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Primary Sclerosing Cholangitis (PSC) is a persistent inflammatory liver condition that
affects the bile ducts and is commonly diagnosed in young individuals. Despite efforts
to incorporate various clinical, biochemical and molecular parameters for diagnosing
PSC, it remains challenging, and no biomarkers characteristic of the disease have
been identified hitherto. PSC is linked with an uncertain prognosis, and there is a
pressing need to explore multiomics databases to establish a new biomarker panel for
the early detection of PSC's gradual progression into Cholangiocarcinoma (CCA) and
for the development of effective therapeutic interventions. Apart from non-coding
RNAs, other components of the Ribonucleoprotein (RNP) complex, such as RNA-
Binding Proteins (RBPs), also hold great promise as biomarkers due to their versatile
expression in pathological conditions. In the present review, an update on the RBP
transcripts that show dysregulated expression in PSC and CCA is provided. Moreover,
by utilizing a bioinformatic data mining approach, we give insight into those RBP
transcripts that also exhibit differential expression in liver and gall bladder, as well as in
body fluids, and are promising as biomarkers for diagnosing and predicting the
prognosis of PSC. Expression data were bioinformatically extracted from public
repositories usingTCGA Bile Duct Cancer dataset for CCA and specific NCBI GEO
datasets for both PSC and CCA; more specifically, RBPs annotations were obtained
from RBP World database. Interestingly, our comprehensive analysis shows an
elevated expression of the non-canonical RBPs, FANCDZ2, as well as the
microtubule dynamics regulator, ASPM, transcripts in the body fluids of patients
with PSC and CCA compared with their respective controls, with the same trend in
expression being observed in gall bladder and liver cancer tissues. Consequently, the
manipulation of tissue expression of RBP transcripts might be considered as a strategy
to mitigate the onset of CCA in PSC patients, and warrants further experimental
investigation. The analysis performed herein may be helpful in the identification of
non-invasive biomarkers for the early detection of PSC and for predicting its
progression into CCA. In conclusion, future clinical research should investigate in
more depth the full potential of RBP transcripts as biomarkers for human pathologies.

Primary Sclerosing Cholangitis, cholangiocarcinoma, RNA-binding proteins,
extracellular vesicles, biomarkers, data mining, bioinformatics
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1 Introduction

According to a recent report on worldwide incidence, biliary
tract cancers are ascribed as rare due to the overall incidence rate
ranging from 12.42 to 1.12/100,000 person-years (Baria et al,
2022). Biliary tract cancers encompass a heterogeneous group of
malignant epithelial hepatic and perihepatic malignancies
originating from the biliary tree. Their anatomical subtypes,
including gallbladder cancer, cholangiocarcinoma (CCA) and
ampulla of Vater cancer, exhibit significant variations across
different geographic regions. Owing to the asymptomatic nature
of the biliary tract cancers, diagnosis often occurs at advanced
stages of the disease, limiting treatment options. The 5-year
survival rate for patients with biliary tract cancers in the
United States and Europe is less than 20% (Baria et al., 2022).
CCA stands out as the most common cancer found in individuals
diagnosed with Primary Sclerosing Cholangitis (PSC), with a
reported lifetime occurrence reaching approximately 13%
(Bergquist et al,, 2002; Villard et al., 2023). The incidence of
CCA in PSC patients peaks within the initial year of PSC
diagnosis, followed by a yearly occurrence rate of 0.5%-1.5%
(Villard et al, 2023). PSC is a chronic inflammatory liver
disorder affecting the bile ducts and commonly diagnosed in
The bile ducts
triggers including
cytokines, chronic cholestasis and infections, oxidative stress

young patients. are exposed to diverse

pathological exposure to inflammatory
causing aberrant cellular proliferation, reduction in DNA repair
and resistance to apoptosis (Catanzaro et al., 2023). All these
events culminate in the development of intermittent strictures
and dilatations along the ducts, accompanied by periductal fibrosis
(Tornai et al, 2022). In the majority of cases, this condition
advances to cirrhosis and a stage of decompensated disease. The
progression rate in PSC varies widely, and accurately predicting
the disease trajectory is crucial for clinical practice and designing
interventional trials. Albeit attempts at incorporating multiple
parameters, such as clinical, laboratory, radiological, and
histological, have been made, diagnosing PSC poses challenges,
and as of now, no biomarkers characteristic of the disease have
been identified (Tornai et al., 2022; Mulinacci et al., 2023). The
considerable disease variability between patients and oscillating
liver biochemistries warrant the search for new biomarkers that
can sort out subjects with high risk of developing end-stage liver
disease (Fossdal et al, 2021). In the era of high throughput
sequencing and digital advancements, there is need for stratified
medicine in PSC (Mulinacci et al.,, 2023). PSC is associated with
uncertain prognosis and exploring biomarker discovery-oriented
multiomics databases to design a novel biomarker panel for the
early detection of CCA arising from PSC and for developing
effective therapeutic interventions has become a necessity.

1.1 RNA metabolism in human diseases

Multilayered interconnected regulatory networks ensure the
correct functioning of the hepatobiliary system. Proteostasis or
the dynamic regulation of the cellular proteome to maintain a
balanced homeostasis is an important layer of these networks. It
refers to the biological mechanisms controlling key processes such as
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protein  biosynthesis, post-transcriptional modifications and
degradation (Dissmeyer et al., 2019). Dysregulated proteostasis
which

pathological changes in the cells, leading to diseases including

changes the protein interactome, culminates in
cancer. Another layer of regulation is provided at the RNA level.
The abundance of RNA and proteins in a cell is the outcome of the
balance between their production and degradation, that are
regulated by the gene expression control system (Jolma et al,
2020). The relationship between proteins and RNA, which dates
back to the discovery of ribosomes, is strongly entwined and
coordinated, and witnesses the ancient and dynamic interaction
between ribosomal RNA (rRNA) and ribosomal proteins to regulate
(Palade, 1955; 2023). Post-
transcriptional regulation of gene expression takes place at

different levels: RNA splicing and editing, stability and decay,

translation Catalanotto et al,,

translocation and localization as well as translation, which are
mostly under the control of RNA-binding proteins (RBPs). RNA-
binding domains, with over 600 types identified up to now, such as
the RNA recognition motif, K homology motif, zinc-finger domain
or double-stranded RNA-binding motif, characterize the RBPs and
mediate protein-protein interactions (Yang et al., 2021). By forming
a multilayered ribonucleoprotein (RNP) complex, RBPs steer RNA
molecules throughout their molecular journey, starting from
“generation” (transcription), progressing through “development”
(maturation), sustaining an “operational phase” (molecular
function), and persisting until “termination” (turnover) (Smirnov,
2022). RBPs can interact with various RNA species including
messenger RNA (mRNA), microRNA (miRNA), long non-coding
RNA (IncRNA), and circular RNA (circRNA) (Dong et al., 2023).
RBPs identify their RNA targets either through direct interaction
with the RNA bases of an unfolded RNA chain or by attaching to
folded RNA structures (Jolma et al., 2020).

