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Abstract 
 

Breast cancer (BC) and Colorectal adenocarcinoma (COREAD) are major health problems 

worldwide. While significant progress has been made in understanding their molecular subtypes 

and genetics, a cure remains elusive. An emerging area of interest is the role of RNA-binding 

proteins (RBPs) in the development and progression of these cancers. RBPs are critical regulators 

of every hallmark of cancer and could serve as sensitive biomarkers for diagnosis, prognosis, and 

potential targets. In COREAD, a multidata integration strategy identified putative roles of NOP56, 

RBM12, NAT10, FKBP1A, EMG1, and CSE1L in the progression of colon cancer (COAD) and 

rectal cancer (READ). FKBP1A, NOP56, and NAT10 mRNA expression may predict poor 

prognosis in COREAD and COAD patients. In BC, integrated in silico analyses of human RBPs 

in major cancer databases revealed five putative BC RBPs (PUF60, TFRC, KPNB1, NSF, and 

SF3A3) with robust oncogenic features. PUF60 and SF3A3 were identified as central elements of 

a spliceosome-related cluster involving RBPs and cancer driver genes (CDGs). RBPs hold 

significant potential as diagnostic, prognostic, and therapeutic targets in BC, COAD, and READ. 

Further research on these RBPs is crucial to unveil their molecular mechanisms, validate their 

clinical potential, and develop novel treatment strategies.



    

Resumen 
 
El cáncer de mama (BC, por sus siglas en inglés) y el adenocarcinoma colorrectal (COREAD, por 

sus siglas en inglés) son importantes problemas de salud a nivel mundial. Si bien se ha logrado un 

progreso significativo en la comprensión de sus subtipos moleculares y su genética, la cura sigue 

siendo difícil de alcanzar. Un área emergente de interés es el papel de las proteínas de unión al 

ARN (RBPs, por sus siglas en inglés) en el desarrollo y progresión de estos cánceres. Las RBPs 

son reguladoras críticas de todas las características del cáncer y podrían servir como biomarcadores 

sensibles para el diagnóstico, el pronóstico y dianas terapéuticas potenciales. En COREAD, una 

estrategia de integración de datos múltiples identificó roles putativos de NOP56, RBM12, NAT10, 

FKBP1A, EMG1 y CSE1L en la progresión del cáncer de colon (COAD, por sus siglas en inglés) 

y el cáncer de recto (READ, por sus siglas en inglés). La expresión del ARNm de FKBP1A, 

NOP56 y NAT10 puede predecir un mal pronóstico en pacientes con COREAD y COAD. En BC, 

los análisis in silico integrados de las RBPs en las principales bases de datos de cáncer revelaron 

cinco RBPs implicadas en BC (PUF60, TFRC, KPNB1, NSF y SF3A3) con características 

oncogénicas sólidas. PUF60 y SF3A3 se identificaron como elementos centrales de un grupo 

relacionado con espliceosoma que involucra RBPs y genes conductores del cáncer (CDG, por sus 

siglas en inglés). Las RBPs tienen un potencial significativo como dianas diagnósticas, pronósticas 

y terapéuticas en BC, COAD y READ. La investigación adicional sobre estas RBPs es crucial para 

revelar sus mecanismos moleculares, validar su potencial clínico y desarrollar nuevas estrategias 

de tratamiento.



    

Resumo  
 
O cancro de mama (BC, Breast Cancer em inglês) e o adenocarcinoma colorrectal (COREAD, 

Colorectal Adenocarcinoma em inglês) son problemas de saúde importantes a nivel mundial. 

Aínda que se logrou un progreso significativo na comprensión dos seus subtipos moleculares e a 

súa xenética, a cura segue sendo difícil de alcanzar. Unha área emerxente de interese é o papel das 

proteínas de unión ao ARN (RBPs, RNA-Binding Proteins en inglés) no desenvolvemento e 

progresión destes cancros. As RBPs son reguladoras críticas de todas as características do cancro 

e poderían servir como biomarcadores sensibles para o diagnóstico, o pronóstico e posibles dianas 

terapéuticas. En COREAD, unha estratexia de integración de datos múltiples identificou roles 

putativos de NOP56, RBM12, NAT10, FKBP1A, EMG1 e CSE1L na progresión do cancro de 

colon (COAD em inglês) e o cancro de recto (READ em inglês). A expresión do ARNm de 

FKBP1A, NOP56 e NAT10 pode predicir un mal pronóstico en pacientes con COREAD e COAD. 

En BC, os análises in silico integrados das RBPs nas principais bases de datos de cancro revelaron 

cinco RBPs implicadas en BC (PUF60, TFRC, KPNB1, NSF e SF3A3) con características 

oncogénicas sólidas. PUF60 e SF3A3 identificáronse como elementos centrais dun grupo 

relacionado co espliceosoma que involucra RBPs e xenes condutores do cancro (CDG em inglês). 

As RBPs teñen un potencial significativo como dianas diagnósticas, pronósticos e terapéuticas en 

BC, COAD e READ. A investigación adicional sobre estas RBPs é crucial para revelar os seus 

mecanismos moleculares, validar o seu potencial clínico e desenvolver novas estratexias de 

tratamento. 
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1 Introduction 

Cancer is a complex and devastating group of diseases characterized by the uncontrolled 
growth of cells, leading to the formation of tumors and potentially metastasizing to other parts of 
the body 1,2. Breast cancer (BC) and colorectal adenocarcinoma (COREAD) are two prominent 
examples, with BC being the leading cause of cancer-associated death and the most commonly 
diagnosed cancer among women worldwide 3,4. In 2020, more than 2.2 million cases of BC were 
registered 5.  COREAD, on the other hand, ranks as the third most common malignant tumor and 
the second most deadly cancer, affecting 1.8 millions of people worldwide 6,7. From a clinical 
standpoint, it is apparent that these malignancies exhibit an absence of distinct biomarkers that can 
be directly associated with both treatment response and disease progression 2,4,8. Despite ongoing 
research efforts, the identification of reliable biomarkers remains elusive, making it difficult to 
effectively monitor disease status and evaluate the efficacy of treatment options9–11. Moreover, 
according to Paschke et al. COREAD should be treated as two separated identities since colon 
cancer (COAD) and rectal cancer (READ) possess differences in molecular carcinogenesis, 
pathology, surgical topography and procedures, and multimodal treatment. This separation could 
improve the identification of new biomarkers and therapeutic targets for both types of cancer 12.  

RNA biology represents an under-investigated aspect of cancer 13,14. RNA-binding proteins 
(RBPs) are emerging as critical modulators of every hallmark of cancer, playing significant roles 
in post-transcriptional RNA regulons and controlling every aspect of RNA metabolism, including 
capping, splicing, polyadenylation, nucleocytoplasmic transport, stability, translation, and 
degradation of mRNA 15–17. RBPs can modulate the expression levels of oncogenes and tumor 
suppressors, thereby impacting various aspects of cancer progression, such as angiogenesis, 
metastasis, or chemotherapy resistance 17,18. Despite the importance of RBPs in cancer, only a 
small fraction of the 1,393 identified human RBPs have been implicated in the carcinogenic 
process, and even fewer in BC and COREAD 19. 

Efforts to better understand the role of RBPs in cancer have led to the analysis and integration 
of large-scale datasets, such as the Cancer Genome Atlas (TCGA) 20–25, the Cancer Dependency 
Map (DepMap) 26–28, and the Human Protein Atlas (HPA) 29–31, which have provided invaluable 
insights into the molecular processes of cancer and redefined cancer drug development, diagnosis, 
and treatment. However, additional fundamental features of oncogenesis, tumor growth, and 
dissemination remain to be discovered, particularly in the field of post-transcriptional regulation 
of tumorigenesis 17.  

The study of RBPs and their role in cancers such as breast, colon, and rectal adenocarcinoma 
holds significant potential for advancing our understanding of tumor biology and identifying novel 
therapeutic targets and prognostic biomarkers 3,4,6,7. By integrating large-scale datasets and 
employing multidata integration strategies, researchers can explore the complex interactions 
between RBPs and various aspects of cancer development and progression 19,32,33. Separating colon 
and rectal cancer into distinct tumor identities may further improve the specificity and 
effectiveness of individualized treatment 12. 

 
As the field of RNA biology and the study of RBPs continue to evolve 19, it is crucial to 

maintain an interdisciplinary approach, combining cutting-edge computational methods, 
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experimental techniques, and clinical data to fully harness the potential of RBPs in cancer research 
34–38. Thus, as is depicted in Figure 1, we have integrated several bioinformatic tools to prioritize 
RBPs that are involved in various aspects of cancer progression. 

 

Figure 1. Schematic representation of the data mining strategy used in this thesis. All 
bioinformatic tools and databases interrogated for prioritization: UniProt 39, Cancer GeneNet 40, 
POSTAR 41, g:Profiler 42,  The Cancer Genome Atlas 34, The Human Protein Atlas 35, STRING 36, 
and DepMap 37, and further cancer association analysis was performed in HumanNet 38.  
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2 Objectives 

2.1 Main Objective 

Discover novel RNA-binding proteins implicated in the progression of breast, colon, and rectal 

cancer. 

 

2.2 Specific objectives 

x To comprehensively examine the involvement of RNA-binding proteins in colorectal cancer, 

including previous information about their regulation by microRNAs, xenograft studies, and 

their potential clinical implications. 

x To investigate the common features of RNA-binding proteins in colorectal cancer, specifically 

focusing on their protein domains, protein-protein interactions, RNA targets and oncogenic 

capabilities 

x Detect in silico potential RBPs that can be used as prognosis and diagnosis biomarkers of 

breast, colon, and rectal cancer and possibly as new therapeutic targets. 
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3 Results (compendium of articles)
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Verónica Yumiceba, Ana Karina Zambrano, Paola E. Leone and César Paz-y-Miño*

Facultad de Ciencias de la Salud Eugenio Espejo, Centro de Investigación Genética y Genómica, Universidad UTE, Quito,

Ecuador

Colorectal cancer (CRC) is a major health problem with an estimated 1. 8 million new

cases worldwide. To date, most CRC studies have focused on DNA-related aberrations,

leaving post-transcriptional processes under-studied. However, post-transcriptional

alterations have been shown to play a significant part in the maintenance of cancer

features. RNA binding proteins (RBPs) are uprising as critical regulators of every cancer

hallmark, yet little is known regarding the underlying mechanisms and key downstream

oncogenic targets. Currently, more than a thousand RBPs have been discovered in

humans and only a few have been implicated in the carcinogenic process and even

much less in CRC. Identification of cancer-related RBPs is of great interest to better

understand CRC biology and potentially unveil new targets for cancer therapy and

prognostic biomarkers. In this work, we reviewed all RBPs which have a role in CRC,

including their control by microRNAs, xenograft studies and their clinical implications.

Keywords: colorectal cancer, RBPs, post-transcriptional regulation, oncogene, tumor suppressor

INTRODUCTION

Worldwide, every year an estimated 1.8million new cases of colorectal cancer (CRC) are diagnosed,
setting it in the third place of the most commonmalignant tumor, and consequently a major health
care problem (Gao et al., 2015; Bray et al., 2018). Heretofore, most studies in CRC biology have
been focused on DNA-related aberrations (e.g., mutation, methylation changes, DNA copy number
alterations, loss of genomic stability, etc.), leaving the post-transcriptional processes under-studied.
However, post-transcriptional alterations play a significant role in the preservation of tumor cells
by modulating every hallmark in cancer (Lukong et al., 2008; Morris et al., 2012; Paz-Y-Mino et al.,
2015; Wurth et al., 2016; Martinez-Useros et al., 2017).

RNA biology represents an under-investigated aspect of cancer; this is puzzling considering that
pleiotropic changes in the transcriptome are a key feature of cancer cells (Wurth and Gebauer,
2015). RNA binding proteins (RBPs) are relevant because they are part of post-transcriptional
RNA regulons. These RNA regulons are formed by Ribonucleoproteins (RNP) which interact with
other trans-elements, non-coding RNAs, metabolites and untranslated sequence elements found
within themRNAs (USER). These RNP complexes control the expression of hundreds to thousands
mRNAs of functionally related proteins from the transcription to translation process, allowing the
cell to respond to several stimuli with such a great agility ensuring cellular homeostasis (Keene,
2007;Wurth, 2012; Iadevaia andGerber, 2015;Wurth andGebauer, 2015). The complex interaction
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of RBPs and their RNA partners (e.g., mRNAs or miRNAs)
are achieved through RNA-recognition domains which increases
the specificity and affinity of these interactions. While there
is much progress still to understand such interactions, some
of these domains have been ully characterized: the RNA-
recognition motif (RRM), the zinc finger motif, and the K-
homology domain (Iadevaia and Gerber, 2015). RBPs are
able to control every aspect of RNA metabolism: capping,
splicing, polyadenylation, nucleocytoplasmic transport, stability,
translation, and degradation of mRNA (Burd and Dreyfuss, 1994;
Lukong et al., 2008; Kechavarzi and Janga, 2014). As a result,
when any RBP is altered this affect either its mRNA affinity or its
subcellular localization, disturbing cellular homeostasis (Iadevaia
and Gerber, 2015). In this regard, RBPs are emerging as critical
modulators of every hallmark of cancer, and still very little is
known about their cancer related molecular functions and targets
(Wurth and Gebauer, 2015; Hentze et al., 2018).

Hentze et al. compiled all published RNA interactomes
into RBP supersets, they stringently curated and updated the
annotations of RBPs identified from several sources. Finally, a list
of 1,393 RBPs was retrieved in humans and only a few have been
implicated in the carcinogenic process and even much less in
CRC (Hentze et al., 2018). The identification of RBPs will provide
a better understanding of tumor biology and potentially unveil
new targets for cancer therapy and prognostic biomarkers. In this
work, we reviewed all RBPs having a role in CRC, including their
control by microRNAs (miRNAs), xenograft studies and their
clinical implications.

LIN28

General Features
LIN28 is an evolutionarily conserved RBP and an emerging
oncogenic driver (Zhang et al., 2018). Mammals produce two
LIN28 paralogs, LIN28A and LIN28B which are separately
or jointly involved in various biological functions; including
metabolism development, tissue regeneration, and oncogenesis
(Tu et al., 2015; Wang T. et al., 2015; Jiang and Baltimore,
2016; Wang et al., 2016; Pereira et al., 2017). Human Lin28A
is located on chromosome 1p36 and encodes a protein of 209
amino acids whereas Lin28B is on chromosome 6q16.3 and its
protein is composed of 250 amino acids. In addition, LIN28A
is predominantly localized in the cytoplasm, whereas LIN28B
resides exclusively in the nucleus. Interestingly, both proteins
are expressed mainly in the cytoplasm in CRC (Guo et al., 2006;
Wang et al., 2016).

LIN28 proteins have two cold shock domains and retroviral-
type Cys-Cys-His-Cys (CCHC) zinc fingers that confer RNA-
binding ability. These proteins also modulate the let-7 family
of miRNAs, which consists of 12 members frequently deleted
in human cancers and considered as tumor suppressors (Zhou
et al., 2013; Triboulet et al., 2015; Wang S. et al., 2015;
Jiang and Baltimore, 2016; Jiang et al., 2017). Both proteins
inhibit biogenesis and induce the degradation of the let-7
family. LIN28B interacts with pri-let-7 (primary-miRNAs) and
inhibits its processing by the Microprocessor complex, whereas
LIN28A blocks the pre-let-7 (the hairpin structure formed by the

cleavage of DROSHA/DGCR8 enzymes) processing by DICER1
via TUT4 recruitment (Kim et al., 2014; Wang et al., 2016).
Conversely, there is a double-negative feedback loop, where
the 3′UTR of LIN28A/B is recognized by let-7 miRNA. Thus,
once let-7 miRNA binds to the 3′UTR the expression of these
proteins is inhibited (Wang T. et al., 2015). Indicating that when
LIN28A/B are expressed let-7 is not (Piskounova et al., 2011;
Wang T. et al., 2015).

Both LIN28A and LIN28B could enhance colon cancer cells
proliferation but mechanically their mode of action is different.
LIN28A overexpression promotes the transition from S to G2/M
phase, whereas constitutive expression of LIN28B enables the
shift of cell cycle phases (from G1 to S phase and from S
to G2/M phase) (Wang et al., 2016). Activation of LIN28 in
different primary tumors leads to translational enhancement or
suppression of cancer-related mRNAs (e.g., IGF2 and MYOD1
mRNAs) (Viswanathan and Daley, 2010; Rappaport et al., 2017).
Both LIN28A and LIN28B are expressed in about 30% of
colorectal tumors, but the expression level of LIN28B is higher
compared to LIN28A (King et al., 2011a,b; Wang et al., 2016).

Xenograft Studies
LIN28B knockdown in cancer cells reduces their proliferative and
invasive abilities in vitro and inhibits both primary andmetastatic
tumor growth in vivo (Jiang et al., 2017). LIN28B increases cancer
cell invasion in intestinal and colorectal adenocarcinomas in
murine models (Jiang et al., 2017). Also, LIN28 overexpressed
tumors exhibited augmented areas of moderate differentiation
and increased glandular formation and mucin production; in
contrast to wild-type tumors that are poorly differentiated and
rarely exhibit mucinous (King et al., 2011a). In addition, Tu et al.
experimentally demonstrated that LIN28 cooperates with APC in
accelerating neoplastic lesions formation in ApcMin/+ mice. APC
alterations (or other changes that target WNT signaling) occur in
most colon tumors, which could be upregulating the expression
of LIN28B. This may be mediated by MYC, a transcriptional
target of the canonical WNT signaling (Mayr et al., 2007; King
et al., 2011a; Zhou et al., 2013; Wang et al., 2016; Pereira
et al., 2017). It has also been demonstrated that LIN28/let-7 axis
promotes invasive intestinal adenocarcinoma in murine models
by interacting with the WNT pathway (Piskounova et al., 2008;
Tu et al., 2015; Voutsadakis, 2018).

miRNAs Control
To date, besides let-7, several miRNAs have been reported
to repress LIN28A/LIN28B translation once they bind to
their 3′UTR, such as miR-9, miR-26a, miR-27, miR-30,
miR-125, miR-181, and miR-212. In cancer cells, these
miRNAs are under-expressed due to LIN28A/B overexpression
(Wang T. et al., 2015).

Clinical Relevance
LIN28A/LIN28B influence the clinical outcome in patients by
enhancing tumor aggressiveness and early metastasis (Mayr
et al., 2007; Viswanathan et al., 2009; King et al., 2011a; Wang
et al., 2016; Pereira et al., 2017). Irregular LIN28A/B expression
is usually correlated with poor survival. Several studies have
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demonstrated that high levels of LIN28 in colon tumors are
associated with advanced tumor stages and increased probability
of tumor recurrence (King et al., 2011a; Madison et al., 2013;
Jiang and Baltimore, 2016; Zhang et al., 2018). King et al. have
found that LIN28B protein levels are increased in CRC patients
promoting cancer progression andmetastasis (King et al., 2011a).
In addition, over-expression of LIN28A/LIN28B could enhance
chemotherapy sensitivity of HCT116 cells to 5-Fu via different
mechanisms (Wang et al., 2016). LIN28 may also serve as a
predictive biomarker for chemotherapy in patients with colon
cancer (King et al., 2011a; Pang et al., 2014; Wang T. et al.,
2015; Wang et al., 2016; Jiang et al., 2017). All RBPs and their
CRC-related features are listed in Table 1.

MSI

General Features
In humans, Musashi RNA binding protein (MSI) is composed
of two isoforms: MSI1 and MSI2 (Voutsadakis, 2018). MSI1 and
MSI2 genes are evolutionarily conserved given their 75% amino
acid sequence. These two proteins are placed on chromosome
12q24 (MSI1) and 17q22 (MSI2). They comprise two RNA
recognition motif (RRMs) domains which bind to (G/A)U1-
3(AGU) motifs in the 3′-UTR of their target mRNAs (Sakakibara
et al., 2001; Okano et al., 2005; Glazer et al., 2012). They can
be regulated by ELAV1 by maintaining the stabilization of their
mRNAs, as well as by tumor suppressor miRNAs (Gao et al.,
2015).Musashi emerges as a critical player in controllingmultiple
targets that form networks fromwhereMSI1 andMSI2 are able to
regulate cell death, differentiation, and cell cycle (de Sousa Abreu
et al., 2009; Guinney et al., 2015; Kharas and Lengner, 2017).
They are also key oncogenic players in promoting intestinal
transformation (Wang S. et al., 2015; Kharas and Lengner,
2017). Musashi may also co-operate with LIN28 by binding and
inhibiting some mRNAs. Besides, Musashi represses translation
of Numb (an inhibitor of the NOTCH pathway), APC, PTEN,
and P21, but upregulates WNT pathway at transcriptional level
when Numb is inhibited (Qiao and Wong, 2009; Lan et al., 2015;
Wang S. et al., 2015; Voutsadakis, 2018).

Xenograft Studies
Several studies have shown the potential therapeutic target of
MSI1 given that when MSI1 is knockdown tumor growth is
delayed as well as cell proliferation, migration, and invasion
(Sureban et al., 2008; Gao et al., 2015; Smith, 2015; Kharas
and Lengner, 2017). In addition, murine models upregulated
for MSI1 and K-RasG12D are highly resistant to oxaliplatin and
5-fluorouracil (Todaro et al., 2014).

miRNA Control
miR-137 is a tumor suppressor, which negatively regulates MSI1
and Notch/WNT signaling pathway (Smith, 2015). There is
an inverse correlation between miR-137 and MSI1 expression;
thus, the overexpression of miR-137 decreases MSl1 expression
reducing cell growth, colony formation, and tumor sphere
growth (Liang et al., 2013; Smith et al., 2015).

