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Resumen

El cáncer es la segunda causa de muerte en todo el mundo, y solamente
podrá ser curado mediante una completa comprensión de toda su biología
subyacente. Esta enfermedad se caracteriza por una compleja reprogra-
mación de la mayoría de los procesos celulares, favoreciendo el crecimiento,
la proliferación y la evasión del sistema inmunitario. La llegada de la se-
cuenciación masiva y experimentos ‘high-throughput’, también conocidos
como tecnologías ómicas, ha permitido investigar el cáncer desde un punto
de vista más holístico, contribuyendo de forma decisiva al desarrollo del
campo de la Biología de Sistemas, una parte vital de la lucha actual contra
esta enfermedad. El principal objetivo de esta tesis doctoral es proporcionar
a la comunidad científica nuevas herramientas en el campo de la biología de
sistemas para la identificación de dianas terapéuticas y biomarcadores en el
cáncer.

Esta tesis doctoral se divide en dos partes. La primera parte se cen-
tra en el modelado basado en restricciones (‘Constraint-Based Modeling’,
CBM) y en el desarrollo de herramientas computacionales para la iden-
tificación de dianas terapéuticas utilizando modelos metabólicos a escala
genómica y datos de transcriptómica. En primer lugar, se muestra el
método rMTA: ‘robust Metabolic Transformation Analysis’, un algoritmo
que presenta una mejoría sobre una versión publicada previamente, MTA.
Estas metodologías buscan perturbaciones genéticas/farmacológicas que



transformen un fenotipo metabólico enfermo de vuelta a un fenotipo sano.
En segundo lugar, presentamos gMCStool, una herramienta automatizada
para predecir vulnerabilidades metabólicas en cáncer. gMCStool explota el
concepto de ‘genetic Minimal Cut Sets’ (gMCSs), basado en la letalidad sin-
tética y desarrollado previamente por nuestro grupo. gMCStool adapta los
algoritmos anteriores a los datos de secuenciación masiva del transcriptoma
(RNA-seq) y a Human1, la reconstrucción del metabolismo humano más
reciente. Se presenta una prueba de concepto de gMCStool para el mieloma
múltiple (MM). Dilucidamos y validamos in vitro la dependencia de CTPS1
de un subgrupo de pacientes de MM.

La segunda parte de esta tesis doctoral se centra en la búsqueda de
biomarcadores que sirvan tanto para la estratificación de pacientes según
el riesgo y respuesta a terapia. En primer lugar, presentamos un método
que utiliza experimentos de RNA-seq de forma alternativa, para predecir la
actividad de los promotores de los genes. Identificamos un subconjunto de
promotores que mejora la estratificación de los pacientes en comparación con
los biomarcadores genéticos establecidos y catalogados como de alto riesgo.
En segundo lugar, presentamos una nueva técnica de aprendizaje automático
para la regresión lineal, denominada BOSO (‘Bilevel Optimization Selector
Operator’), que proporciona una solución más elegante al problema de
la selección de variables. BOSO mejora las metodologías existentes para
conjuntos de datos en los que el número de variables es mayor que el número
de muestras, frecuentes en la investigación biomédica. Proporcionamos
una prueba de concepto de BOSO para la predicción de la sensibilidad
en líneas celulares de cáncer a distintos fármacos. Se realiza un análisis
computacional detallado y una validación experimental para Metotrexato,
un fármaco bien estudiado y dirigido contra el metabolismo del cáncer.

Finalmente, todos los modelos matemáticos, algoritmos, herramientas y
resultados de la investigación realizada han sido publicados en repositorios
públicos, como la COBRAtoolbox, GitHub, CRAN o Docker Hub.
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Summary

Cancer, the second cause of death all around the world, can only be beaten by
a complete understanding of its underlying biology. Cancer is characterized
by a complex reprogramming of key cellular processes in order to support
growth and proliferation, and evade the immune system. The advent of
high-throughput (omics) technologies have enabled to investigate cancer
from a more holistic point of view, leading to the development of the field of
Systems Biology, a vital part of the current fight against cancer. The main
objective of this doctoral thesis is to provide the community with novel
system biology tools for the identification of drug targets and biomarkers in
cancer.

This doctoral thesis can be divided into two distinct parts. The first part
is focused on constraint-based modeling and the development of computa-
tional tools for identifying therapeutic targets using genome-scale metabolic
models and transcriptomics data. First, the robust Metabolic Transfor-
mation Analysis (rMTA) approach is presented. rMTA proposes a more
robust version of a previously developed algorithm, MTA, which searches
for genetic/drug perturbations that transform a disease metabolic pheno-
type back to the healthy situation. Second, we introduce gMCStool, an
automated tool to predict metabolic vulnerabilities in cancer. gMCStool
exploits the concept of genetic Minimal Cut Sets (gMCSs), a network-based



approach to synthetic lethality, previously developed in our group. gMC-
Stool adapts previous algorithms to RNA-seq data and Human1, the most
recent human metabolic reconstruction. Proof-of-concept of gMCStool is
presented for multiple myeloma (MM). We elucidated and in vitro validated
the dependence on CTPS1 of a subgroup of MM patients.

The second part of this doctoral thesis focuses on the search of biomarkers
that guide patient stratification according to prognosis or response to therapy.
Firstly, we present a method that uses RNA-seq experiments in a non-
conventional way for predicting the gene promoter activity. We identify
a subset of gene promoters that improves the prognosis of MM patients
in combination with some of the stablished high-risk genetic biomarkers.
Secondly, we present a novel machine learning technical for linear regression,
called BOSO (Bilevel Optimization Selector Operator), which provides a
more elegant solution to the feature selection problem. BOSO improves
existing methodologies in datasets where the number of variables is higher
than the number of samples, which are frequent in biomedical research. We
provide a proof of concept of BOSO for the prediction of drug sensitivity
in cancer cell lines. Detailed computational analysis and experimental
validation is conducted for methotrexate, a well-studied drug targeting
cancer metabolism.

Finally, all the research, models and tools discussed in this dissertation
have been published in open repositories, including the COBRA toolbox,
GitHub, CRAN or Docker Hub.
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Chapter 1

Introduction

“If I have seen further it is by standing
on the shoulders of giants.”

Isaac Newton

1.1 Systems biology

Systems biology is an integrative discipline that aims to connect the molec-
ular components within a single (e.g., cells) or different biological scales
(e.g., cells, tissues, microbe communities or organs) in order to understand,
analyze or predict their physiological functions and phenotypes. Systems
biology provides a holistic view to biological systems by putting all the small
components together. This is done through quantitative reasoning, compu-
tational models and high-throughput experimental technologies (Tavassoly
et al., 2018; Wanjak, 2011). This approach totally goes beyond the reduc-
tionist study of the biological systems, which was present along the 20th

century (Wanjak, 2011; Westerhoff and Palsson, 2004). This change of
paradigm was possible due to all the advances made in the last century in
the field of biology, at both technological and modeling level (Figure 1.1).

In the mid-20th century, the discovery of the structure of the DNA
(Watson and Crick, 1953) leads to the flourishing of molecular biology,
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Figure 1.1: Scheme of molecular biology evolution to systems biology. The
upper part (above timeline) shows advances in the molecular biology. The lower part
(below timeline) shows advances in computational models (systems analysis). The orange
section defines the establishment of systems biology as a field that integrates different
layers of information for the generation of models and predictions. Adapted from (Rezola,
2013; Westerhoff and Palsson, 2004).

which aims to understand and manipulate biological processes. After the
discovery of DNA, the field had some breathtaking discoveries. In the 1960s
the description of restriction enzymes and cloning allowed the development of
genetic engineering and biotechnology in the next decade. In the 1980s, the
main breakthrough was the automated sequencing of genes, preceding the
high-throughput sequencing techniques in the 1990s. Finally, the objective
was reached in 2001, with the release of the first human whole genome
sequenced (Craig Venter et al., 2001). This colossal amount of information,
2.91-billion base pair (bp), was only possible to process and manage by
the use of sophisticated algorithms and computational models, setting
the foundations for the field of systems biology. This series of relevant
breakthroughs are depicted in the upper row of Figure 1.1.

The lower part of Figure 1.1 is less acknowledged, but not less important.
This row shows all the advances done in the investigation of self-organized
biological systems, composed by thousands of biological reactions that occur
within a cell and are, somehow, in equilibrium. This paradox was styled by
Schrödinger in his war-time lectures: “how one could explain the progressive
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ordering that occurs in developmental biology (that is, the ‘self-organization,’
decrease in chaos) when entropy (‘chaos’) must be increased” (Schrödinger,
1943).

Lars Onsager provided one answer to that question, showing the cou-
pling of reactions that produced ‘negative’ entropy to those that produced
‘positive’ entropy (Onsager, 1931). This analysis was followed by several
approaches named nonequilibrium thermodynamics, which aimed to quan-
tify the biological processes rather than describe them. Decades later, in
spite of the fact that there were not digital computers available, researchers
undertook the effort to formulate and simulate properties of metabolic and
signaling pathways. In the 1970s, metabolic control analysis (MCA) arises
as an approach to characterize the control of metabolic pathways. The
next decades focused on the generation of larger networks, which incorpo-
rated the new knowledge that was generated from the -omics technologies.
The generation of the first human genome-scale metabolic network was an
important cornerstone of systems biology.

All these advances converged at the beginning of the 21st century, leading
to the establishment of the new field of systems biology. The complexity
of the biological systems made necessary to create this highly interdisci-
plinary field, which is characterized for a cycle in which all parts are highly
interconnected and need of different expertise (Figure 1.2) (Villa and Sonis,
2019).

The apparition of different -omics technologies has also abetted to the
emergence of this field. The whole genomics, epigenomics, transcriptomics,
metabolomics or proteomics studies have provided additional information,
increasing the knowledge about internal interactions of the system, facil-
itating the construction and validation of distinct models (Romualdi and
Lanfranchi, 2009). These new models, such as a genome-scale metabolic
model (GEM) of E.coli (Feist et al., 2007) or the first human GEM (Duarte
et al., 2007), can be used to perform novel and relevant biological predictions
(Bordbar et al., 2014), in combination with novel algorithms to integrate
high-throughput data with them.
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Figure 1.2: The cycle of systems biology. Novel high-throughput technologies allow
performing large-scale experiments that generate huge amounts of data. This data can
only be analyzed with a computer in order to learn more about the biology behind the
experiments, create models and generate new hypothesis. New hypothesis are checked
and analyzed with the previous knowledge of the biological systems, or through additional
innovative experiments. Taken from (Villa and Sonis, 2019).

Currently, we are witnessing a data-rich era in which the use of interdis-
ciplinary and integrative approaches are essential to provide answers for the
unaddressed biological questions and even make inquiries that were out of
scope with the available technology.

1.2 Cancer systems biology

Cancer is a disease in which normal cells turn into highly proliferative
tumoral cells, by a process of accumulation of genomic alterations and
epigenetic deregulation, losing all the homeostatic mechanisms that maintain
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the cell healthy, even in toxic environments. The explanation of all these
changes that occur in a cancer cell altogether remains a great challenge
(Hanahan and Weinberg, 2011).

Figure 1.3 shows the complexity of tumors, in which not only their
metabolism and signaling pathways are highly altered, but also the mi-
croenvironment is completely different. As a consequence of the presence
of tumor cells, the microenvironment is usually acidic due to the Warburg
effect and, it is infiltrated by macrophages. In addition, tumors usually
promotes angiogenesis, modifying the environment to receive more nutri-
ents (Hanahan and Weinberg, 2011). Moreover, there are factors at the
whole organism level that also affect the cancer risk. For example, obesity
and smoking are known cancer risk factors, and recent studies reveal that
changes in diet can alter the gut-microbiota axis and increase the cancer
risk (Weir et al., 2021).

From a cellular perspective, tumors are characterized by genomic and
epigenetic instability that alters the functions of many different molecules
and networks in a single cell as well as the interactions with the local
environment. Exclusively in the human cell, we can identify up to 60,000
genes annotated in GENCODE (Frankish et al., 2019), being approximately
20,000 protein-coding genes, 18,800 long non-coding RNAs (lncRNAs), 7,500
small non-coding RNAs (sncRNAs) and 14,800 pseudogenes. Despite the
fact that the human genome has been studied during decades, we are still
on the verge of knowing all the interactions between them (Türei et al.,
2021).

Cancer systems biology is still in its infancy and there is a long way to
integrate different levels of complexity. However, systems biology approaches
have already made important contributions to cancer research. An elegant
illustration of the possibilities of cancer systems biology is the study pub-
lished by Ordoñez et al. In this work, the combined analysis of epigenome
and transcriptome allowed the discovery of de novo activated enhancers, one
of them close to TXN gene, revealing that this TXN enhancer is an essential
regulatory element in Multiple Myeloma (MM) (Ordoñez et al., 2020). For
this discovery, it was necessary to include whole-genome maps of six core
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Figure 1.3: Cancer from a systems biology perspective.
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Figure 1.3: Cancer from a systems biology perspective. This figure shows the
complexity of interactions between different molecular networks within the cell. The
intracellular machinery must coordinate with surrounding cells and the extracellular
microenvironment to achieve homeostasis. Working within the body as a whole, each
of these physiologically functional units has to be tightly coupled and regulated. The
accumulation of aberrations at the molecular level can decouple any one of these complex
interactions and lead to a neoplastic phenotype. The promise of cancer systems biology is
the ability to integrate these multi-scale characteristics into cohesive predictive models
that can uncover emergent properties. Abbreviations: 1,3BPG, 1,3 biphosphoglyceric
acid; 4EBP1, 4E-binding protein 1; ACC, Acetyl-CoA carboxylase; ACL, ATP citrate
lyase; AP1, activator protein 1; BAD, bcl2 antagonist of cell death; CBX5, chromobox
homolog 5; CREB, cAMP response element-binding protein; FAS, fatty acid synthase;
GADP, glyceraldehyde 3-phosphate; GRB2, growth factor receptor-bound protein 2;
GRSD, glucose-1-phosphate thymidylyltransferase; GSK3, glycogen synthase kinase 3;
LKB1, liver kinase B1; PDH, pyruvate dehydrogenase; PDHK1, pyruvate dehydrogenase
kinase 1; PEP, phosphoenolpyruvate; PFK1, phosphofructokinase 1; PKM2, pyruvate
kinase M2; RheB, Ras homolog enriched in brain protein; RSK, ribosomal s6 kinase;
SGK3, serum-glucocorticoid regulated kinase family member 3; TSC2, tuberous sclerosis
protein 2. Permission in the original article were obtained from Visual Art ©2013 The
University of Texas MD Anderson Cancer Center. Taken from (Werner et al., 2014).

histone modifications by ChIP-seq, chromatin accessibility by ATAC-seq,
DNA methylation by whole-genome bisulfite sequencing (WGBS), and gene
expression by RNA-seq.

For the reasons discussed above, cancer system biology constitutes the
cornerstone of precision medicine. Diverse -omics technologies and the
systems biology approaches are transforming cancer research, opening new
therapeutic strategies for different tumors. Moreover, not only possible novel
drug targets are being discovered, but also biomarkers of such vulnerabilities,
boosting the precision of the targeted therapy.

This increase in precision of the treatment provides a durable response,
ultimately improving the quality of life of patients (Du and Elemento, 2015;
Werner et al., 2014).

1.2.1 Cancer and metabolism

Metabolic reprogramming has been recently defined as one of the hallmarks
of tumor cells (Hanahan and Weinberg, 2011). A remarkable example of
metabolic reprogramming is the Warburg effect, discovered by Otto Warburg
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in the beginning of the 20th century (Racker, 1972; Warburg et al., 1927).
The Warburg effect describes how the cancer cells produce lactic acid from
glucose even in aerobic conditions. They have a higher rate of glycolysis
and lactate fermentation, in comparison to normal cells. Nowadays, it
is known that cancer cells carry out aerobic glycolysis and respiration at
the same time, providing them with an evolutionary advantage over the
surrounding cells. This feature ensures high ATP production in hypoxic
tumor microenvironments and sufficient building blocks to support high
proliferation rate (Hammoudi et al., 2011; Koppenol et al., 2011).

More specifically, metabolic reprogramming is a complex process whose
ultimate goal is to satisfy the metabolic requirements of tumor cells: 1)
the generation of energy to fuel biochemical reactions; 2) the generation
of macromolecules and building blocks required for cell proliferation and
growth; and 3) avoid cellular senescence and apoptosis by maintaining
REDOX potential, pH and other biological conditions within viable ranges
(Cairns et al., 2011; Cairns and Mak, 2016). These modifications totally
change the metabolic landscape of tumor cells with respect to their healthy
counterparts.

Importantly, metabolic reprogramming can be achieved through different
regulatory programs that control different enzymes or metabolic pathways.
The activation of the oncogene KRAS has been linked to the increase
in glucose uptake through the upregulation of the GLUT1 transporter
(Flier et al., 1987; Oermann et al., 2012). MYC oncogene activates both
LDHA an GLS1 (Oermann et al., 2012). LDHA protein kinetically favors the
conversion of pyruvate to lactate, and its inhibition has been demonstrated to
block tumor in vivo progression (Le et al., 2010). On the other hand, GLS1 is
a key enzyme to maintain elevated glutaminolysis. GLS1 converts glutamine
to glutamate, which can enter the TCA-cycle and get transformed into
alpha-ketoglutarate, being an alternative to glucose for energy production
(Hammoudi et al., 2011; Oermann et al., 2012).

The oncogenes mentioned above are just a small fraction of the com-
pendium of them, whose activation is able to drive cellular metabolism
into a malignant state. Figure 1.4 shows the major oncogenes and tumor
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(PFK1; also known as PFKM) and PFK2 (also known 
as PFKFB3) and recruitment of glucose transporters to 
the cell surface37,76,77 (FIG. 5a). Although AKT functions
independently of HIF1 to induce aerobic glycolysis78,79,
it can also increase the activity of HIF1, further 
enhancing induction of glycolysis80. Ectopic expression 
of AKT or MYC induces aerobic glycolysis in FL5.12 
pre-B cells but, unlike MYC, AKT does not increase 
mitochondrial function81. Intriguingly, aerobic gly-
colysis in early passage human breast cancer cells is 
associated with elevated HIF1 or MYC but not acti-
vated AKT82. Hence, it is likely that the cellular context 
and the range of cancer-specific mutations are impor-
tant for the metabolic manifestations of activated  
oncogenes such as AKT.

Activated RAS was initially linked to increased cel-
lular glucose transport, but recent studies indicate that 
the role of RAS in cancer metabolism is more complex. 
It was recently reported that depriving colon carci-
noma cells of glucose increases the mutation rate of
RAS, which, thus activated, facilitates glucose import 
through induction of GLUT1 (also known as SLC2A1),
an important glucose transporter83. In a multistep, 
multigene transformation of human breast epithelial 
cells, it was documented that the initial transforma-
tion of normal epithelial cells by viral oncogenes and
telomerase reverse transcriptase is associated with 

increased mitochondrial function; with activated KRAS
as the final reaction step in this model, the transformed 
cells exhibit the Warburg effect through high conver-
sion of glucose to lactate84. It is notable that activated 
RAS has been proposed to induce MYC activity and 
enhance non-hypoxic levels of HIF1, although the pre-
cise mechanisms remain to be established85,86. Hence, 
RAS could mediate its effects on metabolism through 
HIF1 or MYC (FIG. 5a).

Because HIF1 appears at the crossroads of multiple
oncogenes that can stabilize HIF1 under non-hypoxic 
conditions, it is not surprising that HIF1 also has a piv-
otal role in the manifestations of tumour suppressors 
(FIG. 5a). For example, the von Hippel-Lindau (VHL)
tumour suppressor protein, which normally mediates
proteasomal degradation of HIF1α, is lost in RCCs,
which results in elevated non-hypoxic expression of
HIF1α and HIF2α87. In RCCs, MYC appears to col-
laborate with activated HIF2α to confer tumori genicity, 
whereas HIF1α appears to be expressed in RCCs only
when HIF2α is expressed, suggesting a potential tumour
suppressive function of HIF1. Other tumour suppres-
sor genes and proteins have also been implicated as 
modulators of HIF1α, and thereby might contribute to 
the Warburg effect; for example, HIF1-mediated gene 
expression is facilitated by loss of the PTEN tumour sup-
pressor gene88. The association of the tumour suppressor

Figure 4 | The regulation of metabolism in cancer. Oncoproteins and tumour suppressors (shown in red) are intimately 
linked to metabolic pathways through transcriptional or post-transcriptional regulation of metabolic enzymes; arrows in 
bold depict the conversion of wild-type to mutant (Δ) tumour suppressors or mutant activated oncogenes, presumably by
mutational oxidative DNA damage. ASCT2, ASC-like Na+-dependent neutral amino acid transporter 2 (also known as ATB(0) 
and SLC1A5); FH, fumarate hydratase; GLS, glutaminase; GS, glutamine synthetase; GLUT, glucose transporter; GSH,
glutathione; HIF1, hypoxia-inducible factor 1; HK2, hexokinase 2; IDH, isocitrate dehydrogenase; LDHA, lactate 
dehydrogenase A; NF-κB, nuclear factor-κB; OXPHOS, oxidative phosphorylation; PDK1, pyruvate dehydrogenase kinase 
isoform 1; PGAM2, phosphoglycerate mutase 2; PGC1β, peroxisome proliferator-activated receptor-γ, co-activator 1β; 
PKM2, pyruvate kinase M2; SDH, succinate dehydrogenase; TIGAR, tumour protein 53-induced glycolysis and apoptosis
regulator; VHL, von Hippel-Lindau tumour suppressor.
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Figure 1.4: The regulation of metabolism in cancer. Oncoproteins and tumor
suppressors (shown in red) are intimately linked to metabolic pathways through transcrip-
tional or post-transcriptional regulation of metabolic enzymes; arrows in bold depict the
conversion of wild-type to mutant (∆) tumor suppressors or mutant activated oncogenes,
presumably by mutational oxidative DNA damage. ASCT2, ASC-like Na+-dependent
neutral amino acid transporter 2 (also known as ATB(0) and SLC1A5); FH, fumarate
hydratase; GLS, glutaminase; GS, glutamine synthetase; GLUT, glucose transporter;
GSH, glutathione; HIF1, hypoxia-inducible factor 1; HK2, hexokinase 2; IDH, isocitrate
dehydrogenase; LDHA, lactate dehydrogenase A; NF-κB, nuclear factor-κB; OXPHOS,
oxidative phosphorylation; PDK1, pyruvate dehydrogenase kinase isoform 1; PGAM2,
phosphoglycerate mutase 2; PGC1β, peroxisome proliferator-activated receptor-γ, co-
activator 1β; PKM2, pyruvate kinase M2; SDH, succinate dehydrogenase; TIGAR, tumor
protein 53-induced glycolysis and apoptosis regulator; VHL, von Hippel-Lindau tumor
suppressor. Taken from (Koppenol et al., 2011).

suppressors known to have a direct influence on the central metabolism of
tumor cells.

This underlying complexity of metabolic reprogramming is far beyond
the possibilities of classical research techniques. Cancer systems biology is
an ideal approach to integrate disparate sources of information with the
known biology, using the genome scale metabolic models (GEMs). GEMs
are reconstructions of the metabolism of an organism based on their genome
structure and annotation, followed by a careful literature curation process.
GEMs recapitulate the relationships that occur within the metabolism of an
organism. Moreover, GEMs allow us to simulate metabolic processes based
on -omics data and perform in silico studies of the phenotype-genotype
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associations. GEMs can provide a deeper understanding of the metabolic
changes produced during tumorigenesis and the aberrant cancer metabolism.

As an illustration of the possibilities of cancer systems biology and
genome scale metabolic networks, Ruppin and co-workers conducted a study
in which they revealed that haem oxygenase is synthetically lethal with the
tumor suppressor fumarate hydratase. This result was later experimentally
validated, showing its relevance to treat renal-cell cancer, as germline
mutations of fumarate hydratase underlie this cancer (Frezza et al., 2011).

1.3 Omics technologies

Systems biology approaches were born from the need to process and un-
derstand the huge amount of information that high-throughput (omics)
technologies provide at different cellular levels. The reduction in cost and
input material of these technologies, as well as their improvement in the
quality of the information, has led to the so-called omics revolution (Figure
1.5), which includes all the levels present in a single cell. This includes geno-
mics, which is common to all cells in an individual, then the transcription
of genes, their translation into proteins that catalyze biochemical reactions
and transform molecules. The name of ‘omics’ technologies was coined to
emphasize the holistic view they provide of the genomic, transcriptional,
functional and phenotypical state of the cell.

The integration of these different sources of information can be of the
outmost difficulty, but the motivation is worth the effort. By combining
several layers of information, we can infer important interactions, the
explanation of the produced changes, or predict disease risk, outcome or
vulnerabilities. The previous cited study by Ordoñez et al. (Ordoñez et al.,
2020), is a clear example of such data integration.

Although all molecular layers provide fundamental information, the
most common sources of data are genomics and transcriptomics, due to
the widespread accessibility to next-generation sequencers. In addition, an
interest over large-scale gene knockdown screening studies have arisen in the
recent years. These kinds of experiments allow the simultaneous evaluation
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Figure 1.5: The “omics revolution”: an integrated comprehensive “omics” approach
combining genomics, transcriptomics, proteomics, metabolomics, and fluxomics for the
advance of systemic sciences and for human disease diagnostics and treatment. Left part
of the figure shows the relationship between layers of information. Right part of the figure
shows the information we can obtain for each layer of information. Based on (Nemutlu
et al., 2012; Nielsen and Oliver, 2005; Ritchie et al., 2015a).

of hundreds or thousands of genes whose knock-down induces cell death or
promotes proliferation. These three omics are described below given their
importance for this doctoral thesis.

1.3.1 Genomics

Genomics is an interdisciplinary field of biology focusing on the structure,
function, evolution, mapping, and editing of genomes. A genome comprises
the DNA of an organism, including all of its genes as well as its hierarchical
and three-dimensional structural configuration.

The need for low-cost sequencing has driven the development of high-
throughput sequencing technologies that parallelize the sequencing process,
producing thousands or millions of sequences at once. Briefly, sequencing
libraries are generated by fragmenting genomic DNA, denaturation, and
adaptor ligation. Fragments are added to the flow cell chamber coated with
oligonucleotides complementary to the adaptors. Hybridization forms a
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‘bridge’, and amplification is primed from the 3′ end and continues until it
reaches the 5′ end. After several rounds of amplification, discrete clusters
of fragments, all with the same sequence, are formed. The clusters are
denatured, and sequencing primers, polymerase, and fluorescently labeled
nucleotides, each with their 3′OH chemically inactivated, are added. After
each base is incorporated, the surface is imaged, the 3′OH-inactivating
residue and label are removed, and the process repeated (Ten Bosch and
Grody, 2008; Tucker et al., 2009). This process generates the sequences of
nucleotides of each of the clusters, which is simply called ’read’, stored in
FASTA or FASTQ format.

In order to sequence the genome, there are two alternatives: Whole
Genome Sequencing (WGS), in which all the DNA is sequenced, or Whole
Exome Sequencing (WXS or WES), in which only the protein coding regions
exons are sequenced, separating them in a pre-processing step. Once the
genome is sequenced, there are two options. The first on is to generate a de
novo assembly of the genome with all the information. This is of special
interest for new species or organisms which do not have a reference genome.
The other one is mapping the reads against a reference genome, such as the
human genome (Lander et al., 2001), in order to detect genomic aberrations,
like mutations, SNPs, copy number variation (CNV), amplifications or
deletions. For the latest, the processing of both WGS and WES can be
done using GATK (genomic analysis toolkit). GATK is the state-of-the-
art software in the literature and has the best practices adopted by the
community (Van der Auwera and O’Connor, 2020).

Finally, the alterations discovered in a cancer sample must be compared
against the healthy tissue of the same patient in order to discover which
are tumor-specific. Another option is to compare the results with the
1000 genomes project, which aims to describe genetic SNPs or mutations
that are common in healthy population (Siva, 2008). Genomics is of high
interest for physicians in clinical practice because it can stratify patients. In
Multiple Myeloma, High-Risk is defined by genetic aberrations, specifically
amplification of 1q and translocations of t(4;14), t(14;16) or t(14;20) (Braggio
et al., 2015). High throughput analysis of the genome, known as DNA-seq,
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can produce the same results as previous techniques used in the past to
detect genetic aberrations in cancer patients. For example, translocations
were detected with FISH (Fluorescence In Situ Hybridization), mutations
with PCR (Polymerase Chain Reaction), but all of them can now be retrieved
with a single DNA-seq run.

1.3.2 Transcriptomics

Transcriptomics is the study of the transcriptome, which is the condition-
specific complete set of RNA transcripts that can be produced by the
genome, using high-throughput methods, such as microarrays and sequencing
technologies. Comparison of transcriptomes allows the identification of genes
that are differentially expressed in distinct cell populations or conditions.

The study of the whole transcriptome became available, affordable and
of routine use with the apparition of the microarrays, a multiplex lab-on-a-
chip. The main idea behind this technology is the use a two-dimensional
array that contains a large amount of probes (Schena et al., 1995). RNA,
mRNA or non-coding RNA are extracted and artificially hybridized to cDNA
sequences. This cDNA is inserted in the microarray, in which the cDNA can
hybridize with each probe, containing the complementary sequence. These
probes emit a fluorescence signal depending on the amount of material that
is hybridized. There is a plethora of methods to read, correct, eliminate
background noise, and analyze data from microarrays.

A decade later, the high-throughput RNA-seq started to become more
available and cheaper (Wang et al., 2009). The method is a mixture between
microarrays and DNA-seq. First, RNA is insolated and purified. Secondly,
the RNA is transformed into cDNA and fragmented to create a library.
Finally, the library is introduced into a sequencer, which performs a PCR
multiplication and read each base. There is equally a collection of methods
to read, map the reads against the reference genome and extract gene
expression from RNA-seq experiments.

Even though genomics is a more exact and invariant source of informa-
tion, transcriptomics is a better representation of the cellular phenotype.
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For this reason, transcriptomics has been a popular source of information
in the last decades. In addition, there has been a number of works that
not only predict cellular phenotype based on RNA-seq expression (Agren
et al., 2012; Shlomi et al., 2008), but as biomarkers of disease prognosis
(Kuiper et al., 2012), relying on cheaper RNA-seq techniques rather than
costly DNA-seq techniques.

With the microarray rapidly universalization, public repositories such
us Gene Expression Omnibus (GEO) or Array Express became available,
storing thousands of experiments ready to be downloaded. Then, with the
decrease in price of RNA-seq and its advantages over expression microarrays
(Li et al., 2016), other databases specialized in this kind of data appeared,
like the Sequence Read Archive (SRA), in addition to GEO, which also
stores RNA-seq experiments. Furthermore, the Broad Institute published
the Cancer Cell Line Encyclopedia (CCLE), which stores both RNA-seq,
microarray, mutations and CNVs of hundreds of cancer cell lines (Ghandi
et al., 2019).