Fine-tuning of the expression of RBPs is crucial for maintaining
a balanced cellular homeostasis. Due to their important role in RNA
metabolism and their versatility in inherited as well as acquired
diseases, RBPs are considered key modulators of pathological
processes. Continuously evolving technology in genomics and
bioinformatics has led to the identification of novel RBPs. These
advancements enable comprehensive, high-throughput analysis of
numerous samples at the molecular level, facilitating the in silico
exploration of their functions. A first catalog of more than
1,500 RBPs encoded by the human genome and accounting for
7.5% of the protein-coding genes was proposed (Uchida et al., 2019).
To underline the importance of RBPs in the cell, Kechavarzi et al.
demonstrated how RBPs were more significantly expressed in
human healthy and tumor tissues with respect to non-RBPs and
other regulatory factors, and exhibited higher fluctuations in
expression levels, which could change their RNP composition,
hence setting the ground for pathogenesis (Kechavarzi and Janga,
2014). To this regard, we and others have previously shown how too
much or too little of an RBP can activate oncogenic pathways, albeit
through different mechanisms, in colorectal cancer (CRC). In
particular, over-expression of the RBP, Epithelial Splicing
(ESRP1),
masterminds” of epithelial cells, led to the surge of a partial
Epithelial-to-mesenchymal transition (EMT) status in CRC cells,

Regulatory protein 1 which are the “splicing

as happens with the downregulation of its expression, seemingly
through the context-dependent association of this RBP with
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different RNPs (Fagoonee et al., 2017; Ala et al., 2020; Manco et al.,
20215 Advani et al,, 2023). Of late, dysregulation of RBPs were shown
to modulate the responsiveness of tumor cells to chemotherapeutic
drugs by binding specific sequences in the 3'-UTRs of target mRNAs
to enhance or hinder mRNA translation; forming complexes with
other proteins, including RBPs, within RNPs; promoting the
formation of new splice variants; and prompting nuclear/
cytoplasmic translocation (Mir et al., 2022; Cen et al,, 2023). For
instance, the oncogenic RBP Musashi 2 (MSI2) was shown to be
highly expressed in hepatocellular carcinoma, and was associated
with cancer stem cell stemness and chemoresistance through the
activation of LIN28A, another RBP (Fang et al., 2017). The complex
interaction network between RBPs and the tumor-related RNA
targets in hepatocarcinogenesis has been recently extensively
described (Zhang et al., 2022). Thus, RBPs and their association
with other regulatory proteins hold the potential to become
therapeutic targets in cancer.

However, despite the master regulatory role of RBPs in crucial
cellular and extracellular processes, deregulation in RBP expression
hitherto
consequent

remain
with
aberrantly-composed RNPs may act as drivers of pathogenesis,

or functionality in human pathologies

understudied. RBP expression alterations

and if detected early, can help control disease evolution (Glaf3
et al., 2020). Recently, RBPs signature has been explored as
potential biomarker mainly in some types of human cancer.
Abnormally expressed RBPs such as insulin-like growth factor 2
(IGF2) has been shown to play a crucial role in the occurrence and
development of reproductive tract tumors by influencing oncogenic
processes including apoptosis, proliferation, epithelial mesenchymal
transition (EMT), invasion and metastasis and drug resistance,
through binding to 5’ UTR of IGF2 (Xu et al., 2022). Moreover,
analysis of differentially expressed RBPs in cervical squamous cell
(CEST) and
paracancerous tissues generated a list of 10 genes (DDX26B,
SNRPN, RBM38, HENMT1, RNASEH2A, LRRFIP1, GAPDH,
AIMP2, ANGEL2 and PRPF40B) promising as an independent
prognostic,
marker, and showed higher accuracy with respect to other

carcinoma and endocervical adenocarcinoma

immune therapy and chemotherapy resistance
clinical parameters such as age, stage and grade (Chen et al,
2024). A RBPs signature was also generated as potential
biomarker for the diagnosis and prognosis of esophageal
squamous cell carcinoma (ESCC) (Yang et al, 2021). TCGA
database was screened for RBPs differentially expressed in
tumors versus normal samples, and a set of 7 RBPs (CLKl,
DDX39A, EEF2, ELAC1, NKRF, POP7 and SMN1), most of
which were related to overall survival of ESCC individuals, were
obtained as prognostic model. Of these, increased levels of CLK1 and
decreased expression of POP7 in tumor tissues compared to controls
could predict a worse prognosis of the ESCC patients. RBPs can also
participate in mechanisms bridging inflammation and cancer. It was
shown that RBPs play an important role in oxidative stress
responses, inflammaging and senescence-associated secretory
phenotype (SASP) that characterize lung cancer and chronic
obstructive pulmonary disease (COPD) (Salvato et al, 2023).
RBPs SASP and

pathways which lead to the secretion and release of several pro-

regulate activation of pro-inflammatory

inflammatory mediators such as cytokines, chemokines and growth
factors. For instance, the RBP HuR positively regulates mRNA
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stability and translation of several SASP mediator transcripts
such as Transforming Growth Factor (TGF)-p, Matrix
Metalloprotease (MMP)9, Interleukin (IL)-la, Tumor Necrosis
Factor (TNF)-a, all known to be involved in tumorigenic
pathways (Salvato et al., 2023). On the other hand, other RBPs
such as TTP and AUF-1 promote SASP factors mRNA (example,
TNF-a, IL-6) destabilization. Inflammatory response of immune
cells to tissue injury or to pathogenic infection is also regulated by
RBPs. For example, the C-C motif chemokine ligand 2 (CCL2)
5'UTR is bound by the large ribosomal subunit protein L22 (RPL22,
RBP) to CCL2
lipopolysaccharide-stimulated THP-1 macrophages (Das et al,

a  canonical regulate expression  in
2020). RBPs can regulate several immunological processes, such
as those involved in autoimmune pathogenesis and organ
inflammation (Akira and Maeda, 2021; Liu and Cao, 2023). RBPs
can in turn undergo post-transcriptional and post-translational
modifications by pathogenic and inflammatory signals. This
mutual regulation guarantees finely-tuned and context-dependent
responses of immune cells, thus playing a role in maintaining an
equilibrium between tolerance and immunity (Akira and Maeda,
2021; Liu and Cao, 2023).

