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Methods for multi-omic data
integration in cancer research
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Multi-omics data integration is a term that refers to the process of combining and
analyzing data from different omic experimental sources, such as genomics,
transcriptomics, methylation assays, and microRNA sequencing, among others.
Such data integration approaches have the potential to provide a more
comprehensive functional understanding of biological systems and has
numerous applications in areas such as disease diagnosis, prognosis and
therapy. However, quantitative integration of multi-omic data is a complex
task that requires the use of highly specialized methods and approaches.
Here, we discuss a number of data integration methods that have been
developed with multi-omics data in view, including statistical methods,
machine learning approaches, and network-based approaches. We also
discuss the challenges and limitations of such methods and provide examples
of their applications in the literature. Overall, this review aims to provide an
overview of the current state of the field and highlight potential directions for
future research.
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1 Multi-omic integration

Multi-omics integration is a series of methods and techniques aimed at the joint
interpretation of different omics which has been made possible by the accumulation of
measurements obtained with different high-throughput technologies and their deposit in
databases - especially public ones -. In the most ambitious studies, reserachers even talk of
pan-omics, the simultaneous measuring of a biological systems with all the omic
technologies available. Current multi-omic approaches, often involve large amounts of
measurements, with different units and dynamic ranges, and not necessarily synchronous.
Hence, multi-omics constitute a complex perspective that demands its own statistical tools.
It is thus an approach that has had a long gestation period, during which it was necessary to
standardize high-performance technologies, achieve a minimum number of samples
required to meet statistical requirements, and adjust computational tools to new
objectives. This article will address the computational tools that have been developed,
as they constitute both precedents and methods of interest. Although the main focus will be
on applications of multi-omic integration to build semi-mechanistic models of regulatory
programs in cancer, most of what we will discuss is indeed applicable to other instances such
as the study of other chronic and infectious diseases, and even in agricultural or
ecological studies.

Multi-omic integration is thus a relevant topic that has been generating a lot of interest
in recent times. One comprehensive example of how the ideas behind systematic integration
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approaches to this problem have been established can be found in
the work by Wu and collaborators Wu et al. (2019) which discusses
the integration of multi-level omics data through the use of variable
selection methods. The focus is on addressing the challenges and
methodologies associated with integrating diverse types of omics
data,
metabolomics, to provide comprehensive insights into biological

such as genomics, transcriptomics, proteomics, and
systems. This comprehensive review highlights the importance of
integrating multi-omics data to understand complex biological
phenomena and improve the precision of disease diagnosis and
treatment. It outlines several approaches for data integration,
emphasizing the significance of variable selection techniques in
handling high-dimensional data and identifying relevant
biomarkers.

The authors also discuss different variable selection methods,
including LASSO (Least Absolute Shrinkage and Selection
Operator), elastic net, and other regularization techniques, that
are commonly used to manage the complexity of multi-omics
data. These methods help in reducing the dimensionality of the
data by selecting the most informative variables while discarding the
less relevant ones. They also addresses the limitations of current
variable selection methods, such as their sensitivity to data
heterogeneity and potential for producing false findings. It
that

leveraging network-based approaches can improve the accuracy

suggests integrating robust statistical techniques and
and reliability of the findings thus providing a comprehensive
overview of the current state of multi-level omics data integration
using variable selection methods and offers insights into future
research directions to enhance the integration process. This
work is indeed an authoritative source on the issues discussed,
strongly founded on statistical thinking with a view on clinical

applications.

1.1 Generalities of computational integration

The promise of multi-omics integration is hence to provide a
more complete perspective of complex biosystems such as cancer by
considering different functional levels, rather than focusing on a
single aspect of this heterogeneous phenomenon. Specifically, three
objectives have been mentioned:

e discover molecular mechanisms, as well as their association
with phenotypes;

e group samples or improve the characterization of
known groups, and;

e predict phenotypes (Kristensen et al, 2014; Bersanelli

et al., 2016a).

The last two objectives can be ordered in a successive manner,
first we find samples that are grouped, then we predict what will
happen with the new samples that are integrated into the groups. A
byproduct of such a succession would be the identification of
biomarkers, which allow the recognition of a sample’s belonging
to a group. These two objectives also match known statistical
learning problems, such as clustering, classification, and
regression. On the other hand, the discovery of molecular

mechanisms, which ideally would follow the identification of
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markers, relies on network inference, and largely requires the
generation of validation data.

Using different names, multi-omics integration has been divided
according to the moment of integration and the object to be
integrated (see Figure 1A). It is called vertical integration or
N-integration (Figure 1B) when different omics are incorporated
referred to the same samples, that is, the use of concurrent
observations of different functional levels. This is the type of
integration that this work aspires to. On the other hand,
horizontal integration or P-integration (Figure 1C) adds studies
of the same molecular level, made on different subjects, to increase
the sample size (Ulfenborg, 2019; Rohart et al., 2017).

Additionally, early and late integration are discussed according
to the time of execution. Early integration refers to the concatenation
of measurements obtained with different omics from the beginning,
before any classification or regression analysis, which disregards
heterogeneity between platforms. On the other hand, late integration
combines multiple predictive models, obtained separately for each
omics, ignoring interactions between levels and the possibility of
synergy or antagonism (Rohart et al., 2017); this is the first type of
multi-omics integration that occurred and despite delivering
extremely useful results, it has progressively been abandoned for
other approaches. Although less discussed, an intermediate
approach has also been proposed, in which a single set of data is
modeled after transforming the omics through separate analysis,
which respects the diversity of platforms, without necessarily
capturing interactions between functional levels (Kim et al., 2014).

In addition to the compatibility problem between platforms,
multi-omics integration faces challenges in terms of noise, which
increases with the number of variables contributed by each omics; to
dimensionality, since the number of variables always exceeds the
sample size, and to the interpretability of the final model, which
becomes more difficult as more variables are added (Kristensen
et al,, 2014; Tini, 2017). To resolve the compatibility issue, different
normalizations are used, after independent pre-processing and
according to the requirements of each platform. The
method
standardization of the concatenated data, that is, bringing all

normalization required by most tools is the
values to a mean of zero and variance of one, regardless of the
omics of origin. When the number of variables and noise differs
between platforms, the normalization of matrix factorization
analysis (MFA) is recommended, which divides the data block of
each omics by the square root of the first eigenvalue, in this way, all
platforms have the same weight in the analysis. To prevent the
largest block from dominating the analysis, it has also been used to
divide each block by the square root of the number of variables or the
total variance (Garali et al., 2018; Lock et al., 2013) and an algorithm
has even been proposed to detect the optimal normalization method
(Ciucci et al., 2017).

The problems of dimensionality and interpretability can be
faced at the same time with the application of concise
multivariate methods. Multivariate methods simultaneously study
multiple variables, being part of early integration. To make them
concise, a penalty is added to the fitting function, which contracts
the coefficients so that some variables end up with a zero coefficient
and leave the model, improving its interpretability, while at the same
time allowing adjustment despite excess dimensions. These methods
also use the decomposition of data matrices, in particular singular
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AR T

Data integration involves combining diverse types of
biological data, such as genomics, transcriptomics,
proteomics, and metabolomics, to create a
comprehensive view of the molecular mechanisms
underlying biological processes or diseases.
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Effective integration of these data types can lead to a
deeper understanding of biological systems and
improve personalized medicine strategies, particularly
in fields like cancer research

FIGURE 1

v

Columns represent
vertical or N-integration

(A) Overview of data integration. (B) Vertical or N (also called subject-based) integration is represented by columns in which every subject (sample,
patient, etc.) has integrated information for different omic technologies. (C) Horizontal or P (also called omic-based) integration is represented by
columns in which every omic technology (DNA sequencing, RNASeq, Methylation, ATAC-Seq, Hi-C-seq, etc.) is measured in many (ideally all) subjects.

(Figure created with BioRender.com).

value decomposition (James et al., 2013), producing well-founded,
fast statistical tools, and, as described below, ready for application to
questions in complex phenotypes such as cancer.

In turn, network construction displays interactions between
pairs of entities, normally without restriction as to their origin,
allowing the integration of any set of omics. The focus on a subset of
interpretable interactions is made, either by using a priori known
functional networks such as metabolic or signaling pathways or by
using significance or connectivity thresholds. In this case, the
problem of excess variables with respect to the sample size
largely depends on the inference method, although tools have
been proposed to identify the optimal sample size according to
the acceptable classification error (Tarazona et al., 2020).

2 Data integration classification

Data integration methods are the technical means by which data
from different sources is combined into a single unified dataset,
often for analytical reasons. There are several different classes of data
integration methods that can be used to facilitate data integration,
including extract, transform, and load (ETL) processes, data
virtualization, data federation, and other methods. Each of these
methods offers distinct advantages and disadvantages in terms of
cost, scalability, and speed, so it is important to understand the
differences between them in order to select the best method for a
given data integration project. Particularly relevant to the discussion
on the integration of multi-omics is the fact that multi-omic data
often comes from high-throughput experimental sources with
different -often disparate- assumptions, dynamic ranges and
noise levels. Also, statistical approaches to integration must take
into account -albeit often in an incomplete way- the biology behind
the different omic sources and their relationships and the fact that,
for obvious reasons, the different features are often interdendent. In
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what follows, we will discuss the different classes of data integration
methods and their relative strengths and weaknesses (see Figures
2, 3).

2.1 Late integration

The cluster-of-clusters (CoCA) analysis is perhaps the late
integration method that has had the most impact, being the base
tool of The Cancer Genome Atlas (TCGA), one of the largest
collection of standardized multi-omics data in contemprary
biomedicine (Network et al, 2012). It is a consensus clustering
algorithm based on the groups identified separately in each omics.
Although it was introduced for breast cancer data (Network et al.,
2012), later on, a decision tree was chosen to group, for instance,
gynecological tumors (Berger et al., 2018), as CoCA grouped them
by type of cancer. Although it disregards the relationship between
omics, this tool identified patterns that allow for speculation about
the effect one omics has on the other. For example, it was in Berger
et al. (2018) that the coincidence between the basal subtype, the
highest DNA hypomethylation and high genomic instability was
described, which could very well be the result of altered transposon
methylation, but proving it requires more data.

Leaving aside clustering algorithms, ActivePathways adds
gene significance from different omics analyses and performs a
functional enrichment analysis, both for the integrated list and
for separate significances, thus determining which enrichment
depends on which evidence. When applied to copy number
variants (CNVs) and gene expression data from the
METABRIC collaboration (Curtis et al., 2012), Paczkowska
able
enrichment depends on data integration, such as the negative

and coworkers were to identify pathways whose

regulation of apoptotic processes in the enriched Her2 subtype,
and suggest markers (Paczkowska et al., 2020).
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Early integration is carried out by concatenating the different omic datasets prior to any data analysis. (Figure created with BioRender.com).

As it can be seen, late integration tools take independent results
and do not consider relationships between omics, without this in any
way preventing the satisfaction of classification or functional
enrichment goals (for use cases, pros and cons of these methods
see Supplementary Table S1). Strictly speaking, the only goal of
multi-omic integration that demands early integration is that of
discovering multi-omic molecular mechanisms. Even so, there are
examples of early integration for all kinds of purposes.

2.2 Early integration

In contrast to adding independent results, concatenating the
data from the beginning allows for observing joint effects. However,
concatenation also produces very large data matrices, which
generally require dimensionality reduction strategies for their
analysis. Dimensionality reduction consists of constructing a
reduced set, g, of new variables, through linear combination of
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the original variables, p. The new variables are called principal axes,
eigenvectors or variables, components or latent factors and are
formed by p coefficients (loadings), with at least one value
different from zero. There is no standard way of choosing the
size of g, but it is usually chosen according to the point where
the variance explained by each latent factor stabilizes. To find these
latent components, we seek to maximize the variance that each one
represents, but maintaining orthogonality between them, that is,
capturing the greatest amount of different information (Meng
et al., 2016).

The most common dimensionality reduction strategy is
principal component analysis (PCA), to represent complex data in
the plane. Although there are as many flavors as data qualities, such
as correspondence analysis, non-negative matrix factorization
(NME), canonical correlation analysis (CCA), partial least squares
regression (PLS), or co-inertia analysis (CIA) (Meng et al.,, 2016).
Multiple factor analysis (MFA) was built on PCA, especially useful
for multi-omic integration, by considering the structure of the data,
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Late integration is carried out by analyzing each omic datasets separately to later integrate the different results. (Figure created with BioRender.com).

normalizing each block of variables (omics) with its first eigenvalue
and then obtaining the principal components of the complete
concatenated matrix. MFA normalization tries to give all omics a
weight in the results relative to their variance - and not their size -
and solves the problem of early integration with heterogeneity
between platforms (De Tayrac et al., 2009).

Multi-omics Gene Set Analysis, MOGSA 1is a functional
enrichment tool specifically designed for single cell data, but
which exemplifies very well what is pursued with early
integration. To estimate enrichment, MOGSA projects target sets
onto the MFA axes, generating an enrichment value for each one. A
high enrichment value implies variables that explain a large
proportion of global information, from one or several blocks of
data, but always discarding exclusive effects of one block, such as the
batch effect associated with a platform. In this way it is possible to

Frontiers in Genetics

05

find functional enrichment over disparate omics, without mapping
the different variables to the same genes, as would be necessary for
the aforementioned ActivePathways. Nor is it necessary to have
significance values per omics, eliminating the comparison between
groups that would require a differential expression analysis. In this
case, only the membership of each variable, of each block, in the
target sets is needed. In addition, the decomposition allows
excluding factors that are not of
interpretability (Meng et al., 2019).
Another tool that starts from PCA is Joint and Individual
Variation Explained (JIVE), which decomposes the concatenated

interest, improving

matrix into submatrices - of lower rank - of shared variance,

individual variance, and noise. In addition to reducing
dimensionality, JIVE allows for the visual exploration of the

shared variance matrix and from that, the identification of
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potential biomarkers (O’Connell and Lock, 2016). When analyzing
miRNA and transcript expression data from glioblastoma, JIVE
finds more individual variance than shared variance between the
omics, and more in transcript data than in miRNA data. In turn, the
shared structure recovers more variance from miRNAs than from
transcripts. Since the structures are orthogonal, the information in
the shared variance matrix, where cancer subtypes can be
appreciated, is not related to the individual matrices. Since
originally the subtypes were identified by grouping gene
expression, the weight of miRNAs was an unexpected result. By
examining the coefficients on the shared structure, the authors were
able to identify both transcripts and miRNAs with roles in the
disease (Lock et al., 2013).

