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Abstract: Inferring the topology of a gene regulatory network (GRN) from gene expression data
is a challenging but important undertaking for gaining a better understanding of gene regulation.
Key challenges include working with noisy data and dealing with a higher number of genes than
samples. Although a number of different methods have been proposed to infer the structure of
a GRN, there are large discrepancies among the different inference algorithms they adopt, rendering
their meaningful comparison challenging. In this study, we used two methods, namely the MIDER
(Mutual Information Distance and Entropy Reduction) and the PLSNET (Partial least square based
feature selection) methods, to infer the structure of a GRN directly from data and computationally
validated our results. Both methods were applied to different gene expression datasets resulting from
inflammatory bowel disease (IBD), pancreatic ductal adenocarcinoma (PDAC), and acute myeloid
leukaemia (AML) studies. For each case, gene regulators were successfully identified. For example,
for the case of the IBD dataset, the UGT1A family genes were identified as key regulators while upon
analysing the PDAC dataset, the SULF1 and THBS2 genes were depicted. We further demonstrate
that an ensemble-based approach, that combines the output of the MIDER and PLSNET algorithms,
can infer the structure of a GRN from data with higher accuracy. We have also estimated the number
of the samples required for potential future validation studies. Here, we presented our proposed
analysis framework that caters not only to candidate regulator genes prediction for potential validation
experiments but also an estimation of the number of samples required for these experiments.

Keywords: gene regulatory network; causal modelling; omics integration; experimental design

1. Introduction

Network reverse engineering is the process of inferring the structure of a network from gene
expression data through computational techniques. However, the problem of inferring the structure
of a network is challenging for a number of reasons. The main challenge arises from the fact that
while the number of genes in a given data set is high, typically the number of available samples is
low. Additionally, since, in theory, all genes can potentially interact with each other, the number
of interactions can be larger than both the number of genes and the number of available samples.
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It is also important to note that a gene regulatory network (GRN) is usually inferred directly from
expression data that is, more often than not, noisy. For these reasons, it is highly unlikely that a single
best method exists for every case [1,2]. Different methods highlight different interactions, and even
the state-of-the-art methods generally achieve very low prediction accuracy [3].

Over the past two decades, several methods have been developed for GRN inferences. Most of
these methods are based on unsupervised learning techniques and make different assumptions about
the data used to generate GRNs. They usually exploit the statistical dependencies between genes so as
to estimate the likelihood of existence of an interaction between two genes [2,4]. To that end, early
methods typically used correlation coefficients to estimate the similarity between genes [5]. However,
correlation coefficients suffer from the limitation that they fail to detect non-linear dependencies
between the genes. Furthermore, since the correlation coefficient between two random variables X and
Y is symmetric, i.e., corr(X, Y) = corr(Y, X), it cannot be employed to identify the direction of their
interaction. In order to capture more complex dependencies between genes, analytical tools employing
information theory, such as mutual information and entropy, have been widely used. For example,
Butte et al. [6] have proposed a method that uses pair-wise mutual information (MI) to estimate
the strength of a biological relationship between two genes. Since MI-based methods can detect many
indirect links between genes, a number of refinements have been proposed to improve the prediction
accuracy of the inference algorithm. For example, the ARACNE (Algorithm for the Reconstruction of
Accurate Cellular Networks) [7] algorithm employs the Data Processing Inequality (DPI) method to
filter out indirect interactions. CLR (Context Likelihood of Relatedness) [3] corrects the value of MI
by comparing it with the empirical distribution of all mutual information scores in order to remove
false correlations. MRNET [8] applies the Minimum Redundancy Maximum Relevance (MRMR)
method [9,10] to rank direct interactions better than indirect interactions. Villaverde et al. [2] have
proposed the MIDER (Mutual Information Distance and Entropy Reduction) approach, which uses
mutual information and conditional entropies to infer the structure of a GRN. One of the advantages
of MIDER is that it is general purpose and may be applied to any type of networks.

Recently, ensemble methods that formalise the GRN inference problem as a feature selection
problem are becoming popular. For example, Huynh-Thu et al. [4] have proposed GENEI3
(GEne Network Inference with Ensemble of trees) that is based on variable selection with ensembles of
regression trees. It decomposes the prediction problem into p different regression problems, where p is
the number of genes. Next, the expression pattern of the target gene is predicted from the expression
patterns of all the input genes using tree-based ensemble methods such as random forest or extra trees.
GENEI3 achieved the highest performance in the annual DREAM (Dialogue for Reverse Engineering
Assessments and Methods) In Silico Multifactorial challenge organised in 2009, namely DREAM4.
Haury et al. [11] have introduced TRIGRESS (TRustful Inference of Gene REgulation using Stability
Selection) that applies a different feature selection method, namely the least angle regression (LARS)
method [12], combined with stability selection, to infer a GRN. Ruyssinck et al. [13] have proposed
NIMEFI that generalises the GENIE3 regression decomposition strategy to other feature importance
methods. However, NIMEFI requires more parameters to be adjusted than GENEI3. Guo et al. [14]
have proposed partial least square based feature selection (PLSNET), an ensemble GRN inference
method which is based on partial least squares (PLS). They have shown that PLSNET achieves higher
accuracy on DREAM4 and DREAM5 (DREAM In Silico Multifactorial challenge organised in 2010)
benchmarks when compared to other state-of-the-art methods. Furthermore, PLSNET is also efficient
when compared to alternate methods [14].

In this paper, we aim to identify key regulators and infer the structure of a GRN from gene
expression profile data. For this purpose, we have adopted two different methods, namely PLSNET [14],
a feature-selection based method, and MIDER [2] (with small modifications), a method based
on the mutual information between features. We demonstrate that, while the feature-selection based
approach can successfully identify key regulators, the mutual information approach exhibits a better
performance in inferring the structure of the network. We, therefore, propose a novel ensemble-based
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approach that combines the outputs of PLSNET and MIDER to infer the structure of a GRN that can be
computationally validated. We demonstrate that the proposed ensemble-based approach can infer
the structure of the GRN with higher accuracy, even for cases that both the PLSENT and MIDER fail.
Furthermore, we have also estimated the number of the samples required to identify key regulator
genes for potential future validation studies. The methods were applied to three different real-world
datasets resulting from different disease studies, namely Inflammatory Bowel Disease (IBD) [15],
pancreatic ductal adenocarcinoma (PDAC) [16], and acute myeloid leukaemia (AML) [17]. Additionally,
we demonstrate the application of the ensemble-based approach to infer the structure of the network
by applying it to the DREAM4 (Dialogue for Reverse Engineering Assessments and Methods) in silico
network challenge. Finally, for each dataset, we analyse the structure of the inferred GRN, resulting
from the application of MIDER, PLSNET, and our proposed ensemble method, and computationally
validate our results using the loopy belief propagation algorithm (LBP) [18].