1.2 RNA metabolism and RNA-binding
proteins in biliary tract disorders

Few studies have analysed RBPs expression dysregulation in
cholestatic diseases. RBPs are involved in several steps of bile acid
metabolism, which is disrupted upon cholestasis, and is one of the
very early events leading to chronic cholestatic liver diseases. The
RBP, Zfp36l1, a target gene of the key regulator of bile acid
homeostasis, Farnesoid X receptor (FXR), was found to post-
transcriptionally modulate Cyp7al mRNA stability and bile acid
2017).
ZFP36L1 enhances, through recruitment of other proteins such

levels in rodents (Tarling et al, In particular,
as deadenylases, the degradation rate of Cyp7al mRNA by
binding to AU-rich elements in its 3'-UTR, hence leading to
reduced bile acid synthesis. ZFP36L1 is a canonical RBP with
several putative FXR response elements in the gene locus, and a
functional FXRE in the promoter region (proximal) of the Zfp36l1
gene (Tarling et al., 2017). The authors showed that the absence of
ZFP36L1 altered bile acid metabolism, and consequently, impaired
lipid absorption in mice, thus dampening the development of diet-
induced obesity and steatosis. In another study, the IncRNA
maternally expressed gene 3 (MEG3) was found to bind with the
RBP polypyridine tract-binding protein 1 (PTBP1). This interaction
led to the degradation of a PTBP1 mRNA target, small heterodimer
partner (SHP), a critical regulator of bile acid synthesis, hence
promoting cholestatic liver injury in rodents (Zhang et al., 2017).
Importantly, PTBPI expression was significantly increased in the
livers of patients with fibrosis and metabolic dysfunction-associated
steatohepatitis (MASH, previously known as NASH) compared to
normal or steatotic individuals. RBPs also regulate key processes
during liver fibrogenesis, and are differentially expressed during the
hepatic stellate cell (HSC) transdifferentiation into myofibroblasts.
Wang et al. found that the canonical RBPs, Insulin-like growth
factor 2 binding protein 3 (Igf2bp3), CUGBP Elav-like family
member 2 (Celf2) and RNA Binding Motif Protein 47 (Rbm47)
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TABLE 1 Examples of differentially expressed Non-coding RNAs (ncRNAs) in PSC and CCA biofluids potentially useful as biomarkers.

Disease ncRNA ncRNA Expression References
type
PSC serum miRNAs miR-200c -Down* Bernuzzi et al. (2016)
miR-1281, miR-126, miR-26a, miR-30b, miR122 -Up"’b Voigtlinder et al. (2015), Bernuzzi
et al. (2016)
miR-193b, miR-122 and miR-885-5p -Up* Bernuzzi et al. (2016)
bile miR-215, miR-194, miR-132, miR-412, miR-192, miR-1537, -Up® Voigtlinder et al. (2015)
miR-640, miR-302b*, and miR-3189
miR-1537, miR-412, miR-640, miR-3189 Down® Voigtlinder et al. (2015)
CCA serum miR-483-5p, miR-194 -Up* Bernuzzi et al. (2016)
miR-222, miR-483-5p -Up® Bernuzzi et al. (2016)
miR-1281, miR-126, miR-26a, miR-30b, miR122 -Up* -Down® Voigtlinder et al. (2015)
miR-193b, miR-122 and miR-885-5p -Up* Bernuzzi et al. (2016)
bile miR-1537, miR-412, miR-640, miR-3189 -Down® -Down® | Voigtlinder et al. (2015)

“PSC or CCA vs. Controls.
"PSC vs. CCA.

“PSC or CCA vs. PSC/CCA; in bold: miRNAs upregulated in both PSC and CCA vs. controls.

are differentially modulated and are involved in the conversion of
HSC to myofibroblasts (Wang et al., 2018). Depletion of Igf2bp3 in
HSCs, for instance, reduced the proliferative capacity of these cells,
and dampened the transcriptomic changes that occur during their
conversion to the myofibrolastic cells. Albeit the composition of
myofibroblast may vary according to pathogenesis of liver fibrosis,
similar RBP-involving events may occur in the activation of portal
fibroblasts leading to hepatobiliary fibrosis in chronic cholestatic
diseases such as PSC, which warrants further investigation (Wu
et al.,, 2021).

In the context of PSC and CCA, several studies have been
performed to identify non-coding RNAs as novel biomarkers
(Table 1) (Voigtlinder et al., 2015; Bernuzzi et al., 2016). Some
miRNAs (such as miR-1281, -126, —122, —26a, —30b) are very
promising for distinguishing between PSC and CCA, and show
high diagnostic specificity (Voigtlinder et al, 2015). However,
despite their role as master regulator in crucial cellular processes,
the utility of RBPs as diagnostic or prognostic markers in clinical
setting is largely undefined. The RBP transcripts and proteins are
also one of the molecular links that can bridge the gap between PSC
and CCA. Puthdee et al. showed that the overexpression of the RBP
LIN28B could increase inflammatory cytokines (including IL-8, IL-
6, VEGF, MCP1, TNF-a) release as well as resistance to
chemotherapeutic drugs (Cisplatin, Gemcitabine, Etoposide) of
(MMNK-1
STATS3 signaling pathway, which could in part contribute to the
initiation of CCA (Puthdee et al., 2021). Another study revealed the
potential of the RBP Hu-antigen R (HuR) as prognostic marker of
CCA patients’ outcome (Toyota et al., 2018). Cytoplasmic HuR
expression was increased and predictive of poor disease-free survival

