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Epigraph

“The important thing is not to stop questioning. Curiosity has its own reason for
existence. One cannot help but be in awe when he contemplates the mysteries of
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merely to comprehend a little of this mystery each day.”

Albert Einstein
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Para divulgacao cientifica e popularizagao da ciéncia

A caquexia associada ao cancer € uma sindrome grave que afeta muitos pacientes,
causando perda de peso, fraqueza muscular, reducao do tecido adiposo e alteragcdes
significativas no metabolismo. Essas mudangas comprometem a qualidade de vida,
dificultam o tratamento do cancer e estdo associadas ao aumento da mortalidade. Apesar
de sua relevancia clinica, ainda nao compreendemos completamente como a caquexia se

desenvolve e progride no organismo.

Esta pesquisa buscou compreender melhor os mecanismos envolvidos na caquexia
associada ao cancer por meio da integragdo de diferentes tipos de dados bioldgicos,
incluindo analises de genes, proteinas e alteragdes fisiologicas em humanos e em modelos
experimentais de camundongos. Em vez de focar apenas em um 6rgao ou processo
isolado, o estudo investigou a sindrome de forma sistémica, considerando a interagéo entre

diferentes tecidos e mecanismos bioldgicos.

Os resultados mostraram que a caquexia nao é causada por um unico fator, mas sim
por um conjunto de altera¢cdes que ocorrem simultaneamente em diferentes partes do
corpo. Essas mudangas envolvem inflamagdo, alteragcbes no uso de energia,
remodelamento dos tecidos e falhas na comunicagcdo entre 6rgdos. Além disso,
observamos que a sindrome se manifesta de forma muito variavel entre individuos e ao
longo do tempo, o que ajuda a explicar por que seu diagndstico ainda é dificil e

frequentemente tardio.

Entre os principais achados do trabalho, identificamos que os RNAs longos nao
codificadores (IncRNAs), moléculas que nao produzem proteinas, mas ajudam a controlar
o funcionamento dos genes, apresentam alteragdes importantes em diferentes tecidos
durante a caquexia. Esses RNAs estiveram associados a processos ligados a inflamagao,
ao metabolismo e a progress&o tumoral, indicando que podem atuar como reguladores da

sindrome e possiveis biomarcadores.

Também demonstramos, por meio de modelos experimentais e de ferramentas
computacionais e de aprendizado de maquina, que a progressdao da caquexia varia
significativamente entre individuos, mesmo quando submetidos as mesmas condigdes.
Isso mostra que a sindrome nao pode ser explicada apenas pelo tamanho do tumor ou pelo
tempo de evolugao do cancer, o que destaca limitagdes importantes dos modelos pré-

clinicos atualmente utilizados.
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Outro resultado importante foi a identificacdo do tecido adiposo visceral como
participante ativo da caquexia. Nossas analises mostraram que esse tecido ndo atua
apenas como reserva de energia, mas também participa das respostas inflamatéria e
imunoldgica. Moléculas do sistema do complemento (parte do sistema imunolégico inato)

foram associadas as alteragdes metabdlicas e inflamatérias observadas na sindrome.

Na oncologia pediatrica, observamos que alteracoes relacionadas a inflamacgao e ao
estresse metabdlico persistem mesmo apds meses de tratamento. Esses achados
sugerem que os efeitos sistémicos do cancer podem persistir a longo prazo em criangas e
adolescentes, mesmo durante a terapia, reforcando a necessidade de acompanhamento

continuo desses pacientes.

Além das anadlises bioldgicas, contribuimos para o desenvolvimento do Cancer
Cachexia Omics Database (CaCaOdb), uma plataforma publica que reune dados
moleculares de pacientes e modelos experimentais. O banco integra mais de 1.000
amostras transcriptbmicas e cerca de um milhdo de células Unicas, permitindo que

pesquisadores explorem alteragdes associadas a caquexia de forma integrada e acessivel.

