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Science works on the frontier between knowledge and ignorance.
We’re not afraid to admit what we don’t know. There’s no shame in that.

The only shame is to pretend that we have all the answers.

Neil Degrasse Tyson
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Resumo

Integracdo de dados de transcriptoma e microRNoma para identificacdo de redes regulatorias,

mediadores e biomarcadores da caquexia associada ao cancer.

A caquexia associada ao cancer é uma sindrome metabdlica complexa caracterizada pela perda de massa
muscular, com ou sem perda de tecido adiposo, a qual ndo pode ser revertida por suporte nutricional. Pacientes
com essa sindrome apresentam alteracdes funcionais em processos fisioldgicos, metabdlicos e imunolédgicos
gue resultam em um desequilibrio energético e proteico. A caquexia associada ao cancer afeta até 80% dos
pacientes em estagios avancados da doenca, e representa a causa de morte de até 20% de todos 0s pacientes.
Tipos especificos de tumores, como o de pancreas, esdfago, estbmago, cabeca e pescoco e pulmao apresentam
uma alta prevaléncia de caquexia e, em contrapartida, os pacientes acometidos por cancer de mama ou prostata
apresentam um menor risco de desenvolver a sindrome. As vias moleculares responsaveis pela caquexia ndo
estdo completamente esclarecidas, entretanto, evidéncias sugerem que citocinas pré-inflamatorias possuem um
papel fundamental no desenvolvimento de alteragdes metabdlicas que resultam na perda de fungédo e massa
muscular. A complexidade dessas alteracdes também sugere o envolvimento de moléculas reguladoras pds-
transcricionais, como 0s microRNAs (miRNAs). Essas moléculas trabalham de forma orquestrada para
controlar uma via ou funcéo bioldgica comum, sendo consideradas ferramentas eficientes para determinacéo de
vias especificas envolvidas em doencgas ou processos bioldgicos. O presente trabalho realizou trés estratégias
diferentes para identificar redes regulatérias, mediadores e biomarcadores da caquexia associada ao cancer. No
primeiro capitulo, avaliamos o perfil de expressdo de miRNAs na atrofia de células musculares esqueléticas
induzida por IL-6, uma importante molécula indutora de caguexia. Essa analise identificou 0 miR-497 associado
a um potencial mecanismo anti-atréfico em resposta a IL-6. No segundo capitulo, como ha uma diversidade de
modelos experimentais, heterogeneidade entre pacientes e tipos tumorais nos estudos de caquexia, realizamos
uma revisao sistematica e meta-analise para integrar dados de mRNAs e miRNAs do musculo esquelético na
caguexia associada ao cancer. Essa estratégia identificou vias moleculares, novas interagcdes entre mMRNAS e
miRNAS e potenciais alvos de drogas para a sindrome. No Gltimo capitulo, considerando que a prevaléncia da
caguexia varia de acordo com o tipo tumoral, avaliamos dados de transcriptoma de 12 tipos tumorais humanos
(4.651 amostras) comparadas com os respectivos tecidos ndo doentes (2.737 amostras). Nossos dados mostram
um perfil tumor-especifico de mediadores de caquexia e observamos que 0s tumores que apresentam uma alta
prevaléncia de caquexia possuem um nimero elevado de fatores indutores de caquexia. Além disso, a expressao
desses mediadores esta associada a um pior prognostico (sobrevida). Em conjunto, esses resultados poderéo
servir de base para estudos funcionais e desenvolvimento de futuras estratégias terapéuticas visando a
minimizagdo da perda de massa muscular, aumentando assim a sobrevida e a melhora da qualidade de vida dos

pacientes com caquexia.



Abstract

Transcriptome and microRNome integration to identify regulatory networks, mediators and

biomarkers of cancer cachexia

Cancer cachexia is a complex metabolic syndrome characterized by muscle mass loss, with or without loss of
adipose tissue, which cannot be reversed by nutritional support and leads to progressive functional impairment.
Patients with this syndrome have functional changes in physiological, metabolic and immunological processes
that result in energy and protein imbalances. Cachexia affects up to 80% of patients in advanced stages of cancer,
and represents the cause of death for up to 20% of all cancer patients. Specific types of tumors, such as pancreas,
esophagus, head and neck, stomach, and lung, have a high prevalence of cachexia and, similarly, patients with
these neoplasms have greater weight loss. In contrast, patients with breast or prostate cancer have a lower risk
of developing the syndrome. The molecular pathways responsible for cancer cachexia are not completely
understood, but evidence suggests that pro-inflammatory cytokines play a fundamental role in the development
of metabolic changes that result in function and muscle mass loss. The complexity of these changes also suggests
the involvement of post-transcriptional regulatory molecules, such as microRNAs (miRNAS). These molecules
work in an orchestrated way to control a common biological pathway or function, being considered efficient
tools for determining specific pathways involved in diseases or biological processes. The present work carried
out three different strategies to identify regulatory networks, mediators and biomarkers of cachexia associated
with cancer. In the first approach, we evaluate the expression profile of miRNAs in skeletal muscle cells atrophy
induced by IL-6, an important cachexia-inducing molecule. This analysis identified miR-497 as a miRNA
associated with a potential anti-atrophic mechanism in response to IL-6. In the second strategy, as there is a
diversity of experimental models and heterogeneity between patients and tumor types in cachexia associated
with cancer, we integrate data from skeletal muscle mMRNAs and miRNAs in this syndrome, obtained in the
literature from a systematic review and meta-analysis. This strategy identified molecular pathways, new
interactions between mMRNAs and miRNAs, and potential drug targets for the syndrome. In the last approach,
considering that the prevalence of cachexia varies according to the tumor type, we evaluated transcriptome data
from 12 human tumor types (4,651 samples) compared with the respective non-diseased tissues (2,737 samples).
Our data show a tumor-specific profile of cachexia mediators, and that tumors that have a high prevalence of
cachexia have a high number of cachexia-inducing factors. In addition, the expression of these mediators is
associated with a worse prognosis. Together, these results may be useful as a basis for functional studies and to
the development of future therapeutic strategies aimed at minimizing the loss of muscle mass, thus increasing

survival and improving the patients’ quality of life.



Introducéo e Objetivos

Introducéo

Atrofia do musculo esquelético

O musculo esquelético compreende aproximadamente 40-50 % da massa corporea em humanos
e é responsavel por funcdes basicas como locomocgédo, metabolismo e respiracdo, além de apresentar
uma alta plasticidade em resposta as mudancas nas demandas funcionais; exercicios de resisténcia
induzem a hipertrofia do musculo esquelético, a qual é caracterizada por aumento na sintese de
proteinas, no didmetro fibra e na producdo de forca 2. Contrariamente, condi¢des de desuso,
imobilizacao, repouso prolongado em leito, desnervacdo, microgravidade, envelhecimento e restricao

alimentar resultam em perda de massa muscular, conhecida como atrofia do musculo esquelético 3°.

Em condicGes catabdlicas como cancer, sepse, queimadura, insuficiéncia cardiaca e AIDS, o
tecido muscular, por ser um reservatorio de proteina do corpo, atua como fonte de aminoacidos que
podem ser utilizados para a producdo de energia por varios orgdos (incluindo o coracéo, figado e
cérebro). No entanto, a degradacdo excessiva de proteinas e a perda de musculo resultante sao
altamente prejudiciais e podem levar & morte desses pacientes . Além disso, a perda exacerbada de
massa muscular é um indicador de prognostico desfavordvel e pode prejudicar a eficicia de muitos
tratamentos terapéuticos . Assim, a atrofia muscular agrava as doencas, aumentando a morbidade e
a mortalidade. Portanto, a manutencdo de musculos saudaveis é crucial para prevenir distirbios
metabolicos, manter um envelhecimento saudavel e fornecer energia aos Orgdos vitais durante

condicdes de estresse (para revisio, ver Bonaldo e Sandri 2013) 7.

Estudos demonstram que a atrofia do muasculo esquelético é controlada pela agdo coordenada
de vias reguladoras chaves envolvendo IGF1-AKT-FoxO, miostatina, citocinas inflamatorias e o fator
transcricional NF-kappa B (NF-kB) ° [para revisdo, ver Braun & Gautel 2011°]. Posteriormente,
varios sistemas de proteolise, tais como o que envolve as proteases lisossomais (catepsinas), as
calpainas dependente de calcio e o proteassomal dependente de ubiquitina sdo ativados para

degradacéo da maioria das proteinas musculares 411,

Caquexia

A atrofia do musculo esquelético € um fendmeno comum em vérias condigdes sistémicas
crbnicas como septicemia, insuficiéncia cardiaca crénica, doenca pulmonar obstrutiva cronica, doenca
renal cronica, diabetes, AIDS e cancer >4, Essas condi¢des podem ser acompanhadas de uma
sindrome metabdlica complexa caracterizada pela diminuicdo de massa muscular, com ou sem

diminuicéo de massa gorda, denominada de caquexia >14-16, A caracteristica clinica mais proeminente
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da caquexia é a perda de peso nos adultos (corrigida pela retencdo fluidica) ou o disturbio de
crescimento nas criancas (excluindo desordens enddcrinas) *>8: além disso, sabe-se que esta sindrome
ndo pode ser revertida por suporte nutricional convencional 6.

A caquexia emerge a partir de alteracdes metabdlicas do organismo em resposta a uma dessas
condigdes crbnicas, como por exemplo, o cancer. Nessa condicgéo, as citocinas liberadas pelo tumor
ganham a circulacdo sanguinea e sdo responsaveis por gerar uma inflamagdo sistémica que afeta
diversos 6rgdos como o cerebro e o figado, e tecidos como o adiposo e muscular, com consequente
inducdo de anorexia, fadiga, anemia, aumento da termogénese e, principalmente, perda de massa

muscular, a qual pode ou n&o ser acompanhada de perda do tecido adiposo (Figura 1) 1618,

Tumor
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Figura 1. AlteracGes metabdlicas na caquexia associada ao cancer. Citocinas sdo secretadas pelo tumor e
levam a alteracBes metabdlicas em diversos tecidos, tais como: modificagdo do controle neuroendécrino do
apetite; reducdo da funcdo e massa muscular; escurecimento e perda do tecido adiposo; e aumento da sintese de

proteinas de fase aguda no figado [adaptado de Tsoli & Robertson *°].

A diminuicdo na ingestdo do alimento e perda de massa corpdrea resultam numa condicéo de
astenia, imobilidade e insuficiéncia respiratoria ou cardiaca 2. O estado caquético é particularmente
importante no cancer, representando pobre progndstico e diminuicdo da resposta ao tratamento radio
e quimioterapico 3. Além disso, sabe-se que a caquexia afeta cerca de 50% dos pacientes quando todos
os tipos de tumores sdo considerados %°; até 83% dos pacientes com cancer gastrico ou pancreatico

desenvolvem caquexia 13171921 (Tabela 1).
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Tabela 1. Incidéncia de perda de peso em diferentes tipos de tumores
(adaptado de Laviano 2005 2°)

Tumor Incidéncia de Perda de Peso (%)

Péncreas 83
Gastrico 83
Esoéfago 79
Cabeca e Pescogo 72

Colorretal 55-60

Pulmao 50-60
Prostata 56

Mama 10-35
Outros 63

A etiologia da caquexia associada ao cancer em diferentes tipos tumorais envolve interacfes
tumor-hospedeiro muito complexas e especificas que ainda precisam ser completamente elucidadas.
A agdo combinatdria de mediadores solUveis (mediadores caquéticos) secretados por células tumorais
e células ndo-tumorais do microambiente tumoral (MAT), incluindo citocinas pré-inflamatorias,
contribuem para uma inflamacéo sistémica, e atuam diretamente no musculo esquelético, induzindo a

perda de massa muscular 192224,

Secretoma tumoral

Recentes avangos na gendmica, transcriptdmica e protedmica tem auxiliado a esclarecer o0s
efeitos de citocinas e fatores soltiveis do MAT através da anélise do secretoma tumoral 22. O secretoma
representa o conjunto de macromoléculas secretadas por células, as quais permitem a comunicacao
celular 226, O termo secretoma foi cunhado por Tjalsma et al.?’ para denotar todos os fatores
secretados por uma célula e, também, os constituintes da via secretoria. A defini¢do de secretoma foi

posteriormente revisada para incluir apenas proteinas secretadas no espaco extracelular 24 2,

O secretoma tumoral apresenta um papel importante em processos biologicos do cancer tais
como proliferacdo celular, apoptose, angiogénese, alteracbes no metabolismo energético e
desenvolvimento de resisténcia contra a terapias anticancer . O secretoma pode ser avaliado pela
analise do meio condicionado de linhagens celulares, de liquidos intersticiais do tecido ou tumor, e de
fluidos corporais (revisado por Schaaij-Visser et al.?®). Portanto, a analise do secretoma tem grande
pontencial para revelar mediadores, biomarcadores e alvos para tratamento da caquexia associada ao

cancer.
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Algumas abordagens transcriptdmicas e algoritmos emergentes para predicdo de sequéncias
peptideo-sinal tornaram-se ferramentas Uteis para identificar o perfil do secretoma 2 e também
revelaram que uma grande fragdo de proteinas enriquecidas nos tecidos humanos é secretada .
Utilizando essa abordagem, um estudo recente apresentou uma analise Pan-Cancer da expressao
génica de componentes do secretoma, a qual resultou em candidatos a biomarcadores diagndsticos
detectaveis em fluidos bioldgicos L. Essa investigagdo também revelou os padroes e as funcgdes

bioldgicas associadas as alteracdes na expressao de proteinas secretadas em diferentes tipos tumorais.

Com o0 avanco de tecnologias para a analise de expressdo génica na ultima década e os
experimentos em larga escala, grandes quantidades de dados estdo gerados e estdo sendo depositados
em bancos publicos, tornando-se acessiveis para toda comunidade cientifica 2. A integracéo de dados
omicos disponiveis em bancos de dados é capaz de gerar respostas bioldgicas, que, talvez, em estudos
individuais ndo pudessem ser obtidos *2. A reutilizacio dos dados disponiveis em bancos publicos
podem auxiliar na identificacdo de novas vias moleculares e mediadores caquéticos que s&o

potencialmente secretados pelas células tumorais.
Vias moleculares e citocinas associadas a caquexia

As vias moleculares responsaveis pela caquexia ndo estdo completamente esclarecidas,
entretanto, evidéncias sugerem que citocinas pré-inflamatdrias como interleucina-1p (IL-1p), fator de
necrose tumoral (TNF)-a., interferon (INF)-y e interleucina-6 (IL-6) possuem um papel fundamental,
principalmente no desenvolvimento de alteracdes celulares e moleculares em células musculares 3334,
Essas citocinas acarretam a ativacao de diferentes vias, tais como: Nuclear Factor Kappa-light-chain-
enhancer of activated B cells (NF-kB), Signal Transducer and Activator of Transcription (STAT),
MAP kinase family (MAPKS) e Activator Protein 1 (AP-1). A transducéo de sinal para os fatores de
transcricdo NF-kB e STAT tem um papel fundamental, especialmente durante as alteracdes celulares
e moleculares que resultam na regulacéo de genes envolvidos em trés principais vias moleculares: a)
sistema proteossomal dependente ubiquitina, b) Via de sinalizacdo IGF1-AKT-FoxO e c) sistema
autofagico-lisossomal; que resultam em um desequilibrio entre a sintese e a degradagéo das proteinas

musculares, acarretando diminui¢do na massa e fungdo muscular 3.

Via ubiquina-proteassomal: a degradacdo de proteinas atraveés do sistema proteossomal
dependente de ubiquitina é a principal via de prote6lise, ndo lisossdmica, de proteinas intracelulares.
As proteinas séo direcionadas para a degradacdo, por modificacdo covalente com a ubiquitina. Essa

ativacdo requer acOes coordenadas de trés enzimas: enzimas ativadoras de ubiquitina (E1), enzimas
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conjugadoras de ubiquitina (E2) e ubiquitina ligases (E3) que reconhecem a proteina especifica que
seré ligada & ubiquitina para posterior degradac&o nos proteossomos 6. O papel central das ligases de
ubiquitina E3 na atrofia do musculo esquelético geralmente é devido a reducéo da sintese proteica,
aumento da degradacdo, ou um desequilibrio relativo entre os dois processos %', Esses mediadores
de sinalizacdo regulam a expressdo das ligases E3, como o Tripartite Motif Containing 63-E3
Ubiquitin Protein Ligase, TRIM63 (MuRF1, na Figura 2) e F-Box Protein 32, FBX032 (Atrogin-1,
na Figura 2), que atuam na degradacdo das proteinas sarcoméricas e na inibicio da sintese proteica ",
Atrogin-1 induz a ubiquitinagdo de um elF3f, que faz atua principalmente na maquinaria de traducédo

de proteinas *.

Via de sinalizacdo IGF1-AKT-FOXO: O contetdo total de proteinas no interior da fibra
muscular é regulada por uma interagdo entre os processos de sintese e degradacio de proteinas *. Um
dos mecanismos mais caracterizados de sintese proteica € o da sinalizacéo de IGF1 (insulin-like growth
factor 1). A via que acarreta a hipertrofia durante a ativacdo do IGF1 é IRS1/PI3K/AKT/mTOR “°
(Figura 2). O AKT induz a ativacdo da sintese proteica bloqueando a repressdo do mTOR, que por
sua vez mantém a massa muscular através de dois complexos distintos, conhecidos como TORCL1 e
TORC2 “°. A TORC1 estimula a via da p70S6 quinase e 4E-BP, que ativam a formag&o do complexo

ribossomal, com consequente inducgdo da sintese de proteinas .

Sistema autofagico-lisossomal: Em condic¢Ges de atrofia, além da protedlise mediada por
ubiquitina, ha a inducdo da autofagia que contribui para a degradacdo de proteinas musculares e,
consequentemente, para a atrofia muscular #2. Na autofagia, as organelas sdo sequestradas em vactolos
autofagicos que se fundem com lisossomos e tornam-se digeridas por enzimas lisossomicas 3. Os
genes de autofagia e o sistema proteolitico lisossémico sdo ativados durante a desnervacao e cancer e,
em ambos 0s casos, contribuem para a atrofia através da atividade de FOXO # (Figura 2). Estudos
demonstraram que o anadlogo a proteina AKT, a FOXO3 é regulada negativamente pela PGC-1a. O
PGC-1a ¢é regulada negativamente nos musculos de ratos portadores de tumor ¢ em outras condi¢Ges
de perda de massa muscular, e 0 aumento da expressao génica de PGC-1a é capaz de amenizar a perda

de musculo, através da inibicio de FOXO3 e pela producdo de produtos metabolicos .
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Figura 2. Principais vias que controlam a massa proteica da fibra muscular. A sintese e a degradacéo de
proteinas sdo reguladas por varios estimulos diferentes, que ativam mdaltiplas vias de sinalizacdo, muitas das
guais convergem em elementos intermediarios comuns. Linhas pontilhadas descrevem vias nas quais 0S
mecanismos moleculares ainda ndo foram completamente esclarecidos no masculo esquelético adulto [adaptado
de Bonaldo et al, 2013 ].

Além das vias mencionadas acima, destacamos que diversos autores ja avaliaram o0s
mecanismos pelos quais as citocinas pro-inflamatorias induzem isoladamente a degradacdo de
proteinas em células musculares “6!, Também ja foi descrito que altos niveis de citocinas
inflamatoérias causam alteracfes na matriz extracelular que impedem a regeneracdo de fibras
musculares %23, Um estudo demonstrou que as citocinas catabdlicas IL-10, TWEAK, IL-1B ¢ TNF-o.
induzem efeitos catabodlicos mediada pelo fator transcricional p65 em cultura de miotubos °; ainda
segundo esses autores, a atrofia de miotubos induzida isoladamente pela IL-6 € a Unica independente
do p65 e os mecanismos moleculares ainda ndo estdo completamente esclarecidos. Além disso, foi
descrito uma correlacdo inversa entre altos niveis de IL-6 e o tempo de sobrevida de pacientes com
cancer em estagio avancado, sugerindo que essa citocina possui um valor progndéstico importante em

pacientes com caquexia associada ao cancer >,
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IL-6 é uma citocina pleiotropica e, além do seu papel na atrofia de células musculares, também
é essencial para cicatrizacdo e regeneracdo de tecidos, tumorigénese, producdo de proteinas de fase
aguda do figado > e hipertrofia do tecido muscular %. Durante o exercicio fisico, hd um aumento na
concentracdo circulante de diversas citocinas, incluindo a IL-6, a qual é produzida pelo proprio
musculo esquelético em regeneracdo e em condicdes hipertroficas %, Além disso, a IL-6 apresenta
uma importante funcdo como um regulador da ativagdo de células satélites, uma vez que a deficiéncia
de IL-6 prejudica a ativacdo da STAT3 e a expressdo de seu alvo Ciclina D1 e, consequentemente,
deprime a proliferacéo de células satélites . Esses efeitos paradoxais da IL-6, a qual atua em processos
distintos, como hipertrofia e atrofia muscular, tem sido atribuidos a uma funcdo temporal dessa

citocina, e pode estar relacionado as respostas distintas entre as exposicdes aguda ou cronica a IL-6 2.

A funcéo da IL-6 envolve ativacdo dos leucocitos, particularmente através da diferenciacéo de
macrofagos para um fendtipo anti-inflamatdrio 2. A familia da citocina 1L-6 compartilha o receptor
secundario glicoproteina 130 (gp130). O complexo IL-6 / mIL-6R (receptor de membrana IL-6R)
recruta duas subunidades gp130 para induzir a ativacdo da via JAK/STAT (Janus Kinase/ Signal
Transducer and Activator of Transcription) e da sinalizacdo da via ERK (Extracellular Signal-
Regulated Kinases). A fosforilacdo da STAT-3 conduz a transcri¢do de SPE-3, um regulador negativo
da sinalizacdo de IL-6 %%, A sinalizagéo classica da IL-6, limitada pela expressdo celular de mIL-6R
leva a proliferacdo, regeneracéo e resposta de fase aguda (APR) em tecidos-alvos ®°. No entanto, em
condigdes cronicas como caquexia associada ao cancer, a ativacao prolongada da proliferacdo e APR
pode levar a tumorigénese e hipermetabolismo, conduzindo ao recrutamento adaptativo do sistema

imune e da sinalizacdo de IL-6R (sIL-6R) soltvel.

IL-6 na caquexia associada ao cancer

Diversos trabalhos demonstraram que a perda muscular durante a caquexia associada ao cancer
possui dois mecanismos: um envolvendo a supressao da sintese de proteinas e outro relacionado a
ativaco de diversas vias de degradacdo de proteinas 6%, Adicionalmente, os niveis de IL-6 estdo
elevados em pacientes com cancer e modelos experimentais de caquexia %' e, dentre esses, a IL-6
esta envolvida com a perda de massa muscular de camundongos com caquexia associada ao cancer de
c6lon-26 (C26) e a caquexia associada ao carcinoma cervical uterino >-'°. A suramina, um antagonista
da IL-6 ao seu receptor, diminui acentuadamente a taxa de caquexia em camundongos portadores de
tumores C26 '°, enquanto que a utilizagdo de anticorpos neutralizadores contra 1L-6 levam a uma
diminuicio da perda de massa muscular em ratos com carcinoma cervical uterino “*. A inibigdo da IL-

6 utilizando o anticorpo contra o receptor solivel (sIL-6R) também reduz a atrofia muscular em
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modelo de cancer intestinal utilizando camundongos com céncer colorretal 8. Em humanos, estudos
demonstraram que a IL-6 é um indicador muito sensivel para perda de massa muscular em pacientes
com cancer de colon 882 ¢ cancer de pulmio &, Assim, a citocina IL-6 permanece como uma estratégia
terapéutica promissora para atenuar a progressao da caquexia em diversos tipos de cancer. No entanto,
ainda é necessaria uma melhor compreensdo dos efeitos diretos e indiretos da IL-6, bem como entender

melhor suas fungdes em diferentes tecidos, incluindo tecido muscular, de pacientes com cancer.

Embora alguns componentes das vias moleculares envolvidas na atrofia de células pela IL-6 ja
tenham sido descritos, ainda é necessario elucidar os mecanismos globais de controle da expressao
génica responsaveis pelas alteracfes moleculares na atrofia muscular induzida por essa citocina
durante a caquexia. A complexidade desses mecanismos de controle da expressdo génica nesse
processo sugere o envolvimento de moléculas reguladoras adicionais, como 0s microRNAs (miRNAS);
essas pequenas moléculas de RNA nao codificantes regulam a funcdo do musculo esquelético durante

o desenvolvimento e estdo envolvidas em diversas doengas musculares .

MicroRNAs e a regulacéo da expressao génica

MiRNAs sdo pequenos RNAs reguladores ndo codificantes com tamanho variando de 17 a 25

nucleotideos (ver miRBase, http://microrna.sanger.ac.uk/). A definicdo de miRNA é baseada na sua

formacéo pela acdo da enzima RNase 111 (Dicer), uma RNase que processa precursores com estrutura
de hairpin (conhecidos como pré-miRNA) originando 0 miRNA maduro . Essas moléculas reprimem
pos-transcricionalmente a expressdo proteica pelo reconhecimento de locais complementares na regido
3’ ndo traduzida (3’ UTR) de seus RNAs mensageiros (MRNA) alvos.

Atualmente, estdo registrados no banco de dados miRBase (miRBase v. 22.1, outubro 2018)
mais de 50492 miRNAs de 285 organismos e sdo conhecidos atualmente 2883 miRNAs maduros
humanos e 2110 miRNAs maduros em camundongos. Os miRNAs séo nomeados como miR- mais
numeros (ex: miR-133), entretanto, existem algumas excecdes. Os miRNAs de sequéncias similares
sdo geralmente distinguidos por uma letra adicional seguida do nimero do miRNA (ex: miR-133a).
Um miRNA com uma sequéncia madura idéntica pode aparecer em diferentes loci genémicos com
diferentes sequéncias precursoras, nesses casos, os diferentes genes de miRNA sdo usualmente

distinguidos por outro numero adicional no final da sequéncia (ex: miR-133a-1).