Clinical Relevance
MSI1/2 are highly expressed in colon primary tumors and
metastatic lesions in the lymph nodes; this correlates to an
increased metastatic risk and poorer survival (Fan et al., 2010;
Li et al., 2011). Therefore, it has been suggested that inhibition
of both MSIs’ RNA binding activity could fully abrogate tumor
growth in CRC (Potten et al., 2003; Cheng et al., 2015; Gao et al.,
2015; Lan et al., 2015; Kharas and Lengner, 2017). Besides, MSI
increases colorectal cancer stem cells (CSCs) survival, migration,
and resistance to 5-FU, the chemotherapy drug that constitutes
the backbone of the most currently used one in colon cancer
treatment (Yuqi et al., 2008; Voutsadakis, 2018; López-Cortés
et al., 2019).

ELAVL1

General Features
Embryonic Lethal, Abnormal Vision Drosophila-Like 1
(ELAVL1) or Hu Antigen R (HuR) was the first factor to be
identified for its ability to cooperate and compete with miRNA
activity (Franceschini et al., 2012; Ciafrè and Galardi, 2013;
Iadevaia and Gerber, 2015). ELAVL1 consists of 326 amino acids
harboring three RRMs, which bind to specific mRNAs in their
AU- or U-rich elements (AREs) in their 3′UTRs (López de Silanes
et al., 2004b). ELAVL1 expression changes were found to occur
early during tumorigenesis (Fan and Steitz, 1998), upregulating
key survival or growth-related genes by increasing both their
mRNA stability and/or their protein translation (Fan and Steitz,
1998; López de Silanes et al., 2004b; Franceschini et al., 2012).
For example, ELAVL1 promotes the stability and translation of
COX-2 mRNA by binding to its ARE sequences located within
the 3′UTR in an advanced tumor stage of CRC tissues (Fan and
Steitz, 1998; Dixon et al., 2001; Denkert et al., 2006; Badawi et al.,
2017). COX-2 is a major facilitator of several cellular activities
(e.g., proliferation, cell death resistance, angiogenesis, and
metastasis) (Fan and Steitz, 1998; Denkert et al., 2006; Jang et al.,
2017; López-Cortés et al., 2019). ELAVL1 is normally found in
the nucleus, where it participates in splicing and polyadenylation,
but in CRC cells ELAVL1 is localized in the cytoplasm promoting
mRNA stabilization of its targets (Fan and Steitz, 1998; Brennan
and Steitz, 2001; López de Silanes et al., 2011; Akaike et al.,
2014; Liu et al., 2018). ELAVL1 regulates numerous mRNAs
that encode proteins related to proliferation, cell cycle (cyclins
A2, B1, D1, p21, and p27), tumor suppressors (p53 and Von
Hippel-Lindau tumor suppressor), proto-oncogene products
(c-Fos and c-Myc), growth factors (IGF-1R VEGF, EGF, TGF,
GM-CSF), inhibitors (p21 and p27) and signaling molecules,
which are crucial (β-catenin, cyclin D1, and c-Myc) for the CRC
WNT-activated pathway (Lin et al., 2017).

Xenograft Studies
ELAVL1 enhances pathogenic gene expression necessary for
cancer development (Blanco et al., 2016). This was corroborated
when ELAVL1 overexpression increased colon cancer cells
growth in a nude mouse xenograft model (López de Silanes
et al., 2004b; Liu et al., 2018). Subcutaneous injection of
ELAVL1-overexpressing RKO cells into nude mice produced
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TABLE 1 | A summary of all CRC-related RBPs reviewed in this work: miRNAs control and their clinical relevance.

RBP Control by miRNAs Clinical relevance

LIN28 miR-let-7, miR-26a, miR-181,

miR-9, miR-30, miR-125,

miR-212 and miR-27

- Aberrant expression correlates with reduced patient survival.

- Predictive biomarker for chemotherapy.

MSI miR-137 - High expression correlates with increased metastatic risk and poorer survival.

- Promotes resistance to 5-FU.

ELAVL1 miR-519 and miR-22 - High expression correlates with malignancy and multidrug resistance.

QKI miR-574-5p and miR-155 - Low expression correlates with poorer prognosis.

- Could predict recurrence and prognosis.

RBM3 - Promotes resistance to chemotherapy

CELF1 miR-503

IGF2BPs - Overexpression correlates to unfavorable clinical outcomes: early dissemination,

poor response to the therapy, increased tumor aggressiveness, and short survival.

ESRP1 - Overexpression associates with a favorable overall survival outcome.

TTP miR-29a - Downregulation correlates with poor prognosis, tumor aggressiveness,

and necrosis.

hnRNPs - Poor prognosis marker.

TIA1 miR-19a - Increased numbers of TIA-1 positive TILs is associated with an improved clinical

outcome.

- TIA1 can also be used to supplement prognostic information related to TNM stage

and adjuvant therapy.

KHDRBS1 - KHDRBS1 nuclear localization and overexpression is correlated with poor tumor

differentiation, advanced T stage, lymph node involvement, and distant metastasis.

CPEB4 miR-203 - Overexpression correlates with tumor progression and poor overall survival.

CSDE1 - Overexpression is associated to poor prognosis.

significantly larger tumors; conversely, RKO cells expressing
low ELAVL1 levels significantly reduced tumor growth (López
de Silanes et al., 2003). ELAVL1 deletion in adult normal
mice was lethal and several critical defects were observed:
defective intestinal stem cell dynamics, villus atrophy, and
defects in hematopoietic progenitor cell production (Ghosh
et al., 2009). Mice lacking ELAVL1 in myeloid-lineage cells,
which include many of the innate immune system cells,
showed a rapid progression of chemical-induced colitis and
increased susceptibility to endotoxemia and colitis-associated
cancer (Yiakouvaki et al., 2012).

miRNAs Control
ELAVL1 levels are downregulated by miR-519, a tumor-
suppressive miRNA. miR-519 promotes anti-proliferative
properties in CRC cell lines by targeting and reducing
ELAVL1 transcripts. This, in turn, decreases the expression
of several ELAVL1 target mRNAs and markedly reduces cell
proliferation (Abdelmohsen et al., 2008). ELAVL1 levels are also
downregulated by miR-22, which has a more profound tumor-
suppressive effect. Expression of miR-22 is inversely correlated
with ELAVL1 in both CRC tissues and CRC cell lines. miR-22
directly binds to the 3′UTR of ELAVL1 leading to its inhibition,
which, in turn, represses CRC proliferation and migration in
vitro and decelerates CRC xenografted tumor growth in vivo (5).
Conversely, Al-Haidari et al. have found that when miR-155-5p
expression was reduced in serum-starved CRC cells, it decreased
the expression of ELAVL1 (Al-Haidari et al., 2018).

Clinical Relevance
Increased expression and cytoplasmic abundance of ELAVL1 is
correlated with malignancy in colon cancer tissues (López de
Silanes et al., 2004a; Denkert et al., 2006). Numerous studies
have indicated that cytoplasmic accumulation of ELAVL1 has a
link to multidrug resistance (MDR) acquired after chemotherapy
and therefore causing poor prognosis in various cancer types.
Accordingly, suppression of ELAVL1’s cytoplasmic accumulation
could increase chemotherapeutic agent accumulation and
induced apoptosis, leading to increased cytotoxic effect and
reversing drug resistance (Blanco et al., 2016; Lin et al., 2017).
ELAVL1 inhibition could, therefore, improve the efficacy of
current therapy regimes (Badawi et al., 2017; Lin et al., 2017).

QKI

General Features
Quaking (QKI) is a human RBP placed on chromosome 6q26.
QKI is part of STAR (signal transduction and activation of
RNA) protein family and presents two specific regions (QUA1
and QUA2) and a KH domain. So far, four mRNA splice
variants have been recognized: QKI-5, QKI-6, QKI-7, and QKI-
7b (Kondo et al., 1999; Yang et al., 2010). The 3 well-studied
isoforms (QKI5, 6, and 7) appear to have different roles in
development. QKI isoforms are constructed with the same
311 amino acid body (share exons 1–6), however, their C-
terminal differs from the rest (35 amino acids) (Yang et al.,
2010). From all human isoforms, QKI-5 is the most abundant
in colon tissues where its maximum expression is seen in the
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nucleus, while QKI-7 is mainly a cytoplasmic protein. QKI-6
can be found in both nuclear and cytoplasmic compartments
(Yang et al., 2010; Ji et al., 2013). The cellular localization
of QKI7b remains unknown due to the lack of specific
antibodies (Liu Q. et al., 2013).

QKI affects several RNA-related processes (pre-mRNA
splicing, mRNA stabilization and turnover, nuclear retention,
miRNA processing, and circular RNA biogenesis), regulating cell
cycle and differentiation, programmed cell death, development,
new blood vessels formation, and cell fate determination
(Nilsen and Graveley, 2010; Ji et al., 2013). To date, altered
expression of the STAR proteins has been seen in several
developmental defects and diseases. Concerning to CRC, Yang
et al. discovered that QKI5 and QKI6 are very little expressed
or even absent, acting as tumor suppressor proteins. This was
associated with unusual regulation of β-catenin and p27Kip1
signaling (Yang et al., 2010). This reduction in QKI expression
has been for an anomalous dropping of the histone variant
macroH2A1.1 (Ji et al., 2013). QKI is a critical regulator
of colon epithelial differentiation, whose aberrant reduction
(hypermethylation) might contribute to gastrointestinal cancer
initiation and facilitate colon carcinogenesis (Yang et al., 2010;
Iwata et al., 2017).

Xenograft Studies
QKI null mice phenotype presented several abnormalities in
the vascular remodeling or vitelline vessels that make them
impossible to survive later of the day 10.5. QKI conditional
knockout mice died by the third week after birth, displaying
severe hypomyelination in the central nervous system (Darbelli
et al., 2016). The lethal phenotype in QKI knockout mice
highlights the importance of this gene in the regulation of normal
cellular functions (Yang et al., 2010).

miRNAs Control
miR-574-5p negatively controls the expression of QKI6/7/7b
through binding to QKI’s 3’UTRs. This negatively regulation has
been seen in mice and humans colorectal tissues where β-catenin
and p27Kip1 signaling is affected once miR-574-5p is significant
upregulated (Ji et al., 2013). Another regulator is miR-155 which
downregulatesQKI and thus promotes proliferation and invasion
of CRC cells (He et al., 2015).

Clinical Relevance
Low QKI expression is a risk factor for tumor recurrence
after surgery. Thus, patients with low QKI expression had
significantly poorer prognosis. Furthermore, the relapse-free
survival (RFS) and overall survival of patients with stage I,
II, and III CRC with low QKI expression was significantly
shorter than those with high QKI expression. QKI could be
therefore a useful clinical biomarker for predicting recurrence
and prognosis (Iwata et al., 2017). In addition, if methylation-
related mechanisms contribute to the inactivation of QKI,
demethylation could be an appropriate therapeutic strategy
(Yang et al., 2010; Iwata et al., 2017).

RBM3

General Features
RNA-binding motif protein 3 (RBM3) has been identified as a
cold-shock protein. RBM is activated in cellular distress (e.g.,
hypothermia, hypoxia, and oxidative stress), but it is necessary
for cell proliferation (Melling et al., 2016; Siesing et al., 2017).
RBM3 is part of the glycine-rich RNA-binding protein family
and has one RRM domain. Currently, two isoforms have been
identified where the longest comprehends 157 amino acids with
a molecular mass of 17 kD (Derry et al., 1995; Melling et al.,
2016; Jang et al., 2017; Rappaport et al., 2017). Cold-shock
proteins have been suggested to be important mediators of the
caspase-independent mitotic death (CIMD) (Jang et al., 2017).
RBM3 interferes the access of mRNA initiation factors to the
60S ribosome which modulates the potential activity of kinases
in tumors (Chappell and Mauro, 2003; Dresios et al., 2005).

RBM3 plays a key role in carcinogenesis and proto-oncogene
function. RBM3 augments mRNA stability and translation of
rapidly degraded transcripts by binding to their AREs; for
instance, RBM3 stabilizes COX-2, IL-8, and VEGF (Sureban
et al., 2008; Venugopal et al., 2016). These cells also exhibit
augmented stem cell markers via an increase in β-catenin
activity. Therefore, the β-catenin signaling pathway may be
regulated through alterations in the expression of RBM3.
Interestingly, RBM3 is also regulated by hypoxia in a HIF1α
independent mechanism; this provides a novel target to further
examine RBM3-mediated hypoxia induced stem cell signaling
(Venugopal et al., 2016).

Xenograft Studies
RBM3 overexpression enhanced the development ofmulticellular
tumor spheroids in NIH3T3mouse fibroblasts. This suggests that
RBM3 could malignantly transform cells by inducing anchorage-
independent growth. However, in xenografts models RBM3
downregulation reduces tumor growth and angiogenesis. Given
the reduction in the expression of IL-8 and the proangiogenic
factors COX-2 and VEGF (Sureban et al., 2008).

miRNAs Control
It has been reported that RBM3 altersmiRNA levels which in turn
will modify global protein expression and thus tumor progression
(Jang et al., 2017).

Clinical Relevance
RBM3 overexpression in HCT116 and DLD1 colon cancer
cells increases proliferation and engenders hypoxia, serum
deprivation and resistance to classical chemotherapeutic
agents (e.g., cisplatin, doxorubicin, and paclitaxel) (Venugopal
et al., 2016). It has been suggested that RBM3 is capable
of increasing chemoresistance by inducing cells with high
xenobiotic efflux capacity and through the induction of ATP-
binding cassette (ABC) transporters (Venugopal et al., 2016).
In contrast, RBM3 downregulation decreases HCT116 colon
adenocarcinoma cell proliferation (Sureban et al., 2008). There
is an association between RBM3 and more favorable clinic
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pathological parameters, the higher RBM3 expression, the higher
the disease-free survival (DFS) rate is, particularly in patients
who received first line oxaliplatin-based chemotherapy (Jones
et al., 2014; Venugopal et al., 2016; Jang et al., 2017; Liu Y. et al.,
2017; Siesing et al., 2017; Ye et al., 2017).

Besides, a positive relationship between microsatellite
instability with high expression of RBM3 was observed
(Venugopal et al., 2016; Jang et al., 2017). High microsatellite
instability is commonly associated with good prognosis and
right-sided colon cancer development. Melling and colleagues
found that the higher the expression of RBM3 the higher the
overall survival is in CRC (stages I-III). This may be clinically
relevant for the selection of patients with a likely adverse clinical
course for adjuvant chemotherapy. Although, no difference in
survival was seen for rectal carcinomas (Melling et al., 2016).
Noteworthy, Wang and colleagues found that RBM3 positive
expression correlates with an improved prognosis in young CRC
patients (Wang M. J. et al., 2015).

CELF1

General Features
CUGBP Elav-like family member 1 (CELF1), is a multifunctional
RBP that generally binds mRNAs through GU-rich elements
in the 3′-UTRs or coding regions of its targets. CELF1 forms
part of a family named CELF (CELF1, CELF2, CELF3, CELF4,
CELF5, and CELF6). All the family members possess a divergent
domain loaded with alanine and glutamine residues and three
RRMs, two near the N-terminal region and one located at
the C-terminal domain. CELF1 promotes and represses RNA
splicing andmRNA translation (Kim and Gorospe, 2008; Vlasova
et al., 2008; Vlasova-St. Louis and Bohjanen, 2011; Yang et al.,
2014; Liu et al., 2015). The three of them recognize different
motifs and arrangements, which gives specificity and a wide
range of binding partners. CELF1 regulates protein expression
implicated in the tight junction (TJ) and gut barrier function.
For instance, CELF1 represses occludin translation by increasing
occludin mRNA recruitment to processing bodies, resulting
in dysfunction of the epithelial barrier. Interestingly, CELF1
and ELAVL1 compete for the same occludin 3′UTR binding
element, competitively regulating occludin translation and in
opposite directions (Yang et al., 2014; Liu et al., 2015). CELF1
also regulates intestinal epithelial homeostasis by modulating
intestinal epithelial cells (IECs) proliferation, apoptosis and cell-
to-cell interaction (Cui et al., 2012; Liu et al., 2015). Increased
levels of cellular CELF1 desensitize IECs to apoptosis, whereas
CELF1 silencing increases the sensitivity of IECs to apoptosis
(Cui et al., 2012; Tu et al., 2015).

Xenograft Studies
In a mouse fasting model, a reduction in the proliferating
crypt cell population and a decrease in the lengths of
villi and crypts were correlated with a significant increase
in the levels of CELF1. This suggests the involvement of
CELF1 in the pathogenesis of intestinal mucosal atrophy
(Madison et al., 2013, 2015; Liu et al., 2015).

miRNA Control
CELF1 is repressed by the tumor suppressor miR-503 in IECs.
CELF1 abundance is regulated by miRNA-503 mostly by binding
to sites located in CELF1 coding region (Ciafrè and Galardi, 2013;
Yang et al., 2014; Liu et al., 2015).

CELF2

General Features
CUGBP Elav-like family member 2 (CELF2) is a ubiquitously
expressed protein of 490 amino acids located on chromosome
10p13–p14 (Choi et al., 1999; Lichtner et al., 2002; Ramalingam
et al., 2012). CELF2 regulates several RNAs at different
posttranscriptional levels: alternative splicing (e.g., Tau and
troponin T), RNA editing (e.g., apolipoprotein B), RNA stability,
and mRNA translation (e.g., cyclooxygenase-2 and Mcl1)
(Ramalingam et al., 2012). CELF2 is expressed in the nucleus
of intestinal epithelial cells acting as a tumor suppressor protein
(Natarajan et al., 2008). CELF2 has at least three identified
isoforms, each of them with differential expression levels in
human colon cancer cells (Ramalingam et al., 2008). CELF2
overexpression results in reduced colony formation in CRC
cells. CELF2 attaches to AREs of COX-2 3′UTR increasing
COX-2 mRNA stability but inhibiting its translation. Reduction
of COX-2, in turn, decreases PGE2 known to modulate cell
proliferation and tumor invasion in many cancer types (Sureban
et al., 2008; Ramalingam et al., 2012). COX-2 is upregulated
in colorectal adenomas, thereby suggesting that CELF2 might
prevent cancer development by inhibiting COX-2 and PGE2.
These data suggest that CELF2 expression may be deleterious to
cancer cells (Ramalingam et al., 2012).

IGF2BP1-3

General Features
The mammalian IGF2 mRNA-binding protein family (IGF2BP)
comprises three RNA-binding proteins (IGF2BP1-3) with a
conserved domain structure including four K homology (KH)
domains and two RRMs (Ross et al., 2001; Dimitriadis et al.,
2007; Lederer et al., 2014). IGF2BPs exhibit different expression
patterns despite their high degree of likeness and show distinct
RNA-binding properties and are associated with variable target
transcripts. IGF2BP1 stabilizes the MYC mRNA by shielding it
from ribonuclease cleavage when binding to the coding region
instability determinant (Lederer et al., 2014). Thereby, it prolongs
the half-life of MYC mRNA up to 8 fold, promoting tumor cell
proliferation and survival (Ross et al., 2001; Dimitriadis et al.,
2007; Hamilton et al., 2013; Lederer et al., 2014). IGF2BP1 also
regulates CD44, ALCAM, AMIGO2, MCAM, CD24, dysadherin,
and MMP1 mRNAs that encode proteins of cell adhesion
and invasiveness (Dimitriadis et al., 2007; Vainer et al., 2008).
In addition, IGF2BP1 binds to and stabilizes F-box protein
βTrCP1 whose continued activation in CRC is well established
by suppressing apoptosis via NF-κB activation (Dimitriadis et al.,
2007; Hamilton et al., 2013).

Concerning IGF2BP2, it has been shown that this RBP
controls NRAS, PINCH2, and MURF-3 expression which are
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responsible for carcinogenesis and cellular mobility (Lederer
et al., 2014; Ye et al., 2016). In addition, IGF2BP2 targets RAF1
mRNA which is an essential component of MAPK pathway
activation upon (MEK)1/2 phosphorylation. MEK1/2, in turn,
phosphorylate and activate extracellular-related kinase (ERK)1/2.
ERK1/2 regulate downstream pathways involved in survival and
cell proliferation (Ye et al., 2016).

Regarding IGF2BP3, this protein contributes to RNA
trafficking and stabilization, cell development and division,
migration and adhesion (Lochhead et al., 2012; Lin et al.,
2013; Lederer et al., 2014; Kumara et al., 2015). Also, in vitro
studies have shown that IGF2BP3 promotes tumor cell survival,
proliferation, anchorage-independent growth, chemoresistance
migration and invasiveness (Lederer et al., 2014). It has been
demonstrated that IGF2BP3 along with HNRNPM controls the
fate of cyclin D1, D3, and G1 encoding transcripts in the nucleus
(Li et al., 2009; Lederer et al., 2014). Cyclins are key components
of the cell cycle and disorders of their function can lead to
carcinogenesis. IGF2BP3 also regulates the gene expression of
IGF-II, which binds to and activates IGF-I. Thus, IGF-I induces a
cell to begin cell division in an alter manner which in turn causes
excessive cell proliferation and cancer (Lin et al., 2013).

Xenograft Studies
IGF2BP1 plays an essential role for normal intestinal
morphogenesis since deficient mice exhibit dwarfism and severe
histological abnormalities in small (villous hypoplasia) and large
intestine (short and irregular crypts in the colon) (Dimitriadis
et al., 2007). On the contrary, IGF2BP1 overexpression promotes
tumor-cell growth in CRC (Hamilton et al., 2013). IGF2BP2
knock-out mice possess a higher frequency of autoantibody
response to IGF2BP2/p62 in colon cancer, although the
mechanisms and its role in CRC carcinogenesis are still unknown
(Ye et al., 2016). Ectopic expression of IGF2BP3 enhances tumor
cell aggressiveness in transgenic animals (Dimitriadis et al., 2007;
Lederer et al., 2014).

miRNAs Control
No miRNA has been reported to inhibit any member of the
IGF2BP family. However, these RBPs protect some mRNAs from
miRNA attack. For instance, IGF2BP1 protects Beta-transducin
repeats-containing protein 1 (βTrCP1) mRNA, an important
player in signal transduction, from miR-183-directed turnover
(Elcheva et al., 2009; Ciafrè and Galardi, 2013). Also, IGF2BP2
regulates RAF1 (proto-oncogene) expression by blocking its
degradation by miR-195 (Ye et al., 2016).