De forma geral, este trabalho refor¢ca que a caquexia deve ser entendida como uma
sindrome sistémica, que envolve multiplos 6rgaos, tecidos e mecanismos bioldgicos
interligados. Compreender melhor essas alteragdes podem contribuir para o
desenvolvimento de métodos de diagndstico mais precoces e precisos, além de apoiar

novas estratégias de cuidado e tratamento para pacientes com céncer.
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For science communication and public outreach

Cancer-associated cachexia is a severe syndrome that affects many patients, leading
to weight loss, muscle weakness, reduction in adipose tissue, and profound metabolic
alterations. These changes compromise quality of life, hinder cancer treatment, and are
associated with increased mortality. Despite its clinical relevance, the mechanisms
underlying the development and progression of cachexia in the organism are still not fully

understood.

This research aimed to better understand the mechanisms involved in cancer-
associated cachexia by integrating different types of biological data, including gene
expression, protein analyses, and physiological alterations in humans and experimental
mouse models. Rather than focusing on a single organ or isolated process, the study
investigated the syndrome in a systemic manner, considering the interactions between

multiple tissues and biological mechanisms.

The results showed that cachexia is not driven by a single factor, but rather by a set
of alterations that occur simultaneously across different parts of the body. These changes
involve inflammation, alterations in energy utilization, tissue remodeling, and impaired inter-
organ communication. In addition, we observed that the syndrome manifests with
substantial variability between individuals and overtime, helping to explain why its diagnosis

remains challenging and often delayed.

Among the main findings of this work, we identified that long non-coding RNAs
(IncRNAs), molecules that do not encode proteins but help regulate gene function, show
important alterations across multiple tissues during cachexia. These RNAs were associated
with processes related to inflammation, metabolism, and tumor progression, suggesting that

they may act as regulators of the syndrome and potential biomarkers.

We also demonstrated, using experimental models and computational and machine
learning approaches, that cachexia progression varies significantly between individuals,
even under the same experimental conditions. This indicates that the syndrome cannot be
explained solely by tumor size or time of disease progression, highlighting important

limitations of currently used preclinical models.

Another important result was the identification of visceral adipose tissue as an active
participant in cachexia. Our analyses showed that this tissue does not function only as an

energy storage site but also participates in inflammatory and immune responses.
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Components of the complement system (part of the innate immune system) were

associated with the metabolic and inflammatory alterations observed in the syndrome.

In pediatric oncology, we observed that inflammation- and metabolic stress-related
alterations persist even after months of treatment. These findings suggest that the systemic
effects of cancer may persist in the long term in children and adolescents, even during

therapy, reinforcing the need for continuous clinical follow-up.

In addition to the biological analyses, we contributed to the development of the Cancer
Cachexia Omics Database (CaCaOdb), a public platform that compiles molecular data from
patients and experimental models. The database integrates more than 1,000 transcriptomic
samples and approximately one million single cells, enabling researchers to explore

cachexia-associated alterations in an integrated and accessible manner.

Overall, this work reinforces that cachexia should be understood as a systemic
syndrome involving multiple interconnected organs, tissues, and biological mechanisms. A
better understanding of these alterations may contribute to the development of earlier and
more precise diagnostic methods, as well as support new strategies for patient care and

cancer treatment.
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Resumo Geral

A caquexia associada ao cancer € uma sindrome complexa e multifatorial,
caracterizada por perda progressiva de peso, desregulacdo metabdlica sistémica e
disfuncdo de multiplos 6rgaos, comprometendo significativamente a sobrevida e a
qualidade de vida de pacientes em contextos oncolégicos, tanto adultos quanto pediatricos.
Apesar dos avangos na compreensao da regulacdo de genes codificadores de proteinas,
0 panorama regulatério mais amplo, incluindo RNAs longos nao codificadores (INncRNAs),
proteinas circulantes e redes de comunicagdo entre tecidos, permanece apenas

parcialmente compreendido.

Esta tese tem como objetivo identificar os mecanismos moleculares codificantes e
néo codificantes da caquexia associada ao cancer por meio de uma abordagem integrativa

multibmica, em nivel sistémico, utilizando dados humanos e modelos experimentais.

