybridization signal from significant hybridization
signals. The only certain information is that the component with the highest mean is composed
of hybridized probes, but nothing can be inferred for other components, since there is still an
ambiguity between truly hybridized probes with low intensity and non-hybridized probes.

If we consider only probes assigned in the last component as hybridized, it results on a
conservative procedure. This is why we proposed the following threshold, T'(¢) above which a
probe is declared as being hybridized:

T(a):max{yg K> <fcase{1,...,k;—1},75g25},

where K denotes the number of components of the selected mixture, 75, denotes the conditional
probability of probe g to belong to the component s.

To define this threshold in practice, it is equivalent to rank intensity values by descending
order. Then sequentially for each probe, the component for which its conditional probability is
the highest is determined. If this component differs from the component with the highest mean,
we look at the conditional probability of belonging to each component with lower mean. If none
of the conditional probabilities is greater than e, then the next probe is analyzed. Otherwise, if
one of the conditional probabilities is greater than e, then the threshold T'(¢) is defined as the
intensity value of this probe. Our method is implemented in an R package called MIXTHRES
with default value of € equal to e = 10~%.

Performances of MixThres We validated our method using four biological samples hy-
bridized on a tiling microarray of the whole chromosome 4 of Arabidopsis thaliana. The specificity
of this array is that probes cover genic as well as intergenic regions and when hybridizing labeled
mRNAs only, we expect that probes corresponding to intergenic regions should not hybridize.
For each biological sample and each probe of the tiling array, we calculated a hybridization index
which equals 1 if the signal intensity is higher than the hybridization threshold and 0 otherwise.
We get a hybridization score between 0 and 4, defined as the sum of the hybridization index
over the four samples for each probe. Out of the 21602 probes, 4681 are declared hybridized four
times (score=4) and 13681 are never declared hybridized (score=0), thus 85 % of the results are
coherent between the four biological samples. Moreover, the threshold as well as the percentage
of probes declared hybridized vary between the four biological samples reasonably. This shows
that our method provides reproducible results.

By definition the specificity is the probability to declare a probe not hybridized rightly.
To estimate it, we focus on the set of 3701 probes which cover intergenic regions without any

39



proof of transcription or cross-hybridization. Among them, 49 probes are declared hybridized.
Consequently the specificity is estimated at least 98.7 %. Similar estimate of the specificity is
found when the same procedure is applied to another experiment.

We also estimated the precision which is the proportion of probes declared rightly hybridized
amongst all probes declared hybridized. In/Aubourg et al.| (2007), we analyzed the 522 hybridized
samples with MixThres and for all probes without any known evidence of transcription declared
hybridized at least once, an experimental validation was performed to validate this result. Among
the 465 new genes found hybridized at least once in the 522 hybridized samples, the hybridization
evidence was confirmed by other experimental approaches for 88%. The biological results of this
project are detailed in Section

Some comments We provided an automatic definition of a hybridization threshold. From
the modeling point of view, considering the truncation leads to a better fit of the left peak
of intensity histograms. On the studied datasets we observe that the first smallest value of
BIC is associated with a truncated Gaussian mixture model and the second smallest value
with the untruncated Gaussian mixture with the same number of components. Interestingly
both hybridization thresholds derived from these two models are equal. This indicates that the
threshold value is well-defined and does not depend on the truncation parameters.

The hybridization threshold depends on a parameter e, which has been set at 10~* in this
study. Consequently the specificity and sensitivity depend on ¢ since a greater value will lead to
a decrease (increase) in specificity (sensitivity). In order to assess the role of ¢, we have tested
several values from 1073 and 1075 and estimations of the specificity and the precision are the
same.

We submitted MixThres several times in bioinformatics journal but it was always rejected.
Even, MixThres was a very useful method, applied in three different biological projects published
in biological journals. These projects are described in Chapter

3.3.2 MultiChIPmix: Linear regression mixture for epigenomic data

This work corresponds to the internship of Caroline Bérard, co-supervised with Tristan Mary-
Huard

Background Chromatin immunoprecipitation (ChIP) is a well-established procedure used to
investigate proteins associated with DNA. ChIP on chip involves analysis of DNA recovered from
ChIP experiments by hybridization to microarray. In a two-color ChIP-chip experiment, two
samples are compared: DNA fragments crosslinked to a protein of interest (IP), and genomic
DNA (Input). The two samples are differentially labeled and then co-hybridized on a single array
(see Figure . The goal is then to identify actual binding targets of the protein of interest, i.e.
probes whose IP signal is significantly larger than the Input signal. Two strategies are widely
applied for the detection of enriched DNA regions. The first strategy takes advantage of the
spatial structure of the data: Since probes are positioned all along the genome, if one region is
enriched, several adjacent probes are expected to obtain high ratio measurements, resulting in a
“peak” of intensity. To detect these peaks, sliding windows is proposed by |Cawley et al.| (2004]);
Keles (2007)) and Hidden Markov Models by |Ji and Wong| (2005); |Li et al.|(2005). Alternatively,
the second strategy considers that the whole population of probes can be divided into two
components: the population of IP-enriched genomic fragments and the population of genomic
DNA that is not IP enriched. In this framework, different statistical methods are proposed to
distinguish between the two populations by considering the distribution of the ratios (or their
associated rank). If a non negligible proportion of the fragments are enriched, then the logratio
distribution is bimodal and the highest mode corresponds to the enriched population. [Buck and
Lieb| (2004)) proposed to declare a probe enriched when its ratio exceeds a selected cutoff, fixed
according to the logratio distribution.
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Figure 3.3: Principle of a chIP-chip experiment

Questioning the logratio analysis Importantly, both strategies assume that the logratio
measurement is a pertinent statistical quantity to assess the probe status (enriched or not). We
discovered that this assumption is correct if the distribution of the ratio mostly depends on the
status of the probe. Figure (left) shows the ideal situation described in Buck and Lieb| (2004)),
where the logratio distribution is bimodal. But in many applications, the logratio distribution is
closer to Figure (right), and the performance of logratio-based methods may be poor. From
this observation, we argued that it is worth working directly with the two measurements of each
probe (Input and IP) rather than on the logratio.
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Figure 3.4: Left: Ideal logratio distribution with two distinct peaks. Right: Logratio distribu-
tion on a real data (NimbleGen array).

We also observed that the relationship between the two measurements is almost linear (Figure
3.5). Working on logratio amounted to stating that the slope of the linear relationship is the
same whatever the status of the probe. In many cases the slopes are different and thanks to
simulated data we showed that even a slight difference between the two slopes may turn the
distribution of the logratios into unimodal rather than bimodal, as observed in Figure

Modeling the joint distribution of the IP and Input intensities In this context, we
proposed a new model of the distribution of the IP conditionally to the Input intensity to detect
enriched probes in a chIP-chip experiment. In Martin-Magniette et al. (2008a), we proposed
a mixture model of two linear regressions to characterize the IP-Input relationship of one ex-
periment. In Bérard et al.| (2013), we generalized the model to analyze simultaneously several
independent replicates and to take into account possible spatial dependencies between adjacent
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Figure 3.5: Associated plot of IP versus Input
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Figure 3.6: Simulated data. Top: Two populations with linear relationship and equal slopes.
The corresponding logratio histogram is bimodal. Bottom: Two populations with linear rela-
tionship but different slopes. The corresponding logratio histogram is unimodal.

probes.

Formally, let (2., v:) be the pair of log-Input and log-IP intensities of probe ¢ measured in
replicate r of a ChIP-chip experiment and denote the (unknown) status of the probe through
the latent variable Z; equal to 1 if the probe is enriched and 0 if it is normal. It means that

R
fQits - s virlza, - iR, 2i) = HN(azir + bzr Tir, a?)
r=1

with specific mean a,,,. + b.,-7; and variance o2 for each replicate r € {1,..., R}

If the ChIP-chip experiment is performed on a microarray where a small number of probes
cover promoter regions, then all probes are assumed to be independent and the distribution of
the latent variable Z; is a Bernoulli of parameter w. The model is hence a mixture of linear
regressions called MultichIPmix. Parameters (proportion, intercepts, slopes and variances) are
estimated using the EM algorithm. For the initial values, the proportion and the variances are
set to default values and the slope and intercept of each replicate are derived from the first axis
of the Principal Component Analysis to reduce the sensibility of the EM algorithm to the initial
values.

If the ChIP-chip experiment is performed on a microarray where probes cover the whole
genome, then several probes cover a given biological unit and spatial dependence exists between
adjacent probes. We proposed to take it into account by modeling the distribution of the latent
variable {Z;} by a Markov chain. The model is called MultichlPmixHMM. Parameters of the
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HMM are estimated using the Baum-Welch algorithm (Rabiner} |1989). For the initialization,
for each replicate, slope and intercept are derived from the first axis of a Principal Component
Analysis by considering a mixture model. All initial transition parameters are set to 0.5.

A binary latent variable is adapted if the protein under study has some targets. When the
protein has no target, all probes belong to the normal class. In this case a simple linear regression
is sufficient to fit the data. For this reason, we recommend to fit the two models (one or two
classes) and to select the best model according to the BIC criterion.

