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ABSTRACT

Post-transcriptional control of gene expression in Eukaryotes plays a pivotal role in determining
intricated networks defining physiological and pathological conditions among each organism. RNA
Binding Proteins (RBPs), by exploiting RNA-protein and protein-protein interactions, have been
recognized as the main actors in modulating these processes. As a consequence, RBPs aberrant
expression, modulation or mis-localization, leads to the insurgence of complex phenotypes and
diseases. Therefore, targeting and modulating the activity of RBPs found associated to different
pathologies represents a new promising therapeutic strategy. During my PhD | aimed at identify,
characterize and refine inhibitors targeting the RNA binding protein HUR. HuR belongs to the ELAVL
protein family, it is ubiquitously expressed in the cells and among tissues and highly conserved
throughout mammalian evolution. By binding AU/U rich elements (ARE) in the 3’UTRs of mRNAs,
HuR mainly stabilizes its target transcripts, enhancing their translation. ARE sequences are found in
7% of the human mRNAs, coding for protein involved in key cellular processes as: immune response
and inflammation, cell division and proliferation, angiogenesis, senescence and apoptosis. Hence,
dysregulation in HUR expression and in its subcellular localization have been associated with the
insurgence of several pathologies, mostly cancers and inflammation diseases. Notably, malignant
transformations and poor prognosis in patients have been found characterized by highly nuclear or
cytosolic HUR expression in a significant number of human cancers. Indeed, the majority of HUR
regulated transcripts encode for protein responsible for the appearance of several cancerogenic
traits. In particular, critical crosstalk established between cancer cells and inflammation processes
play a pivotal role in worsening and compromising cancers development and onset. Moreover,
considering that 90% of mMRNAs coding for cytokines and chemokines contains repeated ARES sites
in the 3UTR, HuR plays a strong regulatory role in immune system (innate and adaptive)
development and homeostasis as well as in pathogenic mechanisms. The searching for HuR
inhibitors represents a challenging area, in the drug discovery field, due to its pleiotropic functions
and its intrinsic structural complexity, which presents unfolded regions and sequences prone to
aggregation. HuR disruptors have been reported in the literature, but without systematic studies,
thus the identification of a new class of small molecules is still at the beginning. Among the molecules
discovered so far, in 2015 our group identified through a High-throughput Screening a natural
compound, DHTS, as a bona fide HuR inhibitor. Following that finding, we, me included, ascribed to
the molecule a well-defined mechanism of action, identifying the specific binding sites on which
HuR:DHTS interaction is based, defining that upon the mRNA binding DHTS interplays with HUR
maintaining the protein in a closed conformation, thus inhibiting its function. Furthermore, we
demonstrated DHTS anti-cancer activity in vitro, in cellular context and in vivo, in an HuR-dependent
manner. In this way, DHTS represented the molecular scaffold, for the generation of a new class of

highly potent HuR inhibitors, called Tanshinone Mimics (TMs). A functional oriented approach was



applied for the synthesis of new molecules harboring only DHTS chemical elements responsible for
HuR targeting, leading to a completely new molecular scaffold, not previously described in the
literature, with respect to the ancestor molecule. | have characterized and identified more potent
molecules, describing their anticancer properties, through the evaluation of their capabilities of
downregulating the total expression level of well-known HuR targets, coding for proteins involved in
tumor insurgence and progression, as VEGF, ERBB2 and CTNNB1, and reducing cancer cell
migration, cell cycle progression in a minor extent. On the other end, | have explored TMs anti-
inflammatory properties, counteracting the inflammatory response mediated by macrophages,
directly impairing the binding between HuR and its pro-inflammatory targets, diminishing their
expression and related protein secretion, resulting in impairing macrophages M1 pro-inflammatory
polarization. Moreover, | have put evidences on TMs activity in vivo in reducing cytokines secretion
level in the sera of acute inflammation mouse models. Lastly, | have evaluated TMs activity in
affecting T-cells proliferation, on which HuR it is known to play a regulatory role, showing TMs to
enhance T cells migratory properties in neuroinflammation disorders.

In conclusion, we identified TMs with Structure-Activity Relationships (SARs) towards HuR inhibition
and its biological implications, aimed at ameliorating their specificity and bioavailability suitable for

in vivo therapeutic strategies.
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1. Background

1.1 RNA Binding Proteins: structure and roles.

Post-transcriptional regulation is a crucial step of gene expression in defining the protein synthesis,
abundance, turnover and homeostasis in eukaryotic cells. It involves all the mRNA metabolism from
its transcription, maturation/processing, post-transcription, translation and proteolysis (Moore, 2005).
In this context, RNA-binding proteins (RBPs) play pivotal roles, starting from controlling the
elongation and termination of a RNA transcript, its alternative splicing, export and localization,
stability and corresponding protein translation (Glisovic et al., 2008; Turner and Diaz-Mufioz, 2018).
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Figure 1. Overview of RBPs importance during mRNA lifespan (adopted from Tuner et al., 2018). RBPs
controlgene ftranscription, 5 RNA capping, splicing, polyadenylation and methylation, mRNA export,
translation initiation, mMRNA translational silencing, mMRNA destabilization, and mRNA decay. The shuttling
from the nucleus to the cytoplasm is a key event that helps RBPs in playing different roles.

In particular, in (a) there are represented RBPs, as PRC2, that are responsible for the modulation of epigenetic
processes by binding of ncRNAs, or the transcription-export complex 1 (TREX-1), which includes Aly/REF
and UAP56 proteins involved in mRNA export by binding the cap-binding complex (CBC). The elF4 complex,
that initiate the CAP-dependent translation by recruiting the 40S ribosomal subunit, and the following
interaction with polyA-binding proteins (PABP) protects mMRNA from degradation. During stress stimuli, elF2a
blocks mRNA translation. Other RBPs presented are the ones involved in mMRNA destabilization and decay
and degradation by exonucleases, such as Xrnl and DIS3L2.0n the other end, in (b) the ribosome, the
decapping complex, the CCR4-NOT deadenylation complex, and mRNA decay mechanisms are represented.



Usually, RBPs bind coding and non coding RNA sequences through the recognition of thousands of
different, but specific for each protein, sites (Baltz et al., 2012; Freeberg et al., 2013), thus forming
ribonucleoprotein (RNP) complexes. RNP complexes regulate multiple processes among the cells,
tissues and organisms, during the development in both physiological and disease state (Dreyfuss,
Kim and Kataoka, 2002). RNA binding proteins are found ubiquitously expressed among all the
tissue and evolutionary conserved, suggesting their predominant function at the basis of the cellular
processes and involvement in the etiology of different diseases, from cancer to neurological
disorders (Lukong et al., 2008; Nussbacher et al., 2015). Although the regulation of protein-synthesis
directly or indirectly involves the vast majority of the RBPs, it has been reported that one of the third
of them has unrevealed roles (D’Agostino et al., 2019) .