1.3.3 CRISPR-Cas9 screening

In the last decade, there has been a remarkable effort to develop high
throughput gene essentiality analysis. Recently, these techniques have
adopted CRISPR-Cas9 strategy to obtain a high throughput, unbiased
and high consistency results regarding the gene essentiality. The Cas9 can
perform genome engineering by exploiting the DNA double-strand break
(DSB) repair pathway to generate mutations in highly specific genome
positions. This position can be determined by a short single guide RNA
(sgRNA), of 20-bp, which complements the target DNA region.

There are two main ways to perturb a gene using this groundbreaking
CRISPR-Cas9 strategy. The first one is using Cas9, which generates an indel
mutation in the sgRNA target region using the cell DNA repair mechanisms.
This indel mutation can lead to the apparition of a stop codon. The second
one is using dCas9, this is, degenerated Cas9. This dCas9 is not able to
break the DNA, but the use of the dCas9-KRAB transcriptional repressor
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fusion protein stops the DNA from being copied into RNA, producing a
transcription repression (Gilbert et al., 2014; Horlbeck et al., 2016; Shalem
et al., 2015).

One of the most used techniques are the induction of indel mutations in
pooled assays, in which the experiment with all the different gene knock outs
is carried out in the same culture media, taking advantage of multiplexing
and high-throughput sequencing techniques. First of all, guides are designed
taking into account the transcription start site (TSS) of the target genes,
approximately 10 sgRNAs for each target gene (Shalem et al., 2015).

After the infection, cells are put into culture media. At day 0, an
initial extraction is done, and the guides are sequenced to search the guides
barcodes and calculate the guide representation in the experiment. All guides
are supposed to have a similar representation. Then cells are cultivated
until the desired time. A second sequencing is done to detect the gain or
loss of barcodes. Now it is possible to calculate the fitness of all sgRNAs,
the general fitness of the gene, following equations (1.1)-(1.2):

sgRNA′
f itness = log2(

countssgRNA−condition

countssgRNA−input
) (1.1)

sgRNA f itness = sgRNA′
f itness − median(sgRNA′

f itness|controlsgRNAs) (1.2)

The general fitness of a gene is obtained as the median of all the guides,
or the mean of the three guides with greater absolute value of fitness,
depending on the study. The more negative is the fitness, the more essential
is that gene (T. Wang et al., 2018; Liu et al., 2017; Horlbeck et al., 2016;
Gilbert et al., 2014). Furthermore, it is possible to calculate the significance
of the phenotypic change produced in the cell. The most common strategy
is to perform a non-parametric Mann-Whitney test with the all the sgRNAs
against the negative control population of sgRNAs (Horlbeck et al., 2016).

Nowadays, DepMap is a database storing CRISPR screening experiments
(Meyers et al., 2017; Ghandi et al., 2019; Tsherniak et al., 2017) in hundreds
of cancer cell lines, as well as a complete molecular characterization, based
on annotation, RNA-seq, fusion genes, copy number alteration, mutation .
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They provide an update of the database each 3 months (4 times a year),
including all the new generated data. With the inclusion of this information,
DepMap has become the biggest data-portal with all kinds of omics data
for the cancer cell lines included in CCLE freely available for researchers.

1.4 Systems biology models

In this new era of high-throughput experiments, it is of the utmost impor-
tance to have methodologies able to deal with the vast amount of generated
data. For this reason, the research community has focused on developing
dozens of techniques and methods, which can be generally divided into two
main categories: empirical and theoretical models. The first one encom-
passes the use of statistical modeling and machine learning techniques to
uncover the hidden relationships inside -omics data. This first approach is
of interest for most of physicians because it is used to search for biomarkers
of patient classification, treatment response or prognosis. However, these
prediction models do not truly explain the biological mechanism of the
observed phenomena. This leads to the second approach, which exploits
prior knowledge of biological systems to formulate mathematical models
that describes the phenotypical behavior of biological systems. These math-
ematical models are based on genotype-phenotype relationships and predict
cellular functions. Interestingly, theoretical models of cellular metabolism
that integrate high-throughput data have obtained outstanding outcomes
in microbial evolution, genetic engineering or drug discovery, among others
(Bordbar et al., 2014; Passi et al., 2022).

1.4.1 Empirical models: Machine Learning

We can consider Machine Learning models as empirical models because
they are solely based on previous experiments to learn and make novel
predictions. For this reason, these methods are named Machine Learning,
because the model has ’learnt’ from the training data. In the framework of
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this doctoral thesis, only two methods are introduced: linear regression and
survival models.
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Figure 1.6: The two studied Machine Learning methods. (A) Linear regression
with y, the output variable, is a function of x, the only feature of the model. The blue dots
represent the data points and the red line show the resultant regression. (B) Kaplan–Meier
curves by treatment group in AML, in which the differences between the maintaining the
treatment (blue) or not maintaining (red) are showed (Miller, 1997; Therneau T, 2021).
The curve drops whenever a patient dies, and a cross is represented whenever a patient is
out of the study, but the outcome is unknown. The p-value represents a log-rank test,
which measures the differences between curves.

Linear Regression models

In statistics, the regression analysis estimates the relationship between
a dependent variable (Y) and one or more independent variables (Xi),
also named predictors, covariates or features. These models usually are
formulated in the following way:

Y = f (Xi, β) + ϵi (1.3)

, being β the parameter that explains the influence of variables over the
outcome variable, and ϵ the errors, which represent the disparities between
the mathematical model and the experimental measurements. From existing
regressions models, linear regression is the first and one of most importance
(Figure 1.6A). It assumes a linear dependency between the outcome variable
and the different features, being β the weight of each feature:

yi = β0 + β1 · xi1 + . . . + βp · xip + ei = xT
i · β + ϵi, i = 1, . . . , n (1.4)
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Considering a series of assumptions, such as the independence of variables
and that the error has an expected value of zero and equal variance across
events, it is possible to solve this model by ordinary least squares, namely
optimizing the objective function bellow and obtaining the resulting betas:

min ∑
i

ϵ2
i = ∑

i
(yi − xT

i · β)2 (1.5)

Hazard and survival models

These models aim to predict the time until one event occurs, such as
failure of a mechanical system, the progression of a disease or the death
of an organism. For physicians, survival analysis can provide with novel
biomarkers for the stratification of patients according to their risk. The
most widespread model is the Cox proportional hazards models (Cox, 1972),
which consist of two parts. The first part is a baseline hazard function
(λ0(t)), which is common for all the patients and can variate along time.
The second part are the effects of the covariates, which can alter the hazard
for each of the patients. All these statements can be modeled as:

λ(t|Xi) = λ0(t)exp(β1Xi1 + . . . βpXip) = λ0(t)exp(Xi · β) (1.6)

, where X are the different covariates and β the risks associated with
them. In particular, β ≥ 0, the hazard is increased, representing a high-risk
feature. On the other hand, β ≤ 0 represents features which decrease the
risk of a patient. In Figure 1.6B, the Kaplan-Meier curves show that the
treatment maintenance increases the life expectancy of patients, representing
a negative beta coefficient to the ’maintenance’ variable.

Feature selection problem

Unfortunately, for most of existing -omics datasets, it is common to have a
greater number of predictors than data points. The majority of mathematical
models become undetermined under these circumstances, being unable to
provide an optimal or unique solution to the problem. Even worse, it is not
possible to ensure that the best solution do not involve spurious correlations
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between the predictors and the outcome variable. All these complications
lead to the feature selection problem, in which only a subset of features
is selected, increasing the sparseness the model, the interpretability of the
selected covariates and the generalization of the model for predictions with
new data.

From all the different methodologies to deal with this issue, Lasso (Fried-
man et al., 2010) is the most well-known. Lasso imposes a penalization to
the norm-1 to the weight of the beta coefficients in the objective function.
The usual Lasso problem for linear regression has the following formulation:

min ϵT · ϵ + λ∥β∥1 (1.7)

s.t. y = X · β + ϵ (1.8)

β, ϵ ∈ ℜ (1.9)

, being λ the regularization parameter which fix a trade-off between the
sparsity of the model and the accuracy.

Systems biology and artificial intelligence models

As the reader can intuit, the more data is provided to the different algorithms,
the more precise the generated model will be. In the systems biology field,
the availability of data has highly increased in the last decades thanks to
data portals which integrates thousands of experiments. As mentioned
above, Gene Expression Omnibus (Barrett et al., 2013; Edgar et al., 2002)
and SRA stores tens of thousands of experiments of patients, animal models
and cell lines using microarrays, RNA-seq, DNA-seq, etc.; CCLE is an
effort done by the Broad Institute to characterize hundreds of cancer cell
lines, both at transcriptome and genomic level. Finally, DepMap is the
natural evolution of CCLE, including all the information of CCLE and new
experiments of the broad institute, such as CRISPR genome-wide screening
studies for gene essentiality or metabolomics.
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To exemplify the use of these data portals, in our group two tools
have been published for search of biomarkers of gene essentiality, using
statistical models trained with the data available in the DepMap portal.
TrancriptAchilles is a software that relies on the transcript expression as
a biomarker for gene essentiality, rather than the expression of a gene as
a whole (Carazo et al., 2019). This is a remarkable discovery, because the
different isoforms expressed in a sample can be detected with a single PCR
with the exons that are differential in the isoform of interest. DrugSniper is
another tool to predict response biomarkers of gene essentiality based on
mutations data (Carazo et al., 2020).

Deep learning and systems biology

In the last years, there has been an increasing interest in the application of
Deep Learning techniques to the field of systems siology. These techniques,
which have proved to provide incredible results in computer vision, have
been successfully applied to different biological problems. I would like to
expose two works of interest: DrugCell (Kuenzi et al., 2020) and AlphaFold
(Jumper et al., 2021; Varadi et al., 2022).

DrugCell is an interpretable deep learning model that joins structural
information of small molecule drugs and mutation data of cancer samples
to predict drug effectiveness. One of the main conclusions of the paper
is the interpretability of the results and the possibility to even predict
interactions between drugs (Kuenzi et al., 2020). On the other hand,
AlphaFold is considered to be one of the main breakthroughs of the decade
in computational biology. This AI system developed by DeepMind solves
one of the most difficult problems, the 3D folding of proteins based on its
amino acid sequence. They have separated the problem in three models:
the first one calculates the distances between the different amino acids and
creates a distance matrix. The second problem is a problem which relates
sequence with the distance matrix, predicting a new distance matrix based
on the amino acids of the sequence. The third problem is the inverse of the
first problem, from the predicted distances, it calculates the 3D structure.
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In the CASP dataset, they obtained a median score of 87.0 GDT, doubling
previous methods (Jumper et al., 2021; Varadi et al., 2022).

1.4.2 Theoretical models: Constraint-Based Modeling

Since their beginning, the systems biology community has devoted much
effort to integrate the growing metabolic information into genome-scale
metabolic networks (Agren et al., 2012; Duarte et al., 2007; Feist and Palsson,
2008; Feist et al., 2007; Magnúsdóttir et al., 2017; Oberhardt et al., 2009;
Thiele et al., 2013), referred here as GEMs. All these reconstructions contain
the knowledge of all the biochemical reactions that occur within a particular
cell/organism, which genes codify the enzymes that are necessary to catalyze
certain reactions. Considering the stoichiometry of all the reactions at a
time, it is possible to study the structural properties of the network assuming
two biophysical constraints: the mass balance equation and thermodynamic
constraints (Clarke, 1981). This theoretical approach set the foundations
for Constraint-Based Modeling (CBM), which encompasses a family of
computational methods, mainly mathematical optimization models, aimed
to make predictions of cellular phenotypes. One example of CMB is Flux
Balance Analysis (FBA), which aims to simulate the metabolic phenotype
of organisms that maximizes cellular proliferation (Orth et al., 2010), based
on linear programming.

To illustrate this process, Figure 1.7 summarizes the different steps in
the construction of constraint-based models. Figure 1.7A shows a schematic
representation of an example GEM, which are typically depicted by means
of hypergraphs, where nodes are metabolites and arcs are reactions.

The full set of biochemical reactions can be stored in the so-called stoi-
chiometry matrix of dimensions mxn (Clarke, 1981), where m is the number
of metabolites and n the number of reactions (Figure 1.7B). Additionally,
we can define a vector v which represents the rate at which each reaction is
occurring (reaction fluxes). The product of S · v in a determined time point
is a vector of size mx1, the same dimension as the metabolites present in
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Figure 1.7: The basis of Constrained Based Modeling.
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Figure 1.7: The basis of Constrained Based Modeling: (A) A genome-scale
metabolic model comprises a list of mass-balanced biochemical reactions that occur within
the cell. Distinct colors represent the different subsystems or pathways. (B) Full set of
reactions can be stored in the stoichiometric matrix, S, which has a row for each metabolite
and a column for each biochemical reaction. (C) At steady state, the accumulation or
depletion of metabolites is zero, leading to a linear set of equations S · v = 0. Moreover, the
thermodynamic and environmental constraints reduce the feasible range of flux values for
reactions. The white parenthesis in the fluxes indicates possible additional experimental
information, such as nutrients available in the growth medium. These 2 constraints define
the solution space, which is known as the Flux Cone. (D) The biomass reaction is an
artificial reaction that describes the metabolic requirements to generate new building
blocks for cellular proliferation. (E) The flux cone can be analyzed through optimization
tools such as linear programming. FBA is one of the most popular methods in CBM.
(F) FBA maximizes the biomass production, but it might not be the only solution. FVA
studies the resulting solution space once the objective function is fixed to a minimum
production of biomass. Another alternative is the use of Markov chain Monte Carlo
sampling techniques, which explores the solution space without inducing a bias in the
solution by the introduction of an objective function. (G) The integration of -omics data
and metabolic networks is mediated by gene-protein-reaction rules. These rules defines
Boolean equations between gene, proteins and reactions This figure was based on previous
work presented in (Apaolaza et al., 2018; Bordbar et al., 2014; Gudmundsson and Thiele,
2010; Heirendt et al., 2019; Lewis et al., 2012; Orth et al., 2010; Tobalina, 2015).

the GEM. This vector is the first-time derivative of the concentration of
every metabolite (Eq 1.10):

S · v =
d[m]

dt
(1.10)

This system of ordinary differential equations allows us study dynamic
properties; however, it is also possible to conduct steady-state analysis,
assuming that the change in the metabolite concentration is zero:

S · v = 0 (1.11)

Equation (1.11) defines a linear system of equations, which can be
analyzed through linear algebra, as steady-state flux distributions are exactly
the null space of S. Unfortunately, this is not possible due to the fact that
it is necessary to consider the Gibbs free energy of each metabolic reaction,
defining whenever a reaction is reversible or irreversible. In CBM this can
be modeled by restricting the flux to be always non-negative for irreversible
reactions. All these constraints define a convex cone (Figure 1.7C). For this
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reason, the solution space is also known as the flux cone (Pey et al., 2015;
Rezola et al., 2011; Schuster and Hilgetag, 1994).

CBM typically defines an artificial reaction to model cellular prolifera-
tion, the biomass equation (Figure 1.7D), which includes the requirements
of a cell/organism in terms of proteins, lipids, energy and other necessary
components. With the solution space defined, it is possible to explore via
linear programing the flux distributions that optimize the flux through the
biomass reaction (Eq 1.12 - 1.14):

max z = cT · v (1.12)

s.t. S · v = 0 (1.13)

lb ≤ v ≤ ub (1.14)

The above problem is named Flux Balance Analysis (FBA) (Orth et
al., 2010), which is one of the most popular methods in CBM that has
been applied to different problems in biotechnology and medicine. The
mathematical model of FBA is shown in Figure 1.7E. Given that one of the
cancer cells hallmarks is their increased proliferation, cancer metabolism has
become one of the central topics in CBM (Cook and Nielsen, 2017; Ghaffari
et al., 2015; Lewis and Abdel-Haleem, 2013).

To end with the exploration of the Flux Cone, Figure 1.7F summarizes rel-
evant approaches in CBM. Flux Variability Analysis (FVA) (Gudmundsson
and Thiele, 2010) is a natural evolution of FBA. It expands the formulation
of FBA to explore alternative next-to-optimal flux states (Eq. 1.15 - 1.17).
The value of α is set to values close to 1, like 0.9 or 0.95, ensuring the almost
optimal phenotype.

min / max∀i vi (1.15)

s.t. lb ≤ v ≤ ub (1.16)

cT · v ≥ αzoptimal (1.17)
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Another interesting approach is flux sampling, which is applied to study
the possible phenotypes that exist in the flux cone using uniform exploration
approaches (Megchelenbrink et al., 2014; Schellenberger and Palsson, 2009).
An outstanding work in this direction was done by Mo et al. (Mo et al.,
2009), where they were able compare the most altered metabolic pathways
between two conditions by comparing the resulting sampling obtained from
the two defined solution spaces.

Furthermore, there are additional layers of information that we obtain
from the genome reconstruction. One of them is the gene-protein-reaction
(GPR) rules (Figure 1.7G), which include the information of the genes that
codify the proteins necessary for catalyze certain reactions. These rules are
commonly represented as Boolean rules, because there are genes that codify
analogous proteins that can catalyze a reaction (OR rules), whereas there
are protein complexes that involve several protein coding genes at a time
(AND rules).

The correct modeling of the GPR rules is of the utmost importance
because the experimental regulation of an organism is done through ge-
netic/drug interventions, which in most cases target proteins and not re-
actions. In fact, GPR rules are exploited to predict the effect of a gene
knock-out in the cellular phenotype. For example, we can perform a gene
essentiality analysis (GEA) based on FBA (Tobalina et al., 2016b). To
perform this analysis, it is only necessary to add one equation to the FBA
formulation:

vk = 0, k ∈ G (1.18)

, being G the subset of reactions that are inhibited by the knock down
of a gene g, which is calculated using the Boolean GPR rules. This process
is done iteratively for each gene in the model. Genes whose knock-down
change the biomass production below a certain threshold in comparison
with the wild type are considered as essential, e.g., a decrease below a
1%. These simulations are of special interest for cell types that are highly
proliferative, such as the cancer cells. For this reason, CBM has been a
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recurrent approach to predict essential in cancer (Cook and Nielsen, 2017;
Ghaffari et al., 2015; Lewis and Abdel-Haleem, 2013).

Unfortunately, the calculation of gene interventions which encompass two
or more genes can be computationally expensive, due to the combinatorial
nature of the problem. Some algorithms have implemented sophisticated
manners to calculate sets of reactions which are essential. At reaction level,
the concept of Minimal Cut Sets (MCSs) was published by Klamt and
colleagues (Klamt and Gilles, 2004). An elegant mathematical model for
their fast calculation was published by Tobalina et al. (Tobalina et al.,
2016a), and the non-trivial conversion from reaction intervention to gene
intervention was done by Apaolaza et al (Apaolaza et al., 2017). The later,
introduced the concept of genetic Minimal Cut Sets (gMCSs), which define
minimal set of genes whose knockout would render the functioning of a
given metabolic task impossible.

Obviously, CBM benefits from the improvements in the reconstruction
of genome-scale metabolic networks. Not only our understanding about the
human genome is increasing each year (Bordbar et al., 2014), but also the
knowledge that we can write down to a metabolic model, including more and

Table 1.1: Evolution of generic Human GEM and its statistics. Updated version
of table presented in (Geng and Nielsen, 2017)

Generic GEM Genes Metabolites Reactions Features Ref.

RECON 1 1496 1509 3744 Manually reconstructed from bibliomics
data. Duarte et al., 2007

EHMN 2322 2671 2823 Manually reconstructed from bibliomics
data. Ma et al., 2007

RECON 2 1789 2626 7440 Merging EHMN and HepatoNet1 with
RECON1. Thiele et al., 2013

RECON 2.2 1675 5324 7785
Reconstructed by integrating previous
versions, with emphasis on mass and
charge balance.

Swainston et al., 2016

HMR 1.0 1512 3397 4144 Reconstructed based on RECON1,
EHMN, HumanCyc and KEGG. Agren et al., 2014

HMR 2.0 3765 3160 8181

Reconstructed based on HMR1, with
additional emphasis on lipid metabolism
by integrating iAdipocytes1809, KEGG,
Lipidomics Gateway.

Nilsson et al., 2017

RECON 3D 3288 4140 13543

Expansion of HMR2.0 with additional
databases: metabolomics, drug module,
transport module, host-microbe, and
metabolism of diet.

Brunk et al., 2018

Human1 3625 4164 13417
Reconstruction ased on HMR 2.0,
Recon3D and iHSA, with emphasis on
Community-driven curation.

Robinson et al., 2020
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more curated pathways. In Table 1.1 it is shown the increase in complexity
and size of the human GEMs, which translates into an increase of coverage
and accuracy of reference human genome-scale metabolic networks (Cook
and Nielsen, 2017; Geng and Nielsen, 2017; Robinson et al., 2020).

A detailed review of this field is out of the scope of this PhD dissertation.
In the last 20 years there has been increasing number of new algorithms in
this area. All these advancements have allowed the researchers to study the

S

Unbiased methods describe all steady-state flux distri-
butions, including reaction sets that function together
without belonging to the same traditional pathway 
concepts.

Two such unbiased approaches, elementary flux 
mode (EFM) analysis and extreme pathway (ExPa)
analysis, globally characterize allowable phenotypes and
have been reviewed and compared previously17–19. These
methods identify reaction sets (that is, pathways) that
achieve specific metabolic functions, and combinations
of these reaction sets describe the entire solution space
(that is, all steady-state phenotypes). These two unbiased 
methods have been used for many different ends. For

example, in studies of Escherichia coli metabolism they 
have helped assess global pathway regulation20, facilitated 
the design of an ethanol-secreting strain21, identified
synthetic-lethal gene interactions22 and demonstrated
the trade-off between reducing translation costs and 
rapidly responding to environmental changes23. These
methods are usually applied to small models or por-
tions of GEMs24, because their computational com-
plexity scales exponentially25,26. However, their use on
larger models is becoming possible through simplifica-
tions that, for example, calculate a subset of potential 
pathways or find minimal pathways that accomplish a
biological function27–30.
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Figure 1.8: The “phylogeny” of constraint-based modeling methods. Over the
past years, the constraint-based modeling community has rapidly expanded. Because
of the versatility and scalability of these models, more than 100 methods have been
developed for their modeling and analysis, which are based on their underlying metabolic
network structure (i.e., the stoichiometric matrix). A phylogenetic tree is used here to
depict the similarities between application and use of such methods, and the underlying
algorithms for many of them. Taken from Lewis et al. 2012 (Lewis et al., 2012)
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metabolism and make predictions. In Figure 1.8 there is a phylogeny tree
which shows the different ramifications of these algorithms (Lewis et al.,
2012).

Finally, I would like to emphasize that this community is highly active.
In the recent years, RAVEN 2.0 (Wang et al., 2018) and COBRA toolbox
3.0 (Heirendt et al., 2019) have been published and released in a community
driven framework, allowing users all around the globe to easily contribute,
which, at the same, increases the accessibility of researchers to novel CBM
algorithms that are published every year.

1.5 Motivation and Objectives

Over the last 2 decades, we have witnessed the increase in availability
of high-throughput -omics data, which, at the same time, has driven the
development of empirical and theoretical models for different questions in
biomedicine.

The general objective of this doctoral thesis is the development of novel
computational methods able to predict potentially novel metabolic
drug targets and biomarkers in cancer based on transcriptomic data.
To do so, we have defined two main objectives:

1. Improve theoretical methods to predict metabolic vulnerabilities in
cancer based on genome-scale metabolic networks and transcriptomic
data.

2. Novel machine learning methods to predict prognosis and response
biomarkers in cancer based on transcriptomics data.

Each of the objectives is explored in the different parts of this PhD
dissertation. I would like to emphasize that the principal disease studied in
this doctoral thesis has been Multiple Myeloma (MM). Multiple Myeloma is
a B-cell neoplasm characterized by the uncontrolled expansion of malignant
plasma cells in the bone marrow (Kumar et al., 2017). It is the second most
common hematological malignancy, accounting for 10% of all hematological
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neoplasms in 2018 in the United States (Siegel et al., 2018), and 14% all
around the globe in 2020 (Sung et al., 2021). Despite the fact that in recent
years many advances in the treatment of patients with MM have been made,
this disease is still incurable. Therefore, studies are needed both at the
marker, functional and target level for the development of new therapeutic
strategies to improve the response and quality of life of patients with MM
(Landgren and Rajkumar, 2016; Mateos et al., 2020; Walker et al., 2019).

1.6 Outline and contributions of this thesis

This thesis is divided in two distinct parts. Part I (Chapters 2 and 3) covers
the first objective, namely, to improve CBM algorithms for the prediction
of novel drug targets in cancer, whereas part II (Chapter 4 and 5) focuses
on novel machine learning techniques for the identification of biomarkers
for both prognosis and treatment response.

1.6.1 Chapter 2 (Part I)

This chapter improves a previous algorithm called metabolic transformation
analysis (MTA), which predicts gene knockouts able to transform a disease
metabolic phenotype back into the healthy state. Unfortunately, we dis-
covered bias in the solutions obtained MTA and developed a more robust
approach (rMTA). Validation of rMTA is done with controlled knockout
experiments and a proof-of-concept in prostate cancer is presented.

The research developed in this chapter has been published in the following
journal paper:

Luis V. Valcárcel, Verónica Torrano, Luis Tobalina, Arkaitz Carracedo,
and Francisco J Planes (2019). “rMTA: robust metabolic transformation
analysis”. In: Bioinformatics 35.21, pp. 4350–4355.

1.6.2 Chapter 3 (Part I)

This work presents a novel tool called gMCStool, a web-service which offers
an easy and fast gene essentiality analysis by integrating RNA-seq data
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with a database of thousands of gMCSs, which disrupt not only the biomass
reaction, but also other 56 metabolic essential tasks. gMCStool overcome
different technical limitations of our previous approach and adapt our
methodology to Human1, the latest version of the human metabolic network.
The main advantage of the presented tool is the user-friendly interface, the
lack of computer power requirements and the increase in prediction power.
In addition, proof-of-concept is presented in multiple myeloma, where we
identified and validated the dependence on CTPS1.

The research developed in this chapter has been prepared as a manuscript
ready to be submitted:

Luis V. Valcárcel, Edurne San José-Enériz, Raquel Ordoñez, Iñigo
Apaolaza, Ana Valcárcel, Leire Garate, Jesús San Miguel, Pineda-Lucena
Antonio, Xabier Agirre, Felipe Prósper, and Francisco J Planes (2022). “gM-
CStool: automated network-based tool to search for metabolic vulnerabilities
in cancer”.

1.6.3 Chapter 4 (Part II)

This work analyzes the expression of alternative promoters in MM pa-
tient samples from RNA-seq information and use them as biomarker of
Progression-free Survival (PFS) and Overall Survival (OS) for these patients.
We analyzed the RNA-seq information of samples along the B-cell differen-
tiation and Multiple Myeloma to demonstrate correlation between histone
mark studies and RNA-seq derived promoter activity. Then, RNA-seq
data of MM patient samples included in the MMRF-CoMMpass cohort
were analyzed to obtain alternative active promoters and study them as
biomarkers of both PFS and OS, providing more information than just
High-risk genetic biomarkers.

The research developed in this chapter has been published in the following
journal paper:

Luis V. Valcárcel, Ane Amundarain, Marta Kulis, Stella Charalam-
popoulou, Ari Melnick, Jesús San Miguel, José I Martín-Subero, Francisco J
Planes, Xabier Agirre, and Felipe Prosper (2021). “Gene expression derived
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from alternative promoters improves prognostic stratification in multiple
myeloma”. In: Leukemia, pp. 1–5.

1.6.4 Chapter 5 (Part II)

This chapter develops a novel feature selection algorithm for linear regres-
sion called BOSO (Bilevel Optimization Selector Operator). In machine
learning, feature selection consists of identifying the subset of input vari-
ables (features) that are correctly associated with the response variable
that is aimed to be predicted. An adequate feature selection is particularly
relevant for high-dimensional datasets, commonly encountered in biomedical
research questions that rely on -omics data, e.g. predictive models of drug
sensitivity, resistance or toxicity, construction of gene regulatory networks,
biomarker selection or association studies. Proof of concept and comparison
of method with gold-standard algorithms was conducted using synthetic
data. Moreover, RNA-seq data and drug screenings from GDSC (Genomics
of Drug Sensitivity in Cancer) database was used to generate a Methotrex-
ate efficacy predictor. Finally, an R package was generated, submitted to
CRAN, accepted, and published on CRAN.

The research developed in this chapter has been published in the following
journal paper:

Luis V. Valcárcel, Edurne San José-Enériz, Xabier Cendoya, Ángel Ru-
bio, Xabier Agirre, Felipe Prósper, and Francisco J Planes (2022). “BOSO: a
novel feature selection algorithm for linear regression with high-dimensional
data”. In: PLOS Computational Biology 18(5): e1010180.

1.6.5 Chapter 6 (Part III)

This last chapter summarizes all the work and conclusions of the thesis.
Possible futures lines are also discussed.
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Chapter 2

robust Metabolic
Transformation Analysis
(rMTA)

“The most exciting phrase to hear in
science, the one that heralds new
discoveries, is not ’Eureka!’ but ’That’s
funny ...’ ”

Isaac Asimov

Abstract

Motivation

The development of computational tools exploiting -omics data and high-
quality genome-scale metabolic networks for the identification of novel drug
targets is a relevant topic in Systems Medicine. Metabolic Transformation
Algorithm (MTA) is one of these tools, which aims to identify targets that
transform a disease metabolic state back into a healthy state, with potential
application in any disease where a clear metabolic alteration is observed.
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Results

Here, we present a robust extension to MTA (rMTA), which additionally
incorporates a worst-case scenario analysis and minimization of metabolic
adjustment to evaluate the beneficial effect of gene knockouts. We show
that rMTA complements MTA in the different datasets analyzed (gene
knockout perturbations in different organisms, Alzheimer’s disease and
prostate cancer), bringing a more accurate tool for predicting therapeutic
targets.

Availability and implementation

rMTA is freely available on The Cobra Toolbox:
https://opencobra.github.io/cobratoolbox/latest/.

Supplementary information

Supplementary data are available at Bioinformatics online.