2. Results

2.1. Inflammatory Bowel Disease

Our first dataset pertains the gene expression profile resulting from an inflammatory bowel
disease (IDB) study, that has 16 genes and 20 samples. In order to infer a GRN from this dataset,
we first applied the PLSNET method. We used the same parameter values with the one proposed
in the original study [14], namely m = 4, T = 1000, and K =

√
p = 4, where p is the number of genes

(See Section 4.2). Subsequently, we have chosen a threshold values that ensures that only 15% of
the edges are selected. Figure 1 shows one of the possible GRNs produced by PLSNET.

Figure 1. GRN generated from the application of partial least square based feature selection (PLSNET)
on the inflammatory bowel disease (IBD) dataset.

The GRN produced by PLSNET shown in Figure 1 suggests that three genes, namely UGT1A10,
UGT1A9, and UGT1A6, are the potential key regulators in this network. Note that, as explained
in Section 4.2, PLSNET requires different parameter values to be adjusted. Among these, the threshold
value, that determines how many edges are selected, is an important one. Choosing a different
threshold value will result in the generation of a different network with different number of interactions.
In addition, since PLSNET is stochastic, the PLSNET’s random initialisation of the regulatory genes
may also result in the generation of different GRN with the same parameter values. Therefore, in every
run of PLSNET, we expect a different GRN outcome. However, in our case we observed that, although
the structure of the GRN in each iteration is different, the algorithm generally provides a clear separation
between the target and the regulatory genes. This implies that the direction of the inferred interactions
is usually drawn from a regulatory gene towards a target gene (or towards another regulatory gene).

Since each PLSNET run may result in different GRN outcomes, in order to increase the likelihood
of correctly identifying different types of genes, we run PLSNET 100 times. For each run, we have
identified the three different types of genes, i.e., regulatory genes (R), target genes (T), and intermediate
genes (I). The regulatory gene is a gene with an in-degree of 0, while the target genes is a gene with
an out-degree of 0. The in-degree of a gene in a network is the count of edges having this gene
as a target gene and the out-degree is the count of the edges having this gene as a regulator gene.
The intermediate genes are those genes that act both as a regulatory gene for some targets as well as
target gene for some regulators. Furthermore, we have chosen different threshold values, such that,
while maintaining a fixed set of parameters, only 2, 5, 10, 15 and 20% interactions are selected. Table 1
presents the frequencies of each gene acting as a regulatory gene, target gene, or intermediate gene
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for different threshold values. For small threshold values, our analysis has identified UGT1A10 and
UGT1A9 as key regulatory genes. By decreasing the threshold value, we have further identified two
more genes, namely UGT1A6 and UGT1A7, as the potential key regulators. Note that the regulators of
a UGT gene family, in the network produced by PLSNET, are always members of the UGT gene family,
even when the threshold value is very small. One such network is shown in the Supplementary File
(Figure S1), where a low threshold value is chosen such that 30% of the edges are selected.

Table 1. Frequencies of different genes appearing as Regulatory (R), Target (T), or Intermediate (I) gene
for different threshold values for the IBD data. For each threshold value, the experiment was executed
100 times with the same set of parameter values.

Genes
Top 2% Top 5% Top 10% Top 15% Top 20%

R T I R T I R T I R T I R T I

TUBB2A 0 66 0 0 98 0 0 100 0 0 100 0 0 100 0
CALU 0 36 0 0 97 0 0 100 0 0 100 0 0 100 0
USP2 0 1 0 0 23 0 0 98 0 0 100 0 0 100 0

UGT1A1 0 0 0 1 0 0 1 14 0 0 84 2 0 90 0
ASS1 0 49 0 0 94 0 0 100 0 0 100 0 0 100 0

UGT1A6 7 0 0 26 1 0 86 1 2 87 0 12 23 0 77
UGT1A10 81 1 0 99 1 0 99 0 1 92 0 8 33 0 67
UGT1A9 82 0 0 95 0 0 97 0 2 95 0 5 59 0 41
UGT1A7 5 0 0 12 0 0 40 3 0 46 12 37 0 1 99
TRIM29 0 31 0 0 93 0 0 100 0 0 100 0 0 100 0
PITX2 0 99 0 0 100 0 0 100 0 0 100 0 0 100 0
TSTA3 0 3 0 0 45 0 0 96 0 0 100 0 0 100 0
PCSK1 0 20 1 0 75 1 0 99 1 0 99 1 0 99 1
CXCL1 0 2 0 1 28 0 0 88 3 0 96 4 0 94 6
CCL13 0 27 0 0 95 0 0 100 0 0 100 0 0 100 0
TNIP3 1 2 0 2 26 0 1 85 1 0 98 2 0 97 3

We have also performed a power analysis using the IBD dataset. For this purpose, we have used
the four genes, namely UGT1A6, UGT1A10, UGT1A9, and UGT1A7, that were identified by PLSNET as
the potential key regulators, and estimated the number of samples required for the future validation
experiments. Figure 2 represents the number of the estimated samples required for each regulator.
For all the regulators the power achieved was by using 10 samples.

Figure 2. The four identified regulators for the IBD data are represented by the largest observed effect
size. The effect size of each assessed variable is shown along the y axis and a series of sample sizes
along the x axis.

We then applied the MIDER method using the same dataset. Similar to PLSNET, MIDER also
accepts the input of different parameters. In our experiments, we have used the same values for
all the parameters proposed by the authors in [2]. Figure 3a presents the GRN inferred by MIDER.
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Consistent to PLSNET, only members of the UGT gene family are identified as potential regulators of
particular UGT genes. To analyse the structure of this network, we applied the loopy belief (LBP) [18]
algorithm. The resulting low correlation coefficient (0.5533) implies that the marginal probabilities
predicted by LPB on this GRN are not consistent with the observed states (marginal probabilities
estimated from the data). In order to improve the accuracy of LBP, we gradually increased the threshold
to discard edges with low scores. As a result, the accuracy of LPB increased until a certain threshold
value was reached. For the threshold values corresponding to the selection of 80%, 70%, and 65%
edges, LBP achieved correlation coefficient values of 0.7381, 0.9961, and ∼1 respectively. The network
corresponding to the selection of 65% edges, achieving a correlation coefficient of ∼1, is presented
in Figure 3b. Note that, since a very high correlation coefficient of ~1 was achieved, our proposed
ensemble-based approach was not applied for this dataset. However, we observed that, the accuracy
of the algorithm is further improved, if the edges from the network, whose target gene is a gene that
has been identified as a potential regulator by PLSENT, are deleted. For example, for the network
represented in Figure 3a, the correlation coefficient, upon introducing the output of PLSNET, was
increased from 0.5533 to 0.7192. Similarly, for the Figure 3b network, the performance is increased,
although the improvement is not significant (~5 × 10−8). Therefore, an ensemble-based approach can
infer the structure of a network with higher accuracy than individual algorithms.

Figure 3. Gene regulatory network (GRNs) generated from the application of MIDER on the IBD
Dataset. (a) GRN with all edges selected (no threshold). (b) GRN with selected edges (threshold
corresponding to 65% edges).