Clinical Relevance
The suppression of apoptosis via NF-κB activation originated by
IGF2BP1 in tumors are linked to unfavorable clinical outcomes
in CRC patients. These patients present propensity toward
early dissemination, poor response to therapy and increased
tumor aggressiveness. On the contrary, the absence of IGF2BP1
expression is an independent favorable prognostic factor for
survival (Dimitriadis et al., 2007; Vainer et al., 2008; Hamilton
et al., 2013). CRC patients also present a high antibody response
to IGF2BP2, making this protein a possible biomarker for

diagnosis and prognosis (Liu W. et al., 2013). Furthermore,
IGF2BP2 may be important for chemoresistance and recurrence
of the disease, given its participation in the maintenance of CSCs
(Degrauwe et al., 2016; Jang et al., 2017). Concerning IGF2BP3
clinical relevance, it has been shown that this protein is a marker
for aggressiveness, poor differentiation and tumor progression
and it is related with an unfavorable prognostic and short survival
times (Lochhead et al., 2012; Lederer et al., 2014; Chen et al.,
2017). Also, IGF2BP3 positive patients have a nearly 11-fold
increased risk of distant metastases (Li et al., 2009; Lin et al.,
2013; Wei et al., 2015; Chen et al., 2017). This strong correlation
suggests, that IGF2BP3 plays an important role in epithelial-
mesenchymal transition (EMT) (Li et al., 2009; Lin et al., 2013;
Wei et al., 2015; Chen et al., 2017).

ESRP1

General Features
Also named RBM35A, epithelial splicing regulatory protein 1
(ESRP1) contains three putative RRMs, which are mutational
hotspots of primary colon tumors with microsatellite instability
(MSI) causing rapid degradation of the mutated transcripts
(Leontieva and Ionov, 2009; Deloria et al., 2016; Mager et al.,
2017). ESRP1 controls alternative splicing and regulates mRNA
stability and translation of several mRNAs (Fagoonee et al.,
2017). For example, ESRP1 has been identified as a key
regulator for Ig-like III domain variant splicing of the fibroblast
growth factor receptor 2 (FGFR2). Also, ESRP1 regulates
transcript variants from genes associated with EMT such as
CD44, ENAH, and CTNND1 (p120-catenin) (Deloria et al.,
2016). ESRP1 is a tumor suppressor in CRC due to their
ability to regulate translation of several cancer-related genes by
binding to their mRNA 5′UTRs. In addition, ESRP1 suppresses
cancer cell motility through distinct mechanisms during EMT
(Leontieva and Ionov, 2009; Deloria et al., 2016; Fagoonee
et al., 2017). Ectopic expression of ESRP1 protein resulted in
suppression of tumorigenic potential of LS180 colon cancer cells
(Leontieva and Ionov, 2009). ESRP1 is negatively regulated by
mesenchymal transcription factors such as SNAIL, ZEB1, and
ZEB2 (Mager et al., 2017).

Despite its role as a tumor suppressor, Fagoonee et al.
recently demonstrated a pro-metastatic function of ESRP1
(Fagoonee et al., 2017). ESRP1 contributes to anchorage-
independent growth of CRC cells, when Caco-2 cells are grown
in suspension, enhances FGFR1/2 signaling, supports constant
Akt phosphorylation and Snail upregulation. FGFR or PI3K/Akt
inhibition reverted the pro-oncogenic phenotype of ESRP1
upregulation. High ESRP1 expression may stimulate cancer
epithelial cell growth in the colon, as well as, at distant sites
promoting CRC progression (Fagoonee et al., 2017).

Xenografts Studies
ESRP1 has a key role in intestinal homeostasis and disease in
mice (Mager et al., 2017). Partial loss of ESRP1 function impairs
intestinal epithelial barrier integrity, increases susceptibility
to colitis and alters CRC development. In addition, ESRP1
overexpression has been correlated with liver macrometastasis in
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murine models, probably due to its ability to promote cancer cell
growth at distant sites (Fagoonee et al., 2017).

Clinical Relevance
ESRP1 expression is associated with a favorable overall survival
outcome in CRC patients. On the contrary, loss of ESRP1
expression negatively correlates with CRC patient survival
(Mager et al., 2017). Decreased ESRP1 expression might also
indicate the presence of EMT and thus disease progression and
metastasis (Deloria et al., 2016). In addition, by upregulating
Snail expression, ESRP1 has been associated with poor prognosis
and shortened relapse-free survival (Fagoonee et al., 2017).

TTP

General Features
Tristetraprolin (TTP) also called ZFP36 or TIS11 forms part of a
family of tandem Cys3His zinc finger proteins (Lai et al., 1999;
Sharma et al., 2013; Sobolewski et al., 2015; Lee et al., 2018).
TPP is mainly cytoplasmic, where interacts with stress granules
(SGs), regulates mRNA stability and promotes degradation of
inflammatory cytokines, proto-oncogenes and growth regulatory
genes (Carrick and Blackshear, 2007; Cha et al., 2011; Lee
et al., 2013). TTP functions as a tumor suppressor by inhibiting
expression of cancer-related genes that encode AREs in their
mRNA 3′UTRs. TTP target mRNAs encode inflammatory
cytokines, cell growth factors, angiogenesis, apoptosis, and
differentiation-related factors. For instance, TTP downregulates
VEGF levels by reducing VEGF mRNA accumulation; this, in
turn, decreases angiogenesis and reduces CRC growth (López de
Silanes et al., 2003; Lee et al., 2010, 2018). TTP also regulates
the expression of cancer-related proteins (Fos, Myc, COX-2,
cIAP2, E2F1, Bcl-2, Mcl-1, LATS2, Lin28, and Cyclin D1), which
contribute to inflammation, apoptosis, and angiogenesis in CRC
(Lee et al., 2010, 2018; Sobolewski et al., 2015). Accordingly,
TTP downregulation occurs at early stages of tumorigenesis and
ectopic expression of TTP in CRC attenuates cell proliferation
(Sobolewski et al., 2015).

Xenografts Studies
The inverse correlation between the expression levels of
TTP and VEGF has been seen in nude mice, where tumor
growth and angiogenesis are inhibited by TTP-mediated VEGF
downregulation (Lee et al., 2010). Besides, TTP knockout mouse
model develops multiple inflammatory syndromes due to the
increased expression of tumor necrosis factor, COX-2 and other
pro-inflammatory proteins (Sobolewski et al., 2015).

miRNA Control
miR-29a downregulates TTP in a breast cancer model
and is known to be upregulated in colon cancer
(Sobolewski et al., 2015).

Clinical Relevance
Fallahi et al. have shown that TTP reduction is associated
with poor prognosis, tumor aggressiveness and necrosis (Fallahi
et al., 2014). The pharmacologic activation of TTP may limit

colon cancer growth when patients present resistance to anti-
VEGF therapies (Lee et al., 2010). In this regard, some therapies
have been developed to activate TTP. For instance, Resveratrol,
a natural anti-cancer compound, induces cellular apoptosis
and decreases migration and invasion by activating TTP and
regulating other cancer pathways (MYC, KRAS, and FOS) (Lee
et al., 2018). Another agent aiming to restore TTP expression
in cancer cells is Vorinostat R© (SAHA), already in phase 1
clinical trial (Sobolewski et al., 2015). Another option to increase
TTP expression is the use of histone deacetylase inhibitors
(HDAC inhibitors), which can restore TTP expression at the
transcriptional level (Sobolewski et al., 2015).

HNRNPS

General Features
Heterogeneous nuclear ribonucleoproteins (hnRNPs) are
normally localized in the nucleus; however, some may shuttle
between the nucleus and cytoplasm due to their nuclear export
signals. They are known as pre-mRNA/mRNA binding proteins
that participate in important cellular mechanisms, such as
DNA repair, response to hypoxia, splicing, nucleocytoplasmic
transport, apoptosis and transcriptional and translational
regulation (Ushigome et al., 2005; Hope and Murray, 2011; Lai
et al., 2016). Quantitative and qualitative alterations of hnRNPs
have shown to disturb cellular functions and facilitate malignant
transformation (Ushigome et al., 2005).

To date, at least 20 major hnRNP proteins, from hnRNP Al to
U, have been identified in human cells (Ushigome et al., 2005). All
members of the hnRNP family share a similar protein structure,
consisting of at least one RRM combined with other auxiliary
domain: RGG box or the acidic domain responsible for protein-
protein interactions (Lai et al., 2016). Given that all hnRNPs
belong to the same family, their phenotypic impact is likely
similar (Hope and Murray, 2011; Budak et al., 2017). Despite
their great importance, few studies have been focused on cancer
and much less on CRC. Table 2 summarizes their function and
effect in CRC.

TIA1

General Features
T-cell intracellular Antigen-1 (TIA1) is a cytoplasmic granule-
associated RBP which contains three RRMs (Zlobec et al.,
2010; Hamdollah Zadeh et al., 2014; Yang et al., 2014). TIA1
is linked to multiple biological processes associated with RNA
metabolism and plays an important role in the regulation of
gene expression, predominantly under conditions of cellular
stress (Liu et al., 2014; Yang et al., 2014). TIA1 is alternatively
spliced in exon 5 to form two isoforms (short and long),
both of them reported to be expressed in cytolytic cells. TIA1
inhibits both transcriptional and posttranscriptional events of
many transcripts involved in cancer cell proliferation, apoptosis,
angiogenesis, invasiveness, and metastasis as well as in immune
evasion (Hamdollah Zadeh et al., 2014; Liu Z. P. et al.,
2017). For example, TIA1 can promote cell apoptosis by
regulating Fas alternative splicing, while also enhancing NK cell
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TABLE 2 | Function and effect of hnRNPs in CRC.

hnRNP Function Effect in CRC Reference

Al - Unwinds intramolecular folded-back

quadruplex structures of telomere repeats

and G-rich short tandem repeats (STRs).

- Abrogates DNA synthesis arrest.

- Promotes a protective effect

against apoptosis.

- A potential biomarker. It has a significant

cytoplasmic immunoreaction in tumor cells.

Ushigome et al., 2005; Zhang et al.,

2006; Hope and Murray, 2011

A18 - Promotes inflammatory responses when

present extracellularly.

- Higher hnRNPA18 expression in CRC cells could

be used as an independent prognostic marker.

Sakurai et al., 2014; Chang et al.,

2016; Jang et al., 2017

D - Destabilizes RNA and regulates expression of

pro-inflammatory Cytokines,

proto-oncogenes, and regulators of

apoptosis, and the cell cycle.

- Enhances mRNA stability and translation.

- Indirectly regulates cancer-related mRNAs by

inhibiting Dicer-mediated mature miRNA

formation. HnRNPD binds to Dicer mRNA

reducing its stability. An inverse correlation

between Dicer and hnRNPD expression has been

observed in CRC tissues.

Dixon, 2004; Zucconi and Wilson,

2011; Ciafrè and Galardi, 2013; Dai

et al., 2019

DL - Acts as a transcriptional regulator.

- Promotes transcription repression.

- Stimulates transcription activation in

differentiated myotubes.

- Confers growth advantage through its ability to

promote cell cycle progression.

Balasubramani et al., 2006;

Rappaport et al., 2017

F - Plays a role in the regulation of alternative

splicing events.

- Binds G-rich sequences in pre-mRNAs and

keeps target RNA in an unfolded state.

- Involved in early CRC genesis. Balasubramani et al., 2006;

Rappaport et al., 2017

H - Mediates pre-mRNA alternative

splicing regulation.

- hnRNPH is associated with good prognosis,

especially in left-sided (distal) colonic tumors and

rectal tumors.

Hope and Murray, 2011; Rappaport

et al., 2017

I - Activates exon skipping of its own pre-mRNA

during muscle cell differentiation.

- Silences Notch signaling pathway, which is a

critical mediator of stem cell proliferation and

differentiation of colonic epithelium.

Hope and Murray, 2011; Jin et al.,

2017; Rappaport et al., 2017

K - Plays an important role in TP53 response to

DNA damage, acting at both transcription

activation, and repression.

- Could be used as a poor prognosis marker.

Altered expression and cellular localization

correlates with CRC tumor stage.

Hope and Murray, 2011; Guo et al.,

2012; Sugimasa et al., 2015; Zhang

et al., 2016; Budak et al., 2017;

Rappaport et al., 2017

M - Acts as a receptor for carcinoembryonic

antigen in Kupffer cells

- Initiates a series of signaling events leading to

tyrosine phosphorylation of proteins and

induction of IL-1 alpha, IL-6, IL-10, and

tumor necrosis factor alpha.

- Positively correlates with proliferation, invasion

and metastasis of CRC cells.

Chen et al., 2013

L - Involved in the synthesis of new

blood vessels.

- Promotes angiogenesis in CRC cells. Hope and Murray, 2011

Q - Promotes MYC mRNA stability

- Modulates the posttranscriptional C to U

RNA-editing of the APOB mRNA.

- Increases cell proliferation and contribute

to tumorigenesis.

Lai et al., 2016; Rappaport et al.,

2017

U - Repairs double-strand DNA. - Aberrantly found in the nucleus of CRC cells,

compared with normal colonic epithelium.

Hope and Murray, 2011

cytotoxic activity (Zlobec et al., 2010; Liu Z. P. et al., 2017). TIA1
is downregulated at the protein level in CRC, which is therefore
considered as a tumor suppressor RBP (Liu Y. et al., 2017).

Xenograft Studies and miRNA Control
TIA1 is a direct target of miR-19a in CRC, where is highly
expressed (Liu Y. et al., 2017). miR-19a is part of a family known
as mir17-92, which possess several cellular functions as survival,
proliferation, differentiation, and formation of new blood vessels
(Olive et al., 2009). This miRNA promotes cell proliferation and

migration in vitro and accelerates tumor growth in xenografed
mice. miR-19a binds directly to the 3′-UTR of TIA1 mRNA
inhibiting TIA1 cancer suppressive features. Suppression of miR-
19a activity could increase cellular levels of TIA1, therefore
impairing cancer-related cellular processes (Liu Y. et al., 2017).

Clinical Relevance
TIA1 is a robust prognostic immunological biomarker in
CRC and particularly in tumors with marked cytotoxic CD8+
tumor-infiltrating lymphocytes (TILs). Increased numbers of
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TIA1 positive TILs is associated with an improved clinical
outcome representing an independent prognostic factor (Zlobec
et al., 2010). TIA1 can also be used to supplement prognostic
information related to TNM (tumor, node, and metastases) stage
and adjuvant therapy in mismatch repair-proficient colorectal
cancer patients (Liu Y. et al., 2017).

KHDRBS1

General Features
KH RNA binding domain containing signal transduction
associated 1 (KHDRBS1) protein or Src-associated in mitosis 68
kDa protein is part of STAR family KH domain-containing RBPs
(Sánchez-Jiménez and Sánchez-Margalet, 2013). It is a substrate
for Src kinases, which are often activated in human cancers.
KHDRBS1 is usually a nuclear protein, which is a mitogene
and is also involved in transformation and tumorigenesis.
This RBP plays a major protagonist in the life cycle of RNA
molecules. Besides, KHDRBS1 regulates the alternative splicing
of several genes, most of them involved in human cancer, such as
CD44, Bcl-xl, Sgce, SMN2, SF2/ASF, and Cyclin D1. KHDRBS1
also participates in early cellular responses to DNA damage
by controlling the signaling cascade that links DNA damage
recognition in the nucleus to NF-κB liberation and activation
in the cytoplasm. Accordingly, KHDRBS1 downregulation
promotes self-destruction of colon cancer cells under exposure
to DNA-damaging agents. KHDRBS1 is therefore important for
CRC development and survival (Fu et al., 2016).

Xenograft Studies
KHDRBS1 null mice produced delays in colon tumor
growth, metastasis, cell migration, and extremely
sensitiveness to agents that cause DNA damage
(Lukong and Richard, 2007; Fu et al., 2016).

Clinical Relevance
Several studies have reported KHDRBS1 to be overexpressed in
CRC tissues. KHDRBS1 nuclear localization and overexpression
is correlated with poorly differentiated cancer cells, advanced T,
N, and M1 stage. Poor prognosis and a higher risk of recurrence
have been seen in patients with high levels of this protein or
nuclear localization (Liao et al., 2013; Fu et al., 2016).

CPEB4

General Features
Cytoplasmic Polyadenylation Element Binding Protein 4
(CPEB4) is a ubiquitous cytoplasmic zinc-finger RBP (Zhong
et al., 2015; He et al., 2017; Rappaport et al., 2017). CPB4 gene is
localized on chromosome 5q35 and encodes a protein composed
of 729 amino acids (He et al., 2017). CPEB4 can modulate
the cellular epigenetic profile and influence several biological
activities such as cell proliferation and differentiation, chromatin-
remodeling, and chromosome segregation (Zhong et al., 2015;
He et al., 2017). Furthermore, CPEB4 recruits translational
repression or polyadenylation machinery, which targets mRNAs

that regulate mitotic and meiotic cell cycle and senescence
(Cortés-Guiral et al., 2017; He et al., 2017). Importantly, CPEB4
is highly expressed in a variety of malignant tumors, including
CRC, promoting tumor proliferation, invasion, migration, and
vascularization (Zhong et al., 2015; Cortés-Guiral et al., 2017; He
et al., 2017). CPEB4 can also influence apoptosis of tumoral cells
by modulating the expressions of B-cell lymphoma extra-large
(Bcl-XL) and B-cell lymphoma-2-associated X (Bax) proteins.
CPEB4 knockdown increases Bax expression but decreases
Bcl-XL expression. Changes in the homeostatic balance of Bax
and Bcl-XL lead to a deregulation of apoptosis during tumor
development. In addition, three parameters are considered as
prognostic markers in CRC: (i) age, (ii) body tumor location, and
(iii) Bax/Bcl-2 ratio (Zhong et al., 2015).

miRNA Control
Recent studies have shown miR-203, a tumor suppressive
miRNA, significantly decreased in colorectal cancers. miR-
203 inhibits cancer growth and enhances cell apoptosis by
suppressing CPEB4 expression post-transcriptionally (Zhong
et al., 2015; Cortés-Guiral et al., 2017). Hence, miR-203-mediated
CPEB4 degradation might be a novel strategy in CRC treatment
(Zhong et al., 2015).

Clinical Relevance
CPEB4 is aberrantly expressed in CRC tissues and correlates
with tumor progression and poor overall survival in CRC
patients. Thus, detecting CPEB4 expression in CRC tissues or
peripheral blood might be used as an additional parameter
to identify patients with a high risk of tumor invasiveness
and/or metastasis. Patients with these characteristics could be
considered for more personalized and aggressive treatment
(Zhong et al., 2015; He et al., 2017).

AGO

General Features
The Argonaute (AGO) proteins are fundamental components of
RNA-induced silencing complexes (RISC) and RNA interference
(RNAi) machinery, which induce endonuclease cleavage of
mRNA and miRNA passenger strand. Currently, two subfamilies
with 4 Argonaute-like proteins within each have been described:
(i) eIF2C/AGO subfamily with AGO1, AGO2, AGO3, and
AGO4 and (ii) PIWI subfamily with PIWIL1, PIWIL2,
PIWIL3, and PIWIL4. AGO subfamily genes are ubiquitously
expressed and are regulated in a cell-context-dependent manner
(Li et al., 2010; Rüdel et al., 2011).

Small interfering RNAs (siRNAs) and/or miRNAs are used by
Ago proteins as silencingmechanisms in both transcriptional and
posttranscriptional processes. Overexpression of AGO members
has been associated with excessive growth and programmed
cell death inhibition of cancer stem cells. Specifically, increased
expression of AGO2-4 and PIWIL4 has been associated with
colon cancer occurrence in advanced tumors with distant
metastasis (Li et al., 2010).
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CSDE1

General Features
Cold shock domain containing E1 (CSDE1), formerly named
Upstream of the NRAS (UNR), is an RBP composed of
798 amino acids with 5 cold shock domains. CSDE1 gene
is located on chromosome 1p13.2 upstream of the NRAS
locus. CSDE1 has been shown to regulate mRNA stability and
translation of several oncogenes, such as c-MYC, c-FOS, VIM,
PTEN, among many others, in melanoma, breast, pancreatic
and prostate cancer (Grosset et al., 2000; Evans et al., 2003;
Chang et al., 2004; Wurth et al., 2016). Recently, Martinez-
Useros et al. have reported key oncogenic features of CSDE1
in CRC. According to this study, CSDE1 is overexpressed
in several CRC-derived cell lines, paired tumor samples,

colonospheres and cell cultures originated from metastatic
lesions. In contrast, CSDE1 downregulation increases sensitivity
to apoptosis and decrease invasiveness, cell viability and
migration by an EMT regulation process. In addition, CSDE1
expression positively correlates with c-MYC expression in CRC
samples and cell lines, supporting its role as a CRC oncogene
(Martinez-Useros et al., 2019).

Clinical Relevance
Martinez-Useros et al. also demonstrated a possible role
of CSDE1 as a clinical marker, predicting poor outcome
of CRC patients. Patients with high CSDE1 expression
presented shorter mean survival than patients with
low expression. Although the sample size to achieved

FIGURE 1 | Schematic representation of colorectal cancer (CRC)-associated RNA-Binding Proteins (RBPs) structural domains according to UniProt database (https://

www.uniprot.org). Sixteen structural domains represented by colored boxes, protein names and scaled lengths are shown.
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this conclusion was small, an in silico analysis using
The Cancer Genome Atlas (TCGA)-Colorectal Cancer
Dataset showed similar results: patients with high
CSDE1 expression presented shorter mean progression-
free survival than patients with low CSDE1 expression
(Martinez-Useros et al., 2019).