The recent development of solids large-scale quantitative approaches allowed the genome-wide
identification of RNA binding proteins and their targets. Improvements in next-generation
sequencing, RIP- and CLIP based in vivo, RNA secondary structure profiling, small and long RNA-
seq, 3’-end sequencing methods and mass spectrometry have been pivotal for the identification of
binding properties of RBPs, demonstrating that the majority of RBPs are capable bind to a vast
number of transcripts in cells at defined binding sites, therefore a collection of 1.542 RNA Binding
proteins interacting with the all known forms of RNA has been proposed (Gerstberger, Hafner and
Tuschl, 2014). The interaction between cis-element present in the RNA sequence and the RNA
Binding Domains (RBDs) of the protein is at the basis of the mechanism mediated by the RNA
binding protein (Cléry, Blatter and Allain, 2008), however the diversity of functions, the structures
responsible for RNA recognition are built from few analogous RNA-binding modules. The principle
at the basis of the RNA recognition is given by two main factors: first, the interaction between the
entire folded protein, involving the hydrogen bonds with the backbone atoms and secondly specific
interaction between amino acid chain and nucleotides (Auweter, Oberstrass and Allain, 2006).
Typically, RBDs are composed of 35-90 amino acids and contact few nucleotides (3-5 nt), and the
combinations of RBDs within the same structure is responsible for the increasing of affinity and
specificity. These different RNA recognition structures are grouped in RNA Binding Domains (Table
1) (Lunde, Moore and Varani, 2007). The most common are shown in Figure 2, and are: RNA
recognition motifs (RRMs) (Cléry, Blatter and Allain, 2008), the most abundant domains in the
eukaryotes, the heterogeneous nuclear RNP (hnRNP) K domains (KH) (Valverde, Edwards and
Regan, 2008), DEAD box helicase domains, double-stranded RNA-binding motifs (DSRMs)(Linder

and Jankowsky, 2011) and zinc-finger domains (Hamosh et al., 2005).



Tablel Table showing a detailed list of the common RNA Binding domains and their features.
(Lunde et al., 2007)

Domain Topology RNA-recognition surface Protein-RNA interactions Representative
structures (PDB ID)
RRM off Surface of B-sheet Interacts with about four nucleotides of ssRNA U1A N-terminal RRM*®
through stacking, electrostatics and hydrogen (1URN)
bonding
KH(typel  off Hydrophobic cleft formed by variable ~ Recognizes about four nucleotides of ssRNA Nova-1KH3 (type I)*
and type ll) loop between 32, B3 and GXXG loop. through hydrophobic interactions between non- (1EC6), NusA (type )
Type ll: same as type |, except variable  aromatic residues and the bases; sugar-phosphate  (2ASB)
loop is between 0.2 and 32 backbone contacts from the GXXG loop, and
hydrogen bonding to bases
dsRBD off Helix 011, N-terminal portion of helix Shape-specific recognition of the minor-major— dsRBD3 from Staufen®*
02, and loop between 31 and 2 minor groove pattern of dsRNA through contacts (1EKZ)
to the sugar-phosphate backbone; specific
contacts from the N-terminal a-helix to RNA in
some proteins
ZnF-CCHH  of Primarily residues in o-helices Protein side chain contacts to bulged bases in Fingers 4-6 of TFIIIA%®
loops and through electrostatic interactions (1UNG)
between side chains and the RNA backbone
ZnF-CCCH Little Aromatic side chains form hydrophobic ~ Stacking interactions between aromatic residues  Fingers 1and 2 of TIS11d*
regular binding pockets for bases that make and bases create a kink in RNA that allows for the (1IRGO)
secondary  direct hydrogen bonds to protein direct recognition of Watson-Crick edges of the
structure  backbone bases by the protein backbone
S1 B Core formed by two B-strands with Stacking interactions between bases and aromatic ~ Ribonuclease I1'* (21X1),
contributions from surrounding loops  residues and hydrogen bonding to the bases exosome® (2NN6)
PAZ off Hydrophobic pocket formed by OB-like Recognizes single-stranded 3" overhangs of siRNA PAZ” (1513), Argonaute
B-barrel and small oy motif through stacking interactions and hydrogen bonds ~ (1U04), Dicer’? (2FFL)
PIWI off Highly conserved pocket, including a Recognizes the defining 5" phosphate group in PIWI75 (1YTU), Argonaute
metalion that is bound to the exposed  the siRNA guide strand with a highly conserved (1Uo4y™®
C-terminal carboxylate binding pocket that includes a metal ion
TRAP B Edges of B-sheets between each of the  Recognizes the GAG triplet through stacking TRAP22(1C9S)
11 subunits that form the entire protein  interactions and hydrogen bonding to bases;
structure limited contacts to the backbone
Pumilio o Two repeats combine to formbinding ~ Binding pockets for bases provided by stacking Pumilio® (1M8Y)
pocket for individual bases; helix .2 interactions; specificity dictated by hydrogen
provides specificity-determining bonds to the Watson—Crick face of a base by two
residues amino acids in helix o2
SAM o Hydrophobic cavity between Shape-dependent recognition of RNA stem-loop, ~ Vts1!2* (2ESE)

three helices surrounded by an
electropositive region

mainly through interactions with the sugar-
phosphate backbone and a single base in the loop

dsRBD, double-stranded RNA-binding domain; KH, K-homology: OB-like, oligonucleotide/oligosaccharide binding-like; PDB ID, Protein Data Bank identification;
RRM, RNA-recognition motif; siRNA, small interfering RNA: ssRNA, single-stranded RNA: ZnF, zinc finger.

However, recent studies have revealed the presence of complex interaction between protein and
RNA that requires non-canonical RBDs, thus suggesting the existence of new types of interaction

modes and binding modules that still remain to be deeply exploited (Hentze et al., 2018).

Figure 2. Representation of the RNA binding modules
and their interaction with RNA molecule, adopted
from Lunde et al., 2007.A) RRM of human U1A binding
single stranded RNA by the protein B-sheet protein and
through two loops. B) lllustration of Nova-2 KH domain.
The conserved exposed loop indicated in light blue
interacts with RNA or DNA single strand, at the level of
the short consensus sequence: 5-AUCAC-3'. C) Rnt1
dsRBD is presented. A conserved protein loop is bound
to RNA. D) Representation of TIS1ld Zinc-fingers
domain binding AU-rich element forming hydrogen bonds
between the backbone of the protein and RNA
nucleotides. The a-helixes and the B-sheets composing
the zink finger are coordinated by a zinc atom.