2.1 Introduction

With the release of high-quality human genome-scale metabolic networks,
together with the increasing -omics data availability, the use of constraint-
based models in the drug discovery process is expanding, particularly for
the elucidation of novel and better targets (Oberhardt et al., 2013). Early
approaches have focused on cancer and bacterial infections, namely by
directly targeting the growth of target cells (Apaolaza et al., 2017; Folger
et al., 2011; Plata et al., 2010). A more general approach, termed Metabolic
Transformation Algorithm (MTA), was presented in Yizhak et al. (2013),
aiming to identify targets that transform a disease metabolic state into a
healthy one, with potential application in any disease where a clear metabolic
alteration is observed. In that work, Ruppin and co-workers applied MTA
to ageing, and was later used in Alzheimer’s disease (AD) (Stempler et al.,
2014). Importantly, this work opened new avenues to systematically target
cellular metabolism in human disease.

https://opencobra.github.io/cobratoolbox/latest/
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In the present study, we show that the MTA scoring procedure consti-
tutes a best-case scenario, which may over-estimate the beneficial effect of
a particular perturbation, typically gene knockouts or drugs, to transform a
disease phenotype into a healthy one. We propose a more robust approach,
which takes into account a worst-case scenario and results from the mini-
mization of metabolic adjustment (MOMA) (Segrè et al., 2002). We term
our approach Robust MTA (rMTA).

To illustrate our approach, we first applied rMTA to gene knockout
experiments in different organisms and AD data, previously analyzed with
MTA (Stempler et al., 2014; Yizhak et al., 2013), showing that rMTA
effectively enhances and improves MTA. In addition, we applied rMTA to a
recently published gene expression dataset in prostate cancer, where the role
of the metabolic co-regulator PGC1α in tumor progression and metastasis
was analyzed (Torrano et al., 2016).

2.2 Materials and methods

2.2.1 MTA

MTA only requires two inputs: gene expression levels of the target (healthy)
and source (disease) states, as well as a genome-scale metabolic reconstruc-
tion. Full details of the algorithm can be found in Yizhak et al., 2013. Here,
we summarize the most relevant steps of MTA:

i Using a three-level classification of reactions based on absolute ex-
pression data, network contextualization of the source state is carried
out using iMAT (Shlomi et al., 2008). Flux sampling techniques are
then applied to generate a mean flux distribution at the source state,
denoted as vre f .

ii Determination of changed and unchanged reactions based on vre f ,
differential gene expression analysis and gene-to-reaction mappings.
The aim here is to define the subset of reactions whose flux should
change in the forward (RF) and backward (RB) direction to transform



40 Chapter 2. rMTA

the source state into the target state. To that end, we first categorize
reactions as elevated or reduced based on differential gene expression
data and gene-to-reactions mappings. Then, reaction i is in RF if
vre f

i > 0 and it is elevated or if vre f
i < 0 and it is reduced. Similarly,

reaction i is in RB if vre f
i < 0 and it is elevated or if vre f

i > 0 and it
is reduced. The rest of reactions (RS) are unchanged and their flux
should be similar in both states.

iii Selection of a threshold for each reaction, ε i, from which a significant
flux deviation from vre f in the direction of the target (healthy) state
is achieved.

iv Upon gene knockout, determination of the maximum number of sig-
nificant flux alterations in the desired direction while respecting the
flux of unchanged reactions. This is done via mixed–integer quadratic
programming (MIQP) using the following objective function and math-
ematical constraints:

min
v,y

(
(1 − α) ∑

iϵRS

(vre f
i − vi)

2 +
α

2 ∑
iϵRF

yi +
α

2 ∑
iϵRB

yi

)
(2.1)

subject to:

vmin ≤ v ≤ vmax (2.2)

S · v = 0 (2.3)

vi + yF
i (v

re f
i + ε i)− yivmin

i ≥ 0, iϵRF (2.4)

yF
i + yi = 1, iϵRF (2.5)

vi + yB
i (v

re f
i − ε i)− yivmax

i ≤ 0, iϵRB (2.6)
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yB
i + yi = 1, iϵRB (2.7)

v ϵ Rn

yi, yF
i , yB

i ϵ[0, 1]

Equation 2.2 integrates thermodynamic, gene knockout and growth
medium constraints, where v are the reaction fluxes, while vmin and vmax are
their associated lower and upper bounds, respectively. The mass balance
constraint is enforced in Equation (2.3), where S represents the stoichio-
metric matrix. In Equations (2.4) and (2.5), y and yF are binary variables
associated with changed reactions in the forward direction RF. With these
constraints, we guarantee for a particular reaction i in RF that, if yi = 0
(or yF

i = 1), its associated flux is significantly altered in the desired forward
direction, i.e. vi ≥ vre f

i + ε i. Similarly, Equations (2.6) and (2.7) guarantee
for reaction i in RB that, if yi = 0 (or yB

i = 1), its associated flux is signif-
icantly altered in the desired backward direction, i.e. vi ≤ vre f

i − ε i. α in
Equation (2.1) is a trade–off parameter. The resulting flux distribution is
termed vres.

5. Calculation of the Transformation Score (TS), as in Equation (2.8),
which captures the transformation upon gene knockout from the source
to the target state

TS =
∑iϵRsuccess

abs[(vre f
i − vres

i )]− ∑iϵRunsuccess
abs[(vre f

i − vres
i )]

∑iϵRS
abs[(vre f

i − vres
i )]

(2.8)

where Rsuccess and Runsuccess denote fluxes in vres involving an alteration in
the desired and undesired direction, respectively. MTA algorithm ranks gene
knockouts according to their TS [Equation (2.8)] by using the transformed
flux distribution (vres) obtained after solving Equations (2.1)-(2.7). The
more positive the TS is, the greater the capacity of the related intervention
to move in the target (healthy) direction.
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2.2.2 rMTA

As explained above, the MTA algorithm ranks gene knockouts according
to their TS [Equation (2.8)] by using the transformed flux distribution
(vres) obtained after solving Equations (2.1)-(2.7). In our view, this scoring
procedure constitutes a best-case scenario, since it minimizes the number
of unsuccessful changes, providing knockouts with maximum capacity to
move in the target direction. Best-case TS (bTS) can be either positive
or negative, namely the more positive, the more capacity to move in the
desired (target) direction.

However, one may question whether a particular gene knockout could
also reinforce the source state, particularly by evaluating the maximum
capacity to further move in the source direction. To that end, for each gene
knockout, we propose to swap RF and RB subsets and recalculate Equations
(2.1)-(2.7) and Equation (2.8), resulting in what we term worst-case TS
(wTS). For a given gene knockout, similar to the bTS, the more positive the
wTS is, the more capacity to further move the flux distribution in the source
(disease) direction. In terms of drug targets, we are certainly interested in
those knockouts having a positive bTS and a negative wTS (see Figure 2.1A).
In cases where we have both a positive bTS and wTS, the interpretation is
unclear and the algorithm cannot clearly distinguish the beneficial effect of
the knockout. An illustrative example of an underdetermined scenario can
be found in Figure 2.1B, where bTS = wTS.

As shown in Figure 2.1C, where bTS > wTS (both being positive), we
can have less extreme situations, with values of bTS and wTS differing
significantly. In these cases, the use of MOMA can be informative and
constitutes the most realistic approach to decide whether a particular gene
knockout pushes metabolism into the healthy or disease direction. This is
equivalent to fixing α = 0, including the whole set of reactions (not only RS)
in the first term of Equation (2.1) and resolving Equations (2.1)-(2.3) and
recalculating Equation (2.8), resulting in what we term MOMA TS (mTS).
Note here that we also evaluated ROOM (regulatory on/off minimization of
metabolic flux changes) (Shlomi et al., 2005). However, we found ROOM
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Figure 2.1: Illustration of the problem addressed by rMTA.(A) TSs after gene
knockout are skewed to the healthy direction in both the best-case (bTS) and worst-case
scenario (wTS); (B) TSs are similar in value and skewed to the opposite direction in the
best-case and worst-case scenario and, therefore, under-determination arises; (C) The
same as B, but TS is higher in the best-case scenario and skewed to the healthy direction
when MOMA is applied (mTS > 0). Under-determination is resolved here using mTS.

significantly more computationally demanding than MOMA with no increase
in accuracy (see Supplementary Table S1 for details).

In order to account for these different factors, we propose in Equation
(9) a unified score (rTS), which integrates bTS, wTS and mTS, providing a
more robust approach

rTS = mTS · (k · (bTS − wTS))a (2.9)

where a = 1 if bTS > 0, mTS > 0 and wTS < 0, a = 0 otherwise;
k is a big positive number, here k = 100. As reflected in Figure 2.1,
our aim is to rank higher perturbations skewed to the target direction,
i.e. bTS > 0, mTS > 0 and wTS < 0, and, in these situations, rTS =

mTS · k · (bTS − wTS). We included k in Equation (2.9) to guarantee that
rTS > mTS, i.e. k · (bTS − wTS) > 1, when a = 1. In the rest of the cases
(a = 0), we rely on MOMA and fixed rTS = mTS (see Supplementary Figure
A.1). We call this extension robust Metabolic Transformation Analysis
(rMTA).
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The value of our rMTA approach is analyzed in three different cases:
gene knockout predictions in Escherichia coli (E. coli), mouse and human
samples, AD and prostate cancer (see Section 2.3). Below, we provide the
technical details of our implementation of MTA and rMTA.

2.2.3 Implementation of MTA and rMTA

For studies using human cells, we used the genome-scale metabolic network
reconstruction Recon1 (Duarte et al., 2007), while for those using mouse
models, we used the available reconstruction that is based on Recon 1
(Sigurdsson et al., 2010). This was done to compare our approach with the
results presented in Stempler et al., 2014 and Yizhak et al., 2013.In addition,
for each of the dataset analyzed here, we simulated the same growth medium
that was used in the experiment. In human brain data from AD patients,
in which the growth medium is unknown, we assumed the most general
unconstrained case where all nutrients are available. In the prostate cancer
study, based on human cell lines, DMEM medium was simulated. In the
case of gene knockout experiments with mouse and human cells, RPMI,
DMEM or general unconstrained media were simulated depending on the
case considered (Supplementary Table S2). For flux sampling, we used
optGpSampler (Megchelenbrink et al., 2014), an extension of GpSampler
(Schellenberger and Palsson, 2009) that converges up to 500 faster in large
networks. Two thousand different flux distributions were determined and
averaged to obtain vre f .

As noted above, a flux is significantly altered in the desired direction
(yi = 0) if vres

i ≥ vre f
i + ε i if i ∈ RF, or if vres

i ≤ vre f
i − ε i if i ∈ RB. Following

the methodology described in Yizhak et al., 2013, for studies using mouse
and human cells, we fixed a different parameter ε i for each reaction. However,
we set a minimum ε i of 0.001 to avoid numerical issues. In addition, we set
the trade–off parameter α in Equation (2.1) to 0.66, as done in Yizhak et al.,
2013. We also conducted a sensitivity analysis on the α and ε parameters,
finding that the main results shown in Section 2.3 are stable for different
values (Supplementary Figures A.2-A.7).
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2.2.4 Gene expression datasets and analysis

AD study. Illumina microarrays data were obtained from the Gene Expres-
sion Omnibus (GEO) database (Barrett et al., 2013), particularly GSE15222,
which involves data from 363 cortical samples of Alzheimer’s and control
patients’ post-mortem brains (Webster et al., 2009). Data were processed
with the R statistical framework. Data were log2 transformed and quantile
normalized using the lumi package Du et al., 2008. Summarized gene-level
intensities were obtained using the limma package (Ritchie et al., 2015b).

For the absolute classification of genes into highly, moderately and lowly
expressed required for iMAT analysis, for each different AD sample, we
selected as highly expressed those having a larger expression value than
the mean expression +δ SD and as lowly expressed those having a lower
expression than the mean expression −δ SD. We fixed δ = 0.3, as done in
Stempler et al., 2014. The rest of the genes were considered as moderately
expressed. A consensus gene classification in AD was then determined,
particularly genes were classified as highly / lowly expressed if this outcome
was obtained in at least β% of AD samples, with β = 100. We used gene-
protein-reaction rules available in Recon1 to convert highly, moderately
and lowly expressed genes into high, medium and low activity reactions, as
required for the iMAT analysis. We conducted a sensitivity analysis on δ

and β, finding that vre f was not significantly altered (see Supplementary
Figure A.8).

In order to determine differentially expressed genes between control
patients and AD, as required for the calculation of TS scores, we again
used the limma package. We selected those genes having a probability of
being differentially expressed greater than 0.95 (B statistic greater than
4.25) and being up-regulated or down-regulated in healthy subjects versus
AD patients by at least a fold change of ±20%. Genes not satisfying these
restrictions were classified as unchanged. Up-regulated, unchanged and
down-regulated genes were converted into elevated, unchanged and reduced
activity reactions using gene-protein-reaction rules. Note that the threshold
for differential expression defined above was selected to obtain 100–200
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changed reactions, as suggested in Yizhak et al., 2013 in order to guarantee
a tractable running time. As noted above, in conjunction with vre f , this
information was used to determine RF and RB.

Prostate cancer study. Illumina microarray data were obtained from
Torrano et al., 2016, which includes three samples of wild-type prostate
cancer cell line PC3, where tumor suppressor PGC1α is repressed (source
state, metastatic phenotype), and three samples of engineered PGC1α-
expressing PC3 (target state, non-metastatic phenotype). This data is also
accessible in GEO under reference number GSE75193.

For absolute gene expression classification, we used the same procedure
as in the AD study. However, given the limited number of samples, we
fixed a stricter threshold to obtain highly and lowly expressed genes in
the source state, namely δ = 0.7 (see Supplementary Figure A.9). For the
differential expression analysis between the source and target states, we
again used the limma package and selected those genes with an adjusted
(FDR) p − value < 0.05, which again resulted in a number around 100–200
of altered reactions.

Gene knockout experiments. In the case of human cells, we considered
the same two experiments reported in Yizhak et al., 2013, namely the
knockout of SDHB in the hepatocellular carcinoma cell line Hep3B (Cervera
et al., 2008) and the mutation of SDHA in acute quadriplegic myopathy
patients (Bakay et al., 2006). Gene expression data for these two cases are
accessible in GEO under reference numbers GSE10289 and GSE3307. In
addition, we added two more recently published cases that knocked out
RRM1 and RRM2 in the Multiple Myeloma cell line H929 (GEO accession
number GSE93425) (Sagawa et al., 2017). With respect to mouse cells,
we only considered 1 out of 2 experiments reported in Yizhak et al., 2013,
(GKD knockout, GEO accession number GSE12748) (MacLennan et al.,
2009). Microarray data of the other experiment (FH1 knockout) were not
available. However, we used a very similar experiment with the same gene
knockout (GEO accession number GSE10989).

All these experiments have been carried out using Affymetrix microarrays.
Data were processed with RMA, available in aroma-affymetrix (Bengtsson
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et al., 2008). Log2 normalized signals were summarized to the gene-level.
For the absolute gene expression classification, we used the same procedure
as in the AD study, with β = 100%, but with δ = 0.7–1, depending on the
distribution of intensities of metabolic genes and the number of samples for
each scenario.

For the differential expression analysis, we used the limma package. As
noted above, we varied the filter of p-value, FDR and B-statistic in order
to obtain around 100–200 altered reactions, as suggested in Yizhak et al.,
2013.

2.3 Results

2.3.1 Comparison of rMTA and MTA in different organisms

To examine the performance of rMTA, we first applied it to predict the
effects of gene knockouts in E. Coli, as previously done in Yizhak et al.,
2013. We used gene expression data measured before and after a specific
metabolic gene knockout, which allows us to evaluate whether rMTA is able
to rank high the gene knockout causing the metabolic transformation from
the wild-type into the knockout state. We fixed the same parameters used
in Yizhak et al., 2013 (α = 2/3, ε = 0.01) and applied rMTA in the same
conditions (vre f , RF, RB, RS) (data provided by the authors). Our approach
was compared with the results obtained with MTA. Results are shown in
Table 2.1 and Supplementary Data 1.

We can observe in Table 2.1 that the ranking of the gene knockout
causing the perturbation is similar in both rMTA and MTA: it is better
ranked in rMTA in experiments 3 and 6, while the opposite happens in
experiments 4 and 5; in the other two cases we have the same position with
both approaches. In 4 out of 6 cases (experiments 1, 2, 5 and 6), the true
gene knockout does have a positive bTS and mTS, with a negative wTS.
As shown in Figure 2.1, gene knockouts with this pattern constitute the
most natural candidates to revert to the original scenario. However, in these
four cases, rMTA could not improve the performance of MTA and both
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Table 2.1: Comparison of rMTA and MTA in E.coli.

Experiment
number Gene name Sing of: Gene Ranking

bTS mTS wTS rMTA MTA
1 pgi + + - 4 4
2 pgi + + - 8 8
3 ppc - + + 13 50
4 ppc + + + 14 10
5 tpiA + + - 4 3
6 tpiA + + - 9 10

Note: bTS represents a best-case transformation score (TS); mTS is the TS score obtained
using MOMA; wTS represents the worst-case TS; rMTA is Robust MTA and ranks gene
knockout according to robust TS. The column entitled ‘MTA’ includes the results reported
in Yizhak et al., 2013. Experiments 1 and 2 represent two different gene expression studies
that knocked out pgi. The same for ppc in experiments 3 and 4 and tpiA in experiments
5 and 6.

provided very good results. In contrast, this pattern of signs is not followed
in experiments 3 and 4: wTS > 0 in both cases and bTS < 0 in experiment
3. In these two cases, rMTA [now based on MOMA, see Equation (2.9)]
provided very good results, particularly in the case of experiment 3, where
ppc is better ranked in rMTA than in MTA (see Supplementary Data 1 for
full details).

The effect of rMTA was more clearly observed when we replicated the
study of AD reported in Stempler et al., 2014, where MTA was used to
predict drug targets (see Section 2.2 for details). Figure 2.2A displays bTS
and wTS for the different gene knockouts simulated in the AD study. The
gene knockout ranked first in rMTA, SLC5A8 (Solute Carrier Family 5,
Member 8), is far from the best-ranked positions in MTA (position 313).
However, it is the gene knockout with the most negative wTS, which implies
that this gene knockout, even in the worst-case scenario, leads metabolic
fluxes into the healthy direction. In addition, mTS is also the highest
for this gene knockout (Figure 2.2B). This result shows that rMTA may
significantly alter the ranking obtained with MTA. Of course, we found
cases where rMTA and MTA obtained similar results, for example SLC5A3
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and SLC5A11, which were ranked first and second in MTA and in the top
20 in rMTA. However, a remarkable number of gene knockouts were ranked
at very distant positions in rMTA and MTA, e.g. SLC6A5.

Figure 2.2: Comparison of rMTA and MTA in the AD study. (A) bTS versus
wTS for different gene knockouts analyzed. Source and target states are AD patients
and healthy controls, respectively; (B) bTS versus MOMA TS (mTS) for different gene
knockout analyzed.

In summary, Figure 2.2 shows that some genes ranked high in rMTA are
not found in the top positions of the MTA ranking, showing that integrating
a worst-case scenario and MOMA with MTA (as done in rMTA) do have
an impact in the ranking of the most relevant gene knockouts to transform
a metabolic state into a healthy state. Full details of our AD study can be
found in Supplementary Data 2.

Given the results in AD, we conducted a similar analysis to the one in
Table 2.1 (known gene knockout perturbations) with human and mouse
cells (see Section 2.2 for details), as done in Yizhak et al., 2013. The benefit
of using rMTA can now be clearly observed in Table 2.2, as we always
rank the gene knockouts that cause the perturbation significantly higher
(one-sided Wilcoxon signed-rank test, p − value = 0.016). The pattern of
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signs in experiments 1 and 2 follows the one discussed in E. coli. The rest
of cases presents under-determination, but it is importantly smoothed by
rMTA. Full details can be found in Supplementary Data 3.

2.3.2 rMTA in prostate cancer

In a recent work (Torrano et al., 2016), it was shown that the master
metabolic co-regulator PGC1α suppresses prostate cancer progression and
metastasis. They proved that reconstituting the expression of PGC1α in
different prostate cancer cell lines leads to a decrease in growth, proliferation
and metastasis. In order to evaluate the transcriptomic changes mediated by
the induction of PGC1α, they compared the gene expression data between
wild-type and engineered PGC1α-expressing PC3 prostate cancer cell line
(see Section 2.2).

Here, we apply rMTA to identify gene knockouts that transform PC3
cells (source state) into a less aggressive state, which is defined by those
expressing PGC1α (target state). Results are shown in Figure 2.3A. It can
be observed that the best-ranked gene knockouts in MTA show a high level
of under-determination, since they have an even larger value for wTS (e.g.
SLC12A3 ), which once again emphasizes the limitations of MTA. Instead,
the best-ranked genes in rMTA have a reduced TS (Figure 2.3B), but they
are biased towards the healthy direction, e.g. MTHFD1L. Full details can
be found in Supplementary Data 4.

Whether top-ranked gene knockouts in rMTA are sufficient to recapit-
ulate the effect of PGC1α is debatable and requires further experimental
validation. Among them, we have several genes involved in folate metabolism:
MTHFD2, MTHFD1 and MTHFD1L. This is particularly interesting, since
a recent work provided evidence that the PGC1α/ERRα axis regulates
folate metabolism in breast cancer (Audet-Walsh et al., 2016). Particularly,
they showed that PGC1α and MTHFD1L have an inverse and significant
correlation at the expression level, which is also observed in our prostate
cancer study (Figure 2.3C) and in primary prostate cancer samples from
CANCERTOOL (Cortazar et al., 2018). Figure 2.3D shows the expression
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Figure 2.3: rMTA application to prostate cancer. (A) bTS versus wTS to trans-
form wild-type into engineered PGC1α-expressing PC3 cells for different gene knockouts
analyzed; (B) Zoomed-in of panel A to highlight top-ranked genes in rMTA; (C) Ex-
pression of MTHFD1L in wild-type into engineered PGC1α-expressing PC3 cells; (D)
Expression plot of PGC1α (horizontal axis) and MTHFD1L (vertical axis) in prostate
cancer samples from TCGA.

of PGC1α and MTHFD1L in primary prostate cancer samples from TCGA,
but the same result is found in three additional prostate cancer datasets
available in CANCERTOOL (Supplementary Figure A.10). On the other
hand, the knockdown of MTHFD1L in hepatocellular carcinoma significantly
decreased proliferation and growth (Lee et al., 2017). Based on our data, we
propose the inhibition of MTHFD1L as a promising target to recapitulate
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(at least part of) the effect of PGC1α as a tumor suppressor in prostate
cancer.

2.4 Discussion

A key challenge in Systems Medicine is the development of computational
methods, driven by –omics data, capable of predicting novel and more
effective therapeutic strategies in different diseases. Existing in-silico ap-
proaches to target cellular metabolism, based on the constrained-based
modeling paradigm, have mainly concentrated on cancer and parasitology
(Apaolaza et al., 2017; Plata et al., 2010). Certainly, cellular growth and
proliferation are clear phenotypes relevant in these diseases, which have
been typically analyzed by constraint-based models (through the biomass
reaction). These methods could hardly be applied, if at all, for diseases
where a clear targetable metabolic phenotype is unknown.

Ruppin and co-workers overcame this issue with the release of MTA. The
logic behind MTA is the construction of data-driven metabolic objectives
that can be systematically analyzed through constraint-based models. This
was done based on differential expression analysis, namely by defining a
list of reactions that need to be up/down regulated in order to transform
a disease phenotype into a healthy one. The first applications of MTA to
different diseases, reported in Yizhak et al., 2013 and Stempler et al., 2014,
were encouraging and promising for the field of Systems Medicine.

In order to complement the path opened by MTA, we here present a
more robust formulation, termed rMTA, aimed to more accurately quantify
the capacity of selected perturbations to transform a disease phenotype into
a healthy one. To that end, we pondered three different scores: bTS, the
one given by MTA; wTS, which results from swapping RF and RB in MTA
and recalculating TSs, and MOMA TS (mTS), a more realistic scenario that
minimizes the distance to reference fluxes upon perturbation. The rMTA
score ranks high perturbations satisfying that (i) mTS > 0 and (ii) bTS > 0
and wTS < 0, as we showed in the different cases analyzed in Section 2.3.
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A crucial insight that our rMTA approach uncovered was that most of
the best-ranked gene knockouts in MTA suffer from under-determination, i.e.
they have a similar capacity to move in the desired and undesired direction.
Thus, users should be cautious with the results from MTA (bTS) and apply
more restrictive filters, as we proposed here using bTS, wTS and mTS. In
the controlled gene knockout experiments with human and mouse samples
(Table 2.2), the benefit of using the score proposed by rMTA over MTA is
clearly observed.

Table 2.2: Comparison of rMTA and MTA in human and mouse cells.

Experiment
number Gene name Sing of: Gene Ranking

bTS mTS wTS rMTA MTA
1 RRM1 + + - 28 353
2 RRM2 + + - 36 372
3 SDHA + + + 119 546
4 SDHB + + + 88 402
5 FH1 + + + 11 575
6 GKD + + + 92 453

Note: bTS represents a best-case transformation score (TS); mTS is the TS score obtained
using MOMA; wTS represents the worst-case TS; rMTA is Robust MTA and ranks gene
knockout according to robust TS. The column ‘MTA’ includes the ranking provided when
bTS was only considered. The metabolic model of Homo Sapiens (Recon1) and Mus
Musculus (iMM1415) contain 1496 and 1375 genes, respectively.

We believe that this intrinsic under-determination can only be broken by
adding more experimental data. The integration of metabolomics data and
isotope labeling data will allow us to more accurately define the reference
fluxes in the source state. A better definition of references fluxes is a
key point in both MTA and rMTA, but it is not the only question to be
addressed. A second challenge, perhaps more relevant, is to disentangle
internal rules and regulatory constraints as to how cells accomplish their
metabolic adaptation after perturbations. Overall, the rational study of
these questions will allow us to identify better therapeutic strategies to
target aberrant metabolism in human disease.
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Chapter 3

gMCStool: automated
network-based tool to search
for metabolic vulnerabilities
in cancer

“The greatest teacher, failure is.”

Yoda

Abstract

The development of computational tools for the systematic prediction of
metabolic vulnerabilities of cancer cells constitutes a central question in
systems biology. Here, we present gMCStool, a freely accessible and online
tool that allows us to carry out this task in a simple, efficient and intuitive
environment. gMCStool exploits the concept of genetic Minimal Cut Sets
(gMCSs), a theoretical approach to synthetic lethality based on genome-scale
metabolic networks, including a unique database of thousands of synthetic
lethals computed from Human1, the most recent metabolic reconstruction of
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human cells. Based on RNA-seq data, gMCStool extends and improves our
previously developed algorithms to predict, visualize and analyze metabolic
essential genes in cancer, demonstrating a superior performance than com-
peting algorithms in both accuracy and computational performance. A
detailed illustration of gMCStool is presented for multiple myeloma (MM),
an incurable hematological malignancy. gMCStool could identify a synthetic
lethal that explains the dependency on CTP Synthase 1 (CTPS1 ) in a
sub-group of MM patients. We provide in vitro experimental validation that
supports this hypothesis, which opens a new research area to treat MM.

3.1 Introduction

With the increasing coverage and accuracy of reference human genome-scale
metabolic networks (Cook and Nielsen, 2017; Robinson et al., 2020)), the
development of Constraint-based Modeling (CBM) approaches for different
biomedical questions has significantly grown in the last years. One of the
central topics in CBM has been cancer metabolism (Cook and Nielsen, 2017;
Ghaffari et al., 2015; Lewis and Abdel-Haleem, 2013), as constitutes an
attractive strategy to gain insights into the underlying metabolic dependen-
cies of tumor cells and systematically predicts vulnerabilities. We can find a
plethora of methods in the literature (Lewis et al., 2012) that first construct
context-specific metabolic models (CS-models), based on cancer -omics data,
and subsequently, computationally predict gene knockout perturbations
that sufficiently decreases growth rate or disrupts a key metabolic task for
cellular viability (gene essentiality analysis) (Folger et al., 2011; Tobalina
et al., 2016b). These methods have been successfully applied to identify
cancer-specific essential genes in different tumors; however, there is still
substantial room for improvement, as recently shown in Robinson et al.,
2020 (Robinson et al., 2020).

In this direction, we released a conceptually different approach based on
the concept of genetic Minimal Cut Sets (gMCSs), which does not require
the construction of CS-models and more generally exploits the concept of
synthetic lethality (Apaolaza et al., 2019, 2017). In particular, gMCSs define
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minimal set of genes whose knockout would render the functioning of a given
metabolic task impossible. This set can be of one gene (essential gene), or
two or more genes, forming a synthetic lethal. When they are applied to
cancer studies, we focus on metabolic tasks that compromise cellular viability
and, thus, gMCSs convert into metabolic synthetic lethals. Importantly,
gMCSs are structural properties of the reference metabolic network and,
once they are obtained, we can map –omics data to identify metabolic
vulnerabilities and their associated response biomarkers. Using microarray
expression data, we reported a superior performance than other algorithms
in the literature to predict gene essentiality, according to large-scale gene
silencing data from the Project Achilles (Meyers et al., 2017).

Despite the interest in the gMCS approach since its publication (Apao-
laza et al., 2017), further improvements are still required to make it a more
practical tool in cancer research. First, there is a need for automating the
application and visualization of the gMCS approach in a more intuitive and
friendlier environment. Second, we need to go beyond Recon2 (Thiele et al.,
2013) and generate a new database of gMCSs with Human1, the most recent
reference human genome-scale metabolic network (Robinson et al., 2020).
Third, our previous methodology to identify cancer-specific essential genes
relied on microarrays data and must be adapted to RNA-seq data, which
is a more attractive and used technology for the measurement of mRNA
expression.

In order to face these challenges, we present here gMCStool, an auto-
mated computational tool that makes use of the gMCS approach to predict
metabolic vulnerabilities in cancer based on Human1 and RNA-seq data.
We first show that gMCStool is more accurate, informative and efficient
than competing approaches to predict cancer-specific essential genes. Then,
a detailed illustration of gMCStool is presented for multiple myeloma (MM),
an incurable hematological malignancy. Using different sources of RNA-seq
data, which include samples from healthy donors, MM patients and cell lines,
we identify metabolic liabilities of MM with gMCStool. In vitro experimental
validation is presented for the inhibition of CTP synthase 1 (CTPS1 ), a
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key gene involved in the pyrimidine de novo synthesis, essential for cell
proliferation and viability in a group of patients with MM.