Para isso, utilizamos dados de microarranjos, transcriptémica bulk e de célula unica,
protedbmica e modelagem baseada em aprendizado de maquina para caracterizar o
panorama multidimensional da caquexia. As anadlises integrativas revelaram que a
caquexia é impulsionada por uma reprogramag¢ao molecular coordenada em nivel
sistémico, envolvendo multiplos tecidos, tipos celulares e camadas regulatorias. Em vez de
uma via dominante unica, a sindrome emerge como uma condicdo dinamica e
heterogénea, resultante da interagdo entre processos inflamatérios, metabdlicos e de
remodelamento tecidual, modulados por genes codificadores de proteinas e por RNAs
longos nao codificantes. Esses padrdes moleculares variam conforme a gravidade da
doenga e o contexto biologico, sustentando a existéncia de programas dependentes do

estagio e evidenciando as limitagbes de modelos uniformes de progressao da doenca.

Este trabalho também destaca desafios importantes na éarea. A investigacao
sistémica da caquexia é inerentemente complexa, uma vez que as alteragdes moleculares
estdo distribuidas entre diferentes 6rgaos e sao influenciadas por redes de comunicagao
intertecidual dificeis de capturar isoladamente. Além disso, os modelos experimentais
amplamente utilizados apenas reproduzem parcialmente a condicdo humana, limitando a
aplicabilidade translacional direta e contribuindo para inconsisténcias entre os estudos. No
ambito clinico, as definicdbes atuais de caquexia baseiam-se majoritariamente em
populagdes adultas e ndo contemplam adequadamente a variabilidade associada a idade,
a etnia, a composigao corporal € ao estado metabdlico basal. Essa falta de critérios
inclusivos e precisos contribui para o subdiagnéstico e, com frequéncia, atrasa a detecgao

até estagios mais avangados da sindrome.
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Nesse contexto, utilizando modelos experimentais de LLC, demonstramos que a
progressao da caquexia apresenta elevada heterogeneidade biolégica mesmo sob
condicbes experimentais padronizadas, e propusemos uma classificagdo da severidade da
sindrome baseada em aprendizado de maquina a partir de variaveis anatdmicas
associadas a perda de massa de tecido muscular e de tecido adiposo. Essa estratificagao
permitiu identificar assinaturas transcricionais tecido-especificas em multiplos 6érgaos,
incluindo mediadores previamente descritos e potenciais novos reguladores da caquexia,
além de assinaturas de ligantes e receptores potencialmente associadas a comunicagao
intertecidual e a progressao da sindrome. A partir desse modelo, identificamos uma ampla
disfuncdo sistémica de IncRNAs em multiplos tecidos afetados pela caquexia, com
predominio de transcritos com a expressdo reduzida. Observamos ainda associacdes
coordenadas desses IncRNAs com vias inflamatérias, metabdlicas, catabdlicas e de
remodelamento tecidual, além de assinaturas conservadas relacionadas a identidade
celular no microambiente tumoral. Em oncologia pediatrica, analises protedmicas
revelaram persisténcia de vias inflamatérias e de estresse sistémico mesmo apds meses
de tratamento, sugerindo efeitos metabdlicos prolongados do cancer durante a terapia.
Paralelamente, analises transcriptdmicas em tecido adiposo visceral de pacientes com
cancer gastrointestinal demonstraram ativagcéo de vias imunometabdlicas e do sistema do
complemento, destacando moléculas como C7, CFl e CFH como potenciais mediadores
da inflamacao e da disfungcdo metabdlica associadas a sindrome. Complementarmente,
contribuimos para o desenvolvimento do Cancer Cachexia Omics Database (CaCaOdb),
uma plataforma publica integrativa que reune dados transcriptémicos bulk e de célula Unica
de humanos e de modelos experimentais, ampliando a acessibilidade, a padronizagao € a

reprodutibilidade de analises multibmicas em caquexia.