€ dsRBD

Finger 2



1.2 Targeting RNA Binding Proteins as a new promising therapeutic strategy.

The network made of RNA-protein or protein-protein interactions controlled and created by the
RBPs, define the RNA metabolism. Therefore, alterations in the modulation of their RNA-binding
function rely on different genes and pathways, leading to complex and controversial phenotypes
(Lukong et al., 2008). In particular, aberrant expression of RBPs due to genomic, epigenetic
processes or post-translational modifications (PTMs) alterations, forms incorrect post-transcriptional
events driving the insurgence of pathological conditions (Hong, 2018). The most widely described
diseases, caused by defects in RBPs, are the neurodegenerative ones. This is due to the high
expression of RBPs in the brain and the predominant level of alternative splicing, one of the major
event regulated by RBPs (Gabut, Chaudhry and Blencowe, 2008; Lukong et al., 2008; Hong, 2018).
Moreover, the loss of certain RBPs causes the insurgence of neurological disorders, including
Fragile X-syndrome, Spinal Muscular Atrophy and many others (Keene, 2007; Lukong et al., 2008;
Hong, 2018). Genome-wide analysis and proteomic data identified many RBPs as pivotal players
determining the insurgence, development and progression, not only of neurological and
neuromuscular diseases, but also of other pathologies, such as cancers. In cancer, alteration of
RBPs expression leads to a dramatic change in cell growth and proliferation dysregulating the
expression and function of oncoproteins and tumor-suppressor proteins. It has been shown that,
deregulation of specific RBPs is supportive in every step of cancer development, from sustained cell
proliferation to evasion of apoptosis and immune surveillance, angiogenesis induction and
metastasis stimulation (Pereira, Billaud and Almeida, 2017; Hong, 2018).

A panorama showing association of RBPs with human diseases, has been established by using
system biology approaches starting from protein interactomes (Lukong et al., 2008) as shown in
Table 2 (Keene, 2007).

Table 2 Table showing a detailed list of diseases in which RBPs aberrations are implied.
(Keene et al., 2007)

Neurodegenerative diseases; POMA paraneoplastic  hnRNP-P2; ELAV/HuB,C,D; NOVA1,2 49,113,120,124
neuropathies

Fragile X mental retardation FMRP 78,81,90,125
Turner syndrome Ribosomal proteins (RP) 125
Mitochondrial and metabolic disorders mitRP; IRP1,2; PCBP1,2 113,126
Oculopharyngeal muscular dystrophy PolyA-binding protein 2 127
Spinal muscular atrophy SMN1,2 128
Myotonic dystrophy CUG-BP/EDEN; CELF3 4,5, 129
o- and B-thalassaemia; cardiovascular disease BRUNO; ELAV/Hu; hnRNP-L1; ¢CP1,2; ETR3 113,130
Cancer and genotoxic responses; congenital ELAV/Hu; EIF4E; CUG-BP; IMP1-3; RP; 08,103,121.126,
dyskeratosis musashi; telomerase 131,132
Immunoregulatory disorders TTP.TIA, TIAR, HuR 48,55,102,112,118

o CP, alpha-C-rich pyrimidine RBP; EIF4E, eukayotic translation initiation factor 4E; ELAV, embryonic lethal, abnormal vision
homologue; BRUNO, CELF, ETR and CUG-BP constitute an ELAV-related RBP subfamily that bind to UA or UG-rich sequences
including CUG triplet expanded repeats; FMRP, fragile X mental retardation protein; hnRNP, heterogeneous ribonucleoprotein;
IMP. insulin-like growth factor mRNA-binding protein; IRP, iron response protein; mitRP, mitochondrial ribosomal protein; NOVA,
neurooncological ventral antigen; PCBP, poly(rC)-binding protein; POMA, paraneoplastic opsoclonus-myoclonus ataxia; SMN,
survival of motor neuron protein; TIA, T-cell-restricted intracellular antigen RBP; TIAR, TIA-related RBP; TTP, tristetraproline.



Because of these evidences, targeting altered RBPs and their RNA interactors is currently being
considered as a new challenging, but promising, therapeutic strategy. For what concerns this field,
different methods have been developed aimed in blocking RBPs activity in different contexts. The
approaches applied so far are mainly two, one is based on RNA interference, such us the
development of antisense oligonucleotides (ASO) against different RBPs. In cancer therapy, the
application of ASO against elF4E for example, is currently facing the clinical trials phase, or the using
of small RNA interfering (SiRNA) against the RNA Binding protein ELAVL1/HuUR delivered with
nanocarriers has been shown to compromise cell viability, migration and invasion in lung cancer
(Hong, 2018). The second approach, is based on the identification and development of small
molecules inhibiting RBPs activity, since recently the concept of considering RBPs as “druggable”
targets is spreading, evolving and collecting more evidences (D’Agostino et al., 2019). Through
several high-throughput screening assays and further biochemical validation approaches, it has
been possible to select compounds showing inhibitory activity towards different RBPs. Musashi,
LIN28, KHSPR and the splicing factor SF3b are some examples of proteins whose mis-regulation
has been associated with different diseases, such as cancer and neurodegeneration and towards
them, different inhibitory compounds have been identified and validated as bioactive molecules
(D’Agostino et al., 2019)

In this open field, one of the most widely reported RBPs, is ELAVL1/HuUR, that is, indeed the focus
of this thesis. HUR is found associated with a variety of diseases and for this reason, the searching

for inhibitory drugs still remain controversial and vast.

2. Introduction

2.1 The RNA Binding Protein HUR

HuR, also known as HuA or ELAVL1, belongs to the family of the embryonic lethal abnormal vision
(ELAV) of RNA-binding proteins (Ma et al., 1996; Good, 2006), was originally identified in Drosophila
melanogaster as essential for neural development (Jiménez and Campos-Ortega, 1987; de Silanes
et al., 2008). In the human genome, HUR gene is located on the chromosome 19pl13.2., the
corresponding protein is made of 326 amino acid with a molecular weight of 36 kDa (Ma and
Furneaux, 1997). Unlike the other ELAV protein members, whose expression is predominantly in
neural tissue, HUR is ubiquitously expressed among cells and tissues and evolutionary conserved
among mammals (Zucal, D’Agostino, Loffredo, Mantelli, Thongon, et al., 2015). HuR localization
inside the cells is mainly nuclear, but upon certain stimuli, such as stress, hypoxia or DNA damage,
it shuttles to the cytoplasm (Abdelmohsen et al., 2008) HuR binding sequence contains AU/UU-rich
elements (AREs) located primarily at the level of the 3’ untranslated region (UTR), rarely HUR binds
also 5 UTR of certain number of transcripts (de Silanes et al., 2004; Meng et al., 2005). In this way,

HuR generally regulates the fate of thousands of coding and noncoding RNAs from splicing, stability,

5



to translation (Brennan and Steitz, 2001). In particular, inside the nucleus, HuR is found co-
transcriptionally bound to the nascent pre-mRNA, promoting its processing at the level of its splicing
and alternative polyadenylation (Izquierdo, 2008; Keene et al., 2011; Lebedeva et al., 2011; Dutertre
et al., 2014; Bakheet et al., 2018). Afterwards, HuR is involved in helping the export of its mature
MRNA targets to the cytoplasm, where it performs mRNA-stabilizing function, mostly favoring than
repressing translation and mediating the storage in the stress granules (Srikantan and Gorospe,
2011). A summary scheme of the whole roles exerted by HuR in the cells is shown in Figure 3.

ona  Z7NININININY

"“""‘"‘\/'0\/‘\ o~~~ A/%r\
./\/f\/\\/\/*@wm
mRNA
Nucleus 0 & =

Cytoplasm

© =HwR
® =cap
- =5 UTR Export
/\_~ =Exon
\_~ =Intron
A_ =3 URR

AaaAaaa =polyA-tail

— — — — — — — — — — — — —

= .
€. =Ribosome

\ = Nascent destabilization and degradation

Protein
\
N

— — — — — — — — — — — — — — — — — — — —

Figure 3. HuR roles inside the cell. (Modified from Subramanya Srikantan and Myriam Gorospe 2011).
Inside the nucleus, HuR (green dots) binds pre-mRNA introns (thin green lines) and untranslated regions (red
lines) promoting splicing and nuclear processing events. Thanks to the shuttling from the nucleus to the
cytoplasm, HuR drives the export of the mature mRNA out of the nucleus, and in the cytoplasm it stabilizes
mRNAs, helping mMRNA storage (as in stress granules), and modulates target translation.