In addition to functional enrichment and the search for shared
structures, matrix decomposition can be used to group tumors, as
Cantini and collaborators did with different tools, with different
assumptions. Working with simulated data, intNMF and iCluster
identified the best groupings, with iCluster being worse, but allowing
all types of data and distributions, without the restriction of negative
values of NMF, and finding a common latent component between
omics (Shen et al., 2009). Working with data from TCGA, MCIA,
generalized canonical correlation analysis RGCCA and JIVE are the
best for finding factors associated with clinical characteristics or
biological functions. The RGCCA, which considers different and
non-shared latent factors per omics, performs best on breast cancer
data. It is suggested that this identification of latent factors per omics
not only allows finding shared biological processes, but also
processes that are complementary between data blocks (Cantini
et al,, 2021).

RGCCA has also been used to identify metabolites with potential
as markers for hepatic cancer or cirrhotic tissues. Multi-Omic
inTegrative Analysis (MOTA) is a tool that uses RGCCA to
efficiently estimate the correlation between elements of different
omics. On the premise that phenotypes not only diverge in the
abundance of molecules, but also in the way they are connected,
MOTA estimates differential correlations with RGCCA results and
only connects pairs of elements with values above a pre-specified
threshold. In this way, MOTA produces a lean network and a score
per node. This score reflects both the connectivity of the node and its
differential expression, and facilitates the selection of nodes of
interest among those with the highest score. In their comparison
of hepatic tumors and cirrhotic tissues, the authors find that the top
30 transcripts with the best score are enriched in cancer genes and
processes related to hepatic cancer, which does not happen with
other equivalent tools (Fan et al., 2020). Thus, the identification of
possible markers is added to the list of objectives achieved with early
integration techniques.

RGCCA is generalized by the ability to analyze more than two
blocks of variables simultaneously and is regularized by including a
penalty on the coefficients (Tenenhaus et al., 2014). This is not a lean
method because the penalty it uses, known as ridge, does not set any
coefficient to zero, but simply brings it closer to this value. This
penalty reduces the variance of the fit and produces coefficients
whose absolute value is used to discern the most relevant variables in
the components. However, the cut-off point on the most relevant is
always arbitrary. Instead, LASSO and ENET penalties overcome this
difficulty by contracting some coefficients to zero, in lean methods
that result in the automatic selection of variables as we will discuss
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later (James et al., 2013). Further information on use cases, pros and

cons of early integration methods, can be found in

Supplementary Table S2.

3 Data integration approaches

The vast majority of multi-omic integration approaches are
founded upon statistical modeling, classification and feature
selection methods. In this section we will present some of the
most successful algorithms to reduce dimensionality and extract
relevant information allowing for integrated models in multi-omics.

3.1 LASSO and related approaches

3.1.1 LASSO

The Least Absolute Shrinkage and Selection Operator (LASSO) is
a type of regularization technique used for regression models, aimed
at both improving prediction accuracy and interpretability. Such
regularization adds a penalty to the regression coefficients
proportional to their absolute values. This has the effect of
shrinking some coefficients to zero, effectively performing
variable selection. For this reason, LASSO is widely used to
handle overfitting in models with many predictors and to
identify a subset of predictors that have the most significant
impact on the response variable.

LASSO penalty has been added to various
methodologies, resulting in the concise (i.e., sparse) versions of
analyses such as PCA, JIVE, PLS, and RGCCA. Its ability to select
variables has been exploited to suggest possible regulators of gene

statistical

expression, biomarkers, and, as desired here, to propose
relationships between different functional levels. Let us examin
this in more detail.

The difference between the LASSO and ridge penalties is the
object on which they work. While the ridge penalty scales the I,
norm of the coefficient vector, LASSO transforms the I; norm, using
the same A parameter with values between 0 and 1 that is chosen by
cross-validation (CV). The difference between these norms is a
power, as the [; norm of a vector is defined as the sum of the absolute
values, while the I, norm involves the sum of the squares (James
et al., 2013). Outside of this small difference in definition, the
mentioned statistical analysis methods remain largely unchanged
in terms of goals and assumptions.

Without necessarily using partial least squares fitting, regression
analysis with LASSO penalty has achieved the previously ignored
goal of identifying potential regulatory elements. An example is the
use of miRDriver to suggest miRNAs that extend the effect of a copy
number alteration to their trans targets. Using the TCGA breast
cancer data, it can be seen that miRDriver tends to select miRNAs
related to cancer and with prognostic value, such as miR-1224, miR-
31, let-7 g, and let-7b (Bose and Bozdag, 2019). Another example is
the asymmetric integration of DNA methylation, CNVs, miRNAs,
and TF binding sites with differentially expressed genes in breast
cancer subtypes. Comparing the prediction capacity of the omics
separately and together, the integrated models had better
performance, with a increase  when

significant adding

methylation data. Although there are shared regulators among
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the four subtypes, including E2F1 and CITED2, the possible
rather the
stratification capacity of a transcriptional signature with basal

regulatory mechanism is not developed, but
subtype regulators is proven (Huang et al., 2019).

Going further, possible regulatory mechanisms have been
proposed based on this type of regression. Setty et al. modeled
differential expression between glioblastomas and normal tissue,
with a LASSO regression that integrates promoter methylation and
average copy number, with the count of TFs and miRNAs that can
bind to the regulatory region. The copy number was selected by the
LASSO in all cases, while the methylation coefficients were always
kept as large negative values. The variability of the coefficients
corresponding to miRNAs can be explained by a low correlation
with the expression of the target gene, due to the simultaneous
action of other regulators or, as has been suggested before, because
miRNAs only modestly affect gene expression. When the key
predictors were searched by subtype and gene, using a
dependency analysis, it was observed that REST, a repressor of
neuronal genes in non-neuronal cells, is key in the different
subtypes. Although the interactions shown there come from the
literature, the regulatory model depends on the selection of REST
and miR-124 in the regressions of all subtypes, and the selection of
YY1 and miR-132 in one of them (Setty et al.,, 2012).

Similarly, Li et al. integrated CNVs, methylation, and
microRNAs to predict ovarian cancer data from TCGA. The
decomposition of the matrices yields factors of, on average,
45 CNV loci, 43 CpG sites, 5 miRNAs, and 44 genes. While the
correlation between CNV events and expression levels remains
positive, the correlation with methylation varies. When deriving
correlation networks from the co-selected elements, the authors
emphasize that the elements would remain isolated if it were not for
the integration. Although these networks do not necessarily reflect
causal relationships, they can serve as a starting point for studying
the underlying mechanisms (Li et al., 2012).

Without focusing on any mechanism, integration has also been
used to build multi-omic networks, from which general conclusions
can be drawn regarding the importance of different functional levels
in cancer. Sohn et al. built networks of CpGs, miRNAs, and CNV's
with the coefficients of a predictive model of gene expression in
ovarian cancer. The integrated model predicts expression better than
single-omic models. Patterns of highly expressed genes have as their
preferred predictor the alteration in the number of copies; while
genes with greater variability are better explained with methylation,
which would indicate a dynamic effect of DNA methylation
regulation, which is increasingly supported by evidence
(Rossnerova et al., 2020). As for the networks, the network of the
integrated model has greater modularity and enriches for more
specific functions than single-omic networks. Edges with higher
weight (coefficient) tend to involve methylation sites and as the
weight decreases the proportion of CNVs increases, while miRNAs
remain stable (Sohn et al., 2013).

Although they only integrate data from DNA methylation and
breast cancer expression, Lee et al. built networks with the
coefficients of LASSO regression; implementing a weighted kernel
to share information between all samples, without failing to obtain
specific coefficients for each subtype. The use of the kernel improves
the predictions of genes linked to some subtype and especially to the
enrichment of Her2, which only has 16 samples. For each target
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gene, they only consider the CpG sites of the pathways in which the
gene participates and the model selects between 200 and 300 sites,
which form networks with 88.82% of the edges in common between
subtypes. The most connected CpGs participate in cancer
progression, as happens with LEP and FGFR3 in the luminal B
subtype. The best-predicted genes encode GTPases, transcription
factors, and DNA binding proteins. By adding the error rates of the
genes in a pathway, it is possible to estimate the impact of
methylation on the pathway, leaving in the top of prediction of
the four subtypes pathways of carbohydrate metabolism such as
glycolysis/gluconeogenesis, the pentose phosphate pathway and
fructose and mannose metabolism (Lee et al., 2017).

Finally, LASSO selection has also been used to filter potential
therapeutic targets from among multiple genomic elements. This
was possible by adjusting a streamlined multivariate Cox model of
ovarian cancer expression data, miRNAs, DNA methylation, and
The
156 elements and predicts progression-free survival better than

copy number alteration. resulting signature contains
larger signatures based on a single omics. The integrated
signature is enriched for genes involved in immune response and
metabolism. By ordering the elements of the signature by their
ability to stratify patients, it is possible to further filter the list of
potential biomarkers (Mankoo et al., 2011).

Although dimensional reduction alone may be sufficient to
predict phenotypes and group samples, LASSO penalization
facilitates the identification of potential regulators and the
construction of concise networks and, in doing so, opens the
possibility of fulfilling the early integration promise of
discovering multi-omic mechanisms. The major problem with
LASSO penalization is the instability of the selected variables.
This is an inherent problem and has a well-established palliative,
based on the frequency with which variables are selected in random
subsets of the data. Frequencies can be summarized with the Fleiss
score, which reflects concordance between subsets and takes larger
values as stability increases. You can also simply choose a cut-off
point on the selection frequency (Bose and Bozdag, 2019; Bravo-
Merodio et al., 2019), which however adds arbitrariness. Regardless
of the chosen strategy, highly correlated variables are more likely to
be selected in each subset (Lé Cao et al., 2011).

In addition, LASSO penalization has shown limitations when
there are groups of strongly correlated variables within the same
block, in which case LASSO tends to choose only one variable. In
situations where there are more samples than variables, ridge
penalization performs better. In situations where there are more
variables than samples, as is the case with omics, LASSO can only
select as many variables as there are samples. An ideal method
should eliminate trivial variables and include complete groups as
long as one of the variables is selected. With this in mind, an
intermediate penalization between ridge and LASSO, known as
elastic net, was proposed (Zou and Hastie, 2005).

3.1.2 ENET

Elastic net, ENET for short, combines the two penalties, ridge
and LASSO, to obtain a method that contracts the regression
coefficients to zero; but also filters complete groups of correlated
variables. Due to the selection of groups, elastic net selects more
variables than LASSO and often achieves more accurate predictions,
especially in the presence of collinearity.
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In its simplest derivation, elastic net penalty consists of the sum
of ridge and LASSO penalties, so it involves two parameters, A,
which acts on [, and A, to scale ;. To simplify, the A parameters are
replaced by an « value, which converts the penalty to:

Ay

— 2 . =
(1-a)p,| +alfl" <t;a Lk

This way, when the mixing parameter, a, is 1, the ENET becomes
the ridge penalty and when « is 0, it becomes the LASSO. Therefore,
the ENET exists between 0 and 1, although the evidence indicates
that the best performance is achieved with values very close to either
of the two extremes. Being a strictly convex function for any value
greater than 0, identical predictors receive the same coefficient,
which guarantees the grouping of strongly correlated variables. The
similarity with LASSO allows for efficient computation and its
application to solve both regression and classification problems
(Zou and Hastie, 2005).

Thus, the mixing parameter controls how sparse the model is
and is chosen by cross-validation (CV). As with the other penalties,
CV based on small data sets, smaller than 100 samples, produces
excess variance that can be problematic. Similarly, the values of
the coefficients have no relation to the original measures, which
makes their interpretation difficult (Kirpich et al., 2018). Finally, in
both penalties, the variables lack a measure of significance that
supports their selection (Pineda et al., 2015). The difference between
LASSO and ENET lies in an advantage of elastic nets when there is
an excess of relevant predictors or when there are groups of
correlated variables. Otherwise, when the models are highly
sparse, the performance
(Neto et al., 2014).

The superiority of the elastic net increases with the number of

of both penalties is equivalent

samples and the level of correlation; but it declines after a while
when the number of predictors increases (Neto et al, 2014).
Counterintuitively, false positives also increase with more
samples, fewer predictors, and higher correlation, which is
controlled by raising the value of a. It is on this basis that the
value of 0.5 for the mixing parameter is recommended, as it controls
the type I error and tends to filter out complete groups of correlated
variables (Kirpich et al., 2018).

Instead of choosing one penalty over the other, the use of both
has been proposed for the robust identification of markers. Based on
three cohorts with lipidomic data, horizontal integration with the
two penalties yields a marker and a classification of subjects based on
that marker, which surpasses differences between cohorts. Testing
the same combined scheme with data on pancreatic
adenocarcinoma expression and, separately, on myeloid leukemia,
the recovery of highly discriminatory genes is repeated, which, when
connected in a network of interactions, model the differences
between cancer and normal tissue (Bravo-Merodio et al., 2019).

In addition to joint use, Pineda and company proposed a
permutation strategy in order to evaluate the significance of the
selection. The two penalties were used to predict bladder cancer
expression from genetic variants, methylation, or a combination of
both omics. The result of LASSO is a selection of 9 genes
significantly explained by genetic variants, 19 by CpGs, and
23 by the combined model. Contrary to expectation, the selection
by the elastic net is smaller, with 11, 6 and 4 genes, respectively.

Although the intersection between penalties is small, it is taken as
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additional evidence of the model. Notably, the genes selected by both
LASSO and ENET achieve similar p-values (Pineda et al., 2015).