A biogénese de um miRNA comeca com a sintese de um longo transcrito primario conhecido
como pri-miRNA. Os pri-miRNAs séo preferencialmente transcritos pela RNA polimerase 1l e
possuem estrutura de cap na sua regifo 5’ e a cauda de poli (A) na sua regido 3’UTR 8688, Entretanto,

a RNA polimerase 111 é responsavel por gerar um conjunto menor de miRNAs, a partir da transcrigdo
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de miRNAs localizados em repetigdes gendmicas do tipo Alu &. No niicleo, o pri-miRNA é processado
para pré-miRNA pela enzima RNAse Il (Drosha), a qual requer um cofator, a proteina DGCR8
(DiGeorge Syndrome critical region gene 8) em humanos (Pasha em D. Melagonaster e C. Elegans)
%9 A DGCR8 forma com a Drosha um grande complexo conhecido como complexo
microprocessador, que em humanos possui ~650 kDa %% Esse complexo microprocessador
reconhece e cliva o pri-miRNA, originando uma molécula com estrutura de hairpin de
aproximadamente 70 pb, o pré-miRNA *4%, Um subconjunto de miRNAs, conhecidos como miRtrons
utiliza uma via alternativa, na qual os pré-miRNA sdo derivados como produto secundario de um
evento de splicing, sem a necessidade de processamento pela Drosha %%, Apo6s o processamento
nuclear, cada pré-miRNAs é exportado para o citoplasma pela exportina-5 (EXP5), membro da familia
de receptores de transporte sendo convertido para miRNAs maduro e funcional pela Dicer nuclear %~
101 Apds a clivagem pela Dicer, a molécula de dupla fita de RNA com aproximadamente 22
nucleotideos associa-se a proteina Argonauta para formar o complexo de silenciamento induzido por
RNA (RISC) %2, Uma das fitas de aproximadamente 22 nucleotideos do RNA dupla fita permanece
na proteina Argonauta como o miRNA maduro (fita guia ou miRNA), enquanto a outra fita (fita
passageiro ou miRNA) pode ser degradada ou, em algumas situacdes, ambas as fitas podem atuar como
fita guia e/ou passageiro %1%, Da mesma maneira como ocorre a selegdo de um siRNA 00197 3 fita
que possui sua extremidade 5’ formando o duplex mais instavel com sua fita parceira parece
preferencialmente sobreviver como 0 miRNA no RISC %1%.107 0 complexo miRNA-RISC interage
com sitios ligantes da regido 3' UTR do RNA mensageiro alvo inibindo a expressdo ou degradando o
RNA mensageiro alvo %1% A interacdo entre o RNA mensageiro alvo e o complexo miRNA-RISC
ocorre devido a complementaridade total ou parcial de uma sequéncia de 5-7 nucleotideos do miRNA

e do RNA mensageiro alvo 108110,
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Figura 3. Biogénese e principais mecanismos de acdo dos miRNAs. A enzima RNA polimerase |l realiza a
transcricdo dos miRNAs primarios (pri-miRNA). O complexo enzimatico Drosha cliva os grampos formando
precursores do miRNA (pre-miRNA), os quais sdo carreados ao citoplasma e associados ao complexo Exportin-
5-Ran-GTP-dependent (Exportin 5). No citoplasma, o pre-miRNA é clivado pelo complexo Dicer, perdendo a
configuragdo em grampo. O miRNA fita-dupla formado associa-se a proteina Argonauta 2 e uma das fitas é
acoplada ao complexo de proteinas que reprime a expressao do gene alvo (RISC), enquanto a outra é degradada.
O RISC, contendo 0 miRNA, liga-se a0 mRNA-alvo, reprimindo a sua tradu¢do ou promovendo a sua

degradagdo [Adaptado de Campos et al.2011 1]

Estima-se que cada miRNA possa se ligar a muitos RNAs mensageiros, e que 0s RNAs
mensageiros podem ter sua estabilidade ou tradugdo regulada por mais de um miRNAs 2. Os miRNAs
trabalnam de forma orquestrada para controlar uma via ou fungdo biolégica comum 3114 essa
caracteristica unica dos miRNAs os tornam ferramentas eficientes para determinagdo de vias

especificas envolvidas em doengas ou processos bioldgicos.
MicroRNAs em doencgas do musculo esquelético

Atualmente, embora o nimero de genes relacionados com o desenvolvimento de doencas
musculares aumente a cada ano e a patologia histologica do tecido esteja bem documentada, as vias
moleculares envolvidas permanecem pouco compreendidas *°. Porém, importantes estudos indicam
que a expressao de miRNAs esta alterada em doencas do musculo esquelético e, em alguns casos, um
inico miRNA pode causar a doenga 8117, Um importante miRNA para o musculo esquelético, o miR-

206, encontra-se elevado no masculo diafragma do camundongo mdx (também conhecido como Dmd),
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modelo animal de distrofia muscular 8. De maneira semelhante, foi demonstrado em um modelo de
atrofia muscular em ratos, que o nivel de expressao do miRNA musculo especifico miR-499 também
estd aumentado, sugerindo a ativacdo da rede MyomiR, codificada por genes de cadeia pesada de
miosina, nessa condicdo °. Por outro lado, os niveis de expressdo do miR-1 e do miR-133a estio
diminuidos num modelo de hipertrofia do masculo esquelético em camundongos 6. Em adigo a esses
estudos da expressdo de miRNAs em doencas musculares, uma ligagdo genética direta conectou o

miRNA com a hipertrofia muscular %,

Uma mutacdo que € responsavel pela excepcional
muscularizacdo da ovelha Texel foi mapeada como uma Unica mutacdo G/T dentro da regido 3' UTR
do RNA mensageiro que codifica a proteina miostatina, um membro da familia do fator de crescimento
transformante (TGFp); a miostatina é regulador negativo do crescimento muscular. Essa mutacao cria
um sitio de ligacdo para os mMiRNAs miR-1 e miR-206, levando a repressdo da traducao da miostatina,
a qual origina um fendtipo semelhante a “dupla musculatura” resultante da perda da miostatina em
camundongos, ratos e humanos %122, Também foi demonstrado um mecanismo envolvendo
interagdes genéticas entre os fatores transcricionais NF-kB e YYI e o miR-29; esse miRNA regula a
diferenciacéo de mioblastos e funciona como um supressor tumoral em rabdomiosarcomas, um tumor
resultante da desregulacdo da proliferacdo de células progenitoras musculares 2. Além disso, estudos
recentes realizados em nosso laboratério demonstraram o papel do miR-29b na atrofia muscular de
ratos com insuficiéncia cardica ** e do miR-155 durante os processos de proliferacéo e diferenciagio
da miogénese 2. Esses estudos demonstram a importancia da regulacio mediada por miRNAs para o
controle de expressdo de transcritos, em diferentes condi¢cdes associadas com a manutencdo e
desenvolvimento do tecido muscular. Entretanto, considerando-se a complexidade desses mecanismos
de regulacdo, muitos estudos envolvendo os perfis de expressdo de miRNAs e mMRNAs em escala
global tém auxiliado na identificacdo das principais vias moleculares relacionadas com a perda de

massa muscular, como descrito na Tabela 2.
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Tabela 2. Estudos do perfil gendmico global de miRNA e/ou mRNAs na atrofia muscular.

Condicéo Experimental de Atrofia Pefil GEnomico Plataforma i den}[gli‘ﬁ:sa das Ref.
Imobilizagdo muscular (ratos) mMRNA DD A 36
Restricéo alimentar (ratos) mRNA Microarray A 126
Suspensédo dos membros (ratos) mRNA Microarray AB,CD,EF 127
Sarcopenia (humanos) mRNA Microarray G,H,I,J,K,L L
Privacdo do meio de cultura (células C2C12) mRNA Microarray ACF,l 129
Tratamento com TNF-o/INF-y (células C2C12) mRNA Microaray AF.MN S0
Suspensdo dos membros (ratos) miRNA Microarray o,P 19
Tratamento com TNF-a (células C2C12) mRNA Microarray A1LM,N,Q e
Tratmento com TWEAK (células C2C12) ”rLFi{F';'NAAe MiCTrEaDrfy ¢ ACFGILMO 12
Tratamento com TNF e IGF (células C2C12) nr:]ITFI:II\'IA‘: Mi(frrﬁgﬁy € M, Q, R =0
Modelo de cancer-caquexia (camundongos) mMRNA Illumina HiSeq F 1,J,S “
Modelo de cancer-caquexia (camundongos) MRNA Illumina HiSeq AE LS ®
Modelo de cancer-caquexia (camundongos) MRNA Microarray I,S 76
Caguexia associada ao cancer (humanos) miRNA _TagMan AILMT a2
MiRNA Array
Caquexia associada ao cancer (humanos) miRNA TrustqN'SAmall D,I,M,Q 134
Modelos de atrofia muscular (camundongos) miRNA Microarray AT s

Tabela 2. As principais vias/genes identificados foram: A) Sistema Proteassomal Dependente de Ubiquitina,

B) Chaperonas, C) Estresse Oxidativo, D) Calpainas, E) Proteases Lisossomais, F) Myod, G) MyhC, H)

Transportador de Glutamina, 1) Resposta imune e Citocinas Inflamatorias, J) Apoptose, K) Sistema de Splicing,
L) Sinalizacdo Wnt, M) Sinalizacdo NFKB , N) Sistema iNOS, O) Rede MyomiR, P) miR-23, miR-221, miR-
148b e miR-338, Q) Miogénese, R) miR-155, miR-206, miR-322, miR-335, miR-351 e miR-532 S) Sinalizacdo
JAK-STAT. T) Insulin signaling pathway. TLDA: TagMan low density array (Life Technologies,EUA); DD:

Differential Display.
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Justificativas e Objetivos

Justificativa Capitulo 1 — “MicroRNA-regulated networks in skeletal muscle cells treated with

interleukin-6: the potential role of miR-497 in muscle wasting”

Buscamos identificar novos fatores que pudessem estar envolvidos com a atrofia muscular
durante a caquexia associada ao cancer. Embora alguns componentes regulados pela IL-6 ja tenham
sido descritos, o perfil global de expressdo de miRNA e/ou mRNAs na atrofia de células musculares
tratadas com IL-6 ainda é pouco explorado. Até o presente momento, ndo existem estudos que
realizaram a integracao dos resultados de miRNAs e mRNAs para elucidar os mecanismos moleculares
envolvidos na atrofia de células musculares esqueléticas induzida por IL-6. Considerando que: 1) 0s
niveis plasmaticos de IL-6 se encontram elevados durante a atrofia do musculo esquelético na caquexia
associada ao cancer; 2) a IL-6 induz a atrofia de miotubos musculares e esta associada a menor
sobrevida de pacientes com cancer; e 3) os miRNAs controlam a expressdo génica em diferentes vias
moleculares relacionadas ao processo de atrofia de células musculares, a hipdtese do presente trabalho
é que a atrofia de células musculares induzida por IL-6 possui um perfil especifico de expressdo de
miRNAs que permite a identificagdo de redes reguladas por miRNAs e vias moleculares envolvidas

nesse processo.
Objetivo Geral 1

Analisar se a atrofia de células musculares induzida por IL-6 possui um perfil especifico de
expressao de miRNAs que se sao responsaveis pela regulacéo vias moleculares na atrofia muscular.
Objetivos Especificos 1

1. Identificar a capacidade pro-atréfica da IL-6 em células musculares;
2. Caracterizar o microRNoma na atrofia de células musculares induzida por IL-6;

3. Integrar o perfil global de expressdo de miRNAs e mRNAs-alvos para identificacdo das vias

moleculares envolvidas com a atrofia dos miotubos;

4. Validar a expressdo do miRNA identificado e os potenciais MRNA alvos desse miRNA na

atrofia de células musculares;

5. Realizar a analise funcional desse miRNA e a sua influéncia nos processos proliferacdo e

atrofia das células musculares.
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Justificativa Capitulo 2 — “The pathway to cancer cachexia: microRNA-regulated networks in

muscle wasting based on integrative meta-analysis”

Diversos estudos analisaram o perfil de expressao global de mMRNAs em modelos experimentais
com caquexia associada ao cancer, visando identificar os mecanismos moleculares envolvidos na
atrofia muscular, incluindo a identificagdo de novos potenciais biomarcadores para essa sindrome.
Embora estudos transcriptdmicos tenham contribuido para uma melhor compreensao dos mecanismos
moleculares subjacentes a perda de musculo na caquexia do cancer, poucos trabalhos avaliaram, de
maneira integrativa, os conjuntos de miRNAs e mRNAs em uma mesma amostra de musculo
esquelético. Entretanto, estratégias para melhorar a identificacdo de novas vias reguladoras baseadas
em miRNAs devem considerar: 1) a realizacao de andlises de expressao de miRNAs e mRNA em uma
Unica amostra de musculo, ou 2) a realizacdo de uma meta-andalise para coletar e integrar os dados de
miRNA e mRNA mais relevantes disponiveis na literatura. Tais estratégias integrativas sdo
importantes para identificar a funcionalidade dos genes desregulados, miRNAs e vias moleculares
envolvidas na atrofia muscular durante a caquexia. Considerando que ha uma como ha uma diversidade
de modelos experimentais e heterogeneidade entre pacientes e tipos tumorais na caquexia associada
ao cancer, integramos dados de mMRNAs e miRNAs do musculo esquelético nessa sindrome, obtidos
na literatura a partir de uma revisdo sistematica e meta-analise. Essa estratégia identificou vias

moleculares, novas interacdes entre MRNAs e miRNAs, e potenciais alvos de drogas para a sindrome.
Objetivo Geral 2

O objetivo deste estudo foi realizar uma meta-analise, a partir de dados de expressdo globais
previamente publicados, para identificacdo de novas redes moleculares reguladas por miRNAs na

atrofia muscular na caquexia associada ao cancer.

Objetivos Especificos 2

1. Identificar o perfil global de mRNAs descritos e validados em diferentes modelos
experimentais e pacientes na caquexia associada ao cancer, utilizando revisao sistematica e

meta-analise;

2. ldentificar o perfil global de miRNAs envolvidos na regulagdo dos mRNAs identificados,

utilizando revisao sistematica e meta-analise;
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3. Integrar o perfil global de expressdo de miRNAs e mRNAs-alvos na atrofia do musculo
esquelético durante a caquexia associada ao cancer para identificar potenciais novas interagoes
MIiRNAs-mRNAS;

4. ldentificar potenciais novos alvos de drogas a partir dos dados obtidos na meta-analise.
Justificativa Capitulo 3 — “The landscape of cachexia-inducing factors in human cancers”

A caquexia € uma sindrome associada a tipos especificos de tumores, mas as causas desta
variacdo na prevaléncia e gravidade da caquexia ainda sdo desconhecidas. Neste capitulo, nossa
hipotese foi que o perfil da expressdo génica tumoral de fatores indutores de caquexia em canceres
humanos com diferentes prevaléncias de caquexia pode revelar mediadores e biomarcadores da
caquexia especificos para cada tipo tumoral. Além disso, considerando a auséncia de estudos que
mostram quais as principais células que sdo responsaveis pela expressdo desses mediadores de
caquexia, buscamos avaliamos se a pureza tumoral também esta associada a expressdo génica de

mediadores da caquexia.
Objetivo Geral 3

O objetivo deste estudo foi caracterizar o perfil de expressao génica de fatores indutores de
caquexia em 12 canceres humanos com diferentes prevaléncias de caquexia para identificar
mediadores e biomarcadores da sindrome.

Objetivos Especificos 3

1. Investigar sistematicamente os dados transcriptdbmicos para caracterizar o perfil de expressdo

do secretoma tumoral em 12 tipos tumorais que apresentam diferentes prevaléncia de caquexia;

2. ldentificar os processos biolégicos e vias moleculares associadas ao perfil do secretoma

especifico de cada tipo tumoral;

3. Auvaliar a correlacdo entre o perfil dos fatores indutores de caquexia e a prevaléncia da

caquexia,;

4. ldentificar a associacdo entre os fatores indutores de caquexia e a pureza tumoral em

adenocarcinomas pancreaticos;

5. Investigar o valor prognostico de fatores indutores de caquexia em pacientes com diferentes

tipos tumorais.
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Abstract

Systemic inflammation contributes to the development of cachexia, and the pro-inflammatory cytokine
interleukin-6 (IL-6) has emerged as a critical factor related to muscle wasting in this condition.
Regulation of gene expression by microRNAs (miRNAs) in skeletal muscle wasting involves
thousands of transcripts through different regulatory mechanisms. Our objective was to analyze the
global miRNA expression profile in skeletal muscle cells with atrophy induced by IL-6 to uncover
potential mMiRNAs involved with this catabolic condition. Genome-wide gene expression profiles of
miRNAs were performed by using TagMan Low-Density Arrays in C2C12 myotubes treated with IL-
6, followed by in silico predictions of miRNA targets. High concentrations of IL-6 induced myotube
atrophy, decreased the levels of Myh7 and e-MHC, and deregulated 20 miRNAs (5 up-regulated, and
15 down-regulated). Gene Ontology analysis of the predicted targets of these miRNAs revealed
potential posttranscriptional regulation of genes involved in cell differentiation, apoptosis, migration,
and catabolic processes. The treatment with IL-6 suppressed the miRNA miR-497, and it was found
in the literature to be down-regulated in other different muscle-wasting conditions. Thus, we used miR-
497 mimics and inhibitors to explore the function of this miRNA. The miRNA miR-497 changed cell
cycle target-genes, such as Ccnd2 and Ccnel, but did not alter myoblast proliferation, as assessed by
the EdU assay. Also, miR-497-mimic induced myotubes atrophy. The miR-497 inhibitor did not
change myotubes diameters but resulted in overexpression of the miR-497 target genes Insr and Igflr.
These genes are involved with the insulin-like growth factor pathway and are over-expressed in muscle
samples of different cancer cachexia models (GSE48363, GSE63032, GSE24111, and GSE51931).
Our miRNA analysis identified miRNA-regulated networks and suggests that miR-497 is involved in

a compensatory mechanism of muscle atrophy in response to I1L-6.

Keywords: Interleukin 6; C2C12, microRNAs, miR-497; atrophy.
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Introduction

Cancer cachexia is a wasting syndrome that affects approximately 50% of all cancer patients,
depending on the tumor type, and is the first cause of death of all cancer patients 1. The major problem
related to cancer-cachexia prevention is that patients are only diagnosed with cachexia when they lose
around 7-15% of body mass 23. The treatments used in cancer patients, as radiochemotherapy, can
aggravate cachexia progression in some cases * and entails in diminishing quality of life owing to a

high loss of skeletal muscle mass *°.

Cancer cachexia is also characterized by chronic inflammation, and several tumor-derived
factors have been implicated in inducing the cachectic state and muscle wasting ©. Proinflammatory
cytokines such as interleukin-1p (IL-1B), tumor necrosis factor (TNF)-a, interferon (INF)-y and
interleukin-6 (IL-6) play a key role, mainly in the development of cellular and molecular changes in
muscle cells °. Several authors have evaluated the mechanisms by which these proinflammatory
cytokines independently induce the degradation of proteins in muscle cells °*°. IL-6 has emerged as
a major player in cancer cachexia progression with its levels correlating to survival time in advanced
cancer patients 8. Also, IL-6 is a cytokine able to induced atrophy of skeletal muscle cells per se °,

but the molecular mechanisms regulated by IL-6 during muscle wasting are still not fully understood.

Several studies demonstrated that IL-6 display a pleiotropic role in skeletal muscles (reviewed
by Munoz Canovez 2013 7). Skeletal muscle has been shown to produce and secrete significant levels
of IL-6 after exercise 8. Increases in IL-6 levels and consequent activation of the JAK/STAT pathway
were associated with stimulation of hypertrophic muscle growth and myogenesis by regulating the
proliferative capacity of muscle satellite cells *2°. In response to exercise-induced muscle stress,
satellite cells are activated, proliferate, differentiate, and fuse to form new muscle fibers 221, This IL-
6 promyogenic effect is usually associated with the transient production and short-term action of this
cytokine 2°. In addition, IL-6 has other beneficial effects, such as the regulation of energy metabolism
2223 Thus, in a healthy state, IL-6 can act as a strong metabolic signal instead of directly controlling
the rates of protein turnover in muscle 24, Paradoxically, detrimental functions of IL-6 have also been
described, such as promoting atrophy and loss of muscle during prolonged exposure to high levels of
IL-6 132526 1t is important to note the differential effects of IL-6 on muscle are dependent on the dose
applied, exposure time, and the administration way 3?’. For example, high concentrations of 1L-6
significantly reduced the skeletal muscle weight by 15% and reduced the myofibers area of fast and

slow fiber types, affecting particularly the gastrocnemius muscle 2. Although some molecules have
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been proposed for these pro-atrophic effects, the specific role IL-6 on muscle atrophy has not been

characterized.

Overexpression of IL-6 is also involved with the loss of muscle mass in a mice model of
cachexia associated with colon cancer (C26) and with uterine cancer 2°-3, Suramin, an antagonist of
the IL-6 receptor, markedly decreases the cachexia rate in mice bearing C26 tumors 3, whereas the
use of neutralizing antibodies against IL-6 caused a decrease in the wasting muscle in rats with cancer-
cachexia . Inhibition of I1L-6 using soluble receptor antibody (sIL-6R) also reduces muscle atrophy
in intestinal cancer mice 3°. In addition, it has been shown that in humans, I1L-6 is a very sensitive
indicator of muscle mass loss in patients with colon cancer 44! and lung cancer 2. Therefore, 1L-6
remains a promising therapeutic strategy to attenuate the progression of cachexia in several types of

cancer. However, a better understanding of the direct and indirect effects of IL-6 is necessary.

Although some molecular components and pathways involved in IL-6 induced muscle atrophy
are well characterized, the post-transcriptional mechanism responsible for regulating these molecular
changes in muscle atrophy induced by IL-6 during cachexia is unknown. The complexity that controls
gene expression suggests the involvement of additional regulatory molecules, such as microRNAs
(miRNAs). These small non-coding RNASs regulate the function of skeletal muscle during development
and are involved in various muscle diseases 3. Specifically, miRNAs in cachexia were associated with
chronic inflammation that induces some catabolic conditions and, ultimately, leads to muscle wasting
44-46  Currently, little is known about the miRNA deregulated in skeletal muscle cell atrophy induced
by IL-6. Thus, the purpose of this study is to identify the miRNA expression profile in muscle wasting
caused by high levels of IL-6 to clarify the regulatory networks and molecular pathways involved in
atrophy of skeletal muscle cells.

Material and Methods

TCGA and GTEXx transcriptomics datasets

We used the transcriptional profiles from TCGA (https://portal.gdc.cancer.gov/) of 6 human cancers

and compared with matched normal tissues from TCGA and GTEx #' (http://www.gtexportal.org/).

Further, we used the web-based tool Gene Expression Profiling Analysis “® (http://gepia.cancerpku.cn/)

to uniform and unify the RNA sequencing data according to Toil Pipeline . Differentially expressed
genes (DEGs) between tumor and normal samples were determined by one-way ANOVA applying the
statistical cutoffs of log2 fold-change > 1 and g-value < 0.01.
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Cell Culture and Muscle Differentiation

C2C12 mouse myoblasts (ATCC® CRL-1772™) were cultured in a growth medium (GM) consisting
of Dulbecco's modified Eagle's medium (DMEM, Thermo Fisher Scientific, USA) supplemented with
1% Penicillin—Streptomycin (Thermo Fisher Scientific, USA) and 10% fetal bovine serum (Thermo
Fisher Scientific, USA) at 37°C and 5% CO2. Near-confluent cells (80% to 90%) were induced to
differentiate in a differentiation medium (DM), consisting of DMEM plus 2% horse serum (Thermo
Fisher Scientific, USA) and 1% Penicillin—Streptomycin solution for 5 days. Three concentration of
recombinant Interleukin-6 (PMC0065, Thermo Fisher Scientific, USA) was added in differentiated
myotubes to induce muscle wasting (Suppl Fig. 1A). All the experiments were carried out using at

least three independent replicates per group.
Oligonucleotides and transfection

The mimic miR-497 (mMIiRIDIAN microRNA mmu-miR-497-5p mimic, C310724-01-0002,
Dharmacon), the inhibitor miR-497 (miRIDIAN microRNA mmu-miR-497-5p hairpin inhibitor,
IH310724-03-0002), and the respective negative controls (miRIDIAN microRNA Mimic Negative
Control #1 CN-001000-01-05 and miRIDIAN microRNA Hairpin Inhibitor Negative Control #1 IN-
001005-01-05, Dharmacon, USA) were combined with Opti-MEM reduced serum medium and
RNAIMAX lipofectamine (Thermo Fisher Scientific, USA) to form a complex before transfection.
This complex, carried with 30 nM of each oligonucleotide, was incubated for 15 hours in 5-day
differentiated C2C12 myotubes (Suppl Fig. 1B). All the experiments were carried out using at least

three independent replicates per group.
Immunofluorescence

C2C12 myotubes cultured in 6-well plates were fixed in 4% paraformaldehyde for 15 mins, washed
with PBS and 0.1% TritonX-100 (Sigma, USA), and blocked with 3% BSA, 1% glycine, 8% fetal
bovine serum in PBS, and 0.1% TritonX-100 for 1 hour at room temperature. Subsequently, the cells
were incubated with primary (Myh2) antibody overnight at 4°C and, after washing, the cells were
incubated with secondary antibodies for 1 hour at room temperature and counterstained with DAPI.
All images were acquired at room temperature from scanning confocal microscope TCS SP5 (Leica
Microsystems, UK). The myotubes area and diameters were measured using NIH ImageJ software
(https://imagej.nih.goVv/ij/). To do these measurements, 15 fields were randomly selected in each group,

and at least 100 myotubes were analyzed per field. We determined the average diameter calculating

31



Capitulo |

the mean of the measures taken along the length of the myotubes, as previously described by Rommel

etal. %
EdU assay

The EdU incorporation assay was performed using an EdU assay kit (Click-iT™ EdU Cell
Proliferation Kit for Imaging — Thermo Fisher Scientific, USA) following the manufacturer’s
instructions. EdU labeling was conducted for 4 h for the C2C12 myoblasts with miR-497 mimic or IL-
6 (100 ng/ml), and the respective controls. The proportions of EdU- and DAPI-positive cells were

measured using ImageJ software.
RNA isolation

The total RNA was extracted from C2C12 cells using a TRIzol reagent (Thermo Fisher Scientific,
USA), as recommended by the manufacturer. The RNA concentration and quality were assessed using
a NanoVue Plus Spectrophotometer (GE Healthcare, USA). The RNA quality was also assured by the
RNA integrity number (RIN) obtained from an analysis of ribosomal RNAs based on microfluidics
using the 2100 Bioanalyzer system (Agilent, USA). Only RNA samples with A260/280 ratio of 1.8-
2.0, A260/230 ratio > 2.0, and we used samples with RIN > 9 for subsequent analysis.