Classification rules Whatever the modeling of the latent variable, for each probe, we get a
conditional probability to be enriched and a probe is declared enriched if its enriched conditional
probability is higher than 1 — «, where « is chosen by the user. This strategy controls the
proportion of misclassification in mixture models (Mary-Huard et al., |2013). This is during this
work on ChIP-chip analysis that we defined a classification rule to control the false positive risk
presented in Section [2.3.3]

Performances In |[Martin-Magniette et al.| (2008a)), we presented various applications each
dedicated to one specific biological question (histone modification and DNA methylation on
different organisms) to be convinced and convince the biologists that our model is convenient
for any microarray whatever its density (array size from thousands to hundreds of thousands of
probes) and for any organisms.

We re-analyzed the dataset of Weber et al.[(2007) studying the DNA methylation of promoter
regions of the human genome. Each promoter region is covered by 15 probes and is classified into
a category according to its CpG rate. We focused on the analysis of the class ICP (intermediate
CpG promoter) composed of 2056 promoter regions. We applied MultiChIPmix to these data
without averaging the 15 values per promoter region. The estimated regression slopes are by =
0.613 for the normal class and b; = 1.162 for the enriched one, which shows that the Input-
Ip relations substantially differ between the two status. At the level @ = 0.01, a total of
1706 promoter regions have at least 1 probe enriched. Except for one region, all the promoter
regions of the Weber’s list have at least 1 enriched probes, and 403 have 5 or more enriched
probes. Besides, MultiChIPmix identified 38 promoter regions with 9 probes or more classified
as enriched that are not detected in |Weber et al.| (2007).

The other example are histone modification of Arabidopsis thaliana and the collaboration
with the team of Vincent Colot was very helpful since they provided data of good quality and
various samples were hybridized on different supports. I focus here only on the H3 tri-methylated
at lysine 27 (H3K27me3) histone mark.

First the study was done using a custom genomic tiling array of chromosome 4. These data
are first analyzed with MixThres and published in Turck et al. (2007). We re-analyzed the data
with MultiChIPmix. The tiles classified as enriched at risk a« = 0.01 include all the tiles found
by 'Turck et al.| (2007)) plus 2346 others: 1404 tiles extend the genomic region already found and
942 tiles form 62 new genomic regions. The difference between the two slopes (0.907 and 1.167)
enables us to better discriminate the two classes for high Input intensities and this may explain
the higher number of enriched probes detected by MultiChIPmix.

More recently in Bérard et al.| (2013)), we demonstrated improved performance of MultiChIP-
mixHMM compared to MultiChIPmix. We used data generated from a two-color NimbleGen
microarray where each chromosome are covered by about 200000 (Roudier et al., 2011). We ap-
plied both methods and identified probes enriched in H3K27me3 using a cutoff of a = 0.01. For
MultiChIPmix, both replicates are analyzed separately and only probes declared as enriched in
both replicates are finally considered as enriched. MultiChIPmix and MultiChIPmixHMM agree
for more than 90% of the probes. All enriched probes identified by MultiChIPmix are included
in the set of enriched probes identified by MultiChIPmixHMM, which identified 7, 940 additional
probes. From a general point of view enriched region are covered by more enriched probes in
the MultiChIPmixHMM analysis. We also considered 311 H3K27me3 target genes identified by
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independent prior studies by Turck et al.| (2007) and by |Zhang et al.| (2007). Among the 311
genes, 298 are commonly identified by both methods and 11 are only identified by MultiChIP-
mixHMM. Consequently, we get a better modeling of the data by considering spatial dependence
between adjacent probes.

Biological results obtained by the application of MultiChIPmix in different biological projects
are described in Section [4.3.2]

3.3.3 TAHMMAnnot: Heterogeneous HMM for data of tiling array
This work corresponds to models developed by Caroline Bérard during her PhD.

Background To compare two samples from microarray data, most methods rely on the log-
ratios. But as we showed in Martin-Magniette et al.| (2008a), this can mask the multimodality
of the data and it is worth working directly with the two intensities of each probe. MutiChIP-
mixHMM proposed a model describing a sample as a function of the second one. This situation
is relevant to detect interactions protein-DNA from ChIP-chip data, but this situation is rare
and in most cases, no sample can be considered as a reference.

Comparing two samples requires distinguishing four different biologically interpretable groups
of probes: a group with similar behavior in both samples, a group with higher intensity in the
first sample than in the second sample, a symmetric group with higher intensity in the second
sample and a last group with low intensity in both samples which can be viewed as noise,
corresponding to the non-transcribed regions (Figure . In TAHMMAnnot, we proposed a
4-state heterogeneous hidden Markov model with bidimensional Gaussian emission densities to
gather all the available information (the two hybridization signals of the probe, its position along
the genome and its structural annotation) to study the difference between two samples. In the
following, I describe the different models proposed and show how the modeling improves the
data fitting.

Figure 3.7: Schematic explanation of the 4 groups to consider when comparing two samples. In
grey, the noise group corresponding to not hybridized probes. In blue, the identical group, in
which probes have the same intensity in both samples. In red, the over-expressed group in which
probes have a higher signal in sample of the y-axis and in green the under-expressed group in
which probes have a higher signal in sample of the x-axis.

Models for the latent variable Z For probe ¢, we denote Y; = (Y31, Y;2) the log-intensities for
both samples, C; € {1,...P} the annotation category and Z; € {1,...K} the unknown status. We
proposed several model for the latent variables {Z;}: if there is a dependence between adjacent
probes, {Z;} are assumed to be a first order Markov chain with heterogeneous transition m?
depending on the annotation category:

P(Zt = Z‘Zt,1 = k:,C't :p) = ﬂ-zl
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If there is no spatial dependence, the {Z;} are independent and distributed according to
a multinomial of parameter 7, corresponding to the proportion of probes from group k in
annotation category p. If there is no annotation and no spatial dependence, the model comes
down to a mixture model with four components.

For the conditional distribution of the {Y;}, we proposed two models based on Gaussian
distribution. Both are presented and then discussed. In the following, K = 4 groups are
considered, Groups 1 and 2 will refer respectively to ‘noise’ and ‘identical’ probes, whereas
Groups 3 and 4 will refer to differentially hybridized probes.

Model 1: constrained Gaussian as emission distribution In this first model {Y¥;} are
assumed to be independent conditionally to the {Z;} and distributed according to a Gaussian
distribution, whose parameters depending on the probe status but not on the annotation cate-
gory:
(YilZe = k) ~ N (g, Zie),
where pp and Y are the mean and the variance matrix of the k-th emission distribution. To
get interpretable groups, we modeled the variance matrix using its eigenvalue decomposition
(Banfield and Rafteryl, 1993
Yy = DpAy Dy,

where the matrix A describes both the volume and the shape of the ellipse associated with the
Gaussian distribution and the matrix Dy describes its orientation. By definition Groups 1 and
2 should have the same orientation (see Figure , which implies that D; = Ds. Furthermore
we assumed that the dispersion around the main axis is similar in all groups, which amounts to
fixing the second eigenvalue of 3, for all groups. This can be summarized as

Dy = Dgy;

A, = ( ug 0 > , with w1 > ue, for k=1,...,4.
0 ug
The parameters {nP}, {ux}, {Dr}, {u1x} and ug are then estimated using an adapted EM
algorithm.

Model 2: Gaussian mixture as emission distribution To make the emission distributions
more flexible than in the previous setting, we assumed that each emission distribution is itself a
mixture of Lj parametric distributions. Working with mixtures of bidimensional Gaussian are
not easily tractable, therefore we projected the data on three axes As, Ag and Ay, concurrent at
the barycenter of the noise group and corresponding respectively to the main axis of the ellipse
representing the three groups. It leads to to work with unidimensional mixtures and force the
Gaussian components of the k-th cluster to be colinear along the axis Ay (see Figure [3.8).
In this second model,

e The noise group is a special group, considered as circular and modeled by a spherical
Gaussian.

e For each of the three other groups, let (U, Vix) be the coordinates of (Y34, Yo) in the
orthonormal basis (Ay, A{). An unidimensional Gaussian mixture along each axis Ay, and
a unique distribution for all components along Aé are considered:

(Vik|Zs = k) ~ N(0,02) and (Uw|Zs = k) ~ ¢y, ,
where

Ly
Uk =Y Meed (5 re Ohe)
=1

with g is the proportion of the ¢-th component for the group k£ and ¢ is the density
distribution of a Gaussian of mean uxy and variance O']%E.
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The parameters are then estimated using an adapted EM algorithm equivalent to the one pre-

sented in Section 2.2.2]

4,

Figure 3.8: Schematic representation of Gaussian mixtures in each cluster, along the three axes.

Comparison of the latent variable modeling Considering constrained Gaussian distribu-
tion to model each emission distribution, we evaluated the impact of the modeling of the latent
variable distribution. It is based on a real comparison of leaf and seed 10 days after pollination
of the plant Arabidopsis thaliana. Transcriptomic data are produced with a NimbleGen array
with about 200 000 probes per chromosome. For the annotation, three categories are considered
to distinguish intergenic, intron and exon probes.

Table presents the fit of the four models for chromosome 4. We remark that including
annotation information leads to a real improvement in terms of likelihood, both in the mixture
and HMM context. Moreover BIC an ICL criteria both suggested that all available information
should be taken into account, since the HMM with annotation information is preferred.

Table 3.2: Impact of the latent variable distribution in a comparison of leaf and seed transcrip-
tome samples.