Em conjunto, esses achados sustentam um modelo no qual a caquexia associada ao
cancer representa uma desregulagao metabdlica sistémica progressiva, impulsionada por
interacdes regulatérias em multiplos niveis, € ndo apenas por eventos isolados especificos
de tecidos. Dessa forma, este trabalho fornece uma visdo abrangente e sistémica da
sindrome, integrando redes regulatérias codificantes e ndo codificantes entre diferentes
tecidos, tipos celulares e estagios da caquexia. Nossos resultados expandem o
conhecimento atual sobre vias e mediadores associados a sindrome, além de identificar
potenciais novos reguladores moleculares e biomarcadores ainda pouco explorados,
reforgcando a necessidade de abordagens integrativas para aprimorar a caracterizagao
biologica da caquexia e apoiar o desenvolvimento de estratégias diagnodsticas e
terapéuticas mais precisas. Adicionalmente, a melhor estratificagdo e caracterizagao

molecular dos modelos experimentais pode contribuir para aumentar a reprodutibilidade e
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a eficiéncia translacional de estudos pré-clinicos em caquexia. A longo prazo, esses
avancgos podem favorecer a deteccdo mais precoce da sindrome, o monitoramento clinico
mais adequado e intervengdes mais direcionadas, com potencial impacto na resposta ao

tratamento oncoldgico, na qualidade de vida e no bem-estar dos pacientes.
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General Abstract

Cancer-associated cachexia is a complex and multifactorial syndrome characterized
by progressive weight loss, systemic metabolic dysregulation, and multi-organ dysfunction,
significantly compromising survival and quality of life in oncological patients, both in adult
and pediatric contexts. Despite advances in understanding the regulation of protein-coding
genes, the broader regulatory landscape, including long non-coding RNAs (IncRNAs),
circulating proteins, and inter-tissue communication networks, remains only partially

understood.

This thesis aimed to identify coding and non-coding molecular mechanisms
underlying cancer-associated cachexia through a multi-omics, integrative, and systems-

level approach, using both human data and experimental models.

To this end, we employed microarray data, bulk and single-cell transcriptomics,
proteomics, and machine learning—based modeling to characterize the multidimensional
landscape of cachexia. Integrative analyses revealed that cachexia is driven by coordinated
molecular reprogramming at the systemic level, involving multiple tissues, cell types, and
regulatory layers. Rather than being governed by a single dominant pathway, the syndrome
emerges as a dynamic and heterogeneous condition resulting from the interaction of
inflammatory, metabolic, and tissue-remodeling processes, modulated by both protein-
coding genes and long non-coding RNAs. These molecular patterns vary according to
disease severity and biological context, supporting the existence of stage-dependent

programs and highlighting the limitations of uniform models of disease progression.

This work also underscores important challenges in the field. The systemic
investigation of cachexia is inherently complex, as molecular alterations are distributed
across multiple organs and shaped by inter-tissue communication networks that are difficult
to capture in isolation. Furthermore, widely used experimental models only partially
recapitulate the human condition, limiting direct translational applicability and contributing
to inconsistencies across studies. From a clinical perspective, current definitions of
cachexia are largely based on adult populations and do not adequately account for
variability related to age, ethnicity, body composition, and baseline metabolic state. This
lack of inclusive and precise criteria contributes to underdiagnosis and frequently delays

detection until advanced stages of the syndrome.

Within this context, using Lewis lung carcinoma (LLC) experimental models, we

demonstrated that cachexia progression exhibits substantial biological heterogeneity even
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under standardized conditions, and we proposed a machine-learning—based classification
of disease severity based on anatomical variables associated with muscle and adipose
tissues wasting. This stratification enabled the identification of tissue-specific transcriptional
signatures across multiple organs, including previously described mediators and putative
novel regulators of cachexia, as well as ligand—receptor signatures potentially associated
with inter-tissue communication and disease progression. Building on this framework, we
identified widespread systemic dysregulation of INncRNAs across cachexia-affected tissues,
characterized predominantly by reduced expression. These IncRNAs showed coordinated
associations with inflammatory, metabolic, catabolic, and tissue-remodeling pathways, as

well as conserved signatures linked to cellular identity within the tumor microenvironment.

In pediatric oncology, proteomic analyses revealed persistent activation of
inflammatory and systemic stress-related pathways even after several months of treatment,
suggesting prolonged metabolic effects of cancer during therapy. In parallel, transcriptomic
analyses of visceral adipose tissue from patients with gastrointestinal cancer demonstrated
activation of immunometabolic pathways and the complement system, highlighting
molecules such as C7, CFl, and CFH as potential mediators of inflammation and metabolic
dysfunction associated with the syndrome. Complementarily, we contributed to the
development of the Cancer Cachexia Omics Database (CaCaOdb), a publicly available
integrative platform that compiles bulk and single-cell transcriptomic data from both humans
and experimental models, improving accessibility, standardization, and reproducibility of

multi-omics analyses in cachexia research.