Expression profiling of microRNAs

MicroRNA samples were reverse transcribed using the Megaplex RT Primers Pools A (Thermo Fisher
Scientific, USA). Global microRNA profiling of myotubes treated with IL-6 (n = 3) and control (n =
3) samples was performed with the TagMan® Array Rodent MicroRNA Cards A v3.0 (Thermo Fisher
Scientific, USA) for 373 mature microRNASs following the manufacturer’s instructions. The samples
ran on the QuantStudio™ 12K Flex System (Thermo Fisher Scientific, USA) using the following cycle
conditions: 95 °C for 10 mins followed by 40 cycles of 95 °C for 15 secs and 60 °C for 1 min. Small
RNA MammuU6 was used as a reference to normalize the microRNA data. This reference microRNA
was selected based on geNorm calculations °*. Finally, raw data from each card set was retrieved and
imported into Expression Suite Software v1.0.3 (Thermo Fisher Scientific, USA). Relative
quantification of microRNA expression was evaluated using the 24CT method °2. Cutoffs for

significant changes were set at fold-change >1.5 and p-value <0.05.
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MRNA gene expression

MRNA samples were reverse transcribed using the High Capacity RNA-to-cDNA master mix (Thermo
Fisher Scientific, USA). The mRNAs gPCR analysis was performed in 15 pl reaction with Power
SYBR™ Green Master Mix for mRNAs (Thermo Fisher Scientific, USA), as described by the
manufacturer. The samples ran on QuantStudio™ 12K Flex System (Thermo Fisher Scientific, USA)
using the following cycle conditions: 95 °C for 10 mins followed by 40 cycles of 95 °C for 15 secs
and 60 °C for 1 min. The oligonucleotides used for mMRNA analyses are listed in Supplementary Table
1. Rpl13a was used as a reference gene to normalize the mRNA data. This reference gene was selected
based on geNorm calculations °!. Relative quantification of mMRNA expression was evaluated using

the 2"24€T method %2. Cutoffs for significant changes were set at fold-change >1.5 and p-value < 0.05.
Identification of miRNA-targets and pathway analysis

Using miRNA target prediction algorithm TargetScan 7.1 % and MirWalk **, the deregulated miRNAs
in myotubes treated with IL-6 were used for the prediction of mMRNAs targets. Targeted gene pathways
for  differentially  expressed ~ miRNAs  were  explored by  EnrichR %%

(http://amp.pharm.mssm.edu/Enrichr/), and the enrichment result is represented by p-value (Fisher

exact test) and Z-score (correction to the test) in a combined score computed by EnrichR °°°¢, Protein-
protein interaction (PPI) networks were then generated using Metasearch STRING v10.5.1 °"°® and
visualization and annotation data of PPl and miRNA-gene interaction networks were generated using
Cytoscape v3.4.0 *°,

Validation Sets of Cancer Cachexia Models

To confirm whether miR-497 targets are indeed deregulated in the skeletal muscle of cancer cachexia
models, we compared muscle gene expression profiles publicly available with our gene expression
data after inhibition of miR-497 in C2C12 myotubes. The gene expression profiling data reanalyzed
in the present study have been deposited in the NCBI Gene Expression Omnibus (GEO,
https://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession number
GSE48363 (C26 colon adenocarcinoma) ®°, GSE63032 (C26 colon adenocarcinoma) %, GSE51931

(mice with pancreatic cancer) %, and GSE24111 (C26 colon adenocarcinoma) **. We analyzed each

dataset individually by using GEO2R (http://www.nci.nlm.nih.gov/geo/geo2r/). GEO2R is an

interactive online tool for R-based analysis of GEO data that allows the identification of genes that are
differentially expressed across different experimental conditions ®2. The adjusted P-value was used to

identify a list of deregulated genes from each dataset (fold-change > 2.0 and adjusted p-value < 0.05).
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Statistical analysis and data visualization

All experimental data were normally distributed and expressed as the mean + standard deviation (SD).
Data were analyzed using the Student’s t-test (using GraphPad Prism 6) to establish a significant value
between data points. P-value < 0.05 were considered statistically significant. The Venn graph was

created using the software Lucidchart (https://www.lucidchart.com/). The heatmaps were created

using the web tool Morpheus 2 (https://software.broadinstitute.org/morpheus).

Results

High concentrations of IL-6 induce C2C12 myotubes atrophy

First, to confirm whether IL-6 is highly expressed in cachexia-associated tumor types, we sought to
evaluate the IL-6 expression levels in four different tumor types with different prevalence of cachexia.
Gene expression profiles were obtained of 1,938 tumors comprising from TCGA, and 900
corresponding normal tissues (TCGA and GTEX). These tumors were selected to allow an analysis of
cancer types presenting different prevalence of cachexia 4%, We found that in cancer types with a
high prevalence of cachexia, such as PAAD (Pancreatic Adenocarcinoma) and ESCA (Esophageal
Carcinoma), IL-6 levels were higher when compared with normal tissue. On the other hand, in cancer
types with a low prevalence of cachexia, as BRCA (Breast Invasive Carcinoma) and PRAD (Prostate
Adenocarcinoma), the levels of IL-6 were lower or did not have difference when compared with
normal tissue (Fig. 1A). Then, to test if the IL-6 could induce myotubes atrophy in vitro, three different
concentrations of 1L-6 were tested in 5-day differentiated C2C12 myotubes: 10 ng/ml, 50 ng/ml, and
100 ng/ml. The differentiated myotubes treated with exogenous IL-6 (50 ng/ml and 100 ng/ml) resulted
in increased transcription of endogenous IL-6, while lower doses did not induce this effect (Fig. 1B-
D). Myosin gene expression was not changed in myotubes with 10 ng/ml and 50 ng/ml of I1L-6 but was
decreased in the myotubes treated with 100 ng/ml of IL-6. We observed no differences in the myotubes
diameter after the treatment with 10 ng/ml of IL-6 (Fig. 1E), while a significant reduction in the
myotubes diameter and area was observed after the treatment with 50 ng/ml and 100 ng/ml of 1L-6
(Fig. 1F-1). Also, the expression of embryonic myosin (Myh-emb), a typical and abundant myosin of
C2C12myotubes, decreased in myotubes treated with IL-6 100 ng/ml (Fig. 1J). Moreover, the

percentage of small myotubes were higher when differentiated myotubes were treated with high

34


https://www.lucidchart.com/
https://software.broadinstitute.org/morpheus

Capitulo |

concentrations of IL-6 (Suppl Fig. 2). These results indicated that high concentrations of IL-6 are

sufficient to induce atrophy in differentiated myotubes.
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Figure 1. High concentrations of IL-6 induce C2C12 myotubes atrophy. A, Box-plot showing the mean
expression levels [log2 (TPM+1)] of IL-6 in four different cancer types compared with normal tissues.
Differential expression levels were calculated using the web-based tool Gene Expression Profiling Analysis
(GEPIA, http://gepia.cancerpku.cn/)*8, using the dataset of PAAD (Pancreatic Adenocarcinoma), STAD, ESCA
(Esophageal Carcinoma), LAML, PRAD (Prostate Adenocarcinoma) e BRCA (Breast Invasive Carcinoma). B-
D, mRNA levels of IL-6 and Myh?7 in differentiated C2C12 myotubes treated with three different concentrations
of IL-6. RT-gPCR data are presented as fold change (2*-AACt) relative to Rpll3a. Data represent the average
of three independent experiments with standard deviation. E-G, Myotubes diameter of control and treated with
IL-6 (B, 10 ng/ml; D, 50 ng/ml; F 100 ng/ml). H, Representative images of myotubes from the control group
and treated with IL-6 (100 ng/ml). The immunofluorescence was performed using the antibody against Myh2
and Dapi (4',6-Diamidine-2'-phenylindole dihydrochloride). I, Quantitative analysis of myotubes area. J,
MRNA levels of embryonic myosin (Myh-emb) in differentiated C2C12 myotubes treated with IL-6 (100
ng/ml). RT-gPCR data are presented as fold change (2*-AACt) relative to Rpll3a. Statistical difference was
analyzed by Student's t-test. * P < 0.05 vs. Control.
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Global miRNA expression analysis identified miR-497as a miRNA involved in muscle atrophy

Twenty miRNAs, 5 upregulated and 15 downregulated, were differentially expressed in myotubes
treated with IL-6 (100 ng/ml) (Fig. 2A and Sup Table 2). This analysis could identify some miRNAs
already related to skeletal muscle atrophy, such as miR-23a, miR-146a, and miR-29c %% To
understand which biological processes these miRNAs are potentially involved in, we predicted the
targets for each miRNA identified. The over-represented Gene Ontology categories of biological
processes included miRNA-target genes regulating cyclic nucleotide catabolic process, activation of
NFkappaB-inducing kinase activity, insulin-like growth factor signaling, JAK-STAT cascade, and
regulation of cell cycle (Fig. 2B). These results indicate an implicated combination of target

multiplicity and miRNA cooperativeness on muscle wasting under high concentration of IL-6.

Next, we performed a comparison between our miRNA expression profile and previous studies
that reported alterations in miRNA expression in muscle atrophy conditions “>®°, This analysis
revealed miRNAs in our study that are shared with these previous studies. The miRNAs miR-23a and
miR-497 are deregulated in cancer cachexia *°; miR-146, miR-151, and miR-497 in primary disorders
69 and miR-23a, miR-29¢c, miR-499, and miR-497 in different catabolic conditions * (Fig. 2C). We
identified miR-497 as differentially expressed in all conditions analyzed. Consequently, we validated
by RT-gPCR that miR-497 is down-regulated in myotubes treated with higher concentrations of I1L-6
(50 ng/ml and 100 ng/ml) (Fig. 2D). To elucidate post-transcriptional mechanisms of the miR-497 that
potentially affect myotubes size, the targets of this miRNA were predicted using TargetScan 7.1

(http://www.targetscan.org/). The miR-497 targets interaction network shows several proteins

involved insulin signaling pathway, cell cycle, ubiquitin-mediated proteolysis, and apoptosis. Complex
interactome analysis of miR-497 target genes and its respective functional annotations is illustrated in
Fig. 2E.
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Figure 2. miR-497 is deregulated in skeletal muscle cells in different atrophic conditions. A, Volcano plot
representing the log 2-fold change and p-value of all microRNA differentially expressed. A set of 20 miRNAs
displayed significant changes (p-value < 0.05 and fold change > 1.5). B, Heatmap presents the Biological
Process enriched by a predicted set of targets for each miRNA. The top five ranked annotations of GO and
enriched in at least two datasets were shown and illustrated. The enriched terms are clustered according to
Euclidean distance. C, Venn diagram showing the miR-497 as a common element between our data, cancer
cachexia, primary muscle disorders, and other catabolic conditions. D, MiR-497 expression levels in
differentiated C2C12 myotubes treated with three different concentrations of IL-6. RT-gPCR data are presented
as fold change (2722%) relative to MammUS6. E, Interactome between predicted miR-497 target genes. Nodes
represent miR-497 target genes according to the biological process. The larger the nodes, the higher the degree
of interactions identified. Nodes with no connections were excluded. STRING v10.5.1 was used to generate

protein interactions, and the network interactions were visualized using Cytoscape v3.4.0.
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MiR-497 overexpression induces myotubes atrophy

Considering that miR-497 is a miRNA affected by IL-6, we next asked whether miR-497 may induce
atrophy of skeletal muscle cells. There is evidence that this miRNA is involved in atrophic conditions,
such as in cancer cachexia “>¢, denervation *°, and in several myopathies %. Here, we confirmed the
pro-atrophic capacity of miR-497 in vitro by transfecting miRNA mimics in C2C12 myotubes. RT-
gPCR confirmed the efficiency of miRNA mimics or inhibitors on miR-497 expression in myotubes
(Fig. 3A and B). Therefore, we next examined whether the overexpression or underexpression of miR-
497 is accompanied by a change in the myotubes size. We observed large differences in gene
expression for some regulators of myotubes growth. The expression of myogenin (Myog) was
increased in myotubes overexpressing miR-497, but no differences were observed in myotubes that
underexpressed this miRNA (Suppl Fig. 4). Moreover, we investigated the gene expression of Myh?7,
Hmgal, and Id3, but were observed no differences in Myh7 and 1d3 expression even with mimics or
inhibitors. The Hmgal expression was downregulated with miR-497 mimic and inhibitor transfections
(Suppl Fig. 4). Immunofluorescence analysis revealed that the transfection with miR-497 mimic
decreased myotubes diameter (Fig. 3C and D) while miR-497 inhibitor did not change the myotubes
size (Fig. 3E and F). Thus, the pro-atrophic capacity of miR-497 is regulated by mechanisms that are
predominant in myotubes overexpressing miR-497 but not in myotubes with low levels of miR-497.
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Figure 3. miR-497 effects in differentiated C2C12 myotubes. A, Relative 1og10 transformed miR-497 levels

measured by RT-gPCR in C2C12 myotubes transfected with miRNA mimics of miR-497, compared with mimic

control. B, RT-gPCR is showing decreased expression of miR-497 in C2C12 myotubes transfected with miRNA

inhibitor against miR-497. C, Representative images of myotubes from the negative control group and

transfected with mimic miR-497. D, Myotubes diameter of transfected with negative control and with mimic

miR-497. E, Representative images of myotubes from the negative control group and transfected with inhibitor

miR-497. F, Myotubes diameter of transfected with negative control and with inhibitor miR-497. The
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immunofluorescence was performed using the antibody against Myh2 (red) and Dapi (blue). Statistical

difference was analyzed by Student's t-test. * P < 0.05. NC: negative control.
The insulin signaling pathway is enriched with miR-497 targets genes

We sought to identify which biological functions miR-497 targets regulated in muscle cells. The list
of miR-497 target genes highlights the insulin-growth factor receptor pathway as the most
overrepresented (enriched) biological annotation, according to Gene Ontology analysis (Fig. 4A).
Moreover, through other biological annotation databases, we analyzed several terms enriched by the
mir-497 target genes. Ubiquitin mediated proteolysis, cell cycle, apoptosis, and JAK-STAT signaling
pathway were other terms identified as overrepresented in different databases. The insulin pathway is
enriched in almost all databases analyzed. (Suppl. Fig 4). Among the genes that enriched the insulin-
signaling pathway, Insr, Igflr, Pik3rl, and Mapk8ip2 were further analyzed by RT-gPCR. The
myotubes transfected with miR-497 mimic decreased the expression of Insr and Mapk8ip2, while the
effect of miR-497 inhibitor increased the Insr and Igflr. The Pik3rl did not change in both conditions.
Together, these results suggest that miR-497 regulates genes involved with the insulin-growth factor
receptor pathway, playing a role in compensatory mechanism during the skeletal muscle atrophy

caused by IL-6.
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Figure 4. miR-497 target genes enriched the insulin-growth factor pathway. A, Biological analysis of miR-
497 target genes showing the overrepresented (enriched) terms according to Gene Ontology (p-value < 1.82E-
02). B, mRNA levels of Insr, Igflr, Pik3rl, and Mapk8ip2 in differentiated C2C12 myotubes transfected with
mimic miR-497. C, mRNA levels of Insr, Igfir, Pik3rl, and Mapk8ip2 in differentiated C2C12 myotubes
transfected with inhibitor miR-497. RT-qPCR data are presented as fold change (22-24%") relative to Rpl13a.
Data represent the average of three independent experiments with standard deviation. Statistical difference was
analyzed by Student's t-test. * P < 0.05. Insr: insulin receptor; Igflr: insulin-like growth factor 1 receptor;
Pik3rl: phosphoinositide-3-kinase regulatory subunit 1; Mapk8ip2: mitogen-activated protein kinase 8

interacting protein 2.
Neither IL-6 or miR-497 affect the myoblast proliferation rate

Cell cycle appeared among the pathways enriched in our ontology analysis. The mir-497 has already
been reported to play an important role in regulating skeletal muscle cell proliferation. Cyclins CcnD2
and CcnE1 are predicted as potential targets of miR-497, and there is evidence that miR-497 acts on
muscle cell proliferation by regulating CcnD2 and CecnE1 7°. The transfection with miR-497 mimic
decreases significant CcnD2 and CcnEL expression, while inhibition of miR-497 and treatment with
IL-6 showed no change in expression levels of these cyclins. We sought to evaluate cellular
proliferation in myoblasts treated with miR-497 mimetic molecules or IL-6. We found no alteration
on proliferation rate in myoblasts treated with mimic miR-497 or with IL-6. Thus, our results show

that miR-497 affects CcnD2 and CcnE1 expression but does not affect myoblast proliferation rate.
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Figure 5. miR-497 and proliferation. mRNA levels of the cyclins CcnD2 and CcnElin C2C12 myoblasts
treated with 1L-6 [100 ng/ml] and PBS (A), transfected with mimic miR-497 and negative control (B), and with
transfected with inhibitor miR-497 and negative control (C). RT-gPCR data are presented as fold change (2”-
AACY) relative to Rpl13a. D, Representative images of myoblasts transfected with mimic miR-497 and negative
control, cells were stained with EdU (red). E, Percentage of Dapi (blue) and Edu+ cells out of the total number
of Dapi cells was determined. F, Representative images of myoblasts treated with IL-6 [100 ng/ml] and PBS as
control, cells were stained with EdU (red). G, Percentage of Dapi (blue), and Edu+ cells out of the total number
of Dapi cells were determined. Data represent the average of three independent experiments with standard
deviation. Statistical difference was analyzed by Student's t-test. * P < 0.05. NC: negative control.

In silico validation using cancer cachexia models

To verify how consistent our findings are with those observed in cancer cachexia models, we
reanalyzed transcriptomic data of muscle from cachectic animals with different cancer types, all of
them available at NCBI Gene Expression Omnibus. The miR-497 targets analyzed in the heatmap, as
well as the graphs showing these results, are presented in Suppl. Fig. 4. Notably, the expression of the
Igfl, Insr, and Pik3rl genes was similar to that observed in the miR-497 inhibitor-treated myotubes,
while the expression pattern of several miRNA targets was not consistent with that observed in the

models.
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Figure 6. miR-497 involves the regulation of Igflr and Insr genes and the potential activation of a
compensatory mechanism. A, Heatmap of the expression levels [Log2 Fold Change] of miR-497 target genes
in four different cancer cachexia datasets and in myotubes transfected with inhibitor miR-497. Both rows (target
genes) and columns (datasets) were clustered using Euclidian distance. B, Schematic diagram of the IL-6-miR-

497-Igflr/Insr pathway and its role in a compensatory mechanism during skeletal muscle atrophy.
Discussion

Although many studies have shown the involvement of IL-6 in skeletal muscle atrophy due to systemic
inflammation in cancer patients, little is known about the intracellular mechanisms that are induced by
this cytokine. The present study aimed to identify miRNAs that are dysregulated during muscle cell
atrophy upon high concentrations of I1L-6. We identified a profile of 20 differentially expressed
MIiRNAs, which are responsible for the regulation of genes involved with activation of NFkappaB-

inducing kinase activity, insulin-like growth factor signaling, JAK-STAT cascade, and cell cycle.
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Among then, miR-497 appeared to be promising as it was also downregulated in other atrophic
conditions such as cancer cachexia, denervation, and myopathies 4>, Our results showed that 1L-6
decreases the expression of miR-497, which regulates the insulin pathway genes such as Insr and Igflr.
This constitutes a potential compensatory mechanism during muscle cell atrophy.

Several studies have indicated IL-6 with an important regulatory role in skeletal muscle
plasticity "*. The effects of this cytokine in the muscle are paradoxes, and this divergence between
catabolism or anabolism is due to conditions such as the level of IL-6, acute or chronic exposure, and
the type of administration “°. Our results show that in cancer types more likely to develop muscle
wasting, IL-6 is significantly overexpressed in tumor tissue as compared to respective normal tissue.
Although the increased circulating levels of IL-6 have been well established in cancer patients, our
findings showed evidence that IL-6 expression is tumor-specific, and indeed appears to be associated
with tumor types with a higher prevalence of cachexia. Due to the importance of IL-6 and its regulatory
role in muscle wasting during cachexia, we mimicked chronic effects and high concentration using
different doses of IL-6 in C2C12 myotubes to understand the inducing effects of muscle atrophy. Our
results showed that supraphysiological dose of 100 ng/ml can be preferentially used to induce catabolic
effects in myotubes. These results are consistent with Bonetto et al.(2012) who found a decrease of

36% in the myotubes diameter when these cells were treated with 100 ng/ml of IL-6 °.

We also found that this supraphysiological dose of IL-6 leads to myotubes atrophy and
deregulates the expression of 20 miRNAs. Some of these miRNAs were previously described as
deregulated in skeletal muscle atrophy conditions #6-68, We observed that biological processes for these
target transcripts are enriched for activation of NFkappaB-inducing kinase activity, JAK-STAT
cascade, regulation of T cell-mediated immunity, insulin-like growth factor, and cell cycle. To better
understand which microRNA could be crucial during the atrophy process induced by IL-6, we
performed a comparative analysis that allowed us to identify miR-23a and miR-497 as deregulated
miRNAs in cancer cachexia models “°. However, although miR-23a was found in common, the
directions of expression were divergent; Soares et al. demonstrated that miR-23a is downregulated in
cancer cachexia mice and our myotubes atrophied by IL6 increased the expression of miR-23a. Several
other studies have pointed out that miR-23a is an important miRNA involved with muscle plasticity
(reviewed by ). For instance, some studies showed the increase of miR-23a associated with muscle
atrophy, suggesting that miR-23a could be the key regulatory factor in the denervated atrophy process
7374 On the other hand, studies also pointed out that increased expression of this miRNA is important

to attenuate muscle loss >7¢. Due to this divergence, we chose not to investigate miR-23a further; in
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contrast, while comparing other miRNAs datasets across different atrophy conditions, the miR-497
appeared to have lower expression in our model, in cancer cachexia and in denervation-induced

atrophy .

There is evidence showing miR-497 as a key player in skeletal muscle development *77.
Previous research showed a regulatory axis for myogenesis in which miR-195/497 promotes myogenic
differentiation by repressing the HMGA1-1d3 pathway ’’. To validate this role of miR-497 in
proliferation, we performed in vitro assays to confirm this antiproliferative effect on myoblasts.
Although miR-497 had some influence on Hmgal gene expression, we observed no significant effect
on 1d3 expression (Suppl Fig 5), and our functional results showed no alteration in the proliferation
rate of myoblasts. These divergent results may have occurred due to the different protocols used to
evaluate proliferation. Another study showed the increase of mir-497, decreasing the expression of
Ccnd2 and CenE1 cyclins, which leads to less proliferation of myoblasts ". In our results, we observed
a miR-497 effect on inhibition of these cyclins; however, our functional studies do not corroborate
with the data found by these authors. Although these studies have already shown the role of miR-497
during skeletal muscle development, there is no knowledge about the mechanisms by which miR-497
acts during muscle cell atrophy. In order to understand the effects of miR-497 in skeletal muscle cells,
we analyzed the overexpression and the inhibition of miR-497 in differentiated myotubes. The
inhibition of miR-497 did not affect the size of myotubes, and this means that the atrophic effect
observed in IL-6-treated myotubes was probably not caused due to lower miR-497 expression levels.
Additionally, the overexpression of miR-497 caused a decrease in myotubes size, showing that the
high expression of miR-497 may not be beneficial to differentiated myotubes. Our findings suggest
that miR-497 regulates important genes of the insulin-like growth factor pathway, like Igflr and Insr.
Muscle mass is controlled by several different signaling pathways, and the insulin-like growth factor
is a positive signaling pathway, as it increases muscle mass upon increasing protein synthesis and

decreasing protein degradation.

Our data reanalysis showed overexpression of growth-related genes was also observed in
cachexia cancer model datasets 3436961 The proteins IGF1, INSR, PI3KR1 have an important role in
inducing skeletal muscle hypertrophy, both by increasing protein synthesis and by blocking protein
degradation 8. Although intriguing, the high expression of these factors in the context of atrophy is
reasonable to understand that muscle strives to maintain muscle homeostasis, even during atrophy
conditions. By activating the expression of Insr, Igfl, and Pik3r1, the anabolic pathway is activated in

order to balance the catabolic process. Thus, inhibition of miR-497 after IL-6 treatment, with
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consequent increased expression of Igfl and Insr, may suggest activation of the compensatory

mechanism by miR-497 during IL-6-induced muscle cell atrophy.

In summary, we identified a specific mMiIRNA expression profile from skeletal muscle cell
atrophied by high levels of IL-6. In addition, our study suggests that IL-6 leads to a decrease in miR-
497 as a potential compensatory mechanism during skeletal muscle atrophy. The mechanism
underlying this activation of the compensatory mechanism by miR-497 involves the regulation of Igflr
and Insr genes. Finally, our data indicate a novel signaling pathway that involves IL-6-miR-497—
Igflr/Insr during muscle cells atrophy. Our findings provide insight into the mechanisms that occur in

muscle atrophy and might have great significance for understanding cancer cachexia.
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Supplementary Table 1. Primers for the expression analysis by RT-gPCR of the mRNAs indicated.