Table 2 presents the marginal probabilities predicted by the application of LBP algorithm to
the GRN of Figure 3b and compare them with the probabilities estimated from the data. The loopy
belief propagation algorithm, in this case, converges after 63 iterations. The results (Figure 4) reveal
that there is a very high correlation (∼1) between the model-predicted marginals and the observed
experimental states.
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Table 2. Distribution of the posteriors versus observed experimental states for the IBD dataset.

Genes
Predicted Marginals Observed States

0 1 0 1

TUBB2A 0.55 0.45 0.55 0.45
CALU 0.9 0.1 0.9 0.1
USP2 0.2 0.8 0.2 0.8

UGT1A1 0.5498 0.4502 0.55 0.45
ASS1 0.9 0.1 0.9 0.1

UGT1A6 0.5999 0.4001 0.6 0.4
UGT1A10 0.5999 0.4001 0.6 0.4
UGT1A9 0.5998 0.4002 0.6 0.4
UGT1A7 0.3501 0.6499 0.35 0.65
TRIM29 0.45 0.55 0.45 0.55
PITX2 0.5 0.5 0.5 0.5
TSTA3 0.75 0.25 0.75 0.25
PCSK1 0.85 0.15 0.85 0.15
CXCL1 0.35 0.65 0.35 0.65
CCL13 0.25 0.75 0.25 0.75
TNIP3 0.7 0.3 0.7 0.3

Figure 4. Pearson correlation plots for IBD dataset.

2.2. Pancreatic Ductal Adenocarcinoma

The pancreatic ductal adenocarcinoma (PDAC) microarray expression dataset (GSE15471) consists
of 20 genes and 78 samples. In order to construct GRN from the data, we first applied PLSNET. We used
the same parameters values as we have chosen in our previous experiment, i.e., we choose m = 4,
K = 4 (we rounded off

√
20 to the nearest integer), and T = 1000. Further, we have selected a threshold

value such that only top 10% of the edges are selected. Figure 5 shows a GRN generated using PLSNET.
Similar to the IBD dataset analysis, we run PLSNET 100 times for different threshold values and
identified the three different genes types, i.e., regulatory genes, target genes, and intermediate genes.
The results are presented in Table 3. The results identified two genes, namely SULF1 and THBS2,
as potential regulators. These genes were consistently selected as regulators when the threshold value
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is high and only 5% of the edges were selected. THBS2 has a higher probability of being selected
as a regulator gene and is predicted to have more interactions than SULF1. To estimate the number of
samples required for further validation experiments, we have used the two key regulators, SULF1
and THBS2, identified by PLSNET. For these two regulators, 5 samples estimated to be required for
validation experiments. The estimated sample number required for each regulator is represented
in the Supplementary Materials File (Figure S2).

Figure 5. GRN generated from the application of PLSNET on pancreatic ductal adenocarcinoma
(PDAC) dataset.

Table 3. Frequencies of different genes appearing as Regulatory (R), Target (T), or Intermediate (I) gene
for different threshold values for the PDAC dataset.

Genes
Top 2% Top 5% Top 10% Top 15% Top 20%

R T I R T I R T I R T I R T I

SULF1 100 0 0 100 0 0 65 0 35 3 0 97 0 0 100
COL8A1 63 1 0 6 5 89 0 1 99 0 0 100 0 0 100
INHBA 0 0 0 2 5 0 3 69 24 0 29 71 0 4 96

FN1 7 0 0 29 27 30 0 4 96 0 0 100 0 0 100
COL10A1 0 0 0 0 98 0 0 97 3 0 69 31 0 18 82

THBS2 100 0 0 100 0 0 100 0 0 76 0 24 14 0 86
NTM 0 0 0 0 8 0 0 100 0 0 94 6 0 80 20
NOX4 0 0 0 21 31 15 0 13 87 0 1 99 0 0 100

RASAL2 0 0 0 0 0 0 0 75 0 0 100 0 0 100 0
ADAMTS12 0 0 0 0 12 0 0 98 2 0 49 51 0 17 83

CAPG 0 96 0 0 100 0 0 100 0 0 100 0 0 95 5
LTBP1 0 9 0 0 98 0 0 100 0 0 100 0 0 100 0

CTHRC1 0 0 0 0 2 0 0 78 0 0 100 0 0 100 0
FAP 0 13 0 0 78 21 0 24 76 0 2 98 0 0 100

WISP1 26 0 0 61 8 27 0 0 100 0 0 100 0 0 100
VCAN 2 0 0 15 0 0 36 11 41 0 4 96 0 0 100
TIMP1 0 0 0 0 66 0 0 100 0 0 88 12 0 39 61

MIR34AHG 0 100 0 0 100 0 0 100 0 0 100 0 0 100 0
SLPI 0 100 0 0 100 0 0 100 0 0 100 0 0 100 0

GPRC5A 0 100 0 0 100 0 0 100 0 0 100 0 0 100 0

Although PLSNET catered the identification of the key regulators in the dataset, the network
structure that was produced does not correspond well to the gene expression profile. This was validated
by running the LBP algorithm on the PLSNET-generated GRNs with different threshold values, which
resulted in a very low prediction accuracy. We subsequently assessed whether a MIDER-generated GRN
over the same dataset would have a better network structure. The resulting GRN is shown in Figure 6a.
In order to computationally validate our result, we applied the LBP algorithm on the network, which
resulted in a low correlation value between the predicted marginals and the observed states. However,
upon increasing the threshold value and further discarding 5% of the network edges, the results were
significantly improved achieving a correlation coefficient of 0.9103. The resulting network is presented
in Figure 6b and the values of the predicted marginals and the observed states for this case are plotted
in Figure 7a. In order to determine whether the output of PLSNET and MIDER can be combined
to produce a more accurate GRN, we identified and removed those network edges where the target
gene is a gene that has been identified as a potential regulatory gene by PLSNET. Since, in our case,
PLSNET identified SULF1 and THBS2 as potential regulators, we removed two edges from the network,
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namely the ADAMTS12 to SULF1 edge and the INHBA to THBS2 one. Figure 6c presents that final
network. The application of LBP over this network resulted in ∼1 correlation coefficient. This increase
in performance suggests that an ensemble-based approach is more effective in inferring the network
structure than the individual approaches. The predicted marginals and the observed states are presented
in Figure 7b. These estimated probability values can also be found in the Supplementary Materials
(Table S1).

Figure 6. GRNs generated from the application of MIDER on the PDAC dataset. (a) GRN with all edges
selected (no threshold); (b) GRN with selected edges (Using 95% threshold); (c) GRN with selected
edges (Combining output of PLSNET).
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Figure 7. GRNs generated from the application of mutual information distance and entropy reduction
(MIDER) on the PDAC dataset. (a) GRN with selected edges (95% threshold); (b) GRN with selected
edges (Combining output of MIDER and PLSENT).