cholangiocytes cells) through activation of the

and overall survival of subjects with surgically-resected CCA who
underwent adjuvant gemcitabine-based chemotherapy. To our
knowledge, there have been no studies directly examining the
dysregulated RBPs in PSC. However,
comprehensive transcriptomic analyses of samples from PSC

expression  of
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patients have revealed several RBPs that exhibit differential
expression compared to controls (Ostrowski et al., 2019; Lapitz
et al, 20205 Lei et al, 2022). We attempted herein to extract
information from the transcriptomic repository regarding the
potential significance of RBP transcripts that show dysregulated
expression in PSC and CCA as biomarkers. One essential requisite to
be defined as biomarker is the non-invasiveness of the material
sampling procedure. Thus, we further our research into potential
RBP transcripts as biomarkers for PSC and CCA, by performing a
bioinformatics analysis to investigate whether RBPs could be found
differentially present in liver tissue and body fluids (as well as in
extracellular vesicles (EVs), which are considered as one of the
optimal sources of biomarkers due to their biogenesis and the
molecular information they carry from the source organs) (Ferro
et al.,, 2024).

That RBPs (as protein or RNA) can be released by cells and
found in body fluids is not a new notion, but remains hitherto
understudied. RBPs play a significant role in sorting non-coding
RNAs (ncRNAs) into EV (Mateescu et al., 2017; Statello et al., 2018).
These ncRNAs, transported by EV, contribute to the regulation of
various aspects of tumor progression, including metastasis,
angiogenesis, modulation of the tumor microenvironment, and
resistance to drugs (Wang and Zhang, 2023). For instance, the
RBP Heterogeneous nuclear ribonucleoprotein Al (hnRNPAL),
which regulates RNA metabolism, has been found to promote
the packaging of miR-27b-3p into EV to facilitate CRC cells
metastasis through the vasculature (Dou et al., 2021). One of the
most studied RBPs, the Argonaute (AGO) family proteins, play
crucial roles as effector complexes (RNA-induced silencing complex
(RISC)/miRNP complex) of silencing mechanisms by siRNAs and
miRNAs. AGO proteins are potential blood biomarkers with
diagnostic and prognostic values (Geekiyanage et al., 2020). For
instance, by dosing the level of miRNA-21 bound to AGO2 in
plasma, Fuji et al. could distinguish CRC patients from subjects
without the disease (Fuji et al, 2019). Interestingly, a specific
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subgroup of RNAs (including RBP transcripts) can exit cells and
enter the extracellular environment through the formation of
vesicles such as exosomes, and are promising as biomarkers for
monitoring early pathological changes in the liver, such as during
chronic cholestasis in mouse models and patients (Fagoonee et al.,
2022; Povero et al., 2022).

Therefore, conducting a comprehensive search for secreted RBPs
(RNA and protein) is essential for identifying disease biomarkers. This
effort may contribute to establishing a panel of biomolecules capable of
diagnosing PSC and predicting patient outcomes. In the present
systematic review, we use a bioinformatics approach to extract
information on RBPs and related transcripts (as identified in the
RBP World database, which has expanded the number of proteins
identifiable as RBPs also by their action through non-canonical sites),
showing dysregulated RNA expression in body fluids, and discuss their
potentiality as biomarkers that may allow early diagnosis of PSC and
determine their prognosis to CCA. We also briefly discuss how their
aberrant expression renders them an appealing therapeutic objective for
intervention in an effort on improving the grim prognosis of CCA.

2 Methods
2.1 Search strategy

The Cancer Genome Atlas (TCGA) consortium was selected to
explore the CCA (CHOL) dataset. Data have been downloaded from:
https://tcga-xena-hub.s3.us-east-1.amazonaws.com/download/TCGA.
CHOL.sampleMap%2FHiSeqV2.gz (Farshidfar et al., 2017). The Gene
Expression Omnibus (GEO) database at the NCBI has been mined to
find expression data for PSC by imposing the following selection
criteria: Primary Sclerosis Cholangitis and Homo sapiens, filtering for
“Expression profiling by array” (Barrett et al., 2013). Seven GEO series
were identified: GSE159676, GSE144521, GSE130563, GSE119600,
GSE84954, GSE11908 and GSE11907 (the latest being a superseries
including GSE11908). Series not explicitly containing samples for PSC
subjects were excluded. GEO series GSE144521, GSE159676 and
GSE119600 were retained for the subsequent analyses.

2.2 Data sources

The RBP World (EuRBPDB2) database, http://research.gzsys.
org.cn/eurbpdb2/index.html, was selected to obtain the list of RBP in
Human, counting for 2,853 unique proteins and the list of canonical
and non-canonical RBPs was downloaded from the website (Liao
et al,, 2020). Tissue (gall bladder and liver; cancer versus normal)
expression of identified RBPs were verified using the following
databases: http://gent2.appex.kr/gent2/ (Table 2) (Park et al., 2019).

2.3 Data extraction and analysis

The CHOL TCGA dataset, from the TCGA Bile Duct Cancer
cohort, was composed of 36 patients and 9 normal adjacent tumor
tissue. The gene expression profile was measured using the Illumina
HiSeq 2000 RNA Sequencing platform. Normalized data were
downloaded as in log2(x+1) transformed RSEM normalized

Frontiers in Molecular Biosciences

10.3389/fmolb.2024.1388294

count and the differential expression was analyzed using the
EBSeq library in R (blockmodeling package) (Ziberna and
Cugmas, 2023).

The GSE119600 dataset provided 45 PSC and 47 control samples
from adult whole blood; the GSE159676 dataset was used to study
fresh frozen tissue obtained from livers, 6 liver tissue healthy and
12 PSC; the GSE144521 procured samples from serum and urine
extracellular vesicles (EV) for PSC (6 serum and 6 urine samples),
CAA (12 serum and 23 urine samples) and healthy control (9 serum
and 5 urine samples) (Ostrowski et al., 2019; Lapitz et al., 2020; Lei
et al., 2022). For all the three dataset, GEO2R web tool was used to
study the differential expression, with default parameters. Probeset-
gene annotation was obtained directly from the GEO2R output, or
from the annotation file for the specific platform used as present in
the GEO page itself.