Another innovation is the adjustment of different penalties by
omics, which Liu et al. implement to classify samples of acute
myeloid leukemia and, independently, prostate adenocarcinoma,
based on the integration of gene expression and DNA methylation
data. The idea is that forcing uniform contraction over omics with
different sizes and different magnitude effects can unfairly punish
important but more subtle variables than the entire block of the
other omics. Then, the adjustment of different penalties addresses
the problem of early integration with compatibility between
platforms. Although this adds a parameter to adjust per omics,
which requires more computing time, it does not change the
underlying method, as the programming packages that contain
the elastic net, such as glmnet and caret, usually already include
this option. Thus, the authors fix « at 0.5 and optimize a A
contraction value and a x contraction radius, which ultimately
improve the model’s predictability. Simulated data indicate that
the greater the contrast in the number of variables between the
blocks, the greater the differential penalty should be, loading the
contraction of coefficients on the omics with more noise. AML
classification improves when the penalty affects the methylation data
less, as chromosomal aberrations cannot be identified only with
expression. On the other hand, prostate tumor classification does
not improve with differential penalty, but the optimal « is slightly
above one and selects an excess of transcripts, mostly already linked
to cancer (Liu et al., 2018).

Due to its origin, the elastic net shares difficulties with LASSO.
Namely, cross-validation parametrization, the interpretability of the
coefficients, and their lack of significance. Fortunately, each of these
issues has, if not complete, well-established solutions, such as the use
of alternative k-folds, leave-one-out, or bootstrapping in the case of
parameter choice or the obtaining of empirical values, as Pineda
et al. did (Pineda et al., 2015), to address the lack of significance
values. Although the coefficients are not comparable to the original
values of the omics, Huang and collaborators (Huang et al., 2019)
show how the coefficients reflect the strength of the association
between predictors and even give them a sign. As tools for early
integration, both multivariate sparse methods face differences
between platforms, either with normalizations that control the
weight of each omics (De Tayrac et al., 2009) or by varying the
penalty to which they are subjected, as Liu and coworkers
demonstrated (Liu et al., 2018).

Finally, by depending on dimensionality reduction methods,
they inherit the issues of matrix decomposition. Since latent
components are linear combinations of the original variables,
only relationships with an extended linear effect on different
predictors can be captured, when probably the effect of
alterations is not concentrated on a single factor (Rohart et al.,
2017; Vlachavas et al, 2021). Additionally, the number of
components limits the information captured. Although the first
components explain the majority of the variance and the last ones
would be linked with noise; cancer data encompasses tissue signals,
exposure to mutagens, treatment, and immune infiltration, among
others, which can increase the amount of necessary components.
Even more, the components of the sparse models, with most
coefficients at zero, explain a lower percentage of variance (Lé
Cao et al, 2008). When it comes to classifying samples, the
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convention is to recover K-1 components, where K represents the
number of classes (Lé Cao et al, 2011). However, when seeking
multi-omic mechanisms, there are no classes to guide us.

It has been suggested that dividing the data blocks into
functional pathways or sub-blocks can simplify the choice of the
number of components, by giving them a more direct interpretation
(Garali et al., 2018). Since both sparse methods end up in correlation
networks, it is also relevant to highlight that these networks fail to
distinguish between direct and indirect relationships, which could be
resolved by estimating the precision matrix (Fan et al, 2020).
Although the precision matrix is nothing but the inverse of the
covariance matrix, its acquisition is not a simple process when there
are co-linear blocks or more predictors than observations (Garali
et al,, 2018). Therefore, when implementing a sparse multivariate
model, it is necessary to weigh the aforementioned disadvantages
against the ability to integrate large amounts of variables without the
strict need for prior filtering (Pineda et al., 2015).

On the issue of how these methods are able to deal with the
complex, heterogeneous nature of cancer at the molecular scale it is
relevant to notice that under some circumstances LASSO, in
particular, may not be the best choice to accommodate cancer
related heterogeneity. ENET, on the other hand, may be more
robust. This is so since it combines the 11 penalty of LASSO and
the 12 penalty of Ridge Regression, allowing it to perform variable
selection (like LASSO) while also handling multicollinearity (like
Ridge Regression), this makes it more robust in situations where
there are groups of correlated predictors, as it can select entire
groups of correlated variables rather than just individual variables.
ENET will work in two ways under such circumstances:

1. The 11 component of Elastic Net encourages sparsity, meaning
it can select a subset of important predictors, which is useful in
heterogeneous data where some variables may be irrelevant.

2. The 12 component helps to stabilize the solution when

predictors are highly correlated, which is common in
heterogeneous data.

Heterogeneous data often have multicollinearity issues due to
the presence of similar or redundant features. The 12 penalty in
Elastic Net helps to mitigate these issues by shrinking correlated
predictors together rather than forcing the model to select only one
from a group. Hence ENET’s ability to select groups of correlated
variables makes it particularly useful for data with inherent group
structures or when predictors are naturally grouped together due to
the nature of the data. We have to consider however that Elastic Net
requires tuning two regularization parameters, A; and A,, which
control the balance between 11 and 12 penalties. Cross-validation is
typically needed to find the optimal values. For very large datasets
this may become computationally burdensome.

One also has to consider, however, that both LASSO and Elastic
Net can produce false findings when applied to multi-omics data
because these methods assume a uniform error distribution and may
struggle with long-tailed distributions or data contamination.
Additionally, they do not inherently account for the complex
correlations and network structures often present in multi-omics
data, leading to potential inaccuracies in identifying relevant
associations and in variable selection. Interestingly, to improve
upon this, Wu and collaborators Wu et al. (2018) developed a
robust approach to better address these challenges in the context of
joint copy number variant and gene expression concurrent data.
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In brief, the method proposed (termed Robust network-based
penalized estimation) consists in the following: 1) Using a partially
linear model with a nonlinear cis-acting CNV effect for each gene
expression (GE). 2) Developing a robust loss function to
accommodate the effects of long-tailed distributions and data
contamination. 3) With this penalization approach addressing
identifying CNVs.  4)
Introducing a network structure to account for correlations

high dimensionality and relevant

among CNVs, 5) Developing an effective computational
algorithm and rigorously establishing consistency properties. This
approach aimed to improve prediction accuracy, stability, and
More
information regarding integration approaches based on LASSO/

ENET can be found in Supplementary Table S3.

biological plausibility in multi-omics data analysis.

3.2 Canonical correlation analysis and partial
least squares

In the case of SGCCA-where the “S” stands for sparse-, the goal
of RGCCA to extract shared information between blocks of data is
maintained for each of them, that is, not a single shared structure is
obtained as with JIVE, but rather a latent component is generated for
each block. This block component summarizes the variance of its
own data while being correlated with other blocks. The correlated
blocks depend on a C parameter (more on this function below). In
addition to being regularized as sparse, SGCCA has as its main
characteristic the maximization of covariance. While RGCCA can
maximize covariance, correlation, or a compromise between the
two, SGCCA only optimizes covariance, prioritizing finding block
components that contain the highest possible variance and, as a
second priority, recovering correlation with neighboring
components.

Thus, SGCCA is defined with the optimization problem:

{ lwjll, = 1

mawaww]zakzlcjkg(cov(ijj, Xrwy)) s.t. lwill <s;

i=1...,]
Where:

Xiyenns X; = Data blocks
w; = Coefficient vectors
Xjw; = Block componentsg
= Convex continuous function allowing different optimization criteria such as :

- identity function which simply optimizes covariance

- Horstfunction, which penalizes negative correlation among blocks

- centroid function allowing negative correlations

C = Square matrix whose size is given by the number of blocks, values 1 and 0,

depending on whether the blocks are connected or not

sj = positive constant that determines penalization degree, thatis ~ how sparse is w

The (Tenenhaus et al., 2014; Garali et al., 2018) C matrix allows
for examining different relationships between functional levels. In
the original publication of SGCCA, three C designs were studied by
Tenenhaus and collaborators with respect to the relationship
between gene expression, chromosomal imbalance, and the
location or subtype of pediatric gliomas. The design with the
three blocks connected seeks simultaneous alterations of the two
functional levels with respect to the subtypes. When the connecting
point is location, the objective is the alterations associated with the
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subtypes, regardless of the relationship between expression and
imbalance. Finally, placing expression as the bridge between the
other two blocks speaks of imbalances that affect expression and in
turn affect the subtype. The second design had the best predictive
values, confirming that in that case the aim was to determine the
subtypes, although the expression block yields more discriminatory
information than the imbalance block. A smaller number of
to be
comparable methods and low sensitivity to the g function
(Tenenhaus et al., 2014).

Just as Principal Component Analysis (PCA) and Partial Least

variables are also reported selected compared to

Squares regression (PLS), can be derived as special cases of RGCCA
(Garali et al,, 2018), the sparse version of PLS, sPLS, is based on
SGCCA. There are however, some interesting differences between
these approaches: PLS is primarily used for regression and
classification tasks, especially when dealing with highly collinear
and high-dimensional data. PLS works by projecting the predictors
and the response variables into a new space and finding a linear
relationship in this projected space. It creates components (called
latent variables) that are linear combinations of the original
predictors, with the goal of maximizing the covariance between
the predictors and the response.

PCA aims to reduce the dimensionality of a dataset while
retaining as much variability (information) as possible. It works
by performing noise reduction by keeping only the components with
significant variance. For this reason, PCA is used for feature
extraction and preparation for other machine learning algorithms.

In contrast, the mixOmics package in R has implemented
instances of Tenenhaus’s SGCCA specifically designed for both
vertical integration and horizontal integration and, especially,
supervised extensions dedicated to classification and prediction.
In doing so, it strongly relies on the robustness of the Canonical
Correlation Analysis (CCA) family of methods. CCA is used to
understand the relationships between two sets of variables. It aims to
find linear combinations of variables in each set that are maximally
correlated with each other. It is particularly useful in multi-view data
analysis (the case of multi-omics), where two sets of variables (e.g.,
different data modalities) are measured on the same set of
observations.

For usability, mixOmics replaces the penalty parameter with the
number of elements to recover from each dimension and facilitates
its adjustment with functions taken directly from statistical research.
At the same time, the package captures measures of error and
stability of the selected variables, allowing for efficient visualization.
When examining its own tools, the authors report higher
discriminatory capacity of the subtypes of breast cancer in the
integration of transcriptome and proteome data compared to
using miRNA expression data, which, however, are strongly
correlated with the transcriptome (Gonzéilez et al.,, 2012; Rohart
et al., 2017; Singh et al., 2019).

The advantages of sPLS include greater stability with collinear
data - which is common in omics - compared to other types of
regression or even canonical correlation analysis (CCA) itself;
different of
penalization; orthogonality of latent factors within the same

explained variance similar between levels
block, but not of factors from different blocks - which arise from
the maximization of covariance - (Rohart et al., 2017); superior

performance to classification tools such as random forests and
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nearest centroids; and 4 different modes of decomposing the data
matrix, with different purposes. The regression mode, or PLS2, aims
to explain Y (e.g., dependent features) from X (independent
variables), so the decomposition is asymmetric and the obtained
latent factors will not be the same as when predicting X with Y. The
classic mode is identical to the regression mode and is also identified
as PLS2, but uses a different normalization, which produces different
Y coefficients. The canonical mode, on the other hand, is symmetric,
as its goal is to model the relationships between blocks, without
assuming a direction in them. As an exploratory mode, it cannot be
subjected to the same adjustment criteria as the supervised
the
asymmetric, as it does not decompose the response but rather

alternatives. Finally, invariant mode would also be
performs a redundancy analysis of X with respect to Y (Lé Cao
et al., 2008; Lé Cao et al., 2011).

Coupling mixOmics’s sPLS and MOGSA, Chapell and
colleagues do not suggest a possible multi-omic mechanism, but
rather a regulatory axis that would be desirable to intervene. By
integrating data from basal breast cancer cell lines, which include
DNA methylation, gene expression, protein expression,
phosphoproteomics, and histone modification, TGFB1, TGFBR2,
KLF6, KLF12, PIK3R3, VIM, NES, RASL11B, HOXC9, LAMB3,
PRKCD, PRKCE, and MELK were recovered in the first two latent
components. Upon further review, the authors find that TGFb
signaling differs effectively between lines with and without
BRCA1 mutations and that its enrichment depends on the
phosphorylation of SMADS5. Since in tumor cells the stimulated
TGFb receptor phosphorylates SMADI1/5 and promotes cell
migration, it is concluded that the TGFb-TGFBR1-SMAD1/5 axis
could be of clinical interest (Chappell et al., 2021). More information
about PLS/CCA integration approaches can be found in

Supplementary Table S4.

4 Network integration

In his 2016 review, Bersanelli hierarchically divided integrative
methods by distinguishing methods based on networks from those
independent of them (Bersanelli et al., 2016a). As seen, multivariate
methods can generate multi-omic networks, but they do not need
them to concretize integration, but rather work at the level of the
data matrix. On the other hand, there are tools that exploit the ability
to find dependency relationships between any pair of random
variables, converted into nodes (Hawe et al,, 2019), such as the
expression of a miRNA and the methylation of a CpG.

Moving forward by pairs, the relationships are blind to the effect
of others and end in dense networks of limited interpretability
(Hawe et al., 2019). Therefore, an extra step is needed, which focuses
on interactions that meet certain criteria, restricting themselves to
interactions with support in the known.

It is also possible to estimate conditional dependencies (partial
correlations) through Gaussian graphical models, which obtain the
network from the precision matrix (Hawe et al., 2019). However, this
approach is still being explored and will only be touched upon in the
context of DRAGON (Determining Regulatory Associations using
Graphical models on multi-Omic Networks). Since omics produce
data matrices with more predictors than observations, the covariance
matrix is not invertible and cannot be used to calculate partial
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correlations. DRAGON introduces a penalty that contracts the
covariance matrix and allows the obtaining of a contracted precision
matrix. In this way, it has become a tool that is still being evaluated, but
with promising results, such as the identification of ELF4 and ZBTB33,
two co-expressed TFs due to their co-methylation, in TCGA breast
cancer data (Weighill et al,, 2021).

While the connection of any pair of variables generates
multipartite networks, multi-omic integration is also possible
through multi-layer networks. Multipartite networks have as
many types of nodes as integrated omics and the edges represent
both intra and inter-omic relationships. In contrast, multi-layer
networks represent relationships within the same set of nodes
through different functional levels, being then a compilation of
the networks derived from each omics (Bersanelli et al., 2016a). The
multiple links connecting a pair of nodes in this formalism are the
basis of layered integration algorithms.