3.2 Results

gMCStool (https://biotecnun.unav.es/app/gMCStool) is a freely acces-
sible web tool for the calculation of essential genes in cancer metabolism
that uses genome-scale metabolic networks and RNA-seq data from human
cells as input data. gMCStool exploits the concept of genetic Minimal Cut
Set (gMCS), previously reported in Apaolaza et al. 2017, 2019 (Apaolaza
et al., 2019, 2017). However, we introduce several major improvements
in order to make gene essentiality predictions more flexible, accurate and
general. The tool is organized in 5 different modules (Figure 3.1A): (i)
‘gMCS database’, (ii) ‘Upload RNA-seq data’, (iii) ‘Predict Essential Genes’,
(iv) ‘Visualization’ and (v) ‘DepMap analysis’. A detailed illustration of
the utilization of gMCStool can be found in the Help tab. In summary, the
first 3 modules incorporate the basic functions to calculate essential genes

Figure 3.1: Overview of the gMCStool web application. (A) Snapshot of the
heading of gMCStool, which includes the 5 main modules (‘gMCS database’, ‘Upload
RNA-seq data’, ‘Predict Essential Genes’, ‘Visualization’ and ‘DepMap analysis’), ‘Help’
and ‘About’ tabs; (B) 3 basic modules for the calculation of essential genes in gMCStool.
In the first module the database of gMCSs can be specified; in the second module, RNA-
seq data, together with sample information, can be uploaded in different formats; in the
third module, different parameters in our algorithm can be fixed and the prediction of
essential genes is executed and shown in table format; (C) Example heatmap of gene
expression data that can be obtained from the fourth module: ‘Visualization’. Expression
data is shown for the predicted essential gene (GPAT4 ) and its partner genes (GPAM,
GPAT2, GPAT3) in a specific gMCS, namely GPAT4, GPAM, GPAT2, GPAT3 , for the
different samples analyzed: naïve B cells (NB), centroblasts (CB), centrocytes (CC),
memory B cells (MEM), tonsil plasma cells (TPC), bone marrow plasma cells (BMPC)
and Multiple Myeloma (MM). It can be observed that GPAT4 is essential for a subgroup
of MM patients (MM responders) and for bone marrow plasma cells (BMPC) from healthy
individuals; (D) Example dotplot that can be obtained from the fifth module: ‘DepMap
analysis’, where correlation studies with DepMap are presented. In the vertical axis we
have the essentiality score of GPAT4 in DepMap for different human cell lines and in
the horizontal axis the maximum expression level across partner genes:(GPAM, GPAT2,
GPAT3 ). Each point represents a single cell line. In this case, only MM cell lines are
shown.

https://biotecnun.unav.es/app/gMCStool
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Figure 3.1: Overview of the gMCStool web application.
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(Figure 3.1B). The last two modules allow us to visualize essential genes and
their companion biomarkers in the samples analyzed (Figure 3.1C), as well
as to conduct the correlation analysis of our essentiality predictions with
data from the Cancer Dependency Map (DepMap) (Figure 3.1D) (Ghandi
et al., 2019; Meyers et al., 2017). Full description of these 5 modules can be
found in the ‘Help’ tab of gMCStool. We describe below the most relevant
improvements of gMCStool at the algorithmic level and its application for
the identification of metabolic vulnerabilities in Multiple Myeloma (MM).

3.2.1 Generation of a database of gMCSs for gMCStool

Genetic Minimal Cut Sets (gMCSs) are minimal subsets of genes whose
simultaneous removal directly blocks a particular metabolic task (Apaolaza
et al., 2019, 2017). In cancer studies, this target metabolic task has been
typically the biomass reaction, whose flux represents the proliferation rate,
a key phenotype to disrupt in cancer. However, the authors of Human1
consider not only the biomass production, but also other metabolic tasks
that are essential for cellular viability (Agren et al., 2014; Robinson et al.,
2020) such as the production of vitamin and cofactors or activity of electron
transport chain, which expands the scope of in silico predicted metabolic
vulnerabilities. As detailed in the Methods section, we adapted our previous
algorithm for the computation of gMCSs to consider the 57 metabolic tasks
defined in Human1, including the biomass production (Figure 3.2A).

As a result of our calculations, we enumerated more than 160,000 gMCSs
for Human1 (see Methods section). The calculated gMCS can be of one gene
(essential gene), or two or more genes, forming a synthetic lethal. A great
part of them corresponds to biomass production (57,717); however, we also
have gMCSs implied in other relevant metabolic tasks: de novo synthesis
of key intermediates (32,062), beta oxidation of fatty acids (25,889) or de
novo synthesis of nucleotides (15,774) (Figure 3.2B). Due to its simplicity
or the existence of spontaneous alternative reactions, we could not find
gMCSs in 5 metabolic tasks (see Supplementary Table B.1). The length of
computed gMCSs ranges from 1 gene to more than 15 genes, being 7 genes
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A Human1 Task-specific gMCSs

CalculateGeneMCS

CalculateGeneMCS

CalculateGeneMCS

CalculateGeneMCS

CalculateGeneMCS

···
Task-specific GEM

···

gMCStool database

Figure 3.2: Generation of gMCStool database of gMCSs based on Human1.
(A) Using Human1, the most recent reconstruction of the human metabolism, a collection
of metabolic models was generated to simulate each essential metabolic task present in
human cells (task-specific GEM). Then, we calculated gMCSs for each task-specific GEM
(task-specific gMCSs), generating a database of synthetic lethals for human cells that are
stored in gMCStool; (B) Distribution of computed gMCSs among different subgroups
of metabolic tasks included in Human1; (C) Barplot presenting the length of gMCSs
included in gMCStool.

the most repeated solution (Figure 3.2C). This illustrates the high degree
of metabolic flexibility of human cells. Some of them are shared across the
different metabolic tasks, obtaining a total of 97,607 unique gMCSs, which
overall involve 1244 metabolic genes (Supplementary Data B.1). They were
stored in gMCStool for further analysis. Supplementary Figure B.1 shows
the tab of gMCStool where the database of gMCSs, under the selected input
parameters, can be downloaded. Note here that for the task of biomass
production we fixed the Ham’s growth medium, which is the default one
defined as essential by the authors of Human1. However, gMCStool provides
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an additional database of gMCSs for Human1 under unconstrained growth
medium (all uptakes available in Human1).

3.2.2 Integration of RNA-seq data into gMCStool for gene
essentiality analysis

Following the concept of synthetic lethality, it is possible to predict cancer-
specific essential genes by combining our database of gMCSs and gene
expression data, as demonstrated in Apaolaza et al., 2017 (Apaolaza et al.,
2017). This can be done by searching for gMCSs in which all genes are
lowly expressed except one of them that is highly expressed and essential
for the situation under study (Figure 3.3A).

In order to identify highly and lowly expressed genes in every sample
using RNA-seq data, we have developed our own threshold technique for
gMCStool, which can be applied independently to each sample (cohort-
independent). Our threshold strategy exploits the fact that at least one of
the genes involved in every gMCS should be highly expressed to guarantee
the performance of its associated metabolic task. With this in mind, we
infer for each sample a potential population of highly expressed genes by
extracting the maximum expressed gene for each gMCS. Once duplicated
genes were eliminated, we build an empirical probability distribution of
the expression of highly expressed genes for each sample and fixed the X%
percentile threshold of expression for them, referred as gmcsTHX, to alleviate
possible inconsistencies and incomplete metabolic pathways in Human1 (see
Methods section for details, Figure 3.3A). We also implemented localT2, a
cohort-dependent methodology developed in Richelle et al., 2019 (Richelle
et al., 2019), which defines a threshold for each gene based on the observed
expression distribution across the samples of the cohort. In summary,
gMCStool incorporates these 2 thresholding approaches to categorize RNA-
seq data, which is then integrated with our database of gMCSs to predict
essential genes.

With the aim of assessing the prediction power of gMCStool, we per-
formed a benchmark study of gene essentiality in cancer. We conducted the
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Figure 3.3: gMCS pipeline for the calculation of essential genes for Human1.
(A) RNA-seq data is integrated with our database of gMCSs as follows. First, a potential
population of highly expressed genes is obtained by extracting the maximum expressed gene
of each gMCS (eliminating duplicates). Second, the X% percentile threshold (gmcsTHX)
of this empirical probability distribution of gene expression is determined in order to
discriminate between highly (in red color) and lowly (in blue color) expressed genes. For
the results presented here, we fixed this threshold equal to 5% (gmcsTH5 ). Finally, in
order to identify essential genes, we search for gMCSs which only contain one highly
expressed gene and the rest are lowly expressed. Results are summarized in a binary
matrix where columns and rows are essential genes and essential metabolic tasks. A gene is
considered as essential if it is essential in at least one essential metabolic task. This process
is repeated for each different sample. (B) Comparison of gene essentiality prediction using
different methodologies and Human1 for the 621 selected cell lines with available CRISPR
screening in the DepMap database (Meyers et al., 2017)). tINIT is the gold standard
for CS models, and our gMCSs approach was applied with two different gene expression
thresholding strategies: gmcsTH5 and localT2, introduced in (Richelle et al., 2019). Note:
MCC denotes Mathew Correlation Coefficient; ∗ ∗ ∗∗/∗ ∗ ∗/ns refer to the statistical
significance level from an unpaired one-sided Wilcoxon test that compares the gMCS
approach against the results obtained with tINIT, namely ∗ ∗ ∗∗ : p − value ≤ 0.0001,
∗ ∗ ∗ : p − value ≤ 0.001, and ns : non − signi f icant.

same analysis to the one found in Robinson et al., 2020 (Robinson et al.,
2020), based on the DepMap database, which integrates RNA-seq gene
expression data (Ghandi et al., 2019) and CRISPR essentiality screening
experiments (Meyers et al., 2017) for a total of 621 cell lines. To avoid bias
in the comparison, we used the same release of DepMap than the original
analysis. As in Robinson et al., 2020, the genes in DepMap with Achilles
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score lower than −0.6 were defined as the gold-standard reference set of
essential genes. We used gMCStool to upload RNA-seq and sample infor-
mation data (Supplementary Figure B.2), and to conduct gene essentiality
analysis (Supplementary Figure B.3). In our analysis, we considered the
list of gMCSs from the 57 essential metabolic tasks (biomass production
included) and predicted essential genes with both gene expression thresh-
olding approaches: gmcsTH5 and localT2 (Supplementary Data B.2). We
compared our predicted essential genes with those resulting from DepMap
(gold-standard).

As in Robinson et al., we calculated the accuracy, sensitivity, specificity,
Matthew’s correlation coefficient (MCC). Note here that MCC is a more
adequate performance metric than accuracy for cases where there is an
unbalance between true positives and true negatives, as we have over 90% of
non-essential genes. We also included the results presented in the publication
of Human1 (Robinson et al., 2020), which used tINIT to reconstruct 621
cell-specific GEMs and predict essential genes with single gene knockout
perturbations (referred here as tINIT). Results can be found in Figure
3.3B. In the light of the MCC obtained, it can be observed that our gMCS
approach overperforms tINIT with both thresholding approaches considering
all metabolic tasks (unpaired one-sided Wilcoxon test p − value ≤ 0.0001).
The same result was found if we exclusively consider the essential tasks
related with biomass production (Supplementary Figure B.4). In addition,
our gmcsTH5 thresholding approach seems more accurate and conservative
than localT2, which obtains the highest results in sensitivity but includes too
many false negatives (unpaired one-sided Wilcoxon test p − value ≤ 0.0001,
Supplementary Figure B.4). Thus, gMCStool shows to be more accurate than
the state-of-the-art approach in the literature for predicting essential genes
in cancer. Note here that this complete gene essentiality study was done in
a short time, namely gMCStool took 36 minutes for the gmcsTH5 approach
and 31 minutes for the localT2 approach using a standard computerInstead,
tINIT required several days in a cluster, as the construction of CS-models
is time consuming (between 16 and 83 minutes by sample).
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3.2.3 Application of gMCStool to Multiple Myeloma

To illustrate the use of gMCStool, we performed a screening prediction of
essential genes in Multiple Myeloma (MM). We used a previously generated
dataset in our group that includes RNA-seq data from different B cell
subpopulations from healthy individuals (Agirre et al., 2019) and bone
marrow plasma cells from MM patients (Carrasco-Leon et al., 2021; Ordoñez
et al., 2020). We also considered data from the MMRF-CoMMpass project,
funded by the Multiple Myeloma Research Foundation (MMRF), which
includes RNA-seq data for 767 MM patients at diagnosis. Finally, we
obtained RNA-seq data for the 7 MM cell lines available in Cancer Cell
Line Encyclopedia (CCLE) (Ghandi et al., 2019).

We projected the RNA-seq expression profiles of the three datasets onto
our database of gMCSs, obtaining a table which indicates the number of
samples for which a gene is considered as essential in each tissue type in at
least one of the essential metabolic tasks (Supplementary Data B.3). We
selected the MM-specific essential genes according to the following criteria:

1. To be essential in more than 10% of MM samples from our cohort.

2. To be essential in less than two samples from any healthy B cell
subpopulations and less than two samples in bone marrow plasma
cells, the healthy counterpart of myeloma cells.

3. To be essential in more than 5% of CoMMpass samples.

4. To be essential in one or more MM cell lines.

Table 3.1 shows the 7 MM-specific essential genes identified in our
analysis, including the percentages of samples in which the gene is considered
as essential. Furthermore, we extracted the 8 gMCSs that explain the
essentiality of these 6 genes in MM but only affect a few samples of B cell
subpopulations (Supplementary Figures B.5-B.12).

From the results shown in Table 3.1, we focused on CTPS1 for further
analysis. Figure 3.4A shows the gMCS that involves CTPS1 and CTPS2
and suggests the essentiality of CTPS1 in a subgroup of MM samples but
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Table 3.1: Specific essential genes identified in Multiple Myeloma. These
genes are predicted essential in a percentage of samples of our MM cohort and MMRF-
CoMMpass, but not in the samples of different B cell subpopulations obtained from healthy
donors: bone marrow plasma cells (BMPC), tonsil plasma cells (TPC), memory B cells
(MEM), centrocytes (CC), centroblasts (CB), naïve B cells (NB). Units are percentage of
estimated samples in which a given gene is essential.

SYMBOL ENSEMBL NB
(n = 5)

CB
(n = 7)

CC
(n = 7)

MEM
(n = 8)

TPC
(n = 5)

BMPC
(n = 3)

MM
(n = 37)

CoMMpass
(n = 767)

CCLE
(n = 7)

CTPS1 ENSG00000171793 0% 0% 0% 0% 0% 0% 11% 71% 86%
DHFR ENSG00000228716 0% 0% 0% 0% 20% 0% 11% 57% 86%
LCAT ENSG00000213398 0% 29% 0% 0% 0% 0% 11% 7% 14%

NMNAT3 ENSG00000163864 0% 0% 0% 0% 0% 0% 16% 28% 14%
PC ENSG00000173599 0% 0% 0% 0% 0% 0% 32% 17% 86%

UAP1 ENSG00000117143 0% 0% 0% 0% 0% 0% 16% 14% 29%

not in the healthy tissues from different B cell subpopulations. Similarly, it
can be observed the patients from CoMMpass that could be responders and
non-responders to CTPS1 inhibition based on the expression of CTPS2. The
same result can be observed for the 7 MM cell lines considered. In addition,
Figure 3.4B shows that the expression of CTPS2 decreases for the sub-group
of MM samples that potentially could respond to CTPS1 inhibition (MM
responders). Note here that we used gMCStool to automatically generate
these figures (Supplementary Figure B.13).

At the center of our hypothesis above is that CTPS1 and CTPS2 are
synthetic lethal and, thus, the essentiality of CTPS1 depends on CTPS2,
namely when CTPS2 is lowly expressed, CTPS1 becomes essential. We
assessed this hypothesis with DepMap data available in gMCStool, finding a
positive and significant correlation between the Achilles score of CTPS1 and
the expression of CTPS2 (rho = 0.247, p − val = 2.5e − 13, Supplementary
Figure B.14), as detailed in Figure 3.4C. This provides further support to
our hypothesis of synthetic lethality of CTPS1 and CTPS2.

Furthermore, gMCStool provides the associated metabolic task for each
gMCS. In this particular case, the inhibition of CTPS1 and CTPS2 blocks
several tasks: CTP (cytidine triphosphate) de novo synthesis, dCTP (de-
oxycytidine triphosphate) de novo synthesis and biomass production, which
turns out to disrupt the production of CTP, dCMP (deoxycytidine monophos-
phate), DNA and RNA. Based on this information, we performed an in
silico simulation for the addition of cytidine to the growth medium, showing

https://metabolicatlas.org/explore/Human-GEM/gem-browser/gene/ENSG00000171793
https://metabolicatlas.org/explore/Human-GEM/gem-browser/gene/ENSG00000228716
https://metabolicatlas.org/explore/Human-GEM/gem-browser/gene/ENSG00000213398
https://metabolicatlas.org/explore/Human-GEM/gem-browser/gene/ENSG00000163864
https://metabolicatlas.org/explore/Human-GEM/gem-browser/gene/ENSG00000173599
https://metabolicatlas.org/explore/Human-GEM/gem-browser/gene/ENSG00000117143
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Figure 3.4: Prediction of essentiality of CTPS1 in MM with gMCStool. (A)
Selected gMCS: CTPS1, CTPS2 and gene expression in our cohort of patients, MMRF-
CoMMpass and selected MM Cell Lines; (B) Boxplot of correlation of the CTPS1 and
CTPS2 genes in the B cell differentiation and MM samples; (C) Correlation between
the essentiality of CTPS1 (CRISPR knockout screen data, DepMap) and the expression
of CTPS2 in log2(TPM+1). (D) qPCR-RT of CTPS1 and CTPS2 expression in the
selected cell lines. Data are referred to GUS gene. Full experimental results are found in
Supplementary Table B.3. (E) Proliferation of NCI-H929, KMS-11 and KMS-12 cell lines
treated with CTPS1 inhibitor. The proliferation percentage refers to non-treated cells
(black line). Data represent mean ± standard deviation of at least three experiments.
Note: ∗ ∗ ∗∗/ns refer to the statistical significance level from an unpaired one-sided
Wilcoxon test, namely ∗ ∗ ∗∗ : p − value ≤ 0.0001 and ns : non − signi f icant.

a rescue of proliferation after the inhibition of CTPS1 and CTPS2, which
illustrate how gMCStool provides further evidence for predicted synthetic
lethals (Supplementary Table B.2).

Finally, we carried out in vitro experimental validation of the essentiality
of CTPS1 in three MM cell lines. For two of them, NCI-H929 and KMS-11,
gMCStool had predicted their sensitivity to CTPS1 inhibition due to their
low expression of CTPS2, while for one of them, KMS-12, gMCStool had
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predicted its resistance to CTPS1 inhibition due to its high expression of
CTPS2 (Figure 3.4D, Supplementary Table B.3). Specifically, we synthetized
a CTPS1 inhibitor, previously developed by Rao and colleagues (Rao et
al., 2021), and assessed its effect in the proliferation of the three cell
lines mentioned above. As a result, NCI-H929 and KMS-11 reduced their
proliferation more than 50% after 4 days of culture and no alterations were
obtained for KMS-12 (Figure 3.4E). These positives results reinforce the
predictive power of gMCStool and open new research avenues to treat MM.

3.3 Discussion

In this work, we present gMCStool, a computational tool for the prediction
of metabolic vulnerabilities in cancer based on gMCSs, a network-based
approach to synthetic lethality, and RNA-seq data. gMCStool incorporates
technical improvements in our previously developed algorithms (Apaolaza
et al., 2019, 2017) and addresses the need of efficiently automating the
application and visualization of the gMCS approach in a simple and intuitive
environment.

Importantly, gMCStool stores more than 160,000 gMCSs that block at
least one essential metabolic task of Human1, the most recent genome-scale
metabolic network of human cells. The computation of this database of
gMCSs substantially simplifies the process of identifying cancer-specific
essential genes, which can be now extracted by correctly mapping gene
expression data onto them. This strategy makes gene essentiality analysis
more accessible and natural to researchers less familiar with the field of
constraint-based modeling.

In addition, gMCStool allows us to perform gene essentiality analysis
more efficiently than other algorithms in the literature, as we avoid the
step of constructing context-specific metabolic models using time-consuming
optimization techniques. For example, gMCStool required 36 minutes
to calculate the essential genes for all the 621 cancer cell lines available
in DepMap, whereas tINIT needs between 30-60 minutes to reconstruct
the metabolic model of one single cell line using RNA-seq data. Thus,
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gMCStool substantially reduces the computational requirements to conduct
gene essentiality analysis in cancer. Specifically, we could analyze the
samples in the Results section, which add up to more than 1400 samples,
considering DepMap and different MM cohorts, in less than 80 minutes
with a standard computer. Overall, gMCStool constitutes an effective and
friendly online tool to search for metabolic vulnerabilities in cancer research.

In addition to make gMCStool a practical tool for researchers in cancer
metabolism, we extended our previously developed algorithms in order
to: 1) consider that Human1 involves different essential metabolic tasks
beyond biomass production, typical target in network-based gene essen-
tiality analysis; 2) predict essential genes based on RNA-seq data, namely
by proposing a novel approach to discriminate between highly and lowly
expressed genes (gmcsTHX). These advances allowed us to compare the
accuracy of gMCStool with tINIT (Agren et al., 2012, 2014; Robinson
et al., 2020), the approach developed by the authors of Human1 in order
to build CS metabolic models of cancer cells and conduct gene essentiality
analysis. Importantly, this study shows that gMCStool is significantly more
accurate that tINIT when compared with gene essentiality screens available
in DepMap.

Another advantage of gMCStool is its visualization capabilities. gMC-
Stool exploits the fact that essential genes are derived from specific gMCSs,
where one gene is highly expressed and the rest genes are lowly expressed.
Thus, genes involved in gMCSs do not only allow us to predict essential
genes, but also response biomarkers for their inhibition. This idea underlies
the different plots that can be extracted from gMCStool, which facilitates the
interpretation of our computational predictions. In this direction, gMCStool
also outputs essential tasks and metabolite biosynthesis that are disrupted
by gMCSs, which are particularly informative to construct testable hypothe-
ses about the mechanism behind predicted synthetic lethals. Note here that
this might be of interest due to the fact that the composition of the human
biomass is typically defined as universal for all cells, but some authors
think that this might be an incorrect assumption (Dikicioglu et al., 2015;
Hernández Patiño et al., 2013; Lachance et al., 2019; Moscardó García et al.,
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2021; Zielinski et al., 2017), suggesting that it could be context-specific and
some metabolites are more relevant than others for different tumors.

To exemplify the use of gMCStool in personalized medicine, we performed
gene essentiality analysis in the different B-cell differentiation subpopulations
and MM samples from several cohorts, aiming to identify candidates that
maximizes the number of MM samples affected but, at the same time,
minimizes the toxicity of the treatment, which is simulated here as the
number of healthy tissue samples affected by such target. Despite the large
number of gMCSs in gMCStool, we only spot 6 metabolic enzymes whose
inhibition is selectively toxic for MM cells, which illustrates the difficulty of
identifying cancer-specific metabolic processes. Among them, we focused on
CTPS1. In vitro experiments confirmed the predictions of gMCStool in 3
MM cell lines: 2 positives for CTPS1 inhibition and 1 negative for CTPS1
inhibition, according to the expression of CTPS2. These results support the
synthetic lethality of CTPS1 and CTPS2 and open new research area to
treat MM.

Finally, despite the advance of gMCStool over existing tools, there is
still a long way to achieve the desired performance in predicting cancer-
specific essential genes using genome-scale metabolic networks. gMCStool
reached a maximum of 35% of sensitivity and F1 score using DepMap as
gold-standard. The extension and update of existing reference genome-
scale metabolic networks is obviously a critical task to improve further
accuracy metrics. In this respect, Human1 has established an open and
active community that provides a successful and integrative response to that
need. In addition, the definition of cancer-specific metabolic tasks, beyond
common essential metabolic tasks, such as biomass production (Hanahan
and Weinberg, 2011), could open new avenues to identify essential genes
and increase sensitivity. We recently illustrated the relevance of polyamines
production in different hematological tumors, and these metabolites are not
typically considered in standard biomass reactions (Pey et al., 2017). The
development of systematic methods to extract these essential metabolites in
different contexts constitutes a challenging issue that requires heterogenous
-omics data integration. Finally, the integration of metabolic and regulatory
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networks is a difficult but relevant task that obviously has a great impact in
predicting essential genes, particularly when the proxy for activity is gene
expression data that could be modified due to compensatory regulatory
pathways. Making progress in all these challenges will help not only gMC-
Stool, but all methods in the literature to predict more accurately essential
genes and response biomarkers in order to address unmet clinical needs and
reach our goal to provide patients more personalized treatments.

3.4 Methods

3.4.1 Calculation of genetic Minimal Cut Sets (gMCSs) in
Human 1

The reference metabolic network Human1 (version 1.4.0) (Robinson et al.,
2020), obtained from https://github.com/SysBioChalmers/Human-GEM.
Human1 involves 13,416 reactions, 8,458 metabolites and 3,628 genes. Im-
portantly, Human1 defines 56 essential metabolic tasks for any human cell in
addition to the biomass production, typically included in other genome-scale
metabolic reconstructions (Duarte et al., 2007; Swainston et al., 2016; Thiele
et al., 2013). Each of them defines a list of output metabolites that must
be derived from a list of input metabolites and, if necessary, an artificial
equation that is required to support this transformation. Lower and upper
bounds are also fixed for a specific subset of reactions involved in each
metabolic task.

With this information, a different metabolic model for each essential
task can be built and used to assess the effect of genetic perturbations via
linear programming, namely by assuming the mass balance condition and
thermodynamic constraints (Orth et al., 2010). Essential genes correspond
to those single gene knockouts leading to an infeasible linear programming
(at least one of the required lower/upper bounds in the metabolic task
is violated). However, this strategy is not efficient to calculate higher
order essential gene knockout perturbations (synthetic lethals), due to the

https://github.com/SysBioChalmers/Human-GEM
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combinatorial nature of the problem. The gMCS approach is suitable for
this task (Apaolaza et al., 2019).

For the calculation of gMCSs, we used the calculateGeneMCS function
available in the COBRA Toolbox (Heirendt et al., 2019), available at
https://github.com/opencobra/cobratoolbox/. This function requires
a metabolic model and a single target reaction to be blocked as input
data. We constructed this input data for each metabolic task following its
associated information about inputs, outputs, artificial equations and lower
bounds. A detailed illustration as to how the target reaction was derived
for each metabolic task can be found in Supplementary Note B.1.

Note here the adaptation of Human1 to the calculateGeneMCS func-
tion from COBRA leads to slightly different metabolic models to the ones
originally built Human1. However, we checked for each metabolic task
that the essential genes in our metabolic models, obtained with the sin-
gleGeneDeletion function available in COBRA, and the original models in
Human1, derived from the checkTasksGenes function from RAVEN (Wang
et al., 2018), were the same. In order to reduce the computational cost
of calculating gMCSs, the resulting metabolic models for each essential
task were simplified using the fastFVA function from COBRA (without
any requirement in the objective function). Finally, all calculated gMCSs
were checked using the checkTasks function available in RAVEN using the
original metabolic models in Human1. This task was performed in order
to remove possible false positive gMCSs that could arise due to the time
limit fixed in the Mixed-Integer Linear Programming (MILP) solver used in
the calculateGeneMCS function (Apaolaza et al., 2019). These results were
computed with Intel(R) Xeon(R) Silver 4110 CPU @ 2.10GHz processors,
limiting to 8 cores and 8 GB of RAM. A time limit of 120 seconds was set
for each solution derived from the function CalculateGeneMCS.

3.4.2 Gene categorization based on RNA-seq data

In our computational approach, we denote a gene as essential in a particular
sample when it is the only gene expressed in at least one gMCS. Thus, in

https://github.com/opencobra/cobratoolbox/
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order to identify essential genes for each sample, we need to systematically
decide which genes are highly (ON) or lowly (OFF) expressed. To that end,
we developed our own methodology using RNA-seq expression data.

Our approach exploits our database of gMCSs by assuming that all of
them should involve at least one highly expressed gene to guarantee that
their associated metabolic tasks are feasible. In particular, we assume that
the gene with the highest expression in each gMCS is the one that should be
highly expressed. Thus, we extracted the maximum expression level in every
gMCS and every essential task and generated an empirical distribution of
highly expressed genes for each sample (XH ). Note here that repetitions
are not taken into account and each gene contributes exactly one value to
the distribution. We considered as highly expressed those genes expressed
above the Xth percentile, referred here as gmcsTHX, and lowly expressed
otherwise. We fixed the threshold of expression at 5th percentile (gmcsTH5 )
to alleviate possible inconsistencies and incomplete metabolic pathways in
Human1.

In addition, we used the localT2 methodology (Richelle et al., 2019).
To put it briefly, a gene is considered as MAYBE ON in a specific sample
whenever its expression level is greater than its mean expression level across
the samples of the cohort, MAYBE OFF otherwise. Additionally, two global
expression thresholds are applied in localT2 : genes whose expression is
below the 25th percentile of the distribution of expression for all samples and
genes are considered as OFF, whereas those above the 75th percentile of the
same distribution are considered as ON. This global expression threshold
dominates the categorization obtained from the relative expression threshold
based on the mean expression value. Note here that our gmcsTH5 approach
is independently applied to each sample, i.e. we identified gmcsTH5 for
each sample and defined the subset of highly and lowly expressed genes as
those having an expression value higher and lower than gmcsTH5, respec-
tively. Instead, localT2 is dependent on the cohort to categorize genes, as
they consider all samples to establish global and relative thresholds. Both
thresholding methods are available in gMCStool. They were applied to
categorize the 1244 genes that participate in all the calculated gMCSs in
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the different cohorts of patients and cell lines considered in the Results
section. A sensitivity analysis was performed in Supplementary Figure B.15,
which shows the same analysis presented in Figure 2 for several percentiles
of gmcsTHX (gmcsTH0, gmcsTH1, gmcsTH5, gmcsTH10 ), finding robust
results for lower expression thresholds. Moreover, we also tested the impli-
cation of normalization of TPM for localT2 and the effect of the gene-set
selection for the 25th-75th threshold of localT2.

3.4.3 Gene essentiality analysis using gMCSs and gene
expression data

Once all gMCS have been calculated and the gene expression values are
classified as highly or lowly expressed, gene essentiality analysis can be
carried out. In particular, we search for gMCSs which have exclusively one
gene defined as highly expressed, and the rest of genes lowly expressed. For
each gene and each task, we identify gMCSs that contain that given gene
as highly expressed and the rest as lowly expressed. If there is at least
one gMCS that fulfills this condition, the gene is considered as essential.
gMCStool can create a list of essential genes and associated gMCSs for each
essential metabolic task in Human1. Note here that gMCSs that comprise
only one gene are essential genes in all human cells, and they are discarded
for further analysis since they are not context-specific essential genes, being
irrelevant from a personalized medicine perspective.

3.4.4 Multiple Myeloma case study

RNA-seq data from our group consist of 37 MM patients (GSE151063)
(Carrasco-Leon et al., 2021; Ordoñez et al., 2020) and 35 samples from
different B cell subpopulation (GSE114816) (Agirre et al., 2019). Sample
57802 was removed from the study for being detected as an outlier in a
PCA analysis. RNA-seq from the MMRF-CoMMpass has 767 samples from
MM patients at diagnosis time, available in IA18 release. RNA-seq from
7 MM cell lines was obtained from DepMap, release 21Q1 (Ghandi et al.,
2019). These cell lines are NCIH929, JJN3, KMS11, KMS12BM, KMS28BM,
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MM1S and RPMI8226. RNA-seq data was downloaded in TPM and profiled
using both threshold methodologies: gmcsTH5 and localT2.