HU/ELAV proteins share an akin structure, that is composed of three RNA-recognition motifs
(RRMs): RRM1, RRM2, and RRM3. The firsts two RRMs, RRM1 and RRM2 are organized in
tandem, separated by the third RRM (RRM3) via a less conserved, flexible hinge region (Samson,
2008; Soller, Li and Haussmann, 2010). HuR protein structure is organized as previously described
and represented in Figure 4A. As shown in the previous paragraph, RRM domains are made of four
B-sheet two a-helices, with the following topology: B1-al1-B2-B3-a2-B4, in which the sheets are
packed against the helices (Figure 2) (Cléry, Blatter and Allain, 2008).



At the N-terminus of HUR, RRM1 and RRM2 motives are placed in tandem: RRM1 is primarily
responsible for RNA binding, but the presence of the second RRM and the inter-domain linker
significative increases the RNA binding affinity of the two RRMs. According to the crystal structure
of these two domains, that has been solved by Wang et al in 2013, in RNA free condition, RRM1
and 2 are organized in an open structure (Figure 4B). On the other end, in presence of RNA, they
undergo conformational changes, assuming a closed shape and forming a positively charged cleft
responsible for the binding of the RNA (Figure 4C) (H. Wang et al., 2013). In the hinge region, that
is a long loop made of 60 amino acids, between RRM1-2 and RRM3, is placed the domain
responsible for HUR nucleo-cytoplasmic shuttling (HNS) and protein-protein interactions (Fan and
Joan A Steitz, 1998; Guttinger et al., 2004). If the first two RRMs and the hinge region have been
clearly described, the roles of the RRM3 remain controversial. RRM3 is known to bind mRNA polyA
tail and promote the protein oligomerization, but recently the crystal structure of this domain has
been solved (Figure 4D) and new functions have been ascribed to it. Through high-resolution
structural analysis and in vitro binding studies, it has been suggested that RRM3 patrticipates in the
RNA binding, according to the canonical properties of this domain (Pabis et al., 2019).

Putting all these observations together a new model of interaction and RNA binding has been
proposed, in which all the three RRMs are bound together in a closed and multimeric conformation,
but upon RNA interaction HUR acquires a rigid and aligned shape, pivotal for the exploiting of its
function (H. Wang et al., 2013; Pabis et al., 2019).
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Figure 4 HuR global structure (modified from Wang et al., 2013 and Pabis et al., 2019).
A) Schematic representation of HuR protein structure and domains asset. B) Crystal structure of RRM1 and
RRM2 without RNA bound. C) RRM1,2 crystal structure highlighting the conformational changes of RRM1 and
RRM2 in presence of RNA. D) RRM3 crystal structure. E) Recent structure proposed of the three domains
(RRM1,2 and 3) co-participating in the RNA binding. F) Schematic picture showing HUR and its domains,
oligomerizing and interacting in absence of RNA and changing shape after RNA binding.



2.2 HuR regulation, functions and association with diseases

Considering its fundamental role inside the cells, HUR expression is finely regulated at different
levels. From the transcriptional point of view, the mechanism of its regulation is still unclear.

It has been shown that the transcription factors NF-kb (Kang et al., 2008) and the Smad family
proteins (Jeyaraj et al., 2010) are responsible for the modulation of HUR expression. A further step
of regulation is given by HuR itself, that is able to bind and stabilize its own mRNA (Pullmann et al.,
2007). At the level of the structure, HUR mMRNA arbors different alternative polyadenylation variants,
that are responsible for the transcript protection from degradation and decay and nucleo-cytoplasmic
export promotion (Al-Ahmadi et al., 2009; Chang et al., 2010).

HuR translation instead, is negatively regulated mainly by different microRNAs, such as miR-519
and miR-125a (Guo, Wu and Hartley, 2009; Marasa et al., 2010) and by post-translational
modification. In particular, HUR is phosphorylated at different level by a variety of kinases, such as
serin/threonine-kinase ChK2, the mitogen-activated protein kinase (MAPK) p38 and protein kinase
C delta (Abdelmohsen et al., 2007; Yu et al., 2011; Schulz et al., 2013; Akaike et al., 2014). HuR is
found also methylated by CARM1 (Pang et al., 2013) and neddylated (Fernandez-Ramos and
Martinez-Chantar, 2015). These PTMs can occur either at the level of RRMs or HNS site, affecting
HuR affinity to targets or its localization. Furthermore, HuR is degraded after ubiquitination
(Abdelmohsen et al., 2009) by the proteasome machinery, or cleaved by caspases during apoptosis
(Mazroui et al., 2008).

Modulation of HUR expression, such as over-expression and depletion with small-interfering RNAS,
clearly demonstrated that its ablation is related with impairment in the proper differentiation of
different cellular lineages, including spermatocytes, myocytes, and adipocytes (Cuadrado et al.,
2003; Levadoux-Martin et al., 2003; Van Der Giessen et al., 2003; Cherry et al., 2008)

Moreover, HUR deletion in mice affects the proper development of embryonic and extraembryonic
structures, thus leading to embryo-lethality (Katsanou et al., 2009), suggesting that vast impact
generated by HuR loss, is related to its functions. Indeed, it specifically binds and regulates the faith
of ARE containing mRNAs, estimated to represent the 7% of the human protein- coding gene
transcripts. These mRNAs encode for protein involved in key processes as: immune response and
inflammation (Atasoy et al., 1998; Katsanou et al., 2005; Yiakouvaki et al., 2012; Kafasla, Skliris and
Kontoyiannis, 2014),cell division (Wang et al., 2000)angiogenesis (Levy et al., 1998; Tang, Breen
and Wagner, 2015), senescence (Wang et al., 2002) and apoptosis (Abdelmohsen et al., 2007)

In particular, p21, c-FOS, the vascular endothelial growth factor (VEGF), SIRT1, TNFa, Bcl-2, Mcl-
1, COX-2, p53, numerous growth factors, cyclins, cyclin inhibitors, chemokines and cytokines are
part of the vast panorama of transcripts bound and regulated by HuR (Figure 5) (Zucal et al., 2015).
For this reason, HuR is considered one of the major regulators of gene expression, being pivotal for
cells and tissue homeostasis and physiology. As a consequence, HUR de-regulation leads to the

appearance of different disorders, such as cardiovascular diseases (Gu et al., 2017; Zhou et al.,
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2018) nephropathies (Yu et al., 2015; Shang and Zhao, 2017), retinal diseases (Amadio et al., 2010;
Khera, Dick and Nicholson, 2010; Viiri et al., 2013), muscular disorders (Di Marco et al., 2005;
Nakano et al., 2005; Wu et al., 2017)and neurological diseases (Skliris et al., 2015). However, among
these pathologies, HUR has been found deeply involved in the development of a variety of cancers

and inflammation diseases.