Mixture HMM Mixture + annotation HMM -+ annotation

number of parameters 19 31 25 61

—2 log-likelihood 406249 371309 373283 356617
BIC 406469 371668 373573 357323
ICL 436197 412706 399986 398272

Caroline Bérard investigated the behavior of the four models during her PhD. She observed
that an HMM tends to smooth the classification. As for example, when an isolated probe in an
intergenic region has abnormally high intensities, the HMM tends to declare it not differentially
expressed, whereas the mixture could declare it differentially expressed. Nevertheless for intronic
probe between two exonic probes, the smoothing of the classification is a drawback (see Figure
and it can be offset by including the annotation in the modeling. In general, when the latent
variable distribution takes into account the annotation and the dependence between adjacent
probes, it leads to more homogeneous regions.

Constrained Gaussian or Gaussian mixture for the emission distribution Based on
the comparison of leaf and seed 10 days after pollination of the plant Arabidopsis thaliana, we
compared Model 1 including 3 annotation categories and Model 2. In this second model, the
annotation is not taken into account and for the emission distribution, the component number of
the mixtures are equal. Figure represents the data distribution and the adjustment of the
estimated density for each group by a Gaussian mixture. According to BIC, the best number of
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Figure 3.9: Left: Example of a gene with two exons (blue boxes) and one intron (line between the
two boxes) covered by several probes. The color of each probe is proportional to its conditional
probabilities (red= over-expressed, gray= no hybridized). Right: example of a region, blue
boxes correspond to genes. The classification of the probes for each model is given below, the
bar is proportional to the highest conditional probability and its color indicates the group

Gaussian is four (BIC=362142) but between the two modelings, Model 1 is better by taking the
annotation into account (BIC=357323). Whereas if the annotation is neglected (BIC=371668),
the mixture of Gaussian as emission distribution is selected. To go further, we compared the
classification results. Between the two modelings, there is 6% of differences in terms of probe
classification in this comparison. Without a bioinformatic analysis and/or a biological validation,
it is thus difficult to conclude.

Figure 3.10: Distribution of the data and adjustment of the estimated density for each group
(noise in grey, identical in blue, under-expressed in green and over-expressed in red). For the
identical, under-expressed and over-expressed groups, the data are projected onto the main axis
of the corresponding group.
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Recently, I compared two transcriptomes with fewer differences that can exist between tran-
scriptome of leaves and seeds. It is a comparison between a mutant and a wild-type of Arabidopsis
thaliana. The mutant is expected to accumulate transcripts in some intergenic regions. More-
over, it is expected that differentially expressed probes are only over-expressed in the mutant.
After discussion with the biologists, it was decided to not include the annotation in the model to
have more chance to detect the differentially expressed intergenic regions. I tried to analyze the
data with Model 1 and it was impossible because the EM algorithm did not converge or because
groups were not biologically interpretable. The analysis with Model 2 allowing Gaussian mixture
as emission distribution was difficult because the EM initialization was delicate but we managed
to analyze the data and the results are validated by another technology.

Detection of new transcripts Another major challenge is the detection of new transcripts
and transcriptomic data can reveal new transcriptional units that had escaped the conventional
annotation methods because of their original structure (small length, antisense, RNA genes, etc.).
With the distinction between the noise group and the identical group, TAHMMAnnot without
annotation can be relevant to find new transcripts. As for an example, in the transcriptomes
of leaves and seeds, a lot of regions with expressed probes are found in intergenic regions:
1328 small regions with 2 or 3 consecutive probes, 185 regions with 4 or 5 consecutive probes
and, 90 regions with more than 5 consecutive probes (including 25 regions with more than
10 consecutive probes). For the 90 regions with more than 5 consecutive probes, we checked
with other annotation information such as Expressed Sequence TAG (EST) or genes predicted
by the Eugene software (Schiex et al) 2001) which are not yet in the official annotation. We
found 39 regions matching with annotation like small RNA, rRNA, tRNA, including 12 regions
corresponding to a coding sequence defined in Eugene and 10 corresponding to transcriptional
units recently annotated due to the presence of EST. Moreover the obtained results showed
many transcriptions in the introns in 5’'UTR (40% of intronic probes declared expressed), which
is consistent with a recent article of |Cenik et al.| (2010)) assuming a functional role of 5’UTR
short introns.

3.4 Conclusions and perspectives

For developing statistical methods for a dedicated application domain, it requires to have knowl-
edge on this domain and to collaborate with scientists of another disciplinary field. Concerning
my works, they are done in closed collaboration with the biologists. Thanks to various collab-
orations, numerous discussions with biologists and the labmeeting of the URGV, I acquired a
general culture in genomics. It allows me to easily interact on genomic projects to identify the
questions and understand the various points of view.

All high-throughput technologies are difficult to control and despite efforts to establish rig-
orous protocols, some technical biases occur and I think that it is of crucial importance to study
them so that users understand their impact on the results. Their identification is never easy
and provides only the half of the answer since it is important to propose a correction or an
arrangement so that biologists pursue their work. The statistical modeling of the signal is the
key ingredient in the normalization. It allows the statistician to quantify the bias and its con-
sequences if it is neglected. Data normalization always takes a long time and the normalization
methods are difficult to publish. Nevertheless a good knowledge of the technology guarantees
its exploitation at the best.

Developing model-based clustering for analyzing genomic data come from discussions on the
genome-wide activity and the need for some biologists to look at the transcriptome data as the
response of an organism rather than the response of numerous genes. It provides a statistically
rigorous framework and has the advantage of providing straightforward procedures for parameter
estimation as well as a conditional probability for each observation of belonging to each cluster.
Moreover many model selection criteria are available to choose the number of groups without
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a priori knowledge. Consequently the main difficulties are to well understand the biological
question and what kind of information is expected. For the three models developed, I had many
animated discussions. The biologists are often more enthusiasm than I. They often remark the
gain of a modeling to their questions whereas I focus on the situations that are not well modeled.
All this work requires also a substantial work of programming to automate the analysis, in a
first part to evaluate the robustness of the modeling on different datasets and in a second part
to transform the method into a tool, usable for the bioinformatic community and also for the
biologists willing to analyze themselves their data. I usually write R functions and I am trying
now to integrate them in R packages.

Molecular biology is mainly driven by the technology advances but the technologies change
and the questions remain. As for an example, the main biological questions when biologists
investigate transcriptome are which genes are transcribed and which genes are altered in their
expression when different conditions are considered. TAHMMAnnot tries to answer with only
one model to both questions by taking all available information into account: the two inten-
sities of each probe, the dependence between adjacent probes and the structural annotation.
Unfortunately, HTS technology arrived too early (or we were too slow) and tiling array are no
more proposed to explore the transcriptome of a genome. I still remain optimistic because the
modeling is a technique to take distance to the application.

Concerning High Throughput Sequencing, research of the appropriate statistical methods
for the analysis of digital gene expression has flourished, primarily in the context of normaliza-
tion and differential analysis. In 2010, with Andrea Rau, Cathy Maugis-Rabusseau and, Gilles
Celeux, we decided to go further in the analysis by directly focusing on the question of clustering
digital gene expression profiles as a manner to discover groups of co-expressed genes. The first
months were difficult because the technology was still young and many biologists were less inter-
ested in the modeling questions than in the biological results quickly obtained thanks to the high
sensitivity of the HTS. Fortunately the transcriptomic platform of URGV obtained the funding
to start a technological project aiming at comparing array technology and HT'S technology. They
produced the transcriptome of various samples with the well-controlled microarray CATMA and
the new sequencing technology. After numerous discussions, we better understand the data and
reformulated the biological questions according to the specificity of HT'S data. Actually, we are
developing three mixtures for modeling RNAseq data. The first one is a mixture of Poisson
loglinear models to cluster RNAseq data. The first challenge was to define a pertinent mean
modeling of the Poisson distribution used in a mixture to cluster co-expressed genes (Rau et al.,
2011). The second model is a constrained version of the first one to identify genes differentially
expressed between two conditions. The last one concerns a new question that can be addressed
with the HTS technology. I think that it is possible to describe a transcriptome as a function
of another one. To answer to this question, we developed a generalized linear Poisson mixture
model and proposed solutions to solve some initialization problems of the EM algorithm due to
a large number of components of the mixture. It was done by Panagiotis Papastamoulis during
a one-year post-doctoral position and he developed an adaptive initialization scheme to avoid
local maxima and to get efficient estimation of the parameters (Papastamoulis et al., [2013)).
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Chapter 4

Contribution to genomic projects

I am deeply involved in genomic projects and this chapter is devoted to my contributions to these
projects. The aim of this chapter is to show the added-value of the statistics for the genomic
projects. The first section describes my activity on the transcriptome platform of URGV. Addi-
tionally to this collaboration, I also collaborate on some specific projects, in particular dealing
with the control mechanisms of gene expression. This is the topic of the second section of this
chapter.

4.1 Creation of a genomic resource

4.1.1 Background

The main goal of the transcriptomic platform of URGV is to offer an expertise on develop-
ment and analysis of transcriptomic data in model and non-model plant species to the plant
science community. A large panel of transcriptomic technologies (from regular DNA and tiling
microarrays to deep sequencing) is offered to be able to propose the technology best suited
to the biological questions and plant material provided by the users. The involvement of the
transcriptomic platform includes 4 main steps:

—_

. helping laboratories in developing their experimental design
2. performing all the experiment (library production, sequencing, hybridizations)
3. undertaking the statistical analysis

4. completing data submission in both CATdb (dedicated to URGV transcriptomic experi-
ments) and GEO (NCBI international database) databases.