2.3. Acute Myeloid Leukaemia

The third dataset forms the largest gene expression dataset we considered and contains 60 genes
and 542 samples from an acute myeloid leukaemia (AML) study (GSE15061). We first applied
the PLSNET algorithm so as to identify the potential regulators within this dataset. The parameter
values were the same ones used in the previous experiments. We set the threshold value that ensured
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that only the top 10% of edges were selected. The resulting GRN, suggesting that there is no single key
regulator, is presented in the Supplementary File (Figure S3). Note that only 22 genes are presented
in this figure. The remaining 38 genes have been omitted since they lack any predicted interaction
participation. In order to gain a better understanding of the key regulators and target genes in this
network, we applied the PLSNET algorithm 100 times with different threshold values. The frequencies
of each gene, appearing as regulator, target, or intermediate, are given in Supplementary Materials
(Table S2). The numbers reported in the table also suggest that there is no single gene that acts
as a regulator within this dataset. There are few genes that sometime appear as regulators with very
low probability, when the threshold value is very high. In this case we are discarding 98% of the edges.
However, upon decreasing the threshold value, no regulatory genes were identified. Note that some
genes in the Table S2 have zero cumulative frequencies for all the threshold values. Those genes lack
any predicted interaction participation, even when the threshold value is very low.

In order to computationally validate the GRN generated from the application of PLSNET
on the AML dataset, we applied the LBP algorithm to the resultant GRN. Similar to before, the LBP
algorithm resulted to a very low correlation coefficient value between the predicted marginals and
the observed states. To obtain a GRN that can be computationally validated, we applied the MIDER
algorithm on this dataset. The MIDER based GRN contains 60 interactions and is presented in Figure 8.
The LBP algorithm application over this GRN produced a very high correlation (with r ~ 1 and p ~ 0)
between the predicted marginals and the observed states demonstrating that MIDER can accurately
predict the observed gene states. The predicted marginal and the observed states are presented
in the Supplementary File (Figure S4 and Table S3). Note that, since PLSNET has not identified any
potential regulators within this dataset, the ensemble-based approach results in the same correlation
coefficient (~1) for this case.

Figure 8. GRN generated from the application of MIDER on the acute myeloid leukaemia (AML) dataset.

2.4. DREAM

For our last experiment, we have applied PLSNET, MIDER, and the ensemble-based model
to benchmark networks generated for the DREAM4 in silico network challenge (http://wiki.c2b2.
columbia.edu/dream/index.php/D4c2). We first selected a network with size 10 and containing105
samples. In order to identify key regulatory genes in this network, we applied the MIDER algorithm
100 times. The frequencies of each gene, appearing as regulatory, target or intermediate, is presented
in the Supplementary File (Table S4) identifying ‘G9’ as the key regulator in this network. To infer
the structure of the network, we next applied the MIDER algorithm to this data. In order to validate
the GRN inferred from the application of MIDER, we have applied the LBP algorithm. The LBP
algorithm achieved a correlation coefficient of 0.83913. In order to determine if the ensemble approach
is more effective than the individual methods, we have deleted two network edges produced by
the application of MIDER, one from the gene ‘G7’ to the gene ‘G9’ and the other from the gene ‘G8’ to
the gene ‘G9’. These edges were deleted, since ‘G9’ was identified as a potential regulatory gene by
PLSENT. The resultant GRN is presented in Figure S5 (Supplementary Materials). Upon validating
this network, using LBP, a correlation coefficient of 0.97496 was achieved. This significant increase
in performance clearly suggests that an ensemble-based model, combining the output of MIDER and
PLSNET, has the potential to infer the structure of a GRN with a higher accuracy than the application
of both the individual methods. The results are presented as Supplementary Materials (Table S5 and

http://wiki.c2b2.columbia.edu/dream/index.php/D4c2
http://wiki.c2b2.columbia.edu/dream/index.php/D4c2
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Figure S6). Similar to AML, PLSNET has not identified any regulatory gene in this network. When LBP
algorithm was applied to the network inferred from the application of MIDER, a correlation coefficient
of 0.8890 was achieved. Upon decreasing the threshold value and deleting further 40% of the edges
from the network, the LBP algorithm has achieved a correlation coefficient of 0.9708.

2.5. External Biological Validation

Key regulatory transcripts and their putative targets from modelled IBD and PDAC GRNs
showed varying degrees of biological plausibility when outside biomedical databases were consulted.
The IBD regulator genes, all members of the UDP glucuronosyltransferase family, are highly enriched
for flavonoid-substrate specific glucuronidation functions, see Figure S7. The enrichment analysis
indicates involvement in bile secretion and ascorbate metabolism. The PDAC GRN is enriched for
extra-cellular matrix degradation and integrin–protein binding processes, TGF-β and interleukin
signaling, and cancer-specific pathways including glandular cell neoplasm formation, elevated
carcinoma antigens, and senescence and autophagy in cancer (Figure S8). Protein–protein interactomes
from the STRING database show higher than expected connectivity of the GRNs (p = 0.014 and
p = 5.99 × 10−15, IBD and PDAC GRNs, Figures 9 and 10).
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Figure 9. Predicted protein–protein interactions using the STRING database for the IBD GRN genes.
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evidence. Analysis was performed with String v. 10.
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Figure 10. Predicted protein–protein interactions using the STRING database for the PDAC GRN
genes. Edges represent interactions between proteins, and multiple edges represent additional sources
of evidence. Analysis was performed with String v. 10.

Reactome-based functional interaction networks indicate sparse connectivity between core
regulatory genes in the IBD dataset (Figure 11), while the PDAC GRN shows strong connectivity
between one core regulator and neighboring genes (Figure 12).
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3. Discussion

In this paper, we have explored the structure of a GRN inferred from the gene expression profiles
of three different real-world datasets (IBD, PDAC, and AML) and one artificially generated dataset
(DREAM4). To infer the GRN structure, we applied two different network inference algorithms, namely
the PLSNET [14] algorithm and the MIDER [2] (with some modification) algorithm. This allowed
us to identify key regulators, as well as analyse the structure of GRNs, amongst our datasets. Next,
we have applied a novel ensemble approach, that combines the output of PLSNET and MIDER to
infer the structure of a GRN with higher accuracy. We then computationally validated our results
using the framework developed by Kotiang and Eslami [19] that applies the loopy belief propagation
(LBP) [18] algorithm to predict gene states. Our analysis, across the three real-world, and the artificially
generated datasets, suggests that the proposed ensemble method is more effective than both the MIDER
and the PLSNET algorithms for inferring the structure of a GRN.