Analyses were conducted by using R (version 4.3.2) and RStudio
(release 2023.06.1 Build 524). For tissue expression data from
GENT2 (Figure 1), statistical significance was assessed using a
heteroscedastic two-tailed distribution Student’s t-test (*p < 0.05;
**p < 0.01; **p < 0.0001).

The ability of the different transcripts to discriminate between
normal and diseased conditions was evaluated through a Receiver
Operating Curve (ROC) analysis in both datasets (GSE144521 and
CHOL-TCGA). ROC analyses were performed in R with pROC
library (version 1.18.5); in the text, AUGC, specificity and sensitivity
values are reported, while in the pictures, AUCs and their associated
95% Confidence Interval are reported.

3 Results

The results used here are entirely or partially based upon data
generated by the TCGA Research Network: https://www.cancer.
gov/tcga.

3.1 Database selection and characteristics

Data from CHOL TCGA and the different GEO datasets were
analyzed to highlight differentially expressed genes and information
on human RBP transcripts were subsequently extracted. In CHOL
TCGA (Table 3), differentially expressed genes were selected with a
posterior probability (PPDE) < 0.05 and the posterior fold change
higher than 1.5 or lesser than 0.75 for up or downregulated,
2,192
1778 downregulated genes were identified in tumor context

respectively. From this analysis, upregulated and
compared to normal samples, corresponding to a selection of
86 upregulated and 56 downregulated RBP transcripts (Table 3;
Table 4), comprised of canonical and non-canonical RBPs.

In the GEO datasets GSE159676 and in GSE119600, the
differentially regulated genes had to show an absolute logFC
higher than 0.5 and an adjusted p-value lesser than 0.05. Ten
upregulated and 9 downregulated genes were found but none
was a RBP in the first
70 downregulated transcripts were found in the second dataset,
associated with 2 up and 29 down RBPs (Table 3; Table 4). However,
the overlap of these RBPs, differentially expressed and with a similar

trend with those found in CHOL TCGA dataset was empty.

dataset; instead 29 up- and
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TABLE 2 List of GEO Series associated in GENT2 database (used for exploring Gene Expression patterns across Normal and Tumor tissues) for both liver and

gallbladder cancer and normal tissues.

Dataset_ID Liver-cancer Liver-normal
GSE11045 3
GSE13471 5
GSE15238 6
GSE18462 2 2
GSE19665 10 10
GSE2109 46
GSE23343 1 6
GSE29722 10 10
GSE31177 1
GSE31193 3
GSE33006 3 3
GSE36076 10
GSE38598 2
GSE38941 10
GSE40367 30
GSE40873 49
GSE41804 20 20
GSE43346 1
GSE45436 93 41
GSE49515 10
GSE58208 10 5
GSE6222 10 2
GSE62232 81 10
GSE63068 7
GSE6764 37 8
GSE68638 3
GSE71856 1
GSE7307 5
GSE75285 50 5
GSE9843 90 1

Total 517 215
S mmen  GilbdeGwer  Gilbaddedoma
GSE34166 6 4
GSE40367 7
GSE43346 1
Total 13 5

For each Series the number of samples is reported, for both cancer and normal condition, as well as the total number of samples analyzed. All samples are based on the Affymetrix Human

Genome U133 Plus 2.0 Array.
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FIGURE 1

Plot of the four identified RBPs' expression values according to the list of samples reported in Table 2 and obtained from GENT2 database (expression
in normal versus cancer tissues). All values are downloaded into a log2 normalization. Statistical significance was assessed using a heteroscedastic two-
tailed distribution Student's t-test (*p < 0.05; **p < 0.01; ****p < 0.0001).

TABLE 3 List of datasets used for the analysis.

Datasets Statusl (N1) Status2 (N2) Sample origin N. Up N. Down N. RBP up N. RBP down

CHOL TCGA CAA NAT Primary Cancer 2,192 1778 86 56
GSE144521 PSC CTRL Serum 500 381 65 56
GSE144521 PSC CTRL Urine 600 234 83 40
GSE144521 CAA PSC Serum 1,626 894 254 118
GSE144521 CAA PSC Urine 55 214 4 25
GSE159676 PSC CTRL Fresh frozen tissue 10 9 0 0
GSE119600 PSC CTRL Whole blood 29 70 2 29

Statusl = condition in the first group of comparison (CAA = Cholangiocarcinoma; PSC = Primary Sclerosing Cholangitis); Status2 = condition in the second group of comparison (NAT =
normal adjacent tumor tissue; CTRL = normal and control condition, depending on the dataset; PSC = Primary Sclerosing Cholangitis); Sample Origin = specification of the biological material
of the experiment; N. Up = number of the upregulated genes; N. Down = number of downregulated genes; N. RBP Up = number of RBPs in the list of upregulated genes; N. RBP Down = number
of RBPs in the list of downregulated genes.

In GEO dataset GSE144521, the comparisons between PSCand 3.2 RBP transcripts differentially expressed
controls in both serum and urine samples requested an absolute in body fluids in PSC and CCA versus
logFC higher than 1 and a p-value lesser than 0.05, bringing to healthy controls
500 up- and 381 downregulated genes in serum and 600 up- and
234 downregulated genes in urine samples. The RBPs found The comparison of the expression of these modulated RBPs with
differentially expressed were 65 up and 56 down in serum  those of CHOL TCGA highlighted 4 differentially expressed
comparison and 83 up and 40 down in urine one (Table 3; Table 4).  transcripts in both PSC and CHOL versus normal conditions,
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TABLE 4 Lists of Differentially Expressed human RNA-Binding Proteins (RBPs).