For Arabidopsis transcriptome analyzes, the transcriptomic platform developed a transcript
microarray named CATMA["E]7 in the European program framework initiated in 2000. This array
was initially based on Genes Specific Tags (GST) which are short sequences specific for each
gene of Arabidopsis. Several versions of the CATMA array were designed, each new version
completing the previous version. The last version, CATMA v6.2, is now based on an oligo array
technology where amplified GST are replaced with long primers synthesized on the array. This
last version is a very complete array containing probes for all the Arabidopsis genes, including
mitochondrial and chloroplast genes, repeat elements, miRNA /MIR, and other non coding RNAs
(rRNA, tRNA, snRNA, soRNA).

For crop transcriptome analyzes, the transcriptomic platform proposes an Affymetrix plat-
form where protocols were optimized for plant samples. They also propose custom made oligo
microarrays by designing probes from an existing genome, a set of Unigenes or from the deep
sequencing analysis of cDNA pools.

!Complete Arabidopsis Transcriptome MicroArray
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More recently, the platform has also developed a High-Throughput Sequencing (HTS) pipeline
for a quantitative transcriptome analysis of model and cultivated plants.

The platform is open for 10 years and Figure shows its output in terms of technology. At
the beginning, the platform has offered only Arabidopsis transcriptome analyzes. In 2006, the
Affymetrix system opened to propose crop transcriptome analyzes. In 2007, we started an ANR
project to develop a tiling array of Arabidopsis. In 2009, the technology was enough controlled
to be added in the services of the transcriptomic platform. Since 2011, due to important im-
provements of the high-throughput technologies, the platform manages six different technologies.
At each time a new technology is proposed, I have to associate a statistical analysis. This is
described in Section {.1.3]
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Figure 4.1: Evolution of the technologies proposed by the transcriptomic platform of URGV

Since its opening in 2003, all members of the platform pays great attention to the quality of
services offered. The platform obtained the IBISA label and was defined as strategic platform by
INRA in 2008. In 2012, the platform obtained the ISO9001 certification including a statistical
and bioinformatic process.

4.1.2 CATdb: a database for the transcriptomic platform of URGV

All the data are managed in a dedicated database CATdb developed by the team “Bioinformatics
for predictive genomics” of URGV and published in |Gagnot et al| (2008). CATdb is a free web
service available at http://urgv.evry.inra.fr/CATdb. It allows the community of biologists an
easy access to the data. The complete description of the experiments is submitted via a private
web interface that helps to respect the MIAME instructions. Data stored in CATdb are also
available either at GEO or at ArrayExpress.

The CATdb schema and objects are based on those used in the ArrayExpress database
(Rustici et al., 2013). The main differences are

e the possibility to manage a supplementary step with the pooling of samples or extracts

e the systematic addition of a figure describing the design of an experiment in standardized
format. A double arrow corresponds to a dye-swap, the number of biological replicates
is indicated by the number of double-arrows. The green box corresponds to the sample
labeled with the green dye on the first slide of a dye-swap. This figure is a very useful
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general overview of the experimental design. Figure (top) gives the experimental design
of the project AF30_Starch_circadian_rythm.

Time course
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Figure 4.2: The experimental design describing all the hybridizations on the project
AF30_Starch_circadian_rythm. Comparisons are done in dye-swap on only one biological repli-
cate.

e the storage of the normalized data and of the results of a differential analysis performed on
each dye-swap. In the other databases, only raw data are provided. In CATdb, we decided
to provide the normalized data to allow anybody to start a new study without being
obliged to normalize again the data. The results of the differential analysis consist in both
normalized intensities, the log-ratio and the Bonferonni P-values. To help the readers, a
results are encoded using colors to facilitate the result interpretation. Figure [£.3]illustrates
the results of a query of CATdb for the project named AF30_Starch_circadian_rythm.
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Figure 4.3: A table displaying for each dye-swap of the experiment and from left to right, the
log2-intensities for sample 1 and 2, the log2 ratio and the Bonferroni P-value. In the example,
results are sorted by the ratio values in the dye-swap between the leaf sample T12, extracted at
12 hours after the start of the experiment, and the leaf sample T9, extracted at 9h.

When CATdb was published in 2007, it contained 46 projects with 1 380 hybridizations cor-
responding to 523 different samples. To date, CATdb contains 216 projects with 8816 hybridized
samples in public access out of a total of 338 projects with 14376 hybridized samples. More-
over CATdDb includes 39 projects on transcriptome from other species acquired with Affymetrix
microarrays (total 496 hybridized samples). Actually, we prepare an adaptation of CATdb to
include new types of data (tilling array, RNAseq data, ... ) to accompany the platform which
takes in charge an increasing number of technologies and species. A modification of a database
always takes time so it is important to measure its gain with respect to the future use of these
data. It requires a lot discussions between the platform, the bioinformaticians and I because the
use of these data depends on the point of view of each of us.

We also collaborate with the team of P. Zimmerman (ETH-Zrick) to transfer transcriptome
from CATMA experiments into Genevestigator . We provided more than 1600
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normalized intensities that will be available in Genevestigator after their curated check. The
statistical part of this collaboration was to provide the normalized intensities of the CATMA
experiments in a manner allowing a direct comparison with the Affymetrix data already stored
in Genevestigator.

4.1.3 Statistics for the transcriptomic platform

The first manager of the transcriptomic platform of URGV, Jean-Pierre Renou, was hired the
same year as I. We arrived in February 2003 and we managed to hybridize and analyze the first
data in August. During these first seven months, I learned the basis of the molecular biology,
discovered the microarray technology and its specificity and, finally devised a procedure to nor-
malize two-color microarray data and to perform a differential analysis between two modalities
of one factor when technical and biological replicates are available.

All this work was done in close collaboration with members of URGV and members of the
team “Statistics and Genome” of UMR MIA 518 to be able to propose an efficient analysis of
the CATMA data. To be able to propose solutions in the data analysis without doing only
this activity, it is important to bring out the genericity of the biological questions because
it is absolutely not possible to perform a per-project analysis. In the following, I describe
the different choices made to propose statistical pipelines for the transcriptomic platform. To
propose a document for the biologists, we wrote an introduction to the statistical methods for
microarray data analysis in Martin-Magniette and Robin/ (2004).

Discussion for the experimental design With Jean-Pierre Renou, we met the collaborators
at the beginning of each project to precise the biological question, the expected results in order
to propose the most adapted experimental design. It was really important to invite collaborators
before the beginning of the genomic project to explain the specificities of the high-throughput
technologies and to take them into account in the biological questions. For the majority of the
projects, one factor with two modalities is studied. The remaining question is thus the number
of biological replicates and the answer is usually guided by the cost of the experiment. If the
factor has more modalities, it usually suffices to discuss with the collaborators to organize the
comparisons.

After the first year, Jean-Pierre was able to discuss alone the experimental design with the
collaborators and I intervened only to validate the experimental design or to construct it in case
of ambitious projects.

With the arrival of the high-throughput sequencing technology, various biological questions
can be addressed and imply adapted tools and methods in bioinformatics and statistics. For
that reason, we invite again the collaborators as soon as the project begins to discuss all the
aspects.

Even if these discussions take a long time, they are important and also interesting. It is a
very pleasant manner to learn biology. I profit also these discussions to identify some recurrent
questions that may require methodological developments.

Data normalization for two-color microarray As I described in Section [3.2.1] there exists
technical biases that can be controlled by a rigorous protocol and the others which require a
statistical correction. The first step for the CATMA normalization was to identify the technical
biases, to classify them in the two bias categories and to propose solutions to correct them.
The first step was to convince all the members of the platform that a rigorous framework
is the best solution to remove a majority of the technical biases. After numerous discussions,
they agreed to define a fixed protocol and to apply it without any modifications: each project
is done by only one person, the quantities of labeled samples deposited on the microarray and
the scanner adjustment are fixed within a project and also between the projects. Over time, we
believe that these decisions are important to generate comparable data. At first glance, it seems
easy to have a fixed protocol for all the members of the platform but this decision can be also felt
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as a questioning of their expertise. In 2003, such rules were rarely established on transcriptomic
platforms and it was thus important to discuss in order to argue that these decisions improve
significantly data quality.

For the uncontrolled biases, the main difficulty is their identification because some of them
are specific to the platform. After searching through all biases that might exist and tested
several normalization methods, I proposed to use the logarithm of median feature pixel intensity
at 635 nm (red) and 532 nm (green) wavelengths without a background subtraction. Indeed
the background is calculated from intensity of pixels in the neighborhood of each probe of the
microarray and its subtraction can have an impact of the expression difference as shown in Figure
Then a global intensity-dependent normalization is performed using the lowess procedure
(Yang et al., 2002) to correct the dye bias. Because on the first versions of CATMA microarray,
probes were organized in three blocks, I proposed also to correct a block effect corresponding
to print-tip, washing and/or drying effects. As shown in Figure it can be sizeableﬂ The
correction was performed by subtracting the log-ratio median over the values for the entire block
from each individual log-ratio value.