The results presented in Figure 1 and Table 1 demonstrate that PLSNET correctly identified all
the UGT genes as potential regulatory genes within the IBD dataset. These results suggest that three
genes, namely UGT1A6, UGT1A10, and UGT1A9, have a very high probability of making connections
with other genes. In order to infer the structure of the GRN from the data, we next applied MIDER to
the gene expression data. Although, by adjusting the threshold value, MIDER can infer the structure
of the GRN with higher accuracy, we have observed that, for different threshold values, the accuracy
can always be improved, if an ensemble approach that combines the output of MIDER and PLSENT is
applied. In this case, the output of the MIDER was refined by deleting those edges from the network,
where one of the three genes, UGT1A6, UGT1A10, and UGT1A9, appear as target genes and any
gene other than these three genes are predicted as regulatory genes. Similar to the IBD dataset,
the ensemble model is more effective than the individual methods when applied to the PDAC datasets.
Our analysis shows that the application of the ensemble approach to the PDAC dataset achieves
a correlation coefficient of ~1, which is significantly higher than the correlation coefficient achieved
by LBP, when applied to the output of MIDER, as well as from the correlation coefficient resulting
from the application of PLSNET on the same dataset. For the AML dataset, PLSNET has not identified
any potential regulators and so the ensemble model results in a comparable performance in this
case. Upon examining the DREAM4 dataset with 10 genes, we demonstrated that the performance of
the LBP algorithm can be improved by using the ensemble model that combines the output of PLSNET
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and MIDER. In this case, we first produced a GRN by the application of MIDER and then deleted
the false positive edges, identified by PLSNET, from the network. We demonstrate that LBP achieved
a correlation coefficient of 0.97496 when applied to the output of the proposed ensemble method.
For the same dataset, LBP achieved a correlation coefficient of 0.83913, when applied to the MIDER
output. Finally, similar to the AML dataset, for the DREAM4 dataset with 100 genes, PLSNET has
not identified any potential regulators in the network, and therefore the performance could not be
further improved.

One of the weaknesses of the ensemble method adopted in this paper is that it requires us to
adjust the values of the certain parameters before application. These parameters include the threshold
value, required by MIDER to identify candidate edges from the network, and the threshold value,
required by PLSENT to identify key regulatory genes in the network. To address these shortcomings,
our future analysis will focus on automatically adjusting the threshold values used by the ensemble
method to infer a computationally validated network from the data.

Biological Relevance of IBD and DPAC Networks

The GRNs created for the two conditions, PDAC and IBD, were compared to existing biological
networks created by non-gene expression sources. Of note, the IBD GRN was enriched for flavonoid
gluconidation due to the presence of five UTG1A paralogs. All of the five core UGT genes, four of
which are core regulatory genes in the GRN, interact with each other in the protein–protein interaction
(PPI) network generated by STRING, with three sources of evidence driving a significant number of
interactions, Figure 9. Notably, UGT1A9, UGT1A1, and UGT1A6 are expressed in the liver and kidney
cortex and basally expressed in the colon, while UGT1A10 and UGT1A1 are highly and specifically
expressed in the transverse colon and the terminal ileum of the small intestine, indicating that these
two proteins may indeed be core drivers of IBD-specific GRNs [20]. Multiple sources have associated
genetic variants of UGT1A genes with ulcerative colitis and IBD in humans [21–24], functionally
implicating decreased expression of these proteins during inflammatory states in disease. Erdmann
and colleagues suggest inflammatory processes occurring during IBD may alter the expression of
UGT proteins, as their expression is negatively correlated with several inflammatory cytokines [22].
The Reactome functional network, generated from the IBD dataset proteins (Figure 11), suggests
that the UGT proteins hypothetically interact as a distinct group, however this is driven only by
the homology between the proteins. The expression of these genes is tissue-specific, as identified
within the GTeX database, which was not depicted by the functional network. While the UGT genes
are clearly an independent module in the Reactome network, they are linked to the rest of the network
by the CEBPB transcription factor interaction with UGT1A10. The IBD GRNs propose a new directional
interaction between the UGT- and non-UGT genes in IBD patients, a novel finding which necessitates
experimental validation. In contrast to the IBD GRN, the PDAC network shares a high number of
connections with a predicted, condition- and tissue-agnostic protein–protein interaction (PPI) network
involving these proteins (Figure 10). The PPI network is tightly connected (p < 5 × 10−15), including
the core GRN proteins, SULF1 and THBS2, having 3 and 7 connections respectively. The THBS2-INHBA
interaction is validated (Figure 6a–c) as is the SULF1—FN1 interaction (Figure 6a–c). The link between
SULF1 and CAPG is not revealed in the Reactome functional interaction network or the STRING
network created from PDAC genes (Figures 10 and 12), suggesting the need for experimental validation.

The PDAC PPI network (Figure 10) suggests an interaction between SULF1 and FN1 that is modeled
in the GRN, however this is absent in the Reactome functional network, Figure 12. This disagreement
between interaction networks from different databases could be explained by the tissue-specific nature
of gene regulation. The GRN proposed in this work captures the SULF1-FN1 interaction missing
from the Reactome network and proposes several other novel interactions which may be mediated
by the specific disease state (PDAC) and tissue (pancreatic) unique to the network. The PDAC
network’s functions (Figure S8) include several cancer specific roles, including regulating senescence
and autophagic processes, tumorigenic pathways, and increased TGF-β cell-cell signaling, a hallmark of
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cancer cell differentiation in pancreatic cancer [25]. SULF1 and THBS2 have both been recently suggested
as core regulators of gene co-expression networks in pancreatic cancer [26]. THBS2 has been identified
as a diagnostic biomarker and downstream target for various pancreatic cancers in humans and mice,
highlighting its central role in the proposed PDAC specific GRN [27–29]. The SULF2 protein is expressed
in pancreatic cancer cells; both SULF1 and its homolog SULF2 have been shown to deferentially splice
to regulate pancreatic tumor progression and have been proposed as both biomarkers and treatment
targets [30–33]. While this evidence does not directly validate the downstream interactions of SULF1
and THBS2, proposed by the PDAC GRN, it does reinforce the centrality of these core regulators to
the PDAC specific biological processes which the GRNs regulate.

4. Materials and Methods

In order to infer a gene regulatory network (GRN) and identify the potential regulatory genes and
target genes, we have used two different general-purpose, open-source, algorithms designed to be
applied to any type of network data, namely the PLSNET (Partial Least Squares NETwork) [14] algorithm
and a modified version of the MIDER (Mutual Information Distance and Entropy Reduction) [2]
algorithm. The two algorithms employ different techniques to generate a GRN. PLSNET is an ensemble
method that expresses the GRN inference problem as a feature selection problem. MIDER, on the other
hand, uses the statistic features of the data. In order to quantify how well the generated GRN
corresponds to the gene expression profile, we used the computational framework developed by
Kotiang and Eslami [19].