Additionally, there are examples of integration that do not fit
into any of the sections. Such is the case of the division of cancer
types into those characterized by mutations and those linked to the
number of copies. This division arises from the analysis of the
modularity of a bipartite graph, of patients and alterations, and
places breast cancer in the group associated with CNVs. Although
CNVs, and DNA
methylation, effectively integrating different omics; the nodes are

the network involves point mutations,
not random variables, but isolated entities that connect to the
network according to the presence or absence. The network also
does not match the multi-layer formalism, as the nodes only exist in
their own functional level, which would be that of alterations in
cancer. However, by ignoring the relationships between alterations,
which only connect through co-occurrence in a patient and involve a
filtering of complete omics to frequent events, this work qualifies as
intermediate integration. Despite the relatively simple strategy, the
network approach allows such a powerful conclusion as suggesting
different oncogenic mechanisms for tumors, from different tissues,
that group around specific combinations of functional events
(Ciriello et al., 2013).

Another example is the identification of transcription factors
that are sensitive to DNA methylation in most cancer types. In this
case, it all starts with a gene expression regression network, which
links TFs and genes, and the integration is more of an incorporation
of methylation patterns into the attributes of the genes, to evaluate
the effect of epigenetics on the TF-gene relationship. Comparing the
different types of cancer, they found that only 0.28% of the
regulatory relationships mediated by methylation appear in more
than 4 types of cancer, yet there are TFs that consistently are
sensitive to methylation. These TFs regulate more targets, show
differential expression, and are enriched in signal transduction
pathways, cell adhesion, and the ETS family (Wang et al., 2020).
Here, the nodes do represent random variables, but from the same
omics, and the network is essential for the joint interpretation of the
expression and methylation data, which is the final objective of the
integration. Additionally, this debatable example of multi-omic
integration by networks, considers the effect of one functional
level on the other and focuses on the interactions, first to
recognize those that depend on DNA methylation, and then to
contrast the different subtypes.

As disparate as these examples may be, they highlight the
importance of connections, whether between TFs and genes or

Frontiers in Genetics

11

10.3389/fgene.2024.1425456

between tumors through alterations and therefore, align with
network biology, this systems biology approach focused on
inferring network models on biological phenomena and their
analysis using graph theory. In particular, the examples presented
here belong to the probabilistic approach of network biology. This is
a top-down approach, which builds the model to be tested from
massive data, not just from the (limited) information, already stored
in the databases (Hernandez-Lemus, 2014). Next, we will delve
deeper into this probabilistic approach and its implications for
multi-omic integration.

4.1 Probabilistic networks

Most gene network reconstruction methods, start with a single
omics dataset -usually gene expression-, used to suggest
mechanisms from the relationships between genes. Think about
the culprits by association in interaction networks (Lee et al., 2011).
The difference with genetic regulation networks is that the edges
reflect statistical dependencies between expression patterns. Two
genes connected by their expression patterns may hold a functional
relationship or simply co-occurrence (Margolin et al., 2006). The
difference with multi-omic networks is that the variables exist on
different scales and need to be normalized. If the measure of
statistical dependency is correlation, it's not enough to have
comparable values, the variance distributions must also be similar
(Tarazona et al., 2020).

Although Pearson’s correlation may be the most common
measure, there are multiple tools that use, fort instance, mutual
information (MI). Mutual information is a measure of statistical
dependence that comes from information theory, and by treating
information as a reduction of uncertainty, it measures the reduction
in uncertainty of one variable with respect to the information about
another variable (Mousavian et al., 2016). MI is indeed the
maximum entropy/maximum likelihood non-parametric measure
of statistical significance.

r(xy)
I(X,Y) = ,y)log——24—
e ;yezyp(”)ogp(x)p(y)

I[(X,Y)=H(X)-H(X|Y) = H(Y)- H(Y|X) = I (Y, X)

Mutual information has an advantage over correlation in

capturing  non-linear insensitive  to

parameterization, and able to be estimated quickly, all desirable

relationships,  being

characteristics for multi-omic integration, with non-linear
relationships, different scales, and a large number of variables.
On the other hand, mutual information is always positive, even
when evaluated on random patterns, so it is necessary to establish
empirical thresholds (Margolin et al., 2006). Additionally, it is a
symmetric measure, which does not allow giving direction to
interactions (Herndndez-Lemus and Rangel-Escareno, 2011).

In the so-called relevance networks, mutual information is
calculated similarly and all pairs below a threshold are discarded.
Although this strategy highlights functional nodes, it is unable to
distinguish direct and indirect relationships. Thus, the ARACNE
(Algorithm for the Reconstruction of Accurate Cellular Networks)
was built on relevance networks, which finds irreducible, probably

regulatory, statistical dependencies by getting rid of indirect
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interactions. ARACNE’s DPI (Data Processing Inequality) examines
each triangle in the relevance network and discards the edge with the
least weight, considering that mutual information decreases rapidly
as the distance between nodes increases (Margolin et al., 2006).

ARACNE has been exploited for integrating miRNA and
transcript expression data in breast cancer. Comparing networks
of cancer and adjacent normal tissue, Drago-Garcia et al. observed a
reduction of links between miRNAs and transcripts in cancer,
despite the fact that there are more miRNAs, which connect to
each other and are essential for maintaining network cohesion. They
also report an enrichment of processes related to the immune system
and cell adhesion, as well as a very clear association between the
miR-200 family and the DKL1-DIO3 cluster, which participates in
epithelial-mesenchymal transformation. Regarding the technique,
the authors find quantitative differences in the distribution of MI
between miRNAs and transcripts, which may reflect the differences
between the molecules and foreshadow difficulties in distinguishing
direct interactions in the multi-omic approach (Drago-Garcia
et al.,, 2017).

The solution for discriminating between direct and indirect
relationships may be conditional mutual information. If the
conditional information between a pair of nodes, with respect to
a third, is less than a threshold, then the edge connecting the pair
should be removed (Mousavian et al., 2016). In this way, Liu and
colleagues built networks for different types of cancer, based on
mutual information between transcripts and TFs, given the
promoter methylation pattern and copy number. Then, to
examine the regulatory effects, they adjusted linear regressions
that show better predictability by integrating the omics than
using only expression data, genes that strongly depend on copy
number and genes that mainly depend on methylation. These latter
ones overlap between cancer types and are associated with
tumorigeneisis. Finally, they used promoters whose methylation
affects transcription to group cancer types and examined the
survival curves of the groups, identifying 10 types of cancer,
including breast cancer, where methylation is an important
determinant of tumor aggressiveness. Despite the approach
yielding highly interesting results, the authors warn that it
requires large sample sizes and data with sufficient variance to
find reliable networks (Liu et al., 2019).

In turn, the lack of direction of the edges can be resolved by
switching from searching for regulators for each gene, to searching
for regulators for groups of genes co-expressed through different
conditions. LeMoNe, later LemonTree, begins with a two-way
with high
probability into enriched clusters of specific functional categories
(Joshi et al., 2007). As a second step, the algorithm sorts a list of

clustering, which combines co-expressed genes

possible regulators, according to their ability to predict the
expression of the cluster in different conditions. Although only
TFs, miRNAs and CNVs have been tested separately as regulators,
there are no formal restrictions on the type of variables that can be
integrated. In the case of miRNAs, most are assigned to a single
group, but there are repeated miRNAs between groups. In the case of
CNVs, LemonTree produces modules with more significant
enrichments than the dedicated tool CONEXIC (Bonnet et al.,
2010; 2015). This example proposes a solution to the problem of
symmetry in statistical dependency measures, such as MI and
correlation, and successfully identifies potential regulators for
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groups of genes associated with functions, but in the process
erases the boundaries between regulators and ignores their
possible interactions.

4.1.1 Uncertainty in probabilistic network
integration

The probabilistic component of network modeling introduces a
powerful framework for capturing the inherent uncertainty in
biological systems, which is particularly relevant when integrating
multi-omics data. Probabilistic models, such as Bayesian networks
and Markov random fields, represent the relationships between
the
quantification of uncertainty in the predicted interactions
(Vahabi and Michailidis, 2020;
Bersanelli et al., 2016b). This is especially important in biological

variables as probabilistic dependencies, allowing for

2022; Subramanian et al.,

contexts where data is often noisy, incomplete, and subject to
various sources of variability. By modeling the dependencies
these
knowledge, handle missing data, and provide more robust

probabilistically, approaches can incorporate prior
predictions that reflect the uncertainty associated with the
biological processes being studied (Miao et al., 2021; Wang W.
et al,, 2021; Sathyanarayanan et al., 2020).

Uncertainty quantification in probabilistic models is typically
achieved through the estimation of probability distributions over the
possible states of the network components (Graw et al, 2021;
Athieniti and Spyrou, 2023). For example, in a Bayesian network,
the relationships between variables are represented by conditional
probability distributions, which describe how the probability of one
variable depends on the state of other variables (Mallick et al., 2024;
Fang et al., 2018; Wang et al, 2019). The uncertainty in these
relationships can be quantified by the width of these distributions,
indicating the level of confidence in the inferred interactions. In
practice, this allows researchers to not only predict the most likely
interactions but also to assess the degree of uncertainty associated
with each prediction, which can be critical when making decisions
based on these models, such as identifying potential drug targets or
biomarkers (Nicora et al., 2020; Wang R.-S. et al,, 2023; Wang Y.
et al., 2021).

In the context of multi-omics data integration, incorporating
probabilistic modeling allows for a more nuanced understanding of
the complex interactions between different omic layers. For instance,
when integrating genomics, transcriptomics, and proteomics data, a
probabilistic approach can account for the uncertainty in how
changes at the genomic level translate to changes at the
transcriptomic and proteomic levels. This is particularly valuable
given the often non-linear and context-dependent nature of these
interactions. By quantifying uncertainty, probabilistic models can
help to identify which relationships are robust and likely to hold
across different datasets and conditions, and which are more
tentative and may require further validation (Yin et al, 2022;
Yang et al., 2020).

The effect of uncertainty quantification on integration methods
is profound. It can enhance the interpretability of the integrated
models by providing a measure of confidence in the predicted
interactions, helping researchers to distinguish between strong,
well-supported findings and those that are more speculative. This
is particularly important in translational research, where the
consequences of acting on uncertain or incorrect predictions can
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be significant. Furthermore, probabilistic models can be used to
prioritize experimental validation efforts, directing resources
towards investigating the most promising hypotheses that emerge
from the integration process.

Moreover, probabilistic modeling facilitates the integration of
prior knowledge, such as known biological pathways or regulatory
mechanisms, into the analysis. This prior information can be
encoded as prior probability distributions, which are then
updated as new data is integrated. This Bayesian updating
process allows the model to refine its predictions as more data
becomes available, continually improving the accuracy and
reliability of the integrated network. This dynamic aspect of
probabilistic modeling is particularly valuable in the fast-evolving
field of omics, where new data is constantly being generated. A
comparative table of probabilistic network approaches is presented
in Supplementary Table S5.

The algorithms described here infer potentially regulatory
networks from complete omics. The resulting graphs are not
complete, because some edges do not pass thresholds if we are
talking about MI networks or conditional MI, or because there is an
initial restriction on who is joined to whom in LeMoNe/LemonTree.
Once the graphs are obtained, the focus of the analysis can be
narrowed even further around nodes with important roles in the
network. As a result of this, there is an indirect filter on the nodes,
only the connected ones appear, so that the perspective of the
analysis is guided by the data itself. On the other hand, there is a
whole set of tools guided by interactions already deposited in
databases, as detailed below.

4.2 Networks known a priori

Instead of relying completely on statistics, multi-omic data can
be organized based on known interactions, thus preserving proven
edges that otherwise might be diluted in accumulated noise (Koh
et al,, 2019). By simply retaking what is known, this approach is not
useful for proposing multi-omic mechanisms, because the
relationships between different functional levels are not known,
at least not to the degree of specificity required. On the other hand,
by focusing on already established information, it leads the
discussion directly to functions and genes, without getting lost in
the sea of new data. In other words, the integration guided by known
networks is not the approach to finding novelties but rather to put
the already collected information to use, in the form of proposed
markers or signatures and therapeutic targets. Additionally, since
this approach does not necessarily depend on statistics, the sample
size becomes less important, and it is even possible to talk about a
network for each patient.

The simplest applications of this approach only map altered genes
to the network and record topologically important nodes, such as hubs
and bottlenecks. APODHIN (Analysis of Pan-omics Data in Human
Interactome Network) sums the logFC values of the different omics, if it
is a vertical integration, or cohorts, for horizontal integration, and
reports the associated pathways, in addition to the topologically
important genes (Biswas et al., 2020). Instead of altered genes, Cava
et al. map genes with prognostic ability of basal breast cancer. The
innovation here is double, because first, they extract a subnetwork per
patient, using the prognostic genes that also have an alteration in the
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number of copies in that patient and then look for drugs linked to the
five genes with the highest degree, turning a simple analysis into a tool
for personalized medicine. In basal tumors, the simultaneous alteration
of BRCAL1 and TP53 is observed in half of the cases, both being central
nodes in the network, potentially susceptible to various drugs, and thus
desirable therapeutic targets (Cava et al,, 2021).

The most sophisticated applications calculate some type of score
by taking advantage of the network. Such is the case of NetICS
(Network-based Integration of Multi-omics Data), which seeks out
mediating genes that connect the alterations with the effectors, based
on the functional interactions deposited in databases, such as KEGG
and miRTarBase. Since the networks a priori have direction, it is
enough to diffuse downstream the disturbance score and upstream
the differential expression score of the effectors, using a heat
diffusion algorithm, to obtain a mediation score. After repeating
the process for each sample, the combination of the scores generates
a global value. In breast cancer, the mediating genes are enriched in
signaling pathways. EP300 and TP53 stand out, each downstream of
5 different genes, altered in 50% of the samples, and connected
through the effectors. The major disadvantage of NetICS is a bias
towards highly connected genes, which by chance, have a greater
probability of having altered genes as neighbors (Dimitrakopoulos
et al.,, 2018).

Similarly, data from GWAS, eQTLs, mQTLs, ATAC-seq, and
the annotation of the Roadmap project have been integrated to
propose key genes. The process starts by connecting genes with the
SNPs that affect them, directly or indirectly, and locating those genes
in two different networks of protein-protein interactions (PPI), a
general and a tissue-specific one. For each of the affected genes,
functional and prognostic signatures enrichment must be verified,
such as MammaPrint and PAM50, among the first neighbors and
obtain a combined score of prognostic enrichment in the two
networks. By calculating this score for breast cancer, it can be
concluded that SNPs affect cancer and signaling pathways, such
as MAP kinases, TGF-beta, and WNT. The 20 genes with the highest
prognostic enrichment include known cancer genes and novelties
such as RNASEH2A, which exhibits abnormal expression in tumors
and is associated with copy number alterations, lower survival, and
ER-tumors (Chen et al., 2020).