COMMON FEATURES OF ALL COLON
CANCER RELATED RBPS

RBPs are pivotal members of the posttranscriptional process
and key players of RNA regulons. Within this notion, RBPs
regulate mRNAs that encode functionally related proteins
through a RNP-driven mechanism. Genomic alterations of
RBPs could therefore produce erroneous conformation of
these RNP complexes leading to atypical protein expression
and cancer development (Castello et al., 2016; Wurth et al.,
2016; Pereira et al., 2017). To shed light on CRC RNA
regulons, we studied CRC RBPs common features related
to their protein domains, protein-protein interactions, and
common RNA targets. In addition, we also organized CRC

RBPs oncogenic capabilities into the hallmarks of cancer
(Hanahan and Weinberg, 2011).

Figure 1 shows all CRC-associated RBPs and their protein
domains according to UniProt database (https://www.uniprot.
org/) (The UniProt Consortium, 2019); we detected 16
protein domains, of which 13 are RNA-binding domains:
RRM, CSD, KH domain, Zinc finger, etc. RRM is the most
prevalent domain of the CRC-related RBPs, followed by KH
domain and CSD. To detect protein-protein interactions, we
generated an interaction network using STRING database
(Szklarczyk et al., 2017) with experiment scores > 0.9.
Seventeen out Thirty-Two RBPs form a complex interaction
network (Figure 2A); we also observed interactions between all
AGO members.

Over the past decade, high-throughput technologies
have been developed to identify RBP biding sites in vivo
(ultraviolet crosslinking followed by immunoprecipitation
and sequencing—CLIP) and mRNA translation performance
(Ribosome profiling—Ribo-seq) (Ingolia et al., 2009). Recently,
Zhu et al. integrated several datasets from these high-
throughput technologies to investigate post-transcriptional
regulatory processes mediated by RBPs through a database

FIGURE 2 | Common features of colorectal cancer (CRC)-related RNA-Binding Proteins (RBPs). (A) CRC RBPs RNA targets according to POSTAR2 database. Circle

sizes are correlated with the number of targets of each protein; shared RNA targets are shown in the middle. (B) A network showing CRC RBPs protein-protein

interactions from experimental data and databases (interaction score: > 0.9). (C) Gene set enrichment analysis showing all significantly enriched terms concerning

Gene Ontology (Molecular Function, Biological Process, and Cellular Component), Reactome, Transfac, miRTasBase, and Human Protein Atlas through g:Profiler

(https://biit.cs.ut.ee/gprofiler/gost). The size of the circle is correlated with the number of genes overrepresented in association with certain type of molecular function

or biological process. P-value adjusted (Padj) for multiple testing using Benjamini-Hochberg method.
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FIGURE 3 | Circos plot (http://circos.ca/intro/features/) depicting the

relationships between colorectal cancer (CRC) RNA-binding proteins (RBPs)

and the hallmarks of cancer. Outer circle: right, CRC RBPs and left, hallmarks

of cancer associated with each studied protein. Green-colored links indicate a

cancer promoting activity, while red links, suppression, and the blue-colored

link denotes both, promotion and suppression activity.

named POSTAR2 (http://lulab.life.tsinghua.edu.cn/postar/).
This allowed us to identify all RNA targets of 18 out 32
CRC-related RBPs (Figure 2B). For example, ELAVL1
could bind to 21578 RNAs, while KHDRBS1 interacts
with 962. A post-hoc analysis revealed 63 common targets
(Supplementary Table 1). Interestingly, these RNAs encode
proteins or participate in RNA-related processes, such as RNA
binding or mRNA transport (Figure 2C), adding another layer
to the RNA regulon model: interacting RBPs that regulate
RNAs implicated in RNA-associated processes. In fact, 30%
of these common targets (n = 19) are also RBPs (Figure 2C)
(Culjkovic-Kraljacic and Borden, 2018). However, some
well-known cancer driver genes, such as MYC and COX-
2 are common targets of 11 and 7, respectively out of 18
CRC RBPs.

Finally, to better understand the oncogenic potential
of the aforementioned RBPs, their capabilities were
organized according to the hallmarks of cancer. As
shown in Figure 3, most RBPs (11 out of 16) act as
oncogenes and only 5 (TIA1, TTP, QKI, ESRP1, CELF2,
and QKI) present tumor suppressive abilities. Worthy of
note, TIA1 is the only RBP that suppresses the ability
of cancer cells to escape immune response by enhancing
NK cell cytotoxic activity (Zlobec et al., 2010; Liu Z. P.
et al., 2017); also, CPEB4 is the only RBP that promotes

genome instability by influencing chromatin-remodeling
(Negrini et al., 2010; Zhong et al., 2015; He et al., 2017).

CONCLUDING REMARKS AND
PERSPECTIVES

Several efforts have been devoted to decipher the molecular basis
behind the carcinogenesis process. Most of this knowledge was
achieved by studying DNA and protein function, leaving post-
transcription under-investigated. In this regard, RBPs play a
significant role in controlling gene expression through complex
interconnected networks named RNA regulons. Consequently,
RBPs alterations could greatly disrupt cellular homeostasis
promoting cancer development.

We believe this work offers a comprehensive list of all
CRC-associated RBPs, including their individual features to
common interactions and targets. However, we only found
in the literature 35 RBPs out of 1,393 having oncogenic
roles in CRC; a comprehensive characterization of RBPs
is therefore still missing. To shed light on this matter,
not only the identification of the CRC-RBPome should
be prioritized, but also its dynamics concerning CRC
RNA regulons implicated in cancer progression. As we
shown in Figure 2, these interactions are highly complex
and more research is needed to identify key therapeutic
interactions. To date, no RBP-based drug has been developed
to treat CRC, according to the Open Target Platform
(https://www.targetvalidation.org).

RNA-based research is generating large datasets from high-
throughput technologies, such CLIP, Ribo-seq or interactome
capture. To successfully understand this complexity, all this
data should be compiled and analyzed by bioinformatics
and systems biology approaches, such as POSTAR2 or
the ones developed by the RNA Bioinformatics Center
(Backofen et al., 2017). In addition, large datasets, such
as The Cancer Genome Atlas (Tomczak et al., 2015), the
Human Protein Atlas (Pontén et al., 2008) or Depmap (Yu
et al., 2016) could be exploited to identify key RBPs that,
with further research, could be used as CRC biomarkers or
new therapeutic targets.
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Simple Summary: Globally, breast cancer (BC) is the most common cancer in women. Although
numerous studies have attempted to address this worldwide health problem, it has not yet been
possible to understand cancer in its entirety, mainly because most of the investigations have been
focused on traditional molecular traits of DNA. Thus, new characteristics of breast tumorigenesis must
be tackled, such as RNA-binding proteins (RBPs), which are crucial regulators of important cellular
processes. To identify novel breast cancer RNA-binding proteins, we integrated several bioinformatic
resources derived from experimentation on BC patient samples and cell lines. Consequently, we
identified five putative breast cancer RNA-binding proteins (PUF60, TFRC, KPNB1, NSF, and SF3A3)
showing strong tumorigenic characteristics. Supplementary investigation of the molecular and
cellular functions of these proteins identified PUF60 and SF3A3 as new spliceosome-related breast
cancer RNA-binding proteins. Further experimentation should center on these five RBPs to identify
their role in breast tumorigenesis and potentially discover new druggable targets.

Abstract: More women are diagnosed with breast cancer (BC) than any other type of cancer. Although
large-scale efforts have completely redefined cancer, a cure remains unattainable. In that respect, new
molecular functions of the cell should be investigated, such as post-transcriptional regulation. RNA-
binding proteins (RBPs) are emerging as critical post-transcriptional modulators of tumorigenesis, but
only a few have clear roles in BC. To recognize new putative breast cancer RNA-binding proteins, we
performed integrated in silico analyses of all human RBPs (n = 1392) in three major cancer databases
and identified five putative BC RBPs (PUF60, TFRC, KPNB1, NSF, and SF3A3), which showed
robust oncogenic features related to their genomic alterations, immunohistochemical changes, high
interconnectivity with cancer driver genes (CDGs), and tumor vulnerabilities. Interestingly, some of
these RBPs have never been studied in BC, but their oncogenic functions have been described in other
cancer types. Subsequent analyses revealed PUF60 and SF3A3 as central elements of a spliceosome-
related cluster involving RBPs and CDGs. Further research should focus on the mechanisms by which
these proteins could promote breast tumorigenesis, with the potential to reveal new therapeutic
pathways along with novel drug-development strategies.
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1. Introduction

Breast cancer (BC) is the leading cause of cancer-associated death (15%: 626,679 cases)
and the most commonly diagnosed cancer (24%: 2,088,849 cases) among women world-
wide [1]. BC is characterized by a complex interaction between environmental factors
and biological traits, such as gene deregulation, hormone disruption, or ethnicity [2–4].
Despite treatment efforts, advanced BC with distant organ metastasis is considered to
be incurable [2]. Therefore, a better understanding of BC’s molecular processes is still
pertinent to identifying new therapeutic targets. Current oncological research generates
large-scale datasets that harbor essential aspects of tumor biology. For instance, the Cancer
Genome Atlas (TCGA), with over 2.5 petabytes of data, has molecularly characterized
over 20,000 patient samples covering 33 cancer types [5–10]. Additionally, the Cancer
Dependency Map (DepMap) project, using loss-of-function genetic screens, has identified
essential genes for cancer proliferation and survival ex vivo [11–13]. Additionally, the
Human Protein Atlas (HPA) constitutes a comprehensive resource to explore the human
proteome in healthy and tumoral human tissues [14–16]. Although these datasets have
completely redefined cancer drug development, diagnosis, and treatment, additional funda-
mental features of oncogenesis, tumor growth, and dissemination remain to be discovered.
In this respect, post-transcriptional regulation of tumorigenesis represents an understudied
trait of cancer research [17].

RNA-binding proteins (RBPs) are particularly relevant due to their implication in every
post-transcriptional step of gene expression: RNA splicing, transport, stability, translation,
and localization. As a result, genomic alterations of these proteins lead to dysfunctional
cellular processes, but only a few have defined functions in BC [18–25]. To date, 1393 RBPs
have been experimentally identified in the human RNA interactome [26]. Despite efforts
to understand their role in cancer [27,28], an integrated analysis of the aforementioned
databases along with other in silico approaches is still missing for BC. To shed light on this
matter, we analyzed and integrated RBPs genomic alterations, protein–protein interaction
(PPI) networks, immunohistochemical profiles, and loss-of-function experiments to find
new putative breast cancer RNA-binding proteins.

2. Materials and Methods

2.1. Gene Sets
A total of 1393 RBPs were extracted from Hentze et al. [26] and checked for new

annotations using Ensembl (http://www.ensembl.org (accessed on 5 February 2022)) [29,30].
Only one duplicate was found: ENSG00000100101 and ENSG00000273899, both correspond
to NOL12, leaving a final list of 1392 RBPs. BC genes (n = 171) were obtained from the
Network of Cancer Genes 6.0 (NCG6) [31]. Non-cancer gene list was constructed from
Piazza et al. [32], without RBPs and NCG6 [31] genes, and reanalyzed using Piazza’s
OncoScore algorithm (https://www.galseq.com/next-generation-sequencing/oncoscore-
software (accessed on 7 January 2022)), giving a final list of 177 non-cancer genes (Table S1).

2.2. Genomic Analysis
Genomic alterations of RBPs, non-cancer, and BC genes were analyzed through the

cBioPortal (https://www.cbioportal.org (accessed on 12March 2022)) [33,34] using the Breast
Invasive Carcinoma (TCGA, PanCancer Atlas) database (n = 994 complete samples) and the
Clinical Proteomic Tumor Analysis Consortium (CPTAC) database (n = 122 complete sam-
ples) [5–10,35]. To compare the aforementioned gene sets, genomic alterations per protein
were corrected by the number of genes or individuals. A Mann–Whitney U test was used
to compare genomic alterations between gene sets or clinical characteristics (Table S2).
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2.3. Network Construction
Experimental and database interactions (Table S3) between RBPs (n = 1392) and BC

proteins (n = 171) [31], having an interaction score of 0.9 (highest confidence), were extracted
from the STRING database (Table S6) [36] and visualized using the Cytoscape 3.7.1 (Seattle,
USA) platform [37].

2.4. Protein Expression Analysis
Immunohistological levels of 1212 available RBPs in normal and BC tissues were ex-

tracted from Protein Atlas version 18.1 (https://www.proteinatlas.org (accessed on 15 June
2021)) [14–16]. Expression levels of normal tissues were taken from glandular cells, while
a consensus level was manually generated for BC tissues (Table S7) based on tissue level
frequency. Immunohistological images were taken from https://www.proteinatlas.org/
ENSG00000182481-KPNA2/tissue/breast#img (accessed on 15 June 2021) (KPNA2 staining
of normal tissue), https://www.proteinatlas.org/ENSG00000182481-KPNA2/pathology/
tissue/breast+cancer#img (accessed on 15 June 2021) (KPNA2 staining in tumoral tissue),
https://www.proteinatlas.org/ENSG00000138757-G3BP2/tissue/breast#img (accessed on
15 June 2021) (G3BP2 staining in normal tissue), https://www.proteinatlas.org/ENSG000
00138757-G3BP2/pathology/breast+cancer#img (accessed on 15 June 2021) (G3BP2 stain-
ing in tumoral tissue), https://www.proteinatlas.org/ENSG00000109111-SUPT6H/tissue/
breast#img (accessed on 15 June 2021) (SUPT6H staining in normal tissue), and https:
//www.proteinatlas.org/ENSG00000138757-G3BP2/pathology/breast+cancer#img (ac-
cessed on 15 June 2021) (SUPT6H staining in tumoral tissue).

2.5. Cancer-Dependency Analysis
RBP cancer-dependency scores from CERES [11] (1288 available RBPs) and DEME-

TER2 [12,13] (1290 available RBPs) were obtained from the Dependency Map (DepMap)
portal (https://depmap.org/portal (accessed on 10 June 2021)). Molecular subtypes of 82
(DEMETER2 [12,13]) and 28 (CERES [11]) BC cell lines were obtained from Smith et al. [38],
Dai et al. [39], and Kao et al. [40] (Table S10).

2.6. Cancer-Related Networking Analysis
Previously prioritized RBPs (PUF60, TFRC, KPNB1, NSF, and SF3A3) were integrated

into a disease gene network (filtered by RBPs [n = 125] and CDGs ((n = 202 genes)) by
using the HumanNet XN (fully extended functional gene network) v2 software (https:
//www.inetbio.org/humannet (accessed on 9 July 2021)) and visualized through Cytoscape
V3.8.2 [37]. We then used MCODE [41] to find complexes within the network according to
level-3 parameters: node score cutoff = 0.1, fluff = 0, and no haircut. The resulting network
was interpreted through CORUM [42], a database of mammalian protein complexes (https:
//mips.helmholtz-muenchen.de/corum (accessed on 8 July 2021)).

3. Results

3.1. An Overview of RNA-Binding Protein Genomic Alterations in Breast Cancer
To globally assess the potential role of RBPs in BC, we performed complementary

analyses, which are depicted in Figure 1.
Then, to evaluate the potential role of RBPs in BC versus well-known BC genes, we

interrogated the Breast Invasive Carcinoma (TCGA, PanCancer Atlas) and Breast Can-
cer (CPTAC) [5–10,35] database for genomic alterations of RBPs (n = 1392), BC genes
(n = 171) [31], and non-cancer genes (n = 170) [32] (Table 1). As shown in Figure 2A, both
genomic alteration frequencies of RBPs and BC genes were significantly higher than the
ones observed for non-cancer genes. Interestingly, RBPs present a similar degree of genomic
alterations as BC genes (Figure 2A), highlighting the putative role of RPBs in BC.
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Figure 1. Workflow of the prioritization strategy. This scheme describes all major steps performed to
identify PUF60 and SF3A3 as new spliceosome-related breast cancer RNA-binding proteins.

To obtain insights into how these proteins are altered in BC, we cataloged their genomic
alteration types. As shown in Figure 2B and (Table S2), most genomic alterations are related
to an overrepresentation of the mRNA (68.7%) or gene loci (15.4%).

3.2. Identification of Highly Altered Breast Cancer RNA-Binding Proteins
To identify breast cancer-related RNA-binding proteins, we next interrogated the

Network of Cancer Genes 6.0 (NCG6) [31] for RBP having known or predicted cancer
driver roles. NCG6 harbors the most recent catalog of cancer driver genes (CDG) [31]. Thus,
we identified 225 RBPs, 14 implicated in BC (2 oncogenes, 4 tumor suppressors, and 8 un-
known), indicating that these proteins remain poorly studied in breast carcinogenesis, and
211 related to other cancer types (21 oncogenes, 24 tumor suppressors, and 166 unknown)
(Figure 3A, Table S3).
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Table 1. Top ten most altered RNA-binding proteins in invasive breast carcinoma (TCGA, PanCancer
Atlas) and breast cancer (CPTAC).

Genomic

Alterations
Protein Name

Number of

Alterations

Known BCMolecular and

Cellular Functions

Related to Other

Cancer Types
Pubmed Citations

Amplification +
mRNA upregulation
+ fusion + mutations

MRPL13 579
No. However, MRPL13 is
an ESR2 protein interactor

in MCF7 cells [43]
No 34

DCAF13 574
Yes. It is overexpressed in

171 primary breast
tumors [44]

Yes [45] 23

YWHAZ 532

Yes. Often amplified in
BC [46], leading to

increased glycolysis [47].
YWHAZ is also an ESR2
protein interactor [43]

Yes 492

DAP3 491
Yes. DAP3 silencing
contributes to breast
carcinogenesis [18]

Yes [48] 77

NUCKS1 490
Yes. NUCKS1 is

overexpressed in breast
tumors [49]

Yes [50] 58

TFB2M 488 No No 36

MTDH 469
Yes. MTDH promotes
cancer proliferation and

metastasis [19]
Yes [51] 273

C1ORF131 463 No No 13

PTDSS1 458
No. However, PTDSS1 is an
ESR2 protein interactor in

MCF7 cells [43]
No 27

RBM34 452
No. However, RBM34 is an
ESR2 protein interactor in

MCF7 cells [43]
No 35

Deep deletion +
mRNA

downregulation +
fusion + mutations

CCAR2 378 Yes. CCAR2 functions as a
tumor suppressor [20] Yes [52] 149

DDX19A 240 No No 24

DHX38 180
No. However, DHX38 is an
ESR2 protein interactor in

MCF7 cells [43]
No 50

ADD1 165
No. However, ADD1 is an
ESR2 protein interactor in

MCF7 cells [43]
Yes [53] 223

KMT2C 135 Yes. KMT2C regulates ER↵
activity [54]

Yes, it is a tumor
suppressor in
esophageal

squamous cell
carcinoma [55]

88

ZC3H18 135
No. However, ZC3H18 is
an ESR2 protein interactor

in MCF7 cells [43]
No 39

NCBP3 130
No. However, NCBP3 is an
ESR2 protein interactor in

MCF7 cells [43]
No 26

RARS2 123 No No 26

EIF4ENIF1 122 No No 52

NMT1 109 No Yes [56] 92
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Figure 2. Genomic alterations of RBPs in BC. (A) Frequency of genomic alterations per gene set
(non-cancer genes (n = 170), BC genes (n = 171), and RBPs [n = 1392]) using the Breast Invasive
Carcinoma (TCGA, PanCancer Atlas) and Breast Cancer (CPTAC) database [5–10,35]. Genomic
alterations per patient were corrected by the number of genes; a Mann–Whitney U test was used to
compare genomic alterations between gene sets. ** = very significant difference; ns = not significant.
(B) A pie chart describing RBPs’ genomic alteration types.

To categorize putative RBPs implicated in tumor progression or suppression, we
analyzed RBPs’ genomic alterations based on their progressor or suppressor profiles. Tumor
progressors tend to be overexpressed (mRNAupregulation or genomic amplification), while
suppressors are downregulated (mRNA downregulation or genomic deletion) in malignant
cells [57]. Gene mutations or fusions have been observed in both tumor progressors and
suppressors. On this basis, we identified highly altered breast cancer RNA-binding proteins
(Tables 1 and S2). Interestingly, 30% of all human RBPs interact with the tumor suppressor
ESR2 (Figure 3B) [43]. We also found known BC progressor and suppressor proteins, such
as DAP3 [18], MTDH [19], or CCAR2 [20], which validate our strategy (Tables 1 and S2).
This analysis also reveals proteins that have not been related to tumorigenesis, and yet they
are highly altered in BC (e.g., TFB2M, C1ORF131, or DDX19A) (Tables 1 and S2).

To further identify important RBPs implicated in BC, we analyzed RBPs’ genomic
alterations by subtype (Normal, LumA, LumB, Her2, and Basal) (Table S4) or staging (Stage I
to IV) (Table S5). As shown in Figure 3C, RBP genomic alterations found in the Basal subtype
samples were statistically significant compared to other subtypes (p < 0.001). Similarly, RBP
genomic alterations of Stage IV samples were statistically significant compared to other
stages (p < 0.001) (Figure 3D). Individually, some RBPs reached high frequencies of genomic
alterations per subtype (Figure 3C, Table S4) or stage (Figure 3D, Table S5). For instance,
ARF1, the most altered protein in Stage IV (Figure 3D), has been shown to promote BC
metastasis [58]; PARP1 has also been demonstrated to enhance metastasis not only in BC [59]
but also in other cancer types [60]. In contrast, SCAMP3 and HEATR6, which present similar
degrees of genomic alterations (Figure 3D), have not been studied in BC.

