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ABSTRACT

Background. RNA-binding proteins (RBPs) play a key role in post-transcriptional gene regulation (PTGR) of genes
involved in numerous biological processes. These proteins act through the binding to specific cis-elements present in
their RNA targets and by forming, with other regulatory factors, dynamic ribonucleoprotein complexes (RNPs) that
ultimately determine the fate of different type of RNAs. There are several families of RBPs classified according to the
type of RNA target that they bind and this thesis focused on the study of RBPs that regulate the turnover and translation
of messenger RNA (mRBPs). Multiple studies in the last decade have established that aberrant expression and function
of RBPs participate to cancer pathogenesis by altering the stability and translation of genes involved in many mechanism
of neoplastic transformation. Many of the cancer-related pathways for which PTGR mediated by RBPs has been
established are also critically involved in chronic inflammation; to this end, many important basic and preclinical studies
and gene ablation animal models indicate that RBPs are critically involved also in inflammatory responses and
immunity. In contrast to the growing number of studies on the role pf RBPs in human cancer, translational studies based
on chronic inflammatory disease are still scarce.

Aims. In this thesis we aimed at studying the expression profile of mRBPs in two major human chronic lung
inflammatory diseases: chronic obstructive pulmonary disease (COPD) and bronchial asthma and to proceed with the
characterization of their functional role in disease pathogenesis. On these studies, our long-term aim is to explore mRBP
therapeutic targeting, for which we plan to develop dedicated experimental models.

Results. . In our first study we focused on three RBPs, Tristetraprolin (TTP), AU-binding factor 1 (AUF-1) and Human
Antigen R (HuR). These proteins recognize core sequences mostly present in the 3'-Untraslated Region (UTR) of
numerous mRNAs involved in inflammatory process. HuR acts mainly as a positive regulator of mRNA stability and
translation, while TTP and AUF-1 appear to limit these functions. RBPs expression was evaluated by
immunohistochemistry in bronchial and peripheral lung samples from mild-to-moderate stable COPD patients and
age/smoking history-matched smoker with normal lung function as controls (n=12 both cohorts)*. For the first time,
selective downregulation of AUF-1 was identified in airway epithelium of COPD patients vs. controls. Results were
confirmed in a publicly available microarray database of primary epithelial cells obtained from bronchial brushing of
COPD patients and non-smoking and smoking subjects as controls (n=6/12/12 each). Results were also validated in in
Vitro studies, using the normal human airway epithelial BEAS-2B cell line stimulated with hydrogen peroxide, cytokine
combination (Cytomix), cigarette smoke extract (CSE) - which are well-established models of chronic inflammation and
oxidative stress occurring in COPD - also following siRNA-mediated silencing. The chosen in vitro stimulations
recapitulate the selective decrease of AUF-1. We also observed, in the public transcriptomic database previously probed,
that decrease in AUF-1 in epithelial cells of COPD patients paralleled significant alteration of a curated list of AUF-1-
regulated inflammatory transcripts.

Based on these results, the investigation continued in two directions: in one study, the analysis of RBP profile was
broadened, by performing an in silico analysis of the expression profile of ~ 600 mRBPs, derived from a published RBP
census, in stable COPD and severe bronchial asthma. The mRBP list was searched in two selected transcriptomic datasets
of primary airway epithelium, isolated by bronchial brushing in patients vs control cohorts. In silico analysis revealed a
peculiar mRBPs modulation in COPD patients compared with non-smoking and smoking controls, with predominant
RBP downregulation. Cluster analysis identified a group of disease-related coexpressed RBPs. Genome ontology
identified in the RBP profile the involvement in important COPD pathogenic processes. Strikingly, no significant
modulation of RBPs was found in the dataset of patients with severe asthma versus controls.

As for the second direction, we focused on further characterization of the role of AUF-I in airway epithelium. Using an
RNA immunoprecipitation and sequencing (RIP-Seq) approach, we identified AUF-1 targets in the airway epithelial
cell line BEAS-2B and identified specific interacting sequences in targeted transcripts. The list of AUF-1 targeted
transcripts was then searched within the public transcriptomic database of COPD patients and controls previously
probed. Dysregulation of AUF1-trascripts in COPD patients compared to no-smoker and smoker controls was therefore
identified and used to guide the selection of the transcripts to perform validation studies (ongoing).

Conclusions. The studies performed for this thesis have identified novel expression profiles of RBPs in COPD and
severe asthma. In particular, significant changes in RBPs expression characterize the bronchial epithelial response
elicited by the COPD pathophysiology, while surprisingly lacking in epithelial transcriptomics of severe asthma patients
compared to healthy controls. Among the RBPs, AUF-1 may play a pathogenic role in COPD by altering post-
transcriptional control of epithelial gene expression, thus contributing to increased airway inflammation. Overall,



identification of these changes can be used to infer putative pathogenetic roles of mRBPs and identify novel disease-
related regulatory networks.

* Complete list of study subjects’ clinical characteristics are in Study #1 (page 83, Table 1)



Part 1.

RNA-Binding Proteins and Their Role
in Post-Transcriptional Gene Regulation



1. Posttrancriptional gene regulation (PTGR): definition and relationship with other gene

regulatory mechanims

Gene expression is a set of integrated processes through which the information contained in a gene is converted
into a functional protein. Regulatory mechanisms are in place from early nuclear events, that lead to
transcription of DNA-encoded genes to messenger RNA (mRNA); the life cycle of mRNAs is then regulated
through its nuclear and cytoplasmatic stages, followed by cytoplasmic-based mechanisms controlling protein
translation and post-translational protein modifications (Figure 1). Based on this multi-step process, cells are
able to conform gene expression to perform basic homeostatic functions (cell cycle, differentiation and
programmed cell death) and to respond to environmental stimuli, shaping the phenotypic characteristics of

various biological responses.

The multiple regulatory mechanisms overseeing gene expression act in a highly coordinated manner over time
and space. In the last decades, a better understanding of fundamentals in RNA biology assigned a greater
importance than previously recognized to the role that RNA metabolism plays within cellular mechanisms.
These studies clear indicate that mRNA is not a simple intermediary between genes and proteins, but it is an

important regulatory node for regulating the trimming and amplitude of protein expression.
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Figure 1 Regulatory steps of gene expression. Multi-step control of gene expression guards the flow of the
information carried by a gene into successful translation in a fully functional protein. Control of RNA metabolism and
translation (yellow boxes 2 to 5) is a multi-faceted regulatory component contributing to diversification of protein

expression as well as modulation of its timing and amplitude.'

Gene expression starts with modifications of the chromatin structure that regulate access of the transcription
machinery to DNA. During the cell cycle, chromatin is present in two forms: the transcriptionally active
euchromatin and heterochromatin, which is more compact than euchromatin and transcriptionally inactive.

Difference in chromatin packing determines the degree of accessibility of transcription factors (TFs),



regulatory proteins that activate or inhibit the transcription of genes through binding to specific DNA sequence
called response elements. In the heterochromatin, DNA wraps around histone proteins, forming nucleosomes.
Heterochromatin is composed mainly of repetitive sequences and is divided into two types: constitutive
heterochromatin in which DNA is permanently inaccessible, present for example in the centromeres, and
facultative heterochromatin. The latter can acquire the characteristics of euchromatin according to the cell type
and stage of cell differentiation. Euchromatin, unlike heterochromatin, contains more non-histone proteins and
consists of poorly repetitive sequences. In this configuration the chromatin is structurally loose to allow access
to RNA and DNA polymerases that transcribe and replicate the DNA strand. The processes of acetylation,
phosphorylation and methylation act on the tails of both types of chromatin, modifying its degree of spiralling

and making it more or less available for transcription (Figure 2).
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Transcription allows the transfer of the gene-specific information into an mRNA molecule. Transcription
occurs when RNA polymerases are recruited on specific DNA sequences, called promoters that act as
regulatory hubs. In eukaryotes, in fact, RNA polymerase II (Pol II) is unable to bind DNA sequences directly
and instead interacts with a series of regulatory proteins and TFs. These factors must bind to the promoter
before RNA polymerase can dock and perform its function. Specific cis-regulatory elements, called enhancers
and silencers, are able to significantly increase or inhibit, respectively, the rate of transcription for the gene
under their control. Enhancers can be located far from the regulated gene, thus requiring a folding of the DNA
to allow TF binding and proper assembly of the transcription machinery. Silencers determine instead inhibition
of gene transcription by blocking the recruitment of RNA polymerase.>*

Transcription leads to the synthesis of a precursor messenger RNA (pre-mRNA), which undergoes a series of
modifications. Splicing is a key nuclear modification in which pre-RNA is transformed into a mature
messenger RNA (mRNA). The splicing reaction is catalysed by a spliceosome, a protein complex formed by
proteins and small molecules of nuclear RNA (snRNA, small nuclear RNA). At the end of splicing, the non-
coding regions (introns) are removed while the coding regions (exons) are joined together. In alternative
splicing, exons and introns can be combined in multiple ways to produce different mature mRNAs that encode
different protein sequences. Through this crucial mechanism the cell can produce a greater number of proteins
than that encoded by the genetic information, as part of the cellular response to the internal and external stimuli.
The addition of a cap (capping) of 7-methylguanosine at the 5'-end and of a tail of poly-adenine
(polyadenylation) at the 3'-end of the RNA chain protect the newly synthesized mature mRNA during transport
from the nucleus to the cytosol; moreover, these structures guarantee protection from untimely decay and
greater translation efficiency by assisting ribosome recognition.

Through the concerted action of different molecular species interacting with mRNA throughout the all stages
of mRNA lifespan, post-transcriptional gene regulation (PTGR) regulates mRNA metabolism and protein
translation rates. These regulatory factors are represented by RNA-binding proteins (RBPs) and by noncoding
RNAs (ncRNA), mainly represented by microRNAs (miRNAs). These factors form dynamic
ribonucleoprotein complexes (mRNPs) with targeted mRNAs via sequence-specific interactions.’> Their
concerted action on transcript localization, stability and translation critically influences the rate of protein
output in fundamental process like cell cycle, proliferation and stress responses.’® As further discussed in the
following paragraphs, RBPs bind to sequence or structural elements in untranslated regions (UTRs) of protein-
coding transcripts; specific control via base pairing to sequences mostly located in 3'-UTRs of target mRNAs

is also exerted by miRNAs (Figure 3, paragraphs 2a and b).’
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Figure 3. Pathways involved in post-transcriptional regulation. (2) In the mRNA pathway, the transcripts produced
by RNA polymerase II (Pol II) are encoded in mature mRNAs. RBPs bind mRNAs, to which the exon junction complex
(EJC) that regulates their cytoplasmic fate are also complexed. This first mechanism determines the formation of mRNPs
over mature RNA. Then, transcripts are transported into the cytoplasm through the nuclear pores where new components
are added to mRNPs. The function of mRNA surveillance further differentiates the fate of mRNA. Via Nonsense-
mediated mRNA decay (NMD), mRNAs containing a premature stop codon (PTC) are rapidly and selectively degraded.
mRNAs that have a normal stop codon are instead recognized by poly(A) binding protein (PABP) which binds the 3'end
and promotes protein coding. (b) in the miRNA pathway, a primary transcript, pri-miRNA, is processed by the RNase
Drosha which leads to the formation of the primary transcript, called pre-miRNA. Subsequently, the pre-miRNA is
exported to the cytoplasm where becomes a mature miRNA upon processing by the endonuclease Dicer. One strand of
the miRNA is then incorporated into the complex RNA-induced silencing complex (RISC) and allows the complex to
recognize its target mRNAs and allow for its decay or translational suppression (see paragraphs 2a, 2b for further

details).'”



2. Pathways mediating PTGR
a. miRNA pathway

One of the main classes of sncRNAs, miRNAs are small endogenous single-stranded RNA molecules about
21-23n in length. They originate from primary double-stranded RNA transcripts, defined as pri-miRNA,
produced by Pol II and characterized by the presence of a secondary structure rich in folds. The pri-miRNA is
then processed in the nucleus by a microprocessor complex which includes Drosha, a type III RNase, and
DGCRS / Pasha.'l!2 This complex binds and cleaves double-stranded RNA to generate a second precursor,
the pre-miRNA, about 70-80 nucleotides long with a hairpin structure and 3' protruding ends of two
nucleotides. Pre-miRNAs are then exported to the cytoplasm in association with the nuclear membrane protein
exportin 5, which mediates their translocation through the excision of the loop and subsequent maturation into
pre-miRNA, through a RAN-GTP-mediated mechanism.!* Once in the cytoplasm, pre-miRNAs undergo
further processing done by Dicer, an RNase III endonuclease that recognizes the 3 'end deriving from the
previous processing and produces the mature single-stranded miRNA, a molecule about 21 nucleotides long.
Mature miRNAs will then be loaded into the RNA-induced silencing complex (RISC) to induce gene silencing.
A key role in the regulatory activity mediated by the RISC complex is played by Argonaut proteins, 100 kDa-
molecules containing two highly conserved RNA binding domains necessary for the formation of the RISC
complex: the Piwi-Argonaute-Zwille (PAZ) domain (at the N-terminal end) and one PIWI domain at the C -
terminal. The PAZ domain binds the 3' end to a single strand of the mature miRNA, while the PIWI domain
binds the 5'-end. These interactions provide miRNA with the correct orientation for interaction with the target
mRNA molecule. In mammalian cells, Argonaut proteins are divided into several subfamilies according to
sequence similarity. The AGO family is composed of 4 members (AGO1, AGO2, AGO3 and AGO4) present
in all mammalian cells and called E1F2C / hAgo in Homo Sapiens, and by the PIWI proteins which are present
in germ line cells and in hematopoietic stem cells. Gene silencing can take place according to different
mechanisms, according to the degree of complementarity between the miRNA and the 3'-UTR region of the
target mRNA: a perfect complementarity promotes the endonucleotide cut and degradation of the mRNA,

while a partial complementarity leads to repressed translation.

The substantial impact of miRNA-mediated post-transcriptional regulation is provided by studies indicating
that a specific set of miRNAs was able to override a pre-existing transcriptional program: for example, somatic
cells could be reprogrammed into induced pluripotent stem (iPS) cells via the ectopic expression of four
miRNAs, mir-200¢, mir-302, mir-369 and miR367.'%!5 Similarly, miR-9 and miR-124 were sufficient to

mediate trans differentiation of human fibroblasts into neurons. !¢
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b. mRNA pathway

Transcripts produced by Pol II are critically regulated by RBPs. As further discussed in the following
paragraphs, these molecular species regulate all aspects of mRNA biogenesis, through sequence-specific
interactions with the transcripts as well as by protein-protein interactions occurring among RBPs, forming
functional units called ribonucleoprotein (RNP) complexes. Throughout the diverse phases of mRNA
metabolism, RNP can dynamically change in composition by changes in expression and/or post-translational
modifications (PTM) of RBP components. It is believed that these modifications, driven by homeostatic and
pathological triggers, ultimately convey specificity of RBP-driven post-transcriptional regulation.

In order to be translated, a normal mature mRNA molecule has its 7-methylguanosine cap bound by the
initiation factor eukaryotic translation initiation factor (elF)-4E and its polyadenylated tail bound by the
polyadenylate [poly(A)] binding protein (PABP). In particular, PABP is associated with the 3' end of the pre-
mRNA and increases the affinity for transcript binding of the polyA polymerase that adds the poly (A) chain
and promotes its translation.!” Then, the ribosome removes the exon-exon junction complexes and begins
amino acid chain elongation. Translation is complete when the ribosome reaches a termination codon. In this
setting, RNPs modulate mRNA throughout the multi-step process of mRNA turnover and translation. The role
of RBPs in this context will be further described in the following paragraphs and constitute the main focus of
many studies, along with those performed for the present thesis, evaluating alteration of RBP-mediated PTGR

in shaping protein expression in disease pathogenesis.

RBPs also participate to nonsense-mediated mRNA decay (NMD), in which mRNAs carrying premature
termination codon (PTC) are selectively recognized and destroyed. The NMD is control mechanism
ubiquitously present in eukaryotic cells and several pathologies and tumors are correlate to genetic mutations
that determine the formation of PTC.!® In the presence of a PTC, the ribosome is released before reaching the
exon-exon junction complexes present downstream of a stop codon (Figure 4). The core NMD machinery
comprises three trans-acting factors, called up-frameshift (UPF) proteins, which belong to the helicase family,

recruited to mRNAs upon recognition of stop codons by the translation apparatus.!'®-2!
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mRNA to the cytoplasm where protein synthesis takes place. On the contrary, in the presence of nonsense codons the
ribosome suspends synthesis at this point and is converted into a surveillance complex. The interaction between this

complex and the EJC leads to the decay of the mRNA.*

Termination of translation leads to the activation of the NMD and the assembly of a RNP complex called exon
junction complex (EJC). This complex is located 24 nucleotides upstream of exon—exon junctions and remains
associated with the mature mRNA until this is translated in the cytoplasm.!®?* In the EJC complex, UPF1 is
allowed to interact with the other two UPF proteins, UPF2 and UPF3. The PTC causes retention of EJC on
mRNA and subsequent phosphorylation of UPF1 by interaction with UPF2 and UPF3. Subsequently, UPF1
phosphorylation triggers its dephosphorylation by various factors. Among these, the endonuclease heterodimer
SMG5/SMGT recruits phosphorylated UPF1 to cytoplasmic mRNA decay bodies and promotes deadenylation
followed by decapping and exonucleolytic RNA decay. However, the interaction between the endonuclease
SMG6 and phosphorylated UPF1 determines the endonucleolytic cut near the termination site and subsequent
exonucleolytic degradation of the two fragments. The eukaryotic cells therefore succeed - through
exoribonuclease degradation from 5'-to-3’ mediated by 5'-3' exoribonuclease 1 (XRN1) and exoribonuclease
degradation 3'-to-5, mediated by the multiprotein ribonuclease complex exosome - to quickly eliminate the

mRNA containing the PTC.2*
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C.

Crosstalk between PTGR regulatory factors: miRNAs and RNA Binding Proteins (RBPs)

The miRNA- and RBP-mediated pathways of regulation may collaborate or compete on specific mRNA

substrates for a particular binding site on an mRNA, indicating important synergistic or antagonistic functions,

respectively. Complex and diverse combinations of regulatory molecules (miRNA/RBP, RBP/RBP,

miRNA/miRNA) (Figure 5) entail functional outcomes highly dependent form the biological context’. Cross-

talk between RBPs will be further discussed in subsequent paragraph (3b/iii).
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Figure 5. Crosstalk between miRNAs and
RBPs. (a): interactions RBP/miRNA. Left
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between sites (iii). Left middle panel: when in
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of interacting between RBPs can influence RISC
activity in either synergistic or antagonistic
manner (vi). (b): interactions RBP/RBP. Left
upper panel: two RBPs can compete with each
other for distinct binding sites (i) or for the same
(i1). Furthermore, the translation initiation
factors can also compete for a region in the cap

end of the transcript (iii). Left middle panel: The

export of mature mRNA and protein synthesis
can be promoted by a cooperative mechanism
among RBPs (iv). Left lower panel: example of
possible antagonistic or synergistic interaction
of RBP on a target transcript (VEGF-a) (v). (¢):
interactions miRNA/miRNA. RISCs can also

act synergistically or antagonistically. Left upper panel: as a result of synergism (i), a greater inhibition of the expression

of the transcript is possible. Left lower panel: (ii) antagonistic interplay between RISC determine an increase of target

expression.’
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3. Determinants of posttranscriptional regulation: focus on RBPs
a. General view of RBPs

Over the past two decades the development of large-scale analytic methods, as next-generation sequencing
and advanced application of mass spectrometry, has enabled the genome-wide identification of RBPs, of their
protein cofactors and many of their RNA targets. However, many questions remain to be answered. An

authoritative study conducted by Gerstberger et al*®

presented a manually curated census of 1,542 RBPs that
interact with all known classes of RNAs, evaluating their evolutionary conservation, their abundance and their
tissue-specific expression, as previously done by others for TFs, another fundamental category of proteins
involved in gene regulation.?¢

From a phylogenetic point of view, important distinctions exist between RBPs and TFs. Since TFs control
distinctive and specific cell functions, such as cell differentiation, they are poorly conserved between species
and are rather configured as species- and tissue-specific. On the other side, RBPs control basal and stereotyped
cellular functions such as inflammation and stress response and are therefore remarkably conserved among
the species and ubiquitously expressed. Although TFs and RBPs are encoded by a similar number of genes
(1704 and 1542 genes, respectively), it is important to note that in eukaryotes TFs represent just 3% of cell
transcript against 20% of RBPs. Phylogenetic relationships of RBP have identified gene families that
differentiated the RNA metabolic pathways during evolution. Many human RBP paralogues present binding

sites identical or almost identical and could represent an alternative to the increase in protein synthesis and a

mechanism that facilitates regulation between the various cell types.

At least six different classes of RBPs can be distinguished on the basis of their target RNA: there are RBPs
binding mRNA and pre-mRNA(mRBPs), tRNA, snRNA (small nuclear RNA) and snoRNA (small nucleolar
RNA) in addition to RBPs binding RNA sequences non-coding (ncRNA) such as miRNA, piRNA and
IncRNA(Figure 6).2” The class with the highest number of members was found in mRBPs (692 proteins), in

line with the expansion of alternative splicing mechanisms and polyadenylation of mRNA during evolution in

higher eukaryotes.
Figure 6. RBPs classification according to
RBPs(1,542)
targeted RNA species. RBPs can be
l classified, according to the type of RNA
& D S N DRy AN A species they bind, to into RBPs binding to
& & O OV W Vet &
\\\*‘-* ;\u‘f-‘ I PR T P messenger RNA (mRNA), transfer RNA
(tRNA), pre-ribosomal RNA, small nuclear
B Ribosomal Il mRNAs B snRNAs ] Diverse
proteins Il 1RNAs ] snoRNAs [l Unknown RNA (SIIRNA), small nucleolar RNA
@ pre-RNAs [l ncRNAs (snoRNA) and non-coding RNA (ncRNA).

For some RBPs the target is not yet known or they can bind to diverse targets.*’
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b. RBPs regulating mRNA stability and translation (mRBPs)

i. RBP-regulated transcripts as functional operons

Several genome-wide studies using new methodologies of immunoprecipitation are increasingly identifying

the profile of transcripts associated with RBPs.?®? Earlier studies proposed that multiple functionally related

mRNASs that bear a conserved cis-element can be regulated by one or more cognate RBPs, thus creating subsets

of transcripts whose fate is determined post-transcriptionally in a coordinate fashion, reminiscent of

polycistronic mRNAs and bacterial higher-order DNA regulons. Like bacteria use these elements to coordinate

protein production, RNA operons co-regulate monocistronic mRNAs that can function as members of more

than one RNA operon, forming higher-order "RNA regimens". In this way the cell is able to respond more

easily and quickly to environmental stimuli and regulate protein production by acting on the levels of stability

and translation of the mRNA (Figure 7).
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Figure 7. Coordination of subsets of mRNAs from
transcription to tramslation. a) Transcription
factors regulate the transcription of the different
genes (G1 - Gn) in the nucleus. Subsequently, RBPs
recognize their target RNAs and transport them to
the cytoplasm after splicing events. In this way the
RNA operon modulates stability and translation of
mature mRNAs and allows the simultaneous
expression of proteins functionally related or
belonging to the same complex. b) With a different
mechanism, the transcription factors determine the
transcription of different genes (G1 - Gn) in the
nucleus which are then exported to the cytoplasm in
the form of mature mRNA. Here they are grouped
into different RNA operons (RNP-ns), whose
composition depends on the binding of RBP to the
recognized sequence elements. This mechanism
determines both coordination between the operons

and co-regulation of the operons to form a higher-

order combinatorial regulons.*
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The trans-acting factors interact with multiple regulatory elements within the non-coding regions of mRNAs,
called untranslated sequence elements for regulation (USERs). However, some USERs have also been found
in the coding portions of the mRNAs. Their presence is of considerable importance for the association of the
trans-factor with a specific mRNA, determining its regulation mode. Each mRNA can combine several RNA
operons that regulate its fate through "USER codes". If a protein performs more than one function, its transcript
can be a member of more than one RNA operon and be co-regulated with a different subset of mRNAs when
exerting a different biological function. In the same way, regardless of the information of the gene, the
instructions transferred to multiple copies of each mRNA can be regulated simultaneously or in sequence at
several levels and in a combinatorial way by one or more RBPs. Therefore, RNA operons represent modular
RNP units that coordinate multiple mRNAs to ensure efficient but flexible use of genetic information.
Importantly, the regulation of RNA operons can be activated or repressed through PTM signals, such as

phosphorylation.3!-33

ii. Structural features guiding RNA-RBP interactions

The mechanisms by which RBPs recognize their targets can be implemented through specific USER, as
previously described, but is also aided by formation of secondary structures (for example, stem-loop
conformations). RBPs that are structurally different can share the same USER on a target or act in similar way,
ensuring a high degree of redundancy to PTGR regulation. To identify specific roles of RBPs in regulatory
pathways it is therefore necessary to take into consideration multiple aspects, such as the protein family they
belong, their specific structural features, preferential subcellular localization, susceptibility to signalling

pathways for PTM-dependent functions.?

Many RBPs have a common modular structure consisting of the repetition of a few basic domains. The
combination of these domains is closely related to their functional activity. Through these domains, RBP can
interact with specific sequences present mainly in the untranslated regions of the RNA strand; other domains
are important for protein-protein interactions with other RNP components exerting regulatory or enzymatic

activities.3*

1. RBP binding domains

Many cellular processes rely on proteins that present in their primary structure multiple repeats of few basic
modular units. Such modular architecture offers a high amount of versatility, providing a degree of specificity
and affinity than would not be achievable with individual domains.?* Increasingly, binding interfaces between
RBPs and RNAs as well as among the components of RNP units are resolved at molecular level.*® The main
binding domains present in RBPs are listed in Table 1 and those closely related to our studies are briefly

described in this paragraph and schematically illustrated in Figure 8:%7

16



Table 1. Main RBDs in RBPs.?’

Domain Description
RAM RNA recognition mofif, single-strand BMA (ssANA)-binding
RG/RGG box repeats are arginine glycine rich low complexity regions, may bind ANA or act
RG/RGG as protein-protein interaction domains in shuttling
DEAD DEAD and DEAH box helicase motif, unwinds RNA {and DMNA)
zi-CCCH Zinc finger motif type C-x8-C-x5-C-x3-H, ssANA-binding
KH KH-homology domain, ssENA-binding
GTP_EFTU,
GTP_EFTU_DZ, GTP-elongation factor family, proteins usually consist of 3 structural domains, 2
GTP_EFTU_D3 oligonucleotide binding domains (D2 and D3} and a GTP-binding domain
dsrm Double-stranded AMNA binding motif
Zf-CCHC Jinc knuckle, C-x2-C-x4-H-»4-C | 55BNA-binding
LSM Like Sm domain is found in snANP complexes, bind A/ rich regions
Oiigonuclectidefoligosaccharide-binding (OB)-fold, found in DEAD-box helicases in
CB_MNTP_bind association with HA2 domain, regulates helicase activity through ENA binding
HAZ Helicase-associated domain, found in RNA helicases
G-patch G-patch domain, ~48 amino acids with 6 conserved glycines, found in RBPs
IBM_MN Importin-beta M-terminal domain, BMA transport or RBP franspornt proteins
SAFP (SAF-AB, Acinus and PIAS) motif, ANADMNA-binding domain
TUDOR Tudor domain, found in Tudor proteins, Tudor proteins are in complexes with RBPs
RnaseA AMase A domain, ssAEMNA endonucleass
Zf-C2H2_jaz JAZ dsANA-binding protein zinc-fingers, dsRNA-binding
MMB_HSRHI1 505 ribosome-binding GTPase domain, found in REPs
KOW KOW (Kyprides, Ouzounis, Woese) motif, found in a variety of ribosomal proteins
RMase T AMase T ssBMA exonuclease domain
MIF4G MIF4G (Middle domain of eukaryolic initiation factor 4G (elF4G)), ANA- (and DNA-) binding
Zzf-AHanBF AMNA-binding Ran-binding-protein-like zinc finger
MTF2 Muclear transport factor 2 (NTF2) domain, found in BMA export factors
PASZ Piwi Argonaut and Zwille (PAZ) domain, postiranscriptional silencing domain, binds siRNAs
REMACTR C-terminal region found in hnANPs
FAMZ FABP-interacting mofif PAMZ2, found in REBPs
Xpoi exportin 1 domain, RNA transport or REF transport proteins
51 51 ssAMA-binding domain

HGTP_anticodon

Anticodon binding domain, found in aminoacyl-{RNA synthetases

tRMA-synt_2b

tAMNA synthetase class Il core domain (G, H, P, S and T), core catalytic domain of tRNA
synthetases

Piwi

Fiwi domain (P-element induced wimpy testis), posttranscriptional silencing domain, dsRENA
guide hydrolysis of ssBNA

csD

cold-shock domain, ssEMA/SSDNA binding

Ribosomal_L7Aes

domain found in ribosomal profeins L7AeN 30e/51 2e/Gadd4ds

RMase Fcahiza

s5ANA endonuclease domain found in Zc3h12a proteins, member of the NYN domain family

Anticodon_1

tANA anticodon-binding domain, found in tANA synthetases

R3H

H3H domain, R-x3-H conserved core, binds ssANA/SSDNA
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RNA-recognition motif (RRM). It is a small domain of 70—75 aa and is the most common RNA
binding motif. Due to their small size, these domains generally have a limited ability to interact with
RNA in a specific fashion. For this reason, multiple copies of RRMs - typically two of them - are often
tethered together on a single polypeptide to create a larger binding interface that recognizes a longer
sequence. All the RRM domains have in common four B-sheets and two orthogonal a-helices, whose
charged residues protrude externally forming hydrogen bonds with the nucleotide residues of
ribonucleic acid. The main protein surface of the RRM involved in the interaction with RNA is the
four-layer B-sheet, which usually contacts two or three nucleotides. For example, in the Pumilio (Puf)
family of proteins each protein domain is able to recognize a single nucleotide. However, the affinity
and specificity of the protein increases to eight nucleotides by combining multiple repetitions.3”-3
Zinc finger motif. There are many different types of zinc finger motifs but they all share the presence
of one or more Zn?" ions. They consist of BPa protein fold in which a B-hairpin and a a-helix are joined
together via a Zn>" ion. They were initially described as DNA binding motifs of transcriptional
activators or repressors. Subsequently, proteins carrying zinc finger motifs with RNA-binding
properties were also found. Zinc finger motifs are typically classified based on the residues used to
coordinate the zinc ion: Cys2His2 (C2H2), CCCH, or CCHC and are generally present in multiple
repeats within a protein. C2H2 zinc fingers interact with DNA primarily by forming direct hydrogen
bonds to Watson—Crick base pairs in the major groove, using residues within their recognition a-helix.
A second family of CCCH motives recognize specific sequence of single-stranded RNA through an
interaction between intermolecular hydrogen bonds and Watson-Crick edges of the RNA bases.
Several zinc fingers are utilized in a modular fashion in order to attain high sequence-specific
recognition. Both DNA and RNA can be recognized by the same residues as zinc fingers. However,
the different nucleic acid structures allow for a distinct structural arrangement of the zinc fingers on
the nucleic acid template.3>-37-%

Double-stranded RNA-binding motif (dsRBM). They are small aff domains of 70-90 amino acids
that recognize the shape of the RNA rather than its sequence, interacting mainly with double-stranded
(ds) RNA without making specific contacts with the nucleobases. In particular, dSRBM make contact
with the sugar-phosphate backbone of the major groove and of one minor groove, which is mediated
by the B1-B2 loop along with the N-terminus region of the alpha helix 2. This interaction is a unique
adaptation for the shape of an RNA double helix as it involves 2'-hydroxyls and phosphate oxygen.
Although the dsRBM have common structural characteristics, the chemical models are different and
determine a different specificity for the different RNAs, such as inner rings, bulges or helices
containing, misalignments, stem rings. For this reason they are involved in multiple functions such as
RNP localization, RNA interference, RNA processing, RNA localization, RNA editing and

translational control.37:40
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% K Homology Motif (KH). This motif is structurally similar to RRMs and binds to both ssDNA and
ssRNA. It is composed of about 70 amino acids with a signature sequence of (I/L/V)-I-G-X-X-G-X-
X-(I/L/V) near the center of the domain that is functionally essential. Mutations within this region of
the Fragile X Mental Retardation protein (FMRP) cause Fragile X mental retardation syndrome.*! All
KH domains form a three-layer B sheet packed against three a helices. Based on their topology, they
are classified into type I (BaopPa) and type II (afpocf) subfamilies. Unlike RRM, there are no
aromatic amino acids in the chemical structure and the recognition takes place through chemical bonds,

such as shape complementarity, electrostatic interactions and hydrogen bonding.!%-3%4243

Through the specific motif combination, RBPs can bind to their targets with high affinity, remaining associated
until their final destination of decay or translation, or have more transient association within the RNP,
according to PTM or other cellular perturbations.*

Systematic investigation of RBPs has been performed in various cell types by interactome capture assays.*>4¢
This technique is based on the creation of covalent bonds between RBP and its targets by crosslinking with
UV light. The mRNA is then recovered through the use of oligo-desoxymethidine (dT) resins which bind to
the poly A tail of the mRNA. Subsequently, the bound proteins are identified by means of quantitative mass
spectrometry in tandem for liquid chromatography (LC-MS/MS).#7#8 An interesting finding of these studies
is that about half of the detected RBPs has no conventional RBD.43:49-50

b kH Figure 8. Representation of four main RNA
binding domains. Representation of the structure
of a) RNA-recognition motif (RRM); b) The K-
homology-3 (KH3); c) double-stranded RNA-
binding domain (dsRBD); d) two zinc fingers.

See text for details.>*

¢ dsRBD

Finger 2
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2. Regulatory elements conserved on targeted mRNAs

Transcripts coding for proteins involved in biological functions requiring rapid and coordinated changes of
gene expression (as in cell cycle or inflammatory responses) are particularly rich of the USER sequences,
mostly located in their 3'-UTR or 5’-UTR but also found in coding regions (Table 2: examples of USER) that
serve as binding sites for trans-acting RBPs that can influence positively or negatively their stability and/or

translation,®! as described in previous paragraphs.

Table 2. Main cis-elements mediating mRNA stability and example of transcript bearing the element. For full

description see 2.

Determinant Location Description Example
Al-rich element (ARE)" 3 UTR
Class | AUUUA-(N)v-AULULA- (N} 7-AUUUUAAGAULILA ceye
(dispersed AUUUA)
Chass Il
(randem AUUUA) AAUAUUUAI LILLLA ALIUUAA GM-CSF
Class Il AUCCUGCCCAGUGUGUUGUUUGUAAALIAA cjun
(U-rich, non-ALILUUA)

Iron response element (IRE)" 3 UTR %ﬁL PokiA) Transferrin receptor
Histone stem—loop™ 3 UTR &!:‘mql_—i Histone

S im ¥ UTR
Coding region determinant Coding SV P c-fos
(CRD)™ ARE
) ‘UTR
Jun kinase response element 5'UTR 5yIR Poly{A) IL-2
(JREY™ JRE ARE
a. ARE

The adenylate/uridylate-rich elements, called AU-rich elements or AREs, is the most well-characterized
family of USER sequences. They are highly conserved throughout evolution, generally spanning 40-150
nucleotides. AREs are classified according to the type and number of motifs they contain and are divided into:

Class I, Class II and Class III, with subclasses according to specific AU composition and patterns (Table 3).

Table 3. Classification of Adenylate-uridylate-rich elements as described by *.

Group Motif Representative transcripts
I WAUUUAW with U-rich region c-fos, c-myc

1A AUUUAUUUAUUUAUUUAUUUA GM-CSF, TNF-«

1B AUUUAUUUAUUUAUUUA IFN-2

Ic WAUUUAUUUAUUUAW COX-2, IL.-2, VEGF

11D WWAUUUAUUUAWW FGF2

IIE WWWWAUUUAWWWW u-PA receptor

1 U-rich region, non-AUUUA c-jun

GM-CSF: granulocyte macrophage-colony stimulating factor; TNF: tumour
necrosis factor; IFN: interferon; COX: cyclooxygenase; IL: interleukin; VEGF:
vascular endothelial growth factor; FGF: fibroblast growth factor; u-Pa:
urokinase plasminogen activator. *. proposed classification by WiLusz et al.
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These elements mediate RNA binding for multiple RBPs that are collectively defined as ARE-binding proteins
(ARE-BP) (Table 4), which are key effectors of PTGR in inflammatory responses and will be further defined
in the following paragraphs.’*>°> Bioinformatic analysis estimate that 5-8% of human genes contain ARE

sequences.’” In general, the presence of AREs indicates the need of a rapid mRNA turnover.

Table 4. Selected list of major ARE-binding proteins.>

ARE-mRNA Role in
Gene Nucleus/ cDNA Protein Domain targets mRNA
Protein symbol cytoplasm RefSeq ID RefSeq (motifs) (examples) ca decay
HuA ELAVL!  Nucleus NM_001419 NP_001410 3 RRMs TNF, | Stabilizing
(HuR) Cytoplasm IL3, PTSG2 11
(ubiquitous) FOS, VEGF IV
CCNDI, v
SERPINB2
HuB ELAVL2  Cytoplasm NM_004432 NP_004423 3 RRMs GLUT? IV Stabilizing
(Hel-N1) Nucleus Translational
(neural, sex Enhancing
glands)
HuC ELAV3 Nucleus NM_001420 NP_001411 3 RRMs VEGF IV Stabilizing
(neural)
HuD ELAVY Nucleus NM_021952 NP_068771 3 RRMs MYCN IV Stabilizing
(neural)
KSRP KHSRP  Nucleus NM_003685 NP_003676 4 KH TNF, I Destabilizing
Cytoplasm domains FOs v
AUF1 HNRPD  Nucleus NM_000657 NP_000648 2 RRMS GRO2, TNF | Destabilizing
(hnRNP D) Cytoplasm GROI, IL8 1l  Stabilizing
(ubiquitous) BcCi2, Fos 1l Isoforms
SERPINB2P V
TIAL TIAI Nucleus NM_022037 NP_071320 3 RRMs TNF, I Translational
Cytoplasm GMCSF Silencing
TIAR TIALI Cytoplasm NM_003252 NP_003243 3 RRMs TNF I Translational
NM_022333 NP_071728 Silencing
HnRNPA1 HNRPAI  Nucleus NM_002136 NP_002127 2 RRMs I-2 III  Destabilizing
(PBMCs)
HnRNPA2 HNRPA% Cytoplasm NM_002137 NP_002128 2 RRMs GLUTI Destabilizing
Bi
HnRNPC HNRPC  Nucleus NM_004500 NP_004491 1 RRM 2 11 Destabilizing
TTP ZFP36 Nucleus NM_003407 NP_003398 2 CiH zinc TNF, 1 Destabilizing
Cytoplasm fingers GMC-SF
(fibroblasts, PAIR2 v
macrophage)
BRFI ZFP36L1 Nucleus NM_004926 NP_004917 2 CsH zinc L3 Il Destabilizing
CMGI Cytoplasm fingers

Berg36

Notes to Table: C* ARE clusters are based on;***” Hu (A, B, C, D) = Human antigen A, B, C, D, KSRP= KH-type
splicing regulatory protein, AUF-1 = AU-binding Factor 1, TIA1 = T-cell-restricted intracellular antigen, TIAR = TIA-
related, HnRNP = Heterogeneous Nuclear Ribonucleoprotein (A1, A2, C), TTP = Tristetraprolin, BRF1 = Butyrate-
response factor 1. For full ARE-mRNA targets acronym list see >°.

The RNA-binding domains of ARE-BPs are very diverse and include RNA Recognition Motifs (RRMs), zinc
fingers and K homology (KH)-domains. Simultaneous interaction of ARE-BPs with multiple targets (or with
multiple sites within a target) can be mediated by several of these motifs in a single protein.’® ARE-RBPs bind
with different affinity according to the specific ARE sequence and the binding motifs involved.

For example, in the interaction between TIA-1 and its target mMRNA, RRM2 confers maximum binding affinity
for pyrimidine-rich sequences, while RRM3 improves the overall affinity by interacting preferentially with C-
rich motifs.>**! HuR and TIAR interact with high affinity U and AU rich elements.®>%* Additionally, the KH

domains of KSRP have different affinities for AU-rich sequences in mRNAs. This is due to the combination
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of its first three KH domains which act as independent binding modules. All of its domains have a negative
selection for C-rich sequences. The KH3 domain recognizes the sequences rich in AU and G, while the KH4
domain is involved in binding with the mRNA. It is also involved in its decay by means of an essential
structural element in its B4 sheet.5*

Functional outcomes of ARE-bound RNPs are determined by multiple factors. Some ARE-RBPs mediate
mRNA destabilization (e.g., TTP and other TIS11 family members, AUF-1 and KSRP), while others stabilize
the transcript to which they are bound (e.g., HuR). Likewise, subset of ARE-BPs represses translation of their
mRNA targets (TTA-1, TIAR). These outcomes are linked to the specific subcellular distribution of the ARE-
RBPs via stimulus-dependent shuttling between nucleus and cytoplasm.®> Moreover, factors controlling the
relative abundance of RBP isoforms, their conformational state or their post-translational modifications can
critically shape the fate of the ARE BP-RNA complexes.® In conclusion, the fate of an ARE-bearing transcript
targetable by several ARE-BPs is subjected to different outcomes through the dynamic conditions shaping

preferential access of one RBP over another.

b. GRE

Another USER is composed of GU-enriched sequences and is therefore defined as GU-rich element (GRE).®’
The GRE:s are classified into five clusters according to GUUUG pentamers in the 3°-UTR of mRNA (Table
5). Transcripts containing GRE are involved in multiple cell functions, such as cell growth and activation and
regulation of apoptosis. GREs can be seen in mRNAs of transcription factors and inflammatory proteins, such
as c-jun, jun-b and Tumor necrosis factor (TNF-receptor)-1B. Introduction of the GRE into the 3’-UTR of a
beta-globin reporter conferred instability to the otherwise stable reporter transcript, demonstrating that the
GRE is a functional mediator of mRNA decay.%® The BP CUGBP Elav-Like Family Member 1 (CUGBP1), a
member of the abnormal embryonic lethal CELF (CELF factor) family, was the first reported GRE-BP and
was characterized as a destabilizer for the myotonin protein kinase mRNA. In subsequent studies, CUGBP1
has been associated with various post-transcriptional regulatory functions, such as regulation of deadenylation,

alternative splicing and stabilization and decay of mRNAs.6%7°

Table 5. GRE Motifs and abundance in human genes.”’

GRE Motif Cluster 3'UTR 53UIR CDS
| GUUUGUUUGUUUGUUUGUUUG I 0.12% 0.01% 0.01% .
GUUUGUUUGUUUGUUUG II 0.24% 0.02% 0.01%
GUUUGUUUGUUUG Im 073% 0.07% 0.07%
KK[GUUUGUUUGJKK IV. 030% 0.03% 0.11%
KKKU[GUU UGJUKKK Vo 415% 044% 141%
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¢. Other USERs
As shown in Table 3, there are numerous RNA cis-acting elements beyond ARE and GRE, in some cases
related to specific biological process or involved in fundamental responses to stress, as for the integrated stress

response (ISR). Some of these additional USERs are briefly described in this paragraph.

+» Internal ribosome entry sequence (IRES) represents an important element usually present in 5-UTRs

but also found within the coding region of mRNAs. The presence of IRES in the 5'-cap of the mRNAs
confers the ability to be translated into proteins even in conditions where the cap-dependent translation
is compromised, for example in different forms of cellular stress or apoptosis.’?

« Hairpin or higher order intramolecular mRNA structures, such as Pseudoknot, can modulate translation

without the aid of binding factors. They intervene in various stages of translation. For example, if they
are included near the CAP structure in the 5'-UTR they can modulate translation start, while they can
be involved in frame-displacement events, influencing the elongation phase.”>7

+» Selenocysteine insertion sequence (SECIS) is an RNA element around 60 nucleotides in length that

adopts a stem-loop structure. This structural motif recruits proteins involved in selenium metabolism
and directs the cell to translate UGA codons as selenocysteines instead of the normal stop codon.
The SECIS elements are specific to the organism in that they contain non-canonical A-G base pairs
which are not common in nature but which are of high importance for the correct function of
SECIS.”®"7 Furthermore, these elements are a fundamental aspect of the messenger RNAs that encode
selenoproteins, which contain selenocysteine residues.’®

+» Iron-responsive element (IRE) (shown in Table 2) is a short conserved stem-loop which is bound by

iron response proteins (IRPs, also named IRE-BP or IRBP). This element is found in UTRs of mRNA

coding for proteins involved in iron metabolism — such as ferritin and the transferrin receptor - and it
has been well characterized both in its sequence and in its secondary structure. The mRNA encoding
ferritin, an intracellular iron storage protein, contains an IRE located in its 5'-UTR, while the transferrin
receptor, which is involved in the cellular uptake of plasmatic iron, contains multiple IREs in the 3'-
UTR. At low iron concentrations, the IRPs reduce the synthesis of ferritin protein by binding to the
specific IRE on the 5’-UTR of its mRNA. At the same time, they bind to the IREs located in the 3'-
UTR of the transferrin receptor mRNA and determine an increase in the stability of the transcript. This
complex increases downstream translation of the transferrin receptor, favouring iron uptake from the

bloodstream.*%:79-85

0,

¢ Upstream open reading frames (uUORFs). uORFs are present in the genome of eukaryotic cells and their

presence in transcripts is estimated to be greater than 40%. Their main function is the regulation of
protein synthesis.?%37 They can be present in single or multiple repeats within the 5'-UTRs of numerous
mRNAs and exert a predominantly negative influence on the translation regulated downstream by the

major ORF. In eukaryotes the first step of protein synthesis consists in the association of multiple
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factors including elF3, elF1, elF1A, the ternary complex elF2-GTP-Met-tRNAiMet and the small
ribosomal subunit 40S for the formation of the pre-start 43S complex.®® Subsequently, the complex
binds to the 5'-cap of the mRNA and moves along the RNA filament to begin the translation from the
first start codon.®® The presence of a uORF has a constitutive inhibitory effect as it appears to be
connected to the dissociation of the elF2 ternary complex and other critical initiation factors during the
translation phase and therefore determine low levels of subsequent translation reinitiation at
downstream coding sequences. However, there are also uORFs that do not have a constitutive effect
or can promote the start of translation at the CDS in response to environmental stress, which can be
implemented by the element itself or be mediated by RBPs.3486:9991 For example, inhibition of the
activity of the nucleotide exchange factor guanine elF2 is caused by the phosphorylation of elF2 on its
a subunit to serine 51 (elF2a-P) and causes a decrease in the exchange of GDP for GTP, decreasing
the formation of the complex pre-initial 43S and then stopping the initiation of translation.’>? Since
elF2a-P is involved in translational control in response to environmental stress, this path is often

referred to as integrated stress response (ISR).** In conditions of stress damage, the reduction of protein

synthesis allows cells to store nutrients and energy and would facilitate the reprogramming of gene
expression to limit its damage. To facilitate reprogramming of gene expression in the presence of
elF2a-P, a subset of mRNA is preferentially translated through uORF-mediated mechanisms. uORFs
are widely present in the transcripts of genes that are activated in response to stress and regulate their
translation. Included among the preferentially translated ISR gene transcripts are DNA damage-
inducible transcript 3, also known as C/EBP homologous protein (CHOP), Activating Transcription
Factor 4 (ATF4 or CREB2), Activating Transcription Factor 5 (ATFS5) and also CCAAT-enhancer-
binding proteins a (C/EBPa) and CCAAT-enhancer-binding proteins [ (C/EBPf) which encode the

leucine hinge transcription factors activated in response to stress.”>%%

3. Modification of RNA: adenosine methylation

Several RBPs can recognize methylated adenosine in RNA molecules (N°-Methyladenosine or m®A) and

mediate the functions associated to this modification. N®-methyladenosine (m°A) is the most prevalent post-

transcriptional RNA modification on eukaryote mRNA; this modification is present in 0.1-0.4% of all cellular

adenosines, accounting for ~50% of all methylated ribonucleotides.”®!% Adenosine methilation occurs

predominantly in two consensus sequence motifs: G m°A C (~70%) and A mSA C (~30%).!91:192 The mSA are

mostly localized in highly conserved regions: long internal exons, locations upstream of stop codons, and the

3'-UTR of mRNA. The biological functions of mSA are mediated by special binding proteins (i.e.,

methyltransferases, demethyltransferases, and effectors) that can install, remove or recognize this

modification, respectively. Through RBP recognition and binding, this modification affects several cellular

processes, such as mRNA stability and translation, splicing, miRNA biogenesis, X-chromosome inactivation,
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sometimes as part of a pathogenetic process.!%>1%4 In fact, alterations in m®A patterns are present in pathologies
such as cancer, obesity.!?195 Some evidence suggest that proteins of the YT521-B homology (YTH) domain
family (YTHDF) act as reader of m°A with a specific YTH domain.'” Some RBPs use KH domains to
recognize méA-containing RNAs to promote their translation and stability. Of note, HNRNP proteins — which
we found downregulated in our study in silico, see pag. 107 - have also been shown to recognize m°A: for
example, in in vitro studies on HeLa cell line, alteration of splicing events was due to binding of HNRNPA2BI1

to G mA C containing sites.!"’

iili. Ribonucleoprotein complex: a dynamic regulatory module foundamental for

PTGR

Besides the RNA-protein interactions mediated by the cis/trans recognitions previously described, the protein
interactions occurring in the context of RNP complexes give rise to regulatory networks in which two or more
RBPs contribute to regulating a common RNA target. In integration with transcriptional activation, their
combined action ultimately defines post-transcriptionally the steady-state levels of RNAs and their availability
for translation (for mRNAs) or the ability to exert its role (for non-coding RNAs). Interactions between RBPs
can either be synergistic (cooperative), aim for a different regulatory outcome (competitive), or regulate one

another (mutual control) (Figure 9).!%

A COOPERATIVE 8 COMPETITIVE C MUTUAL Figure 9. RBPs regulatory
interplay modes. Different

e RBP; patterns  of  regulatory

RBP; RBP, RBP; RBP,

interaction  experimentally
mRNA AAAA mMRNA AAAA ;BRT\ﬂ!\ aaap  described between RBPs in a
generic mRNA 3'-UTR as
the interaction substrate. (A)

RBP . . .
RBP4 RBP2 REP; o L RBP4 Cooperative interaction.

Two RBPs can recognize

REP .. .
mRNA AAAA mRNA AAAA mRNA AAAA - binding sites on the target

mRNA that can be close to

o REP == Binding site each other, or distant but
brought to proximity by the secondary structure of RNA. Two RBPs can also cooperate on distant sites without direct

interaction between them. In this case (below) there is independent cooperation. (B) Competitive interaction. Two RBPs

compete for the superimposed binding on the same target mRNA. The regulation of the transcript is given by the balance

between the two RBPs. (C) Mutual interaction. Two RBPs control mutual expression, either to favor or limit

expression. '
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1. Cooperative regulation

The interplay of two RBPs having a common target and whose action is synergistic is said to be cooperative.
This mechanism intervenes in the different phases of PTGR and provides a balance among the competing

RBPs on the target mRNA, which ultimately defines the outcome of the regulation. In nuclear export and

alternative polyadenylation for example, HuR and ZNF385A co-regulate the export of p53 mRNA.'® For

control of the mRNA stability, HuR binding to ARE can be increased through a synergistic mechanism with
other RBPs, such as RBM38.!"" Similarly, AUF-1 interacts with ZFP36, whose binding improves the
association of AUF-1 with the target mRNAs; AUF-1 can also serve as co-activator of RNA binding for ZFP36

family proteins (characterized in the following paragraph iv).!'!"''2 The translational control of the Annexin
A2 Receptor (ANXA2R) mRNA occurs through a complex mechanism in which HuR, HNRNPAO and
HNRNPAZ2BI1 cooperatively bind the 5'-UTR of the transcript. They act on the translation on its first uUORF

leading to inhibition of the protein synthesis.''* RBP synergism in the post-transcriptional regulation in human

cancers occurs for example between HuR and the p424UF-!, These two RBPs compete for binding to the 3'-
UTR of el[F4E mRNA at non-overlapping sites. A distinct ARE in the 3'-UTR of e[F4E mRNA was found to
be responsible for HuR-binding and mRNA stabilisation and could correlate with enhanced expression of both

elF4E and HuR in malignant cancer specimens.”!!4

2. Competitive regulation

Due to the similarity between both structure and target recognition mechanism of different RBPs, it is likely
that many of them may end up competing for the same target binding sites.!'> Competitive regulation by RBPs
is more common than synergistic/cooperative interaction. It provides a balance among competing RBPs on the
transcript targets and has been found in various steps of post-transcriptional control, such as RNA processing,
mRNA stability and translation.!'¢!'® The antagonistic control of mRNA stability by RBPs, of particular
relevance for our studies, above all involves AREs. For example, TTP, HuR and KSRP share common AREs
on target mRNAs, such as enzyme cyclooxygenase-2 (COX-2), TNF-a and c-fos, and act through a
competitive mechanism that determines the fate of the transcript. Target recognition by TTP and KSRP
determines a negative regulation of its stability, while the HuR bond promotes its stabilization.!!*-12* Similarly,
Cyclin Dependent Kinase Inhibitor 1A (CDKN1A) and Cyclin D1 (CCND1) mRNA present binding sites that
are subject to a competitive mechanism between the RBP AUF-1 and HuR. For p21 and CCND1 mRNA, the
binding of the two RBPs on overlapping sites determines as well an opposite modulation on the stability of
the transcripts. In particular, HuR promotes its stabilization, while AUF-1 promotes its decay.'?> HuR can also
compete with TIA-1 for a binding site present at the 3’-UTR of the Programmed Cell Death 4 (PDCD4)
mRNA. In this case, however, the two RBPs have a redundant function which determines the stabilization of

the transcript.'?® Also, HuR and ZFP36 share numerous targets on which they play an opposite role.!?’
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ARE-BP can also modulate the process of translation through an antagonistic model. For example, CUGBP
Elav-Like Family Member 1 (CELF1) and HuR compete for the 3'-UTR binding site of the Occludin (OCLN)
mRNA. As before, CELF1 represses its translation by directing the mRNA towards the P-bodies, while HuR
stabilizes the transcript thus improving its translation.'?® P-bodies are small cytoplasmic foci that contain many

of the enzymes required for mRNA decay.

3. Mutual control

An example of a mutual control among RBPs is represented by TTP which can negatively self-regulate its
own mRNA and HuR, which antagonizes this effect by stabilizing TTP mRNA.!2%!3 HuR has also a positive
effect towards translational regulation both on its own mRNA and on that of KSRP.!!'>!3! In turn, HuR and
KSRP regulate the stability of their own mRNAs.'3? Along the same lines, HuR can stabilize the TIA-1 mRNA
and in turn, TIA-1 causes a decrease in cellular HuR levels. In fact, TIA-1 knockdown determines an increase
of HuR expression levels in human HeLa cervical carcinoma cells. This is an important mutual control, since
HuR is an anti-apoptotic factor and TIA-1 a pro-apoptotic factor, and this balance also regulates programmed

cell death.!33

iv. Control of mRNA turnover (stabilization and decay) and translation by RBPs
1. mRNA stabilization

mRNA Stabilization: the RBP HuR as key mediator. Human antigen R (HuR or HuA) is the sole ubiquitously

expressed member of the Embryonic Lethal, Abnormal Vision, Drosophila-Like (ELAVL) family along with
HuB (ELAVL2), HuC (ELAVL3), and HuD proteins that are primarily found in neurons, though their
expression was also found in the serum of patients with encephalomyelitis, sensory neuronopathy, small cell
lung cancer and paraneoplastic manifestations.!3*!35 Their ELAVL gene name refers to early mortality and
other alterations of the embryo caused by gene ablation in animal models.

HuR contains three RMMs, of which RRM1 and RRM?2 are separated by a short linker of 7 amino acid residues
and bind with high affinity to U/AU-rich sequences, while RMM3 contributes to HuR's interaction with target
poly (A) tails.!3¢ Additionally, the HuR structure contains the Nucleocytoplasmic Shuttling (HNS) sequence,

which allows shuttling from the nucleus to the cytoplasm of the protein (Figure 10).
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Figure 10. Schematic representation of HuR protein domains. The domains RRM1 and RRM2 are connected by a
short linker of 7 residuals. Between RMM?2 and RRM3 is the Nucleocytoplasmic Shuttling (HNS) which allows the

protein to shuttle between the cytoplasm and the nucleus.'*’

HuR is functionally characterized mainly as a positive regulator of mRNA stability and translation,
counteracting the mRNA-destabilizing effects of TTP, BRF-1, KSRP and AUF-1. HuR resides in the nucleus
and shuttles into the cytoplasm upon cell activation by stressful stimuli - such as exposure to UV rays, thermal
shock, nutrient deprivation, cytokine stimulation - where it coordinates the turnover of mRNAs participating
to cell cycle, apoptosis, and inflammatory responses. The cellular distribution between the nucleus and
cytoplasm depends by phosphorylation at different sites and changes also according to the stage of the cell
cycle.’®® One of the functions attributed to HuR is the coordination of pro-survival cellular program as it
sustains the expression of various anti-apoptotic proteins, such as prothymosin o, an inhibitor of the
apoptosome.'3%140 At the same time, HuR has also been described as an essential regulator in the cell death
processes, promoting caspase-mediated apoptosis.!#114? These studies suggest that while HuR has an anti-

apoptotic function during early cell stress response, it may promote apoptosis when cell death is unavoidable.

The mechanism of HuR-dependent mRNA stabilization is not fully understood: it mostly relies on preventing

mRNA decay by competitive binding to sites shared with mRNA-destabilizing RBPs. Several direct HuR
target mRNAs were identified by immunoprecipitation followed by transcriptomic analysis. HuR stabilizes
mRNAs encoding BCL2 Apoptosis Regulator (BCL2), MCL1 Apoptosis Regulator, BCL2 Family Member
(MCL1), cyclin A, cyclin B1, CCNDI, lymphotoxin-a, granulocyte-macrophage colony stimulating factor
(GM-CSF), interleukin IL-4, IL-13, vascular endothelium growth factor (VEGF), CD3(, Fas Ligand (CD95L),
GATA Binding Protein 3 (GATA-3) and X-Linked Inhibitor Of Apoptosis (XIAP).!** In leukemogenesis,
overexpression of HuR results in a stabilization of the p53 mRNA which in turn leads to inhibition of the p53-
dependent transcription of mRNA encoding the survivin protein. This finding were confirmed in experiments
where p53 silencing cause an increase in both levels and stability of survivin mRNA.!43 Therefore, it has been
suggested that the mutational state of p53 may influence modulation in survivin levels which are in turn
dependent on HuR levels.'* HuR has also been shown to interact with, and be regulated by miRNAs. The
biological impact of this joint regulation is related also to the type of targeted mRNA: for example, in colon
cancer cells the expression of mRNA coding for the pro-inflammatory COX-2 has been described to be
subjected to competitive regulation between the HuR and miR-16 for an overlapping binding site located in

the mRNA 3'-UTR. In non-transformed colonic cells HuR is mainly localised in the nucleus, allowing miR-
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16 to bind to the mRNA and suppress COX-2 expression; however, the predominant cytoplasmic localization
of HuR in these cells (which reflects its activation state) leads to binding site occupancy, making it less
accessible to miR-16 and determining the stabilisation of COX-2 mRNA.'% With analogous mechanism, in
prostate cancer cells receptor tyrosine kinase 2 (ERBB-2) mRNA is controlled by HuR. The interaction
between HuR and 3'-UTR of ERBB-2 determines a steric hindrance and blocks the association of two miR-
331-3p/RISC molecules adjacent to the HuR binding site. This mechanism leads the stabilisation of ERBB-2
mRNAs. In prostate cancer cells, the accumulation of ERBB-2 has a pathological role in that it leads to the
activation of pathways that are related to resistance to cell therapy and therefore to cancer progression. One of
the activated pathways is the phosphatidylinositol-3-kinase (PI3K) / AKT signalling pathway.!*® In contrast,
in HeLa cells HuR recruits let-7-loaded RISC in a synergistic manner, and loads this complex on 3'-UTR of

c-myc mRNA to inhibit its expression. '+

2. mRNA decay

TPA-induced sequence (TIS11) proteins: Tristetraprolin and its family members. Tristetraprolin (TTP), also

known as Zinc finger protein 36 homolog (ZFP36), is the prototypic member of the TPA-induced sequence
(TIS11) family along with Butyrate-response factor (BRF)-1 (TIS11b, ZFP36L1) and BRF-2 (TIS11d,
ZFP36L.2)."*¥® The ZFP36 gene encodes a proline-rich, zinc finger protein of about 36 kDa with three
repetitions of the PPPP motif that determine its name. The protein contains two zinc finger domains that bind
to class II ARE of several mRNAs to promote their decay'*® (Figure 11). The sequence UUAUUUAUU is the
core destabilizing element of many ARE-containing mRNAs.!2%14%150 TTP is expressed as an early-response

gene in various cell types upon cell stimulation by phorbol ester, insulin, serum and other mitogenic stimuli.

Activation Activation Figure 11. Functional domains
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Characterization of the 5'-proximal region of ZPF36 gene had identified various promoter elements that are
essential for the serum-inducibility of TTP in response to different stimuli through binding of transcription
factors such as Spl Transcription Factor (SP1), Early Growth Response 1 (EGR-1), and Activator protein 1
(AP1).152133 Ogawa and colleagues showed that treatment of human T cells with transforming growth factor-
B (TGF-B) induced expression of TTP mRNA through the binding of Smad3/4 transcription factors to the
putative Smad-responsive binding elements present in the TTP promoter.'>* The induction of TTP was also
confirmed in other studies through the use of various growth-inhibiting cytokines, such as interferons, anti-
inflammatory compounds and glucocorticoids. Therefore, the expression of TTP has been correlated with the
control of the inflammatory and immune response.'*>15% As previously described, TTP self-regulates its
mRNA through the link with its ARE in a negative feedback loop.!?*!%

Rapid transcriptional induction was also observed for another member of the TIS11 family, BRF-1. In
particular, its induction appears to be cell type- and stimulus-dependent.'®® Additionally, in some organs, such
as the heart and liver, BRF-1 expression can be regulated by the circadian clock. In turn, this mechanism
influences the circadian expression of target transcripts.'®"192 The transcripts of BRF-1 and BRF-2 also contain
ARE in their 3'-UTR and their mRNAs were found to be part of the pool of mRNA associated with TTP in a
possible cross-regulatory mechanism.!%3

The mechanism of action by which TIS11 members accelerate the degradation of mRNA is complex (Figure

12). It occurs by first promoting the removal of the polyadenylated tail from the mRNA (deadenylation). Three
major deadenylation complexes have been reported in vertebrates, the carbon catabolite repressor 4/ Ccrédp-
associated factor 1/ CCR4-NOT Transcription Complex (CCR4/CAF1/NOT) complex, the Pan2/Pan3
complex, and the poly A-specific ribonuclease (PARN) complex.'+1% The CCR4 component of the
CCR4/CAF1/NOT complex was found associated with TTP and BRF-1 in NIH3T3 cells for the destabilization
of ARE-containing targets; depletion of CAF1 from the complex determined their stabilization, indicating a
non-redundant role.!"”!' The mRNA deadenylation activity conducted by PARN can be promoted in vitro by
members of the TIS11 family, although the association between TTP and PARN to activate deadenylation
seems to be indirect, mediated by other as yet unidentified factors.'®” The deadenylation of the target mRNAs
allows the rapid decay of the transcript, promoted by the members of the TIS11 family through two primary
decay pathways: the first according to a 5’ to 3’ direction occurring in the cytoplasmic P-bodies, while the 3’
to 5’ decay is mediated by the multienzymatic complex of the exosome.!6%16?

In addition to its role as a posttranscriptional regulator, TTP interferes also with the nuclear import of the p65
subunit of NF-«xB through direct interaction and determines the inhibition of the transcription and activity of
NF-xB.!"7%!"I TTP can inhibit NF-kB activity also through histone deacetylases (HDACS) recruitment, in
particular HDAC-1, HDAC-3, and HDAC-7.17?
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Figure 12. Mechanisms of TTP-
"R AN =R mediated mRNA decay. TTP
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the decapping complex. At this point, the mRNA can undergo a 5'-to-3' exonucleolytic decay. Furthermore, TTP can
also intervene in the transport of translationally repressed transcripts from P-bodies to stress granules (SGs) for decay.
In the 3'-to-5'decay, the degradation process of the mRNA occurs through the association between TTP and the

components of the exosome.'*

Among the mRNA targeted by TTP there are several transcripts encoding key proteins in immune responses,
such as interleukin TNF-o, (IL) -2, IL-3, IL-6, IL-10, IFN-y, GM-CSF and COX-2.'*%173 TTP also
downregulates the stability of the mRNA encoding VEGF, assuming a potential role in tumor angiogenesis

processes.! 74

Heterogeneous nuclear ribonucleoprotein (hnRNP) family: AUF-1. The RBP AUF-1 (AU-binding Factor 1)

also named hnRNPD, belongs to a family of ubiquitously expressed hnRNPs. The first in vitro evidence of
AUF-1 function was an increase in the decay of the c-myc mRNA associated with the polysome, thus assigning
a cytoplasmic mRNA decay role to this RBP.!73176

Four AUF-1 protein isoforms are known, named according to their molecular weight (Figure 13). The
differential inclusion during alternative splicing events of exons 2 and/or 7, encoding 19- and 49 amino acid-
long inserts near the N- and C-termini, respectively, is responsible for the different length of the four isoforms.
The p454UF-! isoform contains both exons 2 and 7; p424UF-! contains only exon 7; p40AVF-! contains only exon
2 and p37AYF! has neither of the two exons.!””. Differently from the majority of genes, AUF-1 gene contains
10 exons but the translational termination codon is located whitin exon 8. Exon 9 is a 107-nucleotide-long,
alternatively spliced region of the 3'-UTR; exon 10 contains the remainder of the 3’-UTR starting in exon 8
and the poly(A) signal. The role of these additional exons and introns is not well established but they could

provide additional means of regulation. Indeed, AUF-1 binds these intron sequences, suggesting self-
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regulatory RNP interactions.!!>!”® All the isoforms share a glutamine-rich (Q-rich) domain and two non-
identical RRM domains arranged in tandem, but they display a different binding affinity for their
transcripts.!”>180 The four isoforms show a different binding specificity and affinity for their targets, such as
COX-2, TNF-0, VEGF, c-myc and c-fos:!7>17%:181-183 ip fact, the p37AYF! and p422AUF-! isoforms have a binding
affinity towards the ARE sequence from three to five times greater than that of the other two isoforms. The Q-
rich domain appears to be involved in protein-protein interactions but a complete understanding of its role is
still lacking. All AUF-1 proteins form stable dimers in solution that can bind sequentially to form oligomeric
structures on RNA substrates.'84!85 These oligomers are significantly more stable when formed by the p424UF-
I'and p454UF! isoforms, suggesting that sequences encoded by exon 7 enhance secondary binding events
required to form these higher-order complexes.!”® Furthermore, the interaction between AUF-1 and RNAs
appears to be more complex than that of other classic hnRNP proteins. Earlier studies using homology
modelling of AUF-1’s RRM2 to that of RRMs of other hnRNP proteins and electromobility shift assays
demonstrated that AUF-1 binding to the RNA is achieved mainly through interactions with conserved amino
acids with no base-specific recognition.'®¢ A more recent global analysis of AUF-1-bound targets and binding
sites performed by photoactivatable ribonucleoside-enhanced cross-linking and immunoprecipitation (PAR-
CLIP) analysis'®” revealed instead that AUF-1 recognizes also GRE sequences in mRNAs and noncoding
RNAs and influences target transcript’s fate in different ways: first, AUF-1 lowers the steady-state levels of

the majority of its target RN As;!88

second, AUF-1 does not change the abundance of a different subset of target
RNAs but instead promotes their translation, as shown by ribosome profiling experiments; third, AUF-1
enhances the steady-state levels of a subset of target mRNAs mostly encoding DNA-maintenance proteins.'
AUPF-1 can also participate to transcriptional process, as it was shown to be required for telomere maintenance

189,190

via transcriptional activation of the telomerase reverse transcriptase (TERT) gene and direct interaction

with telomeric repeat sequences. 1192

AUF-1 expression itself can also be regulated by PTM such as phosphorylation, methylation, ubiquitination
or protein isomerization, which leads to mRNA decay or alternative splicing events in the 3-'UTR of its
mRNA. 19319 For example, the retaining of exon 9 forces the junction between exon 9 and exon 10 to be
positioned well over 50-55 nucleotides downstream of the translational termination codon, and this
configuration activates mRNA degradation via NMD pathway in mammalian cells.!”> The cellular
concentrations of AUF-1 are modulated through ubiquitin-proteasome degradation. Both p37AVF-! and p40AUFE-
! can be poly-ubiquitinated, while inclusion of the exon 7-encoded domain in p424YF-! and p454UF-! appears to

inhibit this modification.!%®

The isoforms p42AYF-! and p45AUF-! have been found in many cell types to be mainly located in the nucleus,
while p37AUF! and p40AUF! move between the nucleus and the cytoplasm, influenced by the presence or

absence of exons containing nuclear localization signals. Subcellular localization also affects the functions of
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the four isoforms.!*7!% In particular, the nuclear import signal (NIS) contained in the C-terminal domain of
p37AVE-1 and p40AUF-! is responsible for their nuclear location. On the other hand, the insertion of exon 7-
encoded amino acids in p42AYF-! and p454UF-! disrupt the NIS to promote cytoplasmic localization. Exon 7
contains instead a nuclear export signal which allows shuttling of p42AUF-! and p454UF-! isoforms in a nuclear
matrix-independent manner.?°%-2°! This complex configuration has been studied in particular for p374UF-!
through the deletion of its C-terminal domain. In this system, after entering the nucleus in which binds to the
mRNA target, the transcript-bound p37AUF! returns to the cytoplasm to exert its function.’’?> Subsequent
studies with p40AUF-!  identified a C-terminal sequence consisting of 19 amino acids
(SGYGKVSRRGGHQNSYKPY) as the one is responsible for nucleocytoplasmic shuttling. During transport
in the nucleus, the isoform interacts with the nuclear import receptor transportin 1 (Trn-1).2° Another AUF-1
interactor, 14-3-3c belongs to the acid protein family. This protein interacts mainly with p374UF-! and to a
lesser extent with p40AUF-1, The interaction between 14-3-3c and p374UF! leads to retention of AUF-1 in the
cytoplasm. No interaction with 14-3-3c was shown for the other two isoforms.2%

Collectively, these data show that there is a very organized and rigorous control over the localization and
shuttling of the different AUF-1 isoforms, thus guaranteeing a diversified expression which also determines

greater functional versatility.!!!
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Rapid turnover of AUF-1 targets is the result of protein—~ARE/GRE interactions as well as protein—protein
interactions involving AUF-1 and other proteins within the RNP. As most RBPs, AUF-1 proteins have no
intrinsic nucleolithic function but they recruit downstream components of the mRNA decay machinery, such
as eukaryotic e[F4G, PABP, and heat shock proteins Hsp70, Hsc70, and Hsp27 (Figure 14).!93.205.206

The possible mechanism of action of AUF-1 foresees that in the absence of an ARE, AUF-1 can be found as
homodimer or heterodimer. Dimerization requires the presence of an alanine-rich N-terminus. Following the
recognition of an ARE, oligomers are formed which can act as a platform for other factors to form an ARE-
BP and signal transduction regulated complex (ASTRC). Finally, this complex is responsible for the

207 Two models for the mechanism of decay are proposed: in

recruitment of mRNA degradation machinery.
the first model, AUF-1 can be degraded by proteasome after its ubiquitination while the decay of mRNA is

performed by recruiting the exosome;'?*!%? in the second model, mRNAs can be shuttled to discrete

cytoplasmic foci, such as P-bodies or stress granules (SGs) for their decay.!!!

Figure 14. Mechanisms of
AUF-1-mediated mRNA
decay and stabilization upon
heat shock. Initially, AUF-1
interacts with elF4G and the
target ARE but the regulatory
outcome depends on external
cell signaling. During ongoing
translation, AUF-1 is removed
from ARE sequence in a
complex with PABP.
Following the exposure of a

poly A tail, the transcript is

- probably destined for
Fhgtaasome degradation by proteasome,

Unstable mRNA Stable mRNA .
(not translated) leading to unstable mRNA.

During heat shock, hsp70 can associate instead with AUF-1 and disrupt or block the interaction between AUF-1 and
PABP, leaving PABP free to remain bound to the poly(A) tail, thus masking it from ribonucleases and stabilizing the

transcript.?®

AUF-1 may also stabilize or modulate the translational efficiency of specific ARE-containing mRNAs upon
cellular stress, like heat shock (Figure 14). This stabilizing effect occurs in an isoform-specific manner. For

0AUF-T isoform is involved in transcript stabilization of the anti-inflammatory cytokine IL-

example, the p4
1051199209 The decay activity of AUF-1 mRNA appears to be mainly mediated by the isoforms normally

present in the cytoplasm (p37AYF! and p40AUF-1)210211 [n agreement with the diverse functional outcomes
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mediated by AUF-1, in human monocytes AUF-1 promotes translation of the mRNA encoding transforming
growth factor-B-activated kinase 1 (TAK1), a member of the NF-kB signaling pathway that is needed to induce
expression of IL-10. Along the same lines, AUF-1 binds ARE-like sequences in the 3'-UTR of IL-10 transcript

and enhances its expression levels subsequent cell stimulation with lipopolysaccharide (LPS).2%

KH-type splicing regulatory protein (KSRP) KSRP is a multi-functional protein that converts extracellular

signals into changes of gene expression by participation to multiple layers of gene regulation: it is involved in
transcription, alternative pre-mRNA splicing, mRNA localization, mRNA decay of unstable mRNAs and
maturation of miRNAs, including the prototypical tumor suppressor let-7.

The amino acidic sequence of KSRP consists of a central region comprising four KH domains, two of which
have additional secondary structure elements. The N-terminus contains putative a-helix involved in protein-
protein recognition. This structure consists of a proline-glycine (PG)-rich region and a nuclear localization
signal. Instead, the carboxy-terminal includes four tyrosine-rich repeats that are important for up-regulating
some targets, such as c-myc.?!? Both KH domains and sequences are necessary for efficient mRNA decay.?'?
Moreover, post-translational modifications sites allow regulation of protein functions have been identified.

These sites are located both in the domain KH 1 (KH1) and in the C-terminal of the protein. (Figure 15).

Figure 15. Schematic of KSRP
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Similar to other ARE-BPs, KSRP binding to ARE-containing mRNAs leads to recruitment of the exosome
and other enzymes necessary to mRNA degradation.'?*?!> KSRP is required in the PI3K/AKT-mediated
maturation of a group of miRNAs highly enriched in skeletal muscle, collectively referred to as myomiRs,
during myogenic differentiation of multipotent mesenchymal C2C12 cells.?!'®

The four KH domains recognize targets in a combinatorial manner and each domain is capable of binding
ARE with low affinity over a short sequence of mRNA.?!7 In particular, in vitro studies on HeLa and HT1080
cells have shown that simultaneous binding of at least two KH domains is required to increase the binding
affinity of this RBP. For example, KH3 required the collaboration of the KH2 or KH4 domains to increase the

degradation function.54214
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Some key targets of KSRP that are relevant to hematopoiesis include ZFP36, Phorbol-12-Myristate-13-
Acetate-Induced Protein 1 (NOXA), Blimp-1 variant 1 (PRDM1 variant 1), BTB Domain And CNC Homolog
2 (BACH2), Baculoviral IAP repeat-containing protein 3 (clAP2), Bone Morphogenetic Protein 2 (BMP2),
Bone morphogenetic protein 6 (BMP6), cyclin D3, CCL20, CCR1, CCR3, CCR7, CXCL2, CXCL3,CXCLI10,
CXCLI11, ID2, IL-6, Suppressor of cytokine signaling 2 (SOCS2), E-selectin, and Toll-like receptor 4
(TLR4).' Immunoprecipitation studies found KSRP associated with Drosha and DGCR8 proteins and
involved in regulation of maturation of let7a, miR-15b, miR-16, miR-20, miR-21, miR-26b, miR-27b, miR-
98, miR-106a, miR-125b, miR-196a, miR-199a, miR-301, and miR-595. Furthermore, KSRP seems to
promote the association of Drosha with pri-miRNA and of Dicer with pre-miRNA, at least for let-7a and miR-
2151, and to promote their maturation. Others studies report found that KSRP is involved in the maturation of

miR-155 from pri- and pre-miR-155 after LPS stimulation in macrophages.?'%2!1°

3. Translational control

T-cell-restricted intracellular antigen (TIA)-1 and TIA-related (TIAR). The TIA family comprises

approximately 375 ubiquitously expressed proteins with predominant expression in brain, testicle and spleen.
Consistent with their functional redundancy, their translation levels are negatively cross-regulated by each

other 220-222

TIA-1 and TIAR share more than 80% of sequence homology. Their structure is composed of three N-terminal
RRMs mediating binding to mRNA targets and a C-terminal Q-rich prion-related domain (PRD) (Figure 16).
The three domains RRM1, RRM2 and RRM3 have an identity of 79%, 89% and 91%, respectively, while the
PRD is shared for 51%. PRD also plays an essential role, as together with the associated Q-rich domain it is
essential for the SG formation. Indeed, TIA-1 KO in mouse embryonic fibroblasts (MEF) shows a reduced
ability to form SG. In the same models, TIA-1 proteins without PRD do not induce spontaneous SG and are
not recruited into SG induced by challenge with arsenite.?”> The RRM2 and RRM3 motifs both intervene
directly in binding to the recognized target sequence, but RRM2 has a greater affinity for pyrimidine-rich
sequences and drives the interaction. Specifically, RRM2 guides protein-RNA interaction while RRM3
improves overall binding affinity through its interaction with C-rich motifs.®*¢! Variations in pH may also
have an effect on TIA-1 binding interactions, acting as pH-dependent molecular switch.??* Deletional studies
indicate that TIAR binding with U-rich RNA mainly relies on RRM2,225226

Both TIA-1 and TIAR occur with two isoforms (a and b) as result of alternative splicing. The
inclusion/exclusion of an 11 amino acid-long peptide at the beginning of RRM2 of TIA-1 forms TIA-1a and
TIA-1b isoforms, respectively. Similarly for TIAR, inclusion/exclusion of a 17 amino acids fragment within
RRMI1 discriminates TIARa from TIARD (Figure 16).22° These amino acids are important because they confer
to the two RBPs distinct functional properties on their targets. For example, TIARa is the only isoform that

shows a translational silencing activity on the proteolytic enzyme Human Matrix Metalloproteinase-13
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(HMMP13) in HEK293 cells. TIARb, TIA-1a and TIA-1b do not have this activity. Some tumors show an
increase of the expression levels of the HMMP13 protein, therefore its negative modulation by TIARa can act

as tumor suppression.??’

TIA-1a Figure 16. Schematic representation of

the TIA-1b and TIARD protein isoforms.

TIA-1b N C Both proteins share three RMM domains
1 8194 172 202 274 and one C-terminal Q-rich prion-related

domain (PRD). The arrows indicate the

C alternative splicing sites that generate the

TIARb N

respective other two isoforms of the two

RBPs.%!

172 193

TIARa
The function of translational repressors of TIA-1 and TIAR is linked to their ability to recruit target mRNAs
into SGs in cells responding to external stressors, such as oxidative damage.??®??° In unstressed cells, a
preinitiation complex comprising eukaryotic translation initiation factors (elFs) forms at the 5' end of capped
mRNAs and is subsequently displaced upon assembly of the 60S subunit to initiate translation. In cells exposed
to damaging stimuli, including oxidants, phosphorylation of elF2a by a family of kinases, Protein kinase R
(PKR), Eukaryotic Translation Initiation Factor 2 Alpha Kinase 3 (PERK), Eukaryotic Translation Initiation
Factor 2 Alpha Kinase 4 (GCN2), Eukaryotic Translation Initiation Factor 2-alpha Kinase 1 (HRI), reduces
the levels of functional preinitiation complex.?*® Under these conditions, TIAR and TIA-1 accumulate in the
cytoplasm and associate with the 40S ribosomal subunit, forming inactive preinitiation complexes that
function as translational repressors. The self-aggregating properties of TIA-1 and TIAR further facilitate the
accumulation of the non-functional preinitiation complexes into SGs. Because other RBPs are recruited to
SGs, these cytoplasmic foci are believed to function as dynamic sites of mRNA triage during stress, wherein
the composition of RNP complexes and their subsequent engagement with the translation or degradation
machineries are decided.??®?3! According to this regulatory paradigm, elF2a kinases directly influence the
stability or translation of TIA-target mRNAs, even though TIA proteins are not direct substrates of these

kinases.

TIA-1 and TIAR can also act during the translation initiation phase to stop protein synthesis of upstream
regulators. For example, during stress they can bind the terminal oligopyrimidine (TOP) mRNA, which
contains a 5' terminal oligopyrimidine tract (5'-TOP) that occurs mainly in transcripts coding for ribosomal
proteins as well as for elongation factors (elFlalpha and elF2) which are not required in stress condition.??
TIA-1 and TIAR are key participants of in the SGs formation. These structures’ half-life is limited in time:
after their formation, the cells activate the pathways that determine the heat shock/chaperone proteins (Hsp70)
production and reverse the self-association of TIA proteins. This mechanism allows to protect the proteins

from denaturation; the disassembly of the SG, after several hours once the stress is lessened, allows the cell to
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resume protein synthesis.??>23* As example of stress-induced SG metabolism, under hypoxic conditions the
ARE-containing hypoxia inducible factor (HIF)-1ao mRNA is targeted by TIA-1 and TIAR. When both RBPs
are localized in the SG, a decrease of the HIF-1a expression is observed.??> Also HuR can aggregate in SG
and modulate the translation of specific housekeeping mRNA under stress conditions.?*® SG deregulation
results in cytoplasmic accumulation and is related to some diseases, such as Alzheimer's and Parkinson’s
237

disease.

regulation of c-myc, TNF-a, VEGF and COX-2.%6238

Furthermore, TIA-1 and TIAR are able to compensate each other for negative translational

As described for AUF-1, several ARE-RBPs can also bind DNA sequences and influence transcription.
Among these, TIA-1 and TTAR have shown higher affinity for DNA than RNA sequences. Therefore it has
been hypothesized that the two RBPs could be a link between transcription and splicing.®!23240 To this end,
splicing control over the Fas gene sequence by TIA-1 and TIAR causes the expression of the pro-apoptotic

membrane-bound form in detriment of the anti-apoptotic soluble one.?*!

To summarize, it is now well established that the control of mRNA metabolism begins immediately following
its transcription and continues through the distribution to different cellular compartments, up to the final
translation or transcript degradation. The role of RBPs is to guide their target mRNAs along the way. As
described in this paragraph, many RBPs shuttle between nucleus and cytoplasm and their functions are linked
to their specific subcellular distribution. The information of RBP binding sites derived from experimental
studies provide valuable functional insights about regulatory site recognition and their subcellular localization.
For instance, an RBP that acts as a nuclear splicing factor rather than a cytoplasmic translation factor will have

interaction sites that fall within intronic sequences or adjacent to the splicing sites.?*?

v. Elements affecting RBP function
1. Intracellular localization and post-translational modification

Similar to transcription factors and other regulatory molecules, RBPs are subjected to post-translational
modifications (PTMs) that link triggers and signals from the extracellular environment to gene regulation
pathways, integrating transcriptional and posttranscriptional events into a coordinated regulatory flow. The
determination of target binding affinity, cellular localization of the RBPs and the functions that are consequent
to this compartmentalization are all critically defined by the PTM following intracellular/extracellular signals.
Phosphorylation of RBPs has been better characterized (Table 6) but others PTMs such as methylation,
acetylation, ubiquitination, isomerization and NEDDylation, are also important.®® An examplary list of the

main phosphorylation sites for a selected group of mRBPs is shown in Table 6.
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Table 6. List of main phosphorylation sites on RBPs.**

RBP Kinase Phosphorylation site Type of cell
TISN MK2 Ser52 373
TIsSN CAMK2 Ser52 CD8sT
TISN PKB Ser248 CD8T
TISN PKA Ser197 HEK-293
TISN GSK3 Ser218 HEK-293
TISN ERK Ser228 HEK-293
TIS11b PKA/PKB Ser54/92 CcDsT
TIS11b mTOR Ser334 MEF
TIS11d PKB Seros 373
TIS1d PKA/PKB Ser28/98 CcD8sT
TIS1d mTOR Ser57/73/416/464 MEF
KSRP mTOR Ser182, Ser185 MEF
KSRP PKA Ser4s1 CcDsT
Nucleolin mTOR Ser28/34/40/41/145/157/616/ MEF
189/403/212/460,Thr121
Roquin ERK/MAPK Ser770 cDsT
Roquin mTOR Ser531/535 MEF
hnRNPk CDK2 Ser284 CD8sT
hnRNPu CK1 Ser187 CcDsT
hnRNPu CAMK2 Ser247 CD8T
hnRNPF mTOR Ser63 MEF
hnRNPA3 mTOR Ser356/359/367 MEF
hnRNPA3 CK1 Ser359 CcDsT
hnRNPA3 PKA Ser357 CD8sT
hnRNPAb PKA Ser260 CDsT
AUF1 mTOR Ser82/83, Thr177 MEF
hnRNPA2B1 mTOR Ser245/247/266/272, MEF
Tyr254
hnRNPK mTOR Ser284/379 MEF
hnRNPC mTOR Ser229/232/241/268/306/313 MEF
hnRNPUL1 mTOR Ser513 MEF
hnRNPUL1 CAMK2 Ser195 CDsT
hnRNPA1 mTOR Ser6/257 MEF
hnRNPA1 CDK1 Ser6 CcDsT
hnRNPH2 mTOR Ser104 MEF
HuR mTOR Ser202 MEF
IMP2 mTOR Ser102 MEF
IMP2 mTOR Ser160/161/163 MEF

The phosphorylation sites on RBPs for respective kinasas in a specific cell are obtained from published
phaspho-proteomic studies. In Yu etal. (2011)), mTOR phosphorylation sites on RBP in MEFs are derived

using inhibitors mpamycin and KU-0063794 against mTOR in a SILAC experiment. Similarly in Hsu et al. (2011),
mTOR regulated phosphosites on RBPs in MEFs were verified using Torin1 (mTOR) inhibitor in an iTRAQ experiment.
By empiloying SILAC technology, Navarro et al.{2011) identified phosphorylation sites on different RBPs for the
respactive kinases inTCR stimulated CD8 T cells. Wang et al. (2008) identified phosphorylation siteson RBPs
in 3T3 cells using iTRAQ.



HuR. An example of stimulus-regulated RBP compartmentalization is given by the response of HuR. As
previously described, HuR is an RBP which resides mainly in the nucleus. To date, its role in this compartment
is not fully clear, except for its involvement in pre-mRNA splicing. The transport of HuR through the nuclear
envelope takes place via the HNS and several components of transport machinery, such as the chromosome
region maintenance 1 (CRMI1), importin-la, transportins 1 and transportins 2.!36244245  HuR
nucleocytoplasmic transport and subcellular localization has been reported to be regulated by phosphorylation
induced by several kinases such as cell cycle-dependent kinase (Cdk)-1, AMP-activated protein kinase
(AMPK), protein kinase C (PKC), and p38 and by methylation, via the coactivator-associated arginine
methyltransferase 1 (CARM1).246247 In general, the type of modification determines an alteration of HuR
association with the target transcripts, or a change in subcellular localization. In particular, the PTM that occurs
within the RRM sequence determines an increase of the binding affinity, while PTMs close to the HNS lead
to a change in localization. For example, phosphorylation of a Ser-202 by Cdk1 phosphatase leads to inhibition
of 14-3-3-mediated cytoplasmic export of HuR. Cdkl is instead inactivated under stress conditions thus
determining the release of HuR in the cytoplasm.?*® Additionally, it has been shown in human mesangial cells
(HMC) that HuR may undergo double phosphorylation in two different Ser residues following treatment with
ATP or angiotensin II (Angll). This determines cytoplasmic export and promotes target binding activity. Upon
challenge with ATP, PKC-a acts on Ser-158 and Ser-221, while AnglI triggers PKC-3 action on Ser-221 and
Ser-318.2492%0 Although HuR is not a direct substrate of p38 kinase, activation of MAPK p38 causes an
increase in the cytoplasmic level of HuR in response to oxidants, such as taxanes and sulindac.?>! The same
effect also occurs after MAPK phosphorylation in a Thr-118 in response to DNA cell damage following y
irradiation. In this specific case, an increase in the association between HuR and p21, cyclin A2 and cyclin Bl
mRNAs was also found.?*¢?52 Methylation of HuR to Asp-271 by CARM1 and subsequent stabilization of
TNF-o mRNA occurs in macrophages after LPS treatment.?>*?>* Additionally, HuR's NEDDylation causes an

increase in the stability of HuR, which can therefore increase stabilization of its target transcripts.?>32%6

TIS11 family. Nucleo-cytoplasmic shuttling affects also members of the TIS11 family and is controlled by
PTMs. Among them, TTP has been shown to be a downstream target of phosphorylation through major kinase
pathways, such as mitogen-activated protein kinases/ extracellular-signal-regulated kinase (MAPK/ERK), p38
mitogen-activated protein kinases (p38) MAPK, c-Jun N-terminal kinases (JNK), glycogen synthase kinase
(GSK)-3B, Protein kinase A (PKA), PKB/AKT, and PKC.?72% In particular, the export of TTP from the
nucleus to the cytoplasm depends on its phosphorylation of TTP at conserved serine residues by MAPK-
activated protein kinase 2 (MK2), downstream to p38 MAPK.?®® In the unphosphorylated state, TTP binds
ARE-containing mRNAs targeting them for decay. The limitation of its activity is provided by the proteasomal
degradation that occurs in these conditions. Upon activation by p38 MAPK/MK?2, protein phosphorylation of
nuclear TTP at Ser-52 and Ser-178 increases the association with 14-3-3 protein.?®! This interaction protects

TTP from proteosomal degradation and promotes enhanced cytoplasmic localization, but the complex remains
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functionally inactive.?9>2¢* The restoration of TTP activity occurs through its dephosphorylation by
phosphatase PP2A following the cessation of the p38-mediated stabilization signal.!*® A similar mechanism
was proposed to mediate the stabilization of TNF-o in response to LPS treatment.??® Also the interaction
between nuclear pore protein Nup214 and TTP may regulate intracellular trafficking of TTP.2%

Another member of the TIS-11 family, BRF-1 was shown to be phosphorylated by Akt at Ser-92 and Ser-203.
Phosphorylated BRF-1 was still capable of binding to target mRNAs, but formed a complexes with 14-3-3
that could not be recruited to the exosome. Consequently, labile target mRNAs were stabilized following BRF-
1 phosphorylation. Further studies showed that BRF-1 phosphorylation by Akt rendered BRF-1 more stable

and increased its association with the cytoskeleton.?2%-262

AUF-1. Modulation of subcellular translocation of AUF-1 isoforms is regulated by MAP kinase phosphatase
1 (MKP-1), a negative regulator of the host inflammatory response to infection. This phosphatase promotes
AUF-1 redistribution to the cytoplasm.?®® AUF-1 was shown to be phosphorylated in vitro by the anaplastic
lymphoma kinase (ALK) and was found hyperphosphorylated in cells expressing a chimeric protein
(nucleophosmin-ALK or NPM-ALK) whose presence is linked to anaplastic large cell lymphoma. AUF-1
phosphorylation was further correlated with an increase in the stability of several AUF-1 target mRNAs
encoding proteins with roles in cell proliferation and survival.2é” In vitro kinase assays indicated that Ser-87
was phosphorylated by PKA and Ser-83 by GSK-3B.2%® The sequential binding of the p40AYF-!dimers to the
TNF-a transcript can also be modulated by phosphorylation in Ser-83 and Ser-87. In particular, the
phosphorylation of Ser-83 alone is able to inhibit the binding of the dimer by 40%, while the phosphorylation
of Ser-87 determines a 2-fold increase in the affinity of the second binding event. In combination of the two
events, the negative effect of Ser-83 phosphorylation has a greater impact than the positive effect of Ser-87
phosphorylation.?¢

KSRP. This RBP has numerous phosphorylation sites in its structure, of which Thr-692 and Ser-193 have been
shown to be especially relevant.?’® Phosphorylation of KSRP has been linked to an inhibition of its mRNA
decay-promoting function by two different mechanisms. In the first mechanism, PI3K-Akt signaling
phosphorylates KSRP at Ser-193. This modification promoted the assembly of KSRP with 14-3-3. The
resulting complex could not be recruited to the exosome, resulting in the stabilization of a subset of KSRP
target transcripts including the B-catenin mRNA.?"! KSRP was also shown to be a substrate of phosphorylation
by p38, a modification that did not affect KSRP’s ability to interact with the degradation machinery, but did
abrogate the binding of KSRP to target mRNAs, rendering them stable.?’?
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4. PGTR in inflammation: role of RBPs
a. PTGR in inflammation: a crucial rheostatic mechanism

Various endogenous and exogenous stimuli, such as damaged cells and pathogens, can cause tissue damage
and trigger an inflammatory response that removes damaging causes and restore tissue integrity; importantly,
inflammation ‘begins with the end in mind’ and damage-limiting cellular programs start as soon as
inflammation begins, to avoid uncontrolled and prolonged inflammatory response that can worsen tissue
damage. Mechanisms of resolution of inflammation modify cell survival and differentiation programs, regulate
gene expression of pro-/anti-inflammatory cytokines, chemokines, enzymes acting both on transcriptional and
post-transcriptional level.?’ While epigenetic and transcriptional events shape cell response qualitatively,
deciding the pattern of gene expression to ‘switch on or off” in response to endogenous or environmental
triggers, PTGR rather acts a ‘rheostat’ and rapidly adapt the cell response by controlling the appropriate
amplitude and timing of protein expression patterns. The rate-limiting control provided by PTGR is
particularly critical in inflammatory and immune responses, where changes in amplitude and duration of
expression for dangerous and protective genes are in dynamic balance and become critical in determining
either successful resolution of acute inflammation or chronic overexpression of the adaptive immune

response.?’+273

Many inflammatory cytokine mRNAs are enriched in USER and targeted by post-transcriptional regulatory
factors.® As described in the previous paragraphs, also in regulating inflammatory responses the specificity of
PTGR is provided by the combination of multiple elements — structural features of RBPs and related binding
sequences, coexpression of regulatory molecules, signalling-induced PTM changes in RNP composition and
binding affinity, and so on - that ultimately regulate protein expression by stabilizing or degrading target
mRNAs, and modulating translation rates.’*27® This complex regulatory web is yet to be fully characterized
in inflammatory responses in human diseases. Table 7 summarizes some of the experimental evidence for
RBPs-dependent regulation of mRNA stability and translation of proteins involved in immune and

inflammatory responses. (for full review and more detailed lists, see*’’).
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Table 7. Short list of AU-rich elements (ARE)-RBP and their functional effect on mRNA target stability and

277 ).277

translational efficiency of genes relevant in inflammatory responses (see

also for full list of acronyms

Increase Decrease Translational efficiency Abundance
Increase Decrease Up regulated Down regulated
AUF-1 c-myc c-myc GM-CSF
c-fos c-fos IL-3
PTH p21
GM-CSF Cyclin D1
TNF-a GM-CSF
IL-3
HuR c-fos p53 p21 TNF-a
MyoD COX-2 Cyclin A
p21 Cyclin B1
Cyclin A NOS I11/iNOS
Cyclin B1 GM-CSF
Cyclin D1 COX-2
NOS II/iNOS IL-3
GM-CSF VEGF
TNF-a p53
COX-2
IL-3
VEGF
Myogenin
Hel-N1 TNF-a NF-M NF-M
GLUT1 GLUT1 GLUT1
HuD GAP-43 GAP-43
TTP c-fos GM-CSF
GM-CSF TNF-a
TNF-a IL-2
COX-2 IL-3
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IL-2

IL-3
BRF1 TNF-a GM-CSF
IL-3 IL-3
TIA-1 TNF-a TNF-a
COX-2 COX-2
KSRP c-fos NOS I1/iNOS
NOS I11/iNOS
TNF-a
IL-2
c-jun
CUG-BP2 COX-2 COX-2 COX-2
Nucleolin BCL-2
TINO BCL-2
PAIP2 VEGF VEGF

b. Main RBPs involved in inflammatory responses: main targets and experimental in

vitro/animal models

Within the last decade, whole genome studies of RBP-bound transcriptome, obtained through protocols of
immunoprecipitation of increasing complexity, have characterized on a global scale the mRNA targets of each
RBP in several cell types: these studies have revealed both overlapping and discrete targets for each RBP,
along with definition of an array of binding sites.!3”-*”® Various in vitro and animal models have been

developed to study RBP-mediated mechanisms of gene regulation in inflammatory responses.

i. HuR

Several studies, performed in different cell types upon various inflammatory models, have indicated that a
main function of HuR consists in the stabilization of inflammatory transcripts, such as TNFa, IL-3, IL-6, IL-
8, GM-CSF, COX-2, VEGF, TGF-B, iNOS, CD154 (the CD40 ligand), the B-adrenergic receptor.?’” TNF-a
and COX-2 mRNAs contain an HuR binding motif (HBM) and a type Il ARE at the 3'-UTR; in a mouse
model of HuR transgenics crossed with mice lacking the ARE region in TNF-a transcript, the TNF-a mRNA
was no longer stabilized by HuR, confirming the importance of ARE in mediating HuR regulation of TNF-a
expression. Similarly, TNF-o mRNA translation is reduced in crossbreeding between overexpressing HUR and
TIA-17- mice suggesting an important co-operation of HuR and TIA-1 in translational regulation.?®° Through

stabilization of pro-inflammatory transcripts, HuR has been postulated to play a pathogenic role in various
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inflammatory disorders, such as rheumatoid arthritis, particularly by increasing the expression of TNF-a and
COX-2, both involved in osteocartilage destruction,?®!?83 or in inflammatory bowel disease by COX-2
upregulation in the colonic epithelium.?®* In patients infected by human immunodeficiency virus (HIV), the
occurrence of atherosclerosis has been linked to HuR-mediated upregulation of TNF-a and IL-6 after protease
inhibitor (PI) therapy.?® HuR upregulates the expression of several pro-inflammatory cytokines and growth
factors, such as TNF-a and GM-CSF, that have a role also in bronchial asthma:?% increased stabilization of
toll-like receptor 4 (TLR4) mRNA has been found in vascular smooth muscle hyperplasia during vascular
inflammation.?®” Moreover, HuR plays an important role also in T cell biology: HUR ablation by lox-cre
recombinase system causes various T cell abnormalities while the mouse model of tamoxifen-inducible HUR
conditional KO displays atrophy of multiple organs due to increased apoptosis of progenitor thymic, bone
marrow, and intestinal cells.?8%2%° However, HuR might also indirectly exert anti-inflammatory functions:
HuR transgenic mouse models show translational silencing of ARE-containing transcripts - including TNF-a
- resulting in attenuation of acute inflammatory reaction.!?*2°%2°!1 HuR can also stabilize viral mRNAs, such

292 or HIV reverse transcriptase.?’*2%3 Mice lacking HuR display

as Sindbis virus by binding U-rich regions,
increased susceptibility to endotoxemia, rapid progression of chemical-induced colitis and colitis-associated

cancer.?’!

ii. TTP & TIS11 family

Genome-wide analysis of TTP-associated transcripts indicate that this RBP is a crucial regulator of ARE-

bearing immune transcriptome.!4%:163

controlling the mRNA decay of major cytokines, chemokines, enzymes
and other determinants of inflammation (Table 8). Mouse models of TTP ablation clearly indicate its crucial
role as an endogenous downregulator of acute inflammatory responses. TTP-deficient mice develop a systemic
autoimmune inflammatory syndrome characterized by cachexia, conjunctivitis, dermatitis, erosive
polyarticular arthritis, and patchy alopecia after 1-8 weeks from birth.2** This strong inflammatory phenotype
is mainly caused by overexpression of TNF-o due to aberrant mRNA stabilization, as demonstrated in this
model by the effect of treatment with anti-TNF-a, which almost fully prevented this phenotype. Other
experiments in gene ablation models reinforced the key role of TTP in regulation of TNF-a production: in
TTP™~ bone marrow-derived mouse macrophages, LPS stimulation increases TNF-a. mRNA half-life and
TNF-a secretion, and anti-TNF-o antibody treatment ameliorates experimental arthritis.?*>>*® Moreover,
TTP7~ mice show several abnormalities in various organs: i) hematopoietic abnormalities, such as
extramedullary hematopoiesis, hypoplastic thymus with disorganization in cortical and medullary areas, and
enlarged hyperplastic spleen; ii) presence of liver and heart inflammatory abscesses;*** iii) severe left-side
cardiac valvulitis with mitral and aortic valve stenosis.?’” Extramedullary hemopoiesis is caused by GM-CSF
overproduction by bone marrow stromal cells leading to accumulation of mature neutrophils in the bone

marrow, lymph nodes, spleen, and peripheral blood.?*® However, TTP”- myeloid progenitor cells isolated from
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spleen and bone marrow do not exhibit increased in vitro proliferation or different cellular responses to growth
factors, suggesting that TPP is required but not essential for myeloid cells development and that it needs to

co-operate in vivo with other regulatory factors.

Table 8. Short list of main TTP mRNA targets according to biological process. For full references and acronyms

description see %,

Biological Function TTP - mRNA targets

Immune response and inflammation CCL2
CCL3
CD86
COX-2
DUSP1
E47
GM-CSF2
IDO
Interleukins (IL-2, IL-32, IL-6, IL-8, IL-10, IL-12)
IFN-y
MHC (Class 1B and F)
PAI-2
SOD2
TNF-a2
TIS11 (TTP)

Cell cycle Cyclin D1
MIP-2
p21
P1k3
Carcinogenesis c-myc
c-fos
E6-AP
Angiogenesis VEGF1
Development PITX2
Protein glycosylation 1,4-galactosyltransferase
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Another TIS11 family member, BRF-1, plays an important role in embryogenesis: BRF-1 KO embryos die at
day 11%*° showing intraembryonic and extraembryonic vascular abnormalities and heart malformations, failure
in chorioallantoic fusion, and placental dysfunctions.’®® BRF-1 KO embryos, in particular embryonic
fibroblasts display increased VEGF-A levels; however, VEGF-A mRNA stability is not changed, suggesting
a BRF-1-dependent translational regulation.?®” BRF-2 is similarly important in organogenesis, as mice lacking
the BRF-2 N-terminal are infertile due to loss in luteinizing hormone receptor (LHR) expression.301302

Moreover, BRF-2 also influence the expression of histone demethylases H3K4 and H3K9 and induces global

transcriptional silencing in oocytes, hindering the oocyte-to-embryo transition.*
iii. AUF-1

AUF-1 is involved in multiple cellular processes by regulating, sometimes in opposite direction, the stability
of hundreds of mRNAs containing AU- and GU-rich elements according to the isoforms involved, as described
by recent PAR-CLIP studies (Table 9) and discussed previously herein.!8’

As also described for TTP, AUF-17- mouse model display a strong inflammatory phenotype. In particular,
deregulation of IL-10 has an important role in this phenotype. IL-10 is an important target of AUF-1: LPS (or
endotoxin)-induced IL-10 mRNA is stabilized by the p40AYF-! isoform and by knocking-down AUF-1, IL-10
levels decrease after LPS stimulation.?** Moreover, AUF-1"- mice are highly susceptible to endotoxin-induced
septic shock with increased mortality due to an extensive inflammatory response, mediated by an inadequate
TNF-o and IL-1p mRNA degradation, chiefly mediated by AUF-1.3% Mice lacking AUF-1 develop a
spontaneous chronic, pruritic inflammatory skin dermatitis highly resembling atopic dermatitis, characterized
by enhanced dermal infiltration of inflammatory cells, reduced wound healing, and elevated serum IgE levels.
In addition, AUF-1"- T cells and macrophages have increased expression of inflammatory mediators, such as
IL-2, TNF-a, and IL-1PB.3% Mice lacking AUF-1 have also increased telomere erosion, enhanced cellular
senescence, and early-onset aging, as p422YF-! and p454UF! induce transcriptionally the expression of TERT
mRNA.'* Overall, the heterogeneous phenotype of AUF-1 deficient mice is linked to the wide range of AUF-
1-target mRNAs and to the type of isoform involved having different functions and localization (Figure 17).
Critical for immune responses, AUF-1 is also involved in germinal center B cell development through
regulation of BCL2, A1l and B-cell lymphoma-extra large (BCL-XL) genes, ultimately influencing follicular
and plasma cell maturation and IgG secretion.’” AUF-1 can also interact with viral proteins, such as the
internal ribosomal entry site at the 5'-UTR of the hepatitis C virus (HCV) mRNA 3% or Epstein—Barr virus-
encoded small RNAs (EBER)-1 RNA, a non-coding RNA expressed by Epstein—Barr virus. In particular,
EBERI can compete with p40AUF-! for binding to ARE-containing mRNA targets, such as type 1 IFN (IFN1)

cytokines, and interfere with AUF-1 in regulation of those specific targets.>"
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Table 9. Partial list of transcripts relevant to inflammatory process regulated by AUF-1. N.D.: Not Determined. (for full

reference list and acronym description see ''").

Gene Mechanism of mRNA Specific Isoform(s) Implicated
Regulation

GROa
GM-CSF
IL-1B
IL-10
IL-6
MCL1
TNF-a
VEGF
IL-2
iNOS
COX-2
CDKN2A
c-myc
Cyclin D1
Dicerl
E2F1
B-AR
B56a
Kv4.3
SERCA2A
ENK
HCV
BCL2

Al

BCL
p16Ink4
p2lcip
p19ARF
TERT

Decay

Decay

Decay
Decay
Decay

Decay

Decay

Decay

Decay
Decay
Stability
Promotion of translation
Decay

Decay

Decay
Decay
Decay

Decay

Decay

Decay
Transcription
Translation
Decay e stability
Stability
Stability
Decay

Decay
Decay

Transcription

N.D.
p40AUF-1
p40AUF-1

p 40AUF-1

p37AUF-1 p42AUF-l

p40AUF—l’ p42AUF—l , p45AUF—l
p40AUF—1

N.D.

N.D.

7AUF- 1 OAUF-I 2AUF-1 OAUF- 1

p37°7, p40™, p42™, pd
p42AUF-1

N.D.

N.D.

p45AUF-1

N.D.

N.D.

p37AUF-1

p37AUF-l

N.D.

N.D.

p37AUF-1’ p40AUF-1’ p42AUF-1
N.D.

p40AUF'1’ p42AUF-l’ I:)4_5AUF-1
N.D.

N.D.

p37AUF—l p40AUF—l

7AUF-1 OAUF-I

p3 , p4
I:)37AUF-1 I:)4_0AUF-1

p42AUF'1’ p45AUF-l
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Diseases of the AUF1 knockout mouse Figure 17. AUF-1
Exon 3

KO mouse model

displays multiple

/
i
F;

Targeting vector &

abnormalities. The

20 TK
AUF-1 KO mouse
¢ ) b
Y= was generated by
AUF1 knockout mouse homologous

recombination in

mouse embryonic

stem cells by

m7G AAA,  m7Ge—] Bcl-2 AAA,  m7G AAA,  m7G AAA,
targeting the RNA-

m7G IL-18 AAA m7G A AAA, m7G: IL-15 AAA, m7G AAAH & £
m7G AAA,  m7G AAA,

binding motif
m7G=—{ Bel-X_ AAA,

containing the third

exon of AUF-1,

i
i

m .

allowing for

Control of systemic Splenic follicular Pruitic skin Multifaceted control disruption of the
inflammatory B-cell maintenance inflammation and of aging and cellular

response atopic dermatitis Sphsacencs remainder of the

reading frame. Neo, neomycin-resistant cassette; TK, thymidine kinase cassette; filled box, coding region; open box,
noncoding region. Loss of AUF-1 results in dysregulation of multiple mRNA targets and transcription of select genes

leading to specific phenotypes observed in the AUF-1 KO mouse.'"

iv. TIA-1/TIAR

TIA-1 and TIAR participate to TNF-a regulation together with HuR and AUF-1: mice KO for TIA-1 display
a normal basal phenotype, but after LPS challenge TIA-17~ macrophages produced larger amounts of TNF-a.
compared to wild type controls and mice developed mild arthritis.?®%3! Mice lacking both TIA-1 and TTP
have a more severe arthritis compared to mice lacking either TIA-1 or TTP, suggesting a coordination between
mechanisms of mRNA turnover and translation in the control of pro-inflammatory gene expression.'48:276:311

TIAR can also bind to TNF-o mRNA in macrophages and inhibit TNF-a translation after LPS
stimulation.3'?3!3 Finally, TIAR can target COX-2 and HMMP-13 mRNAs in primary murine fibroblasts and

human mesangial cells.'3-313
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c¢. RBPs in human disease

Alterations in target mRNAs due to loss of function and/or reduced expression of RBPs can result in cell
dysfunctions or death, with pathogenic alterations in cell cycle, apoptosis, inflammation and other biological
functions. Diseases related to alterations in target mRNAs, such as mutations in splicing sites, regulatory
sequences in mRNA processing or polyadenylation signals, are frequent ( > 10% of all genetic diseases) but
typically affect a small number of mRNAs. This is the case of B-thalassemia, where mutations in the splicing
sites or polyadenylation signal of the B-globin mRNA result in reduced synthesis of the hemoglobin -

Chain.3l6’3l7

Diseases related instead to modifications in trans-acting factors are usually more complex and
heterogeneous - and are critically understudied, especially among chronic inflammatory diseases. Several
RBPs can be involved in disease pathogenesis: the fragile X syndrome is an example in which a CGG
expansion at the 5'-UTR of the fragile X mental retardation (FMR)-1 gene causes loss-of-function of the RBP
FMRP.3!8 In neurons, FMRP binds and represses neuro-specific target mRNAs by binding with high affinity
via two KH and one RGG-binding domains.'%*1%32% This condition is associated with impaired cognitive and
neurological and neuromuscular disorders. This condition is associated with intellectual disability, seizures,
characteristic facial features and behavioral problems.3?!

HuR has been indicated to play a role in neurological disorder development, such as neurofibromatosis, by
modulating Neurofibromatosis type 1 (NF1) mRNA expression.>?> An important role for AUF-1 has been
discovered in models of human heart disease: cardiac myocytes treated with angiotensin Il show increased
levels of AUF-1 that accelerates mRNA decay of Potassium voltage-gated channel subfamily D member 3
(Kv4.3), a potassium channel protein, contributing to cardiac hypertrophy.3?*32* In addition, AUF-1 can bind
the mRNA of Sarco-Endoplasmic Reticulum Calcium ATPase (SERCA2A), a calcium-regulated ATPase, in
the sarcoplasmic reticulum of cardiomyocytes and increase its degradation during cardiac hypertrophy and
heart failure.!!!-323

TIA-1 and TIAR proteins are associated to abnormal phase separation by mutated Prion-Related Domain

(PRD)-containing protein in neurodegenerative and aging-associated diseases.6-223-326
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i. Cancer

In the last decade, alterations of RBP expression and intracellular localization have been increasingly identified
as pathogenic in human neoplastic diseases, to the point that some RBPs are currently evaluated for therapeutic
targeting in several cancers. For example, AUF-1 nucleocytoplasmic shuttling is augmented in human

208327 Tn sarcoma mouse models,

melanoma cells and linked to increased IL-10 levels and tumor escape.
overexpressed p37AYF! is deemed responsible for overexpression of several cell cycle regulators, such as
cyclin D1, c-myc and c-fos oncogenes leading to increased vascularization.’'32® AUF-1 is also implicated in
proliferation and invasiveness of breast cancer cells through aberrant regulation of several targets: suppression
of the cell cycle inhibitor cyclin-dependent kinase Inhibitor 2A (CDKN2A), increased secretion of stromal
cell-derived factor 1 (SDF1) and matrix metalloproteinase-2 (MMP-2), and facilitation of the endothelial—
mesenchymal transition (EMT).>! In addition, AUF-1 can bind and stabilize BCL-2 leading to cell survival
and resistance to radio- and chemotherapy.*?’

Along the same lines, altered biology of HuR have been documented in the pathogenesis of several solid
tumors such as breast, lung, ovarian and prostate cancers, where increased levels and abnormal intracellular
localization of HuR are related to poor prognosis. In human hepatocarcinoma, HuR migrates in the cytoplasm
under stress conditions, where binds to and stabilizes the cationic amino acid transporter 1 (CAT1) mRNA
inducing miR-122 functional repression and increasing its mRNA translation.® In colorectal cancer cells, HuR
localization is massively predominant in the cytoplasm leading to increased stabilization of COX-2 mRNA, a
key player in this cancer type, through impedance of miR-16 binding.”'%3 In anaplastic large cell lymphoma
(ALCL), NMP-ALK phosphorylates HuR that moves to polysomes, where binds to and stabilizes CCAAT-
enhancer-binding protein (c-EBP)-B mRNA, leading to increased resistance to apoptosis.33%-33!

In the last decade, loss of TTP in several cancers has been described and correlated to aggressive phenotype
and poor prognosis.**? In particular, altered balance between TTP/HuR expression is deemed pathogenic. TTP
regulates mitotic signalling pathways through decreased expression of serine/threonine kinase Pim-1, a proto-
oncogene, in pancreatic carcinoma, colorectal cancer, melanoma and malignant gliomas,*3* while promoting
cyclin Bl mRNA degradation in lung carcinoma.’** In breast and cervical cancers, suppression of TTP
expression is related to poor clinical outcome and high tumor grade.***37 In hepatocellular carcinoma (HCC)
cell lines, hypermethylation of a CpG site located in ZFP36 promoter causes loss of TTP expression.’®
Regulation of mRNA stability of adhesion proteins and extracellular matrix components might play an
important role in metastasis formation, as TTP and HuR might co-operate in varius ways in regulating the
expression of metalloproteinase mRNAs.333:339:340 These two RBPs can compete for binding sites on the same
mRNA target in an agonistic or antagonistic manner: HuR and TTP show different expression levels in tumors

as increased HuR levels usually occur in tandem with reduced TTP expression.6®148:341.342 Thyg upregulation

of TTP expression may be therapeutically advantageous (Figure 18).
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Figure 18. Graphical representation of potential modulation of the antagonistic effect between TTP and HuR in

Actin

breast cancer. Through the use of a TTP activator, such as cell-permeable peptide-nucleic acid against miR-29a, TTP
can act on HUR mRNA and induce a reduction in its expression while exerting mRNA-decaying effects on common
targets. This combined effect determines a cascade of downstream events that leads to the modulation of several targets,
previously stabilized by HuR, that promoted tumor progression and its metastasis. Right panel: changes in TTP and HuR
expression levels are shown in both normal and tumor conditions through confocal microscopy. In blue the cytoskeletal

polymerization of actin is shown.**

In malignant gliomas, HuR stabilizes and overexpresses VEGF and IL-8 promoting angiogenesis and cell
proliferation;3** on the contrary, in vitro ectopic TTP expression in human glioma cell lines destabilizes VEGF
and IL-8 mRNA leading to growth inhibition.** In colorectal cancers, loss of TTP with high HuR expression
impairs COX-2 mRNA expression in early stage diseases**® while, loss of TIA-1 binding promotes COX-2

expression.3!3

ii. Chronic inflammatory diseases

Chronic lung diseases, diabetes, cardiovascular diseases are among the non-neoplastic, non-communicable
diseases (NCD) underlying mortality and morbidity worldwide, along with neoplastic diseases. NCD appear
to be associated with conditions that were not present during the vast majority of human history and are instead
characteristic of post-industrial, western-world social structure: these include the continuous availability of
high-calorie nutrients, a low level of physical activity, increased chronic exposure to pollutants and toxic
compounds, changes in commensal microbiota. These conditions associate with a mal-adaptive inflammatory
response expressing as a chronic low-grade inflammation that characterize all NCDs — including respiratory

diseases such as chronic obstructive pulmonary disease (COPD) and asthma. This ‘para-inflammation’,
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differently from the inflammation ensuing from tissue injury or infection, might not have any physiological
counterpart and can, in turn, contribute to further disease progression.>*’-34° Moreover, chronic inflammatory
processes represent a major risk factor for development of many cancer types, by determining a
microenvironment through which neoplastic transformation can develop. The complex combination of
epigenetic, genetic and environmental factors ultimately determines whether chronic inflammation or cancer
will ensue. Many signalling pathways, growth factors, citokines, chemokines, enzymes are involved in both
inflammatory responses and neoplastic transformation and determine alterations along common biological
responses, such proliferation/cell death, oxidative stress responses, inflammatory cell recruitment,
angiogenesis. Importantly, the majority of these processes are mediated by proteins coded by ARE-bearing
mRNAs, indicating the relevance of PTGR and its determinants also in inflammatory responses (Table 10).
Despite numerous in-depth basic and preclinical studies - including several animal models with strong
inflammatory phenotypes, as we briefly described - have clearly identified the mechanisms and unveiled a role
for several mRBPs in inflammatory and immune responses,® translational studies in non-neoplastic NCDs are
largely lagging behind those conducted in cancer, where studies on the pathogenic role of RBPs and potential
therapeutic targetability are rapidly accumulating.’*%332 For example, expression level of AUF1 and HuR
proteins in human peripheral blood T lymphocytes were found to be decresed in sarcoidosis patients compared

to healthy individuals.?>3
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Table 10. Representative ARE-rich genes involved in inflammation and in cancer*

BCL2
CFOS
CCND1
CXCL-1
ET2

EGF

EREG
EGFR
FGF2

CCL2
CCL3
CSF2
CXCL-1

ELAVL1

F3
SLC2A1
HIFA

IL-1p
IL-6
IL8
LTA
MMP13

NOS
PDGFB
PFKB3

B-cell CLL/lymphoma 2
c-fos

Cyclin D1

GRO-a

Endothelin-2

Epidermal growth factor

Epiregulin
EGF receptor

Fibroblastic growth factor 2

MCP-1
MIP-1a
GM-CSF

(Melanoma growth stimulating
activity, alpha), GRO-a

HuR

Tissue factor
Glucose transporter 1 (Glutl)

Hypoxia induced factor-a

Interleukin-1
Interleukin-6
Interleukin-8
Lymphotoxin

Collagenase 3 (Matrix
metalloproteinase-13)

Inducible nitric oxide synthase
Platelet-derived growth factor B

6-phosphofructo-2-kinase/fructose-
2,6-iphosphatase 3

III
v
I

v

U-rich

U-rich
v

IT

III

v
U-rich
111

II

v
III
III

v
III

Inflammatory response

Inflammatory response

Chemotaxis

Chemotaxis, cell—cell
signaling

Inflammatory response

Cytokine response
Cytokine response

Chemotaxis

Chemotaxis
Chemotaxis
Cytokine response

Inflammatory response,
chemotaxis

Cytokine response

Coagulation
Inflammatory response

Transcription,
inflammatory response

Inflammatory response
Inflammatory response
Chemotaxis

Inflammatory response

Inflammatory response

Inflammatory response

Chemotaxis

Oncogenesis, apoptosis
Oncogenesis
Oncogenesis, maintenance
Oncogenesis, maintenance

Maintenance

Maintenance, angiogenesis,
Invasion

Maintenance, angiogenesis
Cell growth, maintenance

Cell growth, migration
angiogenesis

Migration
Migration
Hematopoiesis, maintenance

Cell growth, maintenance

RNA-binding, cell growth
angiogenesis, metastasis

Invasion, angiogenesis
Maintenance

Hypoxia response,
angiogenesis

Maintenance, metastasis
Cell growth, maintenance
Angiogenesis
Oncogenesis

Invasion, metastasis

DNA damage
Oncogenesis, maintenance

Carbohydrate metabolism,
maintenance
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PLAU

PLAUR
PTGS2

PTHLH
SCL2A1

SERPIN
E

SELE

TNF

VCAM
VEGF

Urokinase plasminogen activator
(uPA)

UPA receptor

Cyclooxygenase (COX-2)
Parathyroid hormone-like hormone
Glutl receptor

Plasminogen inhibitor activator 2

E-selectin

Tumor necrosis factor o

Vascular cell adhesion molecule-1

Vascular endothelial growth factor

*ARE clusters are based on>**

v

I

I

1T

III

v

Inflammatory response,
chemotaxis

Chemotaxis
Inflammation, motility
Inflammation
Inflammatory response

Adhesion, coagulation

Leukocyte adhesion,
migration

Inflammation, cell—cell
communication

Leukocyte rolling

Chemotaxis

Invasion, metastasis,
angiogenesis

Invasion, metastasis
Angiogenesis
Maintenance
Glycolysis, maintenance

Invasion, metastasis

Migration, metastasis

Cell growth, maintenance

Metastasis

Hypoxia response,
angiogenesis
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1. General aim and specific studies of the PhD project

The general aim of this thesis is to study the RBPs that regulate the fate and translation of protein-coding genes

involved in two major human chronic lung inflammatory diseases: COPD and asthma.

In the initial study we selected three major inflammation-related RBPs — AUF-1, TTP and HuR - to evaluate
their expression profile in well-characterized COPD patients and appropriate controls, and identified for the
first time a specific loss of AUF-1 in small airway epithelium of COPD patients. Based on the results of this
first work, we bifurcated our investigation: in one study we focused on the biology of AUF-1 using the airway
epithelial cell line BEAS-2B. Using AUF-1 immunoprecipitation coupled with high-throughput sequencing,
we definined epithelial AUF-1 mRNA targets and identified their binding interface. We are currently
characterizing the functional role of AUF-1 binding to selected targets. In a separate study, we broadened
instead our evaluation using an in silico approach. We conductied airway epithelial expression profiling of a
large curated list of RBPs in transcriptomic databases of COPD patients and controls. Moreover, we extended

this search for the first time to transcriptomic databases of severe asthma patients and relevant controls.
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Abstract

Purpose: Inflammatory gene expression is modulated by posttranscriptional regulation via RNA-binding
proteins (RBPs), which regulate mRNA turnover and translation by binding to conserved mRNA sequences.
Their role in COPD is only partially defined. This study evaluated RBPs tristetraprolin (TTP), human
antigen R (HuR), and AU-rich element-binding factor 1 (AUF-1) expression using lung tissue from COPD

patients and control subjects and probed their function in epithelial responses in vitro.

Patients and methods: RBPs were detected by immunohistochemistry in bronchial and peripheral lung
samples from mild-to-moderate stable COPD patients and age/smoking history-matched controls; RBPs and
RBP-regulated genes were evaluated by Western blot, ELISA, protein array, and real-time PCR in human
airway epithelial BEAS-2B cell line stimulated with hydrogen peroxide, cytokine combination (cytomix),
cigarette smoke extract (CSE), and following siRNA-mediated silencing. Results were verified in a
microarray database from bronchial brushings of COPD patients and controls. RBP transcripts were

measured in peripheral blood mononuclear cell samples from additional stable COPD patients and controls.

Results: Specific, primarily nuclear immunostaining for the RBPs was detected in structural and
inflammatory cells in bronchial and lung tissues. Immunostaining for AUF-1, but not TTP or HuR, was
significantly decreased in bronchial epithelium of COPD samples vs controls. In BEAS-2B cells, cytomix
and CSE stimulation reproduced the RBP pattern while increasing expression of AUF-1-regulated genes,
interleukin-6, CCL2, CXCL1, and CXCLS. Silencing expression of AUF-1 reproduced, but not enhanced,
target upregulation induced by cytomix compared to controls. Analysis of bronchial brushing-derived
transcriptomic confirmed the selective decrease of AUF-1 in COPD vs controls and revealed significant

changes in AUF-1-regulated genes by genome ontology.

Conclusion: Downregulated AUF-1 may be pathogenic in stable COPD by altering posttranscriptional

control of epithelial gene expression.

Keywords: AUF-1; COPD; airway epithelium; inflammation; posttranscriptional gene regulation
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Introduction

Posttranscriptional gene regulation (PTR) critically controls immune and inflammatory responses through
coordinated changes in mRNA turnover and translation rates, adapting the amplitude and timing of protein
expression to cell environment changes.] Regulated mRNA degradation of effector genes — cytokines,
chemokines, and enzymes — as well as transcription and signaling factors contributes to the physiological
cessation of acute inflammatory reactions; conversely, aberrant mRNA stabilization and sustained translation
can support inflammatory gene overexpression and failed resolution of inflammatory responses, leading to
chronic disease.!2.

During inflammatory responses, triggered signaling pathways coordinate transcriptional regulation with
posttranscriptional events by targeting downstream factors — RNA-binding proteins (RBPs), microRNA
(miRNA), and other small noncoding RNAs (sncRNA) — that associate with mRNA through conserved
sequences mainly present in their untranslated regions to form dynamic ribonucleoprotein (RNP) complexes.?
Competitive or cooperative transcript binding of the different factors, as well as stimulus-driven remodeling
of RBP composition, regulates mRNA stability and translation and ultimately conveys stimulus-specific
PTR.*4,

Regulated responses to oxidative stress and aging are fundamental biological processes that are critically
influenced by PTR regulation;’ importantly, alterations of these processes are also key pathogenic
determinants of COPD.% This disease affects over 350 million individuals globally (www.goldcopd.org), with
44 million cases in Europe (http://www.europeanlung.org/en/). It is the only chronic noncommunicable
disease showing increasing morbidity and mortality, projected to become the third cause of death worldwide
by 2020, and it is one of the strongest independent risk factors for the development of lung cancer among long-
term smokers.” However, while investigation of RBP-driven regulation and even its therapeutic targeting is
well under way in human lung cancer,®'° the role of RBPs in COPD pathogenesis is, by comparison, less
explored.'12

The etiology of COPD features a complex interplay of genetic and environmental factors, such as atmospheric
pollution and cigarette smoking: the latter is involved in >90% of COPD cases in Westernized countries.'?
The progressive chronic airflow limitation in COPD is due to two major pathological processes: remodeling
and narrowing of small airways and destruction of the lung parenchyma with consequent loss of the airways’
alveolar attachments as a result of pulmonary emphysema. These changes determine diminished lung recoil,
higher resistance to flow, and closure of small airways at higher lung volumes during expiration, with
consequent air trapping in the lung. Hyperinflation of the lungs develops subsequently, which gives rise to the
sensation of dyspnea and decrease exercise tolerance.'*

Both the small-airway remodeling and the pulmonary emphysema are likely the results of chronic
inflammation. Chronic lung inflammation in stable COPD is characterized by infiltration of neutrophils,

monocytes, CD8+ cytotoxic, and CD4+ Thl and Th17 T lymphocytes. Cell recruitment is initially triggered
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by chemotactic signals elicited in macrophages and epithelial cells by smoke and air pollutants, through
oxidative stress- and toll-like receptor-mediated signaling.'> Driven by a globally defective response to the
increased oxidative burden upon the respiratory system,'¢ epigenetic changes in immune and epithelial cells
maintain overexpression of cytokines, chemokines, and enzymes leading to tissue destruction and accelerated
lung aging process, defined as inflammaging.'>!7-18,

Many of the key genes orchestrating this process, deregulated in COPD and in large part expressed in the
epithelium — such as tumor necrosis factor-a (TNF-a), interleukin-18 (IL-1pB), IL-6, interferon-y (IFN-y),
granulocyte-monocyte colony stimulating factor, TGF-p, and VEGF, and chemokines such as CXCLI,
CXCL5, CXCL8, CCL2, CCL11'2%— are subjected to PTR in which the RBPs human antigen R (HuR),
tristetraprolin (TTP), and AU-rich element binding factor 1 (AUF-1, also denominated heteronuclear
ribonucleoprotein D [HRNPD]) take part;>'=>* yet, the involvement of these factors has not been evaluated to
date in COPD pathophysiology.

Genome-wide profiling of RBP-associated mRNAs indicated that functionally related mRNAs bearing shared
conserved sequences (such as adenylate/uridylate-rich elements [ARE]) can be coordinately regulated by one
or more RBPs.? In particular, studies consistently identified HuR, TTP, and AUF-1 as the three ARE-binding
proteins mainly regulating genes involved in proliferation/apoptosis, oxidative stress responsiveness,
angiogenesis, immune response skewing in immune cells, and their targets.?®~2® This points at the relevance
of these RBPs as master regulators of homeostatic and pathologic immune responses and lends a strong
rationale for investigating their expression and role in COPD pathogenesis.

HuR is the ubiquitous member of the Hu RBP family and acts mainly as a positive regulator of mRNA stability,
partially by competing with ARE-binding RBPs, such as TTP and AUF-1, that limit gene expression by
increasing the rate of mMRNA decay of their targets.?® TTP, encoded by the ZFP-36 gene, is an immediate/early
response gene inducible by inflammatory signaling that promotes rapid decay of TNF-a and many other
inflammatory and immune genes.? Function of AUF-1 is carried out by four isoforms — p37, p40, p42, p45 —
generated from alternative splicing of the AUF/HRNPD gene, which mediate mRNA stabilization or decay
according to the isoforms involved, their expression levels, and nucleocytoplasmic distribution.’® Animal
models indicate that TTP and AUF-1 are critically involved in the resolution of inflammation by accelerating
the decay of overexpressed inflammatory genes: mouse knockout for TTP show early onset of severe
inflammatory arthritis, myeloid hyperplasia, autoimmune dysfunction, and cachexia through overexpression
of TNF-0 and GM-CSF, due to their aberrant transcript stabilization;*' similarly, aberrantly stable TNFa
mRNA is found in AUF-17" mice in which endotoxin challenge provokes high mortality rates,3? along with
spontaneous onset of chronic pruritic eczema resembling atopic dermatitis, coupled with a Th2-skewed
response with hypereosinophilia and increased immunoglobulin E (IgE) levels.*3

This study investigates the expression of HuR, TTP, and AUF-1 in COPD with ex vivo, in vitro, and in silico
approaches. The RBPs were evaluated by immunohistochemistry (IHC) in the lower airways of stable COPD
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patients and control subjects; regulation of RBPs and RBP-regulated genes by inflammatory stimuli modeling
COPD milieu was evaluated in the human bronchial epithelial cell line BEAS-2B and, based on the results,
further probed with selective silencing of the RBP AUF-1. Transcripts of RBPs were also measured in
peripheral blood mononuclear cell (PBMC) samples from additional stable COPD and control smokers to
probe whether changes in RBPs were specific to lung inflammation or traceable as a potential marker of
systemic inflammation in COPD.34* Lastly, expression profiling of RBPs and RBP-dependent genes in
primary bronchial epithelial cells was investigated using a published microarray database obtained from cells

isolated by bronchial brushings of stable COPD patients and control subjects.?®
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Methods

Study population. Bronchial rings and peripheral lung samples were obtained from subjects recruited from
the Respiratory Unit of the University Hospital of Ferrara, Italy, among patients undergoing lung resection for
peripheral lung carcinoma (Table 1). Smokers with mild-to-moderate stable COPD (n=12) were compared
with age- and smoke history-matched smokers with normal lung function (NLF) (n=12). Diagnosis of COPD
was defined according to international guidelines as the presence of post-bronchodilator FEV1/FVC ratio
<70% or the presence of cough and sputum production for at least 3 months in each of 2 consecutive years.®
All patients were in stable condition at the time of the surgery and had not suffered acute exacerbations or
upper respiratory tract infections in the preceding 2 months. None had received glucocorticoids or antibiotics
within the month preceding surgery, or inhaled bronchodilators within the previous 48 hours. Patients had no
history of asthma or other allergic diseases. All former smokers had stopped smoking for >1 year. Each patient
was subjected to medical history, physical examination, chest radiography, electrocardiogram, routine blood

tests, and pulmonary function tests during the week prior to surgery. Pulmonary function tests (Biomedin

Spirometer, Padova, Italy) were performed as previously described’” according to published guidelines.

Table | Study population providing bronchial and lung samples
for immunohistochemical study

Participants N Age, Sex Smoking Pack- FEV /

years history years FVC%
Smokers 12 68.6 (2.3) IOM/2F 6 ex, 48.2 (9.7) 79.3 (1.3)
6 current
COPD 12 71.9(1.9) 11 M/l F 6 ex, 52.9 (8.7) 65.7 (1.0)*
6 current

Notes: Predicted FEV % and FEV ,/FVC% are post-bronchodilator values. Data are
expressed as mean (SD). *P<<0.0] compared to smokers. M, male; F, female,

PBMC samples were obtained at the pulmonary outpatient clinic of the University Hospital in Salerno, Italy,
from stable COPD and control smokers with NLF (Table S1). The study was approved by the local ethics
committees of the University Hospitals of Ferrara and Salerno, and the participating patients and control

subjects signed the approved informed consent forms.

Lung sample preparation and Immunohistochemistry (IHC). Collection, processing, and
immunohistochemical analysis of bronchial rings and lung tissue samples as well as data analysis were
performed as published.!® The primary Abs (anti-human) used were rabbit polyclonal anti-AUF-1
(HPA004911; Atlas Antibodies, Bromma, Sweden); mouse monoclonal anti-HuR (sc-5261; Santa Cruz
Biotechnology Inc., Dallas, TX, USA); and rabbit polyclonal anti-TTP (LS-B1572; LSBio, Seattle, WA).
Negative Ab controls were carried using nonspecific isotype-matched Ig at their respective primary Ab

concentrations. Image analysis was performed'® using an integrated microscope (Olympus, Albertslund,
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Denmark), video camera (JVC Digital color, Tatstrup, Denmark), automated microscope stage (Olympus),
and PC running Image-Pro Plus software (Media Cybernetics) to quantify the RBP staining areas.
Immunostaining counting and interpretation were done blinded without prior knowledge of clinicopathologic

parameters. The scoring system for [HC is described in the Supplementary materials.

Cell culture and experimental protocols. The SV40-immortalized human tracheal epithelial cell line BEAS-
2B (ATCC) was cultured in F12/DMEM (EuroClone) containing 5% heat-inactivated FBS (EuroClone), 2
mM L-glutamine (Lonza), penicillin (100 U/mL)-streptomycin (100 mg/mL) (Lonza), and 0.2% fungizone
(EuroClone).*® For cell challenge protocols, cells were kept in medium only or stimulated using 200 uM
hydrogen peroxide (H202) or cytomix (10 nM each rHulL-1B, TNFa, IFN-y, GoldBio) (n=3 each) for
increasing time points (1, 3, 6, 24, and 48 hours). Cigarette smoke extract (CSE) was prepared as described.?’
Briefly, smoke from one full-strength Marlboro cigarette (Phillip Morris, London, UK), with filter removed,
was extracted in 1.5 minutes by controlled vacuum and bubbled into 10 mL of F12/DMEM. The solution was
passed through a 0.2 um filter, and the optical density (OD) was measured at 320 A wavelength; the OD was
then adjusted with culture medium to a reading of 0.85 considered as the 100% stock, which was then diluted
with culture medium to a range of CSE solution percentages (see “Results” section) that were used within 30
minutes from preparation. Cells were serum-starved overnight prior to challenge with CSE, carried out for 24
hours. As a negative control, medium was obtained by the same procedure but with unlit cigarette, in which

OD was unchanged from that of unprocessed medium.

For AUF-1 gene silencing, cells were seeded in six-well plates and transfected at 50%—-60% confluency with
100 nM AUF-1 siRNA (5'-AAGAUC CUAUCACAGGGCGATATAT-3")* or a scrambled control siRNA (5'-
GAGUCAACCUUAUGAUACUATAT-3’) using the nonliposomal cationic vehicle FUGENE HD (Promega).

After 48 hours, cells were exposed to cytomix or medium for additional 48 hours.

All cell monolayers were harvested using trypsin/EDTA (Lonza). The cells were counted, and viability was
assessed by trypan blue exclusion in all conditions and found to be consistently >95% of total cell count.
Supernatants of all experiments were collected, centrifuged, and stored at —80°C for subsequent analysis.

Isolation of PBMC was performed by standard Ficoll gradient separation (Sigma).

RNA extraction, cDNA synthesis and qPCR. Total RNA was extracted using TriFast reagent (EuroClone)
and reverse transcription was prepared using the Moloney murine leukemia virus reverse transcriptase
(Applied Biological Materials) following the manufacturer’s protocol. Template cDNA was subjected to
quantitative real-time PCR (qQRT-PCR) with the FluoCycle II SYBR Master Mix (Euroclone) according to the
manufacturer’s protocol. Primer sequences were: GAPDH forward: 5'-GAAGGTGAAGGTCGGAGTC-3,
reverse: 5S'-GAAGATGGTGATGGGATTTC-3"; AUF-1 5'-GATCCTAAAAGGGCCAAAGC-3', reverse: 5'-
CCACTGTTGCTGTTGCTGAT-3; HuR 5'-CGCAGAGATTCAGGTTCTCC-3', reverse: 5'-
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CCAAACCCTTTGCACTTGTT-3’; TTP  5-CGCTACAAGACTGAGCTATG-3',  reverse:  5'-
CCTGGAGGTAGAACTTGTG-3. Primers were published*®*! or designed with Primer-BLAST software
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Reactions were run in duplicate on a LightCycler 480 II
(Roche), using the following setup: 5 minutes, 95°C; 15 seconds at 95°C, 45 cycles; 15 seconds, 60°C. Target
expression was normalized to GAPDH by the cycle threshold (Ct) method and expressed using the 274ACt

calculation as fold over control and in selected cases, 2724 as fold over housekeeping gene levels.

Protein extraction and Western Blot. Nuclear and cytoplasmic proteins were separated, quantified, and
subjected to Western blot analysis as described#>* Briefly, proteins were fractionated using SDS-PAGE and
transferred onto nitrocellulose membranes. After blocking with 5% milk for 1 hour, membranes were stained
with primary antibodies (anti-RBP Abs as in IHC; mouse monoclonals anti-Lamin A/C [SAB420023; Sigma-
Aldrich Co., St Louis, MO, USA], anti-tubulin [2128; Cell Signaling Technology], anti-PARP-1 [F-2, Sc-
8007; Santa Cruz Biotechnology Inc.], anti-Cleaved Caspase-3 [Asp175, #9661; Cell Signaling Technology])
at 4°C overnight, then labeled with horseradish peroxidase-conjugated secondary antibodies. Immunoblotting
analysis and densitometry were performed via digital image system (ChemiDoc MP; Bio-Rad Laboratories
Inc., Hercules, CA, USA) using the enhanced chemiluminescent substrate ECL (#32106; Thermo Fisher
Scientific, Waltham, MA, USA).

Analysis of secreted proteins. BEAS-2B supernatants were screened for secreted proteins using specific IL-
6 and CCL2 ELISA kits (Elabscience; detection threshold 0.122 pg/mL, and Cloud-Clone Corp., Kathy, TX,
USA; detection threshold 15 pg/mL, respectively) and using the Proteome Profiler Human Cytokine Array Kit
(R&D Systems, Inc., Minneapolis, MN, USA), following the manufacturer’s protocol. Absorbance values

were measured using an Infinite M200 PRO plate reader (Tecan).

Bioinformatics analysis. We interrogated a microarray database originated from epithelial cells obtained by
bronchial brushings of stable COPD patients (n=6), and smokers and nonsmokers (n=12 each) as NLF
controls,*® deposited in the Gene Expression Omnibus (GEO) repository (GEO ID: GSE5058). Fluorescence
intensity data from individual data sets were extracted and normalized on the medians for fold change (FC)
comparison of RBP expression among groups. For RBPs, FCs were set at >2.0 with a false discovery rate
(FDR) <0.05. Data sets were subsequently analyzed for expression of AUF-1-associated transcripts and
annotated according to genome-wide RNP-IP and PAR-CLIP analysis.*>* For this analysis, FC was set at
>2.0 with FDR <0.05. Heatmaps were generated using tMEV tools v4 9 0.4

Genome Ontology Analysis. Characterization of the AUF-1-dependent gene clustering according to the
database comparison was performed using NCBI PANTHER version 11 (www.pantherdb.org) with
Bonferroni correction for multiple testing. The system clusters genes based on functional properties, using

published studies and evolutionary relationships as sources.*
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Statistical analysis. To determine differences for IHC data between groups, analyses of variance were used
for clinical data and unpaired t-test with post hoc Mann—Whitney U-test. Categorical values were compared
by chi-squared test.16 Data from qRT-PCR, Western blot densitometry, and ELISA were analyzed using
Student’s paired t-test; time- and concentration-dependent responses were analyzed using ANOVA test with
Fisher’s post hoc multiple comparison analysis. P<0.05 was considered significant. Statistical analysis was

performed using GraphPad Prism 5 (GraphPad Software, Inc. La Jolla, CA, USA).
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Results

Characterization of RBP expression in human lung tissue and PBMC in stable COPD patients and
control subjects

Expression of HuR, TTP, and AUF-1 was first evaluated by IHC in bronchial rings and peripheral lung tissue
samples obtained from patients with mild-to-moderate stable COPD and control smokers with NLF. The
clinical characteristics of the study population are described in Table 1 and in the “Methods” section. As
expected, smokers with COPD had significantly lower FEV1 (percent of predicted) and FEV1/FVC ratio
compared to controls (P <0.01).

Specific immunostaining was detected for all three RBPs in bronchial tissue (Figure 1) and peripheral lung
(Figure 2), with mainly nuclear localization in both structural and inflammatory cells. In bronchial tissue, the
number of bronchial epithelial cells with nuclei positively stained for AUF-1 was significantly lower in
patients with COPD compared to control smokers (Figure 1), whereas no statistically significant difference in
other AUF-1-positive cells was found between the two groups in bronchial tissue and peripheral lung samples
(Figures 1 and 2). In contrast, the localization and global expression of HuR and TTP were not significantly
different between stable COPD patients and control subjects in both bronchial and peripheral lung tissues
(Figures 1 and 2). No statistical difference was found in RBP expression patterns between current and former

smokers.
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Evaluation of RBP mRNA levels in PBMCs obtained from additional stable COPD patients and control
smokers with NLF (n=5 and 4, respectively; Table S1) by RT-PCR showed no differences between the two
groups (Figure S1).

in vitro modulation of RBP expression in BEAS-2B cells by proinflammatory and oxidant stimuli

To investigate whether epithelial RBP expression could be modulated by a Th1-skewed cytokine milieu and
oxidative stress, we evaluated HuR, TTP, and AUF-1 levels by Western blot analysis in BEAS-2B cells
following challenge with cytomix or hydrogen peroxide (200 uM) (Figure 3). Cytomix induced a time-
dependent, statistically significant decrease of the expression of main AUF-1 isoforms compared to
unstimulated control (to a maximum of 60% decrease at 48 hours for p42 isoform in nuclear fraction, shown
in bar graph (Figure 3) and 49% decrease in cytoplasmic fraction, P<0.05 in both cases). Such effect was
stimulus-specific, as AUF-1 levels were unchanged by hydrogen peroxide stimulation. By contrast, HuR and
TTP expressions were not affected by cell treatments beyond consistent but small variations. Cleavage of
PARP-1 and caspase 3 as markers of apoptosis was not detected upon any cell treatment (Figure S2). RT-PCR
analysis (Figure S3A) confirmed at mRNA level the lack of stimulus-induced changes in HuR and TTP
expression; interestingly, AUF-1 mRNA was unchanged by cytomix despite clear protein downregulation.
Instead, in line with protein results, hydrogen peroxide treatment did not change RBP transcript levels (Figure

S3B).
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Figure 3. Modulation of the expression of RNA-binding proteins in the human bronchial epithelial cell line BEAS-
2B. Western blot analysis of AUF-1, TTP, and HuRexpression in nucleocytoplasmic lysates of BEAS-2B cells cultured
with (A) cytomix (n=4, n=3 for HuR) and (B) 200 uM H202 (n=3, n=4 for AUF-1) for the indicated times. Upper panels
show representative immunoblots for the RBPs and for lamin A/C and B-tubulin as nuclear and cytoplasmic loading
controls, respectively; bar graphs show densitometric analysis of nuclear fraction (mean + SEM of indicated n). *P <
0.05 vs unstimulated cells; # P < 0.05, ## P <0.01 between indicated time points.

Abbreviations: HuR, human antigen R; TTP, tristetraprolin; AUF-1, AU-rich element-binding factor 1; RBP, RNA-

binding protein; SEM, standard error of mean.

To test whether the RBP pattern induced by cytomix could be recapitulated by a broader COPD inflammatory
modeling encompassing both inflammatory and oxidant-driven triggers, BEAS-2B cells were exposed to CSE
for 24 hours, as described®*” (Figure 4). Expression of AUF-1 was downregulated in a concentration-
dependent fashion, but a marked decrease in cell viability at the highest CSE concentration tested (20% and
10%) (Figure 4A) has led to exclusion of these two points from densitometric analysis; however, expression
of AUF-1 main isoforms remained significantly decreased also by exposure to 3% CSE, a concentration
displaying close to 90% cell viability (mean £ SEM, 88+2), to a maximum decrease of 54% in cytoplasmic
extracts (P <0.05, Figure 4B and C). Lack of cleavage of PARP-1 in all samples indicated absence of apoptosis

(not shown).
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Figure 4. Effect of CSEon RBP expression in BEAS-2B cells. (A) Cell viability following 24-hour exposure to
indicated CSEconcentrations (n=3, *P < 0.05 vs unstimulated [CT] cells). (B) Representative immunoblots of AUF-1,
TTP, and HuRexpression; lamin A/C and B-tubulin as nuclear and cytoplasmic loading controls, respectively. (C)
Densitometric analysis of cytoplasmic fraction (mean + SEM of n=3). *P < 0.05 vs unstimulated cells; changes among
concentrations not statistically significant. Abbreviations: CSE, cigarette smoke extract; HuR, human antigen R; TTP,
tristetraprolin; AUF-1, AU-rich element-binding factor 1; ND, not determined; RBP, RNA-binding protein; SEM,

standard error of mean.
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Effect of cytomix-induced and siRNA-mediated loss of AUF-1 on RBP and inflammatory gene
expression in BEAS-2B cells.

We then implemented silencing of AUF-1 expression in BEAS-2B cells (Figure 5) to investigate its potential
effects on RBPs and the expression of their downstream targets. Following transfection with a specific AUF-
1 siRNA,40 levels of AUF-1 protein in unstimulated cells were significantly, although partially, diminished
compared to both mock (Fugene only)- and scrambled siRNA-transfected cells (Figure 5A) up to 49% and
58%, respectively, according to densitometric analysis (P>0.05 for both comparisons). Furthermore, cytomix
treatment further lowered AUF-1 levels to a maximum average of 27% compared to unstimulated, AUF-1
silenced cells (Figure 5B, P<0.05). Levels of TTP protein in AUF-1-silenced cells displayed a small (close to
twofold) yet significant increase in conditions of maximal AUF-1 loss induced by cytomix in these cells, while
HuR levels were not affected by AUF-1 silencing (Figure 5B). In these experiments, AUF-1 mRNA, detected
by RT-PCR, remained unchanged in cytomix-stimulated untransfected cells (Figure S3C) as in the previous
experiment set (Figure S3A), while a consistent but small decrease in AUF-1 mRNA (25% of control, P<0.05)
was detected in scrambled-transfected cells and, predictably, in cells transfected with AUF-1 siRNA (48% of
control, P<0.05). Regarding the other RBPs, while HUR mRNA levels were unchanged among conditions,
cytomix induced a consistent reduction in TTP mRNA (58% and 51% of control in untransfected and
scrambled-transfected cells, respectively; P<0.05 in both cases) that was lost in AUF-1-silenced cells (Figure
S3C). Interestingly, a small but significant increase in TTP protein was indeed detectable in these cells (Figure
5B). Furthermore, silencing of AUF-1 did not induce cell apoptosis, as verified by lack of cleavage of PARP-
1 (Figure S4) or of caspase 3 (data not shown).
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We then evaluated changes in AUF-1-regulated genes in conditions of relative loss of AUF-1 (Figure 6), first
by assessing the expression of IL-6 and of the chemokine CCL2, chosen as readouts as they are overexpressed
in airway epithelium in COPD and significantly increased as well in the AUF-1-deficient animal model.!33
RT-PCR analysis indicated that both transcripts were upregulated upon treatment in untransfected cells (Figure
6A) although not in a statistically significant fashion compared to unstimulated cells, likely due to variability
in small sample size (n=4). Following AUF-1 silencing, basal mRNA levels did not change significantly
compared to scrambled siRNA-transfected cells and upon cytomix stimulation, their increase was comparable
to that caused by treatment in scrambled- and mock-transfected cells (Figure 6A), in which a similar decrease
in AUF-1 protein was present (Figure 5). Levels of IL-6 and CCL2 proteins, detected by ELISA in the
supernatants (Figure 6B), were instead significantly upregulated by cytomix, but also in this case without
additional potentiation of cytokine secretion in AUF-1-silenced cells. Levels of both proteins following

cytomix were comparable in scrambled and AUF-1-silenced cells also when normalized on cell

number/condition (data not shown).
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Figure 6. Expression of AUF-1-targeted cytokines in BEAS-2B cells following AUF-1 silencing. (A) CCL2 and IL-
6 mRNAlevels measured by real-time PCR(mean + SEM of n=4) in cells transfected with mock (Fugene only), AUF-1
siRNA, or scrambled siRNAand then treated 48 hours with cytomix or medium control. To show the comparison of
mRNAlevels in unstimulated cells, results are expressed as fold over housekeeping mRNAlevels (272<"). (B) Levels of
IL-6 and CCL2 protein detected by ELISAin cell supernatants of experiments shown in A(mean = SEM of n=4). *P <
0.05; ** P < 0.01 compared to the corresponding medium control. (C) BEAS-2B supernatants of a representative
experiment from data set shown in A and B were screened using the Human Cytokine R&D Protein Arrays. Left: arrays
for the indicated conditions; the grid identifies proteins as displayed on the array; in gray, proteins expressed in cytomix-
treated cells; circled, proteins expressed also at baseline (all above arbitrary 5,000 densitometry unit cutoff). Right: bar
graphs show densitometric analysis for the indicated conditions, expressed as percent of each blot’s positive control

(mean of densitometry reading of the six spots). Abbreviations: AUF-1, AU-rich element-binding factor 1; IL-6,

interleukin 6.

To gain a broader view of potential differences in cytomix-induced epithelial responses upon loss of AUF-1,
supernatants of a representative experiment were further screened with an inflammatory cytokine protein array
carrying additional RBP targets, as well as cytokines and chemokines involved in COPD pathogenesis (Figure
6C). As for IL-6 and CCL2, stimulus-induced upregulation of COPD-relevant chemokines such as CXCLI1,
CXCLS, and CXCL10, as well as other proteins was densitometrically comparable among conditions with the

exception of CCLS5, which was markedly reduced in AUF-1 siRNA-transfected cells.
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Validation of decreased AUF-1 levels and changes in AUF-1-regulated genes in COPD patients vs

control subjects in primary airway epithelial cell transcriptome database.

In order to verify the overall RBP profile in primary airway epithelial cells, including the decreased AUF-1
expression and the potential downstream effects on target expression, we interrogated a public microarray
database originated from primary airway epithelium obtained by bronchial brushings of COPD patients, and
smokers and nonsmokers with NLF (GEO ID: GSE5058)*¢ (Figure 7). Bronchial epithelial AUF-1 expression
was found to be significantly lower in COPD vs both controls (FC =—2.7 and —3.5 vs nonsmokers and smokers,
respectively), while FC levels for HuR and TTP did not change significantly among groups, showing however
a trend toward reciprocal changes in COPD. We then evaluated in the same database a compiled list of 152
validated AUF-1 target genes.*** Thirty of them were significantly upregulated and 22 were downregulated
in COPD patients compared to both control groups, with greatest changes vs control smokers (Figure 8).
Genome ontology analysis indicates that AUF-1 regulation has a potentially significant impact on several

pathogenic pathways of stable COPD.
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Figure 7. Differential expression of RNA-binding proteins in transcriptomic analysis of primary human airway
epithelial cells. Expression of AUF-1, TTP, and HuR (corresponding gene names indicated in legend) was investigated
in the GEO database GSE5058.36 (A) Clinical characteristics of study population where epithelial cells were collected
by bronchial brushing. Reprinted from, Cancer Res, 2018; 66(22):10729-10740, Carolan BJ et al, Up-regulation of
Expression of the Ubiquitin Carboxyl-Terminal Hydrolase L1 Gene in Human Airway Epithelium of Cigarette Smokers,
with permission from AACR.36 (B) Scatterplot showing FC for RBP expression between smokers vs nonsmoker
controls, COPD vs nonsmokers, and COPD vs smoker controls (left to right). FCs for RBPs were set at > 2.0 with a
false discovery rate of < 0.05. Abbreviations: HuR, human antigen R; TTP, tristetraprolin; AUF-1, AU-rich element-
binding factor 1; FC, fold change; RBP, RNA-binding protein.

96



n=30

n=22

Pathways for
Upregulated Genes

*  VEGF signaling pathways

* Angiogenesis

* Inflammation/chemokine/cytokine
signaling

Pathways for
Downregulated Genes

* Ascorbate degradation

* 5-Hydroxytryptamine degradation
* Insulin/IGF, MAPKK/MAPK cascade
* Hypoxia responsevia HIF activation
* DNA replication

* Interleukin signaling pathway

Figure 8. Expression of AUF-1-dependent genes in airway epithelial gene array database GSE5058. (A) Heatmap

showing FC of 152 annotated AUF-1-dependent genes investigated in the GEO database GSES5058, comparing

expression from left to right: smokers vs nonsmoker controls; COPD vs nonsmokers; COPD vs smoker controls.

Enlarged heatmaps show 30 upregulated and 22 downregulated genes displaying a FC >2.0 in COPD vs smoker controls.

(B) Results of genome ontology analysis indicating the main pathways related to the expressed genes according to NCBI

Panther tool. Abbreviations: AUF-1, AU-rich element-binding factor 1; FC, fold change.
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Discussion

This study provides for the first time the expression profile of RBPs chiefly regulating inflammatory responses
—HuR, TTP, and AUF-1 — in the lower airways of patients with COPD, a chronic lung inflammatory disease.
In particular, immunohistochemical analysis showed that the expression of AUF-1 was selectively decreased
in the bronchial, but not in the bronchiolar, epithelium from patients with stable COPD compared to control
smokers, while HuR and TTP expression levels were comparable between groups in both bronchial and lung
tissues. Importantly, the selective loss of AUF-1 in epithelium was confirmed by unbiased search in a primary
bronchial epithelial gene array database derived from bronchial brushings of COPD patients and controls with
similar clinical characteristics. In contrast, expression of RBP transcripts did not differ in PBMCs of stable
COPD compared to control smokers, suggesting that AUF-1 downregulation, rather than systemic,** may be

related to airway-specific conditions.

Bronchial epithelium is an early and key contributor to the pathogenesis of COPD*® although at variance with
asthma, its functional activity in stable COPD patients is less characterized, with most studies focused on the
role of mucus-secreting epithelial cells and on epithelial stem cells' Inhaled cigarette smoke, pollutants, and
irritants activate epithelial innate immune responses via TLR and DAMPS, producing both barrier alteration
and triggering recruitment of immune cells and their activation through the release of chemotactic and
proinflammatory mediators. This gene expression program is largely mediated at transcriptional level by
activation of NF-kB, documented in the bronchial epithelium of mild/moderate stable COPD patients and, to
a lesser extent, in control smokers in comparison with control nonsmokers#. In the same disease context, our
study uncovers the potential contribution of altered posttranscriptional gene regulatory mechanisms in
mediating defective response to oxidative stress and inflammation in COPD, suggested by decreased levels of
the RBP AUF-1 in ex vivo and in vitro experiments. Very few studies so far investigated AUF-1 in models of
human lung inflammation. In vitro, cytosolic levels of AUF-1 increased significantly in primary airway
epithelial cells infected with human rhinovirus, concomitant with a decreased expression of CXCL10,%° while
cigarette smoke-induced upregulation of CXCL8 was not AUF-1-dependent.’' Recently, decreased levels of
AUF-1 mRNA were found in bronchoalveolar lavage cells and PBMC of patients with sarcoidosis, another
chronic inflammatory lung disease.>? The epithelial-specific loss of AUF-1 observed in COPD subjects in our
study suggests that lower AUF-1 levels may become determinants of non-resolving inflammation, by altering
the RNP complexes necessary for coordinate degradation of epithelial transcripts involved in the inflammatory

responsc.

Importantly, the selective loss of AUF-1 in epithelium was reproducible in vitro by exposure of BEAS-2B
cells to established COPD/oxidative stress models such as CSE, which provides both a proinflammatory
trigger and an oxidant overload stimulation;* stimulation with H202 did not change AUF-1 levels, suggesting

selectivity in this response. Cytomix, a cytokine association representing the Thl-skewed airway milieu in

98



COPD, ™ instead reproduced CSE effect and was associated with a concomitant upregulation of known AUF-
1 targets such as IL-6, CCL2, CXCL1, and CXCL8.3**3* The pleiotropic cytokine IL-6 is also expressed in
airway epithelium and is found in increased amounts in the sputum, exhaled breath, BAL fluid of patients with
COPD, in particular following exacerbations as well as in plasma, as important biomarkers of systemic
inflammation.?>>-¢ Importantly, AUF-1 binds to AU-rich elements in IL-6 mRNA and promotes its
degradation.’” The chemokine CCL2 is a potent monocyte, T-cell, and mast cell chemoattractant and a
basophil activator expressed by alveolar macrophages and T cells, and is overexpressed in airway epithelial
cells in COPD.>®% Levels of the chemokine CCL2 are increased in the sputum and in the BAL fluid of patients
with COPD.""?" Involvement of CCL2 in macrophage and mast cell recruitment in the lung is supported by
several experimental mouse models of inflammation and emphysema, constituting an attractive therapeutic
target.?’ Although well known to be regulated posttranscriptionally in airway epithelium by TTP and HuR,%
association of CCL2 mRNA with AUF-1 has not been yet fully characterized; similarly, direct association of
AUF-1 with other epithelial genes relevant to COPD pathogenesis overexpressed upon cytomix treatment,

such as CCL5, CXCL10, and CXCL11, remains to be studied.

In our study, upregulation of IL-6, CCL2, and the entire chemokine/cytokine profile induced by cytomix in
BEAS-2B cells was recapitulated, but without further modification, following siRNA-mediated silencing of
AUF-1. This result does not yet clarify to what extent, and how, AUF-1 could be deemed necessary for
cytokine upregulation in this model. First, limitations of the experimental setting — such as achieving only
partial knockdown of AUF-1 protein and/or near-maximal stimulation of epithelial response by cytomix — may
have hindered the uncovering of AUF-1 function in this model. Furthermore, the majority of the transcripts
coding for the cytokine/chemokine profile induced by cytomix — including CCL2 and IL-6 mRNA — are

dynamically regulated by multiple ARE-binding proteins, including TTP and HuR,?3-2%:40.60

as well as by
miRNA working either in cooperation or in competition, contextually to signaling-driven environmental
changes.’* Proteomic analysis of transcript-associated RNPs, models of AUF-1 overexpression, and binding
site mutational studies will be necessary to further probe AUF-1 role in epithelial responses and in COPD.

Moreover, stimulus-induced posttranslational mechanisms, such as promotion of ubiquitination,!:%>

may be
regulating AUF-1 protein levels and require definition, also as potential means of modulating AUF-1-mediated

gene regulation.

Further support to a role for AUF-1 in shaping epithelial gene expression in COPD is provided by the
significant changes found, in the bronchial epithelial GEO database, in the global expression of a compiled
list of bona fide AUF-1 mRNA targets?!#** — including IL6 and CCL2 — within the COPD array samples
compared to controls, concomitant with the loss of AUF-1 expression detected in the same data set. Genome
ontology analysis of AUF-1-regulated gene expression profile in COPD samples indicates a potentially
significant impact of this RBP in the pathogenesis of stable COPD through coordinate regulation of genes
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involved in inflammation and angiogenesis, alteration of DNA repair, defective response to hypoxia and
oxidative stress, and altered metabolism of serotonin — which is increased in COPD patients and linked to
exposure to cigarette smoke.!'30*%* Taken together, these findings suggest the occurrence of AUF-1-driven
PTR in COPD according to a ribonomic paradigm, whereby transcripts structurally related by sharing RBP
recognition motifs are co-regulated by a core RBP — likely shaping a specific RNP configuration — according

to their participation to a specific function.®

The marginal yet consistent changes in HuR and TTP levels in our in vitro systems holds further investigation,
rather than rule out their participation to epithelial gene regulation in COPD. In primary and transformed
airway epithelial cultures, upon cytokine challenge, HuR functions as a positive regulator of mRNA stability
for multiple chemokines, while TTP limits the half-life of inflammatory transcripts and mediates
glucocorticoid-induced gene regulation — indicating their potential role in integrated posttranscriptional gene
control, yet to be fully characterized in lung inflammatory diseases where airway epithelial responses are
pathogenic. Furthermore, similarities in binding sites and partially overlapping mRNA target pools indicate
major complexity of the interplay among TTP, HuR, and AUF-1, as well as with other ncRNA species

4,40,66

participating to RNP complexes, warranting further studies to understand how pathogenic immune

responses in the lung ultimately rely on altered RBP-mediated control of mRNA decay and translation.

Increasing knowledge on how immune responses rely on PTR is likely to yield a strong rationale to evaluate
PTR mechanisms for therapeutic intervention. Indeed, a major limitation in the current treatment of stable
COPD patients is the reduced anti-inflammatory efficacy of glucocorticoids,'* indicating a major unmet need
for therapeutic approaches able to override this limitation. The development of high-throughput screening
methods for RNP interactions and generation of small-molecule inhibitors for lung cancer®’-7? indicates that
uncovering PTR mechanisms in COPD may also sustain the development of new anti-inflammatory strategies,

potentially transferable to other chronic lung inflammatory diseases.
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Supplementary materials
Scoring system for immunohistochemistry in the bronchial rings

The immunostaining for all the RBPs studied was scored in the bronchial epithelium, as previously
described.! Briefly, immunostained cells in the bronchial epithelium lined over the epithelial basement
membrane were counted in several nonoverlapping high-power fields until the whole specimen was examined.
As previous studies have shown that lung carcinogenesis may be associated per se with changes in RBP

expression, >+

we deliberately avoided measuring the area of bronchial surface epithelium involved with
squamous metaplasia and preneoplastic lesions of the bronchial epithelium. Results of the single
immunohistochemistry are expressed as the area of stained bronchial surface epithelium to total bronchial
epithelium area and as the area of reactive glands to total bronchial submucosal glands area, measured by

computerized image analysis. Group data were expressed as mean and standard error of the mean (SEM).

Scoring system for immunohistochemistry in the peripheral lung

Staining analysis was performed as previously published.® A bronchiole was taken to be an airway with no
cartilage and glands in its wall. According to a validated method,’ the number of bronchiolar epithelial cells
with positive staining (nuclear and/or cytosolic) was expressed as a percentage of the total number of epithelial
cells counted in each bronchiolar section and the number of positively stained endoalveolar macrophages was
expressed as a percentage of the total cells with the morphological appearance of alveolar macrophages

counted inside of the alveoli. Group data were expressed as mean and standard error of the mean (SEM).

Supplementary Table and Figure

Table S| Study population providing peripheral blood mononuclear cells (PBMC)

Participants N Age, Sex Smoking Pack- FEV, % pred FEV/
years history years FVC?%

Smokers 4 53.5 (9.3) 2M2F 4 current 31(11.2) 105.8 (11.4) 78.6 (1.3)

COPD 5 73.8 (7.5)* 4 M/l F | current 4 ex 39.6 (10) 59.8 (21.0) 52.9 (10.5)*

Notes: Predicted FEV % and FEV /FVC% are post-bronchodilator values. M, male; F, female. Data expressed as mean (5D). *P<<0.01 compared to smokers.

Table S1 Study population providing peripheral blood mononuclear cells (PBMC). Predicted FEV1% and FEV1/FVC%

are post-bronchodilator values. M, male; F, female. Data expressed as mean (SD). *P < 0.01 compared to smokers.
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Figure S1. Expression of RBP mRNA in PBMC of COPD patients and control smokers. Real-time PCR analysis
for RBP mRNA in PBMC of control smokers (n=4) and COPD patients (n=5) (Table S1). Data are mean + SEM of RBP
mRNA normalized to GAPDH mRNA and expressed as fold over GAPDH (ctrl) (as 274<).

Abbreviations: RBP, RNA-binding protein; PBMC, peripheral blood mononuclear cell; SEM, standard error of mean.
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Figure S2. Evaluation of treatment-induced apoptosis in BEAS-2B cells. Western blot analysis of PARP and cleaved
Caspase 3 expression in nuclear and cytoplasmic lysates obtained from BEAS-2B cells exposed to cytomix (left panel)
and 200 pM (right panel) for the indicated times. Only the full-length bands of PARP and Caspase 3 were detectable in
experimental samples, excluding treatment-induced apoptosis. Positive control (C+) is whole cell lysate of gefitinib-
treated H1975 NSCLC cell line. Representative immunoblots of n=3 independent experiments are shown. Lamin A/C
and tubulin are shown as nuclear and cytoplasmic loading controls, respectively. Abbreviation: NSCLC, non-small-cell

lung cancer.
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Figure S3. Expression of RBP mRNA in BEAS-2B cells. Real-time PCR analysis for RBP mRNA in nontransfected
BEAS-2B cells stimulated with (A) cytomix and (B) hydrogen peroxide (200 M for the indicated times (mean = SEM
of n=3). (C) RBP mRNA in BEAS-2B cells stimulated 48 hours with cytomix following transfection with mock (F =
Fugene), siRNA for AUF-1, scrambled siRNA (mean = SEM of n=4). RBP mRNA was normalized to housekeeping
mRNA levels and expressed as fold over corresponding unstimulated controls (27<Y). *P < 0.05 versus controls.

Abbreviations: AUF-1, AU-rich element-binding factor 1; RBP, RNA-binding protein; SEM, standard error of mean.

Supplementary Figure S4 '
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Figure S4. Evaluation of treatment-induced apoptosis in BEAS-2B cells following AUF-1 silencing. Western blot
analysis of PARP expression in whole cell lysates obtained from BEAS-2B cells untreated and stimulated 48 hours with
cytomix following transfection with AUF-1 siRNA, scrambled siRNA, and mock transfection (Fugene) (mean + SEM
of n=4). Positive control (Ctrl) showing cleaved PARP protein band is whole cell lysate of gefitinib-treated H1975
NSCLC cell line. Representative immunoblots of n=3 independent experiments are shown. -Tubulin is shown as
loading control. Abbreviations: AUF-1, AU-rich element-binding factor 1; NLF, normal lung function; SEM, standard

error of mean; NSCLC, non-small-cell lung cancer.
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Abstract

Background and Aim. Aberrant changes in messenger RNA (mRNA) turnover and translation rates are
important means by which posttranscriptional gene regulation (PTR) contributes to inflammation. RNA-
binding proteins (RBPs) chiefly coordinate these processes but their pathogenic role in chronic lung
inflammatory diseases is partially characterized. We aim at evaluating the expression of a curated list of
mRNA-binding RBPs (mRBPs) in selected transcriptomic GEO databases of primary airway epithelium
isolated in lung inflammatory diseases. We hypothesize that global changes in mRBPs expression can be used

to infer their putative pathogenetic roles and identify novel disease-related regulatory networks.

Methods. We evaluated the expression of 692 mRBPs, selected from a published census [Nat Rev Genet.
2014;15:829], in microarray databases originated from epithelial cells obtained by bronchial brushings of
stable COPD patients (C), smokers (S), non-smokers (NS) as controls with normal lung function (n=6/12/12
each) [Gene Expression Omnibus (GEO) repository ID: GSES5058, Cancer Res. 2006;66:10729] and of severe
asthma patients (SA) and control subjects (C) (n=6/12 each) [GEO ID: GSE63142, Am J Respir Crit Care
Med. 2014;90,1363]. Fluorescence intensity data from individual datasets were extracted and normalized on
the medians for fold change (FC) comparison of expression among groups. FCs were set at > |1.5| with a false
discovery rate (FDR) of < 0.05. Pearson correlation maps for correlated expression changes and heatmaps
were generated using tMEV tools v4 9 0.45. Gene Ontology (GO) was performed with Ingenuity Pathway
Analysis (IPA) tool.

Results. Significant mRBP gene expression was detected for S/NS, COPD/NS and COPD/S comparisons (n
genes =41, 391, 382, respectively). Of those, 32% of genes changed by FC >|1.5| in S/NS but more than 60%
in COPD/NS and COPD/S (n=13, 267, 257, respectively). Interestingly, the majority of genes were
downregulated (FC < -1.5) in COPD/NS (n=194, 73%) and COPD/S (n=202, 79%) while only 31% were
downregulated in S/NS (n=4). Correlation analysis identified discrete clusters of co-expressed mRBP genes.
GO analysis revealed significant enrichments in canonical pathways both specific and shared among the
comparisons. Unexpectedly, no significant mRBPs modulation was found in the SA patients compared to

controls.

Conclusions. Characterization of epithelial mRBPs expression in stable COPD and SA reveals a COPD-
specific global downregulation of RBPs shared by a subset of control smokers, and a significant impact on
relevant pathways involved in COPD pathogenesis. Further functional studies are necessary to understand how

PTR participates to chronic inflammatory lung disease process and whether it can be targeted therapeutically.
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Introduction

RNA-binding proteins (RBPs) are key regulatory factors in post-transcriptional gene regulation
(PTGR) involved in the maturation, stability, transport and degradation of cellular RNAs. RBP convey PTGR
by binding to conserved regulatory elements shared by subsets of transcripts and by directing the bound targets
towards cytoplasmic sites of translation or decay.! Importantly, RBPs exert their function as part of
ribonucleoprotein (mRNP) complexes, constituted by proteins and noncoding RNAs, such as microRNAs.?
Through stimulus-dependent cues, changes in mRBP composition ultimately determine the rate of target
mRNA stability and translation. Therefore, understanding RBP function in disease models requires a larger
evaluation of co-expression and regulatory scenarios, shaped by disease-driven triggers and signalling.

For human cancer the occurrence of aberrant RBP expression, along with altered RNA turnover and
translation rates have been characterized in preclinical models, identified in human disease and further probed
with in silico approaches,** leading to the identification of this class of regulators as novel disease biomarkers
and as targets for small molecule-based therapeutics.’>”’ Similar studies in human chronic inflammatory
diseases are lagging behind, despite ample knowledge of deregulated PTGR in inflammatory responses by in
vitro studies and the strong inflammatory phenotypes obtained in some of the knock-out animal models.®°
This knowledge chasm is also present for lung diseases, despite the strong link between chronic inflammatory
diseases such as Chronic obstructive pulmonary disease (COPD) and some lung cancer types'® and the
extensive overlap of RBP-regulated genes contributing to both disease process.!!

Airway epithelium is a major driver in the development of inflammatory lung diseases such as asthma
and COPD. Deregulated epithelial responses are a main therapeutic target of inhaled corticosteroids (ICS), the
mainstay anti-inflammatory drug class for asthma symptom control (www.ginasthma.org) and for treating
exacerbations in COPD (www.goldcopd.org). Involvement of RBPs in airway epithelial responses to
inflammatory stimuli and glucocorticoid treatment has been well characterized in vitro'?!° but awaits evidence
from patient-based studies. To this end, we recently identified loss of the RBP AUF-1 in airway epithelial cells
of patients with stable COPD compared to normal smokers.'¢

We hypothesized that global changes in mRNA-binding RBPs (mRBP) expression may occur in
chronic inflammatory airways diseases, such as severe asthma and COPD and that identification of these
changes can be used to infer their putative pathogenetic roles as disease-related regulatory networks, as in
cancer.!” On these bases, we set out to evaluate the expression profile of a curated gene list of mRBPs in
selected transcriptomic GEO databases derived from airway epithelium isolated from bronchial brushings of
phenotyped patients affected by COPD, bronchial asthma and relative control populations. Through gene
ontology analysis we identified several pathways impacted by the RBP profiles and evaluated their relevance
to disease pathogenesis; finally, we searched for coregulated RBP expression in the disease-regulated mRBPs.

In airway epithelial samples from COPD patients, this approach identified a global downregulation of

RBP expression that was shared by a subset of smoker control subjects; changes in mRBP expression impacted
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several biological pathways also involved in several aspects of COPD pathogenesis; finally, at least four
groups of coregulated RBPs were identified. Importantly, airway epithelial mRBP expression was found to be

much less regulated in patients with severe asthma.
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Methods

Sample selection and data processing. We selected the following two trascriptomic databases
generated from human airway epithelial cells obtained by bronchial brushings, downloaded from the Gene
Expression Omnibus (GEO) public repository of high-throughput gene expression data (Figure 1A):

*  GEO ID: GSE5058. Stable COPD patients (C), Smokers (S) and Non-Smokers (NS) as controls with
normal al lung function (NLF) (n=6/12/12, respectively);!®

*  GEO ID: GSE63142. Patients with severe Asthma (SA), control subjects (C) (n=6/12 respectively,
randomly selected from databes to match number of cases considered in GSE5058).°

The Affymetrix Human Genome U133 Plus 2.0 Array platform was used for the first study while the
severe asthma study was performed using Agilent-014850 Whole Human Genome Microarray 4x44K
G4112F. Fluorescence intensity data from individual datasets (raw data) were extracted and processed
applying the standard Affimetrix MASS algorithm to calculate the fluorescence of the single probes compared
to the fluorescence background. MASS5 values with p < 0.05 were considered for further analysis. Data were
then normalized by the medians to calculate fold change (FC) expression among groups; only those showing
a False Discovery Rate (FDR) < 0.05 in each clinical sample comparison were considered. As genes are
represented on the array platforms by multiple probes spanning different transcript portions, only genes with
consistency across probes > 67% were considered for final analysis.

The analysis first identified statistically significant genes regardless of fold change value, which were
denominated Differentially Expressed Genes (DEG). Then, FCs threshold was set at > |1.5] for identification
of genes denominated Significant FC/Differentially Expressed Genes (SDEG) as in standard array analysis. A
curated gene list of mRNA-binding RBPs (mRBPs) published in a recent general census of RNA-binding
proteins?® was downloaded and searched in the final files (Figure 1B), producing a list of mRBPs regulated in
disease state vs. controls (Figure 1C).

Generation of Venn diagram analysis for overlapping/unique gene lists was performed using Venny
2.1.2! Pearson correlation matrix generation was produced using R version 3.6.2. Pearson correlation maps for
mRBPs expression changes and heatmaps were generated using tMEV tools v4 9 0.45.2%23

Gene Ontology (GO). GO analysis was performed with Ingenuity Pathway Analysis (IPA) software
on microarray probes of RBPs identified as DEG. The significance values for the canonical pathways is
calculated by Fisher's exact test right-tailed. The prediction of activation or inhibition of Canonical Pathways

was calculated by z-score?* as follows:

(3 Upregulated) — (3. Downregulated)
VN

Statistical analysis. Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software

Z—Score =

Inc.).
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Figure 1. Methodological flowchart of data extraction from GEO databases and search of a curated list of mRNA-
binding proteins (mRBPs) for expression profiling in airway epithelium transcriptomic studies in COPD and
severe asthma. A. Flowchart for data analysis of the trascriptomic datasets obtained in the Gene Expression Omnibus
(GEO) public database; B. A curated gene list of mRNA-binding RBPs (mRBPs) was downloaded by a census of RNA-
binding proteins®® as the dataset to search for in the GEO datasets; C. The search generated a list of differentially
regulated mRBPs in clinical samples (see Methods for details).
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Results

Expression profile of mRBPs in airway epithelial transcriptomic database of patients with stable
COPD compared to non-smoker and smoker control subjects.

The mRBPs gene list was searched in the GSE5058 dataset to identify disease-dipendent mRBP gene
expression in patients with moderate to severe COPD compared to control groups, clinically phenotyped as
shown (Figure 2A). Comparisons of expression levels for the smoking control group vs. non-smoking control
group dataset (S/NS) and of COPD patients vs. both NS and S group datasets (COPD/NS, COPD/S) were
performed. The number of regulated mRBP genes is reported along with corresponding array probes, which
detect different fragments of each gene sequence and generate the fluorescence intensity raw data. We first
calculated regulated genes with statistically significant changes regardless of fold change (FC) value: these
were defined as Differentially Expressed Genes (DEG) (Figure 2B).
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Abbreviations: B=black, DLCO=diffusing capacity of the lung for carbon monoxide,
FEV1/FVC=Tiffeneau-Pinelli index, FEV1=forced expiratory volume in 1 second, FVC=forced
vital capacity, H=hispanic, TLC=total lung capacity, Venous CO-Hb=

venous carboxyhemoglobin, W=White (Caucasian). (Modified from Carolan et al, Cancer Res
2006,66:10729, with permission|

Figure 2. Regulated mRBP expression in Small Airway Epithelial Transcriptomics in stable COPD. (A.) Clinical
and spirometric phenotyping of COPD smoker patients (COPD), nonsmokers (NS) and smokers (S) with normal lung
function (NLF) as control cohorts providing airway epithelial cells by bronchial brushings for trascriptomic analysis
reported in GEO GSE5058'® utilized in this study for mRBP expression analysis. (B., C.) For each gene, multiple probes
spanning different gene regions are represented on array platforms. Panels show the numbers of mRBP probes and
corresponding genes obtained after p-value filtering. B. Statistically significant, Differentially Expressed mRBP Genes,

regardless of fold change value (DEG) and C. Statistically Significant/Differential Expressed mRBP Genes with
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differential expression set at > |1.5) (SDEG) obtained comparing datasets from S versus NS, COPD versus S and versus

NS. Number of Up- or down-regulated SDEG probes are shown below.

These data revealed an overall greater expression of mRBPs in COPD patients versus both NS and S control
groups, about 9-fold higher than that triggered by smoke exposure alone. The mRBP genes displaying a
statistically significant FC value > | 1.5 | were further selected and denominated Significant FC/Differentially
Expressed Genes (SDEG) (Figure 2C). Approximately 70% of the mRBP DEG genes were included in this
category when COPD samples were compared to both control samples (COPD/NS, COPD/S), while 30% of
S/NS DEG genes were upregulated over this threshold. A small number of genes were excluded from further
computing for probe discordance > 67% (n=30/267, 11% for COPD/NS; 10/257 for COPD/S, 3%). The SDEG
profiles indicate that the majority of mRBP genes in COPD were downregulated compared to both controls
(n=194/267, 73% for COPD/NS; n=202/257, 79% for COPD vs S) while in S/NS only 30% (n=4/13) were
downregulated (Figure 3). Table 1 lists the main functions, published or described in GeneCards? for mRBPs
SDEG with the highest numerical FC value in COPD vs both control groups.

[ Smokers vs. Non-Smokers COPD vs. Non-Smokers |
(13) (267)

4 4

4 0
.4 § 193

f 55
' 202

l COPD vs. Smokers
(257)

Figure 3. mRBP SDEG genes in small airway epithelium of stable COPD patients versus non-smoking and
smoking control subjects: unique and overlapping regulated expression. Venn diagram generated with Venny 2.1%,
showing selective and shared mRBPs SDEG genes (FDR <0.05; FC >|1.5]) among the three comparisons. Total number
of up-and down-regulated mRBPs for each comparison are shown by red/green arrows; total number in parenthesis. Red
circle highlights the predominant number of SDEG differentially expressed in COPD, regardless the smoking status of

controls.
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The three gene groups (NS/S, COPD/NS, COPD/S) were intersected to identify both unique and
overlapping mRBP expression profiles. As shown in the Venn’s diagram (Figure 3), 195 SDEG genes are
shared between the COPD patients vs both NS and S groups, pointing at a distinctive mRBP signature driven
by COPD beyond the active exposure to cigarette smoke.

Using the larger DEG lists, the three gene sets were then analysed by IPA software probing changes in
the categories of canonical pathways (Figure 4). Five out of eight canonical pathways impacted by COPD
were shared by comparisons to NS and S groups (Figure 4A). Calculation of the z-score parameter yielded a
predictive assessment of the downstream effect - activation or inactivation - exerted by the identified RBP
profile on the metabolic pathways (Figure 4B). Table 2 lists the mRBPs involved for each comparison shown

in Figure 4B.
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Figure 4. Genome Ontology analysis of mRBPs expression in small airway epithelium of stable COPD patients
versus non-smoking and smoking control subjects: involvement in established COPD pathogenic pathways.
Ingenuity Pathway Analysis (IPA) of mRBP DEGs in COPD GSE5058 Dataset. A. Venn diagram showing selective
and shared canonical pathways among the group comparisons calculated on DEGs by Ingenuity Pathway Analysis (IPA).
In evidence (red lined rectangle) the pathways enriched in COPD versus both NS and S control groups. B. Canonical
pathways (bargraphs) of DEG identified for the indicated group comparisons. The Z-score predicts pathway repression
or activation (see Methods); n= number of regulated mRBP genes involved for each pathway (listed in Table 2). * z-

score > |1

118



Table 1. Regulated RBPs in COPD versus normal non-smokers and smokers: selected list with known functions.

(References in Supplementary Materials).

FUS RNA -34.63 -37.5 Involved in pre-mRNA splicing and the export of fully 26
Binding Protein processed mRNA to the cytoplasm
Maintenance of genomic integrity and 27

mRNA/microRNA processing

Thyroid -33.54  -31.58 Enhances the transcriptional activation mediated by 28
Hormon PPARG cooperatively with HELZ2
Receptor -
e Acts as a coactivator of the CLOCK-ARNTL 29
Protein 3 heterodimer
Involved in response to DNA damage 28
DEAD-Box -31.04  -46.27 RNA helicase 30
Helicase 17
pre-mRNA splicing, alternative splicing, ribosomal 31-34
RNA processing and miRNA processing, transcription
regulation
Splicing of mediators of steroid hormone signaling 35
pathway
Synergizes with TP53 in the activation of the MDM2 36-38

promoter; may also coactivate MDM?2 transcription
through a TP53-independent pathway

Coregulates SMAD-dependent transcriptional activity 33
during epithelial-to-mesenchymal transition

Plays a role in estrogen and testosterone signaling 35,37-39
pathway

Promotes mRNA degradation mediated by the antiviral 40
zinc-finger protein ZC3HAV1

SR-Related -14.4 -12.7 Plays a role in pre-mRNA alternative splicing by 41
CTD Associated regulating spliceosome assembly
Factor 11
Serine/Threonin  -10.8 -8.22 Plays a catalyst role in the assembly of small nuclear 42
e Kinase ribonucleoproteins (snRNPs), the building blocks of the
Receptor spliceosome
Associated - —
Protein Negatively regulates TGFf signaling 42
Positively regulates the PDPK1 kinase activity 42
RNA Binding -7.36 -6.31 General nuclear coactivator, and an RNA splicing 43
Motif Protein 14 modulator. Isoform 1 may function as a nuclear receptor
coactivator.Isoform 2, functions as a transcriptional
repressor
Plays a role in the regulation of DNA virus-mediated 44

innate immune response by assembling into the HDP-
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Bcl-2-
Associated
Transcription
Factorl

-7.32 -4.13

Interleukin -6.33 -4.61
Enhancer
Binding Factor

3

Splicing Factor ~ -5.81 -3.34

SWAP

RNA Binding -5.7
Motif Protein 25

-4.16

DEAH-Box
Helicase 36

-4.96 -5.31

Heterogeneous -4.91 -4.63
Nuclear
Ribonucleoprote

in A2/B1

RNP complex, a complex that serves as a platform for
IRF3 phosphorylation

Regulation of apoptosis interacting with BCL2 proteins

Forms a heterodimer with ILF2, required for T-cell
expression of IL-2

Post transcriptional regulation of mRNA binding to
poly-U elements and AU-rich elements (ARESs) in the 3'-
UTR of target mRNA

Participates in the innate antiviral response
Plays an essential role in the biogenesis of circRNAs

Regulates the splicing of fibronectin and CD45 genes

Regulator of alternative pre-mRNA splicing

Involved in apoptotic cell death through the regulation of
the apoptotic factor BCL2L1 (proapoptotic isoform S,
antiapoptotic isoform L)

Enhance the deadenylation and decay of mRNAs with
3'-UTR AU-rich elements (ARE-mRNA)

Multifunctional ATP-dependent helicase that unwinds
G-quadruplex (G4) structures

Plays a role in genomic integrity. Converts the G4-RNA
structure present in TREC into a double-stranded RNA

Plays a role in the regulation of cytoplasmic mRNA
translation and mRNA stability

Plays a role in transcriptional regulation and post-
transcriptional regulation

Associates with nascent pre-mRNAs, packaging them
into hnRNP particles and drive them into transcription,
pre-mRNA processing, RNA nuclear export, subcellular
location, mRNA translation and stability of mature
mRNAs.

Involved in transport of specific mRNAs to the
cytoplasm in oligodendrocytes and neurons recognizing
binding the A2RE or the A2RE11 sequence motifs
present on some mRNAs.

Specifically binds single-stranded telomeric DNA
sequences, protecting telomeric DNA repeat against
endonuclease digestion

Involved in the transport of HIV-1 genomic RNA out of
the nucleus, to the MTOC, and then from the MTOC to
the cytoplasm: acts by specifically recognizing and
binding the A2RE sequence motifs present on HIV-1
genomic RNA.

45

46

47

48,49

49
50

51

52

53-56

54,57-61

62,63

56,64,65

66

67

68

68

120



Cell Division
Cycle And
Apoptosis
Regulator 1

Nuclear
Receptor
Subfamily 0
Group B
Member 1

RNA-Binding
Protein With
Multiple
Splicing

High Density
Lipoprotein
Binding Protein

Matrin 3

DExH-Box
Helicase 30

-2.79

1.57

1.77

1.91

2.18

-2.93

331

1.4

2.53

33

2.45

Plays a role in cell cycle progression and/or cell
proliferation

p53 coactivator

Acts as a dominant-negative regulator of transcription
which is mediated by the retinoic acid receptor

Functions as an anti-testis gene by acting
antagonistically to Sry

Have a role in the development of the embryo and in the
maintenance of embryonic stem cell pluripotency

pre-mRNA maturation (binds to poly(A) RNA)

Required to increase TGFB1/Smad-mediated
transactivation

Regulates excess cholesterol levels in cells

Induces heterochromatin formation

Plays a role in the regulation of DNA virus-mediated
innate immune response by assembling into the HDP-
RNP complex, a complex that serves as a platform for
IRF3

Assembly of the mitochondrial large ribosomal subunit

Required for optimal function of the zinc-finger antiviral
protein ZC3HAV 1

Involved in nervous system development differentiation

69,70

71

72

72

72

73,74

74

75

75

44

76,77

78

78
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Table 2. GO analysis by IPA indicating canonical pathways in which RBP enrichment is significant for each comparison

(a., b., c.), with predicted functional outcome indicated by Z-score (See Methods for details), and RBP molecules

involved. Highlighted in yellow are the five pathways associated with COPD vs. both controls.

p-value Z-score
1.38E-05 -0.44
3.47E-04 0
3.02E-03 -1.41
6.03E-03 -1.41
2.19E-02 -1.41
3.24E-02 1
3.63E-02 1
3.63E-02 1
3.98E-02 -1.41
4.68E-02 -1.41

p-value Z-score
2E-15 -3.16
2.88E-06 -3.87
3.02E-05 -4
0.000209 -2.11

Prediction

inhibition

inhibition

inhibition

inhibition

activation

activation
activation
inhibition

inhibition

Prediction

inhibition

inhibition

inhibition

inhibition

Molecules

PRKDC,NROB1,SPEN,POLR2H, POLR2L

CPSF2,CPSF6

POLR2H,POLR2L

POLR2H,POLR2L

POLR2H,POLR2L
PRKDC

TNPOI1

PRKDC
POLR2H,POLR2L
POLR2H,POLR2L

Molecules

PAPOLA,CPSF2,CPSF6,CSTF1,NUDT21,CP
SF1,CSTF2,CPSF3,CSTF3,CPSF4

EIF2B4,PAIP2,EIF3E,EIF4G1,EIF2B2,EIF4E,
EIF3M,EIF3G,EIF1,EIF3B,EIF3A,EIF2B1,
EIF3L,EIF1AX,EIF3K

EIF2B4,EIF3E,EIF4G1,EIF2B2,EIF4E,EIF3,E
IF3G,PTBP1,EIF1,EIF3,HNRNPA I, EIF2B,EI
F3A,EIF3L,EIF1AX,EIF3K

PRKDC,DDX5,THRAP3,SPEN,NROB1,POL
R2H,GTF2F |, HNRNPD,RBFOX2,POLR2K,P
OLR2L
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0.000363

0.000501

0.004169

0.005129
0.025704

0.038019

p-value

5.75E-08

2.24E-07

6.46E-07
3.16E-06

0.000468

0.00138

0.004365

0.008318

0.040738

5.75E-08

-1.73

1.41

-0.57

-0.57

3

Z-score

0.24

0.22

-1.63
-1.34

-0.30

-1.41

-1.41

0.24253
6

inhibition

activation

inhibition

inhibition

inhibition

inhibition

Prediction

activation

activation

inhibition

inhibition

inhibition

inhibition

inhibition

activation

CPSF2,CPSF6,CSTF1,NUDT21,CPSF1,CSTF
2,YBX3,CPSF3,SYMPK,SAFB,CSTF3,CPSF
4

U2AF1/U2AF1LS5,U2AF2
HNRNPA1,XRCC6,HNRNPA2BI

KPNB1,RANBP2,TNPO1

POLR2H,GTF2F1,POLR2K,POLR2L

EIF3G,EIF3B,EIF3A,EIF3E,EIF4G1,EIF4E,E
IF3L,EIF3M,EIF3K

Molecules

EIF2B4,EIF4G3,PAIP2,EIF3E,EIF4G1,EIF2B
2,EIF4E,EIF3M,EIF3G,EIF1,EIF3B,PAIP1,EI
F3A,EIF2B5,EIF1 AX,EIF3L,EIF3K

EIF2B4,EIF4G3,EIF3E,EIF4G1,EIF2B2,EIF4
E,EIF3M,EIF3G,PTBP1,EIF 1, EIF3B,HNRNP
AL1,EIFS,PAIP1,EIF3A,EIF2B5,EIF 1 AX,EIF3,
EIF3K

KPNB1,RANBP2,TNPO1,RAN,XPO1,IPO5

PAPOLA,CPSF2,CSTF1,NUDT21,CSTF3

U2AF1/U2AF1L5,U2AF2
DDX6,RUVBL2

EIF3G,EIF3B,EIF3A,EIF4G3,EIF3,EIF4G1,E
IF3L,EIF4E,EIF3M,EIF4B,EIF3K

PRKDC,THRAP3,NROB1,SPEN,HNRNPD,G
TF2F1,POLR2K,POLR2

HNRNPA1,HNRNPA2BI1

EIF2B4,EIF4G3,PAIP2,EIF3E,EIF4G1,EIF2B
2,EIFAE,EIF3M,EIF3G,EIF 1, EIF3B,PAIP1,EI
F3A,EIF2B5,EIF1 AX,EIF3L,EIF3K
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We then selected the gene set obtained for the comparison COPD/S (n=409 SDEG probes) to perform
an unsupervised clustering analysis of each subject’s mRBP expression profile for the three groups (NS, S,
COPD), using Pearson’s hierarchical clusters/complete linkage method. Results were represented in a heatmap
generated with the T-MeV software (Figure 5).2>?* As expected, the heatmap clearly showed how the
expression of mRBPs appears predominantely diminished compared to NS and most of S subjects;
interestingly, it also identified in the S group a subset of four subjects displaying an expression profile highly
homologous to the one identified in COPD patients (Figure SA). This similarity was confirmed by performing
unsupervised cluster analysis for both genes and subjects using an Euclidean distance metrics (Figure 5B).

This analysis confirmed that the RBP expression profile of this S subgroup indeed clustered with the samples

from COPD patients.
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Figure 5. Unsupervised gene cluster analysis across the individual samples from GSES058 dataset identifies
selective global mRBPs repression in COPD patients shared by a subset of smoker controls. A. Unsupervised
clustering analysis applied to (blue arrow) SDEG probe list identified in COPD/S (n=409). Heatmap shows SDEG
probes’ fluorescence intensity value (blue < 0, reduced: red > 0, increased). The data were normalized on the median
and log,-trasformed for relative fold changes. B. Unsupervised clustering analysis applied to both SDEG probe list and
individual samples (blue arrows). Asterisks indicate the SDEG profiles of four smokers with NLF, clustering with those

of COPD patients indicated by the dotted line.
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As mRBPs exert their function by dinamically assembling in RNP complexes, the same gene dataset (n=409
SDEG identified in COPD/S) was searched for RBPs with correlated expression, which may indicate disease-
driven, coordinated target regulation. Pearson correlation map showed at least five highly correlated mRBP
clusters (r > 0.70) (Figure 6A). In particular, cluster 3 included 40 genes (Table S1), among which IPA analysis
identified enrichment of genes involved in RAN signalling, IL-15 expression, telomere extension (Figure 6B).
Importantly, included in this cluster is HNRNPD, coding for the RBP AUF-1 we previously identified as
repressed in small airway epithelium of COPD patients compared to smoker controls.'® Figure 6C shows
normalized fold changes across the three groups for eight representative mRBPs, including HNRNPD,

contained in cluster 3.

Cluster 3 |

B A5 19 U5 I L5 18 LS N 15 0 5 0N 15 I8

MLZFCOM®
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|

Figure 6. Correlation map identifies groups of coexpressed RBPs in COPD. A. Pearson Correlation maps of SDEG
probe list (n=409 in COPDY/S) across all samples, with R value set as (r > 0.7) identifies at least five clusters of
coexpressed mRBPs (red squares). B. GO analysis of cluster 3 (n=42 SDEG). C. Expression of selected mRBPs

coexpressed in cluster 3. * p-value < 0.05
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Expression profile of mRBPs in bronchial epithelium of patients with severe asthma compared to
control subjects.

Transcriptomic data in airway epithelium from bronchial brushing of patients with severe asthma (SA)
and healthy controls (HCs) were searched for mRBP expression using the same methodology (Figure 1). We
randomly extracted from the GSE63142 dataset!® the same number of patients of the GSE5058 COPD dataset
(n=6 SA, n=12 HCs). Clinical characteristics of the full study groups are shown in Figure 7A. Only 30 probes
(corresponding to 29 genes) were differentially expressed (DEG) in SA vs. HCs (listed in Table S2), but none
of the DEG genes changed by at least 50% compared with HCs, thus none was cathegorized as SDEG (FDR <
0.05; FC > |1.5]) (Figure 7b and C).

—— ;.
| Hes | sa | pualue |

,

32612 45211 00001 o

12/14 16/35 0,61 ' padj < 0.05 S8 1= SDEG padj< 0.05; FC 2 | 1.5]
18/5/3 31/14/3 0,43
24(2230)  32(2637) 0,006 SA/C SA/C

{2 Tohiiare) Probes  Genes Probes Genes

FEV1% predicted 5419 56420 <0,0001

(mean + SEM) 30 29 1] 0

Atopy, yes/no 16/10 39/8 0,08

PO el 59 (11-132) | 104(26-434) 0,042

quartile), 1Ufml

Blood eos, median (25- 2(2-3) 3(1-5) 0,14

75th quartile), %
FEuo median (25-75th  IEDIRE 7)1
quartil

37 (21-63) 0,043

controls; M=male;
= Caucasian.
p-value according to Bonferroni test p<0.05.

(from Modena et al. Am J Respir Crit Care Med 2014, with permission)

Figure 7. mRBP expression in airway epithelium of patients with severe asthma and healthy controls. A. Clinical,
spirometric and peripheral blood parameters of HC and SA cohorts providing airway epithelial cells by bronchial
brushings for trascriptomic analysis reported in GEO GSE63142", utilized in this study for analysis of mRBP
expression. B. List of DEG and C. SDEG obtained by data analysis (as described in Methods and Figure 1).
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Discussion

In our initial study,'® a search in a transcriptome database from bronchial brushings of COPD patients
versus normal smokers and non-smokers controls confirmed the altered RBP pattern we identified by IHC in
COPD patients vs. control subjects, consisiting of selected downregulation of the RBP AUF-1. In the present
study, substantial changes in global mRBP gene expression were identified in the same gene array database.
Changes were largely due to relative downregulation of mRBP expression, a feature that was found also in a
subset of control smokers.

The list of RBPs we chose for this study?” has been created by annotation of proteins as RBPs mainly
by domain search, considering known RNA binding domains [among 800 domains extracted from the protein
family (Pfam) database], or proteins known as validated partners of RNP complex. The human genome was
searched for protein-coding genes bearing RBDs using specific statistical probability models and futher
manual curation, which led to a final census of 1,542 RBPs. Of relevance, the biological functions of a third
of these proteins is unknown or minimally defined at least in human disease, some of which we found as
differently regulated in COPD patients - such as DEAD/DEAH box helicases.

The DEAD-box RNA helicase, DDX17 was among the top downregulated mRBP in COPD and its
role is not yet defined in this disease. DDX17 is a nucleocytoplasmic shuttling factor that functions as RNA
helicase and is involved in transcription, splicing and miRNA processing. Several studies indicate its
involvement in antiviral responses: in a recent study, a significant decrease in DDX17 was found in
transcriptional signature to vaccination to HIN1 influenza virus in human subjects, which correlated with
antibody titer and IFN-y production by T-cells.”” Upregulated DDX17 expression has been reported to be
associated with resistance to the tyrosine kinase inhibitor drug, gefitinib in non-small cell lung cancer
(NSCLC) cells.®* We also found as significantly downregulated the 3'~5' DEAH-box helicase DHX36, also
known as RHAU (RNA helicase associated with AU-rich element).*® In addition to regulating the transport
and half-life of ARE-bearing mRNAs, it has a role in the mechanisms of preservation of genome integrity and
in the maintenance of telomeres. In particular, DHX36 assists the activity of the TERT (Telomerase Reverse
Transcriptase) enzyme.>®%! As helicase, DHX36 unwinds parallel G-quadruplex structures formed in DNA
and RNA. Interestingly, a recent study indicates that ablation of DHX36 results in increased SG formation and
protein kinase R (PKR/EIF2AK2) phosphorylation, indicating that DHX36 is involved in resolution of cellular
stress at the level of SG.3! Moreover, in rat alveolar epithelial cells DHX36 downregulates epithelial sodium
channel (ENaC) mRNA stability by binding with TIAR-1 to the transcript 3’-UTR.%?

Pathway analysis may assist in directing further studies on a scale larger than single-gene analysis, in
particular when exploring relatively uncharted pathways. In our study, two pathways significantly impacted
by mRBP changes are well recognized as pathogenetic components of COPD: the signaling pathways
coordinated by the kinase mTOR (Mechanistic Target Of Rapamycin) and the expression/activity of the

telomerase enzyme.®*%” Telomerase is an enzyme complex that reverse-transcribes an integral RNA template
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in order to add short DNA repeats at the 3'-ends of telomeres. In our study, the mRBPs HnRNPA1 and
HnRNPA2B were downregulated SDEG in COPD and this profile was predicted by IPA to inhibit telomere
extension by telomerase. Furthermore, these two RBPs were coexpressed in cluster 3 (Figure 6), along with
another known TERT-regulating factor, AUF-1,%8 which we validated as downregulated RBP at protein level
by immunohistochemistry in COPD patients vs. controls.!® Coexpression is often found among RBPs that
participate to common posttranscriptional pathways; therefore, the novel mRBP clusters we identified (as
cluster 3, Table S1) can be used as starting point to infer mRBP putative regulatory roles and identify
coordinated expression of targets.?’

Early studies established that hnRNP-A1, hnRNP-A2, and hnRNP-B1 proteins can interact with
telomeres and are products of two different genes (HNRNPAL and HNRNPA2B1) but display similar structures
(two RRMs and four RGG motifs in each).® The mRBP hnRNP Al is the best characterized and found to be
associated with human telomeres in vivo;*° depletion of hnRNP A/B proteins in human embryonic kidney 293
cell extracts greatly reduced telomerase activity, which was rescued by addition of recombinant hnRNP A1.%°
Recently, a large study conducted in a group of 576 patient with moderate-to-severe COPD found a significant
relationship of absolute telomere length, measured by PCR in DNA from peripheral blood samples, with
several clinical parameters such as quality of life, number of exacerbations, and mortality.”! These evidence
suggest that shorter leukocyte telomere lengths could be evaluated as a biomarker for clinical outcomes in
COPD. Depletion in COPD of this RBP crucial for telomere length, therefore, may have a role in supporting
this clinical phenotype.

Quite strikingly, no significant differential mRBP expression was found in the database derived from
bronchial brushings of severe asthma patients versus healthy controls. We rerun the search including the entire
database (n = 56 SA and 27 HCs) with almost identical results (data not shown). This could be due to the
different triggers and inflammatory features of severe asthma, in which activation, rather that expression, of
mRBPs (see Introduction) may be critically involved in modulating epithelial responses, or can be due to a
wider spectrum of disease endotypes present in the studied population. More studies will be necessary to
validate this important negative finding.

There are several limitations also to the results obtained for the COPD database, the main one being
the small number of subjects included. In support of our findings, this patient and control cohort did have
statistical power to support the findings of the original study;'® it is nevertheless necessary to evaluate another
independent population with larger number of subjects. Moreover, it is possible that other RBPs with less
defined domains have been left out of the compiled list.

Overall, the COPD-related mRBP profile found in our study suggests post-transcriptional control of
epithelial gene expression as substantial, yet understudied process possibly contributing to key pathogenic
mechanisms in COPD. In-depth characterization of proteins dynamically interacting with mRNAs is necessary

to understand how PTGR participates to the disease process — and whether it can be targeted therapeutically.
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Therefore, creating a map of RBP expression is a necessary first step to then analyze epithelial mRNA-bound
proteome and potential changes in disease. Focused functional analysis and validating proteomic experiments
will be needed to validate the coexpression of mRBPs and to address whether expression of mRBP targets,
when known, in the COPD epithelial transcriptome database would show alterations consistent with — and

dependent from - the documented changes of mRBPs expression.
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Supplementary material

Table S1. mRBPs list of Cluster 3 in COPD patients (COPD) versus no smoker (NS) and Smoker (S) comparisons in
the GSE5058 database. FC = Fold change; FDR = False Discovery Rate. The red text denotes an FDR < 0.05. Bold

characters denote an FC value <-1.5 (green) and FC value > 1.5 (red), respectively.

Gene Symbol Probe ID

SCAF11
SF3B1
TIAL
RANBP2
RANBP2
UPF2
WBP4
SRSF10
DZIP1
CLK4
ZNF638
PNN
HNRNPDL
TNPO1
SREK1
FUBP1
YTHDC2
HNRNPD
PPWD1
FUBP1
SRSF7
CLK1
SLTM
CAPRIN2
LUC7L3
SFPQ
ANGEL2
HNRNPA1
DHX36
ZRANB2
TNRC6A
NUFIP2
HNRNPA2B1
RC3H1
HELZ
MSI2
SRSF1
PPIL4
TPR
RBM26
SREK1
ZNF326
DZIPIL

1570507_at
201071_x_at
201449_at
201712_s_at
201713_s_at
203519 s_at
203599 s_at
204299_at
204557 _s_at
210346_s_at
211257 x_at
212036_s_at
212454 x_at
212635_at
212721 _at
212847 at
213077_at
213359_at
213483_at
214093 s_at
214141 _x_at
214683 s_at
217828_at
218456_at
220044 _x_at
221768_at
221826_at
221919 at
223140 s_at
223716_s_at
224705_s_at
224938 _at
225107_at
225893_at
225910_at
226134 s_at
226419 s_at
226472_at
228709_at
229433 _at
235611_at
236196_at
239785_at

FCSvs NS

-1.09
1.04
1
1.11
1.17
-1.05
131
-1.21
-1.05
-1.1
1.02
-1.17
1.07
1.14
1.08
1.06
-1.04
1.32
1.05
13
1.12
-1.07
1.06
-1.24
1.01
1.01
-1.01
-1.26
1
1.22
-1.02
1.01
111
1.14
-1.22
1.04
1.05
-1.11
-1.03
1.23
1.07
1.17
-1.1

-3.15
-1.84
-2.41
-1.93

-1.6
-2.52
-1.18
-2.49
-2.66
-2.62
-2.78
-4.93
-2.19
-1.77
-2.59
-1.85
-1.81
-2.69
-1.94
-3.21
-2.07
-3.78
-1.64
-2.21
-2.36
-5.11

-1.7
-2.83
-1.72
-2.29
-3.19
-1.89
-4.43
-1.94
-1.94
-1.66
-2.16
-2.25
-2.02
-1.84

-1.5
-1.57
-2.12

-2.88
-1.91
-2.42
-2.15
-1.88

-2.4
-1.54
-2.07
-2.54
-2.37
-2.82
-4.21
-2.33
-2.01
-2.81
-1.96
-1.74
-3.56
-2.04
-4.17
-2.32
-3.55
-1.75
-1.78
-2.38
-5.18
-1.68
-2.26
-1.72
-2.78
-3.14
-1.91
-4.91
-2.21
-1.59
-1.72
-2.26
-2.03
-1.95
-2.26
-1.61
-1.83
-1.92

0.467129
0.499574
0.491093

0.36093
0.319399
0.404338
0.265744
0.376659
0.354549
0.399698
0.395084
0.399274
0.482769
0.486699
0.487995
0.402346
0.467076
0.491093

0.41731
0.407856
0.482769
0.342525
0.492836
0.304049

0.47383

0.39481
0.496762
0.234404
0.479051
0.346255
0.381743
0.423526
0.487983
0.491755

0.44806
0.492836
0.411642
0.496762
0.484297
0.403047
0.346146
0.371045
0.367387

0.014375
0.0046634
0.0149244
0.0137568
0.0450322
0.0053674
0.0628788
0.0242595
0.0156042
0.0021015
0.0021378
0.0045727
0.0113383
0.0304605
0.0150868
0.0243383
0.0451012
0.0408363
0.0150868

0.008399
0.0003094
0.0040844
0.0274489
0.0021378
0.0164155
0.0067192
0.0027824
0.0053674

0.020492
0.0360208
0.0036641
0.0300288
0.0114244
0.0132038
0.0113383
0.0209936
0.0090966
0.0113383
0.0090674
0.0164155
0.1361973
0.0396157
0.0140181

FCCOPDvsNS FCCOPDvsS FDRSvs NS FDRCOPDvs NS FDRCCOPDvs S

0.0275015
0.0121703
0.031216
0.0114609
0.0230986
0.0188686
0.0232771
0.0468013
0.0190971
0.0199102
0.0150037
0.0254254
0.0297528
0.0202625
0.0319828
0.0281825
0.0332428
0.0488046
0.0224045
0.0141766
0.0133373
0.025705
0.0397468
0.0353238
0.0181931
0.0275965
0.0221826
0.0388807
0.0180915
0.0188656
0.025705
0.0162441
0.0251596
0.0308894
0.0311165
0.0150271
0.0428733
0.0115967
0.0223358
0.0278978
0.0467
0.0332428
0.0453026
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Table S2. List of mRBPs DEG genes in severe asthma (SA) versus healthy controls (HCs) (GSE63142 database). FC
= Fold change; FDR = False Discovery Rate. The red text denotes an FDR < 0.05.

A_23_P41514 -1.02 0.04198
A_24_P394408 -1.04 0.040722
A 24 _P841677 -1.04 0.043031
A_23_P5945 1.12 0.040722
A_24 P933037 -1.05 0.043031
A_23_P218492 -1.05 0.015611
A_23 P307624 1.02 0.043031
A_24_P93967 -1.03 0.043031
A_32_P16954 1.03 0.040722
A_23 P103120 -1.03 0.044604
A_24_P136161 -1.07 0.04198

A_24_P188005 -1.03 0.040722
A 23 P96611 -1.03 0.048486
A_23_P116578 -1.03 0.040722
A_24 P268856 1.03 0.043031
A_23_P74215 1.04 0.043031
A_23_P404575 1.06 0.04387

A_24 _P921660 -1.04 0.043031
A_32_P56392 -1.06 0.040722
A_23_P100056 1.04 0.040722
A_24_P318073 1.02 0.040722
A_24_P925158 -1.06 0.040722
A_23_P4014 -1.04 0.040722
A_32_P456318 1.03 0.040722
A_24_P44891 -1.04 0.043031
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A_32_P226567
A_24_P917612
A_23_P34767

A_32_P218989

A_32_P15211

-1.05

1.02

1.03

1.03

-1.05

0.040722

0.043031

0.018585

0.040722

0.048486
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identification of airway epithelial transcripts as targets of RNA-binding protein AUF-1
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Abstract

Background and Aim. RNA-binding proteins (RBP) coordinate PTGR by binding to conserved sequences of
targeted mRNAs. The majority of genes expressed in immune and structural cells in chronic lung inflammation
are susceptible to RBP-mediated regulation, yet the role of RBPs in this setting remains elusive. We previously
documented significant loss of the RBP AUF-1 in airway epithelium of patients with stable COPD compared
to smokers with normal lung function, reproducing AUF-1 downregulation in human airway epithelial cell
line upon challenge with cigarette smoke extract. On these basis, the present study aims at identifying AUF-
1-targeted genes to better understand the contribution of this RBP to epithelial-driven responses in chronic
inflammatory airway diseases, such as COPD.

Methods. Cytoplasmic lysates of human bronchial epithelial cell line BEAS-2B were extracted using
procedures that preserve mRNA-protein complexes. RNA immunoprecipitation (RIP) using specific anti-
AUF-1 antibody (Ab) and isotype-matched IgG control Ab was followed by high-throughput sequencing of
bound RNA (RIP-Seq) to identify AUF-1-bound target RNAs. RNA-Seq statistical and data anlysis were
performed using DESeq2. RNAs with Enrichment Factor (EF) > 1.5 and False Discovery Rate (FDR) < 0.05
were used in subsequent analyses. Gene Ontology (GO) was performed with Ingenuity Pathway Analysis
(IPA) software. Sequence motifs were determined by comparison with Sequence & Structure Motif
enrichment Analysis for Ranked RNA daTa generated from In Vivo binding experiments (SMARTIV).
Protein-RNA binding sites were predicted with catRAPID upon submission of amino acid sequence of p454UF-
1.

Results. RIP-Seq analysis identified n = 494 AUF-1-bound mRNAs in cytoplasmic lysates from unstimulated
BEAS-2B cells. A shared GC motif was the most enriched binding site identified computationally in the
3’UTR among the experimentally defined AUF-1 targets. Initial in silico validation revealed significant
agreement of the experimental dataset with computationally predicted AUF-1 targets also expressed in BEAS-
2B prior to IP. A search in the GSE5058 transcriptomic database of primary airway epithelial cells obtained
from bronchial brushings of COPD patients and relative controls (Cancer Res. 2006;66:10729) indicated
significant changes in expression levels (FC value > | 1.5 | , FDR < 0.05) of experimentally derived AUF-1
targets versus non smokers and smoker controls. Based on these evidence, ongoing experiments are set to
validate a list of AUF-1 targets from our RIP-Seq dataset that are deregulated in primary cells of COPD
patients, by examining their expression profile and mRNA stability upon inflammatory challenge (cytomix,
cigarette smoke extract) and changes upon AUF-1 silencing.

Conclusions. AUF-1 may regulate the coordinate expression of subsets of epithelial genes that are functionally
related by their participation in pathogenis pathways of COPD. Identification of these genes and of AUF-1
role in their deregulated expression will expose the role of this RBP as regulatory determinant in epithelial

responses, and pave the way for evaluation of its value as therapeutic target or as disease biomarker.
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Introduction

RNA-binding proteins (RBPs) critically regulate the processing, transport and cytoplasmic fate of mRNA by
forming ribonucleoprotein complex (mRNPs) in posttranscriptional gene regulation (PTGR) processes. They
regulate transcript stability and translation by recognizing of specific Cis-elements present on the 3’-
Untranslated Region (3'-UTR) on mRNAs targets, determining the rate of protein output in fundamental
processes like cell cycle, proliferation and stress responses. '

AUF-1 belongs to a family of ubiquitously expressed proteins that mediate the stabilization or decay of mRNA
targets (see also Introduction, paragraph 3b). Four isoforms of AUF-1 are described and originate from the
alternative splicing of a single mRNA transcript, which determines their different molecular weight: p374UF-
1, p40AUE-1 pAD AUF-1 ‘54 SAUF-1 3 Different expression levels and nucleocytoplasmic distribution were correlated
with their different structural features. Mouse models lacking AUF-1 allowed to identify the role of this RBP
in numerous human diseases, such as breast cancer and melanoma.* Importantly, mice lacking AUF-1 have a
strong inflammatory phenotype. They spontaneously develop an age-dependent, chronic pruritic inflammatory
skin dermatitis highly resembling atopic dermatitis, characterized by enhanced dermal infiltration of
inflammatory cells, reduced wound healing and elevated serum IgE levels. In addition, AUF-17- T cells and
macrophages have increased expression of inflammatory cytokines, such as IL-2, TNF-a, and IL-1p.° Recent
evidence from our group indicates a significantly diminished expression of AUF-1 in the airway epithelium
of patients with stable COPD compared to control smoking subjects, a finding also reproduced in vitro by
challenge of the airway epithelial cell line BEAS-2B with cigarette smoke extract and cytomix.® To date, the
identity of AUF-1 mRNA targets in airway epithelium and the relevance of AUF-1-dependent epithelial gene
expression still remains poorly characterized, along with AUF-1 role in the epithelial response to triggers and
mediators involved in COPD pathogenesis.

On this basis we used unstimulated BEAS-2B, in which AUF-1 levels were preserved, to identify by RIP-seq,
for the first time, AUF-1-bound mRNA in human airway epithelium and to estimate what type of transcripts
would be impacted by its loss. Future experiments will be needed to verify — in AUF-1 KO and control cells
as well as in experiments of phenotype rescue - the modulation of the identified targets following either CSE
or Cytomix stimulation, as well as characterize AUF-1 regulation, using assays of mRNA stability and
translational control.

The present study has identified for the first time an AUF-1-bound mRNA pool in the bronchial epithelial
BEAS-2B cell line using RNA immunoprecipitation and high-throughput sequencing (RIP-Seq); ongoing
experiments are currently validating and characterizing the role of AUF-1 regulation for the expression of a

selected number of AUF-1-bound mRNAs.
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Methods

RNA immunoprecipitation and sequencing (RIP-Seq) assay (Figure 1). RNA immunoprecipitation (RIP)
is an antibody (Ab)-based technique developed to study the interaction between an RBP and its endogenous
targets.” After generating cytosolic cell extracts under conditions that preserved the integrity of RNP
complexes, the RBP of interest is immunoprecipitated with an RBP-specific Ab (and an isotype-matched, non
specific Ab as control) together with its associated RNA. After RNA purification, bound transcripts (mRNAs

and non-coding RNAs) are identified trough sequencing.

Stepl
/ Cell Haruest

Step2 Cell Lysis A\ Antibody
4
Ay YR

Step3 Immunoprecipitation

Beads
Q¢
082

e ¢

Step4  RNA Purification
T N N
N i LTS

Step5 High-throughput sequencers |

Figure 1. Schematic of RIP-Seq protocol. Cells are harvested (Step 1) and then lysed with polysome lysis buffer. The
cytosolic extract is incubated with specific anti RBP/isotype-matched control for specific immunoprecipitation (IP) of
the protein and its associated targets (Step 2). Bound RNA is then purified with magnetic beads (Step 4) and analyzed
by high throughput sequencing (Step 5).3

Cell culture. The human BEAS-2B cell line (ATCC) was cultured in DMEM/Ham’s F12 (EuroClone)
supplemented with 5% heat-inactivated FBS (EuroClone), 2 mM L-glutamine (Lonza), penicillin (100 U/ml)
- streptomycin (100 mg/ml) (Lonza) and 0.2% fungizone (EuroClone).® BEAS-2B bronchial epithelial cells
are non-cancerous and immortalized through transformation with SV40 adenovirus. Cells were plated in T-
175 flasks and harvested at 80% confluency. At least 108 cells were used for each condition for the IP
experiments.

Cell viability. The cells were harvested using trypsin/EDTA (Lonza), counted and their viability was
verified with the Trypan Blue exclusion test (EuroClone). Cell viability was > 90% at harvest in all

conditions.
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Cytosolic protein extraction and RIP. Cytosolic fractions were collected after lysing BEAS-2B cells with
polysome lysis buffer, as described.!® The buffer components were: 10 mM HEPES pH 7.0, 100 mM KCl, 5
mM MgClz, 0.5% NP40, 1 mM DTT, 100 U/ml RNase out, 400 uM Vanadyl-Ribonucleoside Complex, 1X
Protease Inhibitors. An aliquot of cytosolic extract (10% of total) was taken as Input. For IP with anti-AUF-1
Ab (HPA004911, Atlas Antibodies), 2 mg of cytosolic extract were incubated at 4 °C overnight with 4 pg of
antibody. For control IP, IgG isotype (02-6102, Thermo Fisher Scientific) was used at the same conditions.
Then, 100 pl of pre-blocked magnetic beads (Dynabeads, Thermofisher) were added and the incubation was
continued at 4 °C for 4 h.

Total RNA extraction. Total RNA pools bound to AUF-1/control Ab were extracted adding TriFast reagent
(EuroClone) directly to the washed beads, following the manufacturer’s instructions. The size distribution of
each RNA sample was assessed by running a 1 pl aliquot on an Agilent High Sensitivity RNA chip using an
Agilent Technologies 2100 Bioanalyzer (Agilent Technologies). The concentration of each RNA sample was
determined by using a Quant-IT RNA Assay Kit-High Sensitivity and a Qubit Fluorometer (Life

Technologies).

Sequencing. Total RNA was used for the preparation of the sequencing library. Library preparation was
performed as described'!. Briefly, 1 ug of RNA Input and 300 ng of AUF-1- and Ctrl Ab-IP RNA were used
as the starting material for sequencing library preparation from three independent experiments. Indexed
triplicate libraries were prepared with a TruSeq Stranded Total RNA (Illumina Inc.). The qualitys of the
libraries was evaluated by 2100 Bioanalyzer (Agilent) and Qubit dsDNA HS Assay Kit (Thermo Fisher
Scientific). Libraries were sequenced at a concentration of 3 pM/lane (paired-end, 2 x 75 cycles) on a NextSeq

500 (lllumina Inc.).

Alignment to the human genome and quantification of gene signal. The Cutadapt software was used to
remove the adapter sequences'?. The quality of the sequenced reads was assessed by evaluating several factors
such as the quality score, the presence of k-mers, the balance of the GC percentage, and an appropriate quality
cutoff was set on these bases. Raw sequence files (.fastq files) were checked using FastQC software!3 after
adapter trimming, as described!'. The Human transcriptome and genome (assembly hg38) was used as a

reference for the alignment, which was performed using STAR version 2.7.14

RIP-Seq data analysis. Feature-count was used to compute gene-level read counts.!'> Transcript per million
(TPM) was computed using RSEM.'® The R bioconductor package DESeq2 was used to test the differential
expression of genes from RNA-Seq data!”. The normalized sequencing data were compared with each other
in order to avoid the unbalancing of the libraries, in terms of numbers of sequenced reads and other variables
given by sequencing. Therefore, only the transcripts with significant differential expression greater than, or

equal to, the chosen cutoff were considered. Only the genes whose read count was > 10 in all samples were
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considered. RNAs showing Enrichment Factor (EF) > 1.5 and False Discovery Rate (FDR) < 0.05 computed

according to Benjamini—Hochberg were considered for further analysis.

Prediction of binding motifs. The p45AYF! sequence from NCBI was used for analysis with CatRAPID
algorithm.'® The list of coding and non-coding targets of AUF-1 protein was filtered for Discriminative
Power (DP). Enrichment ratios for every transcript in each of RIP-Seq experiments were log transformed.
Graphics visualization was elaborated with R version 3.6.2 '°. Prediction of binding motifs of AUF-1 was
identified with Sequence & Structure Motif enrichment Analysis for Ranked RNA data generated from in
vivo binding experiments (SMARTIV)?%-2!,

Genome Ontology (GO) and pathway analyses. Gene Ontology (GO) was performed with Ingenuity
Pathway Analysis (IPA) software??.

For each Canonical Pathway, the z-score was calculated as described by Walter et al.>? to predict the degree

of activation or inhibition:

(X Up — regulated) — (3 Down — regulated)
VN

Z — score =

Heatmaps and Pearson correlation matrices for correlated expression changes were generated using tMEV.

Statistical analysis. Data from Western blot densitometry were analyzed using Student’s paired t-testA
probability p < 0.05 was considered significant. Statistical analysis was performed using GraphPad Prism 5

(GraphPad Software Inc.). For statistical analyses, FDR was used (see “RIP-Seq data analysis” paragraph).
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Results

Cytosolic extracts of BEAS-2B cells (n=3) were isolated and subjected to RIP (see Methods). AUF-1- and
IgG control-associated RN As were immunoprecipitated (IP AUF-1, IP IgG), along with a No-Ab IP to evaluate
potential non-specific interactions during IP procedure. Input samples (Input) for each condition were also
collected for the sequencing analysis. Western Blot analysis of the protein fraction (Figure 2) revealed a high

level of enrichment in IP AUF-1 compared to IP IgG, No-Ab IP and unbound fractions (Unbounds) controls.

IPs Unbounds
I 1 I 1
P P P Unb. Unb. Unb.
Input AUF-1 No Ab 1gG AUF-1  No Ab 186
2 —-»
a0 > o d AUF-1

Figure 2. Representative Western Blot analysis (n=3) showing selective AUF-1 IP compared to controls. The Input
samples (Input) were incubated with both AUF-1 and IgG antibodies (AUF-1 IP and IgG IP, respectively) and then

immunoprecipitated with magnetic beads. An additional antibody-free control sample (no Ab) was performed.

Immunoprecipitated RNAs were fragmented and converted to complementary DNA (cDNA) after adaptor
ligations, and then sequenced on an Illumina platform. An average of 27466311, 36765708 and 25288124
reads were obtained from the Input, AUF-1 IP and IgG IP libraries, respectively. Despite differences in total
read numbers due to the low amount of Input cDNA, the IPs consistently yielded many more mappable reads
than did the controls. Principal component analysis (PCA) showed that one of the biological replicates was
discordant respect to the other two samples. For this reason, based on PCA results only two of the three original

experiments were considered for further analysis (Figure 3).
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Figure 3. Principal component analysis (PCA) based on gene enrichment profile after sequencing, considering the two
biological replicates of the AUF-1 IP, IgG IP and Input samples. The two principal components (PC) variables are shown

on the two axes of the graph.

After normalization (see Methods) a total of 12,727 transcripts were expressed in the cell line in Input samples.

Enrichment analysis was set with EF ratio vs Input at > 1.5 and FDR < 0.05.

To visualize the enrichment data, each sequenced transcript in the Input sample versus the IP samples were

plotted. The scatter plot was constructed using the log-transformed and normalized read numbers (Figure 4).
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Figure 4. Scatter plot of RIP-Seq data. Read counts for AUF-1 IP, IgG and Input controls were normalized and log-
transformed. Dark blue and light blu dots represent enriched AUF-1 IP and IgG targets (EF>1.5 and FDR<O0.05),
respectively. Gray dots represent background (Input). X and Y represent log, read count in Input (X) and AUF-1 IP (Y).

With this cutoff, 1078 transcripts resulted as significantly immunoprencipitated in AUF-1 IP and 1149
transcripts in IgG IP samples. Subsequently, these transcripts were crossed (Figure 5) and overlapping targets
were excluded. Only 494 AUF-1 IP-specific transcripts were therefore considered for further analysis. Table
1 lists the genes coding for the top ten AUF-1-bound transcripts by enrichment value; full list in Table S1).
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AUF1 IP vs Input
(1078)

IgG IP vs Input
(1149)

Figure 5. Venn diagram showing specific and common enriched transcript targets by comparison of AUF-1 IP-enriched

and IgG-IP enriched vs Input (EF > 1.5 and FDR < 0.05).

For these selected targets, the average of reads enrichment was, as expected, significantly higher in AUF-1 IP

compared to the Input and to IgG IP, while no difference in mean reads enrichment was found between the

IgG IP and the Input (Figure 6).

log2 normalized read

12

AUF-1_IP

IgG_IP

Figure 6. Boxplot showing
the average enrichment of the
494 AUF-1 transcript targets
in Input, AUF-1 IP and IgG [P
samples. The average of the
enrichment of the two
biological replicates for each
condition have been
considered. Y represents the
log> of the normalized read
count. *p-value <

0.05(Student's t-test).
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Table 1. Top ten genes with highest fold enrichment (FE, AUF-1 IP vs Input) in RIP-Seq experiments. Full list (n=494)
in Supplementary Table S1.

Proline Rich 36 5,73 0,020203 Unknown function 24
GLIS Family Zinc 4,95 0,00745  Transcription factor 25,26
Finger 2

Zinc Finger Protein 4,4 5,15E-05 Zinc finger protein 27
385A

Transcription Factor 4,14 0,003217 Mediator of Wnt signaling pathway 28-30
7 Like 1

PILR Alpha 3,52 0,000871 Ligand for the paired immunoglobin- 31,32
Associated Neural like type 2 receptor alpha

Protein

Methyl-CpG Binding 3,42 2,49E-09 Binds to heterochromatin 33
Domain Protein 6

Mucin 1, Cell Surface 3,37 1,81E-06 Binds to oligosaccharides by the 34-36
Associated extracellular domain

Forkhead Box P4 3,27 7,46E-05 Trascriptor factor 37,38
Lysine Demethylase 3,2 0,000139 Lysine-specific demethylase 39,40
6B

Fibrosin Like 1 3,09 0,000336 Unknown function 41

The AUF-1-bound transcript pool (n=494 genes) was then subjected to computational analysis to map the
main biological pathways putatively impacted by AUF-1 regulation and to identify the conserved binding
elements through which the RBP binds.

Gene Ontology analysis showed several Canonical Pathways (CPs) involving the recognized AUF-1 regulated
genes, such as cell growth and proliferation, gene expression modulation and corticosteroid response (Table 2

and S2).
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Table 2. Selected list of significant Canonical Pathways (CPs) of AUF-1 targets obtained by IPA.

-

.,
»

-
o
]
-
-
o
o
]
-
-
]
-
o

]

>
*,
"
>
>
.
3
>3
]
>3
>3
>3
>
3
3
>3
X3
*,
&
e
e
e
.

*,
"
*,
"
2,
"
*,
-
2,

»,
0

"

*
o

Ingenuity Canonical Pathways:
Glucocorticoid Receptor Signaling
PPARa/RXRa Activation
FAK Signaling
Inosine-5'-phosphate Biosynthesis Il
Protein Ubiquitination Pathway
PAK Signaling
p53 Signaling
EGF Signaling
2-ketoglutarate Dehydrogenase Complex
TGF-P Signaling
RAN Signaling
HGF Signaling
Clathrin-mediated Endocytosis Signaling
CXCR4 Signaling
Estrogen Receptor Signaling
Synaptogenesis Signaling Pathway
SAPK/INK Signaling
GNRH Signaling
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Hereditary Breast Cancer Signaling
PDGF Signaling

TNFR1 Signaling

Signaling by Rho Family GTPases
Assembly of RNA Polymerase | Complex
Role of Tissue Factor in Cancer

B Cell Receptor Signaling
Molecular Mechanisms of Cancer
IL-17A Signaling in Airway Cells
CD40 Signaling

ErbB Signaling

CCR3 Signaling in Eosinophils
Circadian Rhythm Signaling
GM-CSF Signaling

DNA Double-Strand Break Repair by Non-Homologous End Joining

DNA Methylation and Transcriptional Repression Signaling

ERK/MAPK Signaling

Nitric Oxide Signaling in the Cardiovascular System

Gal2/13 Signaling
Human Embryonic Stem Cell Pluripotency
IL-23 Signaling Pathway

Estrogen-Dependent Breast Cancer Signaling

Superpathway of Methionine Degradation

The interaction of AUF-1 with its target mRNAs has been shown to be mediated predominantly by motifs

located in the 3’-UTR of the transcripts.***#** Therefore, we focused our analysis of enriched elements to the

3-'UTR of the bound targets. We screened the 494 epithelial AUF-1 targets for the occurrence of motifs using

the SMARTIV tool. A group of 6 candidate motifs was derived from the experimental dataset but one motif

in particular, mostly comprising GC nucleotides had the highest frequency of hits over the entire SMARTIV

database (Figure 7).
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Figure 7. k-mer length 5 and 6 graphic logo generated by SMARTIV tool (see Methods) representing the probability
matrix of the AUF-1 motif, showing the relative frequency of each nucleotide for each position within the motif
sequence. The motif is originated from the experimental data set (n=494 AUF-1 transcripts) fobtained rom the RIP-Seq
study. Upper and lower case alphabets show the secondary structure prediction (A,G,C,U for unpaired nucleotides and

a,g,c,u for paired nucleotides). * p-value < 0.05 [according to minimum hypergeometric statistical approach (mmHG)].

As a first validation approach, a list of genome-wide AUF-1 target transcripts (n=3367) was derived in silico
through the catRAPID tool (see Methods) choosing a DP > 0.75 and TPM > 0.5 as thresholds. From this list,
only those expressed in the Input samples were selected and then compared with the experimental dataset.
This approach identified 123 transcripts present in the Input dataset, of which 70 were shared with the
transcripts of the RIP-Seq experimental dataset. Among these genes some transcripts of particular interest
have emerged, such as Histone deacetylase 2 (HDAC?2), a deacetylase critically involved in the suppression

of inflammatory gene transcription (Figure 8).4>46
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1. MUCl 26. SF3B3 51. MED20
2. KDM6EB 27.CORO1C 52. UBXN7
3. SORBS3 28. RBMXL1 53. NIPBL
4. MLXIP 29. SMNDC1 54. PEG10
5. DDX17 30. NUP214 55. MKI&7
6. SMC1A 31. PACS1 56. PRR14L
7. TMED7 32. HDAC2 57. RREB1
AUF1-IP Putat AUF1-targ 8. VPS37C 33. ANAPC1 58. ATXN1L
9. RAP2C 34. COL5A2 59. ZNF587
10. SRRM2 35. PRDM11 60. FRMD6&
11. MYOF 36. WNK1 61. PSMD12
12. NCOR2 37. GRINA 62, TNRCEB
13. VPS41 38. PAPSS1 63. APBB2
14. ZFHX4 39. SDCBP 64. FAM2088B
15. COPB2 40. ZNF462 65. HLCS
16. PREP 41. AHNAK 66. SF1
17. ATIC 42. DOCK9 67. ARF3
18. CNOT1 43. ALDH7A1 68. KPNB1
19. LMNB1 44. DCAF7 69. LPIN2
20. POGZ 45. EIF4A3 70. XIAP
21.SUCLA2 46. SCAF11
22. TRIP12 47. PBRM1
23. DDX3X 48. ATPEVI1A
24. NEK9 49. MACF1
25. MPLKIP 50. LPP

Figure 8. A. Venn diagram showing the crossing of AUF-1 IP dataset from RIP-Seq (blue) and putative AUF-1 targets
obtained from Catrapid prediction (yellow). B. List of transcripts shared by the two lists. In red HDAC2, a gene of

known interest for COPD pathogenesis, as example.

On these bases we are currently pursuing validation experiments in BEAS-2B cells, where we plan to confirm
AUF-1 binding through RIP experiments associated to single-gene PCR and evaluate the impact of AUF-1
regulation through gene ablation, mRNA stability assays and other approaches. To gain a stronger biological
rationale for the targets to choose for validation, we consulted again the GEO GSE5058 database, originally
used to confirm loss of AUF-1 in airway epithelial cells obtained from COPD patients, to look for regulated
expression of our 494 experimentally identified AUF-bound mRNAs.#7*® We identified 450 of these
transcripts as present in this database: considering significant changes in expression levels (FC value > | 1.5 | ,
FDR < 0.05) a number of them were indeed regulated: n= 19/450 (4.22%) in Smoker versus Non Smoker
controls, 219/450 (49%) in COPD patients versus NS and 154/450 (34%) in COPD patients versus S. Table 3
shows selection of targets regulated in primary epithelium, as found in GEO GSE5058 database, listed
according to the enrichment found in the RIP-Seq experiments. Based on this ranking, we will primarily select
genes that resulted upregulated in conditions of AUF-1 loss, such as GLIS, FOXP4, IL-17R and HDAC2 (not
shown in table, EF 1.7), examine their expression profile and mRNA stability upon inflammatory challenge
(cytomix, cigarette smoke extract) and evaluate changes upon AUF-1 silencing. We will then consider other
models of potential regulation by AUF-1 for downregulated genes (for example, translational repression).

Lastly - and in support of this approach for choosing targets to validate experimentally — we found in GEO
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GSE5058 that AUF-1 also targets 22 mRBPs (Table 4) differentially expressed in COPD vs. controls and that
the top-upregulated RBP, ZFP36L2 is indeed a known target of AUF-1.%

Table 3. AUF-1 targets (listed as multiple probes covering different gene parts) derived by RIP-Seq analysis in BEAS-
2B cells, ranked by Enrichment Factor (EF) > 2.5 (column on the right, AUF-1 RIP targets) and their regulation in
airway epithelium of COPD patients (COPD) versus no smoker (NS) and Smoker (S), derived from the GSE5058
database (Column on the right, GSE5058). FC = Fold change; FDR = False Discovery Rate, ER = Enrichment Factor.
The red text denotes a statistically significant FDR < 0.05. Bold characters denote an FC value < -1.5 (green) and FC

value > 1.5 (red), respectively.

GSE5058 AUF-1RIP targets
GeneName
Probe_ID FC_S_vs_NS FC_COPD_vs_NS FC_COPD_vs_S FDR_S_vs_NS FDR_COPD_vs_NS FDR_COPD_vs_S |EF_AUF1_vs_Input FDR_AUF1_vs_Input

GLIS2 223378_at -1.46 1.22 1.78  0.08928887 0.34273354 0.02071707, 4.95 0.007449735
ZNF385A |226111_s_at -1.20 1.68 2.02  0.42790438 0.00832359 0.11451765] 4.4 0.0000515
TCF7L1 221016_s_at -1.96 -1.78 1.10  0.00179558 0.00859051 0.24310109| 4.14 0.003217425
MBD6 227833_s_at -1.23 -1.20 1.02  0.10973763 0.12561105 0.32883218 3.42 2.49E-09|
MBD6 226076_s_at -1.91 -1.48 1.28  0.05469724 0.0726062 0.31316592, 3.42 2.49E-09
MUC1 207847 _s_at -1.00 134 1.34  0.48110505 0.10555101 0.14564064 3.37 0.00000181
MUC1 213693_s_at 1.06 1.54 1.46  0.42097727 0.00149968 0.01571835 3.37 0.00000181]
MUC1 211695_x_at -1.36 1.29 1.76  0.42497027 0.09019573 0.08370628 3.37 0.00000181
FOXP4 227120_at -1.19 1.72 2.06  0.47507268 0.03508035 0.06495909 3.27 0.0000746
KDM6B 213146_at -1.35 -1.52 -1.12  0.40275949 0.08157529 0.24325563| 3.2 0.000139227|
KDM6B 1556067_a_at -1.06 1.16 1.23  0.47013913 0.33964143 0.30437591 3.2 0.000139227|
KDM6B 41387 _r_at -1.11 1.36 1.52  0.40152041 0.03324808 0.04793452 3.2 0.000139227|
KDM6B 41386_i_at -1.39 113 1.58  0.10632632 0.29301486 0.02344987| 3.2 0.000139227|
FBRSL1 225704 _at -1.51 -1.03 1.47  0.04256702 0.4412191 0.02811713 3.09 0.00033594
FBRSL1 225703_at -1.96 -1.26 1.56  0.02550564 0.1913082 0.06703669| 3.09 0.00033594
Clorf226  |227019_at -1.16 1.51 1.75  0.33595935 0.09780266 0.060771 2.86 0.039358298|
CRTC1 207159_x_at -1.11 1.37 1.52  0.43611132 0.34352464 0.27191588| 2.73 0.001313828|
ATXN2L 207798_s_at 1.47 -3.37 -4.96  0.40041597 0.15341746 0.10274981, 2.6 1.37E-08
ATXN2L 201806_s_at -1.45 -1.74 -1.20  0.35801664 0.23105094 0.42019401 2.6 1.37E-08
RNF44 203286_at -1.18 1.16 138  0.29603832 0.0602814 0.07373776) 2.6 0.000146243
KIAA1522 |224746_at -1.19 -1.03 1.16 0.3382488 0.39210982 0.37875129 2.58 1.23E-08
IL17RD 227997 _at -1.04 1.26 131 0.3604282 0.23841446 0.17006415) 2.58 0.026678426)
IL17RD 229263_at 1.51 3.64 2,40  0.48259696 0.04187032 0.04958724 2.58 0.026678426)
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Table 4. List of mRBPs (listed as probes covering different gene parts) found as significantly enriched in AUF-1 RIP-

Seq, ranked by Enrichment Factor (EF) > 1.5 (column on the right, AUF-1 RIP targets) and their regulation in airway
epithelium of COPD patients (COPD) versus no smoker (NS) and Smoker (S), derived from the GSE5058 database
(Column on the right, GSE5058). Note that upregulated ZFP36L.2 is a known target of AUF-1. FC = Fold change;
FDR = False Discovery Rate, ER = Enrichment Factor. The red text denotes a statistically significant FDR < 0.05.

Bold characters denote an FC value < -1.5 (green) and FC value > 1.5 (red), respectively.

AUF-1RIP targets

EF_AUF1_vs_Input

FDR_AUF1_vs_Input

0.0278978
0.0254254
0.0232771]
0.0092905]
0.0490928
0.0030576]
0.0102221]
0.0180915]
0.0278978
0.0379235]
0.0161679
0.0245646|
0.0323169
0.0102221]
0.0241358
0.0332428
0.0190971
0.0345498
0.0137857
0.0499241]
0.0323119
0.0152375]
0.0143254
0.0142029
0.0171338

0.017659
0.0275015
0.0114609
0.0155975
0.0230986
0.0275015
0.0092905]
0.0282626]
0.0286315]
0.0390701
0.0092905]
0.0107368
0.0245646|
0.0175076|
0.0200034
0.0269621]
0.0142154
0.0204315]

GSE5058
GeneName
Probe_ID FC_S_vs_NS  FC_COPD_vs_NS FC COPD vs S |FDR_S_vs_NS FDR_COPD_vs_NS FDR COPD vs S
DDX17 213998 s_at -1.49 -46.27 -31.04 0.404338 0.0140181
DDX17 230180_at 1.17 -13.61 -15.92 0.352592 0.0001584
SON 201085_s_at -1.03 -2.56 -2.49 0.499255 0.0017621
SRRM2 208610_s_at -1.2 -4.28 -3.57 0.241551 0.0028941
SRRM2 1554671 _a_at 1.39 -1.24 -1.73 0.230395 0.2456353
DHX36 223139 _s_at -1.07 -5.31 -4.96 0.38121 0.0004195
DHX36 223138 s_at 1.08 -2.58 -2.79 0.479051 0.0005561
DHX36 223140_s_at 1 -1.72 -1.72 0.479051 0.020492
DHX36 1559039 _at 1.05 1.95 1.85 0.367387 0.0053674
SF3B4 209044 x_at -1.33 1.13 1.51 0.157765 0.3772207
HNRNPM 200072_s_at -1.01 -1.58 -1.56 0.338265 0.0009265
CNOT1 1554052_at 1.15 -2.07 -2.39 0.397312 0.0140181
G3BP2 206383_s_at 1.22 -1.44 -1.75 0.230395 0.0243383
G3BP2 208840_s_at 1.13 -1.46 -1.65 0.186348 0.0395403
YTHDC2 1568680_s_at 1.49 -2.24 -3.34 0.14654 0.0007806
YTHDC2 213077_at -1.04 -1.81 -1.74 0.467076 0.0451012
DDX3X 212515_s_at 1.23 -2.09 -2.58 0.375965 0.025486
DDX3X 212514 x_at 1.29 -1.54 -1.98 0.189196 0.0474536
DHX40 222574 s_at 1.18 -1.84 -2.17 0.247381 0.0045273
EIFAG3 1554310_a_at 1.34 -1.28 -1.71 0.142925 0.2878268
EIF4G3 201935_s_at 1.56 1.03 -1.52 0.010468 0.0919914
RBM15 1555760_a_at -1.09 -1.71 -1.57 0.379516 0.0057604
ZFP36L2 201369_s_at -1.09 2.08 2.27 0.275643 0.0224596
SCAF11 209376_x_at 1.13 -12.7 -14.4 0.382279 0.0000081
SCAF11 213850_s_at 1.26 -4.84 -6.11 0.365262 0.0000272
RANBP2 201711_x_at 1.57 -2.64 -4.15 0.186498 0.0008907
SCAF11 1570507_at -1.09 -3.15 -2.88 0.467129 0.014375
RANBP2 201712_s_at 1.11 -1.93 -2.15 0.36093 0.0137568
SETX 201965_s_at 1.3 -1.56 -2.02 0.146125 0.0166961
RANBP2 201713 s_at 1.17 -1.6 -1.88 0.319399 0.0450322
SCAF11 225336_at -1.01 -1.89 -1.87 0.43975 0.0265162
SETX 201964 _at 1.1 -1.68 -1.85 0.253103 0.0041782
SETX 232229_at 1.7 -1.06 -1.8 0.126396 0.3128
RANBP2 226922 _at 1.11 -1.55 -1.71 0.375965 0.0483165
SCAF11 235579_at -1.04 -1.6 -1.54 0.390845 0.0172984
SYNCRIP 209024_s_at 1.68 -2.16 -3.64 0.106247 0.0005547
TNRC6B 229036_at 1.26 -2.93 -3.7 0.253541 0.0007262
TNRC6B 228998 _at -1.05 -2.53 -2.4 0.467076 0.0071551
TNRC6B 213254 _at 1.22 -1.29 -1.57 0.14654 0.0586954
TNRC6B 1558142_at 1.02 1.79 1.76 0.187295 0.008306
SF1 210172_at -1.78 -9.07 -5.09 0.218881 0.0244725
KPNB1 208974 _x_at -1.15 -2.28 -1.98 0.496762 0.0002102
PUM2 201493 s_at -1.04 -1.75 -1.68 0.311061 0.0021999
PUM2 216221 s_at -1.05 -1.73 -1.65 0.140212 0.0014364

0.0106904

2.13
2.13
1.98
1.96
1.96
1.94
1.94
1.94
1.94
1.88
184
1.82
178
178
177
177
175
175
174
1.66
1.66
1.65
1.65
1.64
1.64
1.64
164
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.57
1.55
1.55
1.55
1.55
1.54
1.53
1.51
1.51

0.00000631]
0.00000631]
0.000718917
0.0000829
0.0000829
0.009783615
0.009783615
0.009783615
0.009783615
0.004953468
0.010043351
0.000346861
0.002331774
0.002331774
0.045855155]
0.045855155
0.018266402]
0.018266402
0.019458974
0.005624005
0.005624005
0.026375426
0.042907908]
0.031544378
0.031544378
0.019228686
0.031544378
0.019228686
0.018608842]
0.019228686
0.031544378]
0.018608842
0.018608842
0.019228686
0.031544378
0.048276717
0.026787535
0.026787535
0.026787535
0.026787535
0.020991399
0.037058081
0.031875996
0.031875996
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Supplementary materials

Table S1. Experimental targets list of the RIP-Seq (n=494). EF = Enrichment Factor, FDR = False Discovery Rate

GENE_SYMBOL EF FDR |GENE_SYMBOL EF FDR GENE_SYMBOL

PRR36
GLIS2
ZNF385A
TCF7L1
PIANP
MBD6
MuUC1
FOXP4
KDM6B
FBRSL1
Clorf226
AP001972.5
STX1B
CRTC1
AL513165.1
ATXN2L
RNF44
ILL7RD
KIAA1522
HIVEP3
RNF165
MNT
BICRA
SYNPO
RIN3
ZBTB7A
AL158212.3
ZFHX2
AL365181.3
ZNF697
SORBS3
AKAP12
LINC01963
ZNF555
PPP1R13L
NFIX
CREB3L1
TGFB1
EGR1
FRMD4B
MLXIP
PER1

5,73
4,95

4,4
4,14
3,52
3,42
3,37
3,27

3,2
3,09
2,86
2,84
2,83
2,73
2,66

2,6

2,6
2,58
2,58
2,47
2,46
2,45
2,43
2,43
2,42
2,42
2,38
2,37

2,3

2,3
2,29
2,27
2,25
2,25
2,24
2,19
2,18
2,16
2,15
2,15
2,15
2,15

0,020203

0,00745
5,15E-05
0,003217
0,000871
2,49E-09
1,81E-06
7,46E-05
0,000139
0,000336
0,039358
0,032884
0,012534
0,001314
0,034496
1,37E-08
0,000146
0,026678
1,23E-08
0,000702
0,026659
0,000654
0,011555
8,11E-07
0,005946
0,001117
0,020718

0,04323
0,004542
0,043455
0,000841
0,000177
0,011995
0,002913
0,000906
0,000846
0,038525
0,003603

0,00016
0,047394
0,002861

0,00825

DIO2
DOCK4
ERC1
ERF
MCM10
MTR
NOL11
POLR1A
POM121
TRERF1
TRPS1
TSPYL1
YTHDC2
ARFGEF3
CSTF2T
DDX1
DMXL1
FASTKD2
TRIP12
WDR47
ACADM
ATG2B
BAG3
DDX3X
ERCC6L
HSP90AA1
MINPP1
NEK9
SYT16
TOP2B
WDR36
COPA
DHX40
DMXL2
DOP1A
EPG5
GIT2
KLHL24
MPLKIP
POLR3A
PTK2B
SF3B3

1,77
1,77
1,77
1,77
1,77
1,77
1,77
1,77
1,77
1,77
1,77
1,77
1,77
1,76
1,76
1,76
1,76
1,76
1,76
1,76
1,75
1,75
1,75
1,75
1,75
1,75
1,75
1,75
1,75
1,75
1,75
1,74
1,74
1,74
1,74
1,74
1,74
1,74
1,74
1,74
1,74
1,74

0,007614
0,017798
0,009031
0,013416
0,026995
0,007964
0,044104
0,028233
0,006086
0,005063

0,02826
0,001935
0,045855
0,025196
0,020999
0,029098
0,003715
0,042233

0,00196
0,024643
0,010333
0,003324
0,019395
0,018266
0,028489
0,023752
0,042958
0,015949
0,044134
0,007066

0,04438
0,041701
0,019459
0,021561
0,037632
0,016524
0,013925
0,013386
0,024103
0,017697
0,037832
0,027771

PDE1C
PKM
QSER1
UBXN7
ZNF281
ABL2
C2CD3
CLASP1
FN1
ICE1
LRPPRC
NIPBL
NRIP1
PAK2
PHF20
RGP1
TAF2
UBR4
ADAT1
GLI3
GNA12
KPNAG6
MAP1B
MAPK14
NEU3
PAN3
PEG10
RFX7
SIPA1L2
SMAD3
THUMPD1
TP53BP2
USP40
BHLHE40
CRYBG1
MIEF1
MKI167
PAFAH1B1
PJA2
PRR14L
RAB11FIP1
RREB1

1,6
1,6
1,6
1,6

1,59

1,59

1,59

1,59

1,59

1,59

1,59

1,59

1,59

1,59

1,59

1,59

1,59

1,58

1,58

1,58

1,58

1,58

1,58

1,58

1,58

1,58

1,58

1,58

1,58

1,58

1,58

1,58

1,57

1,57

1,57

1,57

1,57

1,57

1,57

1,57

1,57

0,010379
0,028566
0,032528
0,009406
0,043779
0,011266
0,029498
0,023914
0,031621
0,025196
0,048861
0,029242
0,015232
0,010016
0,023516
0,017329
0,047451
0,010492
0,037967
0,034866
0,037128
0,043402
0,025353
0,030753
0,041545
0,020557
0,017043
0,022644
0,046799
0,014242
0,038338
0,037967
0,043165

0,04742
0,026855
0,032281
0,021889
0,011198

0,04553

0,01896
0,020592
0,042637
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AC037459.3
CRNKL1
DDX17
RERE
AC012513.3
CPNE8
SMC1A
UBR5
FAMO98B
SF3A2
CAMTA2
NFATC2IP
SVEP1
WDR3
ZXDA
CDC42EP1
POLR1B
SCARNA7
TMEM178B
LIG4
NPTXR
YLPM1
FAM120C
IRS2

BCL3
DAGLA
RAB14
SUPT16H
TMED7
ZMIZ2
ZNF888
CBX5
SAMDSL
VPS37C
ZNF221
COL12A1
HNRNPH2
MARCKS
NECTIN1
SMC3
SMG8
SON
HSD17B4
RAP2C
TET3

2,14
2,14
2,13
2,13
2,12
2,11
2,09
2,09
2,07
2,07
2,06
2,06
2,06
2,06
2,06
2,05
2,05
2,05
2,05
2,04
2,03
2,03
2,02
2,01

N NN NDNNNDN

1,99
1,99
1,99
1,99
1,98
1,98
1,98
1,98
1,98
1,98
1,98
1,97
1,97
1,97

0,032596
0,005231
6,31E-06
2,14E-05
0,037906
0,019199
0,000554
1,57E-05
0,002364
0,004451
0,004478
4,41E-05
0,010826
0,007161
0,033232
0,003648
0,001552
0,001451
0,017907
0,012687
0,016856
0,0003
0,013125
0,003319
0,016054
0,017176
0,000195
0,009683
0,001526
0,003344
0,027102
6,46E-05
0,019229
0,01312
0,033232
0,002492
0,009816
0,00108
0,003359
0,006401
0,005702
0,000719
0,012356
0,001002
0,00108

URB1
ADGRL1
BEND3
CORO1C
CRKL
EED
FBXO11
GCH1
IREB2
PAICS
RBMXL1
RNF111
SMNDC1
CHD1
FAM222B
MAMLD1
NPEPPS
NUP214
PACS1
PLS3
PTPN14
AP1G1
CPSF7
DNAJC13
MED12
MIB1
NHLRC2
RAB3B
RALGAPB
RAPH1
STK35
ZBTB10
DNMBP
DOCK5
GPATCH8
HDAC2
PDCD4
WDR11
ABCD3
ANAPC1
COL5A2
DYNC1H1
FAM160A1
HEATR6
KIAA1109

1,74
1,73
1,73
1,73
1,73
1,73
1,73
1,73
1,73
1,73
1,73
1,73
1,73
1,72
1,72
1,72
1,72
1,72
1,72
1,72
1,72
1,71
1,71
1,71
1,71
1,71
1,71
1,71
1,71
1,71
1,71
1,71

1,7

1,7

1,7

1,7

1,7

1,7
1,69
1,69
1,69
1,69
1,69
1,69
1,69

0,01869
0,023475
0,039406
0,003582
0,002197
0,028789
0,017493
0,020541
0,004428
0,002123
0,012451
0,039845
0,014471
0,022644
0,033972
0,020665
0,012968
0,032662

0,0035
0,027236
0,001692
0,005593
0,004825
0,011256

0,00733
0,003195
0,013803
0,001753
0,012032
0,002963
0,008742
0,016877
0,030715
0,002992
0,020406
0,017493
0,019496
0,026166
0,013297
0,011066
0,026243
0,011245
0,030753
0,031621
0,013803

STXBP1
SYNCRIP
TMPO
AAK1
ATXN1L
DICER1
GBF1
GJA1
PCNX1
PXN
ZNF587
ANKRD17
ARHGEF7
FRMD6
MECP2
PSMD12
RBPJ
TFCP2
TNRC6B
TUBGCP4
APBB2
CAND1
FAM208B
HIF1AN
HLCS
NSD3

SF1

ARF3
ARHGAP21
HPS3
KMT2A
KPNB1
LPIN2
NR2C2
PSME4
SMARCC1
SWAP70
TNKS2
VPS26A
XIAP
ZNF609
BMPR2
GLG1
MICAL2
PPP3CA

1,57
1,57
1,57
1,56
1,56
1,56
1,56
1,56
1,56
1,56
1,56
1,55
1,55
1,55
1,55
1,55
1,55
1,55
1,55
1,55
1,54
1,54
1,54
1,54
1,54
1,54
1,54
1,53
1,53
1,53
1,53
1,53
1,53
1,53
1,53
1,53
1,53
1,53
1,53
1,53
1,53
1,52
1,52
1,52
1,52

0,02617
0,048277
0,020991
0,030407
0,039925
0,026375
0,039763
0,043402
0,024485
0,023271
0,035882
0,049895
0,045818
0,019485
0,045722
0,035743
0,028668
0,046532
0,026788
0,042235
0,020718
0,049007

0,02591
0,021424
0,045645
0,023881
0,020991
0,024611
0,030715
0,035819
0,035849
0,037058
0,035849
0,036826
0,023595
0,043732
0,029709
0,028566
0,049267
0,038949
0,025731
0,044307
0,049989
0,023687
0,029034
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BRD4
POM121C
SRRM2
TOP1
AL031587.5
EPN1
MAST4
MYOF
DHX36
NCOR2
SLFN11
TMEMS8B
ACTR6
FOXJ2
NATD1
NUP160
PSAT1
VPS41
ZFHX4
ADAMTSLA
EIF5B
ELFN2
TRIP4
CCDC120
DCAF1
LEMD3
MCCC2
USP9X
BRWD3
COL4A6
DDX20
EFTUD2
MYO5A
PLAGL1
SART3
GRAMD1B
SF3B4
TRIM13
CEBPZ
CLTC
COPB2
GEMINS
NKRF
PLAGL2
AR
GTF3C1

1,96
1,96
1,96
1,96
1,95
1,95
1,95
1,95
1,94
1,94
1,93
1,93
1,92
1,92
1,92
1,92
1,92
1,92
1,92
1,91
1,91
1,91
1,91

1,9

1,9

1,9

1,9

1,9
1,89
1,89
1,89
1,89
1,89
1,89
1,89
1,88
1,88
1,88
1,87
1,87
1,87
1,87
1,87
1,87
1,86
1,86

0,001236
0,000586
8,29E-05
0,007066
0,011276
0,005678

0,04438
0,001451
0,009784

0,01749
0,002032
0,030496
0,038294
0,001315
0,007202
0,024106
0,004771
0,002647
0,000304
0,015213
0,013755
0,022742
0,028566
0,048041
0,007427
0,007714
0,009406
0,000813
0,001032
0,048614
0,024583
0,018566
0,000363
0,007338
0,004504
0,012766
0,004953

0,00447
0,006399
0,004478
0,018715
0,027269
0,016649
0,002967
0,009351
0,012556

SAMD4B
VIRMA
ATP6V1B2
CTNNA1
DDX46
DNMT1
FBXO38
GLCCI1
MAST3
MYO6
NF1
SRGAP1
TEAD3
TUG1
usSpP14
WNK1
BLMH
GRINA
ITPR2
MYO1E
NOL9
NT5DC3
PAK4
PAPSS1
PIKFYVE
RAP1GAP2
TRAF6
ZNF148
APOBEC3C
APOOL
ATXN1
CYB5RL
DDHD1
EIF4G3
LRBA
MAP3K9
MAVS
MED13
N4BP2
SDCBP
TCEAL9
TRIM14
ZNF462
AHNAK
DOCK9
MTHFR

1,69
1,69
1,68
1,68
1,68
1,68
1,68
1,68
1,68
1,68
1,68
1,68
1,68
1,68
1,68
1,68
1,67
1,67
1,67
1,67
1,67
1,67
1,67
1,67
1,67
1,67
1,67
1,67
1,66
1,66
1,66
1,66
1,66
1,66
1,66
1,66
1,66
1,66
1,66
1,66
1,66
1,66
1,66
1,65
1,65
1,65

0,012752
0,024321
0,024643
0,037269
0,033733
0,045856
0,046632
0,021442
0,022542
0,045818
0,006862
0,014568
0,023595
0,010064
0,026166
0,003319
0,011218
0,014701
0,037847
0,044752
0,023025

0,00686
0,044413
0,048926
0,007311
0,028754
0,029498
0,006623
0,023025
0,030843
0,017697

0,04387
0,018784
0,005624
0,010908
0,031094
0,027521
0,004775
0,044454
0,011202
0,016357
0,014761
0,006012
0,004293
0,009985
0,043674

BPTF
NEDDA4L
PUM2
RBM12
USP13
VPS13D
DOCK1
PDPR

1,51
1,51
1,51
1,51
1,51
1,51

1,5

1,5

0,03306
0,037268
0,031876
0,048281
0,032808
0,044307
0,032698
0,045776
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KLHL28
MTHFD1
NCAPD3
NPRL3
PIK3R4
WDR7
AASDH
ANKFY1
CHDS
CTPS1
DLST
FBXO30
MDGA1
TRIMS5
ZNF607
AARS
ARID2
HNRNPM
MMP240S
NEURL1B
PREP
PRICKLE2
PROSER3
AC004943.2
FAM160B1
FIGN
SEC24D
THRA
ATIC
CAMK1D
CNOT1
IBA57
KBTBD7
RECQL
RNF20
RPAP3
VAPB
ZNF219
CRYBG3
LMNB1
NACC2
PIK3C2A
RUNX3
ZBTB21
BMS1
DLD

1,86
1,86
1,86
1,86
1,86
1,86
1,85
1,85
1,85
1,85
1,85
1,85
1,85
1,85
1,85
1,84
1,84
1,84
1,84
1,84
1,84
1,84
1,84
1,83
1,83
1,83
1,83
1,83
1,82
1,82
1,82
1,82
1,82
1,82
1,82
1,82
1,82
1,82
1,81
1,81
1,81
1,81
1,81
1,81

1,8

1,8

0,024761
0,022111
0,007964
0,011963
0,020724
0,013386
0,042012

0,00301
0,001472
0,007537
0,001575
0,004943
0,043779
0,018156
0,025731
0,011116
0,002333
0,010043
0,005863
0,002201
0,005009
0,005593
0,011712
0,043402
0,003045
0,005163

0,01381
0,009064
0,011266
0,009148
0,000347
0,040616
0,040506
0,030015
0,030753
0,020991
0,000414
0,035867
0,019199

0,00929
0,009609
0,005266
0,032767
0,004685
0,033384
0,012046

NARS
NIF3L1
PDS5B
PFKFB2
PHIP
RANBP6
RBM15
SRP54
TBL1X
TULP3
ZFP36L2
ALDH7A1
CBLL1
CCDC82
DCAF7
EIF4A3
FAM168A
KIF24
MDN1
PML
PRMT6
RANBP2
SCAF11
SETX
TAF1
TANC2
ZBED5
MPHOSPH8
MYNN
PALLD
PBRM1
SBNO1
SEMA3A
ZNF765
ZNF845
ZSWIM6
ATP6V1A
ERCC6
MAP3K1
METTL16
MPP5
NCOR1
SELENON
SIK3
SPATA13
SRPRA

1,65
1,65
1,65
1,65
1,65
1,65
1,65
1,65
1,65
1,65
1,65
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,64
1,63
1,63
1,63
1,63
1,63
1,63
1,63
1,63
1,63
1,62
1,62
1,62
1,62
1,62
1,62
1,62
1,62
1,62
1,62

0,049028
0,026166
0,017191
0,048243
0,037967

0,04022
0,026375
0,049409
0,026678
0,036366
0,042908
0,014021
0,048504
0,043851
0,010168
0,034914
0,006668
0,028489
0,041353
0,023736
0,048848
0,019229
0,031544
0,018609

0,01499
0,004497
0,045056
0,042752
0,048625

0,00675
0,014761
0,013508
0,026078
0,033282
0,045805
0,012968
0,042774
0,028489
0,024063

0,01558
0,019258

0,02023
0,016313
0,019111
0,049615
0,022284
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PLRG1
POGZ
ZNF106
ZNF551
AMIGO2
ASXL2
DENNDA4C
MYORG
NHS
TSC22D4
CCNK
DOCK7
G3BP2
SEC23IP
SUCLA2
TOPORS
UBR3
WDFY3

1,8
1,8
1,8
1,8

1,79

1,79

1,79

1,79

1,79

1,79

1,78

1,78

1,78

1,78

1,78

1,78

1,78

1,78

0,033329
0,001353
0,000631
0,021424
0,027058
0,002797
0,015438
0,042896
0,034874
0,024377
0,018413
0,042714
0,002332
0,037567
0,015724
0,014124
0,016497
0,001371

BIRC6
HELLS
IGF1R
LIG3
MACF1
MAT2A
NCOA6
PDP1
RTCB
RUNX1
SPRED2
TSC22D2
Usp34
DDX21
FTO
LPP
MED20
NAV2

1,61
1,61
1,61
1,61
1,61
1,61
1,61
1,61
1,61
1,61
1,61
1,61
1,61

1,6

1,6

1,6

1,6

1,6

0,028575
0,031652
0,016693
0,032138
0,014615
0,038683
0,016198
0,026678
0,042896
0,021062

0,0298
0,020438
0,009784
0,043779
0,049895
0,013544
0,032051
0,027014
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Table S2. Full list of significant Canonical Pathways (CP) obtained by IPA of 494 AUF-1 targets identified by RIP-

Seq.

TR/RXR Activation

Paxillin Signaling

RANK Signaling in Osteoclasts
Glucocorticoid Receptor Signaling
PPARc/RXRat Activation

FAK Signaling

Folate Transformations |

Germ Cell-Sertoli Cell Junction Signaling
9. RAR Activation

. Inosine-5'-phosphate Biosynthesis Il
. Protein Ubiquitination Pathway

12. Renin-Angiotensin Signaling

. Mitotic Roles of Polo-Like Kinase

. PAK Signaling

. p53 Signaling

. EGF Signaling

. 2-ketoglutarate Dehydrogenase Complex
18. Lysine Degradation ||

19. Lysine Degradation V

20. TGF-p Signaling

21. RAN Signaling

22. HGF Signaling

23, Clathrin-mediated Endocytosis Signaling
24, Rac Signaling

25. CXCR4 Signaling

26. Estrogen Receptor Signaling

27. Role of NFAT in Cardiac Hypertrophy
28. Integrin Signaling

29, Synaptogenesis Signaling Pathway
30. SAPK/INK Signaling

31. GNRH Signaling

32. Chronic Myeloid Leukemia Signaling
33. Actin Cytoskeleton Signaling

OHNOGREWMNR

34. Mouse Embryonic Stem Cell Pluripotency

35. Role of Osteoblasts, Osteoclasts and
Chondrocytes in Rheumatoid Arthritis

36. TCA Cycle Il (Eukaryotic)

37. FGF Signaling

38. Leucine Degradation |

39, Renal Cell Carcinoma Signaling

40. Reelin Signaling in Neurons

41. Osteoarthritis Pathway

42, IL-9 Signaling

43, Hereditary Breast Cancer Signaling

44, PDGF Signaling

45. Purine Nucleotides De Novo Biosynthesis |1

46. TNFR1 Signaling

47. Acute Myeloid Leukemia Signaling

48, Signaling by Rho Family GTPases

49, Assembly of RNA Polymerase | Complex

50. Role of Tissue Factor in Cancer

51. B Cell Receptor Signaling

52. Molecular Mechanisms of Cancer

53. IL-17ASignaling in Airway Cells

54. CD40 Signaling

55. ErbB Signaling

56. CCR3 Signaling in Eosinophils

57. Circadian Rhythm Signaling

58. GM-CSF Signaling

59, Aryl Hydrocarbon Receptor Signaling

60. DNA Double-Strand Break Repair by Non-
Homologous End Joining

61. Amyotrophic Lateral Sclerosis Signaling

62. DNA Methylation and Transcriptional
Repression Signaling

63. ERK/MAPK Signaling

64. Nitric Oxide Signaling in the Cardiovascular

System

65. Ga12/13 Signaling

66. Human Embryonic Stem Cell Pluripotency

67. IL-23 Signaling Pathway

68. Neuropathic Pain Signaling In Dorsal Horn
Neurons

69. Choline Degradation |

70. Sulfate Activation for Sulfonation

71. Angiopoietin Signaling

72. Estrogen-Dependent Breast Cancer Signaling

73. Superpathway of Methionine Degradation
74. Cardiac Hypertrophy Signaling
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d. Final considerations: study limitations and future directions

Study limitations.

In this thesis we set to characterize the expression profile of mRBPs in two major human chronic lung

inflammatory diseases — COPD and bronchial asthma — and evaluate their functional role in models of disease

pathogenesis. The limits of the studies performed pertain both to the general approach as well as to specific

problems encountered along the use of experimental procedures: as we aimed at integrating different

laboratory techniques and bioinformatic tools, we often found ourselves facing problems that concerned both

specific protocols at the bench as well as aspects of the in silico analysis.

v

v

First of all, the limited number of patients enlisted in the first and second study indicates the need to
examine a larger sample number in independent patient/control cohorts.

A deeper clinical characterization of the study populations would help the identification of potential
links between phenotypic characteristics and molecular signatures. In particular, for both the first and
second study we have no data for COPD patients regarding alpha-1-antitrypsin deficiency, length of
smoking history or time from smoking cessation, history of exacerbation; in the second study for
bronchial asthma, we have no information on smoking status or severe asthma phenotype (es.
eosinophilic vs. neutrophilic, associated with obesity, etc); the evaluation of patients with milder
asthma could also be important to add, for example to confirm a potential role of RBP modulation by
glucocorticoid therapy so far identified in human airway epithelium in vitro;

Future studies may include the inclusion of well-phenotyped subjects with other respiratory diseases,
including idiopathic pulmonary fibrosis and sarcoidosis, which are associated with distinct
inflammatory responses;

In our first study, the incomplete silencing of the AUF-1 protein we achieved should be overcome
through the development of cells with stable loss of AUF-1 gene. To this end, CRISPR-Cas9 technique
could be used to develop airway epithelial KO cell line, in which perform RNA-seq to gain a deeper
characterization of AUF-1-related transcriptomic changes in this cell type.

The use of human primary bronchial epithelial cells will be necessary also for in vitro studies, to
validate and expand the knowledge on the expression of RBPs found in human samples.

In the third study, discrepancy in PCA analysis among the three biological replicates of
immunoprecipitation experiments in BEAS-2B cells may due to the use of cells of different passages,
or by the different lot of anti-AUF1 antibody used. The use of bioinformatic tools capable of removing

the batch effect may be considered.
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Future directions.

Studies on the biology of the RBPs regulating the fate of protein-coding RNAs, both at basic level and
increasingly in translational settings, indicate the powerful impact of these regulatory factors in
coordinating the expression of multiple genes participating to a disease process. On these basis, our general
aim is to identify the role of RBP-dependent gene regulation in chronic lung inflammatory responses.
Much of this aim is still being tested by work in progress, and the discussed limitations we encountered so
far are contributing to improve the design of our upcoming studies and shape future directions. Following

are mayor points we intend to pursue:

1. Studies in patients and controls: studies in independent patient/control COPD and SA cohorts with larger

sample number, with deeper clinical characterization of the study populations. Moreover, biopsy samples
could be interrogated more in depth by setting up newly developed, single-cell techniques, such as single
cell sequencing, in situ imaging and proteome profiling. These techniques could help identify, directly in
human samples, the type and state of epithelial cell most involved, and provide proteome-wide information

on protein states and interactions occurring in vivo in disease states vs. controls.

2. Studies in vitro: in the short term, in vitro studies will address, for the third study in progress, validation

of AUF-1-bound targets followed by functional characterization of AUF-1 regulation using dedicated gene
KO and phenotype rescue cellular models. Using medium- throughput screenings of reporter constructs
bearing AUF-1 targets 3°-UTRs, we could probe for the first time a disease-derived, functionally verified
pool of transcripts coordinately regulated in sequence-specific fashion by an RBP. This set can be probed
by compound libraries for drug screening in appropriate assays. On medium term, development of tissue-
specific transgenic/KO animal models will be desirable. For the second study, validation of the observed
RBP expression patterns will be pursued in our BEAS-2B in vitro challenge models, as well as

characterization of RBP coexpression patterns will be our next task.

3. Studies in silico:

a. The use of more sophisticated metadata and bioinformatics tools, such as GSVA, to corroborate the
analysis done so far and in larger datasets we need to analyze to confirm the RBP-associated gene

signatures we found so far;

b. Our search for RBP role in COPD and SA transcriptomic databases will need to be conducted also for
the growing body of non-conventional RBPs. For the second study, in fact, we probed the airway epithelial
transcriptome in COPD and SA datasets using a list of RBPs selected on the basis of canonical RBDs
(Gerstberger et al Nat Rev Genet 2014). However, further investigations will need expand the study to
other RBPs that contain no conventional RBDs (Hentze Nat Rev Mol Cell Biol 2018), which have been

increasingly identified in human RNA interactome studies. Like canonical RBPs, these RBPs also have
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RNA binding activity but hold several functions, such enzymatic activity in different metabolic pathways

or in RNA-modification; their role in human epithelial biology is currently unknown.

c. the significant differences between COPD and SA RBP profiles will need to be further defined. One
aspect to be investigated could be whether in SA there are changes related more to RBP binding rather
than changes in RBP levels. This entails the study of RBP interactome rather than that of expression levels,
concurrent with whole proteome, as well as consideration of assays probing RBP PTMs in human samples

or cell lines.

Overall, validation RBP-associated targets and RBP profiles and characterization of functional outcomes
will allow to study how altered post-transcriptional processes shape epithelial cell phenotype, how they
contribute to disease or altered response to treatment, and whether this alteration can be used as a biomarker
or targeted for therapeutics. It is our hope that on the long term, preclinical evidences may be translated
to clinical research on severe asthma and COPD and conceptually transferable to other chronic

inflammatory lung diseases.
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