Mergeomics promises to integrate any set of omics, following
largely the same steps as in the previous example. First, it evaluates
the enrichment of any predefined set of genes, in any type of disease
association data (GWAS, TWAS, EWAS) and if there are different
types it calculates a meta-value of significance. Later, the enriched
sets are projected onto a known regulatory network, seeking disease-
associated subgraphs and specifically “hubs.” After giving the nodes
a weight that reflects the confidence of the adjacent edges, the
contribution to the weight of the hub of the enriched set is
compared to chance. If the contribution is significant, the hub is
proposed as key to the disease (Shu et al., 2016).

While the examples described so far focus on the identification
of genes of interest, iOmicsPASS uses networks to discover
signatures that distinguish between subgroups of samples and
which, at the same time, form a graph of functional nodes,
which can be used to learn about the associated phenotype. This
implementation focuses on integrating transcriptome and
proteome, normalizing gene expression with the number of
copies. Moving on validated transcriptional regulation and PPI
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networks, the abundance of a pair of connected nodes becomes the
weight of the edge that connects them. If the protein of a TF is
elevated at the same time as its target, it is considered that the
interaction is probable and it is given greater weight. Then, a nearest
centroid algorithm looks for subgraphs that predict the phenotype,
which constitute the classification signatures. The signatures
obtained for breast cancer do not completely separate the Her2-
enriched subtype from the luminal tumors, but divide the Her2+
group according to a subgraph linked to DNA replication and repair.
Other interesting subgraphs are the enrichment of signalling by
estrogen receptor and the regulation by FOXA1 and AP1 in the
luminal B subtype compared to the luminal A, which in turn exhibits
sub-expression of pathways related to the cell cycle. The basal
subtype is not clearly defined when analyzing the omics
separately, but it is when integrated, highlighting the importance
of transcriptional regulation (Koh et al., 2019).

Following the idea of adapting a priori networks to the studied
phenotypes, Glass et al. propose a tool that combines the three
approaches to network integration. PANDA (Passing Attributes
starts  from

between Networks for Data Assimilation)

probabilistic network and two a priori networks and finds a

a

network that incorporates both sources, through the exchange of
edges (Glass et al., 2013). PANDA is not a multi-omic integration
tool, but rather a transcriptional network inference method based on
the multi-layer formalism. However, algorithms have been built on
PANDA to incorporate miRNA data, chromatin accessibility and
omics in general, all through the fusion of probabilistic and a priori
networks to the transcriptional network.

The reader interested in a comparative view of a priori network
methods found further
Supplementary Table S6.

integration will information in

4.3 Multilayer networks

Multi-layer network integration consists of collapsing the
different network layers into a single graph that adds the
different sources of information. The layers are the networks
derived from each omics under analysis, with the peculiarity of
always including the same group of nodes. This allows to weigh the
edges by the level of evidence and give strong support to any possible
discovery. On the other hand, the restriction in terms of nodes
requires an amount of information not always available. Reviewing
the algorithm for single omics PANDA, it is possible to see these
advantages and disadvantages.

PANDA seeks concordance between layers, refining each
network with the information from the other, highlighting the
aspects of the data that concern the a priori networks and the
aspects of the a priori networks that best reflect the data. To this end,
PANDA starts from: 1) a network inferred from the data, which is
usually given by a correlation measure and provides the initial
probability of co-regulation; 2) a known prior regulation
network, consisting exclusively of nodes included in the data; and
3) a network of transcriptional factor interactions, with the same
restrictions as the regulation network. In general, the idea is to
combine the networks iteratively, each time with small changes
governed by an update parameter and calculating a concordance
score, whose convergence gives the stop signal. Concordance
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considers the accumulated evidence that gene j is regulated by
TF i, given the cooperation (interaction) between i and other TFs
that regulate j, and the co-expression of j with other genes regulated
by i. Initially, the weight of all the edges is normalized to z-scores and
is updated with the information shared between networks in each
iteration, to end with a value that reflects the confidence in the
interaction, being negative when the evidence says that there is no
connection between the nodes and positive in the opposite case
(Glass et al., 2013).

As can be seen from the PANDA premises, the algorithm is quite
general and could be used to search for other transcription
regulators, as is indeed the case. PUMA (PANDA Using
MicroRNA Associations) is an adaptation that finds miRNAs and
TFs, following the same steps, but starting with a transcript-miRNA
co-expression network, the PPI network, a regulatory network that
includes validated links with miRNAs and a list of regulators
(miRNAs) that do not cooperate with each other and which
should therefore not appear in the PPI network (Kuijjer et al,
2020). Although cooperation between regulators other than TFs has
not been ruled out, there are also no established networks that can
join the PPI network. Currently, as many expression predictors as
desired could be integrated with PUMA, simply by adding them to
the list of non-cooperators; alternatively, SPIDER allows considering
the chromatin accessibility of a phenotype. The peculiarity of
SPIDER (Seeding PANDA Interactions to Derive Epigenetic
Regulation) is that the regulation network that feeds PANDA
incorporates DNAse-seq data, so that the edges involve a TF
motif that overlaps with an open chromatin region and with the
regulatory region of the target gene, including sites outside the
proximal promoter. Adding the information on chromatin
accessibility predicts networks similar to those observed with
ChIP-seq and works even better when the focus is on distal
regulatory regions (Sonawane et al., 2021).

Thus, the so-called message passing allows for the discovery of
new, phenotype-specific interactions that could not be found with
prior network-guided integration and would be difficult to identify
among the edges of probabilistic networks. However, in the case of
PANDA, the accessible new interactions are limited to the
mechanism where a regulator acts on co-expressed targets or
cooperates with other regulators of the same target (Glass et al,
2013). Other tools that implement message passing are not subject to
this restriction, because they are dedicated to classification.

SNF (Similarity Network Fusion) is an example of message
passing for patient clustering. It starts by building similarity
networks between samples according to the different omics,
which are then combined iteratively, until the convergence of all
the graphs into one. The final network incorporates both common
and complementary information and contains a reduced amount of
noise, by discarding the similarities without much weight. The
integration with SNF of DNA methylation, transcript expression,
and miRNA data from glioblastoma multiforme shows that each
omics produces very different topologies, but together they sustain a
subset of subtypes with significant differences in terms of survival. In
the integrated network, 49.5% of the edges come from two omics and
17.2% from the three studied, the rest are only supported by one
omic, but they represent great similarities. In addition to the
classification as such, the networks help to understand the
heterogeneity between patients, for example, the intra-subtype
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similarity can be traced to particular alterations, such as the
overexpression of CTSD in the second group, which affects the
response to the drug normally used to treat this type of cancer
(Wang et al., 2014).

MONET (Multi Omic clustering by Non-Exhaustive Types)
follows a similar strategy, starting with an omics similarity
network and then searching for heavy and recurrent subgraphs
between the omics, with a greedy algorithm. Each subgraph
represents a module of similar patients, without necessarily
having a connection between the modules or two modules
arising from the same omics. This makes it possible to integrate
incomplete omics and to identify atypical patients that do not fit into
any module. The evaluation of the tool with methylation, transcript
expression and miRNA expression of different types of cancer, yields
a majority of modules based on a single omics and consistent
groupings between restarts (Rappoport et al., 2020).

SNF and MONET share up to a certain point the omics
similarity networks, making them suitable for few sample
analysis and immune to the differences of scale and size between
platforms. Although they differ in terms of criteria for integrating
the networks of each omics, both tools are discarding the edges with
less weight, giving them robustness against noise and heterogeneity
of the data (Wang et al, 2014). In short, the properties of the
message passing are desirable for cancer classification. If the goal is
to search for multi-omics mechanisms, the message passing is also
functional, as demonstrated by PANDA, PUMA and SPIDER,
although there are alternatives.

The approach by Kim et al. starts off the same as SNF and MONET
with omics similarity networks, in addition to a priori known omics
interactions networks. Known regulatory pairs are integrated when
expression of transcripts and miRNAs are incorporated; loci affected by
CNVs are also considered, when this omics is included. Then, instead of
iteratively fusing the networks, the coefficients are adjusted to obtain a
linear combination of them, which appears to be the analytical
equivalent of the previous examples. To find the best option, a
study comparing the results of each tool is needed, as well as the
properties of the algorithms, which, to the best of our knowledge, is
currently unavailable. What can be said at the moment is that SNF/
MONET would have an advantage, depending exclusively on omics,
without needing prior networks. As has been observed previously, the
results of Kim et al. based on more comprehensive information surpass
those that depend on partial information. Coincidentally, there are
isolated components in the integrated network, but most of the nodes
are connected, suggesting that the different functional levels interact,
even more, the authors suspect synergy between methylation and
miRNAs in the regulation of expression (Kim et al,, 2014).

Another example without message passing, just to integrate
transcripts and proteins, starts from two independent co-
expression networks, whose adjacency matrices allow computing
the overlap between networks and finding conserved modules in
both levels. Afterwards, the edges are filtered according to their
association with the phenotype. The functional enrichment of the
modules highlights the coordination between levels (Gibbs et al.,
2014). In this case, the requirement of multilayer networks for the
mapping between levels is very clear, although the relationship
between transcripts and proteins is not 1:1, nor would it be
between transcripts and methylation or miRNAs, exhibiting
another advantage of PANDA and its variants.

Frontiers in Genetics

15

10.3389/fgene.2024.1425456

In conclusion, networks allow for multi-omic integration with
few compatibility issues across platforms. It is possible to
distinguish, with some exceptions, three different approaches to
network integration, each with its advantages and disadvantages, but
clearly geared towards specific objectives. Integration with
probabilistic networks is more versatile and allows for general
observations on how different functional levels are connected,
but the discussed articles have a clear bias towards the search for
potential regulators and eventually towards the proposal of multi-
omic mechanisms. A priori networks facilitate the finding of nodes
of interest, with the expectation that predictors that exploit multiple
types of data will be more robust and reflect the complexity of the
disease (Gibbs et al, 2014). Finally, the approaches that merge
networks pose a more complete classification of tumors, without
necessarily assuming a common structure at all functional levels
(Rappoport et al., 2020). The great exception are the PANDA
derivatives, closer to a network fusion (merging) tool than to the
rest of the approaches, but oriented towards the proposal of
regulators.

To simplify the recovery and comparison of the networks
produced by these tools, dedicated databases have been created.
iNetModels contains multi-omic networks related to different
metabolic conditions (Arif et al., 2021); while GRAND (Gene
Regulatory Network Database) contains transcriptional and
transcript-miRNA integration networks, obtained with PANDA
derivatives, from data in the Cancer Cell Line Encyclopedia
(CCLE) and TCGA (Ben Guebila et al., 2022). The ultimate
purpose of these repositories is to facilitate the reuse of already
published multi-omic networks and foster directed experimentation.
However, even without the difficulties of distinguishing direct and
indirect interactions or assigning direction to edges, it is necessary to
remember that correlation is not enough to infer causality
(Mousavian et al., 2016). Case uses, pros and cons of these
approaches are presented in Supplementary Table S7.

4.4 New perspectives to face biomedical and
clinical challenges using multiomic
approaches

After giving a panoramic view of the methods, approaches and
tools of multiomic integration, it may result helpful to consider how
have these resulted useful to cope with challenging problems in the
biomedical and clinical setting (Heo et al., 2021; Yoo et al., 2018).
Here, we will discuss just a few examples of the many available,
trying to present a glimpse of what lies ahead and what can be done.

One relevant field of application of multiomics and multiomic
integration in cancer is the identification of novel biomarkers
(Ivanisevic and Sewduth, 2023). In this regard, we can comment
on the work by Liu and collaborators (Liu et al., 2021) that integrated
multiomic data for 293 primary gastric patients from the TCGA
collaboration analyzing copy number alteration and somatic
mutation data to discover dysregulated factors in transcriptional
regulation. These lead them to the identification of 31 molecular
markers of genomic variation, including WASHC5 whose role could
not be revealed using single omic methods. Using multiomic
integration of genomic and transcriptomic data, Rahman and
coworkers (Rahman et al.,, 2020) found evidence of GDF10 as a
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novel therapeutic biomarker for breast cancer, finding that
downregulation of GDF10 is associated with breast cancer
progression and patient’s survival, thus becoming a therapeutic
biomarker for treating breast tumors. By integrating confederated
data on mutations, copy number changes, expression changes, and
protein-protein interactions from 12 different studies Li et al. (2020)
were able to identify key biomarkers in ovarian cancer.

Multi-omic studies can also be useful to reveal new tumor types
and subtypes (Goémez-Cebridn et al., 2021; Olivier et al., 2019). That
was the case of the work by Yang and collaborators who developed a
robust approach to identify clusters corresponding to cancer
subtypes (Yang et al, 2022). Several applications of similar
approaches can be found in connection to breast cancer (Nguyen
etal,, 2020; Wang Z.-z. et al., 2023; Sivadas et al., 2022), glioblastoma
(Yuan et al, 2020; Park et al., 2019), hepatocellular carcinoma
(Ouyang et al, 2020), lung adenocarcinoma (Zhao et al,, 2021;
Wang et al., 2022), and ovarian cancer (Guo et al., 2020).

Therapeutic designs can also benefif form multiomic analyses
(Celebi et al., 2019; Zielinski et al., 2021). There are examples of the
usefulness of integrating omic analytics in the design of novel drug
combinations to treat drug-resistant multiple myeloma (Kumar
et al, 2022), to identify novel drug targets for clear cell renal
carcinoma immunotherapy (Reustle et al, 2020), to find new
therapeutic targets for esophageal squamous cell carcinoma (Jin
et al,, 2021) and even to tackle with muyltiple tumor types using a
pancancer approach (Ali et al., 2018).

These are but a handful of the real world applications of
multiomic integrative analytics, however we hope that these may
help the readers to look up into other applications of these extremely
versatile sets of tools and methods.