3.3. RNA-Binding Proteins Interact with Well-Known Breast Cancer Proteins
Networking analysis has proved useful in identifying RNA regulons and crucial

tumoral proteins [57]. On this basis, we next explored PPIs between RBPs (n = 1392) and
well-known BC proteins (n = 171) [31] using the STRING database [61]. The interactions
were obtained from experiments and databases; the interaction score was 0.9. This is
the highest possible confidence of an interaction to be true based on all the available
evidence. Thus, we identified 113 BC proteins interacting with 398 RBPs (Table S6). By
narrowing down our analysis to experimental interactions only (Figure 4), we observed
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two main networks around SF3B1 and CDC5L proteins. According to the g:Profiler [62],
proteins interacting with SF3B1 are implicated in RNA splicing (Padj = 3.783 ⇥ 10�34;
GO:0000377) (p-value adjusted (Padj) for multiple testing using the Benjamin–Hochberg
method), while proteins connected to CDC5L are mainly involved in chromatin binding
(Padj = 1.500 ⇥ 10�2; GO:0003682). We also observed proteins with both BC and RNA-
binding features present in the two main networks: SF3B1, CTNNA1, RBMX, and SPEN.
Additionally, 18 RBPs interact with at least 1 BC protein. Thus, we identified RBPs that
may have a putative role in BC’s molecular pathways through PPIs.

Figure 3. Identification of highly altered breast cancer RNA-binding proteins. (A) A histogram
describing the status of RBPs in the Network of Cancer Genes 6.0 (NCG6). In blue, RBP status in
other cancer types; in red, breast cancer RBPs. (B) A Venn diagram depicting the relationship between
RBPs and ESR2 protein interactomes. RBPs genomic alterations per subtype (C) and stage (D),
using the Breast Invasive Carcinoma (TCGA, PanCancer Atlas) and Breast Cancer (CPTAC) [5–10,35]
database, are displayed. Genomic alterations per subtype and per stage were corrected by the number
of patients; a Mann–Whitney U test was used to compare genomic alterations between sets. All
possible comparisons between sets present significant differences (p < 0.001) except Normal vs. Lum
A subtypes; ns = not significant.
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Figure 4. Experimental protein–protein interactions between RNA-binding proteins and well-known
breast cancer proteins. An interaction network, constructed using STRING database and the Cy-
toscape 3.7.1 platform, is presented: red, BC proteins; green, RBPs.

3.4. Identification of Differentially Expressed RNA-Binding Proteins in Breast Tumor Tissues
The Human Protein Atlas (HPA) constitutes [14–16] a major effort to address protein

expression in healthy and tumoral human tissues. We, therefore, identified RBPs with
a different protein expression profile in tumor breast tissues. To this end, we compared
immunohistochemical levels (not detected, low, medium, and high) of 1212 available RBPs
between normal and cancerous breast tissues (Figure 5A, Table S6). Most RBPs presented
common immunohistochemical levels between both breast tissues: not detected (n = 130),
low (n = 52), medium (n = 366), and high (n = 72) (Figure 5A). Moderate protein expression
changes, defined by one level variation (e.g., not detected to low or medium to high), were
observed in 406 RBPs.

To identify RBPs with highly altered protein expression profiles in tumor tissues,
we categorized RBPs with a twofold variation level as upregulated or downregulated
compared with normal tissues; thus, we identified 24 upregulated and 62 downregulated
RBPs (Figure 5A, Table S6). As expected, our approach revealed well-known BC proteins,
such as KPNA2 [21] or G3BP2 [22], which validate our analysis. KPNA2 is highly expressed
in BC tissues (7 out of 12 tumor samples are classified as high) (Figure 5B, Table S6). On the
contrary, G3BP2 expression is reduced in tumoral breast tissues (Figure 5B, Table S6). We
also observed two RBPs that have never been studied in BC, DARS2 (overexpressed) and
SUPT6H (downregulated) (Figure 5B, Table S6).
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Figure 5. Immunohistochemical protein expression profile of RNA-binding proteins between healthy
and tumor breast tissues. (A) A correlation plot, comparing RBPs immunohistochemical levels
between normal and BC tissues, is presented. Circle sizes correlate with the number of RBPs in each
intersection. (B) Representative immunohistochemical stains of four RBPS (upregulated: KPNA2
and DARS2; downregulated: G3BP2 and SUPT6H) on normal and tumor breast tissues according to
the HPA.

3.5. Exploring RNA-Binding Proteins Breast Cancer Dependencies
Most RBPs present numerous genomic alterations (Figures 2 and 3C,D; Tables S2–S4),

making it difficult to detect essential RBPs for cell proliferation and/or survival, i.e., breast
cancer RBPs dependencies. Thus, we analyzed 1288 available RBPs on CERES [11] and
1290 available RBPs on DEMETER2 [12,13] through the DepMap portal (https://depmap.
org/portal (accessed on 20 June 2021)). Both initiatives report loss-of-function screens
performed in several human cancer cell lines [11–13].
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Figure 6A shows the distribution of dependency scores of all available RBPs in 82
(DEMETER2 [12,13]) and 28 (CERES [11]) BC cell lines. The dependency score expresses
how vital a gene is in a target cell line; if the score is greater than 0.5, the cell line is con-
sidered dependent. The genome-scale RNAi loss-of-function screens (DEMETER2 [12,13])
identified 90 essential RBPs (Figure 6A), being SNRPD1, SF3B1, SF3B2, RPL5, ARCN1,
EIF3B, RAN, COPB1, RPL14, and VCP (mean dependency scores ranging from �1.3 to
�1.5) the top ten essential RBPs for BC survival (Table S8). On the other hand, genome-
scale CRISPR-Cas9 loss-of-function screens (CERES [11]) determined 176 essential RBPs
(Figure 6A), being RAN, HSPE1, SNRNP200, SNRPD1, SARS, EEF2, RPL37, CCT3, KPNB1,
and RPL23 (mean dependency scores ranging from �1.5 to �1.8) the top ten essential
RBPs for tumor survival (Table S9). In toto, 207 essential RBPs were identified by both
computational methods (Figure 6A; Tables S8 and S9).

Figure 6. RBPs BC dependencies. (A) The distribution of dependency scores of 1290 (DEMETER2)
and 1288 RBPs (CERES) is shown. (B) A Venn diagram comparing BC essential RBPs per subtype
is presented.

To identify essential RBPs per BC molecular subtype, we first updated subtypes by
merging data from Smith et al. [38], Dai et al. [39], and Kao et al. [40] (Table S10). We next
identified and compared 203 LumA, 96 LumB, 206 Her2, and 212 Basal essential RBPs
(Figure 6B; Tables S8 and S9). Thus, we identified essential RBPs for each BC subtype: seven
LumA (HSPD1, UBE2M, SART3, USP36, GTPBP4, DHX33, and UPF1), five LumB (RPS21,
GNL3L, ZNF207, AQR, and RPL17-C18orf32), seven Her2 (DDX39B, NMT1, ISY1, DARS,
HEATR1, MAT2A, and SYF2), and nine Basal (EIF3C, UTP20, TXN, NOP58, ALDOA, CCT2,
NOP2, DDX54, and PRMT1) (Figure 6B).
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3.6. Unraveling Putative Breast Cancer RNA-Binding Protein
Cancer-related RBPs control hundreds of tumor mRNAs, interact with well-known

cancer driver proteins, and appear to be highly altered in cancer genomic databases and
tumor tissues [57]. Therefore, we reasoned that the integration of our previous analyses
could narrow down the identification of a potential breast cancer RNA-binding protein.

To this end, we focused on RBPs with putative tumor progression profiles. Thus,
we overlapped our previous results as follows: (1) 348 RBPs belonging to the first quar-
tile of most genomically altered RBPs concerning tumor-progression-related alterations
(mRNA upregulation, genomic amplification, gene mutations, or fusions); (2) all 398 RBPs
presenting PPIs with well-known BC proteins (Table S6); (3) 160 RBPs with at least one
immunohistochemical variation level towards protein overexpression (e.g., not detected to
low); (4) all 207 essential BC RBPs (Figure 6A; Tables S8 and S9).

We found five RBPs presenting the aforementioned tumor-associated characteristics,
TFRC, KPNB1, PUF60, NSF, and SF3A3 (Figure 7). TFRC and KPNB1 have been previously
implicated in BC [63–66], while PUF60 has been associated with colon and non-small cell
lung cancer [67,68]. Interestingly, NSF and SF3A3 have never been studied in cancer. We
also found 14 RBPs showing high genomic alterations, PPIs with BC proteins, and altered
protein expression profiles in tumoral tissues. Although these proteins are not needed
for tumor survival ex vivo (Tables S8 and S9), they could be implicated in other tumoral
processes; indeed, 11 of these RBPs have been described as BC tumor progressors [18,69–79].
Interestingly, PLEC has not been related to BC but promotes the migration and invasion
of neck squamous cell carcinoma [80]. In addition, PRPF3 and MAGOHB have not been
linked to cancer before. In fact, PRPF3 alterations have been related to Retinitis pigmentosa
and MAGOHB to Metaphyseal Chondrodysplasia, Schmid Type, and Hermansky–Pudlak
Syndrome 3.

Figure 7. Detecting putative breast cancer RNA-binding proteins. (A) A Venn diagram depicting the
number of unique and shared RBPs across the four cancer-progression profiles. (B) A Venn diagram
showing the number of unique and shared RBPs across the four cancer-suppression profiles.

3.7. PUF60 and SF3A3 Are Central Elements of a Spliceosome-Related Network Involving
RNA-Binding Proteins and Cancer Driver Genes

To better understand the cellular functions of these prioritized RBPs (TFRC, KPNB1,
PUF60, NSF, and SF3A3) in cancer, we next interrogated the HumanNet v2 [81,82]. This
tool allowed us to integrate these five RBPs into a disease gene network. We first obtained
an initial network of 2231 interactions (Table S11). To narrow down the analysis to cancer-
relevant interactions, we then filtered the network by CDGs (n = 202 genes) and RBPs
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(n = 125 genes) and used MCODE [41] to find protein complexes within the network; the
largest one and more relevant was formed by 36 nodes and 591 edges. The CORUM [42]
database identified 34 of these 36 proteins as a part of the spliceosome complex where
PUF60 and SF3A3 are central elements interacting with several RBPs and the cancer driver
gene (Figure 8).

Figure 8. PUF60 and SF3A3 are central elements of a spliceosome-related network involving RNA-
binding protein and CDGs. Previously prioritized RBPs (PUF60, TFRC, KPNB1, NSF, and SF3A3)
were integrated into a disease gene network (filtered by RBPs and CDGs) using the HumanNet
v2 [81,82]. Spliceosome-related proteins and their interactions were determined using MCODE [41]
and CORUM [42].

4. Discussion

Current oncological research generates large-scale datasets that contain undiscovered
strategic features of molecular mechanisms underlying the growth andmetastasis of tumors,
and yet these databases are not fully exploited. Integrated in silico analyses of these data
could therefore lead to the discovery of new cancer proteins.

We first revealed that RBPs are equally altered as well-known BC proteins (Figure 2A);
this was expected since many RBPs are highly altered across cancer types [28] and have been
linked in silico to cancer-related cellular processes [83]. We found that most RBPs’ genomic
alterations in BC are mRNA upregulation (68.7%) and amplification (15.4%) (Figure 2B).
This probably will increase RBPs’ cellular concentrations, leading to dysfunctional post-
transcriptional processes.
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To determine how many RBPs have been previously studied in BC, we analyzed
the most recent catalog of CDG, NCG6 [31]. Only 14 RBPs were cataloged as BC driver
genes (Figure 3A). This indicates that RBPs have been poorly investigated in breast car-
cinogenesis. Thus, to identify new putative breast cancer RNA-binding proteins, we first
explored their genomic alteration profiles associated with tumor progression or suppression
(Tables 1 and S2). As expected, we identified well-known BC-progressor and -suppressor
proteins, such as DAP3 [18], MTDH [19], or CCAR2 [20], which validate our strategy
(Table 1). On the contrary, our strategy revealed RBPs that have not been associated with
tumorigenesis, and yet they are highly altered in BC (e.g., TFB2M, C1ORF131, or DDX19A)
(Table 1). Interestingly, the most altered RBP in our analysis, MRPL13, has never been
studied in cancer. MRPL13, along with other highly altered RBPs (Table 1), has only been
shown to interact with ESR2, a tumor suppressor in breast and other cancer types [43]. This
observation led us to investigate how many RBPs interact with ESR2; strikingly, we found
that 30% of all RBPs interact with this receptor (Figure 3B) [43]. ESR2 could probably exert
its suppressive activity through post-transcriptional mechanisms involving several RBPs;
nevertheless, more research is needed to understand this observation.

Second, to further characterize RBPs associated with BC subtypes and staging, we
analyzed RBPs’ genomic alterations (Figure 3C,D). Interestingly, RBPs’ genomic alterations
gradually increased from the Normal to Basal subtype (Figure 3C), i.e., from a low to
high proliferation stage [2]. Concordantly, metastasized tumors (Stage IV) showed high
frequencies of RBPs’ genomic alterations compared to non-metastasized samples (Stage I
to III) (Figure 3D). It seems, therefore, that RBPs are acting as BC progressors rather than
suppressors, which agrees with their genomic-alteration profiles (Figure 2B). This analysis
also revealed highly altered RBP per subtype or staging (Figure 3C,D; Tables S4 and S5),
which could lead to the discovery of new clinical biomarkers or therapeutic targets. Indeed,
SCAMP3 and HEATR6, which have not been studied in BC, presented similar degrees of
genomic alterations (Figure 3D) compared to well-knownmetastasis drivers, ARF1 [58] and
PARP1 [59]. In hepatocellular carcinoma cells, SCAMP3 knockdown has been shown to sup-
press cell proliferation [84], while HEATR6 has never been associated with tumorigenesis.
Thus, more research is needed to understand their role in BC.

Interaction networks are useful for identifying crucial tumoral proteins [57]. In this
regard, by analyzing PPIs between RBP and well-known BC proteins, we identified SF3B1
and CDC5L at the core of two main networks (Figure 4). While SF3B1 has been previously
implicated in BC [85], CDC5L, which interacts with 14 BC proteins, has not been studied
in this malignancy. However, CDC5L has been related to other cancer types, such as
osteosarcoma [86] and prostate cancer [87].

We next exploited the HPA database [14–16] to identify differentially expressed RBPs
in tumor breast tissues. We found 24 upregulated and 62 downregulated RBPs compared
with normal tissues. Unsurprisingly, our analyses revealed RBPs that were already related
to breast cancer. For instance, KPNA2, which has been known to enhance BC metastasis ex
vivo [21], is highly expressed in BC tissues (7 out of 12 tumor samples are classified as high)
(Figure 5B, Table S6). On the contrary, G3BP2 expression is reduced in tumoral breast tissues
(Figure 5B, Table S6); accordingly, the loss of G3BP2 enhances tumor invasion andmetastasis
in vivo [22]. Interestingly, DARS2, which has never been related to BC, is upregulated in
our analysis (10 out 12 tumor samples are classified as high) (Figure 5B, Table S6) and has
been associated with hepatocarcinogenesis [88], demonstrating its putative implication
in BC. In addition, SUPT6H protein expression is diminished in breast tumoral tissues
(Figure 5B, Table S6) and has not been linked to this malignancy. Furthermore, SUPT6H
knockdown is associated with DNA damage via the formation of RNA: DNA hybrids
(R-loops) in HeLa cells [89], showing its possible role in breast tumorigenesis.

To identify essential RBPs for tumor survival, we next analyzed ex vivo loss-of-function
screens, CERES [11] and DEMETER2 [12,13]. In toto, we identified 207 essential RBPs for
tumor survival. This was expected since RBPs control every trait of RNAmetabolism. How-
ever, only 59 were characterized as essential by both computational methods (Figure 6A;
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Tables S8 and S9). Although CERES [11] and DEMETER2 [12,13] did not test all human
RBPs, future therapeutic post-transcriptional BC research could be focused on these 59 RBPs.
However, more investigation is needed to deeply understand their carcinogenic roles. We
also revealed essential RBPs per BC molecular subtype (Figure 6B) that could be analyzed
to better understand subtype-related post-transcriptional processes.

In extending the scope of our previous analyses, we finally reasoned that the integra-
tion of all the databases examined could narrow down the identification of potential breast
cancer RNA-binding proteins. As discussed before and depicted in Figures 2B and 3C,D,
RBPs seem to act as cancer progressors rather than suppressors. Thus, we focused on RBPs
with putative tumor progression profiles and distinguished 19 RBPs with tumorigenic
characteristics according to our analyses (Figure 7). As expected, most of them (13 out 19)
have been described as BC tumor progressors, controlling different cellular processes such
as migration, invasion, and metastasis. Interestingly, NSF, SF3A3, PRPF3, and MAGOHB
have never been studied in cancer. While on the other hand, PUF60 has been associated
with colon and non-small cell lung cancer [67,68], and PLEC has been shown to promote
the migration and invasion of neck squamous cell carcinoma [80].

As depicted in Figure 7, we prioritized 5 RBPs according to our previous analyses.
These putative BC progressor RBPs (PUF60, TFRC, KPNB1, NSF, and SF3A3) were inte-
grated into a disease gene network to shed light on their molecular and cellular functions
in cancer (Figure 8). Thus, we obtained a very intricate network of 2231 interactions
(Table S11), which emphasized the robust and complex network formed between RBP–RBP,
RBP–CDG, and CDG–CDG. In addition to this complexity, some of these RBPs are also
CDGs. Quattrone and Dassi already established that the RBP network is a hierarchical
structure that is formed by clusters and chains that cooperate and compete on common tar-
get mRNAs controlling different cellular processes (e.g., splicing) [90]. This is also observed
in our densely interconnected network, where PUF60 and SF3A3 are central elements of a
spliceosome-related cluster involving RBPs and CDGs.

5. Conclusions

In sum, individual and integrated analysis of the aforementioned databases led us
to identify RBPs that have never been studied in BC but displayed defined tumorigenic
functions in other cancer types. Thus, based on their tumorigenic characteristics pre-
sented in this study and their roles in other cancer types, we identified five new putative
breast cancer RBPs: PUF60, TFRC, KPNB1, NSF, and SF3A3. However, further research
should focus on the mechanisms by which these proteins promote breast tumorigene-
sis, which holds the potential to discover new therapeutic pathways along with novel
drug-development strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology11040481/s1. Table S1: Gene sets analyzed in this study.
Table S2: RNA-binding protein genomic alterations in invasive breast carcinoma (TCGA, PanCancer
Atlas) and breast cancer (CPTAC). Table S3: RNA-binding proteins and their status in the Network
of Cancer Genes 6.0 (NCG6). Table S4: RNA-binding protein genomic alterations in invasive breast
carcinoma subtypes (TCGA, PanCancer Atlas) and breast cancer (CPTAC). Table S5: RNA-binding
protein genomic alterations in invasive breast carcinoma stages (TCGA, PanCancer Atlas) and breast
cancer (CPTAC). Table S6: STRING interactions between RNA-binding proteins and breast cancer
proteins (experimental data and databases, interaction score: 0.9). Table S7: RBP protein level in
normal and tumoral samples. Table S8: DEMETER2 score of 1290 RNA-binding proteins in 82 breast
cancer cell lines. Table S9: CERES score of 1288 RNA-binding proteins in 28 breast cancer cell lines.
Table S10: Subtypes of breast cancer cell lines analyzed by DEMETER2 and CERES. Table S11: Total
interactions between candidate genes and RNA-binding proteins and cancer driver genes.
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Colorectal adenocarcinoma (COREAD) is the second most deadly cancer and
third most frequently encountered malignancy worldwide. Despite efforts in
molecular subtyping and subsequent personalized COREAD treatments,
multidisciplinary evidence suggests separating COREAD into colon cancer
(COAD) and rectal cancer (READ). This new perspective could improve
diagnosis and treatment of both carcinomas. RNA-binding proteins (RBPs),
as critical regulators of every hallmark of cancer, could fulfill the need to
identify sensitive biomarkers for COAD and READ separately. To detect new
RBPs involved in COAD and READ progression, here we used a multidata
integration strategy to prioritize tumorigenic RBPs. We analyzed and
integrated 1) RBPs genomic and transcriptomic alterations from
488 COAD and 155 READ patients, 2) ~ 10,000 raw associations between
RBPs and cancer genes, 3) ~ 15,000 immunostainings, and 4) loss-of-
function screens performed in 102 COREAD cell lines. Thus, we unraveled
new putative roles of NOP56, RBM12, NAT10, FKBP1A, EMG1, and CSE1L in
COAD and READ progression. Interestingly, FKBP1A and EMG1 have never
been related with any of these carcinomas but presented tumorigenic
features in other cancer types. Subsequent survival analyses highlighted
the clinical relevance of FKBP1A, NOP56, and NAT10 mRNA expression to
predict poor prognosis in COREAD and COAD patients. Further research
should be performed to validate their clinical potential and to elucidate their
molecular mechanisms underlying these malignancies.
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Introduction

Colorectal adenocarcinoma (COREAD) has been ranked as the
second most deadly cancer and the third most common malignancy
worldwide with an estimated 1.9 million cases and 0.9 million deaths in
2020 (Xi and Xu, 2021). Over the past 10 years, significant advances
were achieved in personalized treatments for COREAD patients based
on the molecular subtyping (Cohen et al., 2020; López-Cortés et al.,
2020; Assis et al., 2022). For example, metastatic COREAD patients,
harboring BRAFV600E mutation, have now better treatment options
(Mauri et al., 2021). Despite these efforts, molecular subtyping has been
insufficient to address the heterogeneity of colon and rectal tumors
(Cohen et al., 2020; Liu Z. et al., 2021; Assis et al., 2022). In that context,
Paschke et al., after analyzing ~2000 publications and the results of two
large clinical trials, suggested stopping using the term COREAD and
started separating into two different tumor identities: colon cancer
(COAD) and rectal cancer (READ). Paschke et al., reached this
conclusion by describing obvious differences between COAD and
READ concerning molecular carcinogenesis, pathology, surgical
topography and procedures, and multimodal treatment. This new
perspective could improve the identification of new biomarkers and
therapeutic targets for both types of cancer (Paschke et al., 2018).