Together, these findings support a model in which cancer-associated cachexia
represents a progressive systemic metabolic dysregulation driven by multilevel regulatory
interactions, rather than isolated tissue-specific events. Accordingly, this work provides a
comprehensive systems-level view of the syndrome, integrating coding and non-coding
regulatory networks across tissues, cell types, and disease stages. Our results expand
current knowledge of cachexia-associated pathways and mediators, identify previously
underexplored molecular regulators and potential biomarkers, and reinforce the need for
integrative approaches to improve its biological characterization and support the
development of more precise diagnostic and therapeutic strategies. Additionally, improved
stratification and molecular characterization of experimental models may enhance
reproducibility and translational efficiency in preclinical research on cachexia. In the long
term, these advances may facilitate earlier detection of the syndrome, more accurate clinical
monitoring, and more targeted interventions, with the potential to impact treatment

response, quality of life, and overall patient well-being.
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General Conclusions

In conclusion, this work demonstrates that cancer-associated cachexia is a
complex, systemic, and highly heterogeneous syndrome driven by coordinated molecular
interactions across multiple tissues, cellular populations, and disease contexts. Through the
integration of transcriptomic, proteomic, computational, and machine learning approaches,
this study expands the current understanding of the molecular mechanisms underlying
cachexia progression and highlights the importance of studying the syndrome beyond

skeletal muscle wasting alone.

A central contribution of this work is the characterization of long non-coding RNAs
(IncRNAs) as key components of the cachexia-associated transcriptional landscape. Across
multiple tissues and cancer contexts, INncRNAs exhibited highly structured and cell-type-
specific expression patterns associated with inflammation, metabolism, extracellular matrix
remodeling, immune regulation, and tissue dysfunction. The identification of conserved and
tissue-specific INcRNA signatures reinforces their potential as biomarkers and therapeutic
targets, while also emphasizing the importance of considering tumor microenvironment

composition and systemic inter-organ communication in transcriptomic analyses.

This study also demonstrates that cachexia progression involves coordinated yet
tissue-specific molecular programs associated with inflammatory activation, proteolysis,
metabolic dysregulation, mitochondrial dysfunction, and extracellular matrix remodeling. By
integrating multi-tissue analyses with machine learning-based stratification, this work
provides objective frameworks to better define disease severity and molecular
heterogeneity in preclinical models, helping bridge an important gap between experimental

systems and clinical complexity.

Importantly, this work extends the investigation of cachexia-related mechanisms to
understudied contexts, including pediatric cancer and adipose tissue remodeling. Proteomic
analyses in pediatric patients revealed dynamic systemic alterations associated with tumor
burden and treatment response, highlighting persistent physiological stress even after
chemotherapy initiation and underscoring the need for longitudinal studies focused on
survivorship and metabolic dysfunction in children with cancer. In adipose tissue, the
identification of complement-associated pathways and key regulators linked to weight loss
reinforces the role of chronic inflammation and immune-metabolic imbalance in cachexia

pathophysiology.
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Beyond mechanistic discoveries, this work also contributes to the advancement of
research infrastructure in the field through the development of CaCaOdb, a curated and
standardized database designed to facilitate access to molecular data related to cancer-
associated cachexia. By organizing and integrating publicly available datasets, this
resource supports reproducibility, accelerates hypothesis generation, and promotes future

translational research.

Collectively, the findings presented in this work reinforce the value of integrative
multi-omics and data-driven approaches for understanding the biological complexity of
cancer-associated cachexia. Although important challenges remain, including the limited
representation of disease diversity in current experimental models and the need for
functional validation of molecular candidates, this study provides a comprehensive
framework for future investigations aimed at improving diagnosis, patient stratification,
biomarker discovery, and therapeutic development. Ultimately, these advances contribute
to a more systemic and personalized understanding of cachexia and may support the
development of strategies capable of improving outcomes and quality of life for patients with

cancer.
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