At the end of the normalization procedure, a normalized log-ratio, i.e. an expression dif-
ference (in log base 2) between the two samples co-hybridized on the same array, is given for
each probe. A normalized logarithm intensity for each sample is also calculated. This is done
according to the within-array correction proposed by |[Yang and Thorne, (2003)).
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Figure 4.4: Top left: MA plot applied on the raw data: the expression difference on the y-axis
is described as a function of the averaged intensity on the x-axis. Top right: MA plot applied
on the raw data with a background subtraction. Bottom left: Boxplot of the log-ratio per
block after the lowess normalization Bottom right: Boxplot of the log-ratio per block after the
block correction.

2The microarray used to produce the plot was between the first microarrays generated on the platform and
these washing and drying problems had been corrected hereafter.
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Data normalization for Affymetrix experiment Affymetrix microarray is a one-color
microarray where a set of about 10 probes is designed in the 3’ UTR of each gene. The normal-
ization of such data is thus different. It consists first in removing the technical biases, which are
mainly a non specific signal and an optical noise. Second a between-microarray normalization is
made so that intensity signals are comparable. Third the hybridization signals of the probe set
are summarized into an hybridization signal for the associated gene. When the platform decided
to use Affymetrix technology, many works were already published for the normalization of these
data. Consequently, Julie Aubert (UMR AgroParisTech/INRA MIA 518) and I reviewed the
different methods and finally decided to use the RMA or GC-RMA method (Irizarry et al., 2003;
Wu et al., 2004) according to the presence of not of mismatch probes on the microarray.

The main drawback of the one-color microarray is that it is impossible to separate the sample
effect from the slide effect and due to this effect mix-up, it is not possible to use the mean
squares to evaluate the normalization performance. It is also difficult to evaluate the impact
of the between-microarray normalization, usually based on the quantile method (Bolstad et al.l
2003). For example, starting from the same files of raw data of two conditions measured on two
biological replicates, the number of genes differentially expressed could vary between 0 and 500
if the quantile method is applied by condition or on the overall samples. For all these reasons, I
do not like working with one-color microarrays and I convinced the platform to choose two-color
microarray as long as possible.

Choice for the differential analysis The goal of the differential analysis is to determine
genes for which expression differs between conditions. The differential analysis is done using a
test but the number of observations per gene being small, it is inadequate to calculate the test
statistic from the empirical variance of the expression difference for each gene.

In 2003, when I had to devise a method of differential analysis, few methods existed to take
into account the small number of replicates. I tested various methods and based on results
obtained on experiments done at URGV, we decided to use a paired t-test where a common
variance of expression difference is calculated over the probes not displaying an extreme specific
variance (too small or too large). The excluded probes are defined as those with a specific
variance/common variance ratio smaller than the a-quantile of a chi-squared distribution of one
degree of liberty or greater than the 1 — a-quantile of a chi-squared distribution of one degree
of liberty, with a = 0.0001. This rule stems from a direct application of Cochran’s theorem.

When technical and biological replicates are available, I proposed to perform the differential
analysis on the average over the technical replicates. This solution takes into account both
variabilities by assuming that the highest is the biological variability.

Microarray data is an example of multiple test framework. Raw P-values have to be adjusted
to control the false-positives. With the proposed variance modeling, I decided to control the
Family Wise Error Rate (FWER) by using the Bonferroni method.

With the new version of CATMA where probes are synthetized oligonucleotides, I changed
the method of differential analysis. We opted for Limma with a FDR control.

Choice for the clustering After the differential analysis, the next step is usually the clus-
tering of the log-ratios over several experiments to determine co-expressed genes. I think that
the use of the clustering methods depends strongly on the biological question, so I advice the
software Genesis to our collaborators so that they performed their clustering.

Development of pipelines For the implementation I had originally planned to use functions
proposed by the Bioconductor project, but I quickly abandoned this idea. The functions in
Bioconductor are designed for standard analyzes and modifications are not easy. Moreover |
wanted to take the CATMA specificities into account so I wrote R functions for the normalization
and the differential analysis. The idea is to write a script where the members of the platform have
to add only some important information. They then launch the R script by a shell command and
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analysis outputs are written in files. Consequently, the platform uses the software R indirectly.
There exists a pipeline for each type and version of a technology. I teach the developed methods
to all the members of the platform who are then able to analyze data themselves. They contact
me only if they detect a problem.

4.1.4 Publications associated with the platform activity

The platform pays also great attention that the data generated are properly exploited. Figure
[4.5] shows the evolution of the transcriptome projects managed by the platform and evolution of
the associated publications. The platform has a total of 94 publications between 2004 and 2012
and I was included in the list of the co-authors 15 times for different involvement as explained
below:

Lurin et al.| (2004)) is the first paper using transcriptome data produced with a CATMA
microarray. It was the first description of the statistical analysis of CATMA data. Additionally
I also performed some tests to better characterize some subsets of genes with respect to the
whole set of Arabidopsis genes.

In Jammes et al. (2005), Herbette et al.| (2006) and Ramel et al. (2007) are among the
first papers using CATMA microarrays. [Ruffel et al.| (2008]), |Cossegal et al.| (2008), Elis et al.
(2009), [Elis et al. (2008) and Dubois et al.|(2011) are among the first papers using Affymetrix
microarray on the transcriptomic platform of URGV. For these eight projects, I was involved
in the experimental design, the statistical analysis, the result interpretation and the manuscript
writing.

To date, the biologists are more familiar with the transcriptomic data and their interpreta-
tion. Moreover, the platform provides a detailed description of the statistical analysis that can
be directly included in the Material and Methods section of a manuscript. Consequently my
statistical developments become tools and I am less involved in the projects, except when the
reviewers have statistical comments. It is the case for Reymond et al. (2012) and [Moreau et al.
(2012).

The platform was also involved in large transcriptome projects with more than fifty microar-
rays. (Cohen et al|(2010]) deals with a comparative transcriptomics of drought responses in two
genotypes of Populus. I was in charge of the experimental design, in particular for the organi-
zation of the trees in the greenhouse and the definition of a process for implying the drought
stress. I participated also to the meta-analysis of the data. Rengel et al. (2012) is based on
a large transcriptomic projects studying eight sunflower (Helianthus annuus) genotypes to two
drought stress scenarios. I was mainly involved in the normalization of the Affymetrix data
(normalization of a subset of probes available on the Affymetrix microarray and modification of
the normalization to include a new technical effect impacting the differential analysis). |(Cubillos
et al. (2012)) is the first project of eQTL based on two-colors microarrays in dye-swap. A total
of 314 recombinant inbred lines (RILs) were studied. I was in charge of the experimental design
and used a random pair design for each comparison of two recombinant inbred lines (RILs). I
performed initial data analyzes to provide a normalized hybridization signal for each of the 314
RILs. Recently I initiated a collaboration where data produced for |Cubillos et al. (2012) were
used to infer a regulatory network using Bayesian networks (Vandel et al 2012]).

My expertise on the transcriptome data analysis being completely independent of the or-
ganism, I also worked on transcriptome projects external to the URGV platform. In these
collaborations, I did not perform the analysis myself, just helped to choose the most adapted
model (Abdelkarim et al., |2011; |Chadi et all 2010; Teixeira et al., [2009; Navajas et al., [2008).
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Figure 4.5: Evolution of the transcriptome projects by the platform and evolution of the asso-
ciated publications.

4.2 Use of the transcriptomic resource to improve the structural
annotation

4.2.1 Background

The model plant Arabidopsis thaliana was sequenced and annotated in 2000 and a new anno-
tation release is proposed each year taking into account the completion of the genome sequence
and the improvement of gene predictions. In addition to this global semi-automatic annotation,
different works also improved Arabidopsis gene detection using orphan ESTs, comparative ge-
nomics, or combination of data through expertise of gene families. In [Aubourg et al.| (2007),
we contributed to the structural annotation improvement by analyzing the genomic resource
generated by the transcriptomic platform of URGV.

Based on the official TAIR version 6.0 annotation release, among the 24576 probes of CATMA
microarray, 677 probes mapped outside genes. We selected them as novel candidate genes and
investigated their expression to reveal possible under-predicted functional genes in Arabidopsis.

4.2.2 Characterization of novel genes

Transcriptome of 522 different samples covered numerous developmental stages, biotic and abi-
otic stresses and mutants were extracted from CATdb. The intensity signal of a sample was
defined as the average of the normalized logarithm intensities of the two arrays of the dye-swap.
For each sample, I defined an hybridization threshold using MixThres, described in Section|3.3.1

with e = 107, Among the novel candidate genes, 465 showed hybridization in at least one sam-
ple. To validate the results, two different experimental approaches were used. First a RT-PCR
was performed using 4 different mRNA samples from roots, leaves, flowers and pollen for each of
the 465 genes. Second, we sequenced amplicons obtained for 411 among the 465 genes. For 410
putative novel genes among the 465, we obtain a proof of transcription by both experimental
approaches.

At a structural and functional level To further characterize the newly identified genes,
additional data-mining was performed. All these structural and functional information is sum-
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marized on figure and in the following:
e Other independent evidence of transcription was found for 204 genes.

e For 215 genes, significant sequence similarities at the protein level were detected at least
in one other locus in the Arabidopsis genome and/or with proteins from different species,
indicating that they belong to known gene families.

e Inference of function by similarity could be made for only 71 genes and the remaining 394
genes encode proteins with unknown biochemical function.

e Surprisingly, 86 genes previously annotated at the BAC scale were ignored in the whole
genome annotation done later, probably because of poor supporting data.

e The topological distribution of the 465 novel genes was quite similar to all the Arabidopsis
coding genes. They were evenly distributed in the 5 chromosomes and were rarely present
in the peri-centromeric regions or other identified heterochromatic regions.