3.4.5 Metabolite essentiality prediction

In order to identify essential metabolites whose production is disrupted
through gMCSs, we only focused on the biomass production task, due to its
underlying complexity. The rest of essential metabolic tasks are well-defined
and highly specific, depending only on a reduced number of metabolites.
To that end, we first defined a list of metabolites directly related to the
biomass production. As in the biomass reaction of Human1 there are several
metabolite pools, we also included their precursors in such target list. Then,
we created a sink exchange reaction for each target metabolite and assessed
their production through an FBA analysis (Orth et al., 2010) after the
removal of genes involved in each gMCS. We extracted for each gMCS the
essential metabolites whose production is disrupted (maximal production is
zero).

3.4.6 Q-PCR

The expression of CTPS1 and CTPS2 were analyzed by Q-PCR in MM
KMS-11, KMS-12 and NCI-H929 cell lines. RNA was extracted with TRIzol
Reagent (Invitrogen) according to the manufacturer’s instructions. First,
cDNA was synthesized from 1 µg of total RNA using the PrimeScript RT
reagent kit (Perfect Real Time) (Cat No RR037A, TaKaRa) following the
manufacturer’s instructions. The quality of cDNA was checked by a mul-
tiplex PCR that amplifies PBGD, ABL, BCR and β2-MG genes. Q-PCR
was performed in a QuantStudio 5 Real-Time PCR System (Applied Biosys-
tems), using 20 ng of cDNA in 2 µL, 1 µL of each specific primer at 10 µM
(CTPS1 F: TTATTGAGGCCTTCCGTCAG; CTPS1 R: GGGAAAGCC-
CAAGTCCTCTA; CTPS2 F: GCTGTCCAGGAGTGGGTTAT; CTPS2
R: CGCCTTAAACTGGAATTGTCT), 5 µL of SYBR Green PCR Master
Mix 2X (Cat No 4334973, Applied Biosystems) in 10 µL reaction volume.
The following program conditions were applied for Q-PCR running: 50 ºC
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for 2 min, 95 ºC for 60 s following by 45 cycles at 95 °C for 15 s and 60 °C
for 60 s; melting program, one cycle at 95 °C for 15 s, 40 °C for 60 s and
95 °C for 15 s. The relative expression of each gene was quantified by the
Log2(−∆Ct) method using the gene GUS as an endogenous control.

3.4.7 Cell culture

KMS-11, KMS-12 and NCI-H929 cell lines were maintained in culture in
RPMI1640 medium (Gibco, Grand Island, NY) supplemented with 10%
fetal bovine serum (Gibco, Grand Island, NY) and penicillin/streptomycin
(BioWhitaker, Walkersvill, MD) at 37 °C in a humid atmosphere containing
5% CO2. Cell lines were obtained from the DSMZ or the American Type
Culture Collection (ATCC). All cell lines were authenticated by perform-
ing a short tandem repeat allele profile and were tested for mycoplasma
(MycoAlert Sample Kit, Cambrex), obtaining no positive results.

3.4.8 Small molecule synthesis of CTPS1 inhibitor

Synthesis of compound 1 from (Rao et al., 2021) was performed by Wuxi
Apptec and consisted of three steps. First, to a solution of EDCI (172.07
mg, 897.57 umol, 1.5 eq) and DMAP (73.10 mg, 598.38 umol, 1 eq) in
DCM (5 mL) were added 3-methoxyaniline (110.54 mg, 897.57 umol, 100.49
uL, 1.5 eq). This solution was then added to 3-nitrobenzoic acid (0.1 g,
598.38 umol, 1 eq) and the solution was stirred at 25°C for 3 hours. TLC
(Petroleum ether: Ethyl acetate=0:1) indicated the reaction was completed
and one new spot formed. The reaction was clean according to TLC.
The reaction mixture was quenched by addition water 5 mL. The organic
layer was separated and washed with 1M aqueous HCl 5 mL, dried over
Na2SO4, filtered and concentrated under reduced pressure to give a residue.
Compound N-(3-methoxyphenyl)-3-nitro-benzamide (150 mg, 550.95 umol,
92.07% yield) was obtained as a yellow solid. Second, to a solution of N-(3-
methoxyphenyl)-3-nitro-benzamide (150 mg, 550.95 umol, 1 eq) in THF (8
mL) was added Pd/C (50 mg, 5% purity,) under N2. The suspension was
degassed under vacuum and purged with H2 several times. The mixture was
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stirred under H2 (15 psi) at 25°C for 2 hours. TLC (Petroleum ether/Ethyl
acetate=3:1) showed the starting material was consumed completely. The
reaction mixture was filtered and the filtrate was concentrated. Compound
3-amino-N-(3-methoxyphenyl) benzamide (100 mg, 412.76 umol, 74.92%
yield) was obtained as a white solid. Finally, to a solution of 3-amino-N-(3-
methoxyphenyl)benzamide (100 mg, 412.76 umol, 1 eq) in DCM (5 mL) was
added DIEA (106.69 mg, 825.52 umol, 143.79 uL, 2 eq) and 2-chloroacetyl
chloride (46.62 mg, 412.76 umol, 32.83 uL, 1 eq). The mixture was stirred
at 0 °C for 1 hr. LC-MS showed the reaction was completed and one main
peak with desired m/z was detected. The reaction mixture was quenched
by addition H2O 10 mL, and extracted with DCM 10 mL (5 mL * 2). The
combined organic layers were washed with brine 10 mL, dried over Na2SO4,
filtered and concentrated under reduced pressure to give a residue, which was
washed by MeCN (10 mL), then filtered to collect the solid. Compound 3-
[(2-chloroacetyl)amino]-N-(3-methoxyphenyl) benzamide (50.49 mg, 155.04
umol, 37.56% yield, 97.879% purity) was obtained as an off-white solid.
ESI-MS m/z: calcd for C16H15Cl N2O3 318.08, m/z found 319.1 [M+H]+.
1H-NMR (DMSO, 400MHz): δ ppm 10.50 (br s, 1H), 10.25 (br s, 1H), 8.09
(br s, 1H), 7.82 (br d, J = 8.4 Hz, 1H), 7.66 (br d, J = 7.2 Hz, 1H), 7.54 -
7.42 (m, 2H), 7.36 (br d, J = 8.0 Hz, 1H), 7.30 - 7.21 (m, 1H), 6.69 (br d, J
= 8.0 Hz, 1H), 4.28 (s, 2H), 3.75 (s, 3H).

3.4.9 CTPS1 inhibitor treatment and cell proliferation
assay

KMS-11, KMS-12 and NCI-H929 cell lines were treated with 2µM of the
CTPS1 inhibitor for 24, 48, 72 and 96 hours. After the indicated times of
treatment, cell proliferation was analyzed using the CellTiter 96 Aqueous
One Solution Cell Proliferation Assay (Promega, Madison, W) following the
manufacturer’s instructions. First, the average of the absorbance from the
control wells was subtracted from all other absorbance values. Data were
calculated as the percentage of total absorbance of treated cells/absorbance
of non-treated cells.
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3.4.10 Implementation and availability

gMCStool has been developed using R (R Core Team, 2021) and Shiny
(Chang et al., 2019). gMCStool is hosted using the Amazon Web Services
cloud environment service and it can be publicly accessed in: https://

biotecnun.unav.es/app/gMCStool . A full tutorial and example for our
own cohort of samples corresponding to B cell differentiation and MM can
be found in the ‘Help’ tab of gMCStool.

3.4.11 Code availability

The code for gMCStool is available in https://github.com/lvalcarcel/

gMCStool. Using this tool, it is possible to generate all the results presented
in this article. Gene expression data should be a matrix which have genes
(in ENSEMBL annotation) for rows and samples for columns.

3.4.12 Accession numbers and datasets

The authors declare that all data supporting the findings of this study are
available within the article, in the supplementary material or in other studies.
Referenced accession: B-cell and MM RNA-seq data was obtained from GEO
under accession codes GSE151063 (Carrasco-Leon et al., 2021; Ordoñez
et al., 2020) and GSE114816 (Agirre et al., 2019). MMRF-CoMMpass
data were generated as part of the Multiple Myeloma Research Foundation
Personalized Medicine Initiatives (https://research.themmrf.org and
www.themmrf.org). All cancer cell lines are public and accessible in www.

depmap.org (Ghandi et al., 2019; Meyers et al., 2017) (release 21Q2).

https://biotecnun.unav.es/app/gMCStool
https://biotecnun.unav.es/app/gMCStool
https://github.com/lvalcarcel/gMCStool
https://github.com/lvalcarcel/gMCStool
https://research.themmrf.org
www.themmrf.org
www.depmap.org
www.depmap.org
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Chapter 4

Gene expression derived
from alternative promoters
improves prognostic
stratification in multiple
myeloma

“The time you enjoy wasting is not
wasted time.”

Bertrand Russell

4.1 Abstract

Clinical and genetic risk factors are currently used in multiple myeloma (MM)
to stratify patients and to design specific therapies. However, these systems
do not capture the heterogeneity of the disease supporting the development
of new prognostic factors. In this study, we identified active promoters and
alternative active promoters in 6 different B cell subpopulations, including
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bone-marrow plasma cells, and 32 MM patient samples, using RNA-seq data.
We find that expression initiated at both regular and alternative promoters
was specific of each B cell subpopulation or MM plasma cells, showing a
remarkable level of consistency with chromatin-based promoter definition.
Interestingly, using 595 MM patient samples from the CoMMpass dataset,
we observed that the expression derived from some alternative promoters was
associated with lower progression-free and overall survival in MM patients
independently of genetic alterations. Altogether, our results define cancer-
specific alternative active promoters as new transcriptomic features that can
provide a new avenue for prognostic stratification possibilities in patients
with MM.

4.2 Introduction

Multiple myeloma (MM) is a hematological malignancy characterized by
an abnormal accumulation of clonal plasma cells (PC) in the bone marrow.
In recent years, the survival of MM patients has increased significantly
(Landgren and Rajkumar, 2016) but, regrettably, MM is still considered an
incurable disease (Mateos et al., 2020). Given the underlying heterogeneity
of MM, and in spite of the clinical value of genetic alterations (Walker et al.,
2019), the discovery of novel biomarkers to further improve its prognostic
stratification remains challenging. Several studies have attempted to address
this issue using different high-throughput-technologies (Walker et al., 2019).
While the study of the transcriptome using RNA-seq is very common in
cancer research, it is not currently applied as a risk stratification tool in
patients with MM (Braggio et al., 2015).

Recently, Demircioğlu et al. (Demircioğlu et al., 2019) presented a novel
approach to study transcriptome regulation in cancer cells, defining gene
active promoters (AP) from RNA-seq data and showing that expression
derived from alternative active promoters (AAP) can be used as a biomarker
to improve the stratification of cancer patients. Inspired by this approach,
we have exploited RNA-seq data from B-cells and MM patients to investigate
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the possible role of AAP as a new prognostic biomarker for improving the
survival stratification of MM patients.

4.3 Methods

4.3.1 Promoter activity definition

We used the R package proActive to identify promoters within the anno-
tated genes in Gencode v27. Moreover, we used STAR v 2.6.1a and our
strand-specific RNA-seq (ssRNA-seq) data from PC of MM patient samples
(n = 32) and normal B-cells (n = 35), to identify AP (defined as the tran-
scription amount initiated from each of the promoters related to one specific
gene), and AAP (APs showing alternative usage in different conditions) in
each B-cell subpopulations and PC of MM patient samples. All identified
promoters were also correlated with different epigenetic marks and the
genome segmentation into chromatin states in MM and B-cell populations,
as described in a previous study from our group (Ordoñez et al., 2020).
Further details are shown in Supplementary Methods.

4.3.2 Survival analyses

Survival analyses were performed with the IA14 release data of the mul-
tiple myeloma research foundation (MMRF) CoMMpass Study dataset
(595 samples). Please be referred to Supplementary Methods for further
information.

4.4 Results and discussion

Based on the strategy described by Demircioğlu et al. (Demircioğlu et al.,
2019), we initially defined the AP in different B-cell subpopulations including
normal PCs from healthy donors and PCs from MM patients taking the
Gencode v27 annotation as reference (Agirre et al., 2019). We identified
115,496 possible promoters and defined their activity using our ssRNA-seq
data by quantifying the expression that is initiated at each promoter for
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Figure 4.1: Active promoters and alternative active promoters in B cell
subpopulations and MM patient samples.
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Figure 4.1: Active promoters and alternative active promoters in B cell
subpopulations and MM patient samples. (A) PCA of the absolute promoter
activity of the top 1500 promoters with the highest variance. (B) Heatmap showing
the mean absolute promoter activity for cell-specific active promoters. Data were scaled
across cell types for visualization. (C) Percentage of AP with promoter chromatin state
in each cell type. (D) Genome browser snapshot showing chromatin states and de
novo active promoter of YES1 locus in normal B cell subpopulations and MM patients.
(E) YES1 expression levels in B cells subpopulations and MM patient samples. Gene
expression is showed in log2 of normalized counts.(F) Heatmap showing the mean absolute
promoter activity for cell-specific alternative promoters (AAP) of genes, which do not
change in overall gene expression across cell types. Data were scaled across cell types for
visualization. (G) Percentage of activity of ARID5B alternative promoters (AAP1 and
AAP2), explaining the contribution of each promoter to ARID5B total gene expression
in each B cell subset. (H) Total ARID5B expression and its expression derived from
each of the two alternative promoters (AAP1 and AAP2) in each B cell subset. Absolute
promoter activity and gene expression are in log2 of normalized counts. ARID5B gene
expression does not change throughout all B cell differentiation and MM, however, the
principal promoter shifts from AAP1 to AAP2 during the differentiation process and
the shift to MM. (I) Genome browser snapshot showing chromatin states (up panel)
and expressed alternative transcripts (below panel) from ARID5B locus in normal B
cell subpopulations and MM patients. Transcript ID is indicated below the transcript
scheme. NB: naïve; GCB: germinal center; CB: centroblast; CC: centrocyte; MEM:
memory B cell; TPC: tonsil plasma cell; BMPC: bone marrow plasma cell; MM: plasma
cells of MM patient samples; AAP: alternative active promoter. Chromatin States:
ActPromt: active promoter; WkPromt: weak promoter; PsPromt: poised promoter;
StrEnh1: strong enhancer 1; StrEnh2: strong enhancer 2; WkEnh: weak enhancer;
TxnTrans: transcription transition; TxnElg: transcription elongation; WkTxn: weak
transcription; Polyc: polycomb; Heterch: heterochromatin; Lowsg: low signal.

each B cell subpopulation and PC, therefore identifying AP in each specific
subpopulations (Supplementary data C.1). Using this promoter activity,
principal component analysis (PCA) revealed robust segregation of PC from
the rest of B-cells including a clear distinction between normal and MM PC
(Figure 4.1A). Furthermore, differential analyses revealed the presence of
AP specific for each B-cell subpopulation and MM PC (Figure 4.1B). These
results are consistent with our previous results using global gene expression
(Agirre et al., 2019; Ordoñez et al., 2020).

The accuracy of promoter activity was validated using our previously
described chromatin data generated from the same populations of B cells
and PC including H3K4me3 and H3K27Ac ChIP-seq data, histone marks
associated with AP (Beekman et al., 2018; Ordoñez et al., 2020). RNA-based
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estimates from patient samples accurately reflect the promoter activity, as
50–75% of the APs detected in each cell subpopulation show chromatin
states indicative for AP (4.1 C). Focusing on MM, we observed that some
of these promoters were de novo AP (4.1 D, E), i.e., AP associated with
genes expressed only in MM and not in normal B-cells, such as PRDM5,
IGF1, or BMP6, among others, as we recently described (Ordoñez et al.,
2020). These results indicate that expression and chromatin-based estimates
are consistent and therefore, RNA-seq can provide, in addition to gene
expression, an important estimation of the chromatin states and promoters
location from which gene transcription is taking place in each cell type.

The presence of AAP in cancer has recently been associated with the
transcription of different gene isoforms (Demircioğlu et al., 2019). Inter-
estingly, we observed that the expression of AAP was also specific to MM
and B-cell subsets and that it also correlated with epigenomic data (Figure
4.1C, F, Supplementary data C.2). Such is the case of ARID5B, a gene that
shows a shift in promoter usage throughout B cell differentiation and MM
(Figure 4.1G–I).

The role of the transcriptional profile in the prognosis of MM has been
clearly demonstrated and specific transcriptional signatures have been asso-
ciated with specific subgroups of MM patients (Garcés et al., 2020). Based
on our previous analysis, we hypothesized that expression of AAP could
represent a new prognostic factor in MM, as different isoforms of the same
genes may contribute to distinct clinical impact. To address this question
we took advantage of the RNA-seq data of the CoMMpass study that in-
cludes 595 MM patient samples acquired at diagnosis. Following the AAP
selection criteria defined by Demircioğlu et al. (Demircioğlu et al., 2019),
we identified 1539 AAP within MM patient samples. We divided the cohort
of MM patients into training and test datasets. Using the training data, we
performed a univariate coxph analysis for each AAP in both PFS and OS
(Supplementary methods). The expression derived from 6 AAP within MM
patient samples was significantly associated with PFS, and 18 AAP with
OS. To avoid bias derived from differentially expressed genes, we kept AAP
whose associated gene expression did not show statistical significance for
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PFS and/or OS, which yielded a final list of 3 AAP significantly correlated
with PFS and 10 AAP with OS of MM patients (Supplementary data C.3).
As an example, while SLAMF7 expression was not associated with PFS or
OS, a higher activity of AAP1 of SLAMF7 was associated with improved
PFS and OS in MM patients (Figure 4.2A–D). These results indicate that
assessment of AAP may contribute to identifying new prognostic factors.
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Figure 4.2: AAP definition improves the prognosis stratification of MM
patients. (A), (B) PFS and OS stratification by SLAMF7 promoter 1 activity. (C),
(D) PFS and OS stratification by SLAMF7 gene expression activity. (E) Final model
selected with BIC for PFS including the activity of the AAP1 of SLAMF7, AAP of
REEP5, and the ISS stage. (F), (G) Kaplan–Meier curves with dichotomized events of
PFS in training and test set. The full figure is shown in Supplementary Figure C.1. (H)
Final model selected with BIC for OS including the activity of the AAP2 of BTN3A1,
AAP1 of RPL30, AAP3 of ACSS1, AAP1 of RWDD1, AAP1 of SLAMF7, ISS stage,
and amplification 1q21. (I), (J) Kaplan–Meier curves with dichotomized events and
grouped for better visualization of OS in training and test set. The full figure is shown in
Supplementary Figure C.2. Number of events: refers to those factors included in the final
PFS or OS model, respectively. ev: events.

Next, using multivariate Cox regression model and stepwise model
selection with Bayesian information criterion (BIC) (Volinsky and Raftery,
2000), we evaluated the hazard prediction power, for both PFS and OS, of the
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combination between AAP and risk genetic markers in MM patients (Binder
et al., 2017; Delgado et al., 2014; Qazilbash et al., 2007; Seckinger et al.,
2012; Tomas et al., 2015): ISS, t(4;14), t(14;16), t(14;20), del17p, deletion of
CDKN2C, del1p, amp1q and mutations of TP53. Interestingly, we detected
that AAP significantly over-perform the information provided by genetic
alterations in terms of PFS and OS. In the multivariate analysis, we identified
ISS stage and AAP of REEP5 and SLAMF7 genes (Supplementary Figure
C.1, Supplementary data C.4) with independent prognostic value for PFS,
and provided a predictive model whose cumulative activity discriminated
3 different risk groups (Figure 4.2E, F). This was also validated in the
test cohort (Figure 4.2G). Regarding OS, we identified the AAP of five
genes, RWDD1, SLAMF7, ACSS1, BTNG3A1, and RPL30 (Supplementary
Figure C.1, Supplementary data C.4) that together with the ISS stage and
amplification of 1q discriminated patients with different prognosis (Figure
4.2H; Supplementary Figure 4.2A). Again, these factors generated a risk
assessment model with four distinct risk groups for OS (Figure 4.2I) in
the training cohort that was validated in the test cohort (Figure 4.2 J;
Supplementary Figure C.2B). Finally, we also performed an ANOVA test
to compare the models derived from genetic risk factors only or combining
genetic risk factors with AAP, finding a significant improvement for the
combination of both risk factors for PFS (p − value = 2 · 10−5) and OS
(p − value = 4 · 10−10).

In summary, in this study, we demonstrate that RNA-seq data can be
exploited in a non-conventional way to identify AP and AAP in MM and
that the expression derived from AAP shows a greater contribution as a
survival risk biomarker than high-risk genetic classifiers used currently in
the clinical outcome of MM patients.
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Chapter 5

BOSO: a novel feature
selection algorithm for linear
regression with
high-dimensional data

“Somewhere, something incredible is
waiting to be known”

Carl Sagan

Abstract

With the frenetic growth of high-dimensional datasets in different biomed-
ical domains, there is an urgent need to develop predictive methods able
to deal with this complexity. Feature selection is a relevant strategy in
machine learning to address this challenge. We introduce a novel feature
selection algorithm for linear regression called BOSO (Bilevel Optimization
Selector Operator). We conducted a benchmark of BOSO with key algo-
rithms in the literature, finding a superior accuracy for feature selection in



90 Chapter 5. BOSO

high-dimensional datasets. Proof-of-concept of BOSO for predicting drug
sensitivity in cancer is presented. A detailed analysis is carried out for
methotrexate, a well-studied drug targeting cancer metabolism.

Availability: The R package BOSO is available on the Comprehensive
R Archive Network (https://cran.r-project.org/web/packages/BOSO/

index.html) and on GitHub (https://github.com/lvalcarcel/BOSO). It
is distributed under the GNU General Public License (version 3).

Author summary

We present BOSO (Bilevel Optimization Selector Operator), a novel method
to conduct feature selection in linear regression models. In machine learning,
feature selection consists of identifying the subset of input variables (features)
that are correctly associated with the response variable that is aimed to
be predicted. An adequate feature selection is particularly relevant for
high-dimensional datasets, commonly encountered in biomedical research
questions that rely on -omics data, e.g. predictive models of drug sensitivity,
resistance or toxicity, construction of gene regulatory networks, biomarker
selection or association studies. The need of feature selection is emphasized
in many of these complex problems, since the number of features is greater
than the number of samples, which makes it harder to obtain accurate
and general predictive models. In this context, we show that the models
derived by BOSO make a better combination of accuracy and simplicity than
competing approaches in the literature. The relevance of BOSO is illustrated
in the prediction of drug sensitivity of cancer cell lines, using RNA-seq
data and drug screenings from GDSC (Genomics of Drug Sensitivity in
Cancer) database. BOSO obtains linear regression models with a similar
level of accuracy but involving a substantially lower number of features,
which simplifies the interpretation and validation of predictive models.

https://cran.r-project.org/web/packages/BOSO/index.html
https://cran.r-project.org/web/packages/BOSO/index.html
https://github.com/lvalcarcel/BOSO
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5.1 Introduction

High-dimensional datasets are currently an essential part of biomedical
research (Bourne et al., 2015; Cirillo and Valencia, 2019; Perez-Riverol et al.,
2017). Much effort has been devoted to developing statistical and machine
learning methods able to deal with this complexity and avoid overfitting
in problems with a limited sample size (Chiesa et al., 2020; Fisher and
Mehta, 2015; Rohart et al., 2017; Roshchupkin et al., 2016; Vinga, 2021).
Dimensionality reduction and feature selection are the most commonly
used strategies to address this issue (Roweis and Saul, 2000; Saeys et al.,
2007). Feature selection, which consists of identifying the true explanatory
variables over the entire set of variables, have been extensively applied to
both supervised and unsupervised learning problems (Cai et al., 2018).

Different feature selection approaches can be found for linear regres-
sion models, aimed to explain a response (dependent) variable as a linear
combination of a set of input (independent) variables. The most popular
feature selection algorithm is the Lasso regression (Tibshirani, 1996), which
is implemented in different machine learning software packages and inte-
grated in dozens of algorithms for a varied range of biological questions
(Chen et al., 2018; Gamazon et al., 2015; Tyner et al., 2018; Wilmanski
et al., 2019). However, as recently shown in Hastie et al. 2017 (Hastie et al.,
2017), the Lasso regression still has substantial room for improvement in
high-dimensional datasets. In that work, using synthetic data in a number
of conditions, the capacity of several approaches to elucidate the subset of
variables that were used to generate the response variable was compared.
In particular, they compared Lasso with a recent formulation of the best
subset selection approach (Bertsimas et al., 2016), which directly addresses
the combinatorial problem of identifying the subset of features that more
accurately fits the response variable through linear regression. They found
that neither approach was significantly better than the other. Interestingly,
they concluded that Relaxed Lasso (Meinshausen, 2007), which combines
the solution of Lasso and ordinary linear regression, incorporates the best
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of both approaches and is, therefore, the most accurate strategy in the
literature.

Here, we propose a novel feature selection approach for linear regression
called BOSO (Bilevel Optimization Selector Operator). We show that our
approach is more accurate than Relaxed Lasso in many cases, particularly
in high-dimensional datasets. Proof-of-concept of our approach is applied
to predict drug sensitivity in cancer based on RNA-seq data. In particular,
a detailed computational and in-vitro experimental analysis is presented
for methotrexate, a well-studied drug targeting cancer metabolism (Luengo
et al., 2017).

5.2 Results

5.2.1 The BOSO algorithm

In linear regression, the best subset selection problem addresses the identifi-
cation of variables correctly related with the response variable. This problem
is presented here as a bilevel optimization problem and, for this reason,
we call our approach Bilevel Optimization Selector Operator (BOSO). In
particular, starting from a total set of p features, BOSO searches for the
best combination of features of length K by solving a bilevel optimization
problem, where the outer layer minimizes the validation error and the inner
layer uses training data to minimize the loss function of the linear regression
approach considered. Here, we chose Ridge regression for the training prob-
lem in order to account for multicollinearity in a simpler manner than Lasso;
however, the formulation is also presented for ordinary linear regression (see
Methods section for details).

In particular, BOSO relies on the observation that the optimal solution of
the inner problem can be written as a set of linear equations that depends on
the selected features. This observation makes it possible to solve a complex
bilevel optimization problem via Mixed-Integer Quadratic Programming
(MIQP) (see Methods section). This process is repeated for different K
values until an information criterion is not further improved. Here, we
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Figure 5.1: Summary of the BOSO algorithm. An example dataset with 7 features
is split into training and validation sets. For any given subset of features of length K, a
linear model is constructed with training data and assessed with validation data. The
optimal selected features for a specific K value (green boxes) are obtained from the model
that minimizes the validation error. For example, for K = 2, the linear model trained
with the subset of features X3, X6 is the one that minimizes the validation error. The
problem of selecting the best subset of features of length K is formulated via mixed-integer
quadratic programming (MIQP) (see Methods section) and solved using standard MIQP
tools. With our MIQP approach, we directly assess all different combinations of linear
models that involve K features and select the one with least validation error.

considered the Akaike Information Criterion (AIC) (Akaike, 1974), the
Bayesian Information Criterion (BIC) (Schwarz, 2007) and the extended
BIC (eBIC) (Chen and Chen, 2008), which generalizes BIC when p > n, a
common scenario in biomedical applications (Clarke et al., 2008). These
were adjusted to take into account the use of Ridge regression instead of
ordinary linear regression (see Methods section). Note here that other
approaches use validation data to select the optimal K; instead, BOSO uses
validation data to select the best subset of features of length K, and it uses
the information criterion to select the optimal K. A conceptual scheme of
BOSO for 7 variables can be found in Figure 5.1.

The core MIQP of BOSO addresses a hard-combinatorial optimization
problem, whose complexity exponentially grows as p increases. Current
MIQP solvers have been widely developed in the last decade (Anand et al.,
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2017); however, in the case of BOSO, for large problems, they could take
long computation times to guarantee optimality. This is also the case for
the MIQP approach presented in Bertsimas et al., 2016 (Bertsimas et al.,
2016), referred to here as Best Subset. Here, we alleviated this issue by
iteratively applying BOSO to random blocks of features of length L until
convergence (see Methods section and Supplementary Fig. D.1). With this
strategy, we substantially reduced the computation time of our approach
and managed to apply BOSO to complex problems.

5.2.2 Benchmarking of feature selection approaches

In order to assess the performance of BOSO, we replicated the same analysis
presented in Hastie et al., 2017, where relevant feature selection strategies,
including Best Subset (Bertsimas et al., 2016), Forward Stepwise (Draper
and Smith, 1998; Efroymson, 1966), Lasso (Tibshirani, 1996) and Relaxed
Lasso (Meinshausen, 2007), were compared. In that work, they generated
synthetic data from a multivariate normal distribution in different settings,
which depends on the number of instances, n; number of total available
features, p; actual number of features contributing to the outcome, defined
by the sparsity level s and their value (beta-type); covariance matrix between
features ∑ij = ρ|i−j| , where ρ is the autocorrelation level; and signal-to-
noise ratio (SNR level) (see Supplementary Note D.1 for further details).
In particular, they considered 4 problem settings: low (n=100, p=10, s=5),
medium (n=500, p=100, s=5), high-5 (n=50, p=1000, s=5) and high-10
(n=100, p=1000, s=10). These four problem settings were analyzed for
different beta-types, autocorrelation level and signal-to-noise ratio.

In particular, we present here the results for one of the scenarios consid-
ered: beta-type 1, where the s contributing features occur at (approximately)
equally-spaced indices between 1 and p with value 1, the remaining fea-
tures being equal to 0; and an autocorrelation level between features of
0.35. In this beta-type, actual features contributing to the outcome show
little correlation between each other. We tested the same levels of SNR
analyzed in Hastie et al., 2017, namely ten values of SNR from 0.05 to 6.00,
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equally distributed in logarithmic scale. In order to compare the capacity of
different methods to extract the actual features contributing to the outcome,
we used the F1-score, which is the harmonic mean of the precision and
recall, the number of estimated non-zeros coefficients and the number of
false positives and false negatives, metrics previously used in Hastie et al.,
2017 (see Methods section). We also included details as to other cases and
evaluation metrics in Supplementary Figs. D.2-D.6.

F1-scores obtained with BOSO, Lasso, Relaxed Lasso, Best Subset and
Forward Stepwise in different cases are shown in Figure 5.2. For the Low
setting (p=10), BOSO performed slightly better than Best Subset and
Forward Stepwise, and it had mixed outcomes when compared to Lasso
and Relaxed Lasso (Figure 5.2a). For the Medium setting (p=100, Figure
5.2b), BOSO and Relaxed Lasso compete to be the most accurate approach,
namely BOSO in low SNR values and Relaxed Lasso in high SNR values.
Importantly, BOSO achieved the best performance in the High-5 setting
(p=1000, Figure 5.2c), obtaining more accurate results than the rest of
approaches for all the cases. Finally, a similar behavior is observed in the
High-10 setting (p=1000, Figure 5.2d). According to these results, BOSO
is overall more accurate than Best Subset, Forward Stepwise and Lasso
and competes with Relaxed Lasso, finding comparable accuracy in low-
to-medium-dimensional problems and superior results in high-dimensional
scenarios.