5 Conclusion

Along this review article we have discussed some issues on
multi-omic data integration that we considered fundamental when
considering studies on cancer biology. These issues are by necessity
incomplete and biased to our own research experience. However, we
consider that these may serve as a good starting point for scientists
investigating the exciting cues that current omic technologies may
provide on our integrated understanding of molecular oncology.

Among these issues we can mention the following (stated in the
form of research highlights):

e We have introduced concept of multi-omic integration, which
combines data from various omics layers to gain a
comprehensive understanding of biological systems.

Emphasizing the importance of integrating different types

of omics data to uncover complex interactions and

mechanisms underlying biological processes and diseases,

while reviewing some challenges and opportunities in

multi-omic integration, including data heterogeneity,
scalability, and interpretation of integrated results.

e We have introduced the concept of single omic networks,
representing interactions within individual omics layers, such
as gene regulatory networks derived from gene expression
data. While recognizing that the network approach is just one

of several integration alternatives, we discussed various
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methods for constructing single-omic networks, including
correlation-based approaches, mutual information, and
machine learning algorithms, and provide examples of
applications of single-omic networks, such as identifying
key regulatory genes and pathways associated with diseases
and biological processes.

e Given the high wvariability of the underlying biological
phenomena involved in cancer settings and the intrinsic
and extrinsic sources of experimental noise, we have also
stress the relevance of probabilistic modeling approaches.
We mentioned how probabilistic networks are able to
capture uncertainty in biological interactions and enable the
integration of multiple sources of evidence. Introduced
Bayesian networks and Markov random fields as examples
of probabilistic network models used in bioinformatics and
discussed the advantages of probabilistic networks, such as
their ability to handle noisy data, incorporate prior knowledge,
and provide probabilistic inference of biological relationships.

e Full integration implies also considering prior knowledge
available. In this regard, a priori networks, depicting
existing knowledge of biological interactions and pathways
obtained from literature, databases, and experiments were
considered. Examining how a priori networks can serve as
valuable prior information for guiding the integration of
multi-omic data and interpreting integrated results.

o The relatively nascent field of multilayer networks is introduce
as a novel paradigm to fully integrate multiomic data into a
single (somewhat coherent) framework. We briefly considered
algorithms and tools for multilayer network integration, such
as PANDA, PUMA, SPIDER, SNF, and MONET, which
leverage message passing and iterative optimization to
uncover phenotype-specific interactions and classify tumors.

In brief, we have presented a panoramic view of some
data,
including probabilistic networks, a priori networks, and network

contemporary approaches for integrating multi-omic
fusion methods, each with its advantages and applications in
understanding the complex biological phenomena related to
tumor biology in the context of biomedical research.

The future of data and network integration in the multi-
omics and cancer research, presents thus vast opportunities for
advancing our understanding of complex biological systems. As
omics technologies continue to generate increasingly large and
diverse datasets, the integration of these datasets through
sophisticated computational and statistical methods will be
essential for extracting meaningful insights. The development
of more robust and scalable integration methods, such as those
that can handle data heterogeneity, noise, and the high
dimensionality typical of multi-omics data, will be crucial.
These methods must be capable of discerning subtle biological
signals from background noise and integrating prior knowledge
to make accurate predictions about disease mechanisms and
therapeutic targets.

Additionally, the integration of network-based approaches
offers exciting prospects for uncovering the intricate web of
interactions that underlie biological processes. The ability to
construct and analyze multilayer networks that incorporate data
from different omic layers—such as genomics, transcriptomics, and
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proteomics—will enable researchers to capture the complexity of
molecular interactions and their impact on phenotypes. Future
developments in this area may include the refinement of
algorithms that can efficiently fuse multiple omic datasets into
cohesive networks, as well as the application of machine learning
techniques to identify key regulatory nodes and pathways. These
advancements could lead to more personalized and effective
treatments by revealing novel biomarkers and therapeutic targets
specific to individual patients or subgroups, thus pushing the
boundaries of precision medicine.

As we look forward, the integration of increasingly complex and
high-dimensional data, alongside the development of more
sophisticated network models, will likely play a pivotal role in
the next- generation of biomedical research and healthcare.

Author contributions

EH-L: Supervision, Writing-original draft, Writing-review and
editing. SO: Writing-original draft, Writing-review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This research
was supported by Intramural funds from the National Institute of
Genomic Medicine.

References

Ali, M., Khan, S. A., Wennerberg, K., and Aittokallio, T. (2018). Global
proteomics profiling improves drug sensitivity prediction: results from a multi-
omics, pan-cancer modeling approach. Bioinformatics 34,1353-1362. doi:10.1093/
bioinformatics/btx766

Arif, M., Zhang, C., Li, X., Giingér, C., Cakmak, B., Arslantiirk, M., et al. (2021).
Inetmodels 2.0: an interactive visualization and database of multi-omics data. Nucleic
acids Res. 49, W271-W276. doi:10.1093/nar/gkab254

Athieniti, E., and Spyrou, G. M. (2023). A guide to multi-omics data collection and
integration for translational medicine. Comput. Struct. Biotechnol. J. 21, 134-149.
doi:10.1016/j.csbj.2022.11.050

Ben Guebila, M., Lopes-Ramos, C. M., Weighill, D., Sonawane, A. R, Burkholz, R.,
Shamsaei, B., et al. (2022). Grand: a database of gene regulatory network models across
human conditions. Nucleic acids Res. 50, D610-D621. doi:10.1093/nar/gkab778

Berger, A. C.,, Korkut, A., Kanchi, R. S., Hegde, A. M., Lenoir, W., Liu, W, et al. (2018).
A comprehensive pan-cancer molecular study of gynecologic and breast cancers. Cancer
Cell 33, 690-705.€9. doi:10.1016/j.ccell.2018.03.014

Bersanelli, M., Mosca, E., Remondini, D., Giampieri, E., Sala, C., Castellani, G., et al.
(2016a). Methods for the integration of multi-omics data: mathematical aspects. BMC
Bioinforma. 17, $15. doi:10.1186/s12859-015-0857-9

Bersanelli, M., Mosca, E., Remondini, D., Giampieri, E., Sala, C., Castellani, G., et al.
(2016b). Methods for the integration of multi-omics data: mathematical aspects. BMC
Bioinforma. 17, 15-177. doi:10.1186/s12859-015-0857-9

Biswas, N., Kumar, K., Bose, S., Bera, R., and Chakrabarti, S. (2020). Analysis of pan-
omics data in human interactome network (apodhin). Front. Genet. 11, 589231. doi:10.
3389/fgene.2020.589231

Bonnet, E., Calzone, L., and Michoel, T. (2015). Integrative multi-omics module
network inference with lemon-tree. PLoS Comput. Biol. 11, e1003983. doi:10.1371/
journal.pcbi.1003983

Bonnet, E., Michoel, T., and Van de Peer, Y. (2010). Prediction of a gene regulatory
network linked to prostate cancer from gene expression, microrna and clinical data.
Bioinformatics 26, i638-i644. doi:10.1093/bioinformatics/btq395

Bose, B., and Bozdag, S. (2019). “mirdriver: a tool to infer copy number derived
mirna-gene networks in cancer,” in Proceedings of the 10th ACM international
conference on bioinformatics, computational biology and health informatics, 366-375.

Frontiers in Genetics

17

10.3389/fgene.2024.1425456

Acknowledgments

The authors also want to thank Gabriela Graham for her
professional support with language editing and proofreading of
this manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2024.1425456/
full#supplementary-material

Bravo-Merodio, L., Williams, J. A., Gkoutos, G. V., and Acharjee, A. (2019). -omics
biomarker identification pipeline for translational medicine. J. Transl. Med. 17, 155.
doi:10.1186/s12967-019-1912-5

Cantini, L., Zakeri, P., Hernandez, C., Naldi, A., Thieffry, D., Remy, E., et al. (2021).
Benchmarking joint multi-omics dimensionality reduction approaches for the study of
cancer. Nat. Commun. 12, 124-212. doi:10.1038/s41467-020-20430-7

Cava, C. Sabetian, S., and Castiglioni, I. (2021). Patient-specific network for
personalized breast cancer therapy with multi-omics data. Entropy 23, 225. doi:10.
3390/€23020225

Celebi, R., Bear Don’t Walk IV, O., Movva, R., Alpsoy, S., and Dumontier, M. (2019).
In-silico prediction of synergistic anti-cancer drug combinations using multi-omics
data. Sci. Rep. 9, 8949. d0i:10.1038/541598-019-45236-6

Chappell, K., Manna, K., Washam, C. L., Graw, S., Alkam, D., Thompson, M. D., et al.
(2021). Multi-omics data integration reveals correlated regulatory features of triple
negative breast cancer. Mol. Omics 17, 677-691. doi:10.1039/d1mo00117e

Chen, Y.-X., Chen, H., Rong, Y., Jiang, F., Chen, J.-B,, Duan, Y.-Y., et al. (2020). An
integrative multi-omics network-based approach identifies key regulators for breast
cancer. Comput. Struct. Biotechnol. J. 18, 2826-2835. doi:10.1016/j.csbj.2020.10.001

Ciriello, G., Miller, M. L., Aksoy, B. A., Senbabaoglu, Y., Schultz, N., and Sander, C.
(2013). Emerging landscape of oncogenic signatures across human cancers. Nat. Genet.
45, 1127-1133. doi:10.1038/ng.2762

Ciucci, S., Ge, Y., Duran, C,, Palladini, A., Jiménez-Jiménez, V., Martinez-Sanchez, L.
M., et al. (2017). Enlightening discriminative network functional modules behind
principal component analysis separation in differential-omic science studies. Sci.
Rep. 7, 43946-44024. doi:10.1038/srep43946

Curtis, C,, Shah, S. P., Chin, S.-F., Turashvili, G., Rueda, O. M., Dunning, M. J., et al.
(2012). The genomic and transcriptomic architecture of 2,000 breast tumours reveals
novel subgroups. Nature 486, 346-352. doi:10.1038/nature10983

De Tayrac, M., Lg, S., Aubry, M., Mosser, J., and Husson, F. (2009). Simultaneous
analysis of distinct omics data sets with integration of biological knowledge: multiple
factor analysis approach. BMC genomics 10, 32. doi:10.1186/1471-2164-10-32

Dimitrakopoulos, C., Hindupur, S. K., Hifliger, L., Behr, J., Montazeri, H., Hall, M. N,
et al. (2018). Network-based integration of multi-omics data for prioritizing cancer
genes. Bioinformatics 34, 2441-2448. doi:10.1093/bioinformatics/bty148

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fgene.2024.1425456/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2024.1425456/full#supplementary-material
https://doi.org/10.1093/bioinformatics/btx766
https://doi.org/10.1093/bioinformatics/btx766
https://doi.org/10.1093/nar/gkab254
https://doi.org/10.1016/j.csbj.2022.11.050
https://doi.org/10.1093/nar/gkab778
https://doi.org/10.1016/j.ccell.2018.03.014
https://doi.org/10.1186/s12859-015-0857-9
https://doi.org/10.1186/s12859-015-0857-9
https://doi.org/10.3389/fgene.2020.589231
https://doi.org/10.3389/fgene.2020.589231
https://doi.org/10.1371/journal.pcbi.1003983
https://doi.org/10.1371/journal.pcbi.1003983
https://doi.org/10.1093/bioinformatics/btq395
https://doi.org/10.1186/s12967-019-1912-5
https://doi.org/10.1038/s41467-020-20430-7
https://doi.org/10.3390/e23020225
https://doi.org/10.3390/e23020225
https://doi.org/10.1038/s41598-019-45236-6
https://doi.org/10.1039/d1mo00117e
https://doi.org/10.1016/j.csbj.2020.10.001
https://doi.org/10.1038/ng.2762
https://doi.org/10.1038/srep43946
https://doi.org/10.1038/nature10983
https://doi.org/10.1186/1471-2164-10-32
https://doi.org/10.1093/bioinformatics/bty148
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1425456

Hernandez-Lemus and Ochoa

Drago-Garcia, D., Espinal-Enriquez, J., and Herndndez-Lemus, E. (2017). Network
analysis of emt and met micro-rna regulation in breast cancer. Sci. Rep. 7, 13534. doi:10.
1038/541598-017-13903-1

Fan, Z., Zhou, Y., and Ressom, H. W. (2020). Mota: network-based multi-omic data
integration for biomarker discovery. Metabolites 10, 144. doi:10.3390/metabo10040144

Fang, Z., Ma, T, Tang, G., Zhu, L, Yan, Q, Wang, T., et al. (2018). Bayesian
integrative model for multi-omics data with missingness. Bioinformatics 34, 3801-3808.
doi:10.1093/bioinformatics/bty775

Garali, I, Adanyeguh, I. M., Ichou, F,, Perlbarg, V., Seyer, A., Colsch, B., et al. (2018).
A strategy for multimodal data integration: application to biomarkers identification in
spinocerebellar ataxia. Briefings Bioinforma. 19, 1356-1369. doi:10.1093/bib/bbx060

Gibbs, D. L., Gralinski, L., Baric, R. S., and McWeeney, S. K. (2014). Multi-omic
network signatures of disease. Front. Genet. 4, 309. doi:10.3389/fgene.2013.00309

Glass, K., Huttenhower, C., Quackenbush, J., and Yuan, G.-C. (2013). Passing
messages between biological networks to refine predicted interactions. PloS one 8,
€64832. doi:10.1371/journal.pone.0064832

Gomez-Cebrian, N., Domingo-Orti, I, Poveda, J. L., Vicent, M. J., Puchades-
Carrasco, L., and Pineda-Lucena, A. (2021). Multi-omic approaches to breast cancer
metabolic phenotyping: applications in diagnosis, prognosis, and the development of
novel treatments. Cancers 13, 4544. doi:10.3390/cancers13184544

Gonzdlez, 1, Lé Cao, K.-A., Davis, M. J,, and Déjean, S. (2012). Visualising
associations between paired ‘omics’ data sets. BioData Min. 5, 19. doi:10.1186/1756-
0381-5-19

Graw, S., Chappell, K., Washam, C. L., Gies, A., Bird, J., Robeson, M. S., et al. (2021).
Multi-omics data integration considerations and study design for biological systems and
disease. Mol. omics 17, 170-185. doi:10.1039/d0mo00041h

Guo, L.-Y., Wu, A.-H., Wang, Y.-x,, Zhang, L.-p., Chai, H., and Liang, X.-F. (2020).
Deep learning-based ovarian cancer subtypes identification using multi-omics data.
BioData Min. 13, 10-12. doi:10.1186/s13040-020-00222-x

Hawe, J. S., Theis, F. J., and Heinig, M. (2019). Inferring interaction networks from
multi-omics data. Front. Genet. 10, 535. doi:10.3389/fgene.2019.00535

Heo, Y. J., Hwa, C, Lee, G.-H,, Park, J.-M., and An, J.-Y. (2021). Integrative multi-
omics approaches in cancer research: from biological networks to clinical subtypes. Mol.
cells 44, 433-443. doi:10.14348/molcells.2021.0042

Hernandez-Lemus, E. (2014). “Systems biology and integrative omics in breast
cancer,” in Omics approaches in breast cancer (Springer), 333-352.