100

Y of new genes

Figure 4.6: The validated transcriptome fraction is the result of our RT-PCR, approach. The
other evidence of transcription comes from cognate EST/cDNA, RACE PCR from TIGR or
MPSS data (purple columns). They are summed up in the other transcription evidence class.
The fractions of the novel genes sharing similarities with other genes (in Arabidopsis and/or in
other species) are indicated in green. The orange column highlights the fraction of novel genes
for which there is an indication complementary to CATMA data (homology or transcription) of
the gene presence.

The newly discovered genes were mainly characterized by their short size with an average
of 411 bp compared to 1247 bp for the already known Arabidopsis genes (Figure @ This
result could explain why these genes were missed by automatic annotation. Indeed, their coding
potential (unusual length surrounded by larger intergenic regions) may be difficult to detect by a
semi-HMM. Beyond this, our approach also detected large conserved genes with 9 and 11 exons.
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Figure 4.7: Relative distribution of CDS size (in bp) of all Arabidopsis genes (in blue) and of
the novel genes (in orange) for which Eugene v1.59 has predicted an intron-exon structure.

Expression of the novel genes After the structural characterization, we investigated the
expression of these novel genes. It was done through a comparison of the transcription data
obtained from 522 hybridized samples for the 465 novel genes and all the 21 260 Arabidopsis
genes having a CATMA probe. The results are the following

e Most newly identified genes are detected in a limited number of experimental conditions.
Indeed, 40% of the novel genes are detected in 1 to 5 mRNA samples while there are only
16% of all the Arabidopsis genes in this category.

e Only 5% out of the 465 novel genes are detected in more than 150 samples. This number
is very low compared with the 28% of all the Arabidopsis genes that are detected in the
same number of samples.

e The novel genes were never detected in more than 95% of the 522 samples. Thus, they do
not belong to the category of constitutively expressed genes also frequently referred to as
housekeeping genes.

e We found 103 novel genes for which expression is reported in only one organ. Even if we
cannot conclude that there is complete organ-specificity from our data, the transcription
of these 103 genes is clearly highly preferential in only one organ.

Explanations about the rarely observed transcription of several novel genes Three
explanations that are not fully exclusive may be given to the rarely observed transcription of
several novel genes: (i) we may consider that some probes give an artefactual signal in one
hybridization. Nevertheless, we confirmed the transcription of 88% of the novel genes by RT-
PCR and sequencing. (ii) it is possible that the transcriptome approach allows the detection of
an expression of genes constitutively expressed at low level. Indeed, constitutive genes always
expressed at low level would generally give hybridization signals below the thresholds for con-
sidering the corresponding probes as hybridized. It is only in a small number of samples when
the expression is just slightly higher than in all other samples that the probes corresponding to
these genes would be recognized as hybridized by MixThres. (iii) the signal might depend on
relatively rare physiological or environmental situations.

We tried to evaluate the relative explanatory potential of the last two expectations by com-
paring the distributions of intensity signals for both the whole genome and the novel genes.
We expected that genes expressed constitutively but at low level would present a maximum
hybridization signal lower than the genomic distribution. However we observed that the novel
genes show the same relationship between the number of samples and the maximum hybridiza-
tion signal as the whole genome does (Figure . There was no novel gene for which the
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maximum intensity signal distinctly departs from the known genes showing the same number of
hybridized samples. Thus, all together the transcriptome data for the novel genes suggest that
the transcription of several of these genes were not only organ specific but also more specific
to rare endogenous or environmental conditions than the whole genome. This double control of
transcription might well explain our observation of transcription of several novel genes in only
one biological sample. For this reason, the transcripts corresponding to these genes are less
often present in the cDNA libraries which, in Arabidopsis, cover several organs but relatively
few different environmental conditions.
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Figure 4.8: Each gene is spotted according to the number of samples in which it has been
detected and to the hybridization signal (transcriptional activity): The minimum intensity in
any of the hybridizations is in blue and orange for all the Arabidopsis genes and the 465 novel
genes respectively. The maximum intensity is in purple and yellow for all the Arabidopsis genes
and the novel genes respectively.

Detection of erroneous gene merging We also used our analysis to verify annotation of
422 loci. According to the TAIR annotation, distinct GSTs on these 422 loci matched a single
gene (not supported by full-length cDNA) whereas the software Eugene predicted two different
gene models (Schiex et al., [2001)). For 13 loci, the transcriptome results showed that two GST's
associated with the same gene provided opposite ratios in the same transcriptome comparison.
We thus concluded that they matched two different genes. An example is reported on Figure

Z5)

4.2.3 Conclusions

This work was a noticeable step forward in the improvement of the Arabidopsis genome anno-
tation. We increased the number of Arabidopsis validated genes by 465 novel transcribed genes
to which we associated several functional annotations such as expression profiles, sequence con-
servation in plants, cognate transcripts and protein motifs. All these results strongly illustrate
that the annotation process is a long and difficult task and that many years are necessary after
the first release of the sequence of a complex eukaryote genome to obtain (nearly) full knowledge
of its gene content.

Personally, I learned with this project about the manner to interpret the statistical results of a
genomic project. I understand that once a gene subset of interest is defined, several measures can
be calculated on it and these measures have sense only if they are compared to the same measures
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Figure 4.9: Erroneous gene merging occurred in the annotation process and detected using
CATMA transcriptome data. The gene AT2G02060 is the fusion of two genes encoding a MYB
transcription factor and a calcium-dependent protein kinase. In three independent experiments
the two GSTs provide significant ratios (Bonferroni, P-value < 0.05) indicating that the first
gene is up-regulated while the second one is down-regulated in the same comparison. Cognate
EST and ¢cDNA supporting the MYB gene are represented by pink arrows.

calculated on the whole gene set. Only then a measure become a characteristic. Consequently
in such projects there are two distinct statistical analyzes and both require different skills. The
project is the first one where I was involved in both analyzes. In the other projects described
below, I extracted only information from the experimental data.

4.3 Other projects

Additionally to my activity on the transcriptomic platform of URGV, I also collaborated with
other teams of URGYV for projects not dealing with omic data. In this case, the aim is to apply
correctly classical methods of statistics. The second type of described projects gathers together
the applications of MixThres and MultiChIPmix on chIP-chip data.

4.3.1 Projects not dealing with omic data

A recurrent question in biology is to determine if an observed phenomenon in a given experiment
can be observed by chance. In this case, my work consists in writing the biological question into
an hypothesis test. In Faivre Rampant et al|(2011)), I applied such strategy on a project about
the composition of the oak genome. Starting from the number of match of a set of sequences
against the oak genome, the aim was to determine the number of match required to consider
that a sequence is a repeat elements.

In a second project, I helped Cléa Houel, a PhD student at URGV, to perform the statistical
analysis to characterize the genetic variability of berry size in the grapevine (Houel et al., 2013]).
We used classical tools of statistics (tests and hierarchical clustering).

4.3.2 Projects on control mechanisms of gene expression

Background Stable repression of gene expression is an important aspect of the developmental
programs of higher organisms. In plants and animals, DNA is organized within chromatin.
Schematically, chromatin is found in two varieties: euchromatin and heterochromatin. The
euchromatin is a lightly packed form of chromatin that is rich in gene concentration, and is
often under active transcription. The heterochromatin is a tighter packing where genes are
repressed. Besides the chromatin contains at its core a set of proteins called histones. These
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proteins can be modified for example by methylation or acetylation of lysines and their states
influence the chromatin variety and consequently have an impact of the gene expression. With
ChIP-chip experiments, it is now possible to investigate the interaction protein-DNA at the
genome scale and I collaborated with two different teams involved in the control mechanisms of
gene expression of Arabidopsis thaliana.

To identify enriched regions corresponding to targets of the protein under study, MixThres,
described in Section was used in the two first projects (Benhamed et al., 2008; [Turck et al.,
2007) but the application of MixThres differs in both projects because the modeling was not
ill-suited. Nevertheless these analyzes allow us to really understand the data specificities and we
developed MultiChIPmixHMM, described in Section Through a collaboration with the
team of Vincent Colot, I applied MultiChIPmix on various chromatin marks and was involved
in two important projects dealing with the control mechanisms of gene expression. Only a part
of the biological results of the four analyzes are described in the following.

Targets of the histone acetyltransferase GCN5 Benhamed et al. (2008) focused on a
study of the protein GCN5 known to play an essential role in chromatin modication and tran-
scriptional regulation. In order to gain deeper insight into the nature and chromosome-wide
distribution of GCN5 in the Arabidopsis genome, they performed chIP-chip experiments with
a microarray where probes cover approximately 20 000 Arabidopsis thaliana promoter regions.
GCNb5 was studied in a wild-type and in two mutants where the gene gcnb is modified to in-
vestigate the importance of a domain, named GCN5 bromodomain. Besides they also studied
acetylated H3K14, known as a target of GCN5 in the two mutants to determine if the GCN5
bromodomain was important for acetylation of H3K14. For each dataset, I determined an hy-
bridization threshold for the IP values using MixThres with € = le — 4.