2.3 HUR in cancer

The transition from a normal cell to a cancer one implies the dysregulation of specific physiological
processes, leading to the acquisition of the following phenotypes: enhanced proliferation, avoiding
of apoptosis, sustained angiogenesis, migration, metastatic potential (Figure 5) and resistance to
chemo- and radio-therapies (Riaz et al., 2016)(Hanahan and Weinberg, 2011). As described above,
a vast number of HuR-regulated mRNAs containing AU rich elements in their 3'UTRSs, is known to

be responsible for the appearance of these oncogenic traits (Kotb Abdelmohsen, 2013) (Figure 5).
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Dramatic HUR overexpression and high nuclear, or cytoplasmic localization have been associated
with malignant transformation and related with patients prognosis in a significant number of human
cancers, including breast, colon, ovarian, prostate, pancreatic, oral cancer, urinary, skin and many
others (Kotta-Loizou, Giaginis and Theocharis, 2014).

Dixon and Nabors through studies pursued in brain and colon cancers have found an elevated HUR
expression related with subsequent increasing in the expression of a number of its targets as COX-
2, VEGF, TGF- B, IL-8 was observed (Dixon et al., 2001; Nabors et al., 2001).

Cyclooygenase-2 (COX-2), being an inducible enzyme in the synthesis of prostaglandins, has been
reported to be a relevant prognostic factor. Prostaglandins are recognized as HuR targets, as it
regulates their aberrant expression, especially in cancer and colorectal cancer. In these studies,
COX2 and HuR expression has been found elevated in normal epithelium, high-grade prostatic

intraepithelial neoplasia, prostate (Barbisan et al., 2009) and ovarian carcinomas (Lu et al., 2006).
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On the other end, angiogenesis is a pivotal mechanism eliciting tumor progression and HuR has
been shown, as mentioned above, to control the faith of Vascular endothelial growth factor-A (VEGF-
A), interleukin-8 (IL-8), hypoxia-inducible factor-a (HIF-a), and COX-2, that are involved in this
processes (Yoo et al., 2006; Zucal et al., 2015). Many studies based on the analyses of histological,
clinical samples, demonstrated the existence of a positive correlation between cytoplasmic HuR
accumulation and VEGFA, VEGFC, COX2 and IL-8 in human tumor samples. HUR was also found
to be related with high-density of blood microvessels and furthermore its presence inside the
cytoplasm has been associated with large size of human different tumors (J. Wang et al., 2013).

For what concerns cell migration and metastasis, HUR stabilizes different transcripts, such as Snail,
that regulates epithelial-mesenchymal transition, MMP-9, uPA and its receptor, known to be invasive
factors (Tran, Maurer and Nagamine, 2003; Dong et al., 2007; Yuan et al., 2011). In fact, HuR
knockdown strongly inhibited MMP-9 expression and HUR depletion in breast epithelial immortalized
cell line is correlated with a reduction in anchorage growth, cell invasion and high level of
programmed cell death, due to HuR binding to CTGF and RAB31 transcripts (Heinonen et al., 2011).
As depicted in the Figure 5, many are the HuR related transcripts discovered so far and until now,
more putative targets have been found and added to the list, demonstrating that HUR mainly acts as
a positive agent determining the insurgence and progression of cancers. Indeed, in breast cancer,
cytoplasmic HUR accumulation is associated with high-grade invasive ductal breast carcinoma, with
poor outcome and poor survival. It has been shown, that HuR is able to bind and increase the
expression of cyclin E1, estrogen receptor (ER), BRCAL, Cyiclin D1(Yuan et al., 2011; Kotb
Abdelmohsen, 2013). Not only, in human breast cancer cell lines, it has been shown that, via a
regulatory network, an increased HuR expression driven by the factor HSF1, is related to an
increased expression of CTNNB1 mRNA (f-catenin), responsible for stimulating stem cell renewal
and cell adhesion, critical for carcinogenesis (Chou et al., 2015). HUR knockdown with shRNA in
different breast cancer cell lines, as MCF7 and MDA-MB-231, reduces cells viability, tumor growth
due to an induction of apoptosis (Saunus et al., 2008; Zhang et al., 2017). An increased uncontrolled
HuR expression has been related with chemotherapy resistance. In fact, recently, in breast cancer
therapy, it has been shown, by RNP immunoprecipitation and pulldown assays, that pharmaco-
resistance to tamoxifen was implied to an overproduction of ERBB2 mRNA promoted by HUR (Tan
etal., 2017; Manzoni et al., 2018a). Through similar experiments, in the context of chemo and radio-
resistance, in colon cancer cell lines, such as DLD-1 and HCT-15, it has been observed that HUR
downregulates the production of caspase-2 mRNAs, by binding its 5’UTRs, decreasing apoptosis,
thus increasing the resistance to therapeutic ionizing radiations. This effect indeed has been reverted
by HuR depletion in these cell lines (Badawi et al., 2017). Furthermore, overexpression of HUR
increased the growth of colon and breast cancer cells in nude mouse xenograft model. On the other
end, HuR silencing or complete knockout with CRISPR/cas9 in different pancreatic and colon cancer

cell lines, inhibited tumor growth and development in xenograft model (Lal et al., 2017).

10



In conclusion, all these evidences suggested that HuUR exerts a critical role in vast majority of human
cancers, thus can be considered as a valid target for therapeutic purpose.

2.4 HUR in inflammation

Evasion of the immune response and promotion of inflammation are two different mechanisms
recognized as pivotal for the progression and evolution of cancer processes (Figure 5). HUR, plays
an important role in innate, adaptive immunity and inflammatory pathways, in physiological and
pathological condition. In fact, 90% of mMRNAs coding for cytokines and chemokines contains
repeated AREs sites in the 3'UTR, making these transcripts unstable and tightly regulated by
stabilizer or de-stabilizer trans-factors like RBPs, as HUR, Tristetraprolin (TTP) and TIA1. This gives
rise to a rapid degradation and turnover of these mRNAs in response to changes in cells/tissues
environments (Fan and Joan A. Steitz, 1998; Fan et al., 2005; Seko et al., 2006).

First, HUR has been suggested to be involved in determining the insurgence of pro-inflammatory
response to agents as lipopolisaccharide (LPS), since it prevents the degradation of toll-like receptor
4 (TRL4) mRNA, giving rise to an up-regulation of the inflammation processes in model of vascular
inflammation and atherogenesis (Lin et al., 2006).

Afterwards, HUR has been associated with diverse arrays of events consisting in the stabilization of
the following inducible transcripts: interferon-y, TNF ¢, IL-6; IL-8, IL-3, IL-14 and the urokinase-type
plasminogen activator, that are key mediators of the inflammatory and immune response (Anderson,
2010). Interferon-y, TNFa represent the major pro-inflammatory agents secreted and found inside
monocytes/macrophages infiltration. In particular, Interferon-y is highly produced by Natural killer
cells (NKs) and activated T lymphocytes (CD4+ Th1l cells), while high level of TNFa is associated
with macrophages (Shang and Zhao, 2017).