Hernandez-Lemus, E., and Rangel-Escarefio, C. (2011) “The role of information
theory in gene regulatory network inference,” in Information theory. New Research,
109-144.

Huang, S., Xu, W., Hu, P., and Lakowski, T. M. (2019). Integrative analysis reveals
subtype-specific regulatory determinants in triple negative breast cancer. Cancers 11,
507. doi:10.3390/cancers11040507

Ivanisevic, T., and Sewduth, R. N. (2023). Multi-omics integration for the design of
novel therapies and the identification of novel biomarkers. Proteomes 11, 34. doi:10.
3390/proteomes11040034

James, G., Witten, D., Hastie, T., and Tibshirani, R. (2013) An introduction to
statistical learning, 112. New York, United States: Springer.

Jin, X,, Liu, L., Wu, J,, Jin, X,, Yu, G, Jia, L., et al. (2021). A multi-omics study
delineates new molecular features and therapeutic targets for esophageal squamous cell
carcinoma. Clin. Transl. Med. 11, e538. doi:10.1002/ctm2.538

Joshi, A., Van de Peer, Y., and Michoel, T. (2007). Analysis of a gibbs sampler method
for model-based clustering of gene expression data. Bioinformatics 24, 176-183. doi:10.
1093/bioinformatics/btm562

Kim, D., Shin, H., Sohn, K.-A., Verma, A., Ritchie, M. D., and Kim, J. H. (2014).
Incorporating inter-relationships between different levels of genomic data into
cancer clinical outcome prediction. Methods 67, 344-353. doi:10.1016/j.ymeth.
2014.02.003

Kirpich, A., Ainsworth, E. A.,, Wedow, J. M., Newman, J. R,, Michailidis, G., and
Mclntyre, L. M. (2018). Variable selection in omics data: a practical evaluation of small
sample sizes. PloS one 13, €0197910. doi:10.1371/journal.pone.0197910

Koh, H. W., Fermin, D., Vogel, C., Choi, K. P, Ewing, R. M., and Choi, H. (2019).
iomicspass: network-based integration of multiomics data for predictive subnetwork
discovery. NPJ Syst. Biol. Appl. 5, 22-10. doi:10.1038/s41540-019-0099-y

Kristensen, V. N,, Lingjeerde, O. C., Russnes, H. G., Vollan, H. K. M., Frigessi, A., and
Borresen-Dale, A.-L. (2014). Principles and methods of integrative genomic analyses in
cancer. Nat. Rev. Cancer 14, 299-313. doi:10.1038/nrc3721

Kuijjer, M. L., Fagny, M., Marin, A., Quackenbush, J., and Glass, K. (2020). Puma:
panda using microrna associations. Bioinformatics 36, 4765-4773. doi:10.1093/
bioinformatics/btaa571

Kumar, H., Mazumder, S., Chakravarti, S., Sharma, N., Mukherjee, U. K., Kumar,
S., et al. (2022). secdrug: a pipeline to discover novel drug combinations to
kill drug-resistant multiple myeloma cells using a greedy set cover algorithm
and single-cell multi-omics. Blood cancer J. 12, 39. doi:10.1038/s41408-022-
00636-2

Frontiers in Genetics

18

10.3389/fgene.2024.1425456

Lé Cao, K.-A,, Boitard, S., and Besse, P. (2011). Sparse pls discriminant analysis:
biologically relevant feature selection and graphical displays for multiclass problems.
BMC Bioinforma. 12, 253. doi:10.1186/1471-2105-12-253

Lé Cao, K.-A., Rossouw, D., Robert-Granié, C., and Besse, P. (2008). A sparse pls for
variable selection when integrating omics data. Stat. Appl. Genet. Mol. Biol. 7, Article 35.
doi:10.2202/1544-6115.1390

Lee, G., Bang, L., Kim, S. Y., Kim, D., and Sohn, K.-A. (2017). Identifying
subtype-specific associations between gene expression and dna methylation
profiles in breast cancer. BMC Med. genomics 10, 28. doi:10.1186/s12920-017-
0268-z

Lee, L, Blom, U. M., Wang, P. L, Shim, J. E., and Marcotte, E. M. (2011). Prioritizing
candidate disease genes by network-based boosting of genome-wide association data.
Genome Res. 21, 1109-1121. doi:lO.l101/gr.118992.110

Li, J.-Y,, Li, C.-J, Lin, L.-T., and Tsui, K.-H. (2020). Multi-omics analysis identifying
key biomarkers in ovarian cancer. Cancer control. 27, 1073274820976671. doi:10.1177/
1073274820976671

Li, W,, Zhang, S., Liu, C.-C,, and Zhou, X. J. (2012). Identifying multi-layer gene
regulatory modules from multi-dimensional genomic data. Bioinformatics 28,
2458-2466. doi:10.1093/bioinformatics/bts476

Liu, J,, Liang, G., Siegmund, K. D., and Lewinger, J. P. (2018). Data integration by
multi-tuning parameter elastic net regression. BMC Bioinforma. 19, 369. doi:10.1186/
512859-018-2401-1

Liu, N,, Wu, Y., Cheng, W., Wu, Y., Wang, L., and Zhuang, L. (2021). Identification of
novel prognostic biomarkers by integrating multi-omics data in gastric cancer. BMC
cancer 21, 460. doi:lO.l186/512885—021—08210—y

Liu, Y., Liu, Y., Huang, R., Song, W., Wang, J., Xiao, Z., et al. (2019). Dependency of
the cancer-specific transcriptional regulation circuitry on the promoter dna methylome.
Cell Rep. 26, 3461-3474. doi:10.1016/j.celrep.2019.02.084

Lock, E. F., Hoadley, K. A., Marron, J. S., and Nobel, A. B. (2013). Joint and individual
variation explained (jive) for integrated analysis of multiple data types. Ann. Appl.
statistics 7, 523-542. doi:10.1214/12-AOAS597

Mallick, H., Porwal, A., Saha, S., Basak, P., Svetnik, V., and Paul, E. (2024). An
integrated bayesian framework for multi-omics prediction and classification. Statistics
Med. 43, 983-1002. doi:10.1002/sim.9953

Mankoo, P. K., Shen, R., Schultz, N., Levine, D. A., and Sander, C. (2011). Time to
recurrence and survival in serous ovarian tumors predicted from integrated genomic
profiles. PloS one 6, €24709. doi:10.1371/journal.pone.0024709

Margolin, A. A., Nemenman, I, Basso, K., Wiggins, C., Stolovitzky, G., Dalla Favera,
R, etal. (2006). Aracne: an algorithm for the reconstruction of gene regulatory networks
in a mammalian cellular context. BMC Bioinforma. Biomed. Cent. 7, S7. doi:10.1186/
1471-2105-7-S1-S7

Meng, C., Basunia, A., Peters, B., Gholami, A. M., Kuster, B., and Culhane, A. C.
(2019). Mogsa: integrative single sample gene-set analysis of multiple omics data. Mol.
and Cell. Proteomics 18, S153-5168. doi:10.1074/mcp.TIR118.001251

Meng, C., Zeleznik, O. A,, Thallinger, G. G., Kuster, B., Gholami, A. M., and
Culhane, A. C. (2016). Dimension reduction techniques for the integrative
analysis of multi-omics data. Briefings Bioinforma. 17, 628-641. doi:10.1093/
bib/bbv108

Miao, Z., Humphreys, B. D., McMahon, A. P., and Kim, J. (2021). Multi-omics
integration in the age of million single-cell data. Nat. Rev. Nephrol. 17, 710-724. doi:10.
1038/541581-021-00463-x

Mousavian, Z., Kavousi, K., and Masoudi-Nejad, A. (2016). Information theory in
systems biology. part i: gene regulatory and metabolic networks. Seminars cell and Dev.
Biol. 51, 3-13. d0i:10.1016/j.semcdb.2015.12.007

Neto, E. C,, Bare, J. C,, and Margolin, A. A. (2014). Simulation studies as designed
experiments: the comparison of penalized regression models in the “large p, small n”
setting. PloS one 9, €107957. doi:10.1371/journal.pone.0107957

Network, C. G. A., Koboldt, D. C., Fulton, R. S., McLellan, M. D., Schmidt, H., Kalicki-
Veizer, J., et al. (2012). Comprehensive molecular portraits of human breast tumours.
Nature 490, 61-70. doi:10.1038/naturel1412

Nguyen, Q.-H., Nguyen, H., Nguyen, T., and Le, D.-H. (2020). Multi-omics analysis

detects novel prognostic subgroups of breast cancer. Front. Genet. 11, 574661. doi:10.
3389/fgene.2020.574661

Nicora, G., Vitali, F., Dagliati, A., Geifman, N., and Bellazzi, R. (2020). Integrated
multi-omics analyses in oncology: a review of machine learning methods and tools.
Front. Oncol. 10, 1030. doi:10.3389/fonc.2020.01030

O’Connell, M. J., and Lock, E. F. (2016). R. jive for exploration of multi-source
molecular data. Bioinformatics 32, 2877-2879. doi:10.1093/bioinformatics/btw324

Olivier, M., Asmis, R., Hawkins, G. A., Howard, T. D., and Cox, L. A. (2019). The need
for multi-omics biomarker signatures in precision medicine. Int. J. Mol. Sci. 20, 4781.
doi:10.3390/ijms20194781

Ouyang, X, Fan, Q,, Ling, G., Shi, Y., and Hu, F. (2020). Identification of diagnostic
biomarkers and subtypes of liver hepatocellular carcinoma by multi-omics data analysis.
Genes 11, 1051. doi:10.3390/genes11091051

frontiersin.org


https://doi.org/10.1038/s41598-017-13903-1
https://doi.org/10.1038/s41598-017-13903-1
https://doi.org/10.3390/metabo10040144
https://doi.org/10.1093/bioinformatics/bty775
https://doi.org/10.1093/bib/bbx060
https://doi.org/10.3389/fgene.2013.00309
https://doi.org/10.1371/journal.pone.0064832
https://doi.org/10.3390/cancers13184544
https://doi.org/10.1186/1756-0381-5-19
https://doi.org/10.1186/1756-0381-5-19
https://doi.org/10.1039/d0mo00041h
https://doi.org/10.1186/s13040-020-00222-x
https://doi.org/10.3389/fgene.2019.00535
https://doi.org/10.14348/molcells.2021.0042
https://doi.org/10.3390/cancers11040507
https://doi.org/10.3390/proteomes11040034
https://doi.org/10.3390/proteomes11040034
https://doi.org/10.1002/ctm2.538
https://doi.org/10.1093/bioinformatics/btm562
https://doi.org/10.1093/bioinformatics/btm562
https://doi.org/10.1016/j.ymeth.2014.02.003
https://doi.org/10.1016/j.ymeth.2014.02.003
https://doi.org/10.1371/journal.pone.0197910
https://doi.org/10.1038/s41540-019-0099-y
https://doi.org/10.1038/nrc3721
https://doi.org/10.1093/bioinformatics/btaa571
https://doi.org/10.1093/bioinformatics/btaa571
https://doi.org/10.1038/s41408-022-00636-2
https://doi.org/10.1038/s41408-022-00636-2
https://doi.org/10.1186/1471-2105-12-253
https://doi.org/10.2202/1544-6115.1390
https://doi.org/10.1186/s12920-017-0268-z
https://doi.org/10.1186/s12920-017-0268-z
https://doi.org/10.1101/gr.118992.110
https://doi.org/10.1177/1073274820976671
https://doi.org/10.1177/1073274820976671
https://doi.org/10.1093/bioinformatics/bts476
https://doi.org/10.1186/s12859-018-2401-1
https://doi.org/10.1186/s12859-018-2401-1
https://doi.org/10.1186/s12885-021-08210-y
https://doi.org/10.1016/j.celrep.2019.02.084
https://doi.org/10.1214/12-AOAS597
https://doi.org/10.1002/sim.9953
https://doi.org/10.1371/journal.pone.0024709
https://doi.org/10.1186/1471-2105-7-S1-S7
https://doi.org/10.1186/1471-2105-7-S1-S7
https://doi.org/10.1074/mcp.TIR118.001251
https://doi.org/10.1093/bib/bbv108
https://doi.org/10.1093/bib/bbv108
https://doi.org/10.1038/s41581-021-00463-x
https://doi.org/10.1038/s41581-021-00463-x
https://doi.org/10.1016/j.semcdb.2015.12.007
https://doi.org/10.1371/journal.pone.0107957
https://doi.org/10.1038/nature11412
https://doi.org/10.3389/fgene.2020.574661
https://doi.org/10.3389/fgene.2020.574661
https://doi.org/10.3389/fonc.2020.01030
https://doi.org/10.1093/bioinformatics/btw324
https://doi.org/10.3390/ijms20194781
https://doi.org/10.3390/genes11091051
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1425456

Hernandez-Lemus and Ochoa

Paczkowska, M., Barenboim, J., Sintupisut, N., Fox, N. S., Zhu, H., Abd-Rabbo, D.,
et al. (2020). Integrative pathway enrichment analysis of multivariate omics data. Nat.
Commun. 11, 735-816. doi:10.1038/s41467-019-13983-9

Park, J., Shim, J.-K,, Yoon, S.-J., Kim, S. H., Chang, J. H., and Kang, S.-G. (2019).
Transcriptome profiling-based identification of prognostic subtypes and multi-omics
signatures of glioblastoma. Sci. Rep. 9, 10555. doi:10.1038/s41598-019-47066-y