In order to gain insights into the type of model obtained from BOSO, in
Figure 5.3 we plotted the number of non-zeros obtained with each method in
the simulation presented in Figure 5.2. It can be seen that BOSO generates
a more parsimonious model than Relaxed Lasso and Lasso. This is partially
derived from our choice of an information criterion to select the size of the
model (in this case eBIC). As a result, BOSO outputs regression models with
a significantly lower number of false positives than Lasso and Relaxed Lasso
and comparable false negatives (see Figure 5.4 and Figure 5.5, respectively).
On the other hand, BOSO, Best Subset and Forward Stepwise have similar
complexity (Figure 5.3), but, according to results in Figure 5.2, Best Subset
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Figure 5.2: Performance comparison of BOSO with different feature selection
algorithms using F1-score. a) Low setting; b) Medium setting; c) High-5 setting; d)
High-10 setting. Dots and bars represent, respectively, the mean and standard deviation
of F1-scores across 10 random samples for the different SNR values.

and Forward Stepwise are less accurate, since they present a higher number
of false negatives than BOSO (Figure 5.5).

A similar behavior is found for beta-type 2 (see Supplementary Figures
D.2-D.6), which defines a more complex situation where actual variables
contributing to the outcome are correlated with each other. However, we
found that BOSO performs worse than Relaxed Lasso for higher correlations
in this setting (autocorrelation level 0.70). This is possibly due to the fact
that information criterions assume that variables are independent and they
are not prepared for cases in which variables present high correlations. This
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Figure 5.3: Performance comparison of BOSO with different feature selection
algorithms using Number of non-zeros in the 4 considered problem settings.
a) Low setting; b) Medium setting; c) High-5 setting; d) High-10 setting. Dots and
bars represent, respectively, the mean and standard deviation of Number of non-zeros
across 10 random samples for different SNR values. The dotted line is the actual value of
non-zeros (s) for each SNR value.

effect is less relevant for more sparse problems, for example, High-5 and
Medium.

Results in Figures 5.2-5.5 were calculated using eBIC as the information
criterion. Figure 5.6 shows the results presented in Figure 5.2 for AIC, BIC
and eBIC. It can be observed that eBIC and BIC have similar results; in
fact, when p < n, as in the Low and Medium cases, eBIC is equal to BIC
(see Methods section). Differences arise in the case of High-5 and High-10,
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Figure 5.4: Performance comparison of BOSO with different feature selection
algorithms using False Positives in the 4 considered problem settings. a)
Low setting; b) Medium setting; c) High-5 setting; d) High-10 setting. Dots and bars
represent, respectively, the mean and standard deviation of Number of non-zeros across
10 random samples for different SNR values.

where eBIC is more restrictive than BIC, decreasing the number of both
false and true positives. This situation is much more extreme in the case
of AIC, where the number of false positives is substantially increased with
respect to BIC, but it is the one with lowest number of false negatives
(see Supplementary Figures D.7-D.11 for further details). Although BIC
and eBIC present more accurate results than AIC, we considered the 3
information criteria for further analysis.
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Figure 5.5: Performance comparison of BOSO with different feature selection
algorithms using False Negatives in the 4 considered problem settings. a)
Low setting; b) Medium setting; c) High-5 setting; d) High-10 setting. Dots and bars
represent, respectively, the mean and standard deviation of Number of non-zeros across
10 random samples for different SNR values.

With respect to computational effort, even using the random block
strategy mentioned above, BOSO requires more time than Forward Stepwise,
Lasso and Relaxed Lasso. However, BOSO is more efficient than Best Subset
and can be run in standard computers, e.g. each run in the High-10 setting
took us on average 104.6 seconds on a 64 bit Intel(R) Xeon(R) CPU E5-2630
v4 @ 2.20GHz running Linux, setting a maximum of 4 cores and 4 GB
of RAM. Further details can be found in Supplementary Table D.1. In
summary, for feature selection: 1) BOSO shows higher sensitivity than Best
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Figure 5.6: Performance comparison of BOSO under different information
criterions using the F1-score in the 4 considered problem settings. a) Low
setting; b) Medium setting; c) High-5 setting; d) High-10 setting. Dots and bars represent,
respectively, the mean and standard deviation of F1-score across 10 random samples for
different SNR values.

Subset and Forward Stepwise; 2) BOSO presents higher specificity than
Lasso and Relaxed Lasso; 3) BOSO is a computationally feasible approach
in large-sized problems encountered in biomedical research.

5.2.3 BOSO and drug sensitivity in cancer

We applied BOSO to construct a predictive model of Methotrexate (MTX)
cytotoxicity in cancer cell lines. To that end, we used 662 cancer cell lines
with the IC50 values of MTX available from the screenings of the GDSC
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(Genomics of Drug Sensitivity in Cancer) database (Yang et al., 2013) and
RNA-seq data from CCLE (Cancer Cell Line Enyclopedia) (Ghandi et al.,
2019). After filtering genes with low mean and variance expression out (see
Methods section), we kept 5364 genes (features) as possible predictors of
MTX IC50 (p=5364). In order to guide the learning process, cell lines were
randomly grouped into training (40%), validation (40%) and test (20%)
sets using the R package caret (http://topepo.github.io/caret/index.

html) for a homogenous distribution of IC50 values. BOSO was applied to
training and validation sets and evaluated with test data in 100 different
runs. We conducted the same analysis with Forward Stepwise, Lasso and
Relaxed Lasso. We excluded Best Subset due to its high computational cost.
From Figure 5.7a it can be seen that: 1) among different information criteria,
the best performance of BOSO in test data was obtained with BIC: mean
correlation of 0.612; 2) the models derived from Lasso and Relaxed Lasso
have similar mean correlation in test data: 0.623 and 0.619, respectively;
3) Forward Stepwise is the least accurate approach (mean correlation of
0.575). On the other hand, there is a striking difference in the number of
features: while BOSO and Forward Stepwise predicted on average 10.29 and
2.83, respectively, Lasso and Relaxed Lasso involved more than 56 features
(Figure 5.7b). These results reinforce the conclusions that BOSO generates a
more parsimonious model than Lasso and Relaxed Lasso and more accurate
model than Forward Stepwise. We repeated the same analysis with 50 drugs
available in the GDSC database (Supplementary Table D.2), finding similar
conclusions as the ones obtained for MTX analysis (Supplementary Figure
D.12).

Using the regression models derived by BOSO for the 100 random
partitions of training, validation and test data, we predicted the MTX
IC50 value for 708 cell lines not included in the GDSC database but with
RNA-seq data available in CCLE (Supplementary Data). BOSO found clear
differences among the distinct cell lines that were considered, with IC50
values ranging from 31.6 nM to 3401 nM. In addition, BOSO predicted
a significant difference in the MTX IC50 values for the top 25% most

http://topepo.github.io/caret/index.html
http://topepo.github.io/caret/index.html
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Figure 5.7: Prediction of Methotrexate cytotoxicity in cancer. Using 100 random
partitions of data into training, validation and test sets: a) Pearson correlation obtained
with BOSO, Forward Stepwise, Lasso and Relaxed in the Test partition; b) Number
of active features selected in the approaches included in Figure 5.6a; c) Experimental
validation of IC50 values predicted by the BOSO-BIC algorithm for 5 MTX-sensitive
(PF-382, P12-ICHIKAWA, JVM-2, PEER, SEM) and 5 MTX-resistant (U87MG, A498,
LOUNH91, UMUC1, UMUC7). The cell lines with available GDSC IC50 values (PF-382,
P12-ICHIKAWA, JVM-2, U87MG, A498, LOUNH91) were excluded from the model
construction process.

sensitive and resistant cell lines (Student’s t-test p − value = 1.15 · 10−−94,
Supplementary Figure D.13 for details).

In addition, we conducted in vitro experiments in order to validate our
predictive model (see Methods section). First, the IC50 values provided by
the GDSC database in 3 MTX-sensitive (PF-382, P12-ICHIKAWA, JVM-2)
and 3 MTX-resistant (U87MG, A498, LOUNH91) cell lines (Figure 5.7c)
were validated. This was done because the IC50 values provided by the
GDSC database are predicted based on a limited range of experimental
screening concentrations (Yang et al., 2013). Note here that these 6 cell lines
were not used in the model construction process, i.e. they were not part of
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the 662 cell lines used to build the predictive models summarized in Figure
5.7a-b. Second, the IC50 values predicted by BOSO in 2 MTX-sensitive
(PEER, SEM) and 2 MTX-resistant (UMUC1, UMUC7) cell lines that were
not available in the GDSC database (Figure 5.7c) were assessed in-vitro.
Predictions with the rest of methods considered in Figure 5.7a-b can be found
in Supplementary Figure D.14. First, the results predicted from BOSO and
GDSC did not present statistically significant differences in the 6 matching
cell lines (Student’s paired t-test p − value : 0.26). Second, our approach
could distinguish between in-vitro validated MTX-resistant (n=5) and MTX-
sensitive (n=5) cell lines (Student’s t-test p − value = 4.21 · 10−−5). All
together indicates that the linear regression model derived by BOSO can
be applied to complete the data provided by the GDSC database.

Surprisingly, the most relevant features in BOSO, according to their
recurrence in different runs (see Supplementary Data), are not typically
annotated to MTX in drug databases. In particular, the top-5 genes
are: LRRC8C, MFNG, RNLS, KBTBD11 and CUEDC1. The individual
expression of each gene exhibits a high and significant correlation with MTX
IC50 (Supplementary Figure D.15a). Importantly, a linear model with these
5 genes substantially overperforms a model including the 30 genes annotated
to MTX in DrugBank (Supplementary Figure D.15b, Supplementary Table
D.3), which shows the relevance of the novel predictors identified.

The importance of these 5 genes in MTX resistance deserves further
study and experimentation. However, existing literature provides promising
insights about their potential mechanism of action. LRRC8C is a component
of the volume-regulated anion channel (VRAC ) that has been recently linked
to multidrug resistance in cancer in compounds such as cisplatin (Hoffmann
and Lambe, 2014). MFNG is a manic fringe protein that regulates Notch
signaling (Kakuda and Haltiwanger, 2017), a pathway previously associated
with MTX resistance (Wang et al., 2010). KBTBD11 is a tumor suppressor
gene that has been identified as differentially expressed in MTX-resistant
colon cancer cell lines (Selga et al., 2009). CUEDC1 is correlated with
estrogen receptor alpha (ERα) (Lopes et al., 2018), which has been found
to confer MTX resistance in osteosarcoma cells (Chen et al., 2014).
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5.3 Discussion

The feature selection problem is old in machine learning, but still of high
interest to this day. High-dimensional datasets are proliferating in different
domains of science and industry, particularly in biomedical research, where
high-throughput –omics technologies, mainly DNA-seq and RNA-seq data,
are essential tools for biomarker development in the field of personalized
medicine and nutrition. In this context, feature selection is a crucial strategy
to develop robust machine learning models in problems with limited sample
size.

Here, we present BOSO (Bilevel Optimization Selector Operator), a
novel feature selection approach for linear regression approaches. BOSO
overcomes a complex bilevel optimization problem, linked to the best subset
selection problem, based on Mixed-Integer Quadratic Programming. This
elegant mathematical transformation is surprisingly novel in the literature.
Certainly, existing approaches in the literature address the best subset
selection using brute force if possible or heuristic methods for more complex
problems (Li et al., 2017). Others do not make use of validation data
for feature selection but to select the optimal length, as done in Forward
Stepwise. Our strategy is conceptually different and opens new avenues for
developing feature selection algorithms in other relevant machine learning
tools, such as support vector machines or survival models.

Following the interesting discussion held in the literature (Bertsimas
et al., 2016; Hastie et al., 2017), BOSO was benchmarked with key feature
selection algorithms for linear regression models. BOSO falls between
Forward Stepwise and Lasso or Relaxed Lasso. Importantly, BOSO shows
higher sensitivity than Forward Stepwise and higher specificity than Lasso
and Relaxed Lasso in multidimensional problems, which entails a clear
advance in machine learning. This improvement is a mixed result of our
proposed MIQP and the choice of our information criterion based on BIC.
However, we think BOSO could be improved further with information
criteria that take into account the correlation between the true variables in
the model, as they are currently not prepared for this task.
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Proof-of-concept of BOSO was accomplished to predict drug sensitivity
in cancer. A detailed analysis was presented for methotrexate (MTX), a well-
studied drug targeting cancer metabolism. BOSO showed higher accuracy
than Forward Stepwise and derived a more parsimonious model than Lasso
and Relaxed Lasso, which reinforces our ability to rule out false positives.
This advantage of BOSO is particularly relevant for biomedical applications,
since it simplifies the interpretation, validation and posterior exploitation
of results (e.g. for the development of combinatorial biomarkers). This was
illustrated with the 5 most relevant features predicted by BOSO, which
exhibits a high predictive power and open new avenues to understand MTX
resistance. Finally, we were able to extend the MTX IC50 values provided
by the GDSC database to the remaining 708 CCLE cell lines, providing
successful experimental validation for 5 MTX-resistant and 5 MTX-sensitive.

In summary, the results here presented illustrate the value of BOSO for
the machine learning community and, in particular, for biomedical research,
a field where the number of high-dimensional datasets grows at a frenetic
pace. We expect to see the application of BOSO to the great variety of
methods where Lasso is currently being applied: predictive models of drug
sensitivity, resistance or toxicity, construction of gene regulatory networks,
biomarker selection, association studies and other relevant questions.

5.4 Methods

5.4.1 Bilevel Optimization in Ordinary Linear Regression

Assume a linear regression model with response vector y ∈ Rn and design
matrix X ∈ Rnx(p+1), where p is the number of predictor variables. The
problem of feature selection consists of identifying the subset of predictor
variables Q that more accurately predicts the response variable y. To ad-
dress this problem with ordinary linear regression, we split the data into
training and validation sets, namely y = [ytrain, yval ] and X = [Xtrain, Xval ],
and construct a standard bilevel quadratic optimization model (Eqs. 5.1-5.4):
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min
Q

eval
Q

T · eval
Q (5.1)

s.t. yval = Xval
Q · βQ + eval

Q (5.2)

min etrain
Q

T · etrain
Q (5.3)

s.t. ytrain = Xtrain
Q · βQ + etrain

Q (5.4)

, where the inner problem (Eq. 5.3-5.4) makes use of the training data for
a particular subset of features Q(ytrain, Xtrain

Q ) in order to infer its associated
optimal parameters βQ and the outer problem selects the combination of
the features Q with the lowest validation (generalization) error. Note here
that, in bilevel optimization models, the optimal space of the inner problem
is a constraint of the outer problem.

The identification of Q is a combinatorial problem and approaches in
the literature follow a heuristic strategy, such as genetic algorithms (Yusta,
2009). We show below that this bilevel quadratic optimization problem can
be reformulated as a mixed-integer quadratic programming model, which
can be globally solved with standard optimizers such as IBM ILOG CPLEX.
Our approach relies on the observation that the optimal solution of the
inner problem can be expressed as a set of linear equations that depends on
the selected features. Below we detail this transformation step-by-step.

First, let us consider the optimal solutions for the inner problem by as-
suming that all variables are selected. In that case, following the optimality
conditions of ordinary linear regression models (derived from the method of
Lagrange multipliers), the inner problem (Eqs. (5.5)-(5.6)) can be simplified
to a linear set of equations (Eq. (5.7)):

min
Q

etrain
Q

T · etrain
Q (5.5)

s.t. ytrain = Xtrain · β + etrain
Q (5.6)

XtrainT · ytrain = XtrainT · Xtrain · β̂ (5.7)
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In Eq. (5.7), we have one equation for each of the considered fea-
tures plus the intercept (p + 1 equations). For the sake of simplicity, by
making a = XtrainT · ytrain and C = XtrainT · Xtrain, where a ∈ Rp+1 and
C ∈ R(p+1)x(p+1), we can rewrite the equations algebraically in Eq. (5.8)
and uncoupled in Eq. (5.9).

a = C · β̂ (5.8)

ai =
p+1

∑
j=1

Cij · β̂ j i = 1, . . . , (p + 1) (5.9)

Importantly, coming back to our initial bilevel quadratic optimization
problem, the optimality constraints in Eq. (5.9) only need to be satisfied
for the active subset of features Q in the inner problem. In other words,
if a feature is not considered in the inner problem, then ˆbetaj = 0 but,
additionally, its associated constraint in Eq. (5.9) must be neglected. These
optimality conditions of the inner problem, which depend on the subset of
active variables, can be written as a set of linear equations using binary
variables zi, where zi = 0 if a particular feature i is not considered as part
of the optimal selection, zi = 1 otherwise. These equations are written in
Eqs. (5.10)-(5.13). Note here that M is a large positive constant.

ai ≥
p+1

∑
j=1

Cij · β̂ j − M · (1 − zi) i = 1, . . . , (p + 1) (5.10)

ai ≤
p+1

∑
j=1

Cij · β̂ j + M · (1 − zi) i = 1, . . . , (p + 1) (5.11)

−M · zi ≤ β̂i ≤ +M · zi i = 1, . . . , (p + 1) (5.12)

zi = {0, 1} i = 1, . . . , (p + 1) (5.13)

Now we can re-write the bilevel optimization problem as a single mixed-
integer quadratic programming problem (MIQP). Our proposed MIQP
directly identifies the subset of features that minimizes the validation error
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given that their associated parameters β are optimal in the training problem.
Full details of our MIQP are detailed in Eqs. (5.14)-(5.19).

min eval T · eval (5.14)

s.t. yval = Xval · β + eval (5.15)

XtrainT · ytrain ≥ XtrainT ·Xtrain · β̂− M · (1− z) (5.16)

XtrainT · ytrain ≤ XtrainT ·Xtrain · β̂+ M · (1− z) (5.17)

−M · z ≤ β ≤ +M · z (5.18)

zi ∈ {0, 1} i = 1, . . . , (p + 1) (5.19)

If this MIQP is applied directly, the resulting solution may suffer from
overfitting, particularly in cases where the number of features (p) is com-
parable (or higher) to the number of instances (n). To avoid this issue,
we iteratively apply this MIQP forcing a specific number of features K
(K = 1, . . . , p), as shown in Eq. (5.20), until a specific information criterion
(such as AIC, BIC or eBIC) is not further improved.

p+1

∑
j=1

zj = K (5.20)

5.4.2 Bilevel Optimization in Ridge Regression

Similar to ordinary linear regression, the bilevel optimization model associ-
ated with Ridge regression is the following:
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min
Q

eval
Q

T · eval
Q (5.21)

s.t. yval = Xval
Q · βQ + eval

Q (5.22)

min etrain
Q

T · etrain
Q + δ · βT

Q · βQ (5.23)

s.t.
ytrain = Xtrain

Q · βQ + etrain
Q (5.24)

, where δ is the regularization parameter.
In this case, when all variables are selected, the optimal solution of the

inner problem satisfies the following equation (derived from the method of
Lagrange multipliers):

XtrainT · ytrain = XtrainT · Xtrain · β̂ + δ · β̂ (5.25)

With respect to Eq. (5.7) in ordinary linear regression, we added the
non-linear term δ · β̂. However, for a finite number of δ values (δ1, . . . , δm),
as typically used in regularization techniques, we can make it linear through
binary variables:

XtrainT · ytrain = XtrainT · Xtrain · β̂ + δ · β̂ + v (5.26)

v ≥ δt · β̂ − M · (1 − yt) t = 1, . . . , m (5.27)

v ≤ δt · β̂ + M · (1 − yt) t = 1, . . . , m (5.28)

m

∑
t=1

yt = 1 (5.29)

Using y variables, we can select the value of δ and v; in particular, when
yt = 1, then v = δt · β̂; when yt = 0, the value of v is not restricted. As
shown in Eq. (5.29), we can only have one y variable as active.
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Finally, we can amend Eq. (5.26) to take into account feature selection.
In a similar way as done above for ordinary linear regression, we obtain
again a mixed-integer quadratic programming problem that is summarized
below:

min eval T · eval (5.30)

s.t. yval = Xval · β + eval (5.31)

XtrainT · ytrain ≥ XtrainT · Xtrain · β̂ + v − M · (1 − z) (5.32)

XtrainT · ytrain ≤ XtrainT · Xtrain · β̂ + v + M · (1 − z) (5.33)

−M · z ≤ β ≤ +M · z (5.34)

v ≥ δt · β̂ − M · (1 − yt) t = 1, . . . , m (5.35)

v ≤ δt · β̂ + M · (1 − yt) t = 1, . . . , m (5.36)

∑m
t=1 yt = 1 (5.37)

∑p+1
j=1 zj = K (5.38)

zi = {0, 1} i = 1, . . . , (p + 1) (5.39)

yt = {0, 1} t = 1, . . . , m (5.40)

As noted above, we iteratively apply this MIQP, Eqs. (5.30)-(5.40),
forcing a specific number of features K (K = 1, . . . , p) until an information
criterion is not further improved (see next sub-section). With this approach,
we obtain the optimal subset of features Q and the optimal value of the
regularization parameter δ. This was the approach used in the Results
section. The choice of Ridge regression in the inner layer over ordinary
linear regression was done to reduce the variance of the derived model in
the event of multicollinearity (high correlation between input variables).
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5.4.3 Extended Bayesian Information Criterion

eBIC is an extension of BIC (Bayesian Information Criterion) for high-
dimensional datasets where p > n. For ordinary linear regression, eBIC is
defined in Chen and Chen, 2008 (Chen and Chen, 2008), as follows:

eBIC = n · log(MSE) + K · log(n) + 2 · g · log
(

p
K

)
(5.41)

, where n is the number of instances, MSE is the Mean Square Error of
the regression model for selected features using both training and validation
data, K is the number of selected features and p is the total number of
features. Note here that g is a consistency parameter. We used the standard
value g = 0.5 if p > n; if p ≤ n, we fixed g = 0, which is equivalent to
the Bayesian Information Criterion (BIC). Note here that in the Akaike
Information Criterion (AIC), we have g = 0 and substitute log(n) by 2.

Here, we modify the standard eBIC to consider the use of Ridge regression
instead of ordinary linear regression. This was done by substituting the
number of features K by the effective number of parameters in the model
Ke f f and degrees of freedom (d f (δ)):

eBIC = n · log(MSE) + d f (δ) · log(n) + 2 · g · log
(

p
Ke f f

)
(5.42)

The number of degrees of freedom in Ridge regression is well-known
(Hastie et al., 2009):

d f (δ) = trace(X(Q(K)) · (XT
(Q(K)) · δ · X(Q(K)) + δ · IK)

−1 · XT
(Q(K))) (5.43)

, where X(Q(K)) is the sub-matrix of X only including the columns of the
K features selected. Note here that if there is no regularization (δ = 0), the
number of effective parameters is precisely K. As d f (δ) will be typically
non-integer, we round up Ke f f to the nearest integer:

Ke f f = minx : {x ≥ d f (δ), x ∈ Z+} (5.44)
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5.4.4 Computational implementation

In cases with a high number of features, we divide the full set of features
into random blocks of features of length L (here L = 10) and apply our
MIQP approach described above to each block using m different δ values
(here m = 10). The selected features in each block are integrated and again
divided into random blocks. Our MIQP approach is then applied to each
new block. This process is repeated until convergence, namely when the
subset of selected features is the same after several iterations or the number
of features is less than L. In the case of eBIC, in a first stage, in order to
select the number of features in each random block, we used BIC, which is
a less restrictive strategy. In a second stage, with the resulting subset of
features obtained in the first stage, our random block strategy was repeated
using a higher m value (m = 50 for low settings, m = 100 for the rest) and
eBIC for feature selection. Note here that the minimum and maximum δ

values were extracted from the glmnet package (Friedman et al., 2010). In
particular, they correspond to the minimum and maximum value of the
lambda parameter involved in the Lasso and Ridge regression, respectively.
Then, the rest of δ values are equally spaced between the minimum and
maximum value in a logarithmic scale.

We used IBM ILOG CPLEX to solve the MIQP defined by Eqs. (5.30)-
(5.40). In order to overcome numerical issues derived from the use of
the big M method in Eqs. (5.32)-(5.36), we implemented indicator con-
straints available in IBM ILOG CPLEX (Belotti et al., 2016). The code
was implemented in the R package BOSO, available on the Comprehensive
R Archive Network (https://cran.r-project.org/web/packages/BOSO/

index.html) and on GitHub (https://github.com/lvalcarcel/BOSO).
We fixed a time limit for each optimization run of 60 seconds on a 64
bit Intel(R) Xeon(R) CPU E5-2630 v4 @ 2.20GHz running Linux, setting a
maximum of 4 cores and 4 GB of RAM.

https://cran.r-project.org/web/packages/BOSO/index.html
https://cran.r-project.org/web/packages/BOSO/index.html
https://github.com/lvalcarcel/BOSO
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5.4.5 Drug sensitivity in cancer

For the drug sensitivity analysis, RNA-seq data for different CCLE cancer
cell lines was downloaded from the DepMap (Dependency Map) portal
(www.depmap.org) (Tsherniak et al., 2017). Gene expression levels are
provided in log2(TPM+1). We kept for further analysis those genes with: 1)
mean expression value across the cell lines greater than 1 TPM; 2) variance
across the cell lines greater than one unit. IC50 values were also taken from
the DepMap portal.

5.4.6 Cell culture

PF-382, P12-ICHIKAWA, JVM-2, A-498, LOUNH91, U-87MG, PEER, and
SEM cell lines were obtained from the DSMZ or the American Type Culture
Collection (ATCC) and were authenticated by performing an STR (short
tandem repeat) allele profile. UMUC1 and UMUC7 lines were provided by
Dr. Paramio at CIEMAT (Centro de Investigaciones Energéticas, Medioam-
bientales y Tecnológicas). U-87MG was cultured with DMEM medium
and the rest cell lines were maintained in culture in RPMI 1640 medium
supplemented with fetal bovine serum at 37 °C in a humid atmosphere
containing 5% CO2. Aside from UMUC1 and UMUC7, the rest of cell lines
were tested for mycoplasma (MycoAlert Sample Kit, Cambrex).

5.4.7 Methotrexate treatment and cell proliferation assay

Methotrexate (S1210) was purchased from Selleckchem (Houston, TX),
dissolved in DMSO at 10mM and stored at -80ºC. Cell proliferation was
analyzed using the CellTiter 96 Aqueous One Solution Cell Proliferation
Assay (Promega, Madison, W). This is a colorimetric method for determining
the number of viable cells in proliferation. For the assay, suspension cells
were cultured by triplicate at a density of 1x106 cells/mL in 96-well plates
(100.000 cells/well, 100 µL/well), except for JVM-2 cell line that was cultured
at a density of 0.2x106 cells/mL (20.000 cells/well, 100µL/well). Adherent
cells were obtained from 80-90% confluent flasks and 100 µL of cells were
seeded at a density of 2500 cells /well in 96-well plates by triplicate. Before

www.depmap.org


114 Chapter 5. BOSO

addition of the compounds, adherent cells were allowed to attach to the
bottom of the wells for 12 hours. In all cases, only the 60 inner wells were
used to avoid any border effects. After 96 hours of MTX treatment at
different doses, plates with suspension cells were centrifuged at 800 g for
10 minutes and medium was removed. The plates with adherent cells were
flicked to remove medium. Then, cells were incubated with 100 µL/well
of medium and 20 µL/well of CellTiter 96 Aqueous One Solution reagent.
After 1-3 hours of incubation at 37 ºC, the plates were incubated for 1-
4 hours, depending on the cell line at 37 ºC in a humidified, 5% CO2
atmosphere. The absorbance was recorded at 490 nm using 96-well plate
readers until absorbance of control cells without treatment was around
0.8. The background absorbance was measured in wells with only cell line
medium and solution reagent. First, the average of the absorbance from the
control wells was subtracted from all other absorbance values. Data were
calculated as the percentage of total absorbance of treated cells/absorbance
of non-treated cells. The GI50 values were determined using non-linear
regression plots with the GraphPad Prism v5 software.

Data availability

The authors declare that all data supporting the findings of this study are
available within the article and its Supplementary Materials, or from the
corresponding authors upon request.

Code availability

The code used to generate the results shown in this article can be found on
GitHub (https://github.com/lvalcarcel/BOSO).

https://github.com/lvalcarcel/BOSO


Part III

Conclusions and future lines





117

Chapter 6

Conclusions and future lines

“The important thing is to never stop
questioning [or learning].”

Albert Einstein

In the different chapters of this dissertation, we have detailed the results
achieved in the direction of the main objective: development of novel
computational methods able to predict potentially novel drug targets
and biomarkers in cancer based on transcriptomic data. This chapter
aims to summarize these results and discus the main conclusions arising
from this work.

Metabolic transformation analysis

In Chapter 2, we have described a new algorithm to predict novel drug
targets that transform a disease metabolic phenotype back into a healthy
state. Our analysis started from a previous algorithm called Metabolic
Transformation Analysis (MTA), which uses differential expression between
two conditions, e.g., cancer versus healthy tissue, in order to rank the
capacity of gene knock-out perturbations to modify cellular metabolism
in the desired direction. We exposed that the original MTA formulation
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presents a bias towards changes in the desired direction. For that reason,
we developed rMTA, robust Metabolic Transformation analysis, whose aim
is to minimize said bias by considering three different scenarios: best-case,
MOMA-case and worst-case. We have demonstrated an improvement in
predictive power of rMTA over MTA with several controlled gene-knockout
experiments. Furthermore, we have presented a proof of concept in prostate
cancer, aiming to reduce cancer progression by inhibiting the gene product
of MTHFD1L. This enzyme is a promising target and, according to rMTA,
its inhibition would recapitulate the effects of PGC1α as a tumor suppressor
in prostate cancer (Torrano et al., 2016; Valcarcel-Jimenez et al., 2019).

Gene essentiality analysis in cancer

One of the main topics in Systems Biology is the prediction of essential
genes in cancer based on genome-scale metabolic networks. An elevated
number of algorithms have been published in the last decades, most of which
are based on the identification of perturbations that render the biomass
reaction infeasible. In Chapter 3 we have presented gMCStool, an online tool
which performs gene essentiality analysis (GEA) not only for the biomass
production but for the additional 56 essential metabolic tasks defined by
the authors of HMR (Agren et al., 2014). gMCStool has been prepared to
work with RNA-seq data, improving previous algorithms which were based
on microarray derived expression. This tool is hosted in AWS and it can
be freely accessed via web portal, making it possible for researchers to take
advantage of it.