4.1. Datasets and Gene Selection

We have used three different gene expression datasets, including one RNA sequencing dataset
resulting from inflammatory bowel disease (IBD) [15], and two microarray datasets resulting from
pancreatic ductal adenocarcinoma (PDAC), and acute myeloid leukaemia (AML) studies respectively
(See Table 4 for information). The IBD dataset consists of 20 patients, 10 with UC (ulcerative colitis) and
10 with PSC-IBD (primary sclerosing cholangitis—inflammatory bowel disease). Quraishi et al. [15]
provide the RNA library preparation and differential gene expression analysis methods followed.
The PDAC dataset includes 36 each cases and controls, n = 36 cases), accession GSE15471 [16].
The AML dataset is from a three-cohort study of acute myeloid leukaemia (AML) cell lines with n = 404
AML samples and n = 138 control samples GSE15061 [17]. To compute a case/control study, a third
transitional cohort of MDS samples were excluded from analyses. Each microarray dataset obtained
from author-submitted Robust Multichip Average normalized Affymetrix chips, and processed as
described in [34]. Briefly, to obtain significantly differential expressed genes elastic net and lasso
models were repeatedly run to classify cell libraries by condition, and after 100 repetitions using
varying case/control splits features were ranked by how often they influenced model performance as
denoted by the β coefficient in lasso/ridge regression. Genes appearing in >80 models were considered
stable influential biomarkers and retained for input into downstream analysis. More specifically, for
each dataset, the input data was first split into training and testing sets (75:25), with the binary outcome
(case/control). Then two types of penalized logistic regression models (LASSO and Elastic Net (EN))
were applied in combination with glmnet function. Penalized methods impose a penalty on regression
coefficients, with LASSO [35] and EN [36] allowing for a continuous shrinkage of the coefficients
towards and including 0, and therefore allow for an automatic variable selection as well. The glmnet
function, according to Equation (1), necessitates two parameters, namely alpha and lambda.

n∑
i=1

yi − β0 −

p∑
j=1

β jxi j


2

+ λ

 (1− α)‖ β ‖222
+ α‖ β ‖1

 (1)

We set alpha = 1 for LASSO and 0.5 for Elastic Net, to reflect LASSO being a more stringent method, with
coefficients shrinking quicker towards 0, and EN allowing for the selection of grouped or correlated
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variables [36]. For each modeling approach, a 10-fold cross validation was performed to optimize
for the regularization parameter lambda. Both models were then fitted to the data and the process
was repeated 100 times, randomly splitting between the training and the testing sets for each model.
We then selected only those features with 80% or above frequency of appearance.

Table 4. Information about all the real-world datasets used in this study. Here, N represents the number
of genes used for network inference.

Author Name Disease Type N Reference

Quraishi et al. Inflammatory bowel disease 16 [15]
Rajamani et al. Pancreatic ductal adenocarcinoma 20 [16]

Mills et al. Acute myeloid leukemia 60 [17]

Finally, we have also performed our analysis on the benchmark DREAM4 in silico network
challenge (http://wiki.c2b2.columbia.edu/dream/index.php/D4c2). This network inference challenge
is aimed at reverse engineering gene networks of sizes 10 and 100, respectively. These networks are
artificially generated as reported in [37] and have no biological interpretations.

4.2. PLSNET

PLSNET [14] is an ensemble gene regulatory network inference method that decomposes
the inference problem with p genes into p subproblems. Each subproblem is then solved independently
using partial least squares (PLS) based on a feature selection algorithm. Let D =

[
x1, x1, . . . , xp

]
∈ Rn×p

be the gene expression data, where x1 is a column vector of expression values of i − th gene in n
experimental conditions. Then the feature selection problem is defined in Equation (2) as:

xi = f
(
x−i

)
+ ε,∀i ∈

{
1, 2, . . . , p

}
, (2)

where x−i =
[
x1, x1, . . . , xi−1, xi+1, . . . , xp

]
are the potential regulator genes and f is a regression function

that exploits the expression x−i. Usually, f can be defined using Equation (3) as:

f
(
x−i

)
=

∑
j

w jix j,∀i ∈
{
1, 2, . . . , p

}
, (3)

where w ji ≥ 0 represents the strength that gene i regulates gene j.
The final result is improved under the assumption that if a regulatory gene regulates many target

genes (e.g., the regulatory gene is hub node), it is an important regulatory gene. Finally, the regulatory
genes are scored based on their impacts on multiple target genes. The output of the PLSNET is
a weighted adjacency matrix w, where wi j represents the strength that gene i regulates gene j. The input
to PLSNET requires three additional parameters, namely m, k, and T. Here, m represents the number
of components, k represents the number of regulatory genes, and T is the number of iterations. Finally,
a threshold value is used to select important interactions between the nodes. Interactions with a weight
less than a certain threshold value are discarded.

4.3. MIDER

MIDER [2] constructs a GRN based on statistical features of the data. It uses mutual information
and conditional entropy computed from the gene expression profile to estimate the likelihood of
an interaction between two genes. The MIDER framework adopts the following steps to infer a GRN
from gene expression profile.

1. The algorithm estimates a number of statistical properties, including conditional entropies,
transfer entropies, and mutual information from the data. These estimates are then employed at

http://wiki.c2b2.columbia.edu/dream/index.php/D4c2
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different stages of the network construction. Let X be a discrete random variable with alphabet χ
and probability mass function p(x). Then the entropy is defined using Equation (4) as:

H(X) = −
∑
x∈χ

p(x) log(p(x)) (4)

For a continuous variable
∑

is replaced by
∫

. The joint entropy of two random variables X and Y
is defined using Equation (5) as:

H(X, Y) = −
∑

x

∑
y

p(x, y) log(p(x, y)) (5)

The conditional probability of a random variable X conditioning upon another random variable
Y is defined using Equation (6) as:

H(Y|X) = −
∑

x

∑
y

p(x, y) log
(
p(y

∣∣∣x)). (6)

Finally, the mutual information between two random variables is defined using Equation (7) as:

I(X, Y) = H(X) −H(Y|X) = H(X) + H(Y) −H(X, Y) (7)

2. Based on the mutual information estimates, a distance matrix between all the genes variables
is constructed. The distance between two variables X and Y is computed as d(X, Y) = e−I(X,Y).
This distance matrix is used as a first approximation of the connections between variables. Since
I(X, Y) is symmetric, the distance matrix is also symmetric, i.e., d(X, Y) = d(Y, X).

3. An entropy reduction, based on conditional entropies, is then applied to further refine the map.
This allows for the discriminating between direct and indirect connections. One of the limitations
of entropy reduction is that it requires a large amount of data to get a reliable estimate [38].
Instead of considering all the reactants, MIDER performs a limited reconstruction by considering
only first m important ones. In the MATLAB implementation of MIDER [2] algorithm, the authors
have estimated joint entropies of up to 4-tuples of variables. In our case, since we have a limited
number of samples, we have used only 3-tuples of variables (i.e., a value of m = 2). This is also
the default value used in the implementation of MIDER for computation reasons.

4. Finally, the directions of the inferred links are assigned using transfer entropy, TX→Y, which is
a non-symmetric measure of causality [39]. Here, for every predicted link, MIDER calculates two
transfer entropies (i.e., TX→Y and TY→X) and assigns the causality in the direction corresponding
to the maximum of the two.