Dataset DE RBPs Gene symbols

TCGA CHOL ADARB2, AFF2, ANLN, APOBEC1, APOBEC2, APOBEC4, ARL14, ASNS, ASPM, BARD1, BLM, BOLL, CALML5, CDKN2A,
CELF4, CENPF, CPSF4L, DDX4, DLX2, EDDM3A, EEF1A2, EIFAE1B, ELAVL2, ELAVL3, ELAVL4, ENOX1, ERCC6L,
ESRP1, EXO1, FABP5, FANCD2, HELLS, HIST1H1B, HISTIH1E, HIST1H4A, HIST1H4B, HIST1H4D, HIST1H4E,
HIST1H4H, HIST1H4I, HIST4H4, ITPR3, KHDC1, KIF14*, KIF23, KIF2C, KIF4A, LIN28B, MAMSTR, MKI167, MY EF2,
NCAPG, NCAPH, NEIL3, NQO1, PABPC1L2B, PFKP, PIWIL4, PKP3, POLQ, PRC1, PRDM12, PRDMS5, PTHLH, PURG,
RAB25, RAB36, RAB6B, RAB9B, RAD51AP1, RAD54L, RANBP17, RASEF, RDM1, RIMKLA, SMN1, SRRM3, TOP2A,
TRIM71, WDHD]1, ZBTB32, ZC3HAV1L, ZFR2, ZIC3, ZNF233, ZNF860

Upregulated

AICF, ACAT1, ADAD2, ALDOC, ANG, APOB, ARLAD, AS3MT, ASS1, ASXL3, AZGP1, CALR3, CAT, CLGN, CPEB3,
DDX25, DDX3Y, DPPAS5, DPYD, EDDM3B, EIF1AY, ESR1, GADD45G, HERC5, HIST1H4F, HIST1H4], HIST1H4L,
HMGNS5, MBNL3, METTL7A, METTL7B, MOV10L1, MTHFD1, NKIRAS1, NXF3, NYNRIN, PABPN1L, PAIP2B,
PAPSS2, PIWIL2, PPARGC1B, PSAT1, PSTK, PYGL, RASL11A, RBMXL2, RCL1, RPL3L, SALL1, SLC16A1, SRL, TDRD10,
ZBTBI16, ZFHX4, ZFP1, ZNF582

Downregulated

GSE119600 Upregulated BASP1, MBNL3
ANP32A, BOLA2, CAPZA1, CBX3, EIF1AX, EIF3M, G3BP1, GIMAP1, GIMAP2, GIMAP7, HISTIH4C, HSPE1, MCTS],

MRPL33, RPL14, RPL23, RPL37A, RPL7, RPL9, RPLP1, RPS21, RPS27, RPS28, RPS29, SNRPF, SUMO2, TMA7, UPF2,YY1

Downregulated

GSE144521 Serum ABCF2, ANXA3, APOBEC3F, APOBEC3G, ASPM, BCLAF1, CAPZB, CCT3, CD2BP2, CLK3, CNOT10, CPEB2, CPEB4,
CTR9, DDX5, EHD2, ERN1, GEMIN7, GTPBP8, H1F0, HDLBP, HK1, HSPAS5, ILF3, INTS1, KIDINS220, LSM6, MRPL30,
MRPS34, MRTO4, NAP1L4, NDUFS1, NKIRAS1, NKTR, PICALM,PIWIL4, POLR2K, POLR3B, POLR3H, PPIB, PPIG,
PSM A1, PSMC4, QRSL1, RAB23, RNH1, RTF1, RUVBLI1, SAR1B, SEC61A1, SHQ1, SLC16A1, SLTM, SRPK2, SYNE1, TCF7,

TFAM, TRMT61A, TTC14, TXNDC5, WDR3, WDR61, WRN, YRDC, ZNF579

Upregulated

ABCF1, ATXN2,CNOT7, DCTN1, EIF2AK]1, EIF3M, EIF5A2, ELAVL1, FH, MBD1, MRPS16, MTRF1L, PATL1, PDCD4,

PDCD7, PNN, PNPT1, POLR2], PPA2, PPIL3, PRMT6, PSMA6, PSMC1, RARS2, ROCK2, RPL19, RPL23, RPL27, RPL41,

RPL7L1, RPLP2, RPS10, RPS12, RPS16, RPS27, RY BP, SMARCAL1, SMN2, TFIP11, UPF3A, VCL, WT AP, ZBT B40, ZBT B6,
ZC3HAV1L, ZNF2, ZNF600, ZNF652, ZNF808, ZNF860, ZRANB1

Downregulated

GSE144521 Urine ADARBI, ANXA11, AP1B1, API5, APOBEC3H, ARID4A, ASCC3, BAG3, CCDC86, CCT5, CNOT4, CNOT7, COPB2, CYCS,
DBN1, DDX41, DDX54, DDX56, DICER1, DNMT3B, DRG1, ERI3, FAM129B, FANCD2, FASN, FCF1, FXR1, G3BP2,
GSTCD, HIC2, HNRNPC,I1PO7, KHNYN, KTN1, LRBA, MDC1, MEX3D, MRPL46, MRPS11, MRPS12, MRPS16, MRPS30,
NUFIP2,0AS1, OAS2, PAPSS1, PDCD4, PDCD7, PHF5A, PLD6, PNPT1, POLR1D, POP5, POP7, PRKDC, RBMS3, RPL7L1,
RPS19BP1, RPS27L, RPUSD2, RRM1, RRP7A, SDHA, SEC23IP, SMARCAL1, SNRN P40, SRP72, STIP1, SUPT4H1, TARBP2,

TDRD1, TFBIM, TFIP11, TLR3, TRIM33, TTC14, UBR4, XPOT, YTHDC2, ZC3H12A, ZMYNDS8, ZNF385C, ZRANB2

Upregulated

ACIN1, ARHGEF2, ATP1Al, ATP6V1A, BAZ2A, BRCA1, CCAR1, CDC5L, CEPT1, CSTF1, CTU2, FN1, GLS, HNRNPA3,
HNRNPR, IMMT, LEMD3, METTL2B, MRPL17, MRPL43, MYH9, NCBP2, NCL, NUDT21, PHAX, PLCB3, PPP1CB,
PRPF8, PSM D4, RAVER], RBM33, RPF2, S100A4, SPTBN1, TXNL4A, UTP3, WDR33, ZMAT?2, ZNF582, ZYX

Downregulated

Canonical RBPs are highlighted in red, non-canonical RBPs in blue, resulting from the downloaded version of the RBP World Hormo sapiens database; in bold, genes common between tissue
and body fluids, and showing similar expression pattern.

TABLE 5 Overlap of differentially expressed RNA-Binding proteins.

TCGA_CHOL

also characterized by similar expression pattern in the different
comparisons: Assembly factor for spindle microtubules (ASPM) and
Piwi Like RNA-Mediated Gene Silencing 4 (PIWIL4) upregulated in
serum and Fanconi anemia complementation group D2 (FANCD?2)

DE RBPs overlap

Down (56)

Up (86)

upregulated in urine and Zinc finger protein 582 (ZNF582)
downregulated in urine (Table 4; Table 5). OSEI44521 Serum Up (63) 2 :
We further analyzed the behavior of these 4 transcripts in the Down (56) 3 0

comparison of body fluid samples from CAA and PSC, as provided GSE144521 Urine Up 83) X 0

in GSE144521. ASPM, PIWIL4 and ZNF582 were not found differentially

expressed, while one isoform of FANCD?2 (linked to NM_033084.3) was Down (40) 0 1

upregulated in tumor with respect to PSC (Table 4; Table 5). GSE119600 Up (2) 0 1

Down (29) 0 0

3.3 Cancer tissue expression of ASPM GSE159676 Up (0) NA NA
and FANCD2 o T w“

In an effort to obtain information on the tissue expression of the Transcripts found with the same expression trend in both databases are highlighted in bold.

four selected RBP-related transcripts, we interrogated GENT2, a

platform for exploring gene expression patterns across tumor and
normal tissues (Park et al, 2019). In general, ASPM and FANCD2
exhibited higher expression in cancerous tissues. In particular, the
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expression of ASPM and FANCD2 were significantly upregulated in
gallbladder cancer and liver cancer tissue samples versus their respective
controls (Figure 1; Table 2). However, the mechanism behind their
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FIGURE 2

Receiver Operating Curve (ROC) analysis on Serum and Urine
samples related to the four RBP transcripts in GSE144521 datasets,
with their AUC values associated with the 95% Confidence Interval.

increased expression under diseased condition (CCA versus PSC) is not
known, and needs to be further investigated. Conversely, although
PIWIL4 displayed increased expression in serum samples from PSC and
CCA patients compared to controls, it did not exhibit differential
expression in hepatobiliary cancerous versus normal tissues. Moreover,
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ZNF582 was downregulated in the urine of PSC patients but did not show
alterations in expression levels between gallbladder cancer versus normal
tissue or liver cancer and normal tissue (Figure 1; Table 2).

3.4 ROC analysis

Regarding the ROC analysis, the GSE144521 dataset showed
promising results for ASPM (AUC = 81.5%; specificity = 77.78%;
sensitivity = 83.33%) and PIWIL4 (AUC = 75.9%; specificity =
88.89%; sensitivity = 66.67%) in the Serum samples evaluation
(Figures 2A, C), while for the urine samples, an encouraging
ability to discriminate between conditions was observed with
FANCD2 (AUC = 83.3%; specificity = 100%; sensitivity = 66.67%)
and ZNF582 (AUC = 90.0%; specificity = 80%; sensitivity = 100%)
transcripts (Figures 2B, D). On the other hand, the TCGA_CHOL
samples gave an even stronger result with all the four transcripts
showing a good ability to discriminate the tumor samples from the
normal ones. The four transcripts are associated with these respective
values: ASPM (AUC = 93.5%; specificity = 100%; sensitivity =
91.67%), PIWIL4 (AUC = 96.6%; specificity = 100%; sensitivity =
86.11%), FANCD2 (AUC = 100%; specificity = 100%; sensitivity =
100%), ZFN1582 (AUC = 75.6%; specificity = 100%; sensitivity =
61.11%) (Figures 3A-D). Overall, the ROC results were in line with
the differential expression analysis, with the four differentially
expressed RBP transcripts showing the best results in terms of
AUC in the corresponding dataset.

4 Discussion

RBPs play a crucial role in a cell's RNA metabolism. Any
dysregulation in expression of RBPs can act as driver of cell
transformation into a malignant phenotype and induce a cascade
of molecular alterations which become uncontrollable over time.
RBPs also participate in the regulation of therapy sensitivity and
resistance (Cen et al., 2023). Thus, it is of prime importance to detect
the dysregulation in the expression of key proteins, such as RBPs, very
early before the onset of cancer, so that immediate clinical action can
be taken. Liver biopsy is the gold standard for PSC staging and CCA
detection, but is not exempt of complications (Fagoonee et al., 2022).
Thus, analysis of body fluids in search of RBPs secreted as proteins or
as transcripts enclosed in EVs, the expression of which mirrors those
of the tissue of interest is an enthralling approach.

In the present systematic review, we provide an update on RBP
transcripts that are involved in biliary tract disorders, with special focus
on PSC and CCA, and we further our description by bioinformatically
mining multiomics databases to extract unprecedented information on
RBP transcripts that show promises as biomarkers for PSC and its
progression into CCA. Most studies on biomarker search focus on
upregulated biomolecules rather than downregulated ones, with the
former being easier to validate clinically. Two out of the four RBP
transcripts found upregulated in PSC and CCA in the present review,
namely, ASPM and FANCD2, are indeed promising as potential
biomarkers of PSC, as they show significant upregulation in
expression also in PSC body fluids with respect to that of healthy
controls. This could also be observed in the ROC analysis, which
highlights the capacity of these biomolecules to distinguish between
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FIGURE 3

Receiver Operating Curve (ROC) analysis on CHOL-TCGA
dataset related to the four RBP transcripts, with their AUC values
associated with the 95% Confidence Interval.

normal and disease conditions. While ASPM (a non-canonical RBP)
expression remains constant between PSC and CCA, one isoform of
FANCD?2 (a non-canonical RBP) shows an increase in expression from
PSC to CCA in the body fluids, suggesting that FANCD2 could be a
candidate biomarker for the surge of CCA in PSC patients. Importantly,
ASPM and FANCD2 were significantly upregulated in hepatic and
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biliary cancer tissues (liver and gall bladder) with respect to controls,
showing that there was positive association between tissue expression
and secreted levels. Finding RBP transcripts in both tissue and body
fluid samples, and especially showing similar differential expression
patterns under normal versus pathological conditions, meets one of the
criteria for a biomarker (Oloomi et al., 2020).

In order to understand whether the RBP transcripts identified in
our study, as promising biomarkers for the identification of PSC
patients versus healthy subjects, are also found in EV (exosomes),
we interrogated the Vesiclepedia database (Chitti et al, 2024).
Interestingly, ASPM was found in EV derived from serum, urine,
and different types of cancer cells (Sarker et al, 2014); FANCD2 in
EV of serum, urine and CRC cells (Hong et al., 2009; Fraser et al,, 2013);
and PIWIL4 (a canonical RBP) was also found in serum, urine and CRC
cells (Hong et al., 2009; Musante et al., 2012; Fraser et al., 2013). The
mRNA of these RBPs may be loaded onto EVs during their biogenesis,
probably due to a zipcode-like sequence present in their 3'UTR (Chen
et al,, 2021). Interestingly, the expression of PIWIL4 (both mRNA and
protein) as well as that of a transcription promoter-binding protein
SUPTS5H, were found significantly upregulated in intrahepatic CCA,
and could be potentially used as prognostic markers for this cancer (Zou
et al, 2021). On the other hand, ZNF582 (a canonical RBP) does not
localize to EV. This finding confirms previous reports on the presence of
several RBP transcripts in EV (Statello et al., 2018).

ASPM, which is involved in mitotic spindle regulation and
coordination of mitotic processes, has already been identified as a
tumor marker in other settings. In an attempt to clarify the role of
ASPM in tumor immunity and the prognosis of different cancers, Deng
et al. analyzed the expression of ASPM in different tissues including
kidney renal clear cell carcinoma and liver hepatocellular carcinoma
(Deng et al,, 2022). In these two types of cancers, higher expression of
ASPM was evidenced in cancer tissues with respect to normal
corresponding tissue, in late-stage cancers versus early-stage ones.
Mechanistically, high ASPM expression correlated with poor overall
patient survival and disease-specific survival, thus putting ASPM at the
forefront as a prognostic biomarker. Importantly, ASPM expression
was upregulated both at the mRNA and protein levels in liver cancer
tissue, enhanced HCC cell proliferation and Epithelial-to-Mesenchymal
Transition (EMT), as well as stimulated the Wnt——f-catenin signaling
by antagonizing the disheveled-2 (Dvl2) degradation mediated by
autophagy (Zhang et al, 2021). Recently, the role of ASPM in
conferring a malignant phenotype and regulating cancer stemness
was extensively reviewed (Tsai et al, 2023). FANCD2, which
regulates ferroptosis, was also found overexpressed in Hepatitis
B-related hepatocellular carcinoma (Tang et al, 2023). Its high
expression was predictive of poor outcome of the disease, hence
indicating FANCD2 as potential biomarker and
immunotherapeutic target against Hepatitis B-related hepatocellular

novel

carcinoma. Several studies point out to an important role of
FANCD?2 in the initiation, development and progression of diverse
tumors. To this regard, a recently published pan-cancer bioinformatics
analysis, integrating several parameters such as gene expression and
regulation, prognosis, and mutations across multiple cancer types, has
shown that high FANCD2 expression was associated with poor
prognosis in certain tumors (Zhao et al, 2024). On the whole,
overall survival, disease-specific survival, or progression-free intervals
was related to FANCD2 expression in certain cancerous tissues,
including those of lung, breast, liver, and colon (Zhao et al, 2024).
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Thus, FANCD?2 is promising as a diagnostic biomarker as well as a
therapeutic target in multiple cancers. Another recent pan-cancer
highlights by that
FANCD2 expression is augmented in most tumors present in the
TCGA database, and further demonstrated that FANCD2 significantly
enhances proliferation, migration and invasion capacity of lung
adenocarcinoma cells (A549 and HI1299 cells) through the
regulation of cell cycle (Xie et al, 2024). FANCD2 can form RNPs
with several proteins including the RBP heterogeneous nuclear
ribonucleoprotein U (hnRNP U), as well as the ATP-dependent
RNA helicases, DDX47, a member of the DEAD box protein family
(Okamoto et al., 2019). FANCD2 has been shown to co-localize with
R-loops in actively transcribed genomic regions, and the pairing with
FANCI to form the I-D2 complex can directly bind RNA with a
predilection for single-stranded RNA with G-rich sequence as well as
R-loop structures with high affinity (Liang et al,, 2019).

Targeting RBPs may be a promising tumor therapeutic strategy for
PSC and CCA cancer patients. Although there is an increase in the
development of new drugs targeting RBPs and associated factors, and

analysis similar  findings showing

new therapeutic strategies are being discovered, there are still many
questions that need to be answered (Cen et al,, 2023). These strategies
may focus on the RBP itself, its RNA interaction, the up/downstream
alterations to the proteome brought on by changes in RBP function, or
any combination of these possibilities (Aguilar-Garrido et al,, 2022).
However, there are numerous challenges associated with the use of RBP
inhibitors. For instance, many RBPs serve as pivotal regulators in cancer,
acting as context-dependent oncogenes or tumor suppressors.
Additionally, RBPs cellular
corresponding to their functions and exhibit promiscuity with

most have multiple locations
numerous targets and functions. These factors can contribute to non-
specificity, side effects, and toxicity of the potential RBP inhibitors.
Therefore, it is imperative to comprehend the physiological implications
of altered RBPs, the types of complexes they form, their dynamics, the
role of post-translational modifications in altered RBPs, and the
structural information required to target RBPs (isolated RBP versus
RBP-RNA complex). To our knowledge, drugs targeting specifically
ASPM and FANCD2 have not yet been developed, although there are
indications on how to proceed to target ASPM and FANCD2 (targeting
ASPM through the ASPM-TPX2-Cyclin B2 axis and FANCD2 through
molecular inhibition of PI3K-AKT-mTOR, Ras-MAPK and CDK4)

(Shen and Houghton, 2014; Pan et al., 2023).

5 Conclusion

Although there are some limitations to the current study, including
the fact that the same patients were not longitudinally followed over
time in the studies from which data were extracted, the two RBP-related
transcripts identified in the present comprehensive review may develop
into promising as biomarkers for the detection of PSC and predicting its
outcome. These transcripts are overexpressed in hepatobiliary tissues of
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