Other approaches in the literature accomplish GEA in a two-step pro-
cess: first, a context-specific GEM is reconstructed based on gene expression
data, and, then, calculating which gene knock-outs disrupt an essential
metabolic task. These approaches cannot elucidate the underlying syn-
thetic lethality that explains gene essentiality, as they are lowly expressed
and, thus, discarded from the reconstructed GEM. Additionally, most of
reconstruction methods are computationally expensive and induce a bias in
the metabolic model that can lead to inaccurate solutions (Ponce-De-León
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et al., 2020). With our gMCS approach, these limitations are overcome.
gMCStool integrates all these improvements, which makes it a more pow-
erful tool to predict, visualize and analyze metabolic essential genes in
cancer. Results presented in Chapter 3 show an increase in prediction
power compared with other algorithms available in the literature as well as
some various interesting drug targets in several cohorts of MM, but not in
the healthy B-cell subpopulations. Moreover, the publication of a webtool
opens the possibility of conducting these analyses to researchers that lack
of computational expertise, in contrast with previous algorithms, which
required an extended understanding of bioinformatics, systems biology and
constraint-based modeling. Finally, we could validate our methodology with
in vitro experiments that inhibit CTPS1, predicted as essential in MM cell
lines with low CTPS2 expression.

Search of novel biomarkers of Multiple Myeloma prognosis

In Chapter 4 we have proposed the use of RNA-seq information in a non-
conventional way to identify alternative promoters (AP). In the first part
of the chapter, we demonstrate that the predicted activity of the different
promoters of a gene correlates with methylation profiling studies previously
performed in our research group at CIMA. Moreover, the use of alternative
active promoters (AAP) has shown to improve the prognosis of patients
with respect to known high-risk genetic biomarkers in MM. Although these
results should be validated in external cohorts of patients, they provide a
promising way to stratify patients of MM.

Novel Machine Learning techniques

The classical framework of feature selection in machine learning models
consists of generating plethora of models using the training dataset, and
selecting the model with best performance in the validation set. In Chapter
5 we have presented BOSO, an elegant algorithm that solves the feature
selection problem in linear regression based on MILP. BOSO can potentially



120 Chapter 6. Conclusions and future lines

consider all possible configuration of features; however, we implemented a
random block heuristic in order to accelerate the computation time.

We obtained similar results than state-of-the-art methods in well-condi-
tioned problems, but BOSO obtained a substantially better performance
in high-dimensionality and low-size datasets. This family of problems is of
extreme relevance in biomedical research and Systems Biology, because an
important percentage of experiments with omics technologies (thousands
of features) present a limited sample size. BOSO was applied to identify
biomarkers of drug sensitivity in cancer and, in particular, a detailed
computational and experimental analysis was conducted for methotrexate,
a well-studied drug targeting cancer metabolism.

Future research lines

The algorithms and results presented in this dissertation are encouraging
and require further study and analysis. In this this section, we propose
extensions or improvements of the work presented in this thesis.

Improve in Isotope labeling integration for large scale GEMs

One of the key steps of the rMTA framework is the assumption of an
initial flux distribution in the source state. This distribution is obtained
by calculating a context-specific GEM, based on transcriptomic data, and
then sampling the model to obtain a number of feasible flux distributions,
which are eventually averaged. This methodology has also been used to
compare metabolic states between conditions (Mo et al., 2009). However,
it could suffer from an important under-determination, namely reaction
fluxes have wide feasible ranges that make unreliable the calculated flux
distribution. One relevant option is to reduce such under-determination with
isotope labeling experiments (ILEs), which include tracer metabolites that
allow the researcher to infer internal metabolic fluxes. We have outstanding
previous work in the literature (Foguet et al., 2019; Leighty and Antoniewicz,
2013; Schuster et al., 2000; Suthers et al., 2007). Unfortunately, they are
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only able to atomically map low sized metabolic networks, up to 100-200
reactions, with the exception of one E.coli model of more than 1000 reactions
(Gopalakrishnan and Maranas, 2015). In addition, the Systems Biology
community has focused on bacteria and human metabolic models have
received little attention.

In our group at Tecnun, we previously published several works in order
to integrate ILEs with constraint-based models in a linear fashion (Pey
et al., 2012). We have further developed these ideas. In particular, we
currently have an unpublished work which aims to use MILP formulation
able to integrate ILEs with large scale metabolic networks. This approach
could help to calculate more accurately the initial distribution in rMTA.

Finally, one big challenge we have with rMTA is to apply it to different
diseases beyond cancer. We were happy to realize that, during this PhD
studies, a different group applied rMTA to predict drug targets in COVID,
obtaining very promising experimental results.

Meta-analysis in gMCStool

In Chapter 3 we have detailed the sensitivity analysis conducted in some of
the parameters of the gene expression thresholding approaches. A complete
evaluation of different percentiles should be carried out to ensure the best
performance. Moreover, the tool has included all the calculated gMCSs, but
some reviewers have questioned the importance of long gMCSs. For that
reason, we believe that it should be of interest to perform a sensitivity anal-
ysis of the length and importance of gMCSs. This can result in an optimal
set of parameters for the search of essential genes in cancer metabolism.

Novel sources of information for gMCStool

The initial definition of a synthetic lethal included the presence of two
mutations in two genes which were mutually exclusive, being the mutation
of a gene the biomarker for the inhibition of the other one. In our current
approach, we are only considering gene expression data to define metabolic
vulnerabilities. The inclusion of another sources of information, such as
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mutation state, copy number alteration or methylation profiles can increase
the prediction power of the gMCSs. Unfortunately, the inclusion of these
layers of information is not trivial, and it could be a nice research topic to
consider in the future.

Let the gMCS framework escape the metabolic layer

Finally, the gMCS framework is limited to the metabolic relationships,
which are just a fraction of all the interactions that occur within a cell. It
is necessary to introduce both protein-protein interactions and signaling
pathways to the gMCS solution space. The nature of signaling pathways is
completely different to the metabolic pathways, due to the introduction of
inhibitory relationships.

Expand and improve BOSO

The already published R package only contains the BOSO implementation
for linear regression. The R package can be implemented as an open
framework that can include any number of new algorithms which could
benefit from BOSO bilevel formulation. We are working in two problems that
can benefit from the methodological advances done in BOSO: Accelerated
Failure Time (AFT) and Support Vector Machines (SVM).

Finally, in spite of the fact that BOSO is implemented with state-of-
the-art solvers, the resolution of MILP problems are computation-expensive
problems. The inclusion of some advanced features, such as indicators,
have increased the performance of BOSO, having a superior performance in
comparison with other ML algorithms of the family, as Best Subset. The
inclusion of a few mathematical and computational tricks can significantly
improve the performance of BOSO.
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A.1 Supplementary Figures

Supplementary Figure A.1: Example metabolic network and rMTA. A) We
have 4 metabolites and 7 reactions. For each reaction, its flux in the source state, as well
as its lower and upper bounds are provided. Reaction 4 is in RF, reactions 2, 3 are in
RB and reactions 1, 5, 6, 7 are in RS; B) The knockout of reactions 2 or 3 leads to high
rTS, with bTS>0, wTS<0 and mTS>0. This is a good target to transform the source
state into the target state; C) The knockout of reactions 5 or 6 leads to bTS>0, wTS>0
and mTS>0 and, therefore, presents under-determination (wTS>0). For that reason, we
rely on MOMA and rTS=mTS=0.01. Deleting reactions 5 or 6 is a substantially worse
strategy than deleting reaction 2 or 3 to transform the source state into the target state.
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Supplementary Figure A.2: rTS score in Alzheimer’s Disease study for the
ten best-ranked genes using different alpha value. Red-coloured and diamond
shapes represent rTS scores using unique epsilon, blue coloured and star shapes represent
rTS scores using a different epsilon by reaction.

Supplementary Figure A.3: rTS score in Prostate Cancer study for the ten
best-ranked genes using different alpha values. Red-coloured and diamond shapes
represent rTS scores using unique epsilon, blue coloured and star shapes represent rTS
scores using a different epsilon by reaction.
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Supplementary Figure A.4: Ranking (in %) of rTS score in Alzheimer’s
Disease study for the ten best-ranked genes using different alpha values with
different epsilon value by reaction.

Supplementary Figure A.5: Ranking (in %) of rTS score in Prostate Cancer
study for the ten best-ranked genes using different alpha values with different
epsilon value by reaction.
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Supplementary Figure A.6: Ranking (in %) of bTS and rTS score in the gene
knockout experiments using different alpha values and unique or different
epsilon by reaction. Red-coloured and diamond shapes represent the ranking using
unique epsilon, blue-coloured and star shapes represent the ranking using a different
epsilon by reaction.

Supplementary Figure A.7: bTS and rTS scores in in the gene knockout
experiments using different alpha values and unique or different epsilon by
reaction. Red-coloured and diamond shapes represent bTS and rTS scores using unique
epsilon, blue-coloured and star shapes represent using a different epsilon by reaction.
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Supplementary Figure A.8: Correlation of different vre f using different values
of δ and β for Alzheimer Disease case study. Reconstruction was done in Recon1
using complete version of iMAT, sampling was done calculating 2000 points with 5000
warmup points and step of 500. vre f is considered as the mean of the 2000 samples.

Supplementary Figure A.9: Correlation of different vre f using different values
of δ and β for Prostate Cancer case study. Reconstruction was done in Recon1
using complete version of iMAT, sampling was done calculating 2000 points with 5000
warmup points and step of 2500. vre f is considered as the mean of the 2000 samples.
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Supplementary Figure A.10: Negative correlation between MTHFD1L and
PGC1α can be found in several datasets of present in CANCERTOOL. Datasets
select only primary tumor for this study.
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A.2 Supplementary Tables

Supplementary Table A.1: Comparison of MOMA and ROOM performance
to predict gene knockout perturbations in different organisms. We run these
simulations under the conditions described in the main paper.

Experiment number Gene name Organism MOMA ranking ROOM ranking
1 pgi Escherichia coli 4 4
2 pgi Escherichia coli 10 806
3 ppc Escherichia coli 13 839
4 ppc Escherichia coli 12 839
5 tpiA Escherichia coli 5 10
6 tpiA Escherichia coli 15 10
7 RRM1 Homo Sapiens 28 510
8 RRM2 Homo Sapiens 60 407
9 SDHA Homo Sapiens 122 505
10 SDHB Homo Sapiens 88 461
11 FH1 Mus Musculus 20 287
12 GKD Mus Musculus 95 70

Supplementary Table A.2: Metabolic models, culture media and GEO acces-
sion number for each experiment. Note that RPMI refers to RPMI1640, General
to general unconstrained culture media, M9 to M9 minimal medium.

Experiment
number Gene name Organism Metabolic

model
Culture
media References

1 pgi Escherichia coli iAF1260 M9 E Coli Expression2
2 pgi Escherichia coli iAF1260 M9 E Coli Expression2
3 ppc Escherichia coli iAF1260 M9 E Coli Expression2
4 ppc Escherichia coli iAF1260 M9 E Coli Expression2
5 tpiA Escherichia coli iAF1260 M9 E Coli Expression2
6 tpiA Escherichia coli iAF1260 M9 E Coli Expression2
7 RRM1 Homo Sapiens Recon1 RPMI GSE93425
8 RRM2 Homo Sapiens Recon1 RPMI GSE93425
9 SDHA Homo Sapiens Recon1 General GSE3307
10 SDHB Homo Sapiens Recon1 DMEM GSE10289
11 FH1 Mus Musculus iMM1415 General GSE10989
12 GKD Mus Musculus iMM1415 General GSE12748
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network-based tool to search
for metabolic vulnerabilities
in cancer"

B.1 Supplementary Note 1: Computation of
gMCSs for essential metabolic tasks in
Human1

The gMCS approach requires a metabolic model and a single target reaction
to be blocked as input data. We can directly apply this approach to block
the ‘biomass production’ task in Human1, but not other essential metabolic
tasks with a different structure. In particular, we find task-specific metabolic
models in Human1 with specific input and output metabolites, artificial
equations and lower bounds for some of these reactions. In these models,
the target reaction is not explicitly indicated and, thus, the gMCS approach
cannot be directly applied.
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In order to adapt these metabolic models to the gMCS approach, we
apply the following strategy for each metabolic task. First, we set all
exchange reactions to zero. Then, we re-establish the exchange flux for
the input and output metabolites defined in the task, using the default
boundaries in Human1. When applicable, we add the artificial equations
that are described in the definition of the metabolic tasks using the bounds
given in the definition of the task. Finally, according to the non-zero lower
bounds and upper bounds included in the different reactions of the metabolic
task, we can find 4 different strategies defined below.

1. Metabolic tasks with one reaction with non-zero lower bound. This
reaction becomes the target in the gMCS approach.

2. Metabolic tasks with one fixed reaction flux. A fixed flux reaction has
the same value for its upper and lower bound. This reaction becomes
the target in the gMCS approach.

3. Metabolic tasks with several fixed reaction fluxes. We add an artificial
output metabolite to each of these reactions with a stoichiometric
coefficient equal to 1 over the flux value defined in the task. These
metabolites are the precursors of a new artificial reaction, which will
be the target of the gMCS approach. This artificial reaction works as
the typical biomass reaction, namely if any precursor is blocked, the
entire reaction becomes blocked.

4. Metabolic tasks several fixed reaction fluxes and one reaction with
non-zero lower bound. We follow the same strategy as the above
situation (case 3) and treat equally the reaction with the non-zero
lower bound. This was done because we found that the reaction with
the non-zero lower bound is actually fixed.
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B.2 Supplementary Figures

Supplementary Figure B.1: gMCS database in gMCStool. Selection of the database
of gMCSs for posterior gene essentiality analysis. The user can select the metabolic tasks
involved in the database of gMCSs: all metabolic essential tasks, only those related with
biomass production (only biomass production) or selected tasks. Moreover, the subset
of gMCSs for biomass production can be derived from Ham’s growth medium (Growth
on Ham’s medium), as defined in Human1, or from an unconstrained medium including
all possible input exchange fluxes from Human 1 (Growth on unconstrained medium (all
uptakes available)). If the user decides to custom the selection of gMCSs (Selected tasks),
individual or groups of tasks can be eliminated or included through the selection tree. In
the main panel, a description of the metabolic tasks and number of gMCSs involved is
shown. More information about how to use this tab can be found in the gMCStool ‘help’
tab. For all results in the main text, we selected all metabolic essential tasks and growth
on Ham’s medium for biomass production.
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Supplementary Figure B.2: Upload RNA-seq data in gMCStool. The user can
select the method to upload gene expression information. In particular, we have 3 options:
a) Text files: gene expression data is provided in a text file, in which the first column
stores the genes in Ensemble ID and the rest of columns store the expression for the
different samples, being the column name the ID of each sample. The text file can be
*.txt, *.tsv, *.csv or any file that can be automatically read with data.table::fread in R.
Optionally, the user can upload the sample metadata in another text file with contains
three columns: sample ID (same as the column names in the gene expression file), sample
class and sample cohort. This last column is optional and it is only used to study and
visualize separately essential genes per cohort; b) Tximport files: gene expression data
is provide in a RDS file obtained from the direct output from tximport, a popular R
package to read results from pseudo aligners, such as Kallisto or Salmon; c) Rdata from
previous session: this option allows the user to download the gene expression data and
the metadata of the samples for future use. In particular, the user can load previous
sessions, including gene expression data, metadata and final results. More information
about how to use this tab can be found in the gMCStool ‘help’ tab. Here, we uploaded
gene expression data of cell lines in CCLE (Cancer Cell Line Encyclopedia) (Ghandi et al.,
2019) with available CRISPR screening in the DepMap database (Meyers et al., 2017) in
*.txt format.
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Supplementary Figure B.3: Predict essential genes with gMCStool. The user
first selects the gene expression threshold methodology to derive ON-OFF genes. We have
two options: gmcsTHX and quantile of expression threshold for X%, which is by default
5%; and localT2, where the user can select all genes in Human1 or all genes involved
in the database of gMCSs. Then, by clicking Calculate button, the search of essential
genes is performed with the gMCS approach. This is the most time-consuming step in
gMCStool. In the main panel the results of gene essentiality analysis are shown. Here, we
have the results for cell lines in CCLE (Cancer Cell Line Encyclopedia) (Ghandi et al.,
2019) with available CRISPR screening in the DepMap database (Meyers et al., 2017),
using the gmcTHX threshold approach with default values. The user can download the
results in several formats, being Excel the most recommended one for further analysis,
and Rdata to be loaded again in gMCStool. More information about how to use this tab
can be found in the gMCStool ‘help’ tab.
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Supplementary Figure B.4: Comparison of gene essentiality prediction using
different methodologies and Human1 for the 621 selected cell lines with
available CRISPR screening in the DepMap database (Meyers et al., 2017).
tINIT is the gold standard for CS models, and our gMCSs approach was applied with two
different gene expression thresholding strategies: gmcsTH5 and localT2, introduced in
Richelle et al. 2019 (Richelle et al., 2019). ‘Metabolic tasks’ includes predicted essential
genes in any of the 57 metabolic tasks in Human1, whereas ‘Biomass only’ considers
those essential genes predicted by biomass production. Note: MCC denotes Matthew’s
Correlation Coefficient; ∗ ∗ ∗∗/∗ ∗ ∗/ns refer to the statistical significance level from an
unpaired one-sided Wilcoxon test that compares the gMCS approach against the results
obtained with tINIT, namely ∗ ∗ ∗∗ : p − value ≤ 0.0001, ∗ ∗ ∗ : p − value ≤ 0.001, and
ns : non − signi f icant.
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Supplementary Figure B.5: Prediction of essentiality of CTPS1 in MM with gM-
CStool. (A) Selected gMCS: CTPS1, CTPS2 and gene expression in our cohort of patients,
MMRF-CoMMpass and selected MM Cell Lines; (B) Boxplot of correlation of the genes of the
gMCS in the B cell differentiation and MM samples, MMRF-CoMMpass and selected MM Cell
lines. ∗ ∗ ∗∗/∗ ∗ ∗/∗∗/∗/ns refer to the statistical significance level from an unpaired t-test, namely
∗ ∗ ∗∗: p − value ≤ 0.0001, ∗ ∗ ∗ : p − value ≤ 0.001, ∗∗ : p − value ≤ 0.01, ∗ : p − value ≤ 0.05, and
ns : non − signi f icant; (C) Correlation between the essentiality of CTPS1 (CRISPR knockout
screen data, DepMap) and the expression the expression of CTPS2 in log2(TPM + 1).
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Supplementary Figure B.6: Prediction of essentiality of DHFR in MM with gMCStool.
(A) Selected gMCS: DHFR, DHFR2 and gene expression in our cohort of patients, MMRF-
CoMMpass and selected MM Cell Lines; (B) Boxplot of correlation of the genes of the gMCS
in the B cell differentiation and MM samples, MMRF-CoMMpass and selected MM Cell lines.
∗ ∗ ∗∗/∗ ∗ ∗/∗∗/∗/ns refer to the statistical significance level from an unpaired t-test, namely
∗ ∗ ∗∗: p − value ≤ 0.0001, ∗ ∗ ∗ : p − value ≤ 0.001, ∗∗ : p − value ≤ 0.01, ∗ : p − value ≤ 0.05, and
ns : non − signi f icant; (C) Correlation between the essentiality of DHFR (CRISPR knockout
screen data, DepMap) and the expression the expression of DHFR2 in log2(TPM + 1).
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Supplementary Figure B.7: Prediction of essentiality of LCAT in MM with gMCStool.
(A) Selected gMCS: LCAT, SLC22A5 and gene expression in our cohort of patients, MMRF-
CoMMpass and selected MM Cell Lines; (B) Boxplot of correlation of the genes of the gMCS
in the B cell differentiation and MM samples, MMRF-CoMMpass and selected MM Cell lines.
∗ ∗ ∗∗/∗ ∗ ∗/∗∗/∗/ns refer to the statistical significance level from an unpaired t-test, namely
∗ ∗ ∗∗: p − value ≤ 0.0001, ∗ ∗ ∗ : p − value ≤ 0.001, ∗∗ : p − value ≤ 0.01, ∗ : p − value ≤ 0.05, and
ns : non − signi f icant; (C) Correlation between the essentiality of LCAT (CRISPR knockout
screen data, DepMap) and the expression the expression of SLC22A5 in log2(TPM + 1).
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Supplementary Figure B.8: Prediction of essentiality of NMNAT3 in MM with
gMCStool. (A) Selected gMCS: NMNAT3, NMNAT1, NMNAT2 and gene expression in our
cohort of patients, MMRF-CoMMpass and selected MM Cell Lines; (B) Boxplot of correlation of
the genes of the gMCS in the B cell differentiation and MM samples, MMRF-CoMMpass and
selected MM Cell lines. ∗ ∗ ∗∗/∗ ∗ ∗/∗∗/∗/ns refer to the statistical significance level from an
unpaired t-test, namely ∗ ∗ ∗∗: p − value ≤ 0.0001, ∗ ∗ ∗ : p − value ≤ 0.001, ∗∗ : p − value ≤ 0.01,
∗ : p − value ≤ 0.05, and ns : non − signi f icant; (C) Correlation between the essentiality of
NMNAT3 (CRISPR knockout screen data, DepMap) and the expression the expression of
NMNAT1, NMNAT2 in log2(TPM + 1).
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Supplementary Figure B.9: Prediction of essentiality of PC in MM with gMCStool.
(A) Selected gMCS: PC, CYP4F3, CYP4A11, CYP4A22 and gene expression in our cohort
of patients, MMRF-CoMMpass and selected MM Cell Lines; (B) Boxplot of correlation of
the genes of the gMCS in the B cell differentiation and MM samples, MMRF-CoMMpass and
selected MM Cell lines. ∗ ∗ ∗∗/∗ ∗ ∗/∗∗/∗/ns refer to the statistical significance level from an
unpaired t-test, namely ∗ ∗ ∗∗: p − value ≤ 0.0001, ∗ ∗ ∗ : p − value ≤ 0.001, ∗∗ : p − value ≤ 0.01,
∗ : p − value ≤ 0.05, and ns : non − signi f icant; (C) Correlation between the essentiality of
PC (CRISPR knockout screen data, DepMap) and the expression the expression of CYP4F3,
CYP4A11, CYP4A22 in log2(TPM + 1).
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Supplementary Figure B.10: Prediction of essentiality of PC in MM with gMCStool.
(A) Selected gMCS: PC, CYP4F2, CYP4A11, CYP4A22 and gene expression in our cohort
of patients, MMRF-CoMMpass and selected MM Cell Lines; (B) Boxplot of correlation of
the genes of the gMCS in the B cell differentiation and MM samples, MMRF-CoMMpass and
selected MM Cell lines. ∗ ∗ ∗∗/∗ ∗ ∗/∗∗/∗/ns refer to the statistical significance level from an
unpaired t-test, namely ∗ ∗ ∗∗: p − value ≤ 0.0001, ∗ ∗ ∗ : p − value ≤ 0.001, ∗∗ : p − value ≤ 0.01,
∗ : p − value ≤ 0.05, and ns : non − signi f icant; (C) Correlation between the essentiality of
PC (CRISPR knockout screen data, DepMap) and the expression the expression of CYP4F2,
CYP4A11, CYP4A22 in log2(TPM + 1).
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Supplementary Figure B.11: Prediction of essentiality of PC in MM with gMCStool.
(A) Selected gMCS: PC, EHHADH and gene expression in our cohort of patients, MMRF-
CoMMpass and selected MM Cell Lines; (B) Boxplot of correlation of the genes of the gMCS
in the B cell differentiation and MM samples, MMRF-CoMMpass and selected MM Cell lines.
∗ ∗ ∗∗/∗ ∗ ∗/∗∗/∗/ns refer to the statistical significance level from an unpaired t-test, namely
∗ ∗ ∗∗: p − value ≤ 0.0001, ∗ ∗ ∗ : p − value ≤ 0.001, ∗∗ : p − value ≤ 0.01, ∗ : p − value ≤ 0.05, and
ns : non − signi f icant; (C) Correlation between the essentiality of PC (CRISPR knockout screen
data, DepMap) and the expression the expression of EHHADH in log2(TPM + 1).
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Supplementary Figure B.12: Prediction of essentiality of UAP1 in MM with gM-
CStool. (A) Selected gMCS: UAP1, UAP1L1 and gene expression in our cohort of patients,
MMRF-CoMMpass and selected MM Cell Lines; (B) Boxplot of correlation of the genes of the
gMCS in the B cell differentiation and MM samples, MMRF-CoMMpass and selected MM Cell
lines. ∗ ∗ ∗∗/∗ ∗ ∗/∗∗/∗/ns refer to the statistical significance level from an unpaired t-test, namely
∗ ∗ ∗∗: p − value ≤ 0.0001, ∗ ∗ ∗ : p − value ≤ 0.001, ∗∗ : p − value ≤ 0.01, ∗ : p − value ≤ 0.05, and
ns : non − signi f icant; (C) Correlation between the essentiality of UAP1 (CRISPR knockout
screen data, DepMap) and the expression the expression of UAP1L1 in log2(TPM + 1).
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Supplementary Figure B.13: Visualization in gMCStool In the left part of the
screen, the user can filter essential genes based on number/percentage of samples of each
class. Here, as defined in the main text, we selected the MM-specific essential genes
according to the following criteria: 1) to be essential in more than 10% of MM samples
from our cohort; 2) to be essential in less than two samples from any healthy B cell
subpopulations and less than two samples in bone marrow plasma cells, the healthy
counterpart of myeloma cells; 3) to be essential in more than 5% of CoMMpass samples
and 4) to be essential in one or more MM cell lines. In the main panel, the user can click
on a particular essential gene and its associated gMCS in the table and two plots are
generated. The first one is an expression heatmap where columns are samples and rows
are genes involved in the gMCS of interest. Color intensity for each gene and sample is
the log2 gene expression relative to the sample expression threshold (gMCSTH5 in this
case). The second plot is a boxplot of expression for each of the genes involved in the
selected gMCS. Results are here shown for CTPS1 and its associated gMCS: CTPS1,
CTPS2 . More information about this module can be found in the ‘Help’ tab of gMCStool.
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Supplementary Figure B.14: DepMap analysis in gMCStool. In the left part of the
screen, the user can filter essential genes based on number/percentage of samples of each
class. Here, as defined in the main text, we selected the same criteria as Supplementary
Figure 13. On the main panel, the user can select the essentiality DepMap database, unit
of gene expression, and filters for the different categories of cell lines. In addition, the
user can click on a gene and a plot is depicted, which shows a dot plot of the essentiality
of the selected gene and the maximum expression of the partner genes across different
gMCSs. Results are here shown for CTPS1 and its associated gMCS: CTPS1, CTPS2 .
More information about this module can be found in the ‘Help’ tab of gMCStool.
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Supplementary Figure B.15: Comparison of gene essentiality prediction using
thresholds for gmcsTH and localT2 for the 621 selected cell lines with available
CRISPR screening in the DepMap database (Meyers et al., 2017). Our gMCSs
approach was applied with two different gene expression thresholding strategies: gmcsTH
and localT2, introduced in Richelle et al. 2019 (Richelle et al., 2019). For gmcsTH we
tested several thresholds: 0%, 1%, 5% and 10% (blue). For localT2, we tested the impact
of the log2 normalization of the TPM and the gene set to define the 25-75 thresholds,
which van be all genes in the gMCS (green) or the entire gene set present in Human1
(red). ‘Metabolic tasks’ includes predicted essential genes in any of the 57 metabolic tasks
in Human1, whereas ‘Biomass only’ considers those essential genes predicted by biomass
production. Note: The numeric value represents the median value for all the selected cell
lines.



146 Appendix B. Supplementary Information for gMCStool

B.3 Supplementary Tables

Supplementary Table B.1: Number of calculated gMCS for each of the essential
metabolic tasks defined in (Agren et al., 2014; Robinson et al., 2020). Task is identified
by its number, the name and the group to which it belongs.

Task number Task name Task group number of calculated gMCSs
1 [ER] Aerobic rephosphorylation of ATP from glucose

Rephosphorylation of
nucleoside triphosphates

2092
2 [ER] Aerobic rephosphorylation of GTP 2253
3 [ER] Aerobic rephosphorylation of CTP 2308
4 [ER] Aerobic rephosphorylation of UTP 2182
5 [BS] ATP de novo synthesis

De novo synthesis
of nucleotides

1895
6 [BS] CTP de novo synthesis 2139
7 [BS] GTP de novo synthesis 1906
8 [BS] UTP de novo synthesis 2062
9 [BS] dATP de novo synthesis 1895
10 [BS] dCTP de novo synthesis 2074
11 [BS] dGTP de novo synthesis 1886
12 [BS] dTTP de novo synthesis 1917
13 [SU] Histidine uptake

Uptake of essential
amino acids

10
14 [SU] Isoleucine uptake 4
15 [SU] Leucine uptake 0
16 [SU] Lysine uptake 11
17 [SU] Methionine uptake 4
18 [SU] Phenylalanine uptake 0
19 [SU] Threonine uptake 7
20 [SU] Tryptophan uptake 4
21 [SU] Valine uptake 4
22 [IC] Glycerate 3-phosphate de novo synthesis

De novo synthesis
of key intermediates

2439
23 [IC] Mitochondrial acetyl-CoA de novo synthesis 3516
24 [IC] Mitochondrial AKG de novo synthesis 3216
25 [IC] Erythrose 4-phosphate de novo synthesis 2348
26 [IC] Fructose 6-phosphate de novo synthesis 2181
27 [IC] Glyceraldehyde 3-phosphate de novo synthesis 2488
28 [IC] Glucose 6-phosphate de novo synthesis 2162
29 [IC] Mitochondrial oxaloacetate de novo synthesis 2691
30 [IC] Phosphoenolpyruvate de novo synthesis 2765
31 [IC] Pyruvate de novo synthesis 3519
32 [IC] Ribose 5-phosphate de novo synthesis 2130
33 [IC] Mitochondrial succinyl-CoA de novo synthesis 2607

34 [BS] Cholesterol de novo synthesis De novo synthesis
of other compounds 2149

35 [BS] Protein synthesis from AAs Protein turnover 2133
36 [ER] Oxidative phosphorylation

Electron transport
chain and TCA

1820
37 [ER] Oxidative decarboxylation 13
38 [ER] Krebs cycle NADH 819
39 [ER] Ubiquinol-to-proton 0
40 [ER] Ubiquinol-to-ATP 54
41 [SU] Beta oxidation of saturated FA

Beta oxidation
of fatty acids

3993
42 [SU] Beta oxidation of long-chain FA 4022
43 [SU] Beta oxidation of odd-chain FA 4303
44 [SU] Beta oxidation of unsaturated fatty acid (n-9) 4560
45 [SU] Beta oxidation of unsaturated fatty acid (n-6) 4475
46 [SU] Uptake and beta oxidation of all NEFAs 4536
47 [SU] Choline uptake

De novo synthesis
of phospholipids

0
48 [SU] Inositol uptake 0
49 [BS] Phosphatidylcholine de novo synthesis 1463
50 [BS] Phosphatidylethanolamine de novo synthesis 1524
51 [BS] Phosphatidylserine de novo synthesis 1111
52 [BS] Phosphatidylinositol de novo synthesis 802
53 [BS] Thiamin phosphorylation to TPP

Vitamins and
co-factors

1564
54 [BS] Coenzyme A synthesis from pantothenate 1922
55 [BS] FAD synthesis from riboflavin 2220
56 [BS] Heme biosynthesis 2239
57 [GR] Growth on Ham’s media (biomass production) Growth 57717
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Supplementary Table B.2: Ability of Human1 to produce biomass in the
analyzed cases. We have considered two metabolic tasks: production of biomass on
Ham’s media and production of biomass on Ham’s media supplemented with cytidine.
Human1 model is considered as reference, and we consider models that include gene
knock-outs from the gMCS, both individually and combined. The values in the table
are Boolean values, obtained from the RAVEN toolbox (Wang et al., 2018) function
‘checkTasks’, which tests whenever it is possible to produce biomass with a defined culture
media and a determined model. The gMCS knock-out results lethal unless cytidine is
supplied to the culture media.