ChIPchip results showed that, in wild-type plants, GCN5 binds to a large proportion of the
promoters (3352/8471, i.e. 40%). Target promoters were distributed over all ve chromosomes.
Chromatin isolated from gcn5-1 and genb-2 plants had comparable proles. Comparative analysis
revealed that 89% of the GCN5 target promoters bound in wild-type plants were precipitated
from the chromatin of both mutants, indicating that the truncated GCN5 proteins were still
recruited to a large proportion of the target promoters This result implies that the remaining
promoters that were targeted in the wild-type, but not in the mutants, require the GCN5
bromodomain for binding. Result interpretation also suggests that the GCN5 bromodomain is
necessary to acetylate H3K14 in a subset of promoter regions.

To determine whether GCN5 binding affected transcriptional regulation, we characterized
the transcriptome of wild-type, gen5-1 and gen5-2 plants using CATMA microarrays. Based on
the differential analysis results, about 3.5% of the genes were differentially expressed in both
mutants when compared to the wild-type, a percentage close to the 4.0% already found in a
previous study.

Protein TFL2/LHP1 [Turck et al| (2007) focused on a study of the protein TFL2/LHP1
known to play a role to maintain the stable repression of genes. In order to gain deeper insight
into the nature and chromosome-wide distribution of TFL2/LHP1 target sites and their associ-
ated histone marks, they performed chIP-chip experiments with a DNA tiling array of the entire
Arabidopsis Chromosome 4. Four chromatin marks were also studied.

To identify the targets of the proteins, I devised a procedure with Vincent Colot. I applied
first MixThres on IP intensities to select only probes for which IP value is higher than the
hybridization threshold. MixThres is then applied on the logratio (IP/Input) of these probe
subset to identify the target of the protein. Figure is an example for H3K27me3.

All the enriched regions were then interpreted from a biological point of view and visualized
on a genome browser (Figure [4.11)). We demonstrate that TFL2/LHP1 associates with hun-
dreds of targets across this chromosome, the vast majority of which correspond to genes located
within euchromatin. Further- more, we show that TFL2/LHP1 associates almost exclusively and
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Figure 4.10: Histogram of IP values for the second biological replicate of the mark H3K27me3

nearly co-extensively with H3K27me3. Moreover, the absence of noticeable changes in the dis-
tribution of H3K27me3 along Chromosome 4 in lhpl mutant plants indicates that TFL2/LHP1
is not involved in the deposition of this mark. Rather, TFL2/LHP1 specically associates with
H3K27me3 in an in vivo context, indicating that it is involved in a general mechanism of gene
regulation mediated by Polycomb repressive Complex 2.
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Figure 4.11: Genome browser view of a 500-kb region of Chromosome 4 (positions 10.25 Mb to
10.75 Mb) showing the co-extensive association of TFL2/LHP1 with H3K27me3, and the lack
of overlap between H3K9me2, H3K9me3, and H3K27me3. IP/INPUT ratios (log2) reporting
significant association are marked in dark colors.

Epigenomic map [Roudier et al| (2011) generated epigenomic maps for eight histone modi-
cations (H3K4me2 and 3, H3K27mel and 2, H3K36me3, H3K56ac, H4K20mel and H2Bub) in
the model plant Arabidopsis to explore the principles governing the combinatorial association of
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chromatin marks along the genome. I was in charge of the analysis and determined the enriched
region for each mark using MultiChIPmix.

Based on these enriched regions detected with MultiChIPmix and already known regions for
H3K9me2, H3K9me3, H3K27me3 and DNA methylation, they provided an epigenomic map of
Arabidopsis thaliana. These 12 chromatin marks, which collectively cover 90% of the genome,
are present at any given position in a very limited number of combinations. Moreover, they
showed that the distribution of the 12 marks along the genomic sequence defines four main
chromatin states, which preferentially index active genes, repressed genes, silent repeat elements
and intergenic regions.

Additive inheritance of histone modications in Arabidopsis thaliana intra-specic
hybrids Little is known about the stability of these epigenomes when distinct genomes are
brought together by intra-species hybridization. In Moghaddam et al|(2011)), the genome-wide
distribution of histone modications H3K4me2 and H3K27me3 in the inbred parental accessions
Col-0, C24 and Cvi and their hybrid offspring was compared by chromatin immunoprecipita-
tion in combination with genome tiling array hybridization. ChIP-chip analysis was done with
MultiChIPmix and results for the parental accessions are summarized in Figure [4.12

This analysis revealed that chromatin modication variations exist among accessions of A.
thaliana. However H3K4me2 and H3K27me3 were rather stable in response to intra-species
hybridization, with mainly additive inheritance in hybrid offspring. In conclusion, intra-species
hybridization does not result in gross changes to chromatin modications.

Table 2 H3K4me2- and H3K27me3-associated demains in Col-0, Cvi and C24

Associated tiles Mumber Domain size (kb) Annotation
(from total of
Experiment® Genotype Modification of 717 235) domains Maximum Minimum Mean Genes TEs
A Col-0 H3K4me2 287 285 21539 31.2 0.3 2.2 22 961 2063
Cvi H3K4me2 281 000 20 972 21.9 0.3 2.2 22 489 2005
B Cal-0 H3K27me3 140 035 11182 22.7 0.3 2.1 9125 4950
Cvi H3K27me3 138 791 12 585 20 0.3 1.9 9326 5357
c Col-0 H3K27me3 147 318 9834 26.7 0.3 2.5 9427 4704
c24 H3K27me3 125 947 10 068 22.5 0.3 2.1 8118 4471

“Chromatin preparations for experiments A and B were performed in parallel but the one for experiment C was performed independently.

Figure 4.12: H3K4me2- and H3K27me3-associated domains in Col-0, Cvi and C24
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Chapter 5

Future projects on genomic networks

Since March of this year, I am the new leader of the team “Bioinformatics for the predictive
genomics” at URGV. In this new context, my first task was to write a team project in the
framework of the creation of a plant institute on Paris-Saclay campus. This is the project that I
describe below where research projects in statistics are proposed in a genomic framework in order
to contribute to the functional and relational annotation improvement of Arabidopsis thaliana.
The bioinformatic part of the team project is not detailled.

5.1 Background

Despite the increasing number of fully sequenced genomes and the technical progress in ex-
perimental genomic, the functional annotation process is still powerless for 15 to 40% of the
predicted genes (Gollery et al., 2006)). Up to now, this limit is true from bacterial to mammalian
genomes. Among the whole plant genomes published, the Arabidopsis genome annotation has
the advantage to benefit, since its first release 13 years ago, from important efforts including
automatic, experimental and curated approaches. Nevertheless, after 10 official versions of an-
notation, around 4000 genes are still reported as encoding unknown proteins by the absence of
homologs with known function in any other plant or organism (Lamesch et al., 2012)). Further-
more, only 14% of genes have a biological function characterized by experimental approach. All
together, it shows that the gap between the structural and functional annotation remains wide.

With the availability of thousands of transcriptomes, it is now possible to shift from a gene
by gene approach to a faster and more global genome investigation. As shown in Section
a global exploitation transcriptome resources contributes to the structural annotation improve-
ment. Additionally, transcriptome resources also contribute to functional annotation improve-
ment (Eisen et al., [1998). The underlying hypothesis is that a cluster of genes sharing similar
transcription profiles is enriched in genes involved in a specific biological process, which can be
tentatively assigned to orphan genes present in the cluster. Such an approach has been applied
to Arabidopsis and reported for punctual gene function characterization Persson et al.| (2005))
and more general functional classification of orphan genes Horan et al.| (2008).

Our team is devising a such approach by targeting the genes involved in the response to
various stresses. Our approach is based on 445 transcriptome comparisons, extracted from
CATdb. Among these comparisons organized in 17 types of stress, more than 18000 genes are
identified as differentially expressed at least once. To perform a co-regulation network, I applied
SRUW model, described in Section on each type of stress. The number of considered
genes per stress varies between 1500 and more than 14 000 and the number of co-expression
clusters varies between 13 and 60 among the 17 types of stress. The first results of the co-
expression analysis provides many very exciting insights and a rigorous biological interpretation
is in progress. This is the subject of my new PhD student, Rim Zaag, who began one year ago.

Despite these hopeful results, many biological aspects have been neglected due to technical
difficulties. It concerns in particular the co-expression analysis of non coding protein genes
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for which few transcriptome measurements are available. It concerns also the integration of
RNA-seq data. These two questions raise methodological problems that I present in Section

A second complementary question is to progress on the definition of regulatory networks.
To date, the most used approaches are genetic approaches where genes are mutated one-by-one
to identify their partners. Hence it takes a long time and the development of methodological
approaches to speed-up the inference of regulatory networks are welcome. During the past ten
years, many statistical models describing the relationship between genes were developed, as well
as dynamic Bayesian networks, Gaussian graphical models, or networks based on the concept
of mutual information. Gaussian graphical models are the most frequently used models when
only transcriptome data are available (Chiquet et al., 2009; \Giraud et al., |2012)). These models
assume a Gaussian distribution of gene expression levels observed in several conditions and
describe the dependence structure between genes using the inverse of the covariance matrix,
called the precision matrix. Null entries of this matrix correspond to pairs of genes conditionally
independent. Conversely, the non-zero entries characterize the direct relationships between
genes. Under the assumptions that the list of genes is known and that the level of expression is
constant across all conditions, these models have good statistical properties when the number
of experiments and the number of genes are reasonable (Verzelen, 2012). Nevertheless their
application to transcriptome data is not straightforward and raise methodological questions
that I present in Section

5.2 Open questions for improving the co-regulation networks

The associated methodological problems can be viewed as questions of modeling, model selection
and, algorithms. All the projects dealing with RNA-seq analysis will be done in the project
MixStatSeq coordinated by C. Maugis-Rabusseau between 2014-2018.