A new emerging understanding of RNA-binding proteins
(RBPs) have addressed them as critical modulators of every
hallmark of cancer (Abdel-Wahab and Gebauer, 2018; García-
Cárdenas et al., 2019; Hanahan, 2022). RBPs can modulate the
expression levels of oncogenes and tumor suppressors (Hentze et al.,
2018; García-Cárdenas et al., 2019; Kang et al., 2020) by controlling
all aspects of their mRNA processing and metabolism, such as
capping, polyadenylation, alternative splicing, subcellular
localization, nucleocytoplasmic transport, stability, and
degradation (Hentze et al., 2018; García-Cárdenas et al., 2019;
Kang et al., 2020; Mestre-Farràs et al., 2022). Thus, identification
of tumorigenic RBPs could fulfill the need to discover more accurate
and sensitive therapeutic targets for COAD and READ (Cohen et al.,
2020; Liu Z. et al., 2021; Assis et al., 2022).

In that respect, we previously performed a literature review to identify
RBPs implicated in COREAD (García-Cárdenas et al., 2019). As a result,
we found 35 RBPs (out of 1,392 described byHentze et al., 2018) involved
in different aspects of COREAD progression, such as angiogenesis,
metastasis, or chemotherapy resistance (Hentze et al., 2018). We also
showed that these RBPs are implicated in a complex interconnected
networkwhere a single RBP canbind to thousands of RNAs. For instance,
ELAVL1 targets 21,578 RNAs, whereas KHDRBS1 interacts with 962.
These results pointed out the potential of RBPs to regulate cancerous
cellular processes and thereby to be used as COADor READbiomarkers.

In extending the scope of our previous work and discovering
new RBPs involved in COAD and READ separately, here we used
our previously published multidata integration strategy to
prioritized tumorigenic RBPs (García-Cárdenas et al., 2022).
Thus, we assembled data from several resources: The Cancer
Genome Atlas (Tomczak et al., 2015), The Human Protein Atlas
(Pontén et al., 2008), STRING (Szklarczyk et al., 2019), Depmap
(Yu et al., 2016) and HumanNet (Kim et al., 2022), and revealed
new RBPs associated with both types of cancer. Our results
provide a better understanding of COAD and READ biology
and potentially unveil new targets for cancer therapy and
prognostic biomarkers.

Methods

Gene sets

Hentze et al., compiled all published RNA interactomes and
stringently curated a list of 1,393 RBPs (Hentze et al., 2018). After
checking for new annotations using Ensembl (http://www.
ensembl.org), we found one duplicate (ENSG00000100101 and
ENSG00000273899, both corresponded to NOL12), leaving a final
list of 1,392 RBPs. The cancer driver genes (n = 2,372) were
retrieved from the Network of Cancer Genes 7.0 (NCG7, http://
ncg.kcl.ac.uk/) (Dressler et al., 2022) and filtered by COREAD
genes (n = 156) (Supplementary Table S1).

Genomic and transcriptomic data
exploration

The cBioPortal for Cancer Genomics (https://www.cbioportal.org;
accessed on 04 March 2022) was used to analyze and retrieve genomic
and transcriptomic alterations of RBPs from datasets that clinically
differentiate COAD and READ. Specifically, we used the Colorectal
Adenocarcinoma dataset (TCGA, PanCancer Atlas; Hoadley et al., 2018)
which has 378COADpatients and 155 READpatients.We also analyzed
the Colon Cancer study (CPTAC-2 Prospective; Vasaikar et al., 2019)
which has 110 complete COAD samples. To compare the
aforementioned gene sets, genomic and transcriptomic alterations
were corrected by the number of patients. As COAD and READ sets
have different number of patients, we divided the number of alterations
per RBP by number of patients, i.e., the mean of genomic and
transcriptomic alterations per RBP. A Mann–Whitney U test was
applied when comparing clinical characteristics or genomic and
transcriptomic alterations between gene sets (colon vs. rectum) and
within each group (COAD and READ stages and subtypes)
(Supplementary Tables S2–S7). Additionally, mRNA Z-scores of
aberrantly expressed RBPs in COAD and READ were collected and
compared using aMann–WhitneyU test (Supplementary Tables S8, S9).
A z-score of < −2 or >2 (p-value = <0.05; confidence level 95%) was used
as the criteria for RBPs being determined as down/upregulated,
respectively.

Gene network construction

Experimental and database interactions between RBPs (n = 1,392)
and COREAD proteins (n = 156) (Supplementary Table S10), having an
interaction score of 0.9 (highest confidence), were predicted with the
STRING database (Szklarczyk et al., 2015; Repana et al., 2019). Then, the
network was visualized using the Cytoscape 3.9.1 (Seattle, USA) platform
(Shannon et al., 2003).

Protein expression analysis

Protein immunohistochemical levels were extracted from
The Human Protein Atlas version 21.1 (https://www.
proteinatlas.org; accessed on 15 March 2022) (Uhlén et al.,
2015; Thul et al., 2017; Uhlen et al., 2017). We obtained protein
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expression levels (not detected, low, medium, and high) for
608 RBPs in COAD and 609 RBPs in READ tissues. Protein
expression levels of normal tissues were taken from glandular
cells, while a consensus level was manually generated for COAD
and READ tissues (Supplementary Tables S11, S12) based on
the expression levels. Both normal and tumor tissues had
antibody validation parameters. Only enhanced and
supported parameters were considered for this analysis.

Cancer genetic dependency analysis

RBPs cancer dependency scores from CERES (Meyers et al., 2017)
(1,341 available RBPs) and DEMETER2 (Tsherniak et al., 2017;
McFarland et al., 2018) (1,255 available RBPs) were obtained from the
DependencyMap (DepMap) portal (https://depmap.org/portal) (Yu et al.
, 2016). A score of 0 = not essential gene for cell survival, whereas a score

of −1 corresponds to themedian of all common essential genes, i.e., genes
whose principal cellular processes are involved in fundamental cell
survival pathways. These scores were calculated from gene knock-out
(CERES) and knock-down (Demeter) experiments performed in cancer
cell lines. CERES reported data from42COADcell lines and three READ
cell lines, while DEMETER2 obtained data from 47 COAD cell lines and
10 READ cell lines (Supplementary Tables S13–S16).

Integrative gene network

The prioritized RBPs for COAD and READ were integrated into
a disease gene network by using the HumanNet XC (functional gene
network extended network by co-citation) latest version
(v3 software) (https://www.inetbio.org/humannet) (Kim et al.,
2022) and visualized through Cytoscape 3.9.1 (Shannon et al.,
2003) (Supplementary Tables S17, S18).

FIGURE 1
Schematic representation of the data mining strategy. All databases interrogated for prioritization: The Cancer Genome Atlas (Tomczak et al., 2015),
The Human Protein Atlas (Pontén et al., 2008), STRING (Szklarczyk et al., 2019), and DepMap (Yu et al., 2016), and further cancer association analysis
(HumanNet; Kim et al., 2022) are depicted in the multidata integration workflow.
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FIGURE 2
Genome and transcriptome alterations of RNA Binding Proteins. (A) A pie chart illustrating different types of RBPs genomic and transcriptomic
alterations and their percentages in colon and rectal tumors. Data was obtained from Colorectal Adenocarcinoma study (TCGA, PanCancer Atlas;
Hoadley et al., 2018) and Colon Cancer study (CPTAC-2 Prospective; Vasaikar et al., 2019). (B) Number of RBPs alterations (corrected by number of
patients, arbitrary units) separated by type. A Mann–Whitney U test was performed to compare alterations between datasets (COAD vs. READ
alterations). All possible comparisons between sets presented significant statistically differences (p < 0.001) except mutations and fusions; ns = not
significant. (C) Violin plots portraying the differences of mRNA levels (Z-scores) between colon and rectal tumors, a Mann–WhitneyU test was performed
to compare these data sets. ** = high statistically significant difference.
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Clinical analysis

The TCGA, PanCancer Atlas (Hoadley et al., 2018)
colorectal cancer database was inspected for mRNA
expression of prioritized RBPs in colon and rectum patients.
Probability of overall survival (OS) and disease-free survival
(DFS) were calculated. Curves were obtained by dividing
samples in two groups using median z-score as a cutoff in
COREAD, COAD, and READ patients. These two groups
represent 1) patients with RBP mRNA upregulation (blue
lines) and 2) patients with RBP mRNA downregulation (red
lines). Differences between groups were calculated using log
rank test. Graphical representations and statistical analysis
were performed with IBM SPSS, version 22. Only significant
comparisons with an N > 20 per group is shown.

Results

Multidata integration strategy to prioritized
tumorigenic RNA-binding proteins

We previously published a multidata integration strategy that
allowed us to identify PUF60 and SF3A3 as new spliceosome-related
breast cancer RBPs (García-Cárdenas et al., 2022). In this work, we used
the same strategy to prioritize tumorigenic RBPs that could be used as
COAD or READ biomarkers. First, we performed individual analysis of
several databases such as The Cancer Genome Atlas (Tomczak et al.,
2015), The Human Protein Atlas (Pontén et al., 2008), STRING
(Szklarczyk et al., 2019), and Depmap (Yu et al., 2016) to identify
RBPs with different cancer-related characteristics: 1) high genomic and
transcriptomic alterations, 2) interactions with well-known cancer

FIGURE 3
Detection of highly altered RNA-binding proteins in colon and rectal carcinomas. RBPs genomic and transcriptomic alterations per subtype (A, B)
and stage (C, D) are depicted in boxplots. Data was obtained from Colorectal Adenocarcinoma study (TCGA, PanCancer Atlas; Hoadley et al., 2018) and
Colon Cancer study (CPTAC-2 Prospective; Vasaikar et al., 2019). The number of RBPs alterations was divided by the number of patients in each set of
data. A Mann–Whitney U test was performed to compare genomic and transcriptomic alterations between sets. All possible comparisons between
colon and rectum and within each data set in both carcinomas presented high statistically significant difference (p < 0.001), except for GS subtype when
comparing colon vs. rectum, stage 1 vs. stage 4 (in colon cancer), and stage 1 vs. 3 (in rectal cancer); ns = not significant.
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proteins, 3) aberrant protein expression levels compared with normal
tissues, and 4) essential for tumor survival. Next, we performed a
rigorous analysis to detect RBPs with all the aforementioned
attributes, and thereby prioritizing potential COAD and READ RBPs.
Finally, we predicted how these prioritized RBPs are correlated with
cancer phenotypes using the HumanNet (Kim et al., 2022) database
(Figure 1).

Detection of highly altered RNA-binding
proteins in colon and rectal tumors

To globally determine the genomic and transcriptomic alterations of
RBPs in COAD and READ patients, we interrogated two independent
datasets, TCGA, PanCancer Atlas (Hoadley et al., 2018) and Colon
Cancer study CPTAC-2 Prospective (Vasaikar et al., 2019) including in
toto 488 COAD and 155 READ patients. First, we compared RBPs (n =
1,392) genomic and transcriptomic alterations between COAD and
READ. Once we corrected by the number of patients (i.e., mean of
genomic and transcriptomic alterations per RBP), we found significant
differences (p < 0.001) between COAD and READ. In Figure 2A is
depicted the percentages of each alteration, where mRNA upregulation
accounted for most of the genomic and transcriptomic modifications in
COAD and READ. In colon tumors we found that mRNA
downregulation and mutations presented equal percentages (15%),
whereas mRNA downregulation (20%) occupied the second place
followed by mutations (11%) in READ.

Although the pattern of RBPs genomic and transcriptomic alterations
in COAD and READ are similar (Figure 2A), when they are analyzed
separately, significant differences were found (p < 0.001) except for
mutations and fusions in COAD vs. READ (Figure 2B; Supplementary
Tables S2, S3). Even though RBPs mRNA upregulations account for 64%
in COAD vs. 62% in READ, mRNA Z-scores were higher in READ than
in COAD (p < 0.001) (Figure 2C; Supplementary Tables S8, S9). The
contrary is appreciated when analyzing mRNA downregulation, COAD
RBPs z-scores distribution shows a wider mRNA downregulation
compared to READ RBPs (p < 0.001) (Figure 2C).

To identify RBPs involved in tumor progression or
suppression, RBPs genomic and transcriptomic alterations

categories were classified accordingly. In malignant cells,
mRNA upregulation and genomic amplifications are related
to tumor progressors, while mRNA downregulation and
genomic deletions are connected with suppressors (Wurth
et al., 2016; Mestre-Farràs et al., 2022). Gene fusion and
mutations have been detected in both tumor progressors and
suppressors. Based on these principles, we listed the most
frequently altered RBPs in COAD and READ (Table 1,
Supplementary Tables S2, S3). As expected, most of them
have already been related to COAD or READ, and thereby
validating our strategy (Table 1). Interestingly, STAU1 was
the most altered RBP in both carcinomas, and yet it has
never been correlated with COAD or READ; however, it has
been associated with prostate cancer (Marcellus et al., 2021).
Similarly, some progressors (CHMP4B, CSTF1, and LSM14B)
and suppressors RBPs (ATP5F1A, GTF2E2, RTF1, ELAC2,
LRRC47, and MRM3) have never been associated with
COAD or READ, but present oncogenic properties in other
cancer types (Table 1, Supplementary Tables S2, S3). Worthy of
note, we also identified RBPs that are unique for each cancer
type and others (e.g., CSTF1) that have been never related to
cancer (Table 1).

We, next, determined genomic and transcriptomic
alterations of RBPs by subtypes, pole (polymerase ε),
microsatellite instability (MSI), genomically stable (GS), and
chromosomal instability (CIN) (Figures 3A,B; Table 2;
Supplementary Tables S4, S5) and stages (Stage I to IV,
Table 2; Figures 3C,D; Supplementary Tables S6, S7). We
found statistically significant differences between all
subtypes in both carcinomas (Mann–Whitney U, p < 0.001;
Figures 3A,B). Pole was the most altered subtype, followed by
MSI, CIN, and GS in both malignancies (Figures 3A,B). When
comparing subtypes between COAD and READ, we also found
statistically significant differences except for COAD GS vs.
READ GS subtype (Mann–Whitney U, p < 0.001; Figures 3A,B).
In COAD, we also observed equally altered RBPs among
subtypes. For example, DST and SYNE1 were highly altered
in Pole and MSI, while DDX27, STAU1, and YTHDF1 in GS
and CIN. It is important to mention that some of these RBPs

TABLE 2 Mean of genomic and transcriptomic alterations per stage and subtypes and sample number in COAD and READ patients.

Subtypes Colon (number of patients/Mean) Rectum (number of patients/Mean)

Pole 55/0.252 4/0.319

MSI 44/0.128 3/0.122

CIN 36/0.092 9/0.097

GS 202/0.061 99/0.076

Stages

I 78/0.104 29/0.113

II 186/0.135 50/0.091

III 150/0.131 44/0.112

IV 62/0.103 25/0.074
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were subtype specific such as SYNE2 and UTP20 for Pole, and
ANK3 for MSI (Figure 3A). Similarly, we found subtype
specific RBPs within READ subtypes that have never related
to COREAD. For instance, DYNC2H1, DDX55, CPSF7,
CAND1 and LARP4 were found in MSI subtype, TSR1 in
Pole, ZCCHC3 in GS, and LSM14B in CIN (Figure 3B).

We also detected statistically significant differences between all
stages in both cancer types (Mann–Whitney U, p < 0.001; Figures
3C,D). In COAD the highest mean of RBPs genomic and
transcriptomic alterations were detected in stage II, while in
READ they were found in stage I (Figures 3C,D; Table 2).
Interestingly, stage IV showed the lowest number of RBPs

FIGURE 4
Interaction network between RBPs and colorectal cancer driver proteins. STRING portal (Szklarczyk et al., 2019) was used to analyze protein-protein
interactions obtained from experiments and databases. A total of 153 RBPs were identified to be associated with 37 COREAD proteins. Blue = RBPs,
purple = COREAD proteins.
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alterations in both cancers. Despite these differences, STAU1 and
YTHDF1 were constantly altered in all stages. This was also
observed in GS and CIN subtypes (Figures 3A,B; Table 2).
Contrary to STAU1, YTHDF1 has previously been associated
with COREAD development (Bai et al., 2019; Chen P. et al.,
2021; Yan et al., 2021), showing the potential of STAU1 to be
involved in COREAD progression too.

Networking analysis of RNA-Binding
proteins vs. colorectal drivers

Protein-protein interaction (PPIs) networks have been
proved to be effective in detecting tumorigenic RNA regulons
(Wurth et al., 2016; Indacochea et al., 2021). Thus, we next
interrogated the STRING database (Szklarczyk et al., 2019) to
understand the relationship between RBPs (n = 1,392) and
COREAD drivers (n = 139) (Repana et al., 2019) and outline
key interactions among them. We identified 37 COREAD
proteins interacting with 153 RBPs (Figure 4; Supplementary
Table S10). The interactions were obtained from experiments and
databases using a highest confidence threshold (interaction
score = 0.9). As shown in Figure 4, we detected two main
interaction networks around TCERG1 and NAT10.
Interestingly, these proteins not only have the ability to bind

RNA but also, they were catalogued as COREAD drivers.
Interestingly, TCERG1 binds to CDCL5 which in turn binds
to five COREAD drivers.

RNA-binding proteins expression levels in
colon and rectal tissues

The Human Protein Atlas (HPA) constitutes a large-scale
resource to study antibody-based protein expression patterns in
human tissues (Uhlén et al., 2015; Thul et al., 2017; Uhlen et al.,
2017). We, therefore, used this tool to identify differentially
expressed RBPs between tumoral and normal colon and
rectal tissues. Thus, we compared protein
immunohistochemical levels (not detected, low, medium, and
high) of 608 available RBPs in COAD and 609 RBPs in READ
tissues. We detected 211 in colon and 226 in rectum RBPs
having at least one variation level (e.g., not detected to low
or medium to high) between malignant and healthy colon and
rectal tissues, respectively (Figure 5; Supplementary Tables
S11, S12).

To detect highly altered RBPs, we next categorized these
proteins as up or downregulated based on a two-variation level
difference. As a result, we found seven upregulated RBPs
(DDX17, FASN, GSTP1, RBM12, SERPINH1, SLC3A2, and

FIGURE 5
Immunohistochemical protein expression profiles of RNA-binding proteins between healthy and tumoral tissues. Scatterplots comparing RBPs
immunohistochemical levels between normal and tumoral tissues are presented. The size of the circle is associated with the number of RBPs found in
each correlation. RBPs in red are those which are unique for each type of cancer.
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TXNDC5) and six downregulated (DDX1, DIDO1, POLR2A,
RBM47, RBM7, and SYNE2) in colon tissues. As anticipated, our
strategy identified well-known COREAD proteins, such as
DDX17 (Li X. N. et al., 2018), FASN (Yu et al., 2020) or
GSTP1 (Sameer et al., 2012), validating our analysis. It is
noteworthy to mention that RBM12 and RBM7 have never
been implicated in COAD or READ before. Regarding rectal
tissues, we identified four upregulated (CD44, FASN,

SERPINH1, and SLC3A2) and six downregulated RBPs
(ALDH6A1, DDX1, DIDO1, POLR2A, RBM47, and RBM7).
Also, several of these proteins have been previously studied in
COREAD as ALDH6A1 (Li X. et al., 2022) or DDX1 (Tanaka
et al., 2018). Interestingly, CD44, a well-established COREAD
protein (Herrlich et al., 1995; Wielenga et al., 2000), was
upregulated only in rectal tumors showing its potential to
distinguish rectal from colon carcinomas.

FIGURE 6
RBPs (A) colon and (B) rectal cancer dependencies. Dependency scores of 1,255 (DEMETER2; Tsherniak et al., 2017; McFarland et al., 2018) and 1,341
RBPs (CERES; Meyers et al., 2017) from 89 colon and 13 rectal cancer cell lines are presented.

TABLE 3 CRISPR-Cas9 (CERES; Meyers et al., 2017) and RNAi (DEMETER2; Tsherniak et al., 2017; McFarland et al., 2018) cell lines and top five essential RBPs.

Ceres Demeter

Cell lines Mean
DepScore

Top 5 Cell lines Mean
DepScore

Top 5

Colon 47 −1.6 RAN, RPL15, SNRPB, HSPE1, and
RPL4

42 −1.18 SF3B2, RPL7, SNRPD1, RPL14, and
EIF3B

Rectum 10 −1.6 RAN, RPL15, HSPE1, RPL23, and
RPS6

3 −1.23 SNRPD1, SF3B2, RPL5, COPB1, and
SRSF3
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Identification of RNA binding proteins
involved in COAD and READ cell survival

To identify essential RBPs for COAD and READ
cell survival, we interrogated two large-scale CRISPR-Cas9
(CERES; Meyers et al., 2017) and RNAi (DEMETER2;
Tsherniak et al., 2017; McFarland et al., 2018) loss-of-

function screens using the DepMap portal (https://depmap.
org/portal/). (Yu et al., 2016) CERES contains data of
1,341 RBPs in 47 colon and 10 rectal cancer cell lines, while
DEMETER2 presents data of 1,255 RBPs in 42 colon and three
rectal cancer cell lines. These initiatives calculate a dependency
score that represents how vital a gene is to cell survival. A score
of 0 indicates non-essentiality, whereas a score

FIGURE 7
Identification of novel RNA-binding proteins involved in colon and rectal carcinomas progression. Prioritization of RBPs in COAD and READ was
based on four cancer-related characteristics 1) high genomic and transcriptomic alterations, 2) interactions with well-known cancer proteins, 3) aberrant
protein expression levels compared with normal tissues, and/or 4) essential for tumor survival.
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of ≤ −1 corresponds to the median of all pan-essential genes.
Thus, we identified 352 (87 detected by both screens) and 343
(85 detected by both screens) essential RBPs in colon and rectal

tumors, respectively (Figures 6A,B; Supplementary Tables
S13–S16). Additionally, Table 3 shows the top five essential
RBPs for colon and rectal carcinomas.