Human1
Human1 +

CTPS1
knock-out

Human1 +
CTPS2

knock-out

Human1 +
CTPS1 and CTPS2

knock-out
Growth on Ham’s media TRUE TRUE TRUE FALSE
Growth on Ham’s media

with cytidine TRUE TRUE TRUE TRUE

Supplementary Table B.3: mRNA expression of CTPS1, CTPS2 and GUS
calculated with qRT-PCR. Units are CT, PCR cycle in which the gene is detected.

CTPS1 CTPS2 GUS
KMS-11 22.623 28.96 21.095

NCI-H929 20.584 26.309 21.765
KMS-12 23.329 24.309 22.905

B.4 Supplementary Data

Supplementary Data B.1: Database of calculated gMCS. Excel file which contains
all the calculated gMCS for all the tasks described in Supplementary Table B.1. Each
sheet contains all the calculated gMCS for each task.

Supplementary Data B.2: Comparison of gMCS vs tINIT. Excel file which
details the results of gene essentiality analysis for the 621 cancer cell lines considered from
DepMap for the different methods compared in the main text.

Supplementary Data B.3: gMCStool results in MM case study. Excel file which
contains the results obtained from gMCStool in a previously developed dataset from our
group that includes RNA-seq data from different B cell subpopulations from healthy
individuals and bone marrow plasma cells from MM patients.
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Appendix C

Supplementary information
for "Gene expression derived
from alternative promoters
improves prognostic
stratification in Multiple
Myeloma"

C.1 Supplementary Methods

C.1.1 Samples and Strand-Specific RNA (ssRNA-seq)
sequencing

Bone marrow aspiration samples were obtained from 33 newly diagnosed
untreated MM patients. Plasma cells were purified by CD138+ positive
magnetic separation using AutoMACS system (AutoMACS Pro Separa-
tor, Miltenyi Biotech), obtaining > 90% purity in all cases confirmed by
flow cytometry. The data from 35 samples of different normal B-cells
(Naive, memory, centroblast, centrocytes, tonsil plasma cells and bone
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marrow plasma cells) was generated by our group using strand specific
RNA-sequencing (ssRNA-seq) as previously described (Agirre et al., 2019).
ssRNA-seq data of B cell subpopulations and MM patients are available at
GEO under accession numbers GSE114816 and GSE151063. All patients
and healthy donors gave informed consent for their participation in this
study, which was approved by the clinical research ethics committee of
Clínica Universidad de Navarra.

C.1.2 Study of promoters and alternative promoters in
each cell type

Active Promoters (AP) and Active Alternative Promoters (AAP) values
were calculated following the approach described by Demircioğlu et al.,
2019. We used R proActive package, where the units correspond to log2
normalized counts from DESeq2 (Love et al., 2014), an standard approach
for measuring gene expression with RNA-seq.

For each promoter p in sample i, we have the absolute promoter expres-
sion Api that is measured in log2 normalized DESeq2 counts; the relative
promoter expression Rpi, which represents the contribution of each specific
promoter to the total gene expression (Gpi) in a particular sample.

We investigated active and alternative promoters using the following
linear model:

Api = ∑
∀j

βA
pj ∗ Xij

Rpi = ∑
∀j

βR
pj ∗ Xij

Gpi = ∑
∀j

βG
pj ∗ Xij

Where Xij = 1 if a sample i belongs to a particular subpopulation j, 0 oth-
erwise; βA

pj, βR
pj and βG

pj store the mean absolute promoter expression, mean
relative promoter expression and mean gene expression for subpopulation j
(j = 1, . . . , n).
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P-values and fold-changes were calculated using the following statistical
contrast: 

H0 : βpj −
sum∀/j ̸=kβpj

n − 1
= 0

H1 : βpj −
sum∀/j ̸=kβpj

n − 1
̸= 0

, where n is the number of tissues. This analysis was conducted for
different promoters and sub-populations using Limma (Ritchie et al., 2015b)
package in R.

Selected cell-specific active promoters must satisfy: 1) FDR adjusted
p-value lower than 0.05; 2) fold-change greater than 2 in absolute promoter
expression and greater than 1.2 in relative promoter expression. In addition,
an average expression across all samples greater than 0.1 and 0.05 is required
for absolute and relative promoter expression, respectively, and an average
threshold of 1 and 0.25 for the cell-specific samples.

For cell-specific alternative promoters, due to the limited number of
samples, we diminished the thresholds for relative promoter expression,
requiring a fold-change greater than 1.05 and FDR adjusted p-value < 0.1.
In addition, associated genes must have a fold-change lower than 1.5. In
addition, an average expression across all samples greater than 0.25 and 0.1
is required for absolute and relative promoter expression, respectively, and
an average threshold of 0.75 for gene expression.

C.1.3 Chromatin histone marks analysis

To investigate the chromatin landscape of promoters identified from ssRNA-
seq data in distinct B cell subpopulations and MM patient samples, we
employed the epigenetic data and the genome segmentation into chromatin
states of different B-cell subpopulations and MM patient samples described
in Ordoñez et al. (Ordoñez et al., 2020). Particularly, in order to evaluate
the accuracy of promoter activity, we analyzed the chromatin states within
the region of 500bp upstream and downstream from TSS of genes with cell
type-specific APs defined by RNA-seq. We calculated the percentages of
APs that contained Active Promoter or Promoter-related Enhancer states
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(Strong Enhancer from Ordoñez et al., 2020) in at least one sample in
distinct B cell subpopulations and MM patient samples. From this analysis,
we excluded BMPC-specific APs, as we do not possess the chromatin states
data of this normal cell type.

C.1.4 Survival analyses

For survival analyses, data from 595 MM patients included in the IA14
release of the Multiple Myeloma Research Foundation (MMRF) CoMMpass
Study dataset were used. CoMMpass sequencing data has been accessed in
dbGaP with the Study Accession: phs000748.v7.p4. PFS and OS informa-
tion is stored in the MMRF web portal (https://research.themmrf.org

and www.themmrf.org). The central 95% of samples were selected according
to read number classification and samples with a median quality of <30
per base were filtered(Andrews et al., 2012), selecting 595 MM samples
with available clinical information for both progression-free (PFS) and over-
all survival (OS), ISS stage and risk genetic markers. After mapping the
RNA-seq to Gencode (v27)5 using STAR v 2.6.1a6, we filtered promoter
expression using the criteria proposed by (Demircioğlu et al., 2019): 1)
selected promoters must be associated to a gene with two or more promoters
with > 10 junction reads per sample, 2) promoter relative activity must be
> 0.5 in a minimum of 105 patients.

We separated MM patient sample CoMMpass dataset into two subsets:
training (70%) and test (30%). For each patient, we collected the genetic risk
prognostic factors data: ISS, t(4;14), t(14;16), t(14;20), del17p, delCDKN2C,
del1p, amp1q and mutations of TP53; as well as the activity of promoters
selected above. We used the caret package in R in order to obtain a
homogeneous distribution of genetic risk prognosis factors (Binder et al.,
2017; Braggio et al., 2015; Qazilbash et al., 2007; Tomas et al., 2015; Walker
et al., 2019) in the training and test set. Subsequently, we dichotomized
the activity of these selected promoters and the expression level of related
genes into high and low levels. To determine the promoter activity and
gene expression cutoff values, we used the maxstat package in R, which

https://research.themmrf.org
www.themmrf.org
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maximizes the logRank cutoff value. In order to avoid bias in the definition
of the expression of cutoff values, we calculated these cutoff values in 5000
random runs, each with one third of the samples, in both PFS and OS. For
each run, we calculated the mean cutoff values for PFS and OS (Delgado
et al., 2014; Seckinger et al., 2012); and finally, we used the median of these
mean cutoff values across the 5000 runs. Note here that these activity cutoff
values were calculated with training data.

Univariate analysis was performed using Cox regression survival analysis,
for PFS and OS of MM patients taking into account each of the AAP
detected in MM patients which surpasses initial thresholds and all the
MM risk genetic biomarkers mentioned above: ISS (1 vs 2 and 3), t(4;14),
t(14;16), t(14;20), deletion of CDKN2C, deletion of 17p, deletion of 1p,
amplification of 1q and mutations in TP53. All p-values of the univariate
analysis were corrected using FDR.

AAP and risk genetic biomarkers with a statistically significant prog-
nostic value for PFS or OS in the univariate analysis were combined in
a multivariate analysis, selecting the complexity of the model using the
Bayesian information Criteria (BIC). This methodology only includes vari-
ables in the final model if they provide more information than the cost of
adding more variables in the model. We chose BIC over AIC (Akaike infor-
mation Criteria) because it produces a more sparse model, which improves
the applicability in clinical practice and increases the understanding of the
model.
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C.2 Supplementary Figures

Supplementary Figure C.1: Schematic representation of transcripts generated
from each AAP described for the 6 genes. (A) REEP5; B) SLAMF7; C) RWDD1;
D) ACSS1; E) BTN3A1 and F) RPL30) significantly associated with the outcome of MM
patients. Only one representative transcript has been depicted for each AAP, however, as
reviewed in Supplemental data 4, multiple transcripts with different functional outcomes
can be transcribed from each AAP. The AAPs in each gene associated with the survival
of MM patients have been marked in red. Transcript structure information has been
obtained from Ensembl GRCh38.p13.
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Supplementary Figure C.2: AAP definition improves the prognostic stratifica-
tion of MM patients. (A-B) Kaplan-Meier curves with all defined events showing OS
in the (A) Training and (B) Test Set. Number of events: number of factors included in
the final PFS or OS model, respectively.
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C.3 Supplementary Tables

Supplementary Table C.1: Active promoters (AP) defined in each B cell
subpopulation and MM patients. Log-Fold Change and p-values correspond to the
comparison of the promoter activity in the selected population vs the mean activity of
the other populations. Transcript ID column gathers all transcripts that are expressed
from each specific gene promoter. NB: Naïve; CB: centroblast; CC: centrocyte; MEM:
memory B cells; TPC: tonsillar plasma cells; BMPC: bone marrow plasma cells and MM:
multiple myeloma patient samples.

Is available in the online version of the paper using this link: Supplemental
data 1.

Supplementary Table C.2: Alternative Active promoters (AAP) defined in
each B cell subpopulation and MM patients. Log-Fold Change and p-values
correspond to the comparison of the promoter activity in the selected population vs the
mean activity of the other populations. Transcript ID column gathers all transcripts
that are expressed from each specific gene promoter. NB: Naïve; CB: centroblast; CC:
centrocyte; MEM: memory B cells; TPC: tonsillar plasma cells; BMPC: bone marrow
plasma cells and MM: multiple myeloma patient samples.

Is available in the online version of the paper using this link: Supplemental
data 2.

Supplementary Table C.3: AAP significantly correlated with PFS or OS of
MM patients. Univariate coxph analysis was performed for both PFS and OS, using
promoter absolute expression and gene expression. P-values were normalized using FDR.
If the promoter was added to the multivariate analysis and if they were added to the
final model using BIC (Bayesian Information Criteria), is showed. An additional table
indicates the prognostic value of high-risk genetic factors. All the analyses were performed
in the training set, using only 70% of the 595 patients.

Is available in the online version of the paper using this link: Supplemental
data 3.

Supplementary Table C.4: List of RNA transcripts and protein isoforms
derived from each promoter of the 6 genes whose AAPs have been included
in the mutivariate survival predictive models. REEP5 has been included in the
PFS model; ACSS1, BTN3A1, RPL30 and RWDD1 have been included in the OS model;
and SLAMF7 in both models. Gene, transcript and protein IDs have been obtained from
Gencode 27.

Is available in the online version of the paper using this link: Supplemental
data 4.

https://static-content.springer.com/esm/art%3A10.1038%2Fs41375-021-01263-9/MediaObjects/41375_2021_1263_MOESM3_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41375-021-01263-9/MediaObjects/41375_2021_1263_MOESM3_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41375-021-01263-9/MediaObjects/41375_2021_1263_MOESM4_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41375-021-01263-9/MediaObjects/41375_2021_1263_MOESM4_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41375-021-01263-9/MediaObjects/41375_2021_1263_MOESM5_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41375-021-01263-9/MediaObjects/41375_2021_1263_MOESM5_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41375-021-01263-9/MediaObjects/41375_2021_1263_MOESM6_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41375-021-01263-9/MediaObjects/41375_2021_1263_MOESM6_ESM.xlsx
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Appendix D

Supplementary information
for "BOSO: a novel feature
selection algorithm for linear
regression with
high-dimensional data"

D.1 Supplementary Note 1: Synthetic data
generation and accuracy metrics

As detailed in Hastie et al., 2007, synthetic data was obtained from a
multivariate normal distribution in different settings, which depends on
the number of instances (n), number of total available features (p), actual
number of features contributing to the outcome (sparsity level, s) and their
value (beta-type), autocorrelation level between different features (ρ) and
signal-to-noise ratio (SNR level). We describe below different beta-type
considered, which the actual values of β0: Beta-type 1: the s nonzero
coefficients are equal to 1 and equally spaced in the p variables, while
the rest are zero. Beta-type 2: the first s coefficients are nonzero and
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equal to 1, while the rest are zero. Beta-type 3: the first s coefficients
are nonzero and equally distributed between 10 and 0.5, while the rest
are zero. Beta-type 5: the first s coefficients are nonzero and equal to
1, while the rest are exponentially decaying with the following formula:
β0i = 0.5i−s; i = s + 1, . . . , p. Predictor autocorrelation level, ρ, was used to
define the covariance matrix: sumij = ρ|i−j| . Three values were considered:
0, 0.35 and 0.7. For signal-to-noise ratio (SNR), we selected 10 values
equally distributed between 0.05 and 6.00 in logarithmic scale. The values
are: 0.05, 0.09, 0.14, 0.25, 0.42, 0.71, 1.22, 2.07, 3.25 and 6.00. SNR was
used to define the variance of the response variable, y, as detailed in Eq.
5.4.2 in the main text.

On the other hand, as defined in Hastie et al., 2007, we used below the
Relative test error, which is defined by:

(β̂ − β0)
T · Σ · (β̂ − β0) + σ2/σ2

, where β̂ and β0 represent the estimated and actual value of parameters
for the different features considered, respectively; Σ is the covariance matrix
of predictor features, whose entry (i,j) is equal ρ(i−j), being ρ the predictor
correlation level; σ2 is the variance of the response variable y. The variance
σ2 is related with the signal-to-noise ratio (SNR) as follows:

σ2 = βT
0 · Σ · β0/SNR

For this comparison below, once selected the features and optimal K
with our MIQP and information criteria, we estimated the coefficients β̂

only with training data, as done in Hastie et al., 2007.
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D.2 Supplementary Figures

Supplementary Figure D.1: Illustration of the random block strategy imple-
mented in the BOSO algorithm. An example dataset with 7 features is split into
training and validation sets. We defined random blocks of features of size L = 3. Green
boxes represent the optimal selected features for a specific K value in certain block. In the
first iteration, the dataset is separated in {X5, X7, X2}, {X1, X4, X3} and {X6}. Applying
the BOSO algorithm to each block, we selected {X5, X2} in the first block, {X4, X3} in
the second block and {X6} in the third block. Resulting variables are resampled again
and randomly distributed into different blocks. In the second iteration, the blocks are
{X2, X6, X4} and {X3, X5}. After BOSO, there are three remaining variables {X2, X6, X3},
which equals the block size. The final problem is re-solved, resulting in the optimal feature
selection, which is {X3, X6}
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Supplementary Figure D.2: F statistic in the four considered settings. This
accuracy metric is presented for the different feature selection methods (Best Subset,
BOSO, Forward Stepwise, Lasso and Relaxed Lasso) and scenarios (according to Beta-type,
autocorrelation levels and signal-to-noise ratio (SNR) levels) considered in the main text.
Supplementary Note D.1 provides full details of the different situations considered. Points
and error bars represent the mean and standard deviation in 10 random simulations,
respectively. Note here that n is the number of instances, p is the total available features
and s is the actual number of features contributing to the response variable.
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Supplementary Figure D.3: Number of non-zero coefficients in the four
considered settings. This accuracy metric is presented for the different feature selection
methods (Best Subset, BOSO, Forward Stepwise, Lasso and Relaxed Lasso) and scenarios
(according to Beta-type, autocorrelation levels and signal-to-noise ratio (SNR) levels)
considered in the main text. Supplementary Note D.1 provides full details of the different
situations considered. Points and error bars represent the mean and standard deviation
in 10 random simulations, respectively. Note here that n is the number of instances, p
is the total available features and s is the actual number of features contributing to the
response variable.
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Supplementary Figure D.4: False Positives in the four considered settings.
This accuracy metric is presented for the different feature selection methods (Best Subset,
BOSO, Forward Stepwise, Lasso and Relaxed Lasso) and scenarios (according to Beta-type,
autocorrelation levels and signal-to-noise ratio (SNR) levels) considered in the main text.
Supplementary Note D.1 provides full details of the different situations considered. Points
and error bars represent the mean and standard deviation in 10 random simulations,
respectively. Note here that n is the number of instances, p is the total available features
and s is the actual number of features contributing to the response variable.
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Supplementary Figure D.5: False Negatives in the four considered settings.
This accuracy metric is presented for the different feature selection methods (Best Subset,
BOSO, Forward Stepwise, Lasso and Relaxed Lasso) and scenarios (according to Beta-type,
autocorrelation levels and signal-to-noise ratio (SNR) levels) considered in the main text.
Supplementary Note D.1 provides full details of the different situations considered. Points
and error bars represent the mean and standard deviation in 10 random simulations,
respectively. Note here that n is the number of instances, p is the total available features
and s is the actual number of features contributing to the response variable.
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Supplementary Figure D.6: Relative Test Error in the four considered settings.
This accuracy metric is presented for the different feature selection methods (Best Subset,
BOSO, Forward Stepwise, Lasso and Relaxed Lasso) and scenarios (according to Beta-type,
autocorrelation levels and signal-to-noise ratio (SNR) levels) considered in the main text.
Supplementary Note D.1 provides full details of the different situations considered. Points
and error bars represent the mean and standard deviation in 10 random simulations,
respectively. Note here that n is the number of instances, p is the total available features
and s is the actual number of features contributing to the response variable.
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Supplementary Figure D.7: F statistic in the four considered settings. This
accuracy metric is presented for BOSO under different information criteria (BOSO - AIC,
BOSO - BIC and BOSO - eBIC) and scenarios (according to Beta-type, autocorrelation
levels and signal-to-noise ratio (SNR) levels) considered in the main text. Supplementary
Note D.1 provides full details of the different situations considered. Points and error bars
represent the mean and standard deviation in 10 random simulations, respectively. Note
here that n is the number of instances, p is the total available features and s is the actual
number of features contributing to the response variable. The dotted line is the actual
number of features.
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Supplementary Figure D.8: Number of non-zero coefficients in the four
considered settings. This accuracy metric is presented for BOSO under different
information criteria (BOSO - AIC, BOSO - BIC and BOSO - eBIC) and scenarios
(according to Beta-type, autocorrelation levels and signal-to-noise ratio (SNR) levels)
considered in the main text. Supplementary Note D.1 provides full details of the different
situations considered. Points and error bars represent the mean and standard deviation
in 10 random simulations, respectively. Note here that n is the number of instances, p
is the total available features and s is the actual number of features contributing to the
response variable. The dotted line is the actual number of features.
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Supplementary Figure D.9: False Positives in the four considered settings. This
accuracy metric is presented for BOSO under different information criteria (BOSO - AIC,
BOSO - BIC and BOSO - eBIC) and scenarios (according to Beta-type, autocorrelation
levels and signal-to-noise ratio (SNR) levels) considered in the main text. Supplementary
Note D.1 provides full details of the different situations considered. Points and error bars
represent the mean and standard deviation in 10 random simulations, respectively. Note
here that n is the number of instances, p is the total available features and s is the actual
number of features contributing to the response variable. The dotted line is the actual
number of features.
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Supplementary Figure D.10: False Negatives in the four considered settings.
This accuracy metric is presented for BOSO under different information criteria (BOSO
- AIC, BOSO - BIC and BOSO - eBIC) and scenarios (according to Beta-type, auto-
correlation levels and signal-to-noise ratio (SNR) levels) considered in the main text.
Supplementary Note D.1 provides full details of the different situations considered. Points
and error bars represent the mean and standard deviation in 10 random simulations,
respectively. Note here that n is the number of instances, p is the total available features
and s is the actual number of features contributing to the response variable. The dotted
line is the actual number of features.
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Supplementary Figure D.11: Relative Test Error in the four considered
settings. This accuracy metric is presented for BOSO under different information criteria
(BOSO - AIC, BOSO - BIC and BOSO - eBIC) and scenarios (according to Beta-type,
autocorrelation levels and signal-to-noise ratio (SNR) levels) considered in the main text.
Supplementary Note D.1 provides full details of the different situations considered. Points
and error bars represent the mean and standard deviation in 10 random simulations,
respectively. Note here that n is the number of instances, p is the total available features
and s is the actual number of features contributing to the response variable. The dotted
line is the actual number of features.
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Supplementary Figure D.12: Comparison of predicted log(IC50[µM]) for the
top 25% most sensitive and resistant cell lines with the different methods
included in the main text. IC50 for each cell line were predicted using the mean value
across 100 runs considered in Figure 7. Q1 involves cell lines with a predicted IC50 below
the first quartile (sensitive cell lines), whereas Q4 cell lines with a predicted IC50 above
the third quartile (resistant cell lines). In order to avoid overfitting, we considered 708
cell lines in CCLE that were not included in the GDSC database.
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Supplementary Figure D.13: Comparison of predicted log(IC50[µM]) for the
top 25% most sensitive and resistant cell lines with the different methods
included in the main text. IC50 for each cell line were predicted using the mean value
across 100 runs considered in Figure 7. Q1 involves cell lines with a predicted IC50 below
the first quartile (sensitive cell lines), whereas Q4 cell lines with a predicted IC50 above
the third quartile (resistant cell lines). In order to avoid overfitting, we considered 708
cell lines in CCLE that were not included in the GDSC database.



D.2. Supplementary Figures 171

>25µM

21.9nM

>25µM

18.6nM

5.9nM

26.4nM

3.4nM

>25µM >25µM >25µM

834.3nM

143.9nM

2µM

34.1nM
51.6nM49.2nM

74.4nM

735.4nM 817.1nM

2.2µM
3.5µM

161.5nM

3.2µM

30nM

9.8nM

4.3µM

0

5
10
30
50

100

1000

10000
25000
50000

PF−382 P12−ICHIKAWA JVM−2 PEER SEM U87MG LOUNH91 A498 UMUC1 UMUC7

E
xp

er
im

en
ta

l I
C

50
 [n

M
]

BOSO−AICa

>25µM

21.9nM

>25µM

18.6nM

5.9nM

26.4nM

3.4nM

>25µM >25µM >25µM

870.5nM

146.6nM

1.9µM

40.1nM
55.6nM44.6nM

81.7nM

807.2nM 791nM

2µM
3.5µM

161.5nM

3.2µM

30nM

9.8nM

4.3µM

0

5
10
30
50

100

1000

10000
25000
50000

PF−382 P12−ICHIKAWA JVM−2 PEER SEM U87MG LOUNH91 A498 UMUC1 UMUC7

E
xp

er
im

en
ta

l I
C

50
 [n

M
]

BOSO−BICb

>25µM

21.9nM

>25µM

18.6nM

5.9nM

26.4nM

3.4nM

>25µM >25µM >25µM

889.4nM

137nM

1.8µM

46.4nM 61.1nM50.6nM
80.9nM

806.8nM 864nM
1.8µM

3.5µM

161.5nM

3.2µM

30nM

9.8nM

4.3µM

0

5
10
30
50

100

1000

10000
25000
50000

PF−382 P12−ICHIKAWA JVM−2 PEER SEM U87MG LOUNH91 A498 UMUC1 UMUC7

E
xp

er
im

en
ta

l I
C

50
 [n

M
]

BOSO−eBICc

>25µM

21.9nM

>25µM

18.6nM

5.9nM

26.4nM

3.4nM

>25µM >25µM >25µM

1µM

86.3nM

1.3µM

61.5nM 73nM60.5nM 58nM

947.3nM 1.1µM
1.6µM

3.5µM

161.5nM

3.2µM

30nM

9.8nM

4.3µM

0

5
10
30
50

100

1000

10000
25000
50000

PF−382 P12−ICHIKAWA JVM−2 PEER SEM U87MG LOUNH91 A498 UMUC1 UMUC7

E
xp

er
im

en
ta

l I
C

50
 [n

M
]

Forward Stepwised

>25µM

21.9nM

>25µM

18.6nM

5.9nM

26.4nM

3.4nM

>25µM >25µM >25µM

803.9nM

133.6nM

1.6µM

56.1nM
81.7nM82.3nM 64.6nM

885.5nM 857.3nM
1.8µM

3.5µM

161.5nM

3.2µM

30nM

9.8nM

4.3µM

0

5
10
30
50

100

1000

10000
25000
50000

PF−382 P12−ICHIKAWA JVM−2 PEER SEM U87MG LOUNH91 A498 UMUC1 UMUC7

E
xp

er
im

en
ta

l I
C

50
 [n

M
]

Lassoe

>25µM

21.9nM

>25µM

18.6nM

5.9nM

26.4nM

3.4nM

>25µM >25µM >25µM

848nM

127.7nM

1.6µM

54.4nM
78.1nM76.9nM 63.3nM

919.5nM 870.7nM
1.7µM

3.5µM

161.5nM

3.2µM

30nM

9.8nM

4.3µM

0

5
10
30
50

100

1000

10000
25000
50000

PF−382 P12−ICHIKAWA JVM−2 PEER SEM U87MG LOUNH91 A498 UMUC1 UMUC7

E
xp

er
im

en
ta

l I
C

50
 [n

M
]

Relaxed Lassof

GDSC Prediction Experimental

Supplementary Figure D.14: Comparison between experimentally measured
IC50 values of MTX and predicted values with different computational meth-
ods. a) BOSO - AIC; b) BOSO - BIC; c) BOSO - eBIC; d) Forward Stepwise; e) Lasso;
f) Relaxed Lasso. Predicted values are the mean values obtained with 100 random seeds.
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Supplementary Figure D.15: Summary of 5 best-ranked features in BOSO
and accuracy comparison with features extracted from DrugBank. A) For each
of the 5 best-ranked genes obtained from BOSO (LRRC8C, MFNG, RNLS, KBTBD11,
CUEDC1), dot plot showing its corresponding CCLE expression level (x-axis) and MTX
IC50 values (y-axis) for cell lines available in the GDSC database. The table shows the
Pearson correlation rho value and its associated p-value for each these 5 genes. B) Ridge
regression model of MTX IC50 value using as predictors i) genes annotated to MTX in
DrugBank (see S12 Table), ii) 5 best-ranked genes obtained from BOSO and iii) the union
of both subsets of genes. The table show the correlation between predicted and actual
MTX IC50 values for training, validation and test set.
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D.3 Supplementary Tables

Supplementary Table D.1: Computation time in the benchmark with synthetic
data. For each setting (Low, Medium, High-5 and High-10), computation time was
averaged across all cases considered (1200 cases: 4 beta-types, 3 autocorrelation levels, 10
SNR values and 10 random repetitions).

Setting BOSO Best Subset Forward Stepwise Lasso Relaxed Lasso
Low 6.041 0.692 0.014 0.003 0.003
Medium 73.029 17140.228 1.760 0.011 0.009
High-5 65.313 5444.814 0.334 0.013 0.006
High-10 104.607 10050.708 1.452 0.026 0.014

Supplementary Table D.2: Details of 50 drugs in the GDSC database used to
compare different feature selection algorithms. Columns indicate the Drug Name
and the number of cell lines for which the IC50 is available in the GDSC database.

Drug Name (1) Number of cell lines (1) Drug Name (2) Number of cell lines (2)
GEMCITABINE 1179 IRINOTECAN 588
APO866, FK866 895 FLUDARABINE 539
VINCRISTINE 537 FILANESIB 641
THZ-2-102-1 637 VINORELBINE 1190
OSI-027 853 ALISERTIB 1179
TRAMETINIB 1197 DABRAFENIB 1175
DASATINIB 801 ABT-737 558
DOCETAXEL 1741 WYE-125132 646
AZD5582 533 TOPOTECAN 539
MITOXANTRONE 539 PHA-793887 650
PI-103 642 BLEOMYCIN (50 UM) 657
TOZASERTIB 282 BI-2536 280
ACETALAX, OXYPHENISATIN ACETATE 539 THAPSIGARGIN 613
BLEOMYCIN 614 OTX015 539
PACLITAXEL 804 APR-246 542
THZ-2-49 642 PD-0325901 1247
GSK1070916 620 TORIN-2 621
SNX-2112 645 PEVONEDISTAT 1062
CYTARABINE 1221 DACTINOMYCIN 1089
WH-4-023 238 CX-5461 646
CAMPTOTHECIN 594 VINBLASTINE 1225
TENIPOSIDE 539 5-FLUOROURACIL 1240
NSC-319726 622 PALBOCICLIB 1202
YM-155 1182 ETOPOSIDE 630
TALAZOPARIB 1196 NAVITOCLAX 1222
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Supplementary Table D.3: DrugBank genes annotated to Methotrexate (MTX)
Genes annotated to Methotrexate in DrugBank. The type of interaction is described in
the column Mechanism.

Mechanism Target Enzyme Carriers Transporters

Gene Symbol

DHFR DHFR ALB ABCC3
TYMS AOX1 ABCC4
ATIC MTHFR ABCC1

PGD SLC22A6
FPGS ABCC10
TYMS SLC22A8
ATIC ABCC2
GGH ABCB1

CYP3A4 SLCO1A2
SLC16A1
ABCC11
SLCO1B3
SLC22A11
SLCO1C1
SLCO3A1
ABCG2

SLC22A7
SLC46A1
SLCO1B1
SLCO4C1
SLC19A1
FOLR1
FOLR2

SLC15A1
SLC36A1
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