A study revealed that CX3CL1/fractalkine, that is a chemokine specific to monocytes and NK cells,
contains ARE sequence in 3'UTR of the transcript, that can be regulated by HuR in a post-
transcriptional manner. In this way HUR has been suggested to modulate the cytokines and
chemokines releasement by binding to the respective mMRNAs but indirectly also affecting the
maturation of the major players of the innate immunity (Matsumiya et al., 2010). It has been
suggested also, that HUR regulates angiogenesis and inflammation in macrophages (Zhang et al.,
2012). HuR roles in macrophages, have been strengthened recently when a transcriptome profiling
analysis have been performed in bone-marrow derived macrophages (BMDMs) wild type and
knockout for ELAVL1 expression. PAR-CLIP-seq experiments have shown that the expression of
macrophage-related genes involved in vascular development and angiogenesis, is tightly regulated
at the post-transcriptional level by an intricated interplay generated by HUR and different micro-RNAs
(Lu et al., 2014). Furthermore, in 2016, Sedlyarov et al. performed similar PAR-ICLIP experiments

in primary macrophages upon inflammatory stimuli with LPS, proving the existence of a complicated
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post-transcriptional regulation landscape balanced by the presence of a de-stabilizing activity of TTP
and a stabilizing one given by HuR. In fact, authors were able to identify two groups of transcripts
bound and modulated exclusively by either TTP or HUR and a third one, represented by mRNAs, as
TNFa or CXCL2 that can be bound simultaneously by both TTP and HuR,

This highlights the existence of a tight competition between these two proteins, that reflects in the
insurgence of a vulnerable balance in the maintenance of the proper post-transcriptional pattern
regulated by TTP and HuR at the same time (Sedlyarov et al., 2016; Tiedje et al., 2016).

Recently, during LPS response in macrophage cell lines, another mechanism has been described
for HuR-mediated increasing in the stabilization and binding of different cytokines and chemokines’
transcripts, such as CXCL2. It consists in a PTMs inferred by PARP1 to HuR, known as PAR-ylation.
This modification of HUR influences its shuttling to the cytoplasm and increase its ability in binding
different pro-inflammatory mRNAs (Ke et al., 2017).

On the other end, it has been shown through the generation of an inducible ELAVL1 knockout mouse
model, that HUR seems to be essential for the maintenance of hematopoietic stem cells during
hematopoiesis (Ghosh et al., 2009).

Moreover, HUR has been proposed to be pivotal for the B cell development and function, as well for
the maintenance of a homeostatic balance between T and B cells (de Graaf et al., 2008; Diaz-Mufioz
et al., 2015). In addiction, Papadaki et al., (2009), demonstrated, by using Cre-LoxP system, that
HuR deletion in thymocyte development reflects in a loss of the peripheral T cells, highlighting HUR
importance in controlling thymocytes maturation and trafficking (Papadaki et al., 2009). In T cells,
HuR plays a role in modulating the maturation and polarization of Th2 and Th17 T-cell lineages, by
positively binding and stabilizing the 3'UTRs of IL-2 and IL-17 transcripts (Chen et al., 2013;
Techasintana et al., 2017). It has been reported also, that HuR deletion in distal lung epithelium
decreases neutrophilia and pulmonary inflammation level induced by IL-17, increasing the mRNA
decay of different chemokines (CXCL1 and CXCL5) (Herjan et al., 2013). Th17 cells, thanks to their
ability to migrate, are the major mediators of the generation of inflammatory infiltrations in Central
Nervous System (CNS) in the context of neuroinflammation. Functional studies and generation of
ELAVL1 conditional knockout in mice of CD4+ T cell lineage, clarified that In Experimental
Autoimmune Encephalomyelitis (EAE), HuR binds directly the 3'UTR of CCR6. CCR6 is a C-C
chemokine receptor 6, sited in the surface of the Thl7 cells and responsive to migration stimuli
exerted by the releasement of CCL20 or chemokine ligand 20, which is constitutively secreted by
choroid-plexus epithelial cells in the site of inflammation. A complete ablation of HUR, significantly
decreases the production of CCR®6, thus lowering the portion of migrating Th17 cells, ameliorating
the pathogenic neuroinflammation processes in the CNS and the EAE outcome in mice (Chen et al.,
2017). Although these evidences described HuR as pro-inflammatory agent, its role in inflammation

remain still controversial.
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Indeed, it has been demonstrated that in macrophages derived from mice lacking HuR in the
myeloid-lineage cells, HUR deficiency has been linked with an increasing of pro-inflammatory
cytokines. The HuR KO cells presented an increased CCR2-mediated chemotaxis and an
enhancements in the use of inflammatory mRNAs (including Tnf, Tgfb, 1110, Ccr2, and Ccl2), due to
mis-regulation in the translational and stability levels. This causes an increase susceptibility of these
mice to develop colitis associated cancer (Yiakouvaki et al., 2012).

Another example concerning HUR contradictory role, came out from experiments performed in a co-
culture model of primary human macrophages and MC7 breast cancer cell line. Authors were able
to demonstrate that HUR suppresses the production of CCL5, leukocyte attracting chemokine,
reducing the infiltration of the pathogenic macrophages in the tumor site, preventing the exacerbation
of the inflammation processes (Braul3 et al., 2017).

In conclusion, the role of HUR remains controversial in controlling the immune response and
inflammation processes, and probably it is strictly related to the context.

However, despite of these minor, but existing evidences, it is clear that HUR is pivotal for maturation,
migration, cytokine and chemokine secretion of cells belonging to the both innate and adaptive
immunity response. The inhibition of HUR via small-interfering RNAs or chemicals it is emerging to
be a valid approach to first better understand the role of HUR towards these processes and secondly
from a therapeutic point of view, targeting HUR seems to be an effective strategy to ameliorate

diseases outcome in which there is an uncontrolled inflammation processes ongoing.

2.5 Targeting HUR with small molecules

A number of small compounds interfering with HUR activity has been identified so far and they can
be divided in two different groups: the first includes molecules known to indirectly act on HuR by
affecting its localization inside the cell, and the second one, made of those showing to directly impair
the interaction between HUR and its RNA target.

MPTOBO098, a 7-aryl-indoline-1-benzene-sulfonamide compound showed toxicity in human cancer
cell lines and has been described as a potent microtubule inhibitor, accelerating the degradation of
hypoxia inducible factor o (HIF-a) at the level of its mRNA, whose stability and translation is
enhanced by HuR. Indeed, MPTOB098 impedes the translocation of HuR from the nucleus to the
cytoplasm, thus destabilizing its target mMRNAs, such as HIF-a. (Cheng et al., 2013).