5.2.1 Modeling challenges

Observations with missing values not at random Because the probes tagging the pre-
dicted small RNA genes and the non coding protein genes were spotted on a recent version of
CATMA array, the largest number of hybridizations performed on the previous versions does
not give information on their transcription. Consequently they could not be considered as ob-
servations with values missing at random and they could not be included in the co-expression
analysis. However, they play an important role at the genomic level and they should be included
in the analysis of co-expression.

A first idea is a pragmatical solution. It consists of assigning the predicted small RNA genes
and non coding protein genes in the identified co-expression clusters by using the experiments
where coding-protein genes, predicted small RNA genes and non coding protein genes are mea-
sured together. However I presume that in many cases, the conditional probabilities will not be
sufficiently informative to assign these genes in a single cluster.

A second pragmatical idea is to study the predicted small RNA genes and non coding protein
genes independently from the coding-protein genes and to compare their expression profiles to
link the two categories of genes.

If both ideas provide insufficient results to study correctly the predicted small RNA genes
and the non coding protein genes, then I will work on modeling taking into account observations
not missing at random.

Clustering of RNA-seq data As HTS experiments continue to gain in popularity for studies
of the transcriptome, it is important to think about the clustering of RNA-seq data. As for the
clustering of microarray data, we would like to use model-based clustering.

Our first strategy consists of fitting a mixture model directly to the untransformed RNA-seq
data, leading to a final gene clustering that is interpretable on the original scale of the data.
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To construct such a model-based clustering procedure, we are first confronted with modeling
of RNA-seq data. In the first proposed models (Si et al., [2011; Rau et al., 2011)), variables
are assumed to be conditionally independent given the mixture component, and the dependency
among replicates of a same condition is accounted for in the decomposition of the mean parameter
of the Poisson distributions. Nevertheless, these mixture models are not adequate to account for
the characteristics of RNA-seq data. Thus, alternative models are needed, such as those based
on negative binomial or Poisson-Tweedie mixtures.

Our second strategy will focus on developing more flexible approaches that can better account
for multivariate dependencies among variables. To directly model these dependencies, it could be
envisaged to consider mixtures of multivariate Poisson distributions; however, these mixtures are
impractical when the number of variables increases. Thus, we will investigate a combination of
an appropriate data transformation and multivariate model-based clustering approaches such as
multivariate Gaussian mixture models. The primary difficulty lies in the choice of transformation
and its impact on the downstream clustering result. We propose to consider a kernel approach,
which consists of mapping input data through a transformation into a high-dimension Hilbert
space (as for example Wang et al.l |2003). The clusters obtained from the transformed data will
certainly not be interpreted in the same way as those obtained with the first strategy. Thus,
an additional challenge will lie in comparing the gene clusters obtained in each of the proposed
strategies, and selecting the most appropriate strategy for a given set of data; for this aspect,
exchanges with biologists will be crucial to interpret the clusters in each case.

Clustering of RINA-seq data with variable selection It is important to anticipate the
existence of increasingly large RNA-seq experiments in a near future. This information growth
implies the crucial problem of variable selection to improve the clustering and its interpretability.
The first strategy consists of considering variable selection without preliminary variable trans-
formation to lead to interpretable results on the original data scale. The main challenge is thus
to design an efficient variable selection procedure in adequacy with the biological aims and with
the model-based clustering of count data. The idea is to extend the works presented in Sec-
tion to the context of gene clustering from RNA-seq data. This consists of developing
a model of global variable role (relevant, redundant or noisy variables) in adequacy with the
modeling choice defined in the previous paragraph. The main work is to find a function with
good properties to link the redundant and relevant variables to keep the SRUW framework.

Clustering of heterogeneous transcriptome data To date, transcriptome data are mainly
obtained with microarray data and, in a near future, transcriptome will obtained with HTS
technology. This evolution will have an impact on the statistical analysis since the nature of the
data is different: with microarray technology, observations are continuous and the measures are
on the expression difference between two conditions (logratio), whereas the HTS technology is
more sensitive and provides count data representative of a transcript abundance.

The strategy is very pragmatic, it consists in focusing on comparisons of gene clustering
results obtained independently from microarray and RNA-seq data collected within the same
experiment. It will enable an assessment of the effect of each technology on the downstream
results and well as the complementarity between both. This will help us to refine the questions
ill-defined for the moment and to structure a future strategy.

5.2.2 Model selection

Once a modeling framework is defined, many parameters have to be fixed. One strategy is to
consider a model collection and to develop a penalty function to choose one model or weights to
aggregate them. The model selection will be considered in two frameworks:

1. If we develop mixture of Poisson-like distributions, a crucial step will be the choice of
the criterion to select the number of clusters and potentially the type of model, if several
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are in competition. Two points of view may be considered: an asymptotic penalized
criterion, such as the BIC or ICL, or a non-asymptotic penalized criterion, which requires
a theoretical study (in particular, to control the bracketing entropy of the considered model
collection) and a practical study for calibrating the penalty (see for instance Baudry et al.l
2012]).

2. We will investigate clustering procedures able to simultaneously account for RNA-seq data
and other biological information, including previously obtained microarray data and gene
annotation information. The first strategy is to perform the clustering of a single data
type (e.g., RNA-seq data) and to construct a model selection criterion accounting for the
additional external information. The main challenge is to modify the model selection
criterion so that the penalty function reflects the additional types of information. The
second strategy is to use a separate clustering procedure for each type of data followed by
a method to aggregate information obtained by each.

5.2.3 Algorithms for variable selection

The algorithms developed for variable selection in model-based clustering are greedy and it is
necessary to work on their acceleration.

The first idea is to pursue the work of [Meynet and Maugis-Rabusseau (2012)) to give a
definition of a noisy RNA-seq variable for the gene clustering and to propose a l1-type procedure
to select a random subcollection of variable subsets. The main difficulty will be the adaptation
of such a procedure to the RNA-seq data modeling.

A second idea consists of adopting a dimension reduction point of view, namely to cluster
genes in a lower dimensional space. It could be done by using a dimension reduction procedure
prior to clustering genes or by providing a model-based procedure which simultaneously accounts
for the dimensional reduction and the clustering goal (Bouveyron and Brunet, 2012; Mcnicholas
and Murphy), 2008]).

5.3 Inference of regulatory networks

Since 2010, I am animating a methodological group (NETBIO) with Matthieu Vignes and Si-
mon De Givry (BIA-Toulouse, INRA) in order to understand the problematic of the regulatory
networks from a statistical and biological point of view. The group include 80 members mainly
statisticians and informaticians and some biologists. NETBIO is mainly funded by the Depart-
ment of Applied Mathematics and Informatics of INRA and we organize an annual meeting
bringing together about 30 people every year. The two following projects are issued from the
discussions of the group.

5.3.1 Statistical learning and multivariate analysis for robust inference

Trung Ha is beginning a PhD this September, co-supervised with J. Chiquet and G. Rigaill.

The most recent comparative studies have clearly demonstrated that the methods of inference
cannot infer a network of all the genes of an organism. The inference of a subnet seems to be
a more realistic goal. It is therefore crucial to select the right genes. Ad hoc methods based on
the results of the differential analysis is usually used, but some important genes can be missed
and it leads to a poor reproducibility of results.

When comparing different biological conditions, the expression of a gene might shift, either
in its average expression level characterized by its mean, or in its interactions with other genes
characterized by the covariance matrix. These two types of events are usually analyzed inde-
pendently even though they are clearly related. In order to alleviate these limitations, we would
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like to propose a unified strategy to address these two questions and identify key genes affected
either in terms of their mean or their interactions with other genes.

Our strategy has three steps. First considering that genes are independent, the differential
analysis question will be rewrite as a problem of penalized likelihood. Second it will consist of
relaxing the independence assumption and to consider a known matrix of relationship between
genes. Third, the matrix of relationship between genes will be assumed to be partially or
completely unknown. The work combines both modeling and algorithmic questions.

5.3.2 High-dimensional regression for studying transcription factors

Yann Vasseur will begin a PhD this September, co-supervised with G. Celeux

In this project, the idea is to focus on the transcription factors (TF) which play a key role
in the regulatory networks. They are mainly known at a structural level but few knowledge is
available on their transcriptome behavior (Mitsuda and Ohme-Takagil 2009).

The objective of this thesis is to study the behavior of TF in stress response in Arabidopsis
thaliana. The first axis is to identify TF groups who work in response to stress, to characterize
and compare them in order to identify typical TF combinations in response to biotic and/or
abiotic. Methodological questions considered in this part will be linked to model-based clustering
to be able to cluster TF by taking all the available information into account either in the
conditional distribution of the TF described by their transcriptomes or in the penalty term
when a model has to be selected in a considered collection.

The second axis will be dedicated to the target identification of the TF groups. The frame-
work will be Gaussian graphical models and linear regression models where n ~ p. The challenge
will be to develop a penalty taking biological knowledge into account and to calibrate it to get
powerful inference with a correct FDR control. The subject combines modeling and algorithmic
questions and will contribute to a better knowledge of TF of Arabidopsis thaliana.
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