MIDER also requires the initialisation of different parameter values prior to its execution. For our
experiments, we have used the default parameter values used in the original implementation of MIDER.
Unlike many other gene inference methods (such as ARACNE [7], MRNET [8], and CLR [3]), MIDER
also infers the directionality of the interaction. It uses the concept of transfer entropy to identify
the direction of the link. However, in some cases, the algorithm may not be able to accurately predict
the directionality for a number of reasons, including the algorithm’s inability to compute the transfer
entropies when the number of samples are small. Furthermore, Villaverde et al. [2] have only evaluated
their framework on undirected networks (or ignored the direction of the networks). In our work,
instead of using transfer entropies to determine the direction of an interaction, we make use of
the mutual information and conditional entropies computed in the 2nd and 3rd steps of the algorithm.
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4.4. System Wide Analysis of GRN

To analyse and computationally validate the GRNs, produced by applying PLSNET and MIDER
to the gene expression profile data, we apply the computational framework developed by Kotiang and
Eslami [19]. This framework takes as an input a GRN and uses the popular Loopy Belief Propagation
(or sum-product message passing) algorithm [18] to predict the gene’s states. The following steps
are performed.

1. The first step is to convert the Bayesian gene network into an equivalent factor graph. A factor
graphs is a bipartite graph with two types of nodes, i.e., a variable node that denotes each random
variable and a factor node that denotes a local function.

2. The next step is to discretise the data. For a GRN, this is considered an integral part of the model
and is usually performed for computational efficiency. Without discretisation, a large amount
of data is required to accurately learn the regulatory relations [40]. Furthermore, discretisation
helps reduce noise in the continuous variables [40]. In the framework developed by Kotiang and
Eslami [19], this step is done by using a Gaussian mixture model with different (at least two)
quantisation levels.

3. To approximate the marginal posterior distributions across all genes, the loopy-belief propagation
(LBP) algorithm is applied. LBP is a popular message passing algorithm that can be used to
infer probabilities in a loopy graph. It is an iterative procedure that minimises the Bethe free
energy [18] and achieves a good approximation if the solution converges in fixed number of
iterations [41].

4. Finally, the predicted marginals are compared with node proportions to estimate the performance
of the inferred GRN.

Identifying an optimal discretisation is a NP-Complete problem [42]. Kotiang and Eslami [19]
have suggested to use two or three levels of quantisations. In this work, since the sample size is very
small compared to the number of genes, we have used only two levels of quantisation. Furthermore,
in all our cases, the LBP converges in very few iterations (less than 100) which suggests that the inferred
GRN achieves good approximation to the gene expression profile.

4.5. Ensemble Approach

In order to infer the structure of a GRN with higher accuracy, here we propose an ensemble-based
model that combines the output of PLSNET and MIDER. We have empirically demonstrated that our
proposed ensemble-based approach not only successfully outputs a GRN that can be computationally
validated, but it also identifies the potential key regulators within the data. The approach first applies
PLSNET with different threshold values and identifies the key regulators in the network. Next, MIDER
is applied to infer the GRN structure. This GRN is further refined by removing all the false-positive
edges identified by PLSNET. The final network is validated using the framework developed by Kotiang
and Eslami [19] that uses the LBP [18] algorithm to predict the gene’s states. All the codes were
implemented in MATLAB (v. R2020b).

4.6. Biological Investigation

GRNs from the PDAC and IBD datasets were further interrogated using available biomedical
databases as well as background biomedical knowledge. To investigate the biological function of
identified GRNs, gene set enrichment analyses were performed using the Gprofiler software suite
on 24 September 2020, using default unordered query settings with H. Sapiens selected as species
and correcting for multiple testing by the Benjamini-Hochberg method [43,44]. Additionally, genes
from each GRN were compared to predicted protein–protein interaction networks from the STRINGdb
database, version 10 using default settings [45]. Genes belonging to each GRN were also submitted to
functional network analysis with the ReactomeFI-Viz plugin v. 7.2.3 in Cytoscape v. 3.9 [46,47].
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PLSNET Partial Least Square based Network
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23. Leníček, M.; Ďuricová, D.; Hradsky, O.; Dušátková, P.; Jirásková, A.; Lukáš, M.; Nachtigal, P.; Vítek, L. The Relationship
Between Serum Bilirubin and Crohn’s Disease. Inflamm. Bowel Dis. 2014, 20, 481–487. [CrossRef] [PubMed]

24. TWeismüller, J.; Zhou, T.; Kalthoff, S.; Lenzen, H.; Manns, M.P.; Strassburg, C.P. Genetic variants of
UDP-glucuronosyltransferase 1A genes are associated with disease presentation and outcome in primary
sclerosing cholangitis. Liver Int. 2020, 40, 1645–1654. [CrossRef]

25. Gabitova-Cornell, L.; Surumbayeva, A.; Peri, S.; Franco-Barraza, J.; Restifo, D.; Weitz, N.; Ogier, C.;
Goldman, A.R.; Hartman, T.R.; Francescone, R.; et al. Cholesterol Pathway Inhibition Induces TGF-β
Signaling to Promote Basal Differentiation in Pancreatic Cancer. Cancer Cell 2020. [CrossRef]

26. Tan, M.; de Muckadell, O.B.S.; Joergensen, M.T. Gene Expression Network Analysis of Precursor Lesions
in Familial Pancreatic Cancer. J. Pancreat. Cancer 2020, 6, 73–84. [CrossRef]

27. Simpson, R.E.; Yip-Schneider, M.T.; Wu, H.; Fan, H.; Liu, Z.; Korc, M.; Zhang, J.; Schmidt, C.M. Circulating
Thrombospondin-2 enhances prediction of malignant intraductal papillary mucinous neoplasm. Am. J. Surg.
2019, 217, 425–428. [CrossRef]

28. Le Large, T.Y.; Meijer, L.L.; Paleckyte, R.; Boyd, L.N.; Kok, B.; Wurdinger, T.; Schelfhorst, T.; Piersma, S.R.;
Pham, T.V.; van Grieken, N.C.; et al. Combined Expression of Plasma Thrombospondin-2 and CA19-9 for
Diagnosis of Pancreatic Cancer and Distal Cholangiocarcinoma: A Proteome Approach. Oncologist 2020, 25,
e634–e643. [CrossRef]

http://dx.doi.org/10.1155/2007/79879
http://dx.doi.org/10.1118/1.1418724
http://dx.doi.org/10.1142/S0219720005001004
http://dx.doi.org/10.1186/1752-0509-6-145
http://dx.doi.org/10.1214/009053604000000067
http://dx.doi.org/10.1371/journal.pone.0092709
http://dx.doi.org/10.1186/s12859-016-1398-6
http://www.ncbi.nlm.nih.gov/pubmed/28031031
http://dx.doi.org/10.1093/ecco-jcc/jjaa021
http://www.ncbi.nlm.nih.gov/pubmed/32016358
http://dx.doi.org/10.1186/s13073-016-0282-3
http://dx.doi.org/10.1182/blood-2008-10-187203
http://dx.doi.org/10.1109/TIT.2005.850085
http://dx.doi.org/10.1093/bioinformatics/btaa122
http://dx.doi.org/10.1038/ng.2653
http://dx.doi.org/10.1016/j.crohns.2011.11.010
http://www.ncbi.nlm.nih.gov/pubmed/22398043
http://dx.doi.org/10.1016/j.xphs.2018.09.024
http://www.ncbi.nlm.nih.gov/pubmed/30267783
http://dx.doi.org/10.1097/01.MIB.0000440817.84251.98
http://www.ncbi.nlm.nih.gov/pubmed/24407487
http://dx.doi.org/10.1111/liv.14487
http://dx.doi.org/10.1016/j.ccell.2020.08.015
http://dx.doi.org/10.1089/pancan.2020.0007
http://dx.doi.org/10.1016/j.amjsurg.2018.08.026
http://dx.doi.org/10.1634/theoncologist.2019-0680