Gene Official Name NCBI REF Seq Sequence (5°-37)

Rol13a Mus musculus ribosomal protein NM 009438.5 AACGGACTCCTGGTGTGAAC
P L13A - ' TGGTCCCCACTTCCCTAGTT

o _ GGGAGTAGGTGGAACATGCAG

Rnf181 Mus musculus ring finger protein 181  NM_001331167.1 CGCCGGTTTCTAGAAGTGCC

_ _ TCCAGTTGCCTTCTTGGGAC
IL-6 Mus musculus interleukin 6 NM_031168.2 AGTCTCCTCTCCGGACTTGT
ot Mus musculus myosin, heavy M 0807263 ACTCTTCATTCAGGCCCTTGGCG
y polypeptide 7 - ’ GGCAGAGGAGAGGGCGGACA
CATTTTTGACACGCAGGCCA
M | Ipai NM_007603.

Capn6 us musculus calpain 6 007603.3 TGGGGTCAGCATCGAGAGTA
10Dk Mus musculus inositol 1,3,4,5,6- NM 199056.3 CTTTTCTTCAGACGGCTGCG
PP pentakisphosphate 2-kinase - ' TTGCCTTCGCCATGGTAACT

ACCACATGGGCTGCTTTACA

Atgl4 Mus musculus autophagy related 14 NM_172599.4 TTGCAGCTTTCCCAATGCAC

DIk2 Mus musculus delta like non- NM 001286013.1 TCGGATCCGGTTTGACTCTG
canonical Notch ligand 2 - ' GATGAACGGCCAGACGTGTA
_ AGCGCAGGCTCAAGAAAGTGA

Myog Mus musculus myogenin NM_031189.2 CTGTAGGCGCTCAATGTACTG

Bl Mus musculus B-TFIID TATAbox o0 o o0 CGTGCAGACGCTAAGTCCG

associated factor 1 - ' CTGACCCGCACCACTTCAAA

Smuri2 Mus musculus SMAD specific E3 NM 0254813 CGCCTGACAGTACTCTGTGC

ubiquitin protein ligase 2 - ' AGAATGGCACTGCCCAGAAC

Tnfaiol Mus musculus tumor necrosis factor, NM 0011593921 TGAGCTCACAGCCGAGATTG

P alpha-induced protein 1 - ' CATACTCTCAGTGCCGTCCG

Pikarl Mus musculus phosphoinositide-3- NM 0010249552 GAGCCGGCGTGACATGTAG

kinase regulatory subunit 1 - ' ACACCCCAGCCAATCAAGTC
Prkar2a Mus musculus protein kinase, CAMP NM 008924.2 TCCAAAGCGTAACACCCTCC
dependent regulatory, type Il alpha - ' CAAACGAGACGGAAGGCTCT
_ TGCTCAGCATCCGGAACAAC

Fbxo33 Mus musculus F-box protein 33 NM_001033156.4 AATCTTCTTGCCGTCAGGGT
Mank8in2 Mus musculus mitogen-activated NM 021921 3 GCCTTAGCTACGACTCGGAC
PXEIPS hrotein kinase 8 interacting protein 2 - ' AAATAGGGTGTGGCTGCTCC

lafir Mus musculus insulin-like growth NM 010513.2 GACTTCGGACCAGTCTCGC
g factor | receptor - ' GAGGAGCAAAGCCCAAATCG
GCGTCAACAGGGAGATGTCA

Bel2 Mus m.usculus B cell NM 0097415

leukemia/lymphoma 2 - GCATGCTGGGGCCATATAGT

NCBI REF Seq NCBI (http://www.ncbi.nlm.nih.gov/)
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Supplementary Table 2. Differentially expressed microRNAs in skeletal muscle cells treated with IL-6 ranked

by a combination of p-value < 0.05 and fold change > 1.5.

Direction of

Fold

Log2 Fold

Fold Change MicroRNA MirBase ID Change Change P-value
mmu-miR-23a-5p MIMATO0017019 3.77 1.92 0.002
mmu-miR-146a-5p MIMATO0000158 1.91 0.93 0.025

Up mmu-miR-362-3p MIMAT0004684 1.68 0.75 0.000
mmu-miR-9-5p MIMAT0000142 1.60 0.68 0.016
mmu-miR-151-3p MIMATO0000161 1.57 0.65 0.001
mmu-miR-20a-5p MIMATO0000529 0.66 -0.60 0.000
mmu-miR-339-3p MIMATO0004649 0.66 -0.60 0.017
mmu-miR-449a-3p MIMATO0017180 0.66 -0.61 0.000
mmu-miR-497-5p MIMATO0003453 0.64 -0.64 0.009
mmu-miR-188-5p MIMATO0000217 0.63 -0.67 0.013
mmu-miR-130b-5p  MIMATO0004583 0.57 -0.80 0.002
mmu-miR-194-5p MIMATO0000224 0.57 -0.81 0.008

Down mmu-miR-135b-3p MIMATO0017044 0.50 -1.00 0.013
mmu-miR-200c-5p MIMATO0004663 0.50 -1.00 0.033
mmu-miR-207 MI10003479 0.49 -1.04 0.000
mmu-miR-29c-5p MIMATO0004632 0.45 -1.14 0.023
mmu-miR-20b-5p MIMATO0003187 0.40 -1.32 0.001
mmu-miR-148b-5p  MIMAT0017036 0.38 -1.39 0.003
mmu-miR-361-5p MIMATO0000704 0.35 -1.50 0.024
mmu-miR-150-3p MIMATO0004535 0.23 -2.13 0.027
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Abstract

Cancer cachexia is a multifactorial syndrome that leads to significant weight loss. Cachexia affects
50%-80% of cancer patients, depending on the tumor type, and is associated with 20%—40% of cancer
patient deaths. Besides the efforts to identify molecular mechanisms of skeletal muscle atrophy—a
key feature in cancer cachexia—no effective therapy for the syndrome is currently available.
MicroRNAs are regulators of gene expression, with therapeutic potential in several muscle wasting
disorders. We performed a meta-analysis of previously published gene expression data to reveal new
potential microRNA-MRNA networks associated with muscle atrophy in cancer cachexia. We
retrieved 52 differentially expressed genes in nine studies of muscle tissue from patients and rodent
models of cancer cachexia. Next, we predicted microRNAs targeting these differentially expressed
genes. We also include global microRNA expression data surveyed in atrophying skeletal muscles
from previous studies as background information. We identified deregulated genes involved in the
regulation of apoptosis, muscle hypertrophy, catabolism, and acute phase response. We further
predicted new microRNA-mRNA interactions, such as miR-27a/Foxol, miR-27a/Mef2c, miR-
27b/Cxcl12, miR-27b/Mef2c, miR-140/Cxcl12, miR-199a/Cavl, and miR-199a/Junb, which may
contribute to muscle wasting in cancer cachexia. Finally, we found drugs targeting MSTN, CXCL12,
and CAMK2B, which may be considered for the development of novel therapeutic strategies for
cancer cachexia. Our study has broadened the knowledge of microRNA-regulated networks that are
likely associated with muscle atrophy in cancer cachexia, pointing to their involvement as potential
targets for novel therapeutic strategies.

Keywords: cancer cachexia; microRNAs; transcriptome; protein-protein interaction networks
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1. Introduction

Cachexia is a syndrome associated with pathological conditions, including sepsis, chronic
obstructive pulmonary disease, heart failure, and cancer [1,2]. Notably, cachexia is the leading cause
of death for 20%—-40% of cancer patients [3], and affects around 60% of patients when all cancer types
are considered [4]. Cachexia is more prevalent in gastric or pancreatic cancer, as up to 80% of patients

may develop the syndrome [5,6].

Cachexia occurs in all cancer stages, and is associated with poor prognosis, decreased treatment
tolerance, and a significant reduction in quality of life [7]. International consensus defines the
diagnostic for cancer cachexia based on weight loss greater than 5% over six months, or weight loss
greater than 2% in individuals with a body mass index lower than 20 kg/m? or with sarcopenia [7].
Other features associated with cancer cachexia are a reduction in food intake, an increase of systemic
inflammation markers like C-reactive protein, and decreased response to chemotherapy [7]. These
features may increase surgical risk in cachectic patients [7,8]. Thus, the conservation of lean body
mass is critical for cancer patients’ survival. Although there are some advances in therapeutic strategies
for muscle wasting in cancer cachexia (reviewed in [4]), effective targets to treat the syndrome are still
lacking.

Many studies have been conducted to identify the molecular mechanisms related to muscle
wasting in cancer cachexia. These studies have already lead to important advances through the
recognition of the association between cachexia and high levels of pro-inflammatory cytokines, such
as interleukin (IL)-1p, IL-6, IL-8, tumor necrosis factor alpha (TNF), and interferon gamma (IFN) [9—
14]. These cytokines activate different molecular axes in skeletal muscle cells by the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB), signal transducer and activator of
transcription (STAT), MAP kinase family (MAPKS), and activator protein 1 (AP1) [15-18]. Signal
transductions to NF-kB and STAT transcription factors have key roles, especially in altering three
major effector biological systems: the ubiquitin—proteasome system, the IGF1-AKT-FOXO signaling
pathway, and the autophagy-lysosome system [19-21]. Together, these systems contribute to an
imbalance between protein synthesis and degradation that results in loss of muscle mass and function
[19-21]. Given the complexity of these processes leading to muscle atrophy, the identification and
characterization of new genes and signaling pathways based on global analysis will likely contribute

to the understanding of the underlying molecular mechanisms of muscle wasting in cancer cachexia.
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In fact, global gene expression studies of muscle wasting conditions, such as glucocorticoid
treatment, immobilization, unloading, diabetes, sarcopenia, starvation, and denervation [22—-27], have
helped to shed light on the molecular mechanisms of muscle atrophy, including the identification of
new potential biomarkers of cancer cachexia [28,29]. The identification of microRNAs has also
broadened the knowledge about global gene expression regulation in conditions that induce skeletal
muscle atrophy [30-33], including cancer cachexia [34,35]. However, there is a lack of integration of
global microRNA and mRNA expression data from the same set of muscle samples in previous cancer
cachexia studies [28,29,34-41]. Furthermore, to our knowledge, no study has integrated the most
relevant microRNA and mRNA data available in the literature. Such integrative strategies are
important for identifying the functional significance of key deregulated genes, microRNAs, and

molecular pathways involved in muscle wasting in cachexia.

Moreover, the high diversity among human and animal models with cancer cachexia, the
complexity of the syndrome, the difficulties in recruiting patients for studies, and the heterogeneity of
cancer cells and muscle phenotypes leads to low translatability from experimental systems to clinical
practice [42]. We performed a systematic integration of validated gene expression data derived from
global mMRNA and microRNA expression profiles in muscle wasting in cancer cachexia, to capture the
most relevant microRNA-regulated networks across multiple human and rodent studies. Our analysis
identified new molecular pathways potentially involved in skeletal muscle atrophy in cancer cachexia.
These data have also proven useful for identifying new, potentially molecular-targeted treatment
strategies for the syndrome.

2. Results
2.1. Study Selection and Characteristics

The meta-analysis resulted in nine studies reporting skeletal muscle gene expression data in cancer
cachexia [28,29,36-41,43]. The process to select the studies is summarized in Figure 1. We present
the description of publicly available cancer cachexia studies included in the meta-analysis in Table 1.
These studies report muscle gene expression data from patients and mouse models with different
cancer types (gastrointestinal, colon, and pancreatic cancers). The expression data were obtained in
distinct muscles: three studies present data from the gastrocnemius, three from the quadriceps, one
from the rectus abdominis, one from the biceps femoris, and one from the extensor digitorum longus.

This variability in skeletal muscle phenotype expands the transcript profiles, increasing the number of
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possibilities for identification of key common molecular pathways in muscle wasting triggered by
different cancer types. Most of these studies were performed in a limited number of samples (3—-21
samples/group), and therefore, a comprehensive and integrative analysis of these data may reveal new

molecular components that are not identified when these studies are analyzed individually.

44 records identified through
database searching

| 6 records after duplicates removed |

l

‘ 38 records screened ‘_’| 29 records excluded

29 of full-text articles excluded:
| 9 of full-text articles assessed for eligibility |—>

- 17 non-muscle analyses (brain, adipose, liver,
tumor, bone, gastrointestinal and airway epithelium)

| | Eligibility | | Sereening | | Identification |

- - - — - 6 Unvalidated Data
9 of studies records included in quantitative _ 4 Reviews
synthesis (meta-analysis) - 1 DOX administration

Included

- 1 in vitro study

Figure 1. Flow chart of literature search in the meta-analysis.
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Table 1. Description of publicly available studies used in the meta-analysis.

. Validation Cancer Cachexia Study Number of Samples
Authors Gene Expression Platforms Platforms Muscle (Rodent Model or Cancer Type)  (Cachectic/Control) Ref.
Mus Musculus
. . - Colon-26 adenocarcinoma tumor-
Tseng et al. 2015 Illumina HiSeq 2500 RT Gastrocnemius bearing mice 3/3 [36]
Roberts et al. 2013 Illumina Genome Analyzer II RT, WB Quadriceps Pancreatic aden;c;g;cmoma-bearmg 2/2 [37]
Bonetto et al. 2011 [Hlumina M.ouseWG-G_ v2.0 RT, WB Quadriceps Colon-26 adenpcaru_noma tumor- m [38]
expression beadchip bearing mice

Gilabert et al. 2014 Affymetrix Mouse Gene 1.0 RT Biceps femoris Pancreatic adenogarcmoma—bearlng 33 [39]

ST Array mice
Shum et al. 2015 Affymetrix Mouse Gene 1.0 et Gastrocnemius Colon-26 carcinoma tumor-bearing 33 [40]

ST Array mice
Fontes-Oliveira et al. 2014 Affymetrix RAE230Plus RT _ Extensor Rats |njec'Fed with AH-130 Yoshida 7/6 [41]

Digitorum Longus ascites hepatoma cells
Homo Sapiens
Martinelli et al. 2016 Agilent-014850 Whole Human RT, WB Rectus abdominis Pancreatic, colorectal, Hepatic, and 115 [43]
Genome Microarray renal cancers
Affymetrix GeneChip Human - . .

Stephens et al. 2010 Genome U133 Plus 2.0 Array RT Rectus abdominis Gastrointestinal cancer 18/3 [28]
Gallagher et al. 2012 Affymetrix Human Genome RT Quadriceps Upper gastrointestinal cancer 12/6 [29]

U133 Plus 2.0 Array

RT: quantitative reverse transcription polymerase chain reaction (RT-gPCR); WB: western blot; Ref: reference.
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2.2. Validated Data Selection of Differentially Expressed Genes in Cancer Cachexia

We filtered the genes with differential expression that were validated by western blotting and/or
quantitative reverse transcription polymerase chain reaction (RT-gPCR) techniques. This strategy
allowed us to use the transcripts selected as more relevant by the authors in the global analysis, and
therefore, specifically investigate those that may be directly related to molecular alterations in muscle
wasting in cancer cachexia. These studies reported, excluding duplicates, 52 differentially expressed
genes in 59 samples of muscle tissue from patients and rodent models of cancer cachexia. A list of the
validated data for differentially expressed genes in cancer cachexia, with their respective functions and
location, is summarized in Table 2 and Table S1. We highlight that the atrogenes Fbxo32 and Trim63
appeared in six out of the nine selected studies, and Cebpd and Cxcl12 are dysregulated in two studies.
Notably, 10 over-expressed genes (Comp, Mmp3, Adipog, Angptl7, Fgg, Hp, Mstn, Saal, Serpina3n,
and Cxcl12) are translated into secreted proteins, and therefore, can be further explored as potential

cancer cachexia biomarkers.

Table 2. List of 52 differentially expressed genes of skeletal muscle in cancer cachexia samples.

Official . . .
Symbol Species Function Location
Up-Regulated
TIEL H Regulation of angiogenesis Cell Membrane
EIE3I H Cell proliferation, including cell gyclmg, differentiation Cytoplasm
and apoptosis
HGS H Intracellular signal transduction mediated by cytokines and Cytoplasm
growth factors
NUDC H Neurogenesis and neuronal migration Cytoplasm
PCK1 H Metabolic pathway that produces glucose Cytoplasm
TSC2 H Negatlvel_y regulatlng mTOR_Cl S|gnaI|r_19 and playing a Cytoplasm
role in microtubule-mediated protein transport
Regulation of sarcoplasmic reticulum Ca2+ transport in ~ Cytoplasm; Sarcoplasmic
CAMK2B H -
skeletal muscle reticulum membrane
POLRMT H Transcription of mitochondrial DNA into RNA Mitochondrion
COMP H Suppressor _of apoptosis; interact with ext(acellula_r matrix Secreted - ECM
proteins such as the collagens and fibronectin
Degrade fibronectin, laminin, gelatins, collagens, and
MMP3 H cartilage proteoglycans Secreted - ECM
Control of fat metabolism, insulin sensitivity, cell growth,
ADIPOQ H angiogenesis and tissue remodeling Secreted - ER
ANGPTL7 H Anti-angiogenic protein and play_a role in extracellular Secreted - ER
matrix formation
Kcnip4 M Modulates channel expression at the cell membrane Cell Membrane
Response of the organism to starvation, enhancing
Pnpla2 M hydrolysis of triglycerides and providing free fatty acids to Cell Membrane
other tissues
S0cs3 M Negative regulation of cytokines that signal through the Cytoplasm

JAK/STAT pathway
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Autophagic cell death induction in response to starvation

Foxol M o Cytoplasm and Nucleus
or oxidative stress
Signal transducer and transcription activator that mediates
Stat3 M cellular responses to interleukins and growth factors Cytoplasm and Nucleus
Ufdl M Promote ubiquitination and degradation Cytoplasm and Nucleus
C1sl M Serine protease Extracellular exosome;
Extracellular space
Ucp3 M Thermogenesis and energy balance Mitochondrion
Immune and inflammatory responses. Transcriptional
Cebpd M activator that enhances IL6 transcription Nucleus
Junb M Regulate gene activity following the primary growth factor Nucleus
response
Fag M Guide cell migration during re-epithelialization Secreted
HP M Antibacterial activity and plays a role in modulating many Secreted
aspects of the acute phase response
Mstn M Acts specifically as a negative regulator of skeletal muscle Secreted
growth
Saal M Major acute phase protein Secreted
Serpina3n M Response to cytokine Secreted
FBXO32 H, M Proteasomal degradation of target proteins during skeletal Cytoplasm and Nucleus
muscle atrophy
TRIM63 H, M Regulgtes_ the proteasomal degradation of myscle protglns Cytoplasm and Nucleus
and inhibits de novo skeletal muscle protein synthesis
Down-
Regulated
APCDD1 H Negative regulator of the Wnt signaling pathway Cell Membrane
ADCY7 H Membrane-bound, calcium-inhibitable adenylyl cyclase Cell Membrane
GABARAPL1 H Autophagosome maturation Cytoplasm
HINT3 H Hydrolyzes phosphoramidate and acyl-adenylate substrates Cytoplasm and Nucleus
NR3C1 H Affects mflamg_watory responses, ceIIuI_ar proliferation, and Cytoplasm and Nucleus
ifferentiation in target tissues
RCAN1 H Central nervous system development Cytoplasm and Nucleus
Maturation, structural maintenance, and proper regulation Cytoplasm, nucleus, cell
HSP90AB1 H of specific target proteins involved, for instance in cell P ’ '
- : membrane and secreted
cycle control and signal transduction
Reversibly catalyzes the conversion of cortisol to the Endoplasmic reticulum
HSD11B1 H e h .
inactive metabolite cortisone membrane
BNIP3 H Mitochondrial protein catabolic process; cell death Mitochondrion
pathway
SLC25A37 H Mitochondrial iron transporter that specifically mediates Mitochondrion
iron uptake
Cell adhesion, migration, proliferation, apoptosis, mitosis, Cytoplasm and Cell
PAK1 H . A
and vesicle-mediated transport processes Membrane
PROX1 H Cell fate determination, gene transcrlptl_onal regulation, Nucleus
and progenitor cell regulation
Cavl M T-cell proliferation and NF-kappa-B activation Cell Membrane
Fa M Extracellular matrix degradation, tissue remodeling, Cell Membrane
P fibrosis, wound healing, inflammation and tumor growth
Actcl M Cell motility Cytoplasm
Myh8 M Muscle contraction Cytoplasm
Tubala M Constituent of microtubules Cytoplasm
Tubada M Constituent of microtubules Cytoplasm
Controls cardiac morphogenesis and myogenesis, and is
Mef2c M also involved in vascular development Nucleus
Trep2 M Binds a variety of cellular promoters, including fibrinogen Nucleus
and alpha-globin promoters
Lama? M Attachment, migration, and organization of cells by Secreted (ECM)

interacting with extracellular matrix components
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Specific inhibitor of the biosynthesis and secretion of
pituitary follicle stimulating hormone (FSH)
Immune surveillance, inflammation response, tissue
homeostasis, and tumor growth and metastasis
H: human samples; M: mouse samples; ER: endoplasmic reticulum; ECM: extracellular matrix; SR:

sarcoplasmic reticulum.

Fst M Secreted (ER)

CXCL12 H, M Secreted

2.3. Gene Ontology Enrichment Analysis of Differentially Expressed Genes in Muscle Wasting in

Cancer Cachexia

Gene ontology (GO) analysis shows information on the biological role of differentially expressed
genes involved in muscle wasting in cancer cachexia. We used gene ontology hierarchically structured
categories to identify proteins encoded by the up- and down-expressed genes. This analysis revealed
over-represented GO categories of biological processes that included structural and development genes
(e.g., negative regulation of muscle hypertrophy, anatomical structure morphogenesis, epithelial cell
proliferation, muscle organ development, muscle cell differentiation, and tissue development),
metabolic process, acute-phase response, and apoptotic process. Other relevant terms enriched in our
dataset included response to insulin and response to hormone stimulus. The statistically significant

enriched GO terms are shown in Figure 2.
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Terms

Negative regulation of muscle hypertrophy
G0:0014741

Negative regulation of hydrogen peroxide Metabolic process
G0:0010727

Acute-phase response
G0:0006953

Response to insulin
G0:0032868

Cellular response to hormone stimulus
G0:0032870

Regulation of apoptotic process
G0:0042981

Anatomical structure morphogenesis
G0:0009653

Epithelial cell proliferation
G0:0050673

Muscle organ development
G0:0007517

Muscle cell differentiation
G0:0042692

Tissue development
G0:0009888

Up-Regulated
Il Down-Regulated

3 2 1 0 20 40 60 80 100
-Log,y(p-value) Fold enrichment

Figure 2. Enrichment pathway analysis of differentially expressed genes in muscle wasting during cancer

cachexia. Biological processes identified with up-regulated genes (p-value < 0.00253) and down-regulated

genes (p-value < 0.0364).

2.4. Protein—Protein Interaction Network in Muscle Wasting in Cancer Cachexia

The integrated protein—protein interaction (PPI) network shows a higher number of interactions

between proteins of the inflammatory response, catabolism and anabolism, fat metabolism, apoptotic

process, and transcriptional control. Complex interactome analysis of deregulated genes in cancer

cachexia, with respective functional annotations, is illustrated in Figure 3.
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Figure 3. Protein—protein interaction (PPI) network in muscle wasting in cancer cachexia. Lines highlight PPI,
with Stat3, Foxol, Camk2b, Adipog, Nr3cl, and Actcl presenting the highest number of interactions. Colors
highlight biological processes or molecular function of the circle network components. The larger the circle, the
higher the number of interactions identified. STRING v10.5.1 was used to generate protein interactions, and the

resulting network was visualized using Cytoscape v3.4.0.

2.5. Identification of New Potential microRNA-Regulated Networks in Muscle Wasting in Cancer

Cachexia

The miRNA-mRNA target prediction identified 3150 non-validated and 98 validated interactions
(Tables S2 and S3). The validated interactions were used to construct a microRNA-target mRNA
interaction network for up- and down-regulated genes (Figures 4A and 4B, respectively). Networks
were constructed with our list of microRNAs predicted in silico as targeting the mRNAs retrieved by
our meta-analysis, and with microRNAs found as deregulated in two previous microRNAs studies on
muscle wasting in cancer cachexia [34,35] (Table S2). Interestingly, the intersection of all the
microRNA data showed that our list of predicted microRNAs shares five microRNAs with one study
[35] (miR-27a, miR-27b, miR-140, miR-24, and miR-15) and the microRNA miR-199 with another
[34] (Figure 5A).
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Figure 4. The miRNA-mMRNA target interaction network in muscle wasting in cancer cachexia. (A) Interactome

between up-regulated genes and the respective potential regulatory microRNAs. The larger the circles, the

higher the number of interactions identified. Gray lines highlight the interactions; line thickness reflects the

betweenness centrality. (B) Interactome between down-regulated genes and the potential regulatory

microRNAs. The larger the circles, the higher the number of interactions identified. Gray lines highlight the
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interactions; line thickness refers to the betweenness centrality. MicroRNA-gene interactions were visualized
using Cytoscape v3.4.0.

A MicroRNAs B mRNAs
Cav1
Junb
Narasimhan 2017 Meta-analysis Narasimhan 2017 Meta-analysis

miR-27a Acvrib Cxcl12

miR-27b Bcl2111 Foxo1
miR-140 Hif1a Mef2c
- miR-24 Smad3
miR-199%a .
Soares 2014 miR-15a S!“ad4 Soares 2014
Sirt1
Tgfbr1

Figure 5. MicroRNAs and mRNAs identified in muscle wasting in cancer cachexia. (A) MicroRNAs predicted
in silico as targeting mRNAs retrieved by our meta-analysis (pink circle) were further compared with
microRNAs identified as differentially expressed in previous studies of muscle wasting in cancer cachexia,
performed by Soares et al. [35] (yellow circle) and Narasimhan et al. [34] (blue circle). (B) Venn Diagram
comparing the predicted microRNA target for Soares et al. [35] (red circle) and Narasimhan et al. [34] (green
circle) with the list of 52 deregulated genes in muscle wasting in cancer cachexia identified in our meta-analysis
(purple circle).