Hepatocellular carcinoma, Hep3B cells, that are highly metastatic underwent death if treated with N-
Benzylcantharidinamide. This agent, blocks HuR translocation into the cytoplasm increasing the
degradation of MMP9, a metastatic factor, whose mRNA is bound HuR that promotes its stability
(Lee et al., 2014). Similar mechanisms have been ascribed to Triptolide, an oxygenated diterpene
inhibiting HUR shuttling, suppressing TNF« and COX-2 in lung cancer cells (Sun et al., 2011).

On the other end, several drugs stimulate HUR accumulation in the cytoplasm, as reported for
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Actinomycin-D (Fan and Joan A Steitz, 1998)

In 2014, it has been shown that Doxorubicin reduces the association of HUR to certain polyA
stretches inside different mMRNAs in MCF7 cells, impairing the alternative splicing processes of
transcripts coding for protein isoforms with cancer-related functions. A direct interaction between
Doxorubicin and HuR with biochemical assays, has not been described yet. Thus, no functional
mechanism has been proposed for this event, a possible explanation could be that different protein
kinases implied in DNA damage signalling, are responsible for HUR phosphorylation causing its
localization in the cytoplasm. Therefore, Doxo induces DNA damage in the cells and subsequent
HuR translocation out of the nucleus, preventing its binding to exons and splicing promotion. On the
other end, another hypothesis could be that Doxo being a topoisomerase inhibitor, prevented
conformational changes on the chromatin, leading to the formation of not-accessible structure,
impairing HUR pre-mRNA binding and related splicing, but no evidences regarding these events
have been collected so far (Dutertre et al., 2014).

Many others drugs similar to the ones described above have been identified, the limitation of their
actions regards their specificity and mechanism of inhibition. Thus, the searching for compounds
directly inhibiting HUR-RNA complex is still at its infancy. In 2007, Meisner et al., performed a
screening of 50,000 compounds and identified the first small HuR-inhibitors. In order to perform the
screening assay, they used fluorescent distribution analysis (FIDA) by using a HuR shortened
recombinant protein. From this screening, the most potent hits coming out were respectively
dehydromutactin, MS-444 and okicenone. By using mathematical and experimental analysis, a
mechanism of action for these compounds has been proposed. Indeed, it has been shown that by
binding the HuR first two RRMs, they act preventing HUR homo-dimerization. This reflects in a global
inhibition of HUR nucleus-cytoplasm shuttling, reduction in cytokine expression and primary T-cell
line activation (Meisner et al., 2007).

Quercitin, b-40 and b-41 are three compounds emerged from a screening of 179 compounds
performed in 2009. In particular, authors identified these putative HUR inhibitors able to disrupt the
interaction between HUR and the ARE sequence of TNF¢, through electrophoretic mobility shift
assays for RNA-protein complexes (RNA-EMSA) and filter binding biochemical approaches. In
particular, they generated TTP and HuR recombinant S-transferase (GST) fusion proteins and tested
in vitro their capability of binding the radiolabeled ARE sequence derived from TNF« in RNA-EMSA.
Further experiments were performed in murine macrophage cell line RAW264.7, after stimulation
with LPS, Quercetin and b-40 treatments caused a decrease in the stability of TNFa mRNA and a
reduction in the secretion of the protein (Chae et al., 2009).

A novel biochemical assay, suitable for HTS investigations, to study the in vitro HUR protein-RNA
complex formation has been proposed in 2013 by our group. This assay is based on AlphaScreen
technology, through which has been possible to quantify the binding efficacy between a purified HUR

protein and a probe containing ARE sequences belonging to TNF«. This method has been extremely
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useful for the quantification of binding parameters, such as the dissociation constant (Kp) between
HuR and the target RNA guantified in the low nanomolar range. Using this assay, authors screened
2000 small molecules that have been further validated with RNA-EMSA and mitoxantrone have been
selected as a modulator of HUR binding activity (D’Agostino, Adami and Provenzani, 2013).
Moreover, in 2015, our group, exploiting this technique, identified the natural compound
dihydrotanshinone-l (DHTS), as a highly promising hit showing a potent inhibition activity towards
HuR and a clear mechanism of action for DHTS has been described so far. Recently, DHTS structure
has been considered the leading molecular scaffold for the chemical synthesis of ameliorating
molecules called Tanshinone Mimics (TM), and these compounds have been tested at different level.
However, the discovery of DHTS and characterization of Tanshinone Mimics will be elucidated in
details in the next paragraph. Apart from this, between 2015 and 2017, other HUR inhibitors have
been proposed and identified. In particular, Wang et al., using a fluorescence based high-throughput
screening, tested a library of 1597 compounds, and validated several hits with Nuclear Magnetic
Resonance (NMR) and saturation transfer difference (STD) assay, furthermore they were able to
ascribe a mechanism of action based in the disruption of HUR oligomerization, blocking the mRNA
binding (Wang, Bhattacharya and Ivanov, 2015). In 2015, around 6000 compounds were screened
via polarized fluorescence (FP) assay and authors identified molecules that were further validated
with different methods as AlphalISA, Surface Plasmon Resonance (SPR), RNP
immunoprecipitation (IP) assays, luciferase reporter experiments and demonstrated their inhibitory
activity ranging at the nanomolar concentration, preventing HUR function by competitive binding with
HuR (Wu et al., 2015). In 2017, with a similar screening approach, Kuer et al. isolated the compound
azaphilone-9 (AZA-9) deriving from the fungal natural product asperbenzaldehy. AZA-9 is able to
bind HUR and thus inhibiting HUR-ARE interaction and further validations performed with SPR
revealed the direct binding between the compound and HuR. Through NMR studies and
computational docking, it has been possible to identify residues inside the protein cleft involved in
the binding with AZA-9 (Kaur et al., 2017).

Most of the inhibitors presented so far have been identified as potent in vitro disruptors, but they lack
of in vivo and biological activity proofs and considering the structural diversity of these compounds,
and the different mechanism of inhibition proposed, the searching for highly potent and bio-active
molecules considered HuR inhibitors still remain a challenge.

In Table3 the list of HUR inhibitors discovered until now is presented and the HTS assays used for

the screening and further validation are mentioned.
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Table 3. List of screening assays performed to identify HuR-RNA disruptors (Adjusted from D’Agostino et al., 2019).

Target Reference Year Screening Assay Throughput Validated Compounds
HuR-IL2 ARE 72 2007  Confocal fluctuation 50,000 MS-444, okicenone
spectroscopic
(anisotropy)
HuR-TNFa ARE 103 2009  RNA EMSA and filter 179 Quercetin, b-40, b-4|
binding assays
HuR-TNFa ARE 104 2013  AlphaScreen 2000 Mitoxantrone
HuR-TNFa ARE 105 2015  AlphaScreen 107 Dihydrotanshinone-|
HuR-MSII ARE 109 2015 FP 6000 CMLD [-6, NCI-3
HuR-C-Fos ARE 108 2015 FP 1597 Cl0
HuR-MSI1 ARE 10 2017 FP 2000 Azaphilone-9 (AZA-9)

2.6 ldentification and characterization of Dihydrotanshinone-1 (DHTS) and Tanshinone
Mimics (TMs).