Int. J. Mol. Sci. 2020, 21, 7886 21 of 21

29. Bausch, D.; Fritz, S.; Bolm, L.; Wellner, U.F.; Fernandez-del-Castillo, C.; Warshaw, A.L.; Thayer, S.P.; Liss, A.S.
Hedgehog signaling promotes angiogenesis directly and indirectly in pancreatic cancer. Angiogenesis 2020,
23, 479–492. [CrossRef]

30. Wang, W.; Xing, H.; Huang, C.; Pan, H.; Li, D. Identification of pancreatic cancer type related factors by
Weighted Gene Co-Expression Network Analysis. Med. Oncol. 2020, 37, 33. [CrossRef]

31. Pospisil, P.; Korideck, H.; Wang, K.; Yang, Y.; Iyer, L.K.; Kassis, A.I. Computational and Biological Evaluation of
Quinazolinone Prodrug for Targeting Pancreatic Cancer. Chem. Biol. Drug Des. 2012, 79, 926–934. [CrossRef]

32. Lyu, Y.; Cheng, Y.; Wang, B.; Chen, L.; Zhao, S. Sulfatase 1 expression in pancreatic cancer and its correlation with
clinicopathological features and postoperative prognosis. Cancer Biomark. 2018, 22, 701–707. [CrossRef] [PubMed]

33. Gill, R.M.S.; Michael, A.; Westley, L.; Kocher, H.M.; Murphy, J.I.; Dhoot, G.K. SULF1/SULF2 splice variants differentially
regulate pancreatic tumour growth progression. Exp. Cell Res. 2014, 324, 157–171. [CrossRef] [PubMed]

34. Bravo-Merodio, L.; Williams, J.A.; Gkoutos, G.V.; Acharjee, A. Omics biomarker identification pipeline for
translational medicine. J. Transl. Med. 2019, 17, 155. [CrossRef]

35. Tibshirani, R. Regression Shrinkage and Selection via the Lasso. J. R. Stat. Soc. Ser. B 1996, 58, 267–288. [CrossRef]
36. Zou, H.; Hastie, T. Regularization and Variable Selection via the Elastic Net. J. R. Stat. Soc. Ser. B 2005, 67,

301–320. [CrossRef]
37. Marbach, D.; Schaffter, T.; Mattiussi, C.; Floreano, D. Generating Realistic In Silico Gene Networks for

Performance Assessment of Reverse Engineering Methods. J. Comput. Biol. 2009, 16, 229–239. [CrossRef]
38. Samoilov, M.; Arkin, A.; Ross, J. On the deduction of chemical reaction pathways from measurements of

time series of concentrations. Chaos An Interdiscip. J. Nonlinear Sci. 2001, 11, 108–114. [CrossRef]
39. Schreiber, T. Measuring Information Transfer. Phys. Rev. Lett. 2000, 85, 461–464. [CrossRef]
40. Gallo, C.A.; Cecchini, R.L.; Carballido, J.A.; Micheletto, S.; Ponzoni, I. Discretization of gene expression data

revised. Brief. Bioinform. 2016, 17, 758–770. [CrossRef]
41. Murphy, K.P.; Weiss, Y.; Jordan, M.I. Loopy Belief Propagation for Approximate Inference: An Empirical

Study. arXiv, 2013; arXiv:abs/1301.6725.
42. Chlebus, B.S.; Nguyen, S.H. On Finding Optimal Discretizations for Two Attributes. In Rough Sets and

Current Trends in Computing; Springer: Berlin/Heidelberg, Germany, 1998; pp. 537–544.
43. Raudvere, U.; Kolberg, L.; Kuzmin, I.; Arak, T.; Adler, P.; Peterson, H.; Vilo, J. g:Profiler: A web server for

functional enrichment analysis and conversions of gene lists (2019 update). Nucleic Acids Res. 2019, 47,
W191–W198. [CrossRef] [PubMed]

44. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to
Multiple Testing. J. R. Stat. Soc. Ser. B 1995, 57, 289–300. [CrossRef]

45. Szklarczyk, D.; Franceschini, A.; Wyder, S.; Forslund, K.; Heller, D.; Huerta-Cepas, J.; Simonovic, M.; Roth, A.;
Santos, A.; Tsafou, K.; et al. STRING v10: Protein–protein interaction networks, integrated over the tree of
life. Nucleic Acids Res. 2015, 43, D447–D452. [CrossRef] [PubMed]

46. Jassal, B.; Matthews, L.; Viteri, G.; Gong, C.; Lorente, P.; Fabregat, A.; Sidiropoulos, K.; Cook, J.; Gillespie, M.;
Haw, R.; et al. The reactome pathway knowledgebase. Nucleic Acids Res. 2020, 48, D498–D503. [CrossRef]

47. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T.
Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res.
2003, 13, 2498–2504. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10456-020-09725-x
http://dx.doi.org/10.1007/s12032-020-1339-0
http://dx.doi.org/10.1111/j.1747-0285.2012.01350.x
http://dx.doi.org/10.3233/CBM-181210
http://www.ncbi.nlm.nih.gov/pubmed/29843217
http://dx.doi.org/10.1016/j.yexcr.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24726914
http://dx.doi.org/10.1186/s12967-019-1912-5
http://dx.doi.org/10.1111/j.2517-6161.1996.tb02080.x
http://dx.doi.org/10.1111/j.1467-9868.2005.00503.x
http://dx.doi.org/10.1089/cmb.2008.09TT
http://dx.doi.org/10.1063/1.1336499
http://dx.doi.org/10.1103/PhysRevLett.85.461
http://dx.doi.org/10.1093/bib/bbv074
http://dx.doi.org/10.1093/nar/gkz369
http://www.ncbi.nlm.nih.gov/pubmed/31066453
http://dx.doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://dx.doi.org/10.1093/nar/gku1003
http://www.ncbi.nlm.nih.gov/pubmed/25352553
http://dx.doi.org/10.1093/nar/gkz1031
http://dx.doi.org/10.1101/gr.1239303
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Inflammatory Bowel Disease 
	Pancreatic Ductal Adenocarcinoma 
	Acute Myeloid Leukaemia 
	DREAM 
	External Biological Validation 

	Discussion 
	Materials and Methods 
	Datasets and Gene Selection 
	PLSNET 
	MIDER 
	System Wide Analysis of GRN 
	Ensemble Approach 
	Biological Investigation 

	References