Next, we predicted genes targeted by the differentially expressed microRNAs by both these
previous studies. These genes were further compared with the list of 52 deregulated genes identified
in our meta-analysis. We found a total of five shared transcripts (Cavl, Cxcl12, Foxol, Mef2c, and
Junb) (Figure 5B), and most importantly, these five transcripts revealed seven new microRNA-mRNA
interactions in muscle wasting in cancer cachexia (miR-27a/Foxol, miR-27a/Mef2c, miR-27b/Cxcl12,
miR-27b/Mef2c, miR-140/Cxcl12, miR-199a/Cavl, and miR-199a/Junb) (Table 3). Notably, three
interactions—miR-27a/Foxol, miR-140/Cxcl12, and miR-199a/Cav1l—showed an opposite direction
of expression between microRNAs (identified in the previous studies [34,35]) and mRNAs (identified

in the meta-analysis) (Table 3).
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Table 3. Identification of new relevant microRNA-mRNA interaction in muscle wasting in cancer
cachexia.

microRNA/mRNA Interactions

Study :
microRNA MRNA*
| miR-27b } Cxcl12
T miR-140 1 Cxcli2
Soares et al. [35] | miR-27a 1 Foxol
| miR-27a | Mef2c
| miR-27b | Mef2c
) 1 miR-199a 1 Junb
Narasimhan et al. [34]
1 miR-199a | Cavl

Up arrow: up-regulated genes; down arrow: down-regulated genes; *mRNAs identified in our meta-
analysis.
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Table 4. Potential target agents identified based on protein—protein interaction networks of deregulated genes in cancer cachexia.

Gene Symbol Gene Name Selected Target Agent Activity Clinical Relevance Ref.

Type 2 diabetes mellitus;
cardiovascular disease; [44-46]
HIV infection

Spironolactone, Fenofibrate, Aldosterone blocker; anti-diabetic and anti-

ADIPOQ Adiponectin Nevirapine atherosclerotic; antiretroviral therapy

Calcium/calmodulin-

Mibefradil, Nifedipine, Smooth muscle; cardiac

CAMK2B dependent protein N Block T-type calcium channel [47-49]
kinase 11, beta Nisoldipine muscle
COMP Cartllag_e ollgor_nerlc Tadalafil Tumor cell growth inhibitory Breast cancer [50]
matrix protein
CXCL12 Chemokine ligand 12 Tinzaparin Sodium Regulate the proteoglycan core proteins Breast cancer [51]
MSTN Myostatin Stamulumab Growth/differentiation factor 8 inhibitor Myopathies [52,53]
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2.6. ldentification of Potential Target Agents for the Treatment of Muscle Wasting in Cancer Cachexia

Interestingly, Drug—Gene Interaction Database (DGIldb) data revealed ADIPOQ, CAMK2B,
COMP, CXCL12, and MSTN as drug-targetable genes, using chemical compounds such as
Spironolactone, Fenofibrate, Nevirapine, Mibefradil, Nifedipine, Nisoldipine, Tadalafil, Tinzaparin
Sodium, and Stamulumab (Table 4). The above drugs have been demonstrated as clinically useful in
Type 2 diabetes mellitus, cardiovascular disease, HIV infection, smooth muscle, cardiac muscle, breast
cancer, and myopathies [44-53]. Outstandingly, the potential drugs found here have not been tested

yet for the treatment of muscle wasting in cancer cachexia.
3. Discussion

Researchers have conducted several studies on molecular mechanisms of muscle wasting in cancer
cachexia. However, the complexity of the syndrome and the insufficient knowledge of pathogenic
mechanisms hinder the design of effective therapeutic strategies. Most cancer cachexia studies rely on
a single, thorough, standardized model or specific cancer types, rarely integrating and comparing their
datasets with those from other experimental systems. The present meta-analysis allowed us to select
relevant mRNA expression data from different cancer cachexia studies. This is the first study
integrating the most relevant literature data from global gene expression profiling studies in muscle
wasting in cancer cachexia, in order to find common regulatory networks and molecular pathways. We
identify new potential microRNA-regulated gene networks involved in muscle wasting in cancer
cachexia (Scheme 1). Specifically, our results suggest that microRNA/mMRNA interactions miR-
27a/Foxol, miR-27a/Mef2c, miR-27b/Cxcl12, miR-27b/Mef2c, miR-140/Cxcl12, miR-199a/Cavl,

and miR-199a/Junb may contribute to muscle wasting in cancer cachexia.
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Scheme 1. MicroRNA-regulated networks in muscle wasting during cancer cachexia based on meta-
analysis data.

Among the 52 deregulated genes identified in our analysis, six of the nine studies included in the
meta-analysis have evaluated the expression of Trim63 and Fbxo32 as molecular markers of muscle
atrophy in cancer cachexia. In 2001, Trim63 and Fbxo32 were first identified as two important muscle-
specific E3 ubiquitin ligases that are transcriptionally increased in skeletal muscle under atrophy-
inducing conditions, making them excellent markers of muscle atrophy [54]. The transcription of
enzymes Trim63 and Fbxo32 is dependent on transcriptional factors FoxO1 and FoxO3, which are
thought to regulate both the ubiquitin/proteasome [27] and autophagy [20,55,56] pathways.
Interestingly, our enrichment analysis also showed alteration in the regulation of the apoptotic process
induced by changes in the expression of FoxO1, BNIP3, and GABARAPLL. These results are in
agreement with the fact that skeletal muscle wasting is the result of an imbalance between synthesis
and degradation of protein pathways, together with the instability of regenerative capacity and myocyte

apoptosis [57,58].

Moreover, we showed miR-145a as a new potential FoxO1 regulator during muscle wasting in
cancer cachexia. Indeed, the increase of miR-145 decreases FoxOL1 expression in metastatic T24T
bladder cancer cells [59]. Conversely, in non-metastatic bladder transitional cell carcinoma T24 cells,
miR-145 overexpression inhibited cell growth, which correlates with upregulation of FoxO1 [59].
These opposite results are probably associated with different cell types and experimental conditions,

raising the necessity to further explore miR-145-FoxO1. One of the most important findings of our
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study was that FoxO1 is a validated target of the microRNA miR-27a. Besides, Soares et al. [35]
identified the down-regulation of miR-27a in cancer-cachexia. Although the miR-27a-—FoxO1
interaction is not validated in skeletal muscle cells, the overexpression of miR-27a in mice with chronic
kidney disease attenuated muscle loss, improved grip strength, and decreased the expression of FoxO1,
Trim63, and Fbxo32 proteins [60].

Besides these molecular markers of muscle atrophy, our meta-analysis also identified Nr3cl as
down-regulated in the skeletal muscle of cachectic patients with upper gastrointestinal cancer [29].
Nr3cl has a function in the regulation of muscle hypertrophy and strength in response to resistance
training [61]; however, the role of Nr3c1 in the development of muscle wasting associated with cancer
is still unknown. Furthermore, our microRNA target prediction analysis identified nine microRNAs
that potentially modulate Nr3cl expression, including microRNAs miR-28b and miR-28c. We also
identified that the Nr3c1 transcript is potentially regulated by miR-30e, which is upregulated in the
skeletal muscle of Mstn-/- mice, and its expression was associated with glycolytic myofiber formation
[62]. Considering that microRNAs miR-28b, miR-28c, and miR-30e potentially target the Nr3cl
transcript, and that both microRNAs and their target transcripts have important functions previously
described in skeletal muscle tissue, our integrative analysis reveals these new microRNA-mRNA

interactions as potential targets for future exploratory analysis of muscle wasting in cancer cachexia.

Our prediction analyses also revealed microRNA miR-17 as an important regulator of transcripts,
such as Cxcl12, Mef2c, Stat3, and Cavl, that are translated into proteins with a role in cancer cachexia.
MicroRNA miR-17 is involved in oncogenic events in different cancer types with a high incidence of
cachexia (hepatocellular carcinoma [63], pancreatic cancer [64], and non-small lung cancer [65,66]).
Among the miR-17 target genes, Mef2c is involved in the regulation of skeletal muscle regeneration
and myogenesis (reviewed in Dong et al. [67]). Also, two studies have identified miR-27b as a
regulator of Mef2c [68,69]; notably, one of these studies shows that miR-27b is involved in the
regulation of mitochondrial biogenesis in myocytes by regulating Mef2c [69]. Importantly, miR-27b
also negatively regulates myostatin (Mstn) to promote satellite cell activation and myoblast
proliferation, and to prevent muscle wasting [70]. Mstn, a member of the TGFJ superfamily of growth
factors, is a highly conserved negative regulator of skeletal muscle mass upregulated in muscle wasting
conditions, including cancer cachexia [37,71,72]. Accordingly, Mstn deficiency increase skeletal
muscle mass and strength and counterattacks muscle wasting conditions [73]. Several studies have

demonstrated the therapeutic potential of Mstn inhibition under muscle wasting conditions as cancer
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[74,75]; consequently, the identification of Mstn as a putative target of miR-27b has potential
therapeutic and biological implications in muscle wasting conditions.

Moreover, our results showed that the drug Stamulumab (MY 0O-029), known as a potential MSTN
inhibitor, was previously tested in clinical studies of subjects with myopathies. This trial showed a
potential increase in the muscle size of the subjects, but the researchers observed no improvements in
muscle strength or function [52,53]. Considering that there are no studies testing MY 0-029 on cancer
cachexia, further studies are needed to demonstrate whether this drug may improve muscle mass and

function in this syndrome.

It is also important to highlight that our enrichment analysis identified genes associated with the
acute-phase response. Systemic inflammation is a hallmark of cancer cachexia, and this inflammatory
response is the main driving force that leads to the metabolic alterations observed in cancer patients
[7]. The literature points out several origins of inflammation, including tumor cells and activated
immune cells that release cytokines, chemokines, and other inflammatory mediators [76]. Cxcl12 was
one of the top transcripts, with the highest number of microRNA interactions identified in our meta-
analysis (nine interactions in total). The identification of microRNAs that target CXCL12 is important,
because it has been demonstrated that CXCR4 pathway is consistently downregulated in skeletal
muscles from mice and patients with cancer-associated cachexia, and the activation of the
Cxcl12/Cxcr4 pathway protects muscle from wasting in mice with the syndrome [43]. This
inflammatory chemokine is also relevant in skeletal muscle regeneration by increasing the activity of
metalloproteases, which are crucial to the remodeling of the extracellular matrix [77]. Our results also
show protein—protein interactions of Cxcl12 with the metalloprotease Mmp, suggesting that this
interaction could affect muscle regeneration and extracellular matrix remodeling in cancer cachexia.
Indeed, we identified that miR-27b and miR-140 are two potential microRNAs involved in Cxcl12
regulation. Importantly, it has been previously demonstrated that miR-140 transfection decreases
Cxcl12 expression and release in human airway smooth muscle cells, with a reduction in inflammatory
response [78]. Thus, our data also suggest a response that compromises inflammatory response through

the mir-140/Cxcl12 axis in muscle wasting during cancer cachexia.

Furthermore, among the acute phase response genes identified by ontology analysis, Stat3 was the
most notorious factor of our interaction network. The role of this transcriptional factor is widely studied
in cancer cachexia. The increase of interleukin-6 in cachectic patients triggers the activation of JAK

(Janus kinase), with consequent STAT3 phosphorylation that acts at the nucleus; this leads to
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transcription activation of several genes associated with skeletal muscle cells growth, atrophy,
proliferation, differentiation, survival, and apoptosis [38,79,80]. Moreover, STAT3 contributes to
cancer cachexia enhancing tumorigenesis, metastasis, and immune suppression, mostly in tumors
associated with a high prevalence of cachexia [80]. Given the diversity of activated genes obtained
through the JAK/STAT pathway, it is essential to better characterize Stat3 downstream target genes in
the skeletal muscle cells in wasting conditions. The SOCS3 is a classic inhibitor of the JAK/STAT
pathway and several cytokines, and pathogenic mediators induce the expression of SOCS3, which acts
in a negative feedback loop to further inhibit signal transduction [81,82]. In a murine model of
pancreatic cancer cachexia, the JAK/STAT/SOCS3-dependent intracellular pathway plays an essential
role in pathogenesis, since its pharmacological inhibition attenuates cachexia progression in a lethal

pancreatic cancer model [39].

Our predicted molecular network also revealed a Stat3/Junb interaction. Junb is a transcriptional
factor that regulates gene expression on multiple levels [83], but the functionality of this Stat3/Junb
interaction deserves future study in relation to cancer cachexia. Our study identified miR-199a as a
potential microRNA that modulates Junb expression in muscle wasting in this syndrome. In addition,
we found an inverse correlation between miR-199a and Cavl expression. Since many inflammatory
mediators are activated in cancer cachexia, and the miR199a/Cav1l axis was previously described in
several chronic inflammatory lung diseases as an important regulatory pathway [84], this axis should

also be considered for further investigations in muscle wasting in cancer cachexia.

The main contribution of the present investigation is that we identify new potential microRNA-
regulated mRNAs in cancer cachexia. Nevertheless, our study has some limitations due to the nature
of our analysis, which consists of the reuse of transcriptomic data from different studies and in silico
analysis. Further studies are needed to validate the microRNA-mMRNA interactions described herein,
as well as to validate the efficiency of the identified potential drugs. Furthermore, the deregulated
genes selected in our analysis were restricted to those further validated by RT-qPCR or Western Blot.
We considered this strategy to increase the possibility of rescuing truly deregulated targets, or with a
potential impact on protein levels. Finally, due to the small number of studies evaluating muscle
transcriptome of patients with cachexia, we used data from humans and mice together to identify a
higher range of transcripts.

In conclusion, we identified new microRNA—mMRNA interactions, such as miR-27a/Foxol, miR-
27a/Mef2c, miR-27b/Cxcl12, miR-27b/Mef2c, miR-140/Cxcl12, miR-199a/Cavl, and miR-199a/Junb,
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that may contribute to muscle wasting in cancer cachexia. Finally, we found drugs targeting MSTN,
CXCL12, and CAMK2B, which may be considered for the development of novel therapeutic strategies

for cancer-related cachexia.
4. Methods
4.1. Meta-Analysis of Global Gene Expression Data in Muscle Wasting in Cancer Cachexia

We performed a meta-analysis design following the stages of the PRISMA Statement [85] (Figure
1), by searching PubMed (http://www.ncbi.nlm.nih.gov/pubmed) to find the collection of previously
published gene expression data of skeletal muscles in cancer cachexia. The keywords used were:

2 (13 29 13

“cancer cachexia AND global gene expression”, “cancer cachexia AND transcriptome”, “cancer
cachexia AND transcriptomics”, “cancer cachexia AND microarray”, and “cancer cachexia AND
RNAseq”. These meta-analysis searches comprised studies published between January 2005 and
February 2019. Our inclusion criteria were (1) gene expression data in muscle samples of patients with
cancer cachexia or animal models of cancer cachexia, (2) all types of cancer were considered, (3) all
types of muscle were considered, (4) the inclusion of normal tissues for comparison, (5) all gene
expression analysis platforms were considered, and (6) only data further validated by RT-gPCR or
Western Blot were included for the integrative analyses. Our exclusion criteria were (1) non-muscle
samples, (2) treatment before molecular genetic analysis, and (3) review studies. The deregulated
genes reported in selected studies were further used for bioinformatics prediction of microRNAs as

potential regulators of gene expression, as described below.
4.2. Meta-Analysis of Global microRNA Expression Data in Muscle Wasting in Cancer Cachexia

To search previously published global microRNA expression data for skeletal muscle in cancer
cachexia, we used the following keywords in PubMed: “cancer cachexia AND global microRNA
expression”, “cancer cachexia AND microRNome”, and “cancer cachexia AND microRNA profiling”.
This search only retrieved four studies: (1) microRNA profiling in adipocyte lipolysis [86]; (2)
integrative microRNAs and mRNAs expression analysis during skeletal muscle wasting in cardiac
cachexia [87]; (3) microRNA profiling in muscle wasting during catabolic conditions, including cancer
cachexia [35]; and (4) microRNA profiling from human skeletal muscle in cancer cachexia [34]. The
microRNA data of these last two studies were included for the identification of regulatory networks,
in addition to the microRNAs that were identified in an in silico, mMRNA-based target prediction

described subsequently.
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4.3. Identification of Muscle microRNAs as Potential Modulators of Deregulated Genes in Cancer
Cachexia

The deregulated genes identified in our meta-analysis were used for microRNA prediction by
multiple algorithms (TargetScan [88], MiRTarBase [89], and miRWalk [90]) to identify potential
regulators (predicted and validated interactions) of the expressed genes in cancer cachexia. Next, to
generate the interaction networks, we filtered all microRNAs found by these computational tools,
considering only those identified by MiRTarBase as presenting the “reporter assay” as a validation
method. We selected MiRTarBase [89] due to its different validation methods of interaction between
mRNAs and microRNAs, ranging from strong to weak evidence of interaction (accordingly, “reporter
assay” has the strongest evidence of microRNA-target gene interaction). We also used MiRTarBase
to identify microRNA-target transcripts from global microRNA expression in cancer cachexia studies
[34,35]. The deregulated genes were used to identify over-represented gene ontology categories of
biological processes with the Gene Ontology Consortium tool, powered by PANTHER v11.0 [91-93]
(available at http://www.pantherdb.org/). We considered the GO categories with p-value < 0.05 to be
significant. The UniProtKB database (available at http://www.uniprot.org/) was used to access
functional information of components identified through the meta-analysis. Protein—protein interaction
(PPI) networks were then generated using Metasearch STRING v10.5.1 [94,95]. Visualization and
annotation data of PPl and microRNA-gene interaction networks were generated using Cytoscape
v3.4.0 [96].

4.4. Identification of Candidate Drug Targets Based on microRNA-Regulated Networks in Cancer

Cachexia

We used the Drug—Gene Interaction Database (DGIdb), a database and web interface for finding
known and potential drug—gene relationships. Genes were defined by Entrez Gene and Ensembl and
were matched with genes from drug—gene interactions and druggable gene categories. The drugs were
defined by searching PubChem, and were then matched with drugs from drug—gene interaction data.

The source guide to pharmacology interaction was obtained from the DrugBank [97,98].

Funding: The following grants supported the development of this study: National Council of
Technological and Scientific Development (CNPq 141919/2016-7), Sdo Paulo Research Foundation
(FAPESP grants #14/13783-6 and #12/13961-6), and Coordenagédo de Aperfeicoamento Pessoal de
Nivel Superior-Brasil (CAPES)-grant 88881.187095/2018-01.

84



Capitulo Il

Acknowledgments: We wish to acknowledge Vanessa M. Lima and Jodo M. Barguil from the

University of S&o Paulo for helping us with comments that improved our manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

Argilés, J.M.; Busquets, S.; Stemmler, B.; Lopez-Soriano, F.J. Cancer cachexia: Understanding the
molecular basis. Nat. Rev. Cancer 2014, 14, 754-762.

Holecek, M. Muscle wasting in animal models of severe illness. Int. J. Exp. Pathol. 2012, 93, 157-171.
Hauser, C.A.; Stockler, M.R.; Tattersall, M.H.N. Prognostic factors in patients with recently diagnosed
incurable cancer: A systematic review. Support. Care Cancer 2006, 14, 999-1011.

Laviano, A.; Meguid, M.M.; Inui, A.; Muscaritoli, M.; Rossi-Fanelli, F. Therapy insight: Cancer anorexia-
cachexia syndrome--when all you can eat is yourself. Nat. Clin. Pract. Oncol. 2005, 2, 158-165.

Fearon, K.C.H. Cancer cachexia: Developing multimodal therapy for a multidimensional problem. Eur. J.
Cancer 2008, 44, 1124-1132.

Tisdale, M.J. Cachexia in cancer patients. Nat. Rev. Cancer 2002, 3, 883-889.

Fearon, K.; Strasser, F.; Anker, S.D.; Bosaeus, I.; Bruera, E.; Fainsinger, R.L.; Jatoi, A.; Loprinzi, C.;
MacDonald, N.; Mantovani, G.; et al. Definition and classification of cancer cachexia: An international
consensus. Lancet Oncol. 2011, 12, 489—495.

Morley, J.E.; Thomas, D.R.; Wilson, M.-M.G. Cachexia: Pathophysiology and clinical relevance. Am. J.
Clin. Nutr. 2006, 83, 735-743.

Penafuerte, C.A.; Gagnon, B.; Sirois, J.; Murphy, J.; Macdonald, N.; Tremblay, M.L. Identification of
neutrophil-derived proteases and angiotensin 11 as biomarkers of cancer cachexia. Br. J. Cancer 2016, 114,
680-687.

Kuroda, K.; Nakashima, J.; Kanao, K.; Kikuchi, E.; Miyajima, A.; Horiguchi, Y. Interleukin 6 is associated
with cachexia in patients with prostate cancer. Urology 2007, 69, 113-117.

Hou, Y.-C.; Wang, C.-J.; Chao, Y.-J.; Chen, H.-Y.; Wang, H.-C.; Tung, H.-L.; Lin, J.-T.; Shan, Y.-S.
Elevated Serum Interleukin-8 Level Correlates with Cancer-Related Cachexia and Sarcopenia: An
Indicator for Pancreatic Cancer Outcomes. J. Clin. Med. 2018, 7, 502.

Kandarian, S.C.; Nosacka, R.L.; Delitto, A.E.; Judge, A.R.; Judge, S.M.; Ganey, J.D.; Moreira, J.D.;
Jackman, R.W. Tumour-derived leukaemia inhibitory factor is a major driver of cancer cachexia and
morbidity in C26 tumour-bearing mice. J. Cachexia Sarcopenia Muscle 2018, 9, 1109-1120.

Moldawer, L.L.; Georgieff, M.; Lundholm, K. Interleukin 1, tumour necrosis factor-alpha (cachectin) and
the pathogenesis of cancer cachexia. Clin. Physiol. 1987, 7, 263-274.

Argilés, J.M.; Lopez-Soriano, F.J. The role of cytokines in cancer cachexia. Med. Res. Rev. 1999, 19, 223
248.

85



Capitulo Il

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,
25.

26.

27.

28.

Ait-Ali, D.; Turquier, V.; Grumolato, L.; Yon, L.; Jourdain, M.; Alexandre, D.; Eiden, L.E.; Vaudry, H.;
Anouar, Y. The proinflammatory cytokines tumor necrosis factor-alpha and interleukin-1 stimulate
neuropeptide gene transcription and secretion in adrenochromaffin cells via activation of extracellularly
regulated kinase 1/2 and p38 protein kinases, and activator pro. Mol. Endocrinol. 2004, 18, 1721-1739.
Yao, X.; Huang, J.; Zhong, H.; Shen, N.; Faggioni, R.; Fung, M.; Yao, Y. Targeting interleukin-6 in
inflammatory autoimmune diseases and cancers. Pharmacol. Ther. 2014, 141, 125-139.

Zhang, C.; Li, Y.; Wu, Y.; Wang, L.; Wang, X.; Du, J. Interleukin-6/signal transducer and activator of
transcription 3 (STAT3) pathway is essential for macrophage infiltration and myoblast proliferation during
muscle regeneration. J. Biol. Chem. 2013, 288, 1489-1499.

Heinrich, P.C.; Behrmann, I.; Haan, S.; Hermanns, H.M.; Miller-Newen, G.; Schaper, F. Principles of
interleukin (IL)-6-type cytokine signalling and its regulation. Biochem. J. 2003, 374, 1-20.

Cao, P.R.; Kim, H.J.; Lecker, S.H. Ubiquitin-protein ligases in muscle wasting. Int. J. Biochem. Cell Biol.
2005, 37, 2088-2097.

Zhao, J.; Brault, J.J.; Schild, A.; Cao, P.; Sandri, M.; Schiaffino, S.; Lecker, S.H.; Goldberg, A.L. FoxO3
coordinately activates protein degradation by the autophagic/lysosomal and proteasomal pathways in
atrophying muscle cells. Cell Metab. 2007, 6, 472-483.

Samuels, S.E.; Knowles, A.L.; Tilignac, T.; Debiton, E.; Madelmont, J.C.; Attaix, D. Higher skeletal
muscle protein synthesis and lower breakdown after chemotherapy in cachectic mice. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 2001, 281, R133-9.

Gomes, M.D.; Lecker, S.H.; Jagoe, R.T.; Navon, A.; Goldberg, A.L. Atrogin-1, a muscle-specific F-box
protein highly expressed during muscle atrophy. Proc. Natl. Acad. Sci. USA 2001, 98, 14440-14445.
Stevenson, E.J.; Giresi, P.G.; Koncarevic, A.; Kandarian, S.C. Global analysis of gene expression patterns
during disuse atrophy in rat skeletal muscle. J. Physiol. 2003, 551, 33-48.

Giresi, P.G. Identification of a molecular signature of sarcopenia. Physiol. Genom. 2005, 21, 253-263.
Stevenson, E.J.; Koncarevic, A.; Giresi, P.G.; Jackman, R.W.; Kandarian, S.C. Transcriptional profile of a
myotube starvation model of atrophy. J. Appl. Physiol. 2005, 98, 1396-1406.

Hasselgren, P.O. Glucocorticoids and muscle catabolism. Curr. Opin. Clin. Nutr. Metab. Care 1999, 2,
201-205.

Sacheck, J.M.; Hyatt, J.-P.K.; Raffaello, A.; Jagoe, R.T.; Roy, R.R.; Edgerton, V.R.; Lecker, S.H.;
Goldberg, A.L. Rapid disuse and denervation atrophy involve transcriptional changes similar to those of
muscle wasting during systemic diseases. FASEB J. 2007, 21, 140-155.

Stephens, N.A.; Gallagher, 1.J.; Rooyackers, O.; Skipworth, R.J.; Tan, B.H.; Marstrand, T.; Ross, J.A,;
Guttridge, D.C.; Lundell, L.; Fearon, K.C.; et al. Using transcriptomics to identify and validate novel

biomarkers of human skeletal muscle cancer cachexia. Genome Med. 2010, 2, 1.

86



Capitulo Il

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Gallagher, 1.J.; Stephens, N.A.; MacDonald, A.J.; Skipworth, R.J.E.; Husi, H.; Greig, C.A.; Ross, J.A,;
Timmons, J.A.; Fearon, K.C.H. Suppression of skeletal muscle turnover in cancer cachexia: Evidence from
the transcriptome in sequential human muscle biopsies. Clin. Cancer Res. 2012, 18, 2817-2827.

Guller, I.; Russell, A.P. MicroRNAs in skeletal muscle: Their role and regulation in development, disease
and function. J. Physiol. 2010, 588, 4075-4087.