FIGURE 8
Prioritized RBPs correlate with cancer genes. Previously prioritized RBPs in (A) colon cancer (NAT10, NOP56, RBM12, and FKBP1A) and (B) rectal
cancer (CSE1L and EMG1) were correlated with cancer genes by networking analysis using the HumanNet v3 database (Kim et al., 2022).
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Prioritization of RNA-binding proteins in
colon and rectal carcinomas

As more and more studies reveal the complex roles of RBPs in
cancer progression, new data mining strategies come forward to
narrowed down the identification of tumorigenic RBPs (Xing et al.,
2021; Chen et al., 2022). To identify potential colon and rectal cancer

tumor progressors RBPs, we next used our previously published
multidata integration strategy (Figure 1) (García-Cárdenas et al.,
2022). Thus, we merged our previous results as follows: 1) first
quartile of most genomic and transcriptomic altered RBPs (n = 348)
concerning tumor progression-related alterations (mRNA
upregulation + genomic amplification + gene mutations +
fusions), 2) 153 RBPs presenting PPis with colorectal proteins, 3)

FIGURE 9
RBPs expression as a determinant of clinical outcome. We interrogated TCGA data using as a cutoff point the median of mRNA expression. (A)
Prognosis in COREAD population (B) prognosis in colon cancer patients regardless the stage, and (C) colon cancer patients by stage. Red and blue lines
indicate downregulation and upregulation mRNA, respectively.
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93 (colon) and 69 (rectum) RBPs having moderate or upregulated
immunohistochemical variation, 4) 352 (colon) and 343 (rectum)
essential RBPs (Figure 7).

In COAD, we identified two RBPs (NAT10 and NOP56) having
all four tumor-associated characteristics presented in this study.
NAT10 has already been implicated in colorectal cancer in several
studies (Zhang et al., 2014; Liu et al., 2016; 2019; Cao et al., 2020),
while NOP56 has been found differentially expressed in COREAD
by a different data mining approach (Liang et al., 2021). Also, we
were able to retrieve two other RBPs (RBM12 and FKBP1A) that
were not essential for tumor cell survival, but they could be
implicated in any other hallmark of cancer. For instance,
FKBP1A overexpression has been correlated with apoptosis
inhibition in prostate cancer (Leng et al., 2020); we did not find
any reports of its involvement in COREAD. On the other hand,
RBM12 has been found to be hypermutated in 619 COREAD tumors
(Giannakis et al., 2016), but no further experimentation has been
performed.

Similarly, we prioritized two RBPs in rectal cancer, CSE1L
which presents all the above-mentioned characteristics, and
EMG1 that was not essential for tumor cell survival. CSE1L has
been related to colorectal cancer before (Sillars-Hardebol et al.,
2012; Tai et al., 2013; Pimiento et al., 2016; Xu et al., 2020),
while EMG1 has been poorly studied. Interestingly, NOP56,
NAT10, and CSEL1 have been classified as common essential by
DepMap survival algorithm. Thus, therapeutic targeting of
these RBPs could have a greater impact in cell survival due
to their implications in RNA-dependent basic cellular
processes.

Finally, we intended to understand how these prioritized RBPs
could correlate with cancer in general terms. To that end, we used
the HumanNet v3 (Lee et al., 2011; Hwang et al., 2019) to generate
networks where only cancer genes and RBPs were considered. We
observed intricated connections between these prioritized RBPs with
several cancer genes and other RBPs, showing their potential to
promote cancer (Figures 8A,B; Supplementary Tables S17, S18).

RBPs mRNA expression levels as
determinants of clinical outcomes

To explore the clinical relevance of RBPs mRNA expression
(upregulation vs. downregulation) in COREAD, COAD, and READ
patients, we have interrogated TCGA, PanCancer Atlas (Hoadley
et al., 2018) database for mRNA expression of prioritized RBPs
(NAT10, NOP56, RBM12, FKBP1A, CSE1L, and EMG1) in those
populations and calculated several clinical aspects (OS and DFS). In
COREAD population, we only found FKBP1A expression is related
with an adverse outcome in overall survival (OS; p < 0.05)
(Figure 9A).

Due to the fact that colon and rectum cancer are different
clinical entities (Paschke et al., 2018), we have explored whether
these relevant RBPs could predict clinical outcomes. In COAD
patients, NAT10 and FKBP1A are related with adverse outcome
in DFS and OS, respectively (p < 0.05; Figure 9B).We also found that
NAT10 is related with poor outcome in DFS of stage III COAD
patients (p < 0.05; Figure 9C). Moreover, high expression of
NOP56 in primary tumors are related with bad outcome in OS

of stage IV COAD patients (p < 0.05; Figure 9C). No other clinical
outcomes were predicted by RBPs mRNA expression in COREAD,
COAD, and READ patients.

Discussion

The development and implementation of multi-omics
approaches along with modern bioinformatic technologies
have provided new insights in COREAD biology (Chierici
et al., 2020; Yin et al., 2020; Heo et al., 2021). In that
respect, several studies have attempted to molecularly
characterize COREAD tumors (Schlicker et al., 2012;
Budinska et al., 2013; De Sousa E Melo et al., 2013; Marisa
et al., 2013; Sadanandam et al., 2013; Roepman et al., 2014).
Guinney et al., by integrating several subtyping algorithms,
proposed the Consensus Molecular Subtypes of colorectal
cancer to establish a baseline for clinical decision making
(Guinney et al., 2015). Nevertheless, according to Paschke
et al., COREAD has been treated as one entity when several
clinical and molecular aspects (e.g., epidemiology, carcinogenic
risk, molecular carcinogenesis, etc.) indicate the contrary
(Paschke et al., 2018). Consequently, Paschke et al.,
suggested separating COREAD into COAD and READ,
implementing a new perspective to discover novel
biomarkers for both cancer types, which holds the potential
to improve subtype-based clinical interventions (Paschke et al.,
2018). In this regard, RBPs as emerging regulators of cancerous
processes (Wurth and Gebauer, 2015; Corrado et al., 2016;
Hentze et al., 2018; Kang et al., 2020; Zhang et al., 2020;
Chen et al., 2022), could fulfill this need.

In this work, we used our previously published multidata
integration strategy to prioritized tumorigenic RBPs in COAD
and READ separately (García-Cárdenas et al., 2022). First, we
determined genomic and transcriptomic alteration profiles of
RBPs in COAD and READ patients. As is shown in Figure 2A,
most of the alterations were found in mRNA levels: mRNA
upregulation (64% in colon and 62% in rectum) followed by
mRNA downregulation (15% in colon and 20% in rectum). Even
though genomic and transcriptomic alteration profiles of
COAD and READ were similar, we found significant
differences among alteration types (Figure 2B) and the level
of up and downregulation (Figure 2C), supporting Paschke
et al., findings at least regarding RNA metabolism (Paschke
et al., 2018). These results also agree with a comprehensive
transcriptomic analysis performed by Zhang et al., in which
RBPs are predominantly upregulated across cancer types
(Zhang et al., 2020). These alterations will probably influence
key post-transcriptional processes involved in COAD and
READ development.

Despite the genomic and transcriptomic alteration similarities
among the subtypes of both carcinomas, most altered RBPs in each
subtype differed (Figures 3A,B). At least in READ,most of the highly
altered RBPs are unique for this type of cancer, e.g., TSR1, TSR1,
DYNC2H1, DDX55, CPSF7, CAND1, LARP4, ZCCHC3, and
LSM14B and they have never been associated with COREAD.
These findings support Paschke et al., suggestion (Paschke et al.,
2018), several RBPs and maybe not only RBPs could have been
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ignored when we studied as COREAD but, when they are separated
in COAD and READ, new putative biomarkers are discovered.

Unlike subtypes, we observed dissimilar patterns of RBPs
genomic and transcriptomic alterations among stages in colon
and rectal tumors. Stage II was the most altered in COAD,
whereas in READ the most altered one was stage I (Figures
3C,D; Table 2). Despite these differences, we found proteins that
were constantly altered in all stages. For example, STAU1 and
YTHDF1 were highly altered across stages in both carcinomas.
Contrary to STAU1, YTHDF1 has previously been associated
with COREAD development (Bai et al., 2019; Chen P. et al.,
2021; Yan et al., 2021). Interestingly, STAU1 has been related
with pancreatic cancer (Marcellus et al., 2021) and its
misregulation impacts cell cycle regulation (Bonnet-Magnaval
and DesGroseillers, 2021), showing the potential of this protein
to also be involved in COREAD progression.

Networking analysis has been shown to be a powerful tool to
identify tumorigenic proteins in cancer (Wurth et al., 2016;
Indacochea et al., 2021; García-Cárdenas et al., 2022). Similarly,
PPIs between RBPs and COREAD drivers allowed us to
determine two functional modules, such as NAT10 and
TCERG1, which were central elements (Figure 4). These
RBPs have also been catalogued as COREAD drivers. In fact,
NAT10 suppresses tumor proliferation by activating p53; in
COREAD, NAT10 activity is decreased resulting in
p53 malfunction and, therefore, uncontrollable cell division
(Liu et al., 2016). Concerning TCERG1 subnetwork, we
observed intricated connections between RBPs and COREAD
drivers. For example, TCERG1 interacts with CDC5L which in
turn connects with six COREAD drivers (MAP2K7, RANBP9,
ARID1A, CDC27, MSH6, and DIAPH1). Interestingly, CDC5L
has been related to other cancer types, such as prostate cancer
(Li X. et al., 2018) and osteosarcoma (Lu et al., 2008).

We next examined protein immunohistochemical levels (the
Human Protein Atlas database) to identify differentially
expressed RBPs in colon and rectal tumor tissues (Pontén
et al., 2008). In fact, immunohistochemistry (IHC) is a
widely used approach in histopathology for cancer diagnosis.
Thus, we found DDX17, GSTP1, RBM12, and TXNDC5 to be
overexpressed only in COAD, while CD44 is exclusively
upregulated in READ. Similarly, we found SYNE2 and
ALDH6A1 to be exclusively downregulated in COAD and
READ, respectively. Further IHC studies should be
performed to address their potential as diagnostic
biomarkers of colon and rectal tumors, separately. As
anticipated, our strategy also identified well-known COREAD
proteins (Figure 5), such as DDX17 (Li X. N. et al., 2018),
ALDH6A1 (Li X. et al., 2022), DDX1 (Tanaka et al., 2018),
FASN (Yu et al., 2020), and GSTP1 (Sameer et al., 2012),
validating our analysis. It is noticeable to mention that
RBM12 and RBM7 have never been implicated in COAD or
READ before.

Then, we explored RBPs-based COAD and READ cell
dependencies by interrogating two large-scale loss-of-
function screens CERES (Meyers et al., 2017) and
DEMETER2 (Tsherniak et al., 2017; McFarland et al., 2018).
In colon we found 352 essentials RBPs, while in READ we
identified 343 RBPs (both CRISPR-Cas9 and RNAi methods

included) (Figures 6A,B). In other words, 25% of all known
RBPs are essentials for oncogenic cells survival, unsurprisingly
given the crucial role of RBPs in RNA metabolism. In Table 3,
we listed the top five essentials RBPs in both types of cancer
based on the DepScore. The same scenario of the previous
analyses is repeated, we obtained RBPs that have been
related to COREAD (e.g., SF3B2, RPL7, and SNRPD1), and
others that have not (e.g., COPB1) (Supplementary Tables
S13–S16) (Boleij et al., 2010; Fijneman et al., 2012; Xu et al.,
2021).

Compelling studies have shown the potential of RBPs to
promote cancer development. RBPs are widely altered in cancer
cells, control hundreds to thousands RNAs, and interact with
cancer driver proteins (Wurth and Gebauer, 2015; Hentze et al.,
2018; García-Cárdenas et al., 2019). With that in mind, we
reasoned that the integration of our previous analyses could
narrow down the identification of potential COAD and READ
RBPs. Our data mining strategy (Figure 1) allowed us to identify
four proteins in COAD (NAT10, NOP56, RBM12, and
FKBP1A) and two in READ (CSE1L and EMG1) (Figure 7).
NAT10 and CSE1L have already been involved in COREAD
(Sillars-Hardebol et al., 2012; Tai et al., 2013; Zhang et al., 2014;
Liu et al., 2016; 2019; Pimiento et al., 2016; Cao et al., 2020; Xu
et al., 2020). NOP56 and RBM12 were already identified in
COREAD by different data mining approaches (Liang et al.,
2021), validating our results. Additionally, to the best of our
knowledge, no prior studies have associated FKBP1A and
EMG1 with cancer before. To highlight their relevance in
cancer, we interrogated the HumanNet v3 and found that
NOP56, RBM12, FKBP1A and EMG1 are highly
interconnected with cancer genes and other RBPs, showing
their potential to form tumorigenic RNA-regulons
(Figures 8A,B).

Finally, we explored the clinical implications of these
prioritized RBPs. Upregulation of FKBP1A, NAT10, and
NOP56 mRNA expression could predict clinical outcomes in
COREAD and COAD patients. Similarly, mRNA upregulation
of NAT10 and NOP56 are related with poor outcomes
depending on COAD staging. This is clinically relevant since
COAD therapy is defined by stage (Argilés et al., 2020;
Cervantes et al., 2022). Stage II COAD patients are not
always candidate of adjuvant therapy. However, adjuvant
chemotherapy is a relevant treatment for stage III COAD
patients because it decreases the risk of relapse (Argilés
et al., 2020). In daily clinical practice there are no specific
biomarker to predict a relapse. According to our results,
NAT10 mRNA upregulation is related with adverse outcome
in DFS of stage III COAD patients. Similarly,
NOP56 overexpression in primary tumors is associated with
poor prognosis in DFS and OS of stage IV COAD patients.
These results highlight the clinical relevance of FKBP1A,
NAT10, and NOP56. Despite these promising findings, a
high number of patients are needed to validate these results
in specifical clinical scenarios.

In summary, we analyzed and integrated data from 488 COAD
and 155 READ patients, 102 cancer cell lines, more than
15,000 immunostainings, and ~10,000 raw associations between
RBPs and cancer genes to unravel new RBPs involved in COAD
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(NOP56, NAT10, RBM12, and FKBP1A) and READ (EMG1 and
CSE1L). Further analyses allowed us to identify potential clinical
applications of FKBP1A, NAT10, and NOP56 as biomarkers of
specific outcomes.
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4 Global Discussion 

Cancer is a collection of diseases characterized by the uncontrolled proliferation and 
division of abnormal cells, which can be life-threatening due to their ability to invade and spread 
to other parts of the body 1,2. BC and COREAD are notable examples of cancer types 3,4. BC is the 
leading cause of cancer-related deaths and the most frequently diagnosed cancer among women 
worldwide 5, while COREAD ranks as the third most prevalent malignant tumor and the second 
deadliest cancer 6,7. Extensive efforts have been made to unravel the underlying molecular 
mechanisms of carcinogenesis 2,4,8. However, these malignancies lack distinct biomarkers that can 
reliably indicate treatment response and disease progression, thereby presenting challenges in 
monitoring the status of the disease and assessing the effectiveness of treatments 9–11. Additionally, 
Paschke et al. based on several molecular, pathological, and surgical differences suggested to treat 
COAD and READ separately 12. This differentiation has the potential to enhance the discovery of 
novel biomarkers and therapeutic targets for both types of cancer. 

The role of RNA biology in cancer has been relatively understudied13,14. However, RBPs 
are emerging as crucial regulators of various cancer hallmarks, exerting control over multiple 
aspects of RNA metabolism 15–17. RBPs can influence the expression of oncogenes and tumor 
suppressors, impacting key aspects of cancer progression 17,18. Despite their significance, only a 
small fraction of the identified human RBPs (1,393 in total) have been linked to BC, COAD, and 
READ 19. Thus, there is a need to further explore the involvement of RBPs in these specific cancer 
types to understand their contributions to carcinogenesis and develop possible clinical or 
biotechnological applications. 

There has been a significant increase in the amount of cancer omics data in recent years 
due to advancements in high-throughput technologies. This rapid growth of data has introduced 
the big data in cancer research, which requires extensive computational resources for analysis and 
has the potential to provide new perspectives on important inquiries. The integration of big data, 
bioinformatics, and artificial intelligence has already resulted in remarkable progress in our 
fundamental comprehension of cancer biology and practical applications. A notable illustration of 
such extensive data is the dataset amassed by The Cancer Genome Atlas (TCGA) 20. TCGA 
encompasses a staggering 2.5 petabytes of unprocessed data. Moreover, from its initial launch in 
2008 until March 2022, a PubMed search revealed that TCGA was referenced in no fewer than 
10,242 articles 20. This serves as a testament to its significant impact as a communal asset, 
effectively propelling advancements in cancer research. Therefore, we have used different omics 
data types from large-scale cancer projects and processed them using several bioinformatic tools 
(e.g., cBioportal 21,22 and DepMap 23) to unravel putative biomarkers in BC, COAD and READ. 

 First, to determine how many RBPs have been previously studied in BC and COREAD, 
we analyzed the most recent catalog of CDG, NCG6 24 and performed a comprehensive literature 
review 25, respectively. Only 14 RBPs were cataloged as BC driver genes and only 35 from 1,392 
RBPs have undergone prior investigation in COREAD. The existing body of research suggests 
that RBPs have received limited attention in the context of breast and colorectal cancer 
development. This demonstrates a gap in our understanding of the role of these proteins in cancer 
progression and their potential clinical utility. It becomes apparent that there is a need to deeper 
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enquire into identifying novel RBPs that could serve as valuable biomarkers for diagnosis, 
prognosis, and treatment strategies in these types of cancer. 

  Regarding BC, we prioritized five potential RBPs (PUF60, TFRC, KPNB1, NSF, and 
SF3A3) using a complex integration strategy of several omics’ resources (Figure 1). As expected, 
some of these proteins have been previously implicated in BC (TFRC and KPNB1) 26–29, while 
PUF60 has been associated with colon and non-small cell lung cancer, but not with BC 30,31. 
Interestingly, NSF and SF3A3 have never been studied in cancer and yet they possess cancer-
related characteristics according to our analyses. Then, these proteins were integrated into a disease 
gene network to gain insights into their molecular and cellular functions within cancer. As a result, 
we obtained a highly intricate network between RBPS and cancer related genes. Previous studies 
by Quattrone and Dassi have already established that the RBP network exhibits a hierarchical 
structure, characterized by clusters and chains that collaborate and compete on shared target 
mRNAs to regulate various cellular processes, such as splicing 32. This hierarchical structure is 
also evident in our densely interconnected network, where PUF60 and SF3A3 serve as central 
elements within a cluster related to the spliceosome, involving both RNA-binding proteins and 
cancer proteins. 

In the context of COAD and READ, our data mining strategy successfully identified four proteins 
in COAD (NAT10, NOP56, RBM12, and FKBP1A) and two in READ (CSE1L and EMG1). 
Notably, NAT10 and CSE1L have been previously implicated in COREAD, validating our 
findings 33–40. On the other hand, NOP56 and RBM12 were identified in COREAD through 
different our data mining approaches 41, further supporting the credibility of our results. 
Importantly, FKBP1A and EMG1 have not been associated with cancer in prior studies, 
underscoring their novelty in this context. To emphasize their significance in cancer, we observed 
that NOP56, RBM12, FKBP1A, and EMG1 exhibit strong connections with cancer genes and 
other RBPs, indicating their potential to form tumorigenic RNA-regulons. Additionally, we 
explored the clinical implications of these prioritized RBPs. Elevated mRNA expression of 
FKBP1A, NAT10, and NOP56 was found to be predictive of clinical outcomes in COREAD and 
COAD patients. Similarly, increased expression of NAT10 and NOP56 mRNA was associated 
with poor outcomes depending on the staging of COAD. This is particularly relevant in clinical 
practice, as COAD therapy is determined by the stage of the disease 42,43. While stage II COAD 
patients may not always require adjuvant therapy, stage III patients can benefit from adjuvant 
chemotherapy as it reduces the risk of relapse 42. One critical aspect in daily clinical practice is the 
absence of specific biomarkers to predict relapse. Our results highlight the potential of NAT10 
mRNA upregulation to indicate an adverse outcome in disease-free survival (DFS) among stage 
III COAD patients. Additionally, overexpression of NOP56 in primary tumors is linked to poor 
prognosis in both DFS and overall survival (OS) among stage IV COAD patients. These findings 
highlight the clinical relevance of FKBP1A, NAT10, and NOP56 and their possible 
biotechnological applications in personalized medicine. 
  