Pineda, S., Real, F. X,, Kogevinas, M., Carrato, A., Chanock, S. J., Malats, N., et al.
(2015). Integration analysis of three omics data using penalized regression methods: an
application to bladder cancer. PLoS Genet. 11, €1005689. doi:10.1371/journal.pgen.
1005689

Rahman, F., Mahmood, T. B., Amin, A., Alam, R, Jharna, J. F., Samad, A., et al.
(2020). A multi-omics approach to reveal the key evidence of gdfl0 as a novel
therapeutic biomarker for breast cancer. Inf. Med. Unlocked 21, 100463. doi:10.
1016/§.imu.2020.100463

Rappoport, N., Safra, R., and Shamir, R. (2020). Monet: multi-omic module
discovery by omic selection. PLoS Comput. Biol. 16,e1008182. doi:10.1371/journal.
pcbi.1008182

Reustle, A., Di Marco, M., Meyerhoff, C., Nelde, A., Walz, J. S., Winter, S., et al. (2020).
Integrative-omics and hla-ligandomics analysis to identify novel drug targets for ccrcc
immunotherapy. Genome Med. 12, 32-24. doi:10.1186/s13073-020-00731-8

Rohart, F., Gautier, B., Singh, A., and Le Cao, K.-A. (2017). mixomics: an r package for
‘omics feature selection and multiple data integration. PLoS Comput. Biol. 13, e1005752.
doi:10.1371/journal.pcbi. 1005752

Rossnerova, A., Izzotti, A., Pulliero, A., Bast, A., Rattan, S., and Rossner, P. (2020).
The molecular mechanisms of adaptive response related to environmental stress. Int.
J. Mol. Sci. 21, 7053. d0i:10.3390/ijms21197053

Sathyanarayanan, A., Gupta, R., Thompson, E. W., Nyholt, D. R, Bauer, D. C,, and
Nagaraj, S. H. (2020). A comparative study of multi-omics integration tools for cancer
driver gene identification and tumour subtyping. Briefings Bioinforma. 21, 1920-1936.
doi:10.1093/bib/bbz121

Setty, M., Helmy, K., Khan, A. A, Silber, J., Arvey, A., Neezen, F,, et al. (2012).
Inferring transcriptional and microrna-mediated regulatory programs in glioblastoma.
Mol. Syst. Biol. 8, 605. doi:10.1038/msb.2012.37

Shen, R., Olshen, A. B,, and Ladanyi, M. (2009). Integrative clustering of multiple
genomic data types using a joint latent variable model with application to breast and
lung cancer subtype analysis. Bioinformatics 25, 2906-2912. doi:10.1093/
bioinformatics/btp543

Shu, L., Zhao, Y., Kurt, Z., Byars, S. G., Tukiainen, T., Kettunen, J., et al. (2016).
Mergeomics: multidimensional data integration to identify pathogenic perturbations to
biological systems. BMC genomics 17, 874. doi:10.1186/s12864-016-3198-9

Singh, A., Shannon, C. P., Gautier, B., Rohart, F., Vacher, M., Tebbutt, S. ., et al.
(2019). DIABLO: an integrative approach for identifying key molecular drivers
from multi-omics assays. Bioinformatics 35, 3055-3062. doi:10.1093/
bioinformatics/bty1054

Sivadas, A., Kok, V. C,, and Ng, K.-L. (2022). Multi-omics analyses provide novel
biological insights to distinguish lobular ductal types of invasive breast cancers. Breast
cancer Res. Treat. 193, 361-379. d0i:10.1007/s10549-022-06567-7

Sohn, K.-A., Kim, D., Lim, J., and Kim, J. H. (2013). Relative impact of multi-layered
genomic data on gene expression phenotypes in serous ovarian tumors. BMC Syst. Biol.
7, 89. doi:10.1186/1752-0509-7-S6-S9

Sonawane, A. R,, DeMeo, D. L., Quackenbush, J., and Glass, K. (2021). Constructing
gene regulatory networks using epigenetic data. npj Syst. Biol. Appl. 7, 45-13. doi:10.
1038/541540-021-00208-3

Subramanian, 1., Verma, S., Kumar, S., Jere, A., and Anamika, K. (2020). Multi-omics
data integration, interpretation, and its application. Bioinforma. Biol. insights 14,
1177932219899051. doi:10.1177/1177932219899051

Tarazona, S., Balzano-Nogueira, L., Gémez-Cabrero, D., Schmidt, A., Imhof, A,,
Hankemeier, T., et al. (2020). Harmonization of quality metrics and power calculation
in multi-omic studies. Nat. Commun. 11, 3092-3113. doi:10.1038/541467-020-16937-8

Tenenhaus, A., Philippe, C., Guillemot, V., Le Cao, K.-A., Grill, J., and Frouin, V.
(2014). Variable selection for generalized canonical correlation analysis. Biostatistics 15,
569-583. doi:10.1093/biostatistics/kxu001

Tini, G. (2017). The influence of the inclusion of biological knowledge in statistical
methods to integrate multi-omics data. Trento, Italy: UNIVERSITA DEGLI STUDI DI
TRENTO Department of Mathematics.

Frontiers in Genetics

19

10.3389/fgene.2024.1425456

Ulfenborg, B. (2019). Vertical and horizontal integration of multi-omics data with
miodin. BMC Bioinforma. 20, 649-710. doi:10.1186/s12859-019-3224-4

Vahabi, N., and Michailidis, G. (2022). Unsupervised multi-omics data integration
methods: a comprehensive review. Front. Genet. 13, 854752. doi:10.3389/fgene.2022.854752

Vlachavas, E. L, Bohn, J., Uckert, F., and Niirnberg, S. (2021). A detailed catalogue of
multi-omics methodologies for identification of putative biomarkers and causal
molecular networks in translational cancer research. Int. J. Mol. Sci. 22, 2822.
doi:10.3390/ijms22062822

Wang, B., Mezlini, A. M., Demir, F., Fiume, M., Tu, Z., Brudno, M., et al. (2014).
Similarity network fusion for aggregating data types on a genomic scale. Nat. methods
11, 333-337. doi:10.1038/nmeth.2810

Wang, Q., Chen, R., Cheng, F., Wei, Q,, Ji, Y., Yang, H,, et al. (2019). A bayesian
framework that integrates multi-omics data and gene networks predicts risk genes from
schizophrenia gwas data. Nat. Neurosci. 22, 691-699. doi:10.1038/s41593-019-0382-7

Wang, R-S, Maron, B. A, and Loscalzo, J. (2023a). Multiomics network medicine
approaches to precision medicine and therapeutics in cardiovascular diseases.
Arteriosclerosis, thrombosis, Vasc. Biol. 43, 493-503. doi:10.1161/ATVBAHA.122.318731

Wang, W., Zhang, X,, and Dai, D.-Q. (2021a). Defusion: a denoised network
regularization framework for multi-omics integration. Briefings Bioinforma. 22,
bbab057. doi:10.1093/bib/bbab057

Wang, X,, Yu, G, Wang, |, Zain, A. M., and Guo, W. (2022). Lung cancer subtype
diagnosis using weakly—paired multi-omics data. Bioinformatics 38, 5092-5099. doi:10.
1093/bioinformatics/btac643

Wang, Y., Yang, Y., Chen, S., and Wang, J. (2021b). Deepdrk: a deep learning
framework for drug repurposing through kernel-based multi-omics integration.
Briefings Bioinforma. 22, bbab048. doi:10.1093/bib/bbab048

Wang, Z., Yin, J., Zhou, W., Bai, ], Xie, Y., Xu, K., et al. (2020). Complex impact of dna
methylation on transcriptional dysregulation across 22 human cancer types. Nucleic
Acids Res. 48, 2287-2302. doi:10.1093/nar/gkaa041

Wang, Z.-z., Li, X.-h,, Wen, X.-l, Wang, N,, Guo, Y., Zhu, X,, et al. (2023b).
Integration of multi-omics data reveals a novel hybrid breast cancer subtype and its
biomarkers. Front. Oncol. 13, 1130092. doi:10.3389/fonc.2023.1130092

Weighill, D., Burkholz, R, Guebila, M. B, Zacharias, H. U, Quackenbush, J., and
Altenbuchinger, M. (2021). Dragon: determining regulatory associations using graphical
models on multi-omic networks. arXiv Prepr. arXiv:2104.01690. doi:10.48550/arXiv.2104.01690

Wu, C,, Zhang, Q,, Jiang, Y., and Ma, S. (2018). Robust network-based analysis of the
associations between (epi) genetic measurements. J. Multivar. analysis 168, 119-130.
doi:10.1016/j.jmva.2018.06.009

Wu, C, Zhou, F, Ren, ], Li, X,, Jiang, Y., and Ma, S. (2019). A selective review of
multi-level omics data integration using variable selection. High-throughput 8, 4. doi:10.
3390/ht8010004

Yang, Y, Tian, S., Qiu, Y., Zhao, P., and Zou, Q. (2022). Mdicc: novel method for
multi-omics data integration and cancer subtype identification. Briefings Bioinforma.
23, bbac132. doi:10.1093/bib/bbac132

Yang, Z., Wu, N,, Liang, Y., Zhang, H., and Ren, Y. (2020). Smspl: robust multimodal
approach to integrative analysis of multiomics data. IEEE Trans. Cybern. 52, 2082-2095.
doi:10.1109/TCYB.2020.3006240

Yin, C,, Cao, Y., Sun, P,, Zhang, H,, Li, Z.,, Xu, Y., et al. (2022). Molecular subtyping of
cancer based on robust graph neural network and multi-omics data integration. Front.
Genet. 13, 884028. doi:10.3389/fgene.2022.884028

Yoo, B. C,, Kim, K.-H., Woo, S. M., and Myung, J. K. (2018). Clinical multi-omics
strategies for the effective cancer management. J. proteomics 188, 97-106. doi:10.1016/j.
jprot.2017.08.010

Yuan, Y., Qi, P,, Xiang, W., Yanhui, L., Yu, L., and Qing, M. (2020). Multi-omics
analysis reveals novel subtypes and driver genes in glioblastoma. Front. Genet. 11,
565341. doi:10.3389/fgene.2020.565341

Zhao, Y., Gao, Y., Xu, X,, Zhou, J., and Wang, H. (2021). Multi-omics analysis of
genomics, epigenomics and transcriptomics for molecular subtypes and core genes for
lung adenocarcinoma. BMC cancer 21, 257-318. doi:10.1186/512885-021-07888-4

Zielinski, J. M., Luke, J. J., Guglietta, S., and Krieg, C. (2021). High throughput multi-
omics approaches for clinical trial evaluation and drug discovery. Front. Immunol. 12,
590742. doi:10.3389/fimmu.2021.590742

Zou, H., and Hastie, T. (2005). Regularization and variable selection via the elastic net.
J. R. Stat. Soc. Ser. B 67, 301-320. doi:10.1111/j.1467-9868.2005.00503.x

frontiersin.org


https://doi.org/10.1038/s41467-019-13983-9
https://doi.org/10.1038/s41598-019-47066-y
https://doi.org/10.1371/journal.pgen.1005689
https://doi.org/10.1371/journal.pgen.1005689
https://doi.org/10.1016/j.imu.2020.100463
https://doi.org/10.1016/j.imu.2020.100463
https://doi.org/10.1371/journal.pcbi.1008182
https://doi.org/10.1371/journal.pcbi.1008182
https://doi.org/10.1186/s13073-020-00731-8
https://doi.org/10.1371/journal.pcbi.1005752
https://doi.org/10.3390/ijms21197053
https://doi.org/10.1093/bib/bbz121
https://doi.org/10.1038/msb.2012.37
https://doi.org/10.1093/bioinformatics/btp543
https://doi.org/10.1093/bioinformatics/btp543
https://doi.org/10.1186/s12864-016-3198-9
https://doi.org/10.1093/bioinformatics/bty1054
https://doi.org/10.1093/bioinformatics/bty1054
https://doi.org/10.1007/s10549-022-06567-7
https://doi.org/10.1186/1752-0509-7-S6-S9
https://doi.org/10.1038/s41540-021-00208-3
https://doi.org/10.1038/s41540-021-00208-3
https://doi.org/10.1177/1177932219899051
https://doi.org/10.1038/s41467-020-16937-8
https://doi.org/10.1093/biostatistics/kxu001
https://doi.org/10.1186/s12859-019-3224-4
https://doi.org/10.3389/fgene.2022.854752
https://doi.org/10.3390/ijms22062822
https://doi.org/10.1038/nmeth.2810
https://doi.org/10.1038/s41593-019-0382-7
https://doi.org/10.1161/ATVBAHA.122.318731
https://doi.org/10.1093/bib/bbab057
https://doi.org/10.1093/bioinformatics/btac643
https://doi.org/10.1093/bioinformatics/btac643
https://doi.org/10.1093/bib/bbab048
https://doi.org/10.1093/nar/gkaa041
https://doi.org/10.3389/fonc.2023.1130092
https://doi.org/10.48550/arXiv.2104.01690
https://doi.org/10.1016/j.jmva.2018.06.009
https://doi.org/10.3390/ht8010004
https://doi.org/10.3390/ht8010004
https://doi.org/10.1093/bib/bbac132
https://doi.org/10.1109/TCYB.2020.3006240
https://doi.org/10.3389/fgene.2022.884028
https://doi.org/10.1016/j.jprot.2017.08.010
https://doi.org/10.1016/j.jprot.2017.08.010
https://doi.org/10.3389/fgene.2020.565341
https://doi.org/10.1186/s12885-021-07888-4
https://doi.org/10.3389/fimmu.2021.590742
https://doi.org/10.1111/j.1467-9868.2005.00503.x
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1425456

	Methods for multi-omic data integration in cancer research
	1 Multi-omic integration
	1.1 Generalities of computational integration

	2 Data integration classification
	2.1 Late integration
	2.2 Early integration

	3 Data integration approaches
	3.1 LASSO and related approaches
	3.1.1 LASSO
	3.1.2 ENET

	3.2 Canonical correlation analysis and partial least squares

	4 Network integration
	4.1 Probabilistic networks
	4.1.1 Uncertainty in probabilistic network integration

	4.2 Networks known a priori
	4.3 Multilayer networks
	4.4 New perspectives to face biomedical and clinical challenges using multiomic approaches

	5 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