Eisenberg, I.; Alexander, M.S.; Kunkel, L.M. miRNAS in normal and diseased skeletal muscle. J. Cell.
Mol. Med. 2009, 13, 2-11.

Eisenberg, I.; Eran, A.; Nishino, I.; Moggio, M.; Lamperti, C.; Amato, A.A.; Lidov, H.G.; Kang, P.B.;
North, K.N.; Mitrani-Rosenbaum, S.; et al. Distinctive patterns of microRNA expression in primary
muscular disorders. Proc. Natl. Acad. Sci. USA 2007, 104, 17016-17021.

van de Worp, W.R.P.H.; Theys, J.; van Helvoort, A.; Langen, R.C.J. Regulation of muscle atrophy by
microRNAs: “AtromiRs” as potential target in cachexia. Curr. Opin. Clin. Nutr. Metab. Care 2018, 21,
423-429.

Narasimhan, A.; Ghosh, S.; Stretch, C.; Greiner, R.; Bathe, O.F.; Baracos, V.; Damaraju, S. Small
RNAome profiling from human skeletal muscle: Novel miRNAs and their targets associated with cancer
cachexia. J. Cachexia Sarcopenia Muscle 2017, 8, 405-416.

Soares, R.J.; Cagnin, S.; Chemello, F.; Silvestrin, M.; Musaro, A.; De Pitta, C.; Lanfranchi, G.; Sandri, M.
Involvement of microRNAs in the regulation of muscle wasting during catabolic conditions. J. Biol. Chem.
2014, 289, 21909-21925.

Tseng, Y.-C.; Kulp, S.K.; Lai, I.-L.; Hsu, E.-C.; He, W.A.; Frankhouser, D.E.; Yan, P.S.; Mo, X,;
Bloomston, M.; Lesinski, G.B.; et al. Preclinical Investigation of the Novel Histone Deacetylase Inhibitor
AR-42 in the Treatment of Cancer-Induced Cachexia. J. Natl. Cancer Inst. 2015, 107, djv274.

Roberts, E.W.; Deonarine, A.; Jones, J.0O.; Denton, A.E.; Feig, C.; Lyons, S.K.; Espeli, M.; Kraman, M.;
McKenna, B.; Wells, R.J.B.; et al. Depletion of stromal cells expressing fibroblast activation protein-a
from skeletal muscle and bone marrow results in cachexia and anemia. J. Exp. Med. 2013, 210, 1137-1151.
Bonetto, A.; Aydogdu, T.; Kunzevitzky, N.; Guttridge, D.C.; Khuri, S.; Koniaris, L.G.; Zimmers, T.A.
STAT3 activation in skeletal muscle links muscle wasting and the acute phase response in cancer cachexia.
PLoS ONE 2011, 6, e22538.

Gilabert, M.; Calvo, E.; Airoldi, A.; Hamidi, T.; Moutardier, V.; Turrini, O.; lovanna, J. Pancreatic cancer-
induced cachexia is Jak2-dependent in mice. J. Cell. Physiol. 2014, 229, 1437-1443.

Shum, AM.Y.; Fung, D.C.Y.; Corley, S.M.; McGill, M.C.; Bentley, N.L.; Tan, T.C.; Wilkins, M.R.; Polly,
P. Cardiac and skeletal muscles show molecularly distinct responses to cancer cachexia. Physiol. Genom.
2015, 47, 588-599.

Fontes-Oliveira, C.C.; Busquets, S.; Fuster, G.; Ametller, E.; Figueras, M.; Olivan, M.; Toledo, M.; L6pez-

Soriano, F.J.; Qu, X.; Demuth, J.; et al. A differential pattern of gene expression in skeletal muscle of

87



Capitulo Il

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

tumor-bearing rats reveals dysregulation of excitation—contraction coupling together with additional
muscle alterations. Muscle Nerve 2014, 49, 233—-248.

Penna, F.; Busquets, S.; Argilés, J.M. Experimental cancer cachexia: Evolving strategies for getting closer
to the human scenario. Semin. Cell Dev. Biol. 2016, 54, 20-27.

Martinelli, G.B.; Olivari, D.; Re Cecconi, A.D.; Talamini, L.; Ottoboni, L.; Lecker, S.H.; Stretch, C.;
Baracos, V.E.; Bathe, O.F.; Resovi, A.; et al. Activation of the SDF1/CXCR4 pathway retards muscle
atrophy during cancer cachexia. Oncogene 2016, 35, 6212-6222.

Matsumoto, S.; Takebayashi, K.; Aso, Y. The effect of spironolactone on circulating adipocytokines in
patients with type 2 diabetes mellitus complicated by diabetic nephropathy. Metabolism 2006, 55, 1645—
1652.

Hiuge, A.; Tenenbaum, A.; Maeda, N.; Benderly, M.; Kumada, M.; Fisman, E.Z.; Tanne, D.; Matas, Z.;
Hibuse, T.; Fujita, K.; et al. Effects of peroxisome proliferator-activated receptor ligands, bezafibrate and
fenofibrate, on adiponectin level. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 635-641.

Petit, J.M.; Duong, M.; Masson, D.; Buisson, M.; Duvillard, L.; Bour, J.B.; Brindisi, M.C.; Galland, F.;
Guiguet, M.; Gambert, P.; et al. Serum adiponectin and metabolic parameters in HIV-1-infected patients
after substitution of nevirapine for protease inhibitors. Eur. J. Clin. Investig. 2004, 34, 569-575.

Martin, R.L.; Lee, J.H.; Cribbs, L.L.; Perez-Reyes, E.; Hanck, D.A. Mibefradil block of cloned T-type
calcium channels. J. Pharmacol. Exp. Ther. 2000, 295, 302—-308.

Liao, P.; Yu, D.; Li, G.; Yong, T.F.; Soon, J.L.; Chua, Y.L.; Soong, T.W. A smooth muscle Cav1.2 calcium
channel splice variant underlies hyperpolarized window current and enhanced state-dependent inhibition
by nifedipine. J. Biol. Chem. 2007, 282, 35133-35142.

Splawski, I.; Timothy, K.W.; Sharpe, L.M.; Decher, N.; Kumar, P.; Bloise, R.; Napolitano, C.; Schwartz,
P.J.; Joseph, R.M.; Condouris, K.; et al. Ca(V)1.2 calcium channel dysfunction causes a multisystem
disorder including arrhythmia and autism. Cell 2004, 119, 19-31.

Mohamed, H.A.; Girgis, N.M.R.; Wilcken, R.; Bauer, M.R.; Tinsley, H.N.; Gary, B.D.; Piazza, G.A,;
Boeckler, F.M.; Abadi, A.H. Synthesis and molecular modeling of novel tetrahydro-B-carboline derivatives
with phosphodiesterase 5 inhibitory and anticancer properties. J. Med. Chem. 2011, 54, 495-509.

Koo, C.-Y.; Sen, Y.-P.; Bay, B.-H.; Yip, G.W. Targeting heparan sulfate proteoglycans in breast cancer
treatment. Recent Pat. Anticancer Drug Discov. 2008, 3, 151-158.

Bogdanovich, S.; Krag, T.0.B.; Barton, E.R.; Morris, L.D.; Whittemore, L.-A.; Ahima, R.S.; Khurana,
T.S. Functional improvement of dystrophic muscle by myostatin blockade. Nature 2002, 420, 418-421.
Wagner, K.R.; Fleckenstein, J.L.; Amato, A.A.; Barohn, R.J.; Bushby, K.; Escolar, D.M.; Flanigan, K.M.;
Pestronk, A.; Tawil, R.; Wolfe, G.1.; et al. A phase I/lltrial of MY0O-029 in adult subjects with muscular
dystrophy. Ann. Neurol. 2008, 63, 561-571.

88



Capitulo Il

54,

55.

56.

of.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Bodine, S.C.; Latres, E.; Baumhueter, S.; Lai, V.K.; Nunez, L.; Clarke, B.A.; Poueymirou, W.T.; Panaro,
F.J.; Na, E.; Dharmarajan, K.; et al. Identification of ubiquitin ligases required for skeletal muscle atrophy.
Science 2001, 294, 1704-1708.

Mammucari, C.; Milan, G.; Romanello, V.; Masiero, E.; Rudolf, R.; Del Piccolo, P.; Burden, S.J.; Di Lisi,
R.; Sandri, C.; Zhao, J.; et al. FoxO3 controls autophagy in skeletal muscle in vivo. Cell Metab. 2007, 6,
458-471.

Sin, T.K.; Yu, AP.; Yung, B.Y.; Yip, S.P.; Chan, LW.; Wong, C.S.; Ying, M.; Rudd, J.A.; Siu, P.M.
Modulating effect of SIRT1 activation induced by resveratrol on Foxol-associated apoptotic signalling in
senescent heart. J. Physiol. 2014, 592, 2535-2548.

Penna, F.; Costamagna, D.; Pin, F.; Camperi, A.; Fanzani, A.; Chiarpotto, E.M.; Cavallini, G.; Bonelli, G.;
Baccino, F.M.; Costelli, P. Autophagic degradation contributes to muscle wasting in cancer cachexia. Am.
J. Pathol. 2013, 182, 1367-1378.

Argilés, J.M.; Busquets, S.; Stemmler, B.; LOopez-Soriano, F.J. Cachexia and sarcopenia: Mechanisms and
potential targets for intervention. Curr. Opin. Pharmacol. 2015, 22, 100-106.

Jiang, G.; Huang, C.; Li, J.; Huang, H.; Jin, H.; Zhu, J.; Wu, X.-R.; Huang, C. Role of STAT3 and FOXO1
in the Divergent Therapeutic Responses of Non-metastatic and Metastatic Bladder Cancer Cells to miR-
145. Mol. Cancer Ther. 2017, 16, 924-935.

Wang, B.; Zhang, C.; Zhang, A.; Cai, H.; Price, S.R.; Wang, X.H. MicroRNA-23a and MicroRNA-27a
Mimic Exercise by Ameliorating CKD-Induced Muscle Atrophy. J. Am. Soc. Nephrol. 2017, 28, 2631
2640.

Ash, G.l.; Kostek, M.A.; Lee, H.; Angelopoulos, T.J.; Clarkson, P.M.; Gordon, P.M.; Moyna, N.M.;
Visich, P.S.; Zoeller, R.F.; Price, T.B.; et al. Glucocorticoid Receptor (NR3C1) Variants Associate with
the Muscle Strength and Size Response to Resistance Training. PLoS ONE 2016, 11, e0148112.

Jia, H.; Zhao, Y.; Li, T.; Zhang, Y.; Zhu, D. miR-30e is negatively regulated by myostatin in skeletal
muscle and is functionally related to fiber-type composition. Acta Biochim. Biophys. Sin. (Shanghai) 2017,
49, 392-399.

Zhu, H.; Han, C.; Wu, T. MiR-17-92 cluster promotes hepatocarcinogenesis. Carcinogenesis 2015, 36,
1213-1222.

Cioffi, M.; Trabulo, S.M.; Sanchez-Ripoll, Y.; Miranda-Lorenzo, I.; Lonardo, E.; Dorado, J.; Reis Vieira,
C.; Ramirez, J.C.; Hidalgo, M.; Aicher, A.; et al. The miR-17-92 cluster counteracts quiescence and
chemoresistance in a distinct subpopulation of pancreatic cancer stem cells. Gut 2015, 64, 1936-1948.
Chatterjee, A.; Chattopadhyay, D.; Chakrabarti, G. miR-17-5p downregulation contributes to paclitaxel
resistance of lung cancer cells through altering beclinl expression. PLoS ONE 2014, 9, e95716.

Zhao, J.; Fu, W.; Liao, H.; Dai, L.; Jiang, Z.; Pan, Y.; Huang, H.; Mo, Y.; Li, S.; Yang, G.; et al. The
regulatory and predictive functions of miR-17 and miR-92 families on cisplatin resistance of non-small
cell lung cancer. BMC Cancer 2015, 15, 731.

89



Capitulo Il

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Dong, C.; Yang, X.-Z.; Zhang, C.-Y.; Liu, Y.-Y.; Zhou, R.-B.; Cheng, Q.-D.; Yan, E.-K.; Yin, D.-C.
Myocyte enhancer factor 2C and its directly-interacting proteins: A review. Prog. Biophys. Mol. Biol. 2017,
126, 22-30.

Chinchilla, A.; Lozano, E.; Daimi, H.; Esteban, F.J.; Crist, C.; Aranega, A.E.; Franco, D. MicroRNA
profiling during mouse ventricular maturation: A role for miR-27 modulating Mef2c expression.
Cardiovasc. Res. 2011, 89, 98-108.

Shen, L.; Chen, L.; Zhang, S.; Du, J.; Bai, L.; Zhang, Y.; Jiang, Y.; Li, X.; Wang, J.; Zhu, L. MicroRNA-
27b Regulates Mitochondria Biogenesis in Myocytes. PLoS ONE 2016, 11, e0148532.

McFarlane, C.; Vajjala, A.; Arigela, H.; Lokireddy, S.; Ge, X.; Bonala, S.; Manickam, R.; Kambadur, R.;
Sharma, M. Negative auto-regulation of myostatin expression is mediated by Smad3 and microRNA-27.
PLoS ONE 2014, 9, e87687.

Rodriguez, J.; Vernus, B.; Chelh, I.; Cassar-Malek, I.; Gabillard, J.C.; Hadj Sassi, A.; Seiliez, I.; Picard,
B.; Bonnieu, A. Myostatin and the skeletal muscle atrophy and hypertrophy signaling pathways. Cell. Mol.
Life Sci. 2014, 71, 4361-4371.

Argilés, J.M.; Orpi, M.; Busquets, S.; Lopez-Soriano, F.J. Myostatin: More than just a regulator of muscle
mass. Drug Discov. Today 2012, 17, 702-709.

Han, H.Q.; Mitch, W.E. Targeting the myostatin signaling pathway to treat muscle wasting diseases. Curr.
Opin. Support. Palliat. Care 2011, 5, 334-341.

Smith, R.C.; Lin, B.K. Myostatin inhibitors as therapies for muscle wasting associated with cancer and
other disorders. Curr. Opin. Support. Palliat. Care 2013, 7, 352-360.

Gallot, Y.S.; Durieux, A.-C.; Castells, J.; Desgeorges, M.M.; Vernus, B.; Plantureux, L.; Rémond, D.;
Jahnke, V.E.; Lefai, E.; Dardevet, D.; et al. Myostatin gene inactivation prevents skeletal muscle wasting
in cancer. Cancer Res. 2014, 74, 7344—7356.

Argiles, J.M.; Lopez-Soriano, F.J.; Busquets, S. Counteracting inflammation: A promising therapy in
cachexia. Crit. Rev. Oncog. 2012, 17, 253-262.

Brzoska, E.; Kowalewska, M.; Markowska-Zagrajek, A.; Kowalski, K.; Archacka, K.; Zimowska, M.;
Grabowska, 1.; Czerwinska, A.M.; Czarnecka-Gora, M.; Streminska, W.; et al. Sdf-1 (CXCL12) improves
skeletal muscle regeneration via the mobilisation of Cxcr4 and CD34 expressing cells. Biol. Cell 2012,
104, 722-737.

Dileepan, M.; Sarver, A.E.; Rao, S.P.; Panettieri, R.A.; Subramanian, S.; Kannan, M.S. MicroRNA
Mediated Chemokine Responses in Human Airway Smooth Muscle Cells. PLoS ONE 2016, 11, e0150842.
Bonetto, A.; Aydogdu, T.; Jin, X.; Zhang, Z.; Zhan, R.; Puzis, L.; Koniaris, L.G.; Zimmers, T.A.
JAK/STAT3 pathway inhibition blocks skeletal muscle wasting downstream of I1L-6 and in experimental
cancer cachexia. Am. J. Physiol. Endocrinol. Metab. 2012, 303, E410-E421.

Zimmers, T.A.; Fishel, M.L.; Bonetto, A. STAT3 in the systemic inflammation of cancer cachexia. Semin.
Cell Dev. Biol. 2016, 54, 28-41.

90



Capitulo Il

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Diao, Y.; Wang, X.; Wu, Z. SOCS1, SOCS3, and PIAS1 promote myogenic differentiation by inhibiting
the leukemia inhibitory factor-induced JAK1/STAT1/STAT3 pathway. Mol. Cell. Biol. 2009, 29, 5084—
5093.

Lieskovska, J.; Guo, D.; Derman, E. Growth impairment in IL-6-overexpressing transgenic mice is
associated with induction of SOCS3 mRNA. Growth Horm. IGF Res. 2003, 13, 26-35.

Mehic, D.; Bakiri, L.; Ghannadan, M.; Wagner, E.F.; Tschachler, E. Fos and jun proteins are specifically
expressed during differentiation of human keratinocytes. J. Investig. Dermatol. 2005, 124, 212-220.
Zhang, P.; Cheng, J.; Zou, S.; D’Souza, A.D.; Koff, J.L.; Lu, J.; Lee, P.J.; Krause, D.S.; Egan, M.E;
Bruscia, E.M. Pharmacological modulation of the AKT/microRNA-199a-5p/CAV1 pathway ameliorates
cystic fibrosis lung hyper-inflammation. Nat. Commun. 2015, 6, 6221.

Mobher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. Preferred Reporting Items for Systematic Reviews and
Meta-Analyses: The PRISMA Statement. PLoS Med. 2009, 6, e1000097.

Kulyté, A.; Lorente-Cebrién, S.; Gao, H.; Mejhert, N.; Agustsson, T.; Arner, P.; Rydén, M.; Dahlman, I.
MicroRNA profiling links miR-378 to enhanced adipocyte lipolysis in human cancer cachexia. Am. J.
Physiol. Endocrinol. Metab. 2014, 306, E267-E274.

Moraes, L.N.; Fernandez, G.J.; Vechetti-Janior, 1.J.; Freire, P.P.; Souza, R.W.A; Villacis, R.A.R.; Rogatto,
S.R.; Reis, P.P.; Dal-Pai-Silva, M.; Carvalho, R.F. Integration of miRNA and mRNA expression profiles
reveals microRNA-regulated networks during muscle wasting in cardiac cachexia. Sci. Rep. 2017, 7, 6998.
Agarwal, V.; Bell, G.W.; Nam, J.-W.; Bartel, D.P. Predicting effective microRNA target sites in
mammalian mRNAs. Elife 2015, 4, e05005.

Chou, C.-H.; Chang, N.-W.; Shrestha, S.; Hsu, S.-D.; Lin, Y.-L.; Lee, W.-H.; Yang, C.-D.; Hong, H.-C.;
Wei, T.-Y.; Tu, S.-J.; et al. miRTarBase 2016: Updates to the experimentally validated miRNA-target
interactions database. Nucleic Acids Res. 2016, 44, D239-D247.

Dweep, H.; Sticht, C.; Pandey, P.; Gretz, N. miRWalk—database: Prediction of possible miRNA binding
sites by “walking” the genes of three genomes. J. Biomed. Inform. 2011, 44, 839-847.

Mi, H.; Huang, X.; Muruganujan, A.; Tang, H.; Mills, C.; Kang, D.; Thomas, P.D. PANTHER version 11:
Expanded annotation data from Gene Ontology and Reactome pathways, and data analysis tool
enhancements. Nucleic Acids Res. 2017, 45, D183-D189.

Mi, H.; Dong, Q.; Muruganujan, A.; Gaudet, P.; Lewis, S.; Thomas, P.D. PANTHER version 7: Improved
phylogenetic trees, orthologs and collaboration with the Gene Ontology Consortium. Nucleic Acids Res.
2010, 38, D204-D210.

Mi, H.; Lazareva-Ulitsky, B.; Loo, R.; Kejariwal, A.; Vandergriff, J.; Rabkin, S.; Guo, N.; Muruganujan,
A.; Doremieux, O.; Campbell, M.J.; et al. The PANTHER database of protein families, subfamilies,
functions and pathways. Nucleic Acids Res. 2005, 33, D284-D288.

91



Capitulo Il

94.

95.

96.

97.

98.

Szklarczyk, D.; Morris, J.H.; Cook, H.; Kuhn, M.; Wyder, S.; Simonovic, M.; Santos, A.; Doncheva, N.T.;
Roth, A.; Bork, P.; et al. The STRING database in 2017: Quality-controlled protein—protein association
networks, made broadly accessible. Nucleic Acids Res. 2017, 45, D362—-D368.

Snel, B.; Lehmann, G.; Bork, P.; Huynen, M.A. STRING: A web-server to retrieve and display the
repeatedly occurring neighbourhood of a gene. Nucleic Acids Res. 2000, 28, 3442-3444.

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

Wagner, A.H.; Coffman, A.C.; Ainscough, B.J.; Spies, N.C.; Skidmore, Z.L.; Campbell, K.M.; Krysiak,
K.; Pan, D.; McMichael, J.F.; Eldred, J.M.; et al. DGIdb 2.0: Mining clinically relevant drug-gene
interactions. Nucleic Acids Res. 2016, 44, D1036-D1044.

Griffith, M.; Griffith, O.L.; Coffman, A.C.; Weible, J. V.; McMichael, J.F.; Spies, N.C.; Koval, J.; Das, |.;
Callaway, M.B.; Eldred, J.M.; et al. DGIdb: Mining the druggable genome. Nat. Methods 2013, 10, 1209-
1210.

92



Capitulo Il

Supplementary Tables

S1 Table. Gene List.
List with 1D, symbol, full name, and synonyms of the 52 differentially expressed genes validated
in the skeletal muscles from cancer cachexia samples.

ID Official Symbol Official Full Name Synonyms
11459 Actcl actin, alpha 1 Acts; Acta-2; Actsk-1
11513 Adcy7 adenylate cyclase 7 AA407758
11450 Adipog adiponectin, C1Q ar-ld_ collagen domain Ad; APN; Acdc; apM1; adipo;

containing Acrp30
654812 Angptl7 angiopoietin-like 7 Angl7
494504 Apcddl adenomatosis polyposis coli down-regulated 1 Drapcl
12176 Bnip3 BCL2/adenovirus E1B interacting protein 3 Nip3; Bcl2
50908 Cisl complement component 1, s subcomponent 1 C1s; Clsa
12303 camich calcium/calmodulin-dependent protein kinase Il, KCC2B
beta
12389 Cavl caveolin 1 Cav; Cav-1
12609 Cebpd CCAAT/enhancer binding protein (C/EBP), delta c/EBPdelta
12845 Comp cartilage oligomeric matrix protein TSP5
20315 Cxcl12 chemokine (C-X-C motif) ligand 12 Pbsf; Sdf1; Tlsf; Tparl; Scyb12
s o eukaryotic translation inlitiation factor 3, subunit Tripl: Eif3s?
14089 Fap fibroblast activation protein SIMP ; SEPR
67731 Fbxo32 F-box protein 32 MAFbx; ATROGIN1;
99571 Fog fibrinogen gamma chain FIBG
56458 Foxol forkhead box O1 Afxh; FKHR; Fkhrl; Foxola
14313 Fst follistatin FS
U Gabarapl1 gamma-aminobutyric acid A receptor-associated GECI: Apgl: Atgsl; GBRL1
protein-like 1

15239 Hgs HGF-regulated tyrosine kinase substrate tn; Hgr; Hrs
66847 Hint3 histidine triad nucleotide binding protein 3 HINT-3; HINT-4
15439 HP haptoglobin HP-1; hpt; preHP2
15483 Hsd11bl hydroxysteroid 11-beta dehydrogenase 1 DHI1
15516 Hsp90abl heat shock protein 90 alpha, class B member 1 Hsp84; Hsp90; Hspch; Hsp84-1
16477 Junb jun B proto-oncogene MyD21
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80334

16773
17260

17392

17700

17885

14815
18221
18479
18534
66853
216151
19130

54720

20208
20716

67712

12702

20848

21422

21846

433766
22084
22142
22145
22229
22230

Kcnip4
Lama2
Mef2c
Mmp3
Mstn
Myh8

Nr3cl
Nudc
Pakl
Pckl

Pnpla2

Polrmt

Prox1
Rcanl

Saal

Serpina3n

Slc25a37

Socs3
Stat3

Tfcp2

Tiel

Trimé3
Tsc2
Tubala
Tubada
Ucp3
Ufdl

Kv channel interacting protein 4

laminin, alpha 2

myocyte enhancer factor 2C
matrix metallopeptidase 3
myostatin
myosin, heavy polypeptide 8, skeletal muscle

nuclear receptor subfamily 3, group C, member 1
nudC nuclear distribution protein
p21 protein (Cdc42/Rac)-activated kinase 1
phosphoenolpyruvate carboxykinase 1, cytosolic
patatin-like phospholipase domain containing 2
polymerase (RNA) mitochondrial

prospero homeobox 1
regulator of calcineurin 1

serum amyloid A 1

serine peptidase inhibitor, clade A, member 3N

solute carrier family 25, member 37

suppressor of cytokine signaling 3
signal transducer and activator of transcription 3
transcription factor CP2

tyrosine kinase with immunoglobulin-like and
EGF-like domains 1

tripartite motif-containing 63
tuberous sclerosis 2
tubulin, alpha 1A
tubulin, alpha 4A
uncoupling protein 3

ubiquitin fusion degradation 1 like

Calp; KChIP4; Calp250;
KChlP4a

dy; mer; merosin
Mef2
SL-1; EMS-2; SLN-1; STR-1;
Stmyl
Cmpt; Gdf8
MHCp; Myhsp;
Myhs-p; MyHC-pn
GCR; Grl1; Grl-1
SI1G-92; Silg92
Paka; PAK-1
PEPCK; Pck-1
Atgl; TTS-2.2
Q8BKF1
P48437
CSP1; DSC1; RCN1; Dscri;
MCIP1; CALP1L; Adapt78
Saa2; Saa-1
Spi2-2; Spi2.2; Spi2/eb.4
Mfrn; Mscp; Mfrnl; frascati;
mitoferrin
Cis3; Ef10; Ssi3; Cish3; EF-10;
SSI-3
Aprf
CP2; LSF; CP-2; LBP1; UBP-1;
LBP-1c; LBP-1d; Tcfcp2;

TIE; tie-1

RF1; MuRF1; Rnf28
Tcs2; Nafld
Tubal; Tuba-1
M[a]4; Tubad
UCP-3
uB
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S2 Table. Predicted and validated microRNA:s.