Big data has become increasingly important in cancer research, revolutionizing the way scientists 
and clinicians understand and treat the disease. Big data analytics has enabled us to evaluate 
massive amounts of genomic and molecular data. In toto in these studies, we have analyzed and 
integrated data from 1,116 BC, 488 COAD, and 155 READ patients, 212 cancer cell lines, more 
than 44,501 immunostainings, and ~ 24,000 raw associations between RBPs and cancer genes to 
unravel new RBPs involved in BC (PUF60, TFRC, KPNB1, NSF, and SF3A3), COAD (NOP56, 
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NAT10, RBM12, and FKBP1A), and READ (EMG1 and CSE1L). Further analyses allowed us to 
identify potential clinical applications of FKBP1A, NAT10, and NOP56 as biomarkers of specific 
outcomes.  
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5 Conclusions 

i. The detailed review of the available public data on RNA binding proteins (RBPs), their 
regulation by microRNAs, data form xenograft studies and the clinical implications of their 
alterations has allowed us to conclude that RPBs are crucial in carcinogenesis although only 
35, out of 1,392, had been associated to colorectal cancer (COREAD) previously. 
 

ii. This research has also reinforced the notion, supported by numerous studies, of the pivotal 
part RNA Binding Proteins (RBPs) play in regulating gene expression. In conclusion, we 
have enquired into the complex interconnections of RNA regulons and confirmed that RBPs 
establish interactions with other RBPs, cancer-driving genes, and with hundreds or 
thousands of RNAs (from 900 to 21,000). It is fascinating to note that these RNAs either 
encode proteins or engage in RNA-associated processes such as RNA binding or mRNA 
transport, further expanding the RNA regulon model. Consequently, any irregularities in 
RBPs could lead to significant disruptions in cellular balance and contribute to cancer 
progression. 

 
iii. By integrating multi-omics approaches, advanced bioinformatics, and data mining 

techniques carried out in this thesis, significant insights have emerged concerning previously 
unassociated RBPs like PUF60, TFRC, KPNB1, NSF, and SF3A3 in BC, NOP56, NAT10, 
RBM12, and FKBP1A in COAD, and EMG1 and CSE1L in READ, revealing their 
involvement in tumorigenesis across diverse cancer types. Subsequent survival analyses 
highlighted the clinical relevance of FKBP1A, NOP56, and NAT10 mRNA expression to 
predict poor prognosis in COREAD and COAD patients. Despite these promising findings, 
a high number of patients are needed to validate these results in specifical clinical scenarios.
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7 Resumen extenso en español 
 

El cáncer es un grupo de enfermedades complejas y devastadoras que se caracterizan por 
el crecimiento descontrolado de células, conduciendo a la formación de tumores y, potencialmente, 
a la metástasis 1,2. El cáncer de mama (BC, por sus siglas en inglés) y el adenocarcinoma colorrectal 
(COREAD, por sus siglas en inglés) son dos ejemplos destacados, siendo el BC la principal causa 
de muerte asociada al cáncer y el carcinoma más comúnmente diagnosticado entre las mujeres en 
todo el mundo 3–5. COREAD, por otro lado, se ubica como el tercer tumor maligno más común y 
el segundo cáncer más letal, afectando a millones de personas en todo el mundo 6,7. La complejidad 
de esta enfermedad surge de la interacción de factores ambientales, rasgos biológicos y 
desregulación genética 2,4,8. Se han logrado avances en tratamientos personalizados y 
subtipificación molecular, pero la heterogeneidad molecular de estos tumores impide abordar 
totalmente la complejidad del cáncer de mama, colon y recto 9–11. 

La biología del ARN representa un aspecto poco investigado del cáncer 12,13. Las proteínas 
de unión al ARN (RBPs, por sus siglas en inglés) están emergiendo como moduladores críticos de 
todas las características del cáncer, desempeñando un papel importante en los regulones del ARN 
postranscripcionales y controlando todos los aspectos del metabolismo del ARN 14–16. Las RBPs 
pueden modular los niveles de expresión de oncogenes y genes supresores de tumores, influyendo 
en varios aspectos de la progresión del cáncer, como la angiogénesis, la metástasis o la resistencia 
a la quimioterapia 16,17. A pesar de la importancia de las RBPs en el cáncer, solo una pequeña 
fracción de las 1.393 RBPs humanas identificadas se han implicado en el proceso carcinogénico, 
y mucho menos en BC y COREAD 18. Además, dadas las diferencias entre el cáncer de colon 
(COAD, por sus siglas en inglés) y el cáncer de recto (READ, por sus siglas en inglés) con respecto 
a su carcinogénesis molecular, la patología, la topografía, los procedimientos quirúrgicos y el 
tratamiento multimodal, Paschke et al. han sugerido separar estas dos identidades tumorales para 
mejorar la identificación de nuevos biomarcadores y dianas terapéuticas para ambos tipos de 
cáncer. Una mejor comprensión de las funciones de las RBPs en COAD y READ puede ayudar a 
encontrar dianas terapéuticas más precisas y sensibles para estos cánceres 19. 

 
 Los esfuerzos por comprender mejor el papel de las RBPs en el cáncer han llevado al 
análisis e integración de conjuntos de datos a gran escala, como el Atlas del Genoma del Cáncer 
(TCGA) 20–25, el Mapa de Dependencia del Cáncer (DepMap) 26–28 y el Atlas de Proteínas Humanas 
(HPA) 29–31, los cuales han proporcionado información valiosa sobre los procesos moleculares del 
cáncer y han redefinido el desarrollo, diagnóstico y tratamiento de fármacos contra el cáncer. Sin 
embargo, aún quedan por descubrir características fundamentales adicionales de la oncogénesis, 
el crecimiento tumoral y la diseminación, especialmente en el campo de la regulación post-
transcripcional de la tumorigénesis 16. El estudio de las RBPs y su papel en cánceres como el de 
mama, colon y recto ayudarán a mejorar la comprensión de la biología tumoral e identificar nuevas 
dianas terapéuticas y biomarcadores pronósticos 3,4,6,7. Mediante la integración de conjuntos de 
datos a gran escala los investigadores pueden explorar las complejas interacciones entre las RBPs 
y varios aspectos del desarrollo y progresión del cáncer 18,32,33. Además, la separación del cáncer 
de colon y el cáncer de recto en identidades tumorales distintas podría mejorar aún más la 
especificidad y eficacia del tratamiento individualizado 19. 
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 A medida que el campo de la biología del ARN y el estudio de las RBPs continúan 
evolucionando 18,34–38, es crucial mantener un enfoque interdisciplinario que combine métodos 
computacionales de vanguardia, técnicas experimentales y datos clínicos para poder descubrir 
nuevas RBPs implicadas en la progresión del cáncer de mama, colon y recto. Específicamente, se 
examinó exhaustivamente la participación de las RBPs en el cáncer colorrectal, incluida su 
regulación por microARNs, estudios de xenoinjertos y sus posibles implicaciones clínicas. Así 
como también, se investigó las características comunes de las RBPs en el cáncer colorrectal, 
centrándonos concretamente en sus dominios proteicos, interacciones proteína-proteína (PPI, por 
sus siglas en inglés), dianas de ARN y capacidades oncogénicas. Finalmente, se pretendió 
descubrir RBPs in-silico que pueden utilizarse como biomarcadores de pronóstico y diagnóstico 
de cáncer de mama, colon y recto y, posiblemente, como nuevas dianas terapéuticas. 

De esta manera, para poder cumplir con estos objetivos, esta tesis se enfocó en conocer el 
estado del arte de las RBPs que habían sido ya relacionadas con el cáncer colorrectal. Para este fin 
se hizo una revisión bibliográfica en la que encontramos que solo 35 RBPs de las 1.392 han sido 
estudiadas y relacionadas con COREAD 32. También nos dirigimos a recabar información sobre 
ciertas características comunes como son su regulación por microARNs, estudios de 
xenotrasplantes e implicaciones clínicas potenciales. En García-Cárdenas et al. se puede apreciar 
que de las 35 RBPs que habían sido estudiadas, muy pocas estaban totalmente caracterizadas. 
Además, para vislumbrar mejor las posibles relaciones funcionales entre las 35 RBPs que se han 
asociado con COREAD, se indagó en las PPI32. Nuestro análisis reveló una red de interacción 
compleja que involucraba a 17 de las RBPs. Estos hallazgos sugieren que las RBPs asociadas a 
COREAD poseen diversos dominios funcionales y participan en una red compleja de 
interacciones, lo que puede influir en el desarrollo y la progresión de COREAD. Finalmente, para 
comprender mejor el potencial oncogénico de las RBPs antes mencionadas, el enfoque se dirigió 
hacia la determinación de sus características oncogénicas. De esta manera se pudo determinar que 
la mayoría de las RBPs presentan propiedades que promueven la progresión tumoral, mientras que 
solo un pequeño subconjunto de las 35 RBPs identificadas poseen capacidades supresoras de 
tumores. Es así como se concluyó que a través de complejas redes conocidas como regulones de 
ARN, las RBPs desempeñan un papel crucial en la regulación de la expresión génica. Cualquier 
alteración en las RBPs tiene el potencial de interrumpir gravemente la homeostasis celular 1,16,32. 

La investigación oncológica actual genera una gran cantidad de datos 20,21,30,31,22–29 que 
contienen características estratégicas no descubiertas de los mecanismos moleculares que 
subyacen al crecimiento tumoral y la metástasis, sin embargo, estas bases de datos no se explotan 
por completo. Es así como se propuso estudiar en esta tesis todas las 1.393 RBPs tanto en BC 
como en COAD y READ a través de la minería de datos para poder priorizar e identificar posibles 
RBPs relacionadas con la progresión tumoral de estas enfermedades. 

Para determinar cuántas RBPs se han estudiado previamente en BC, se analizó el catálogo 
más reciente de los genes conductores del cáncer (CDG, por sus siglas en inglés) en el Network 
Cancer Gene 6 39. Solo 14 RBPs se han catalogado como CDG de BC. Esto indica que las RBPs 
se han investigado poco en la carcinogénesis de mama al igual que en COREAD. Por lo tanto, para 
identificar nuevas RBPs de BC putativas, primero exploramos su perfil de alteraciones genómica 
asociadas con la progresión o supresión de la tumorigénesis. En este sentido se identificó que las 
RBPs están igualmente alteradas como los CDG de BC; esto era de esperar, dado que muchas 
RBPs están bastante alteradas en todos los tipos de cáncer y se han relacionado in-silico con 
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procesos celulares relacionados con el cáncer. Se encontró que la mayoría de las alteraciones 
genómicas de las RBPs en BC son la sobreexpresión del ARNm (68,7%) y las amplificaciones. 
Esto probablemente aumentará las concentraciones celulares de las RBPs, lo que conducirá a 
procesos postranscripcionales disfuncionales. En el mismo sentido, cuando analizamos los perfiles 
de alteración transcriptómica y genómica de las RBPs en pacientes con COAD y READ, 
encontramos que la mayor parte de la alteración estaba en los niveles de ARNm: sobreexpresión 
del ARNm (64 % en colon y 62 % en el recto), seguida de la baja expresión del ARNm (15 % en 
colon y 20% en recto).  

En segundo lugar, para caracterizar aún más las RBPs asociadas con los subtipos y la 
estadificación de BC, se analizaron las alteraciones genómicas de las RBPs. Curiosamente, las 
alteraciones genómicas de las RBPs aumentaron gradualmente del subtipo Normal al Basal, es 
decir, de una etapa proliferativa baja hacia una etapa proliferativa alta. En concordancia, en estadio 
IV mostraron altas frecuencias de alteraciones genómicas en comparación con los estadios I a III. 
Por lo tanto, parece que las RBPs actúan promoviendo la progresión de BC en lugar de suprimirlo, 
lo que concuerda con sus perfiles de alteración genómica. En cuanto al mismo análisis realizado 
con pacientes COAD y READ, a pesar de las similitudes en las alteraciones genómicas y 
transcriptómicas entre los subtipos de ambos carcinomas, la mayoría de las RBPs alteradas en cada 
subtipo diferían. Al menos en READ, la mayoría de las RBPs altamente alteradas son exclusivas 
para este tipo de cáncer. Estos hallazgos respaldan la sugerencia de Paschke et al., y además se 
evidencia que varias RBPs y tal vez no solo las RBPs podrían haber sido ignoradas cuando las 
estudiamos en conjunto en cáncer de colon y recto, pero cuando se separan en COAD y READ, se 
pueden descubrir nuevos biomarcadores putativos 19. 

Las redes de interacción son útiles para identificar proteínas tumorales cruciales 14,40,41. En este 
sentido, mediante el análisis de PPI entre RBPs y proteínas conductoras del BC, identificamos a 
SF3B1 y CDC5L en el núcleo de dos redes principales. Si bien SF3B1 se ha implicado previamente 
en BC 42, CDC5L, no se ha estudiado en esta malignidad. Sin embargo, CDC5L se ha relacionado 
con otros tipos de cáncer, como el osteosarcoma 43.  y el cáncer de próstata 44. Del mismo modo, 
las PPIs entre RBPs y COREAD nos permitieron determinar dos módulos funcionales, como 
NAT10 y TCERG1, que eran elementos centrales. Estas RBPs también han sido catalogadas como 
conductoras de COREAD 45. 

 
A continuación, exploramos la base de datos del Human Protein Atlas 29–31 para identificar 

RBPs expresadas diferencialmente en tejidos mamarios tumorales así como también en COAD y 
en READ. Encontramos varias RBPs sobreexpresadas y otras bajamente expresadas en 
comparación con los tejidos normales. Como era de esperar, nuestros análisis revelaron RBPs que 
ya estaban relacionadas con BC, COAD y READ y otras que no. También descubrimos RBPs que 
se sobreexpresan solo en COAD, mientras que otras están sobreexpresadas exclusivamente en 
READ.  

Para identificar las RBPs esenciales para la supervivencia del tumor en BC, se analizaron 
las pruebas de pérdida de función ex vivo, CERES y DEMETER2 26–28. En total, se identificaron 
207 RBPs esenciales para la supervivencia del tumor. Esto era de esperar, dado que las RBPs 
controlan todos los rasgos del metabolismo del ARN. Sin embargo, solo 59 se caracterizaron como 
esenciales por ambos métodos computacionales. Aunque CERES y DEMETER2 26–28 aún no han 
validado todas las RBPs, la futura investigación terapéutica postranscripcional de BC podría 
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centrarse en estas 59 RBPs. También se encontró RBPs esenciales por subtipo molecular en BC 
que podrían analizarse para comprender mejor los procesos postranscripcionales relacionados con 
cada subtipo. Aplicando el mismo análisis a COAD y READ mediante dos pruebas de pérdida de 
función a gran escala (CERES y DEMETER 26–28), se identificaron en COAD 352 RBPs 
esenciales, mientras que en READ identificamos 343 RBPs. En otras palabras, el 25% de las RBPs 
son esenciales para la supervivencia de las células oncogénicas. Hicimos una lista de las 5 
principales RBPs esenciales en ambos tipos de cáncer según el DepScore. Se repitió el mismo 
escenario de los análisis anteriores, obtuvimos RBPs que se han relacionado con COREAD y otras 
que no. 

Al ampliar el alcance de nuestros análisis anteriores, finalmente consideramos la 
integración de todas las bases de datos examinadas para definir mejor las posibles RBPs implicadas 
en BC. Como se discutió antes, las RBPs parecen actuar como promotores del cáncer en lugar de 
supresores. Por lo tanto, nos enfocamos en las RBPs que tienen perfiles putativos de progresión 
tumoral y distinguimos 19 RBPs con características tumorigénicas. Como era de esperar, la 
mayoría de ellas (13 de 19) se han descrito como promotores de tumores en BC, dado que controlan 
diferentes procesos celulares como la migración, la invasión y la metástasis 46. Curiosamente, NSF, 
SF3A3, PRPF3 y MAGOHB nunca se han estudiado en el cáncer. Mientras que, por otro lado, 
PUF60 se ha asociado con el cáncer de pulmón de células no pequeñas y de colon 47,48 y se ha 
demostrado que PLEC promueve la migración y la invasión del carcinoma de células escamosas 
del cuello 49.  

Como resultados de nuestros análisis priorizamos 5 RPBs putativamente asociadas a BC 
(PUF60, TFRC, KPNB1, NSF y SF3A3) que se integraron en una red de genes asociados a 
enfermedades para entender sus funciones moleculares y celulares en el cáncer. Así, obtuvimos 
una red muy intrincada de 2.231 interacciones, que enfatizaron la red robusta y compleja formada 
entre RBP - RBP, RBP - CDG y CDG - CDG. Además de esta complejidad, algunas de estas RBPs 
también son CDG. Quattrone y Dassi ya establecieron que la red de RBPs es una estructura 
jerárquica que está formada por grupos y cadenas, que cooperan y compiten por ARNm comunes 
que controlan diferentes procesos celulares (por ejemplo, el proceso de empalme durante la 
maduración de RNAm) 50. Esto también se observó en nuestra red densamente interconectada 
donde PUF60 y SF3A3 son elementos centrales de un grupo relacionado con el espliceosoma que 
involucra RBPs y CDGs. 

Aplicamos el mismo criterio de integración a los datos obtenidos para COAD y READ. 
Nuestra estrategia de minería de datos nos permitió identificar cuatro proteínas en COAD (NAT10, 
NOP56, RBM12 y FKBP1A) y dos en READ (CSE1L y EMG1). NAT10, CSE1L, NOP56 y 
RBM12 ya han sido involucradas en COREAD COREAD 45,51–58, validando nuestros resultados. 
Además, hasta donde sabemos, ningún estudio previo ha asociado FKBP1A y EMG1 con cáncer. 
Para resaltar su relevancia en el cáncer, interrogamos a HumanNet 38 y descubrimos que NOP56, 
RBM12, FKBP1A y EMG1 están altamente interconectados con los genes del cáncer y otras RBPs, 
lo que demuestra su potencial para formar regulones de ARN tumorigénicos. 

Finalmente, se exploró las implicaciones clínicas de estas RBPs priorizadas. La 
sobreexpresión del ARNm de FKBP1A, NAT10 y NOP56 puede predecir los resultados clínicos 
en pacientes con COREAD y COAD. De manera similar, la sobreexpresión del ARNm de NAT10 
y NOP56 está relacionada con un mal pronóstico según el estadio de COAD. Esto es clínicamente 
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relevante ya que la terapia de COAD se define por etapa. Los pacientes con COAD en estadio II 
no siempre son candidatos para la terapia adyuvante. Sin embargo, la quimioterapia adyuvante es 
un tratamiento relevante para los pacientes con COAD en estadio III porque disminuye el riesgo 
de recaída. En la práctica clínica diaria no existen biomarcadores específicos para predecir una 
recaída. Según nuestros resultados, la sobreexpresión del ARNm de NAT10 está relacionada con 
un resultado adverso en la supervivencia libre de la enfermedad (DFS, siglas en inglés) de los 
pacientes con COAD en estadio III. De manera similar, la sobreexpresión de NOP56 en tumores 
primarios se asocia con un mal pronóstico en DFS y la supervivencia promedio de pacientes con 
COAD en estadio IV. Estos resultados destacan la relevancia clínica de FKBP1A, NAT10 y 
NOP56. 

 
 En resumen, el BC y COREAD representan grandes retos de salud a nivel mundial. A pesar 
de los avances significativos en la comprensión de sus variedades moleculares y aspectos 
genéticos, encontrar una cura continúa siendo un desafío. Se ha incrementado el interés en el papel 
que desempeñan las RBPs en el desarrollo y avance de estos tipos de cáncer. Las RBPs, que son 
reguladoras esenciales de todas las características del cáncer, podrían actuar como biomarcadores 
sensibles para el diagnóstico, pronóstico y utilizarse como posibles dianas terapéuticas. En el caso 
del COREAD, la integración de diferentes tipos de datos ha permitido identificar 6 RBPs en la 
progresión del COAD y READ. En el BC, se han identificado de igual manera cinco RBPs que 
participan en la progresión tumoral. Dos de estas RBPs se identificaron como elementos clave en 
un grupo vinculado con espliceosoma que incluye RBPs y CDG. Las RBPs presentan un alto 
potencial como dianas para el diagnóstico, pronóstico y terapias clínicas en BC, COAD y READ. 
Es esencial continuar la investigación experimental sobre estas RBPs para descubrir sus 
mecanismos moleculares, confirmar su utilidad clínica y desarrollar nuevas estrategias de 
tratamiento. 
 
Conclusiones 
 

i. La revisión detallada de los datos públicos disponibles sobre las proteínas de unión al ARN 
(RBPs), su regulación por microARNs, datos de estudios con xenoinjertos y las 
implicaciones clínicas de sus alteraciones nos ha permitido concluir que las RBPs son 
cruciales en la carcinogénesis, aunque solo 35, de 1.392, se habían asociado previamente al 
cáncer colorrectal (COREAD) a pesar de que la mayoría de las RBPs poseen propiedades 
oncogénicas  
 

ii. Esta investigación también ha reforzado la noción, respaldada por numerosos estudios, de la 
parte fundamental que juegan las RBPs en la regulación de la expresión génica. En 
conclusión, hemos indagado en las complejas interconexiones de los regulones de ARN y 
confirmado que las RBPs establecen interacciones con otras RBPs, con genes conductores 
de cáncer y con cientos o miles de ARNs (desde 900 hasta 21,000). Es fascinante notar que 
estos ARNs codifican proteínas o participan en procesos asociados al ARN, como la unión 
al ARN o el transporte de ARNm, ampliando aún más el modelo de regulón de ARN. Por 
consiguiente, cualquier irregularidad en las RBPs podría llevar a importantes alteraciones en 
el equilibrio celular y contribuir a la progresión del cáncer. 
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iii. Al integrar enfoques multiómicos, bioinformática avanzada y técnicas de minería de datos 
llevadas a cabo en esta tesis, han surgido perspectivas significativas respecto a las RBPs 
previamente no asociadas, como PUF60, TFRC, KPNB1, NSF y SF3A3 en BC, NOP56, 
NAT10, RBM12 y FKBP1A en COAD, y EMG1 y CSE1L en READ, revelando su 
participación en la tumorigénesis en diversos tipos de cáncer. Los análisis de supervivencia 
subsiguientes destacaron la relevancia clínica de la expresión del ARNm de FKBP1A, 
NOP56 y NAT10 para predecir un pronóstico desfavorable en pacientes con COREAD y 
COAD. A pesar de estos hallazgos prometedores, se necesita un gran número de pacientes 
para validar estos resultados en escenarios clínicos específicos. 
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