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Network
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Definition
Interacting molecular regulators (e.g. transcription factors)
controlling the gene expression

G = ⟨V, E⟩: oriented graph with nodes V and edges E s.t.

• Let V is the set of genes
• Let R ⊂ V be a set of regulators
• ∃e = (r, p) ∈ E if r ∈ R controls the gene expression of p
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• Wide range of mechanisms:
(e.g., epigenetic, transcriptional ...)

Gene Regulatory Networks (GRNs) 

• Important biological role:
- Adaptation - Differentiation
- Versatility - Morphogenesis ... 
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Data-driven GRN inference methodology
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= =

Machine Learning 
Algorithm

(Regression/Classification)

(e.g., Irrthum et. al 2010, 
Peignier et al. 2019)
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Data-driven GRN Inference families

 Xtg5 = f(Xtf1,Xtf2,Xtf3)Regression

Feature
Importance (γtf1,γtf2,γtf3)

γtf1

γtf2

γtf3

 y = f(Xtf1,Xtf2,Xtf3)Classifcation

Feature
Importance (γtf1,γtf2,γtf3)

γtf1

γtf2

γtf3

 y =Discr(Xtg5)

Discretization

 Mtf1,tg5= Corr(Xtf1,Xtg5)
 Mtf1,tg5= MI(Xtf1,Xtg5)
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Self-expressiveness
• Characterize the relationship between object in a dataset: 
Express each object as a linear combination of other objects

• Used in computer vision, time series analysis, inference of Causal Graphs

• Self-expressiveness and GRN Inference are strongly related

= •
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Many solutions exist for matrix C … 
which one should be choosen?

Adjacency Matrix
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Subspace preserving self-expressiveness
• Express each data point as linear combinations of other points laying in the same subspace

• Sparsity-inducing norms -> remove connections between points from different subspaces:

- L0 norm (e.g., Orthogonal Matching Poursuit - OMP)
- L1 norm (e.g., LASSO)
- L1 & L2 norm (e.g., ElasticNet)

= •
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Sparse
Adjacency Matrix

Possible to add other constrains (e.g., motifs presence)
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Generalizable Gene Self-eXpression Networks - GXN

• 𝑑! : Maximal number of regulators per Target Gene (parameter)

GXN•EN : ElasticNet – L1 & L2 norm

•  𝜌 ∈ 0, 1 : Mixing parameter (0 -> L2 regulatiration, 1 -> L1 regularization)
•. 𝛼 ∈ ℝ! : Regularization strength (0 -> No regularization)

•	D			:	Number of	conditions	 •		𝛤 : Set of N genes • 𝛹 : Set of regulatory genes (𝛹 ⊂ 𝛤)

GXN•OMP : Orthogonal Matching Poursuit – L0 norm

Parameters calibration?
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Data-driven GRN Inference limitations

Generalization: a major goal in Machine Learning
Predict accurately the outputs of examples that were not used during the training phase. 

Generalization and GRN inference
GRN Inference methods do not measure model’s generalization during parameters tunning or evaluation

• Underfitted models:
Lack of expressiveness, lead to
over-simplistic predictions

• Overfitted models:
More parameters than needed.
Poor and biased predictions

Parameter calibration -> Under/over-fitting tradeoff
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Nested K-fold cross-validation 

Xtest

Xlearn

Outer cross-validation:
• Xtrain : Train the model  with a given parameter setting           
• Xval :  Evaluate the Generalization capabilities to choose the best parameters
• Xtest :  Evaluate the Generalization capabilities of the best model

Xlearn
X

Xtrain

Xval

Internal evaluation metric: 𝑹𝟐 determination coefficient (−∞: worse quality -> 1: best quality) 
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Datasets
DREAM5 Benchmark and RNAseq Eukaryote datasets

A. pisum : D = 206, 10 tissues +  Whole aphids, |𝛤| = 17594 , |𝛹| = 1046

D. melanogaster : D = 72, 1 tissue (eyes), |𝛤| = 15345 , |𝛹| = 841 
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Evaluation : Evaluation Metrics
• Internal regression evaluation metric (on test set): 

𝑹𝟐 determination coefficient (−∞: worse quality -> 1: best quality) 

• Network topology assessment:
Set of edges:
Set of possible edges:

-

-

-

• Gold Standard Comparison (DREAM5):
- AUPR (0: worse quality -> 1: best quality) 
- AUROC (0: worse quality -> 1: best quality) 
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Evaluation: Community Detection

- Set of Edges: 
- In-degree:
- Out degree:

Do inferred GRNs structure in communities (i.e., sub-networks of genes densely
intra-connected by regulatory links) sharing common functional roles?

Communities detection method: Clauset-Newman-Moore greedy modularity maximization
High modularity Q -> 1, Low modularity Q -> 0

Gene and regulator are in the same community

Gene and regulator are not in the same community

Resolution (High-> many small communities, low -> few large communities)
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Evaluation: Communities GSEA and GO enrichment

Gene Set Enrichment Analysis - GSEA:
Are communities of genes that are collectively over-expressed or under-
expressed, with statistical significance, in a particular tissue or cell-type. 

- Ranking method: difference-of-classes
- 10,000 gene-set permutations 
- Retain relationships with a False-Discovery-Rate (FDR) < 0.05 

Gene Ontologies – GO (GO:0048856 anatomical structure development):
Do communities of genes exhibit significantly over-represented GO terms? 

- GOATOOLS
- Benjamini Hochberg multiple test FDR correction 
- Retain relationships with a False-Discovery-Rate (FDR) < 0.05 

Tissues

GO 
term
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Datasets
DREAM5 Benchmark and RNAseq Eukaryote datasets

A. pisum : D = 206, 10 tissues +  Whole aphids, |𝛤| = 17594 , |𝛹| = 1046

D. melanogaster : D = 72, 1 tissue (eyes), |𝛤| = 15345 , |𝛹| = 671 
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Results: DREAM5 - Sparsity

GXN•OMP GXN•EN exhibit high sparsity structure

State-of-the-art
methods
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Results: DREAM5 – Inner evaluation

GXN•OMP and GXN•EN exhibit comparable R2 scores wrt SVR and RF
GXN•OMP and GXN•EN training runtime are lower than RF and comparable to SVR
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Results: DREAM5 – External evaluation

GXN•OMP and GXN•EN exhibit comparable AUROC and AUPR wrt SVR and RF
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Results: Mammal datasets – evaluation metrics

GXN•OMP GXN•EN exhibit high
sparsity and modularity

GXN•OMP GXN•EN exhibit
simple and interpretable
regulatory models

GXN•OMP GXN•EN exhibit high 
R2 scores and are fast to train
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Results: Mammal datasets – Community structure

GXN•OMP on R. norvegicus: 
communities exhibit GSEA and 
GO significant and coherent
scores
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Results: D. melanogaster dataset

GXN•OMP on D. melanogaster: 
communities exhibit significantly
over-represented GO terms Modularity = 0.755

Sparsity = 99.2

Motif constrained inference (motifs for 372 TFs)
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Results: D. melanogaster dataset - ey gene
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Results: D. melanogaster dataset - toy gene
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Results: D. melanogaster dataset - so gene
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Results: D. melanogaster dataset - dpp gene
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Results: A. pisum dataset – highly over-expressed only

Modularity = 0.692
Sparsity = 98.4
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Results: A. pisum dataset – highly over-expressed only

Ø Discovery of bacteriocyte-specific
GRN communities

Statistically significant GO terms and positive GSEA scores 
between GRN genes communities and A. pisum tissue-types

Ap|17

Ø First representation of the GRN 
communities for different
aphid tissues
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