Number of predicted and validated microRNA-mRNA interactions

microRNAs (n)
Soares et al. 2014;

MRNA

Predicted Validated Narasimhan et al. Total
Target
2017

Actcl 36 1 0 37
Adcy7 87 0 0 87
Adipoq 37 0 0 37
Angptl7 12 5 0 17
Apcddl 61 7 0 68
Bnip3 29 1 0 30
Cls1 12 0 0 12
Camk2b 108 2 0 110
Cavl 66 6 1 73
cEBP 37 0 0 37
Comp 17 5 0 22
Cxcl12 197 8 2 207

Eif3i 1 0 0 1
Fap 37 0 0 37
Fbxo32 57 2 0 59
Fag 28 0 0 28
Foxol 133 4 1 138
Fst 48 1 0 49
Gabarapll 45 0 0 45
Hgs 66 0 0 66
Hint3 28 0 0 28
HP 35 0 0 35
Hsd11bl 69 1 0 70
Hsp90ab1 62 0 0 62
Junb 76 0 1 77
Kcnip4 52 0 0 52
Lama2 20 0 0 20
Mef2c 33 14 2 49
Mmp3 40 0 0 40
Mstn 65 0 0 65
Myh8 26 0 0 26
Nr3cl 50 9 0 59
Nudc 38 0 0 38
Pak 60 2 0 62
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Pckl
Pnpla2
Polrmt
Prox1
Rcanl

Saal

Serpina3n
Slc25a37
Socs3

Stat3
Tfcp2

Tiel
Trim63

Tsc2
Tubala
Tubada

Ucp3

Ufdl

TOTAL

86
66

62
85
44
139
133
75
124
78
50
121
99
32
97
82

3150
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91
67

64
86
44
139
135
76
133
87
50
121
99
32
97
82

3255

96



Capitulo Il

S3 Table. microRNA-mRNA interactions.
List of predicted and validated microRNA-mRNA interactions

Target Validated microRNA

o miR-106a-5p, miR-93-5p, miR-20a-5p, MiR-17-5p, let-7b-5p, miR-125b-5p,
miR-106b-5p, miR-223-3p, miR-124-3p

Tiep2 miR-3089-5p, miR-3082-5p, miR-804, miR-759, miR-1195, miR-665-3p,
miR-673-3p, miR-5135, miR-139-5p

Angptl7 miR-1195, miR-804, miR-3089-5p, miR-5135, miR-376c¢-3p,

Comp miR-329-3p, miR-362-3p, miR-100-5p, miR-99a-5p, miR-99b-5p

Foxol miR-139-5p, miR-145a-5p, miR-694, miR-27a, miR-1264-3p

Pckl miR-342-3p, miR-377-3p, miR-362-3p, MiR-329-3p, miR-466i-3p

Up-regulated | kb miR-122-5p, miR-136-5p

Fbxo32 miR-3098-5p, miR-384-3p

Pak1 miR-425-5p, miR-34b-5p

Pnpla2 miR-124-3p

Socs3 miR-483-5p

Mstn miR-27b

Junb miR-199a
miR-223-3p, miR-24-3p, miR-26a-5p, MiR-27a, miR-27b, miR-327, miR-

Mef2c 495-3p, miR-1192, miR-5101, miR-106b-5p, miR-20a-5p, miR-20b-5p,
miR-93-5p, miR-17-5p, miR-106a-5p

— miR-425-5p, miR-362-5p, miR-30e-5p, mMiR-129-5p, miR-1897-5p, miR-
3057-5p, miR-5130, miR-28b, miR-28c

Cxcl2 miR-124-3p, miR-140-5p, miR-17-5p, miR-340-5p, miR-27b, miR-15a-5p,
miR-34b-5p, miR-149-5p, miR-9-5p

o miR-340-5, miR-301-3p, miR-17-5p, miR-19b-3p, miR-199a, miR-297-5p,
miR-203-3p

Apcddl miR-301b-3p, miR-26a-5p, miR-3968, miR-3971, miR-1955-3p, miR-690

Down- regulated

Slc25a37 miR-362-5p, miR-3082-3p

Prox1 miR-181a-5, miR-124-3p

Rcanl miR-122-5p

Bnip3 miR-221-3p

Hsd11bl miR-26a-5p

Fst miR-124-3p

Actcl miR-124-3p
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Abstract: Cancer cachexia is a multifactorial syndrome that leads to significant weight loss. Cachexia
affects 50%~80% of cancer patients, depending on the tumor type, and is associated with 20%—40%
of cancer patient deaths. Besides the efforts to identify molecular mechanisms of skeletal muscle
atrophy—a key feature in cancer cachexia—no effective therapy for the syndrome is currently
available. MicroRN As are regulators of gene expression, with therapeutic potential in several muscle
wasting disorders. We performed a meta-analysis of previously published gene expression data to
reveal new potential microRNA-mBEMNA networks associated with muscle atrophy in cancer cachexia.
We retrieved 52 differentially expressed genes in nine studies of muscle tissue from patients and
rodent models of cancer cachexia. Next, we predicted microRNAs targeting these differentially
expressed genes. We also include global microRNA expression data surveyed in atrophying skeletal
muscles from previous studies as background information. We identified deregulated genes involved
in the regulation of apoptosis, muscle hypertrophy, catabolism, and acute phase response. We further
predicted new microRNA-mRNA interactions, such as miR-27afFoxol, miR-27a/Mef2c, miR-27b/Cxcll2,
miR-27b/Mef2c, miR-140/Cxcl12, miR-199a/Cavl, and miR-199a/Junb, which may contribute to muscle
wasting in cancer cachexia. Finally, we found drugs targeting M5TN, CXCL12, and CAMEK2B, which
may be considered for the development of novel therapeutic strategies for cancer cachexdia. Qur study
has broadened the knowledge of microRNA-regulated networks that are likely associated with
muscle atrophy in cancer cachexia, pointing to their involvement as potential targets for novel
therapeutic strategies.

Keywords: cancer cachexia; microRNAs; transcriptome; protein-protein interaction networks

1. Introduction

Cachexia is a syndrome associated with pathological conditions, including sepsis, chronic
obstructive pulmonary disease, heart failure, and cancer [1,2]. Notably, cachexia is the leading cause of
death for 20%~40% of cancer patients 3], and affects around 60% of patients when all cancer types are

Int. . Mol. Sci. 2019, 20, 1962; doi:10.3390/ijms20081 962 www.mdpicomyfjournalfijms
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Abstract

Background: Cachexia is a multifactorial syndrome highly associated with specific tumor types, but
the causes of variation in cachexia prevalence and severity are unknown. While circulating plasma
mediators (soluble cachectic factors) derived from tumors have been implicated with the pathogenesis
of the syndrome, these associations were generally based on plasma concentration rather than tissue-
specific gene expression levels. Here, we hypothesized that tumor gene expression profiling of
cachexia-inducing factors (CIF) in human cancers with different prevalence of cachexia could reveal
potential cancer-specific cachexia mediators and biomarkers of clinical outcome.

Methods: First, we combined uniformly processed RNA sequencing data from The Cancer Genome
Atlas (TCGA) and Genotype-Tissue Expression (GTEX) databases to characterize the expression
profile of secretome genes in 12 cancer types (4,651 samples) compared to their matched normal
tissues (2,737 samples). We systematically investigated the transcriptomic data to assess the tumor
expression profile of 25 known CIF and their predictive values for patient survival. We used Xena
Functional Genomics tool to analyze the gene expression of CIF according to neoplastic cellularity in
pancreatic adenocarcinoma, which is known to present the highest prevalence of cachexia.

Results: A comprehensive characterization of the expression profiling of secreted genes in different
human cancers revealed pathways and mediators with a potential role in cachexia within the tumor
microenvironment. Cytokine and chemokine related-pathways were enriched in tumor types
frequently associated with the syndrome. Cachexia-inducing factors presented a tumor-specific
expression profile, in which the number of upregulated genes was correlated with the cachexia
prevalence (r square: 0.80; p-value: 0.002) and weight loss (r square: 0.81; p-value: 0.002). The distinct
gene expression profile, according to tumor type, was significantly associated with prognosis (p-value
< 1.96 E-06). In pancreatic adenocarcinoma, the upregulated CIF genes were associated with tumors
presenting low neoplastic cellularity and high leukocyte fraction, and not with tumor grade.
Conclusion: Our results present a biological dimension of tumor-secreted elements that are potentially
useful to explain why specific cancer types are more likely to develop cachexia. The tumor-specific
profile of CIF may help the future development of better-targeted therapies to treat cancer types highly
associated with the syndrome.

Key words: Cachexia-inducing factors, Cancer Genomics, GTEX, Omics, Pan-Cancer, TCGA.
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Introduction

Cancer cachexia is a multifactorial syndrome characterized by muscle wasting, leading to a significant
weight loss that impacts patient’s quality of life, tolerance to treatment, response to therapy, and
survival>. The syndrome affects up to 80% of advanced cancer patients, and it represents the cause
of 20% of all cancer deaths®. Cachexia is highly associated with specific tumor types such as
pancreatic, esophageal, gastric, lung and liver, and similarly, patients with these malignancies have the
highest degree of weight loss’2, The etiology of cancer cachexia in different tumor types involves
complex and specific tumor-host interactions that remain to be completely elucidated. The
combinatorial action of soluble secreted mediators (secretome) by cancer cells and cells within the
tumor microenvironment, including many pro-inflammatory cytokines, contribute to systemic
inflammation and directly act on skeletal muscle to induce wasting*?°. Consequently, the efforts to
identify mediators and biomarkers have been centered on the levels of cachectic factors from plasma®®-
21 However, it remains unclear whether these factors circulating in the blood are derived from the host
or tumor secretome. In addition, the extent to which these secreted factors associated with cachexia
are expressed by different tumor types, and which are the most ubiquitously expressed in different
cancer sites, have yet to be determined. A comprehensive characterization of the gene expression
profile of cachexia-inducing factors (CIF) has the potential to reveal tumor secretome transcriptional
patterns, which may help to explain the variation on prevalence and severity of cachexia within and

across human cancers.

Transcriptomic approaches have been applied to unravel the secretome of a specific cell or
tissue types®2. In a pioneer genome-wide study based on microarrays, Welsh et al.?® described 74
overexpressed genes encoding secreted proteins in human cancers. Despite the reduced number of
genes predicted as encoding secreted proteins and the relatively low number of tissue samples surveyed
in this study, a significant fraction of these overexpressed secretome genes in carcinomas were found
to be dysregulated in cancer or having demonstrated applications in cancer diagnosis and therapy.
The advent of RNA sequencing (RNA-Seq) has revolutionized the transcriptomic studies and enabled
researchers a better understanding of the genetic mechanisms underlying human diseases, especially
in cancer’*?5, Therefore, RNA-Seq followed by newly emerging algorithms for signal-peptide
predictions have become useful tools for profiling the secretome 22, and have revealed that a larger
fraction of human tissue-enriched proteins are secreted?’. Based on this knowledge, Robinson et al.?®
conducted a Pan-Cancer analysis of secretome gene expression that resulted in ranked lists of candidate
diagnostic biomarkers detectable in biological fluids. This investigation also revealed the patterns and

biological functions associated with changes in secreted protein expression in different tumor types,
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focusing mainly on a “core” secretome. This strategy reduced the complexity of the secretome by
narrowing the range of secreted molecules necessary to explore fundamental questions underlying
altered secretome expression in different cancer types. However, the secretome complexity is still far
from being completely understood and selecting different methodological strategies or specific tumor

types might lead to new insights into its biological function.

The Pan-Cancer studies integrate different levels of molecular data to comprehensively identify
the similarities and differences in single or different tumor types 2°. Here, we compared the expression
profiles and functions of secreted proteins in 12 tumor types with different prevalence of cachexia. We
hypothesized that tumor gene expression profiling of CIF could reveal potential cancer-specific
mediators and biomarkers of clinical outcome. To test this, we first combined uniformly processed
RNA sequencing data from The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression
(GTEX) databases to characterize the expression profile of secretome genes. These datasets allowed
us to comprehensively characterize the expression landscape of genes encoding predicted secreted
proteins in human cancers and revealed potential mediators of cachexia within the tumor
microenvironment. Next, we focused on the transcriptomic data to assess the tumor expression profile
of 25 known CIF and their prognostic value in terms of predicting patient survival. Interestingly, we
detected a tumor-specific expression profile of CIF. The number of upregulated cachectic factor genes
in tumor compared to normal tissues was strongly correlated with the prevalence of cachexia and
weight loss. We identified the expression of tumor cachectic factors genes relevant to cancer biology,

which may help to elucidate why specific cancer types are more prone to develop cachexia.

Methods
TCGA and GTEXx transcriptomics datasets

Transcriptional profiles from TCGA (https://portal.gdc.cancer.gov/) of 12 human cancers were

compared with matched normal tissues from TCGA and GTEx® (http://www.gtexportal.org/). We

used RNA sequencing data uniformly processed and unified by the Toil Pipeline®., via the web-based

tool Gene Expression Profiling Analysis®? (GEPIA, http://gepia.cancerpku.cn/). A similar strategy was

previously described in pan-cancer studies®*=34, and their comparability findings demonstrated that
TCGA and GTEx expression profiles could be collectively analyzed. Differentially expressed genes
(DEGS) between tumor and normal samples were determined by one-way ANOVA applying the

statistical cutoffs of log2 fold-change > 1 and g-value < 0.01.

Transcriptome-based secretome analysis
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DEGs were further filtered for secreted protein-coding genes based on the human secretome list

available at The Human Protein Atlas?’ (https://www.proteinatlas.org/humanproteome/secretome),

which was predicted by a whole-proteome scan using at least two of the three following methods for
signal peptide prediction: SignalP4.0, Phobius, and SPOCTOPUS. Shared upregulated secretome

genes among all tumor types were displayed using Circos® (http://circos.ca/). The Kyoto Encyclopedia

of Genes and Genomes (KEGG) pathway and Biological Process (Gene Ontology) analyses of the
deregulated secretome genes were performed with EnrichR links®6:37

(http://amp.pharm.mssm.edu/Enrichr/), and the enrichment result is represented by p-value (Fisher

exact test) and Z-score (correction to the test) in a combined score computed by EnrichR%*3’. The
KEGG pathway and Biological Process terms were included in an integrative analysis using the
criterion of over-representation (Log2 combined score > 2) in at least one tumor type. The set of
CIF detected and enriched in the top 10 Biological Process terms are displayed through an Alluvial

Graph generated using the online tool: http://sankeymatic.com/.

Cachectic soluble factors gene expression profile in 12 tumor types

For mRNA profiling of cachectic soluble factors, we selected 25 transcripts coding for soluble factors
associated with cachexia. These transcripts were previously selected for blood screening by a multiplex
array platform in pancreatic cachectic patients'® (Supplementary Table 1). The number of upregulated
transcripts were correlated with the prevalence of cachexia and average weight loss for each tumor
type obtained from previous studies®!!. Although our dataset may not represent the entire range of
cachexia variation for all the 12 cancer types analyzed, these selected data provided numbers with
potential correspondence in cachexia studies. We calculated the Pearson’s correlations coefficient (r)
with corresponding p-values for the covariation between the number of differentially expressed CIF
from TCGA datasets (tumor tissues vs. matched normal TCGA and GTEXx data) with the prevalence
of cachexia and percentage of weight loss. We considered significant correlation when p-value < 0.01
and r square value > 0.8. The correlation analysis was performed using the software GraphPad Prism

(GraphPad Prism 6).
Tumor purity analysis

We collected the pancreatic adenocarcinoma (PAAD) clinical and tumor purity information from The
Cancer Genome Atlas Research Network®, The expression levels of 25 CIF genes were analyzed using
unsupervised clustering approaches, according to the neoplastic cellularity of PAAD (high purity vs.

low purity tumors). Xena Functional Genomics Explorer tool was used to collect the gene expression
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information, using normalized data by the upper quartile method represented as log2 norm_count+1

(http://xenabrowser.net/). Morpheus (https://software.broadinstitute.org/morpheus)® was used to
cluster the expression profile of the 25 CIF in PAAD samples according to neoplastic cellularity data
(leukocyte methylation percentage, tumor DNA hypermethylation, and purity class) and tumor grade.

Survival analysis and risk assessment

SurvExpress* (http://bioinformatica.mty.itesm.mx/SurvExpress) was used to determine the risk

assessment and perform a survival analysis of 12 TCGA cancer datasets. This online tool allowed us
to assess the tumor gene expression of all 25 pro-cachectic factors simultaneously and analyzed their
association with the survival of cancer patients by Cox Proportional Hazard regression in high- and
low-risk groups, as determined through the SurvExpress optimization algorithm. This analysis was

performed without considering other clinical characteristics rather than survival.
Data representation and analysis

Correlation analysis and bar plots were constructed with GraphPad Prism (GraphPad Software). Venn
diagrams were plotted using the webserver http://bioinformatics.psb.ugent.be/webtools/Venn/.

Heatmaps and PCA plots were created using the web tools ClustVis*! (http://biit.cs.ut.ee/clustvis/) and

Morpheus *° (https://software.broadinstitute.org/morpheus).

Results
The secretome genes show differential expression profiles across human cancers.

Gene expression profiles were obtained of 4,743 tumors comprising 12 cancer types (TCGA), and
2,737 corresponding normal tissues (TCGA and GTEx). These tumors were selected to allow a
comparison between cancer types ranging from high to low prevalence of cachexia and weight
loss®12, The summary of the number of TCGA and GTEx samples is described in Supplementary
Table 2.

Differentially expressed genes were filtered for those genes previously predicted to have at
least one secreted protein by the Human Protein Atlas (HPA)?’ (Supplementary Data 1). This analysis
revealed 2,162 out of 2,933 HPA differentially expressed secretome genes in at least one cancer type
compared with normal samples (Log2 fold change > 1 and g-value cutoff = 0.01; Supplementary Data
2). The clustering analyses based on Euclidian distance revealed that PAAD displays a gene expression
profile that is distinct from other cancers (Fig. 1a). Also, this analysis grouped cancer types originating
from the same anatomical sites, such as lung adenocarcinoma (LUAD) and lung squamous cell
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carcinoma (LUSC), as well as colon adenocarcinoma (COAD) and rectum adenocarcinoma (READ)
(Fig. 1a). Similarly, Esophageal squamous cell carcinoma (ESCA) and head and neck squamous cell
carcinoma (HNSC) also presented similar expression profiles (Fig. 1a). To test whether our
transcriptome-based secretome analysis defines tumor types, we performed principal component
analysis (PCA) that revealed that PAAD, acute myeloid leukemia (LAML), LUSC, and the cluster
composed by COAD and READ, are distinguished among the 12 cancer types based on the expression
profile of the secretory protein-coding genes (Fig. 1b).

We investigated the diversity and complexity of the cancer transcriptome-based secretome in
these selected 12 cancer types. We found that tumors differed highly in the number of dysregulated
secretome genes in comparison to normal tissues. For instance, PAAD presented 1365 dysregulated
genes, while hepatocellular liver carcinoma (LIHC) had 380 (Fig. 1c, Supplementary Table 3). The
proportions of up and downregulated secretome genes also showed wide distribution among malignant
tissues. PAAD, stomach adenocarcinoma (STAD), ESCA, and HNSC presented 72% to 93% of
upregulated secretome genes, whereas LUSC, LUAD, and prostate adenocarcinoma (PRAD) showed
24% to 27% (Fig. 1c, Supplementary Tables 3-5).

Secretome genes reveal potential mediators of cachexia within and across human cancers.

Given that many secreted soluble factors have been associated with cachexia in different tumor types,
significantly upregulated genes coding for secreted proteins shared among these tumors have the
potential to reveal key players towards the pathogenesis of the syndrome. PAAD, which is associated
with a severe form of cachexia, shared the highest number of upregulated genes in all tumor types
tested (Fig. 1d, Supplementary Table 6). Other tumor types highly associated with cachexia, including
STAD, READ, COAD, ESCA, and HNSC, had in common a high number of upregulated secretome
genes. STAD shared 515 common upregulated genes with PAAD, while ESCA, COAD, READ, and
HNSC presented 305-366. Among the cancer types, PRAD had the lowest number (n=69) of
overlapping upregulated genes with PAAD. Fig. 1d and Supplementary Fig. 1 are representatives of
these findings. Importantly, the shared upregulated genes for secreted proteins revealed potential
mediators of cachexia within the tumor microenvironment, especially in tumors highly associated with

the syndrome.

Upregulated secretome genes exclusively detected in a single cancer type, particularly in those
highly associated with cachexia, are tumor-specific candidates (Supplementary Table 7). In PAAD,

we found exclusive upregulation of 371 genes encoding mainly for cytokine-cytokine receptor
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interaction, complement and coagulation cascades, and Rapl signaling pathways (Fig. 1le,
Supplementary Tables 7 and 8). Interestingly, many of these exclusively upregulated genes in PAAD
were dysregulated in opposite directions in tumors originating from lung and large intestine
(Supplementary Fig. 2, Supplementary Table 9). A total of 103 genes were exclusively upregulated in
LAML, and these genes were related to coagulation cascades and pyruvate metabolism and
downregulated 180 unique secretome genes involved in arginine and proline metabolism, ribosome,
and metabolic pathways (Supplementary Tables 10 and 11). Together, these results show that tumor-
specific factors have the potential to explain the variation in the prevalence and severity of cancer

cachexia.
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Fig. 1 Gene expression analysis of the secretome components in 12 TCGA tumor types compared with
corresponding matched normal TCGA and GTEX tissues. a) Heatmap of the mean expression levels [log2
(TPM+1)] of secretome components in 12 tumor types compared with normal tissues. Both rows (secretome
genes) and columns (tumor types) were clustered using Euclidian distance. Differential expression levels were

calculated using the web-based tool Gene Expression Profiling Analysis (GEPIA, http://gepia.cancerpku.cn/)®.

The resulting numbers of genes encoding predicted secreted proteins were filtered based on the Human Protein

Atlas secretome data (https://www.proteinatlas.org/humanproteome/secretome)?’. The upregulated and

downregulated genes with absolute values of fold-change > 2.0 and g-value < 0.01 (ANOVA) are shown in red
and blue, respectively. The pancreatic adenocarcinoma (PAAD) shows a clear enrichment of the upregulated
secretome genes. b) Principal component analysis (PCA) of the secretome gene expression data in 12 tumor
types compared with normal tissues. ¢) The total number of dysregulated secretome genes in each tumor type
(TCGA) compared with corresponding matched normal tissues (TCGA and GTEX). d) The thickness of each
link in the Circos plot represents the number of shared upregulated secretome genes among tumor types. €)
Exclusive upregulated genes within tumor types. PAAD: Pancreatic adenocarcinoma; ESCA: Esophageal
carcinoma; STAD: Stomach adenocarcinoma; HNSC: Head and neck squamous cell carcinoma; LUAD: Lung
adenocarcinoma; LUSC: Lung squamous cell carcinoma; LIHC: Liver hepatocellular carcinoma; COAD: Colon
adenocarcinoma; READ: Rectum adenocarcinoma; LAML: Acute myeloid leukemia; PRAD: Prostate

adenocarcinoma; BRCA: Breast invasive carcinoma.
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Secretome pathways with a potential role in cancer cachexia

Genes significantly deregulated in at least one tumor type were select to perform enrichment analysis
using the KEGG pathways and Gene Ontology (GO) terms. Overall, we observed that pathways
previously associated with cachexia are overrepresented in highly cachectic tumors (Fig. 2a). The
upregulated genes enriched pathways associated with chemokine and cytokine in PAAD, STAD,
ESCA, HNSC, COAD, and READ (Fig. 2, Supplementary Fig. 3). Terms previously associated with
cachexia, such as lysosome, exocytosis, complement and coagulation cascade, ECM-receptor
interaction, PI3K-Akt signaling, and leukocyte chemotaxis were strongly enriched for upregulated
genes in PAAD, STAD, ESCA, and HNSC (Fig. 2). PAAD, STAD, ESCA, and HNSC presented a
clear pattern of downregulated secretome genes that were less enriched for many pathways highly
over-represented for the upregulated genes (Fig. 2a). The pattern of secretome pathways for LUAD
and LUSC was distinct from tumors highly associated with cachexia, such as PAAD, STAD, ESCA,
and HNSC (Fig. 2a). An enrichment for downregulated genes associated with ECM-receptor
interaction, PI3K-Akt pathway, and protein digestion and absorption was detected in PRAD (Fig. 2a).
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Fig. 2 Enriched pathways of the differentially expressed secretome genes. a) Top-ranked combined scores
for The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways categories associated with
upregulated (right panel) and downregulated (left panel) genes in tumor tissues vs. corresponding matched
normal TCGA and GTEXx tissues, computed by the gene set enrichment analysis tool EnrichR%¢-%’, Pathways
were included in the analysis when satisfying the criteria of over-representation (Log2 combined score > 2)
in, at least, one tumor type (color intensity codes for combined score). Rows and columns were clustered
based on Euclidean distance between Log2 combined score values. b) Right: Top-ranked combined scores for
Gene Ontology (GO) categories associated with upregulated genes in tumor tissues vs. corresponding
matched normal TCGA and GTEX tissues, computed by the gene set enrichment analysis tool EnrichR3¢%7, Left:
Alluvial Diagram connecting the cachexia-inducing factors (CIF) predicted into those biological processes
terms. PAAD: Pancreatic adenocarcinoma; ESCA: Esophageal carcinoma; STAD: Stomach
adenocarcinoma; HNSC: Head and neck squamous cell carcinoma; LUAD: Lung adenocarcinoma; LUSC:

Lung squamous cell carcinoma; LIHC: Liver hepatocellular carcinoma; COAD: Colon adenocarcinoma;
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READ: Rectum adenocarcinoma; LAML: Acute myeloid leukemia; PRAD: Prostate adenocarcinoma;

BRCA: Breast invasive carcinoma.

Tumor-specific expression profile of CIF is correlated with the prevalence of cachexia and

weight loss

Considering that cytokine and chemokine pathways - enriched in tumors associated with cachexia -
include known CIF (PDGFB, HGF, CCL2, TNFSF11, LIF, CSF1, CXCL8, CSF2, and IL6) (Fig. 2b),
we further filtered the transcriptome data to 25 cytokines and growth factors. This same set of
cachexia-inducing factors was previously used for protein blood screening in pancreatic cachectic

patients®®. The list of 25 factors is described in Supplementary Table 1.

We found that each tumor type shows a specific gene expression profile of CIF (Fig. 3a,
Supplementary Fig. 4). PAAD presented the highest number (14) of upregulated CIF (CXCLS, IL1B,
HGF, TNFSF10, LIF, TGFA, TNFSF11, PDGFB, IL6, CCL2, CSF1, IL15, CSF2, and FGF2), while
PRAD showed no significant upregulated CIF. Other tumor types also presented upregulated pro-
cachectic factors, such as breast invasive carcinoma (IL1B and MMP13), LIHC (PDGFB), ESCA
(CXCLS, IL1B, LIF, PDGFB, IL6, CSF3, and MMP3), HNSC (CXCLS8, IL1B, TNFSF10, PDGFB,
CSF2, VEGFA, and MMP3), and STAD (CXCL8, TNFSF10, LIF, TGFAC, and TNFSF11). LUSC and
LUAD shared six downregulated CIF (PDGFB, IL6, HGF, FGF2, CSF3, and CXCL12), whereas only
TGFA and MMP13 were upregulated in both lung tumors. Although IL1B, CXCL8 (also known as
IL8), TGFA, and LIF were upregulated in at least five tumor types, five molecules (IL10, CD40LG,
IFNAL, IL4, and IL17A) showed no alterations (Fig. 3a). Additionally, classic cachectic mediators were
overexpressed, including IL6 in PAAD and ESCA, and TNF in LAML. The transcripts abundance for
these 25 CIF in the 12 tumor types revealed that VEGFA, CCL2, and CXCLS8 are expressed at high
levels in many tumor tissues, while IL4, IL17A, and CSF2 are expressed at low levels (Supplementary
Fig. 5). Our data revealed potential cachexia biomarkers and mediators that are produced at high levels

by the tumor tissues.
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Using previously published data®''2 we next investigated the total number of upregulated
CIF for each tumor type and their correlation with the prevalence of cachexia and the percentage of
weight loss. This dataset included the pancreatic, esophageal/gastric, head and neck, colorectal, lung,
hematological, breast, and prostate cancers. These data have the potential to provide relevant
correspondence in different cachexia studies, although they do not represent the full variation of
cachexia for all the 12 cancer types. Remarkably, the number of upregulated CIF genes in tumor
compared to normal tissues was strongly correlated with the prevalence of cachexia and weight loss
(average percentage) in the majority of the tumor types available for this analysis (Fig. 3b). The only
exception was lung cancers, but these results are also in accordance with the gene expression profiles
that were detected for LUSC and LUAD, which are distinct from tumors more prominently associated
with cachexia. These findings showed specific cachectic tumor-signatures with the potential to explain

why specific cancer types are more likely to develop cachexia.
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Fig. 3 Cachexia-inducing factors tumor-specific expression profiles strongly correlate with the prevalence
of cachexia and weight loss in different tumor types. a) Schematic representation of the expression pattern
of 25 cachexia-inducing factors (CIF) in different TCGA tumor types. Differential expression levels were
calculated using the web-based tool Gene Expression Profiling Analysis (GEPIA, http://gepia.cancerpku.cn/)??

from tumor tissues vs. matched normal TCGA and GTEX data. Upregulated and downregulated genes with
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absolute values of fold-change > 2.0 and g-value < 0.01 (ANOVA) are shown in red and blue, respectively.
Five molecules (IL10, CD40LG, IFNA1L, IL4, and 1L17A) showed no alteration and are not represented in the
heatmap. b-c) Pearson’s correlations coefficient (r) with corresponding p-values for the covariation between the
number of differentially expressed CIF (y-axis) from TCGA datasets (tumor tissues vs. matched normal TCGA
and GTEX data) and the percentage of weight loss (x-axis; b) or the percentage of cachexia prevalence (x-axis;
c) for specific tumor types from relevant literature data®%2. Weight loss and prevalence of cachexia are strongly
correlated with the number of CIF (p < 0.01). PAAD: Pancreatic adenocarcinoma; ESCA: Esophageal
carcinoma; STAD: Stomach adenocarcinoma; HNSC: Head and neck squamous cell carcinoma; LUAD:
Lung adenocarcinoma; LUSC: Lung squamous cell carcinoma; LIHC: Liver hepatocellular carcinoma;
COAD: Colon adenocarcinoma; READ: Rectum adenocarcinoma; LAML.: Acute myeloid leukemia; PRAD:

Prostate adenocarcinoma; BRCA: Breast invasive carcinoma.
Expression profile of CIF is associated with tumor purity

Tumor microenvironment contains non-cancerous cells, including a diversity of immune cells that
potentially contribute to the secretion of CIF. We then investigated the expression profile of these 25
CIF according to tumor purity (neoplastic cellularity and leukocyte fraction) in PAAD. This tumor
type - known to present the highest prevalence of cachexia'? and low tumor purity®® - showed the
highest number of upregulated secretome genes (Fig. 3a). We used previously published tumor purity
data for PAAD®, which is constituted by 74 “low-purity” samples (ABSOLUTE purity < 33%) and
76 “high-purity” samples (ABSOLUTE purity > 33%). Using hierarchical clustering analysis, we
observed that the expression profile of these 25 CIF discriminates high- and low-purity tumors, and
most of these genes are overexpressed in low-purity tumors (Fig. 4). The overexpression of CIF in
low-purity tumors was further associated with high leukocytes DNA methylation and low tumor cells
DNA hypermethylation mode purity (Fig. 4). This data shows that leukocytes infiltration correlates
with high expression of CIF in PAAD. Interestingly, no association was observed between the

expression levels of cachexia-inducing factors and tumor grade (Fig. 4).
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Fig. 4 Landscape of cachexia-inducing factors is associated with low tumor purity. Unsupervised hierarchical clustering of cachexia-inducing factors (CIF)
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Rows and columns were clustered based on Euclidean distance between Log2 norm_count+1 values.
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The expression landscape of CIF predicts cancer outcome

Circulating levels of CIF such as IL6, CXCLS8, IL1B, MCP-1 were previously correlated with cachexia
development and poor prognosis in cancer'®1842-45 Based on this evidence, we compared the tumor
expression levels of CIF with patient prognosis using the platform SurvExpress®°. Supplementary
Table 12 summarizes the TCGA datasets used in our analysis. SurvExpress generated a prognostic
index (risk score) based on the gene expression of 25 CIF and the survival of cancer patients for each
of the 12 tumor types. Patients were divided into two groups, high- and low-risk, maximizing the
number of patients into risk-groups by an optimization algorithm from the ordered prognostic index
(Supplementary Table 12). More than 50% of CIF genes are overexpressed (p < 0.05) in high-risk
groups in HNSC, READ, COAD, LIHC, and BRCA (Fig. 5a). This analysis also demonstrated the
consistent overexpression of IL4, INF-y, and IL6 in at least eight different tumor types (Fig. 5a). The
heatmap generated by clustering analysis differentiating patients into high- and low-risk demonstrated
the enrichment of specific CIF in patients with low survival (high-risk group) in HNSC, LIHC, and
BRCA (Fig. 5b). Examples of the CIF clustered in the heatmap and overexpressed in patients with low
survival include: LIF, IL6, and CSF3 (in HNSC); TGFA, LIF, HGF, CXCL8, and FGF2 (in LIHC);
and LEP, FGF2, LIF, TGFA (in BRCA) (Fig. 5b). It is also interesting that in PRAD, which is the less
prone to developing cachexia, only TGFA, IL15, and IL4 presented higher expression in patients with
low survival, while 1L6, CSF3, LIF clustered in the heatmap and were expressed at low levels in
patients with high survival (Fig. 5b). The heatmaps for other tumor types are presented in
Supplementary Fig. 6, and the relative expression levels of the 25 CIF in low- and high-risk groups of
patients are shown in Supplementary Fig. 7. This variability in the expression profiles of CIF in patients
with low and high survival may help to explain the heterogeneity in the clinical manifestation of

cachexia in patients with different tumor types.
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Fig. 5 High-risk groups are correlated with high expression of cachexia-inducing factors in tumor
tissues. Schematic representation summarizing the expression pattern of 25 cachexia-inducing factors (CIF) in
12 TCGA tumor types. Differential expression levels were calculated in the web-based tool SurvExpress*® by
maximizing two risk groups (high-risk and low-risk) by prognostic index median and Cox fitting. The statistical
difference for each mRNA expression between high- and low-risk groups was tested using the t-test.
Upregulated and downregulated genes (high-risk vs. low-risk) with p-value < 0.05 are shown in red and blue,
respectively. PAAD: Pancreatic adenocarcinoma; ESCA: Esophageal carcinoma; STAD: Stomach
adenocarcinoma; HNSC: Head and neck squamous cell carcinoma; LUAD: Lung adenocarcinoma; LUSC:
Lung squamous cell carcinoma; LIHC: Liver hepatocellular carcinoma; COAD: Colon adenocarcinoma;
READ: Rectum adenocarcinoma; LAML: Acute myeloid leukemia; PRAD: Prostate adenocarcinoma;

BRCA: Breast invasive carcinoma.

Finally, to evaluate whether the CIF genes have prognostic and predictive value in different
cancer types, we used 12 TCGA datasets within SurvExpress to analyze the overall survival. Altered
expression of CIF is associated with worse overall survival (Fig. 6 and Supplementary Table 12). The
robustness of these 25 genes in stratifying with high confidence patients into two risk groups was
consistently demonstrated by high hazard ratios in the 12 TCGA cohorts (Fig. 6). Using this list of 25
factors, we also detected differentially expressed genes that have higher relevance in predicting worse
survival (Supplementary Table 13). Thus, these findings suggest that CIF genes are predictors of

cancer survival outcomes.
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Fig. 6 The expression landscape of cachexia-inducing factors predicts cancer outcome. Survival analysis
based on the tumor mRNA expression of 25 cachexia-inducing factors (CIF). The data were calculated using
the TCGA datasets of 12 tumor types in the web-based tool SurvExpress*°, which stratified the cancer patients
in high- or low-risk groups (red and green, respectively). The adjusted hazard ratio (HR) with corresponding
95% confidence intervals, log-rank p-value (P), and the number of patients successfully stratified (N)
determined by univariate Cox regression analyses are shown on each survival Kaplan—Meier curve. PAAD:
Pancreatic adenocarcinoma; ESCA: Esophageal carcinoma; STAD: Stomach adenocarcinoma; HNSC: Head
and neck squamous cell carcinoma; LUAD: Lung adenocarcinoma; LUSC: Lung squamous cell carcinoma;
LIHC: Liver hepatocellular carcinoma; COAD: Colon adenocarcinoma; READ: Rectum adenocarcinoma;

LAML: Acute myeloid leukemia; PRAD: Prostate adenocarcinoma; BRCA: Breast invasive carcinoma.
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Discussion

Cachexia prevalence and severity vary depending on tumor types. Pancreatic, esophageal, gastric,
lung, and liver cancers have the highest prevalence, while breast or prostate cancers are not commonly
associated with the syndrome!?. The causes of such variations are still mostly unknown, and it is
possible that each cancer type present tumor-specific biomarkers and mediators. We sought to
characterize the molecular landscape of CIF in human cancers with different prevalence of cachexia,
using the RNA-Seq dataset from TCGA and GTEX. Our results revealed tumor-specific secretome
transcriptional patterns, potential mediators, and pathways associated with the syndrome. We also
showed that a set of 25 CIF presented a tumor-specific expression profile, which was significantly
associated with poor prognosis and correlated with the prevalence of cachexia and weight loss in
cancer patients. In PAAD, these upregulated pro-cachectic factors were also associated with tumors
that present low neoplastic cellularity and high leukocyte fraction. These correlations are plausible
explanations of the variation found in the prevalence and severity of cachexia in human cancers and
showed that specific therapeutic strategies, according to tumor types, must be considered to treat these
patients.

Our comprehensive characterization of the secretome based on transcriptome revealed that the
number of upregulated secreted protein-coding genes, compared to normal tissue, correlates with
cachexia prevalence. PAAD presented the highest number of upregulated secretome genes (1,267)
across all tumor types. This result is particularly expected for the pancreatic tissues, which presents
more than 70% of the transcripts encoding secreted proteins in the normal tissues?’. However, a
substantial fraction of upregulated secretome genes in PAAD is also significantly increased in tumor
types commonly associated with cachexia, such as STAD (515 genes), COAD (308 genes), READ
(308 genes), ESCA (368 genes), and HNSC (305 genes) (Supplementary Fig. 1). The majority of these
shared secretome genes include proteins associated with a cytokine-mediated signaling pathway,
inflammatory response, cytokine-cytokine receptor interaction, and positive regulation of leukocyte
chemotaxis. Several of these secreted proteins were previously investigated as potential blood
biomarkers of cachexia in cancer patients'®?!. For example, we found high expression levels of
CXCLS8 in six tumor types with a high prevalence of cachexia (PAAD, STAD, COAD, READ, ESCA,
and HNSC). This cytokine has been reported as an independent predictor of survival in pancreatic and
colorectal cancer patients*>#®, CXCL8 has also been positively associated with weight loss in
pancreatic and gastric cancers*>*"#, Interestingly, TNF expression levels, a cytokine commonly

associated with cancer cachexia'®, were not changed in cancer types with a high prevalence of the
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syndrome. This result is similar to that found in resectable pancreatic cancer patients, in which
cachexia was not associated with increased plasma levels of canonical pro-inflammatory cytokines*®.

Subsequently, we focused on the tumor expression profile of 25 potential CIF in 12 human
cancers with different risks to develop cachexia. These factors have been previously investigated in
pancreatic cancer cachexia®®; however, the synergistic expression profile of these molecules in
different tumor types needed to be clarified. Cancer literature data describing cachexia prevalence and
weight loss®! were associated with the number of these upregulated CIF. We found that CIF present
a tumor-specific expression profile. Also, the number of CIF genes upregulated in the tumor is strongly
associated with average weight loss and prevalence of cachexia. This is particularly clear in patients
with pancreatic cancer, as they have a body weight loss of approximately 13.7 kg'!, which was
correlated with the upregulation of 14 CIF (CXCLS, IL1B, HGF, TNFSF10, LIF, TGFA, TNFSF11,
PDGFB, IL6, CCL2, CSF1, IL15, CSF2, and FGF2) that we found in PAAD. By contrast, prostate
cancer patients have a body weight loss of around 1.7 kg!, and PRAD does not upregulate CIF genes
when compared to normal tissues. These findings suggest a simple explanation for the discrepancy in
average weight loss and cachexia prevalence across cancer patients.

The prognostic value of the expression of these 25 selected pro-cachectic factors revealed an
association with shorter overall survival for the predicted high-risk groups in the 12 cancer types. The
molecular landscape of these CIF in each cancer type presented a distinct expression profile between
high- and low-risk patients. Our TCGA data reanalysis showed that patients with shorter survival
presented upregulation of a large number of CIF. A previous study showed that IL-6 increases
gradually during the early stages of cachexia but then shows a sudden and steep rise just before death*.
Thus, it is possible that other CIF present a temporal pattern of regulation that influences the course and
severity of the syndrome.

Currently, the source of these cytokines into the tumor microenvironment (from tumor cells or
from infiltrating immune cells) is unexplored. PAAD, the cancer type with the highest prevalence of
cachexia, often demonstrates only 5-20% neoplastic cellularity (low purity tumors) and high leukocyte
infiltration %%, Thus, we hypothesized that the set of upregulated CIF in PAAD is associated with
low-purity tumors. Our clustering analysis showed that CIF are highly expressed in low-purity tumors.
Infiltrating immune cells have been associated with tumor growth, invasion, and metastasis in several
cancer types 1. However, this is the first study indicating the potential influence of infiltrating immune
cells in a tumor type highly associated with cachexia. Further investigation of the source of these
molecules will contribute to our understanding of cachexia and will allow us to probe specific and

accurate therapeutic strategies for the syndrome.
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Most studies focusing on in silico-based methods suffer from limitations. Tumor gene
expression profiling of CIF for each tumor type presented herein should be experimentally validated
in a larger cohort of cancer patients to circumvent these limitations. Furthermore, we were not able to
validate the diagnostic of cachexia due to the absence of clinical data in several patients from the 12
TCGA tumor types. Thus, it remains to be tested whether tumor expression levels of CIF genes can
stratify patients according to the cachectic status in these tumor types. However, it is challenging to
obtain an independent cohort of individuals as used in our study, which is consisted not only by a high
number of tumor samples but also by several non-diseased tissues (from TCGA and GTEXx). Our
strategy collectively analyzed TCGA and GTEx expression profiles adding higher precision,
sensitivity, and robustness to our transcriptomic analysis. Further single-cell RNA-Seq investigation
is an alternative to differentiate the specific contributions of different cell types in the tumor
microenvironment to the tumor expression profile of cachectic patients. Despite such limitations, we
used a systematic investigation to verify the expression of CIF genes in cancer cells using a large
number of human samples and tumor types, allowing the identification of new potential biomarkers
and mediators of cachexia. Overall, we provided insights that opening new perspectives in cancer
cachexia scenario.

In conclusion, the synergic expression of the CIF in several tumor types highlights the
importance of this group of soluble factors in cancer pathophysiology and presents a strong case for
their targeting in specific anti-cachexia therapeutic development in different tumor contexts. Also, the
tumor-specific profile of CIF will facilitate the development of better-targeted therapies for clinical

decisions.
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Supplementary Material
Note: The supplementary tables are found at:
https://drive.google.com/open?id=1nTPbQRLjWd08gbghz05Y u4ffo88luult
Supplementary Figures

STAD

LUSC PRAD

Supplementary Fig. 1 Upregulated genes shared among 12 tumor types. Venn diagrams showing shared
upregulated secretome genes in 12 tumor types. Pancreatic adenocarcinomas (PAAD) presented the highest
number of upregulated secretome genes and have the highest prevalence of cachexia®2, Based on these data,
PAAD was included in all comparisons. PAAD: Pancreatic adenocarcinoma; ESCA: Esophageal carcinoma;
STAD: Stomach adenocarcinoma; HNSC: Head and neck sguamous cell carcinoma; LUAD: Lung
adenocarcinoma; LUSC: Lung squamous cell carcinoma; LIHC: Liver hepatocellular carcinoma; COAD:
Colon adenocarcinoma; READ: Rectum adenocarcinoma; LAML: Acute myeloid leukemia; PRAD: Prostate
adenocarcinoma; BRCA: Breast invasive carcinoma.
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Supplementary Fig. 2 Exclusive upregulated genes within tumor types. Heatmap of the mean expression
levels [log2 (TPM+1)] of specifically upregulated (a) or downregulated (b) secretome genes in each tumor
type compared with corresponding matched normal TCGA and GTEX tissues. Differential expression levels
were calculated using the web-based tool Gene Expression Profiling Analysis (GEPIA,
http://gepia.cancerpku.cn/)32. The resulting numbers of genes encoding predicted secreted proteins were
filtered based on the Human Protein Atlas secretome data27
(https://www.proteinatlas.org/humanproteome/secretome). Genes that are specifically upregulated or
downregulated genes in one tumor type (absolute values of fold-change > 2.0 and g-value < 0.01; ANOVA)
are shown in red and blue, respectively.
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Supplementary Fig. 3 The cytokine-cytokine receptor interaction pathway is enriched in pancreatic
adenocarcinoma. Heatmap of the mean expression levels [log2 (TPM+1)] of specifically upregulated (a) or
downregulated (b) genes from the cytokine-cytokine receptor interaction pathway (The Kyoto Encyclopedia
of Genes and Genomes, KEGG) in each tumor type (TCGA) compared with corresponding matched normal
tissues (TCGA and GTEXx). Differential expression levels were calculated using the web-based tool Gene
Expression Profiling Analysis (GEPIA, http://gepia.cancerpku.cn/)®. Genes that are specifically upregulated or
downregulated genes in each tumor type (absolute values of fold-change > 2.0 and g-value < 0.01; ANOVA)
are shown in red and blue, respectively. PAAD: Pancreatic adenocarcinoma; ESCA: Esophageal carcinoma;
STAD: Stomach adenocarcinoma; HNSC: Head and neck squamous cell carcinoma; LUAD: Lung
adenocarcinoma; LUSC: Lung squamous cell carcinoma; LIHC: Liver hepatocellular carcinoma; COAD:
Colon adenocarcinoma; READ: Rectum adenocarcinoma; LAML: Acute myeloid leukemia; PRAD: Prostate
adenocarcinoma; BRCA: Breast invasive carcinoma.
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Supplementary Fig. 4 The expression landscape of cachexia-inducing factors in 12 tumor types. Heatmap
of the mean expression levels [log2 (TPM+1)] of 25 cachexia-inducing factors (CIF) in 12 TCGA tumor types
compared with corresponding matched normal tissues (TCGA and normal GTEX). Differential expression levels
were calculated using the web-based tool Gene Expression Profiling Analysis (GEPIA,
http://gepia.cancerpku.cn/)®?. Genes that are specifically upregulated or downregulated genes in each tumor type
(absolute values of fold-change > 2.0 and g-value < 0.01; ANOVA) are shown in red and blue, respectively.
PAAD: Pancreatic adenocarcinoma; ESCA: Esophageal carcinoma; STAD: Stomach adenocarcinoma;
HNSC: Head and neck squamous cell carcinoma; LUAD: Lung adenocarcinoma; LUSC: Lung squamous
cell carcinoma; LIHC: Liver hepatocellular carcinoma; COAD: Colon adenocarcinoma; READ: Rectum
adenocarcinoma; LAML: Acute myeloid leukemia; PRAD: Prostate adenocarcinoma; BRCA: Breast
invasive carcinoma.
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Supplementary Fig. 5 Gene expression profile of cachexia-inducing factors in 12 tumor types. Dot plots
of the expression levels [log2 (TPM+1)] of 25 cachexia-inducing factors (CIF) in different 12 TCGA tumor
types. Differential expression levels were calculated using the web-based tool Gene Expression Profiling
Analysis (GEPIA, http://gepia.cancerpku.cn/)3? from the tumor (TCGA, red dots) vs. matched normal (TCGA
and GTEX; green dots) tissues. Upregulated and downregulated genes with absolute values of fold-change > 2.0
and g-value < 0.01 (ANOVA) are highlighted in red and green for the TCGA abbreviations, respectively.
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Supplementary Fig. 6 Tumor-specific expression profile of cachexia-inducing factors stratified patients
into low- and high-risk groups. Heatmaps are representing non-hierarchical clustering analysis of tumor
mRNA expression of 25 cachexia-inducing factors (CIF) generated in SurvExpress*°, using 12 TCGA tumor
types. The cancer patients were stratified into high- and low-risk groups, indicated below each heat map as dark-
grey and light-grey bars, respectively. Risk groups were maximized based on the Prognostic Index assessed by
gene expression values multiplied by beta coefficients. PAAD: Pancreatic adenocarcinoma; ESCA:
Esophageal carcinoma; STAD: Stomach adenocarcinoma; HNSC: Head and neck squamous cell carcinoma;
LUAD: Lung adenocarcinoma; LUSC: Lung squamous cell carcinoma; LIHC: Liver hepatocellular
carcinoma; COAD: Colon adenocarcinoma; READ: Rectum adenocarcinoma; LAML: Acute myeloid
leukemia; PRAD: Prostate adenocarcinoma; BRCA: Breast invasive carcinoma.
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Supplementary Fig. 7 Cachexia-inducing factors tumor-specific expression profile from patients with
low-risk and high-risk groups. Box plots representing tumor mRNA expression of 25 cachexia-inducing
factors (CIF) generated by SurvExpress®, using 12 TCGA datasets. The cancer patients were stratified into
high- and low -risk groups, and are indicated as red and green, respectively. The statistical difference for each
MRNA expression between high- and low-risk groups was tested using a t-test, and the resulting p-value is
indicated. PAAD: Pancreatic adenocarcinoma; ESCA: Esophageal carcinoma; STAD: Stomach
adenocarcinoma; HNSC: Head and neck squamous cell carcinoma; LUAD: Lung adenocarcinoma; LUSC:
Lung squamous cell carcinoma; LIHC: Liver hepatocellular carcinoma; COAD: Colon adenocarcinoma;
READ: Rectum adenocarcinoma; LAML: Acute myeloid leukemia; PRAD: Prostate adenocarcinoma;
BRCA: Breast invasive carcinoma.
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Conclusoes Finais

Conclusodes Finais

Considerando os resultados obtidos a partir das trés estratégias empregadas, este trabalho pode
elucidar redes moleculares, mediadores e biomarcadores na caquexia associada ao cancer. A partir de
dados de transcriptoma e microRNoma, identificamos vias moleculares envolvidas com a caquexia, como
interacBes citocina-citocina, vias ativadas pela cascata JAK-STAT, respostas inflamatorias, vias de
resposta a insulina e ciclo celular. Também identificamos novas interagbes MRNA-miRNA que estdo
envolvidas com o processo de atrofia muscular da sindrome, dentre elas destacamos as interacdes do miR-
497 com transcritos que participam da via de sinalizacdo IGF1-AKT-FOXO. Por fim, utilizando dados de
transcriptoma, pudemos identificar um conjunto tumor-especifico de mediadores de caquexia em 12
canceres humanos com diferentes prevaléncias de caquexia. Dessa forma, esses resultados possibilitaram
a obtencdo de novas informacdes e melhor compreensdo dos mecanismos moleculares e celulares que
regulam o tecido muscular na caquexia. Além disso, os dados apresentados poderdo ser Uteis para 0
desenvolvimento de novas estratégias terapéuticas que minimizem a perda de massa muscular,

aumentando assim a sobrevida e a melhora da qualidade de vida dos pacientes com caquexia.
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We cannot solve our problems with the same thinking we used when we created them.

Albert Einstein