As mentioned above, D’Agostino et al., in 2015 performed an High-throughput screening (HTS)
based on Alpha Screen technology: Amplified Luminescent Proximity Homogenous Assay. The
method has been based on the application of a recombinant protein HUR (rHuR) tagged with the
6XHis sequence able to bind nickel conjugated acceptor beads. On the other side a biotinylated
single strand AU-rich RNA probe (Bi-AU) is linked with streptavidin-coated donor beads. The binding
between rHUR and the Bi-AU brings the beads in closed proximity and a fluorescent signal is
detected. If there is an interference between this binding the signal evaluated is lower (D’Agostino,
Adami and Provenzani, 2013). Dihydrotanshinone-l (DHTS) emerged as an HuR inhibitors in a
secondary screening using a small library of anti-inflammatory compounds (D’Agostino et al., 2015).
DHTS (Figure 6A) is a natural compound extracted from the plant Salvia miltiorrhiza and well known
in Chinese traditional medicine practice mainly to cure cardiovascular diseases (Chang, HM et al.,
1990). The effectiveness in interfering with the binding between HUR and mRNA was further
validated with complementary assays as Alpha screen and RNA-EMSA (Figure 6B). Through NMR
titration and molecular dynamics simulation, it has been demonstrated that DHTS interacts with HUR
at the level of the cleft formed by RRM1 and RRM2, stabilizing them in a closed conformation, thus
preventing the binding with the target RNA (Figure 6C) (D’Agostino et al., 2015; Lal et al., 2017).
DHTS anticancer activity has been shown in different cell lines, in which treatment with DHTS sub-
toxic doses disrupt HuR interaction with known HUR oncogenic targets, such as TNFa, CTNNB1
and ERBB2 (Manzoni et al., 2018). RNP Immunoprecipitation (RIP) experiments demonstrated that
upon DHTS treatment a reduction in the association with TNFa mRNA was detected in MCF7 cell
line stimulated with LPS (Figure 6D) and through polysome profiling approaches a reduction of the
translation of TNFa was demonstrated (D’Agostino et al., 2015). Moreover, DHTS has been
demonstrated to inhibits in vivo xenograft tumor growth in a HUR dependent manner without systemic
toxicity (Figure 6E/F) (Lal et al., 2017).
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Details will be presented in the Results section.
Starting from DHTS molecular scaffold, more potent analogs have been synthetized and described
so far (Manzoni et al., 2018) These optimized molecules show higher specificity for HuUR than DHTS

and improvements concerning their solubility for in vivo experimental approach.

My PhD project has been based in characterize and describe DHTS anticancer activity
phenotypically and at the genome-wide level, in order to a better understanding for a rational design
of DHTS analogs. On the other end, | have characterized the new class of analogs called Tanshinone
Mimics (TMs) assigning to them anticancer and anti-inflammatory properties in which in vivo
evidences have been collected.

The aim of my work is entirely present in the Hypothesis and Aims section

3. Hypothesis and Aim

Dysregulation of HUR, such as its overexpression or aberrant mis-localization in the cell, has been
associated with several pathologies, like nephropathies, retinal, cardiovascular, muscular and
neurological disorders, a variety of cancers and inflammation diseases. For example, HuR
overexpression or cytoplasmic expression have been associated with malignant transformation and
with poor prognosis in a significant number of human cancers, including breast, colon, ovarian,
prostate, pancreatic, oral, urinary, skin and many others (Loizou et al., 2014). This may be due to
the fact that HUR regulates mRNAs coding for oncogenic proteins (e.g. TNF«, VEGF, ERBB2 and
CTNNBL1). Moreover, critical for tumor progression, is the aberrant crosstalk established between
cancer cells and uncontrolled inflammatory processes and HuR plays a strong regulatory role in
immune system development and homeostasis either in the innate immunity and in the adaptive one,
considering that 90% of mMRNAs coding for cytokines and chemokines contains repeated ARES sites
in the 3'UTR. In particular, it mediates macrophages inflammatory response and recently HUR has
been found associated as a promoter of the neuro-inflammation processes in a mouse model of
Multiple Sclerosis disease.

Therefore, HUR has been suggested as a drug target. However, due to its controversial role, several
doubts remain concerning the opportunity of its pharmacological exploitation: considering the
importance of HuR in supporting physiological processes in all the cells within the organism, it
remains an open question whether blocking its activity by using small molecules could induce a
general unspecific toxicity. Furthermore, regarding biochemical approaches applied so far, HuR
represents a hard-to-study protein, showing several limitations, considering its tendency to
precipitate when used for in vitro applications and the presence of unfolded regions in its structure
which limit its utilization with canonical tools of drug discovery. Despite these, HuR still remains a

promising target for therapeutics purposes. Reducing or controlling HuR functions could have a
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significant impact in a large number of applications, mainly because its context-dependent activation
orchestrates a gene expression reorganization proper to selected disease. Therefore, through HuUR
modulation, a vast number of coding and non-coding RNAs, mis-regulated in the specific disease,
determining its insurgence and onset, would be affected, amplifying the therapeutic benefit of the
treatments.
Until now, a variety of studies have been explored regarding the possibility of using small molecules
impairing HUR functions. Among the small molecules identified as HuR inhibitors, in 2015 our group
discovered the natural compounds DHTS as an HUR:mRNA complex disruptor in vitro and in cellular
context. Our group ascribed a mechanism of action for DHTS, starting from describing HUR binding
residues affected by DHTS activity until proving its anti-cancer properties, that is also reducing tumor
growth in xenograft mouse model in a HUR dependent manner. DHTS has been used as the scaffold
molecule from which our group, by applying a functional oriented synthesis, produced two
generations of new chemical analogs called Tanshinone Mimics (TMs-I and TMs-Il). Hence, we
described Structure-Activity-Relationships (SARs) towards HuR binding, aiming at ameliorating the
molecules towards a better HUR targeting specificity and bioavailability.
Specifically, my study has been focused on:
¢ Investigating deeply DHTS biological activity at genome-wide level, towards HuR inhibition,
providing a full description of its mechanism of action pivotal for the rational synthesis of TMs
e Characterizing TMs biological anti-cancer activities in different cancer cell lines, identifying
the most potent compounds and describing their mechanism of action in affecting HUR
activity concerning selected targets involved in cancer, finally proving that TMs are suitable
for in vivo applications
e Evaluating TMs anti-inflammatory properties: | have investigated their activity towards
sustained inflammatory processes, promoted by LPS stimuli in cellular context (e.g.
RAW264.7 and murine primary macrophages) and by collecting in vivo evidences in LPS-
induced peritonitis mouse model.
Furthermore, | have investigated on TMs effects on adaptive immunity, in murine primary T-

cells, differentiated respectively in Thl, Thl7 lineages.

Summing up, during my PhD project | have contributed to characterize and identify HUR inhibitors
from a biochemical and biological point of view, testing their suitability for in vivo models laying the
groundwork for therapeutic purpose towards cancer disease and inflammatory disorders that arise

from aberrant HuR functions.
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4. Results and Comments

4.1 Insights on DHTS mechanism of action towards HuR inhibition.

As already mentioned in the Introduction, our group, in 2015, performed a high-throughput screening
(HTS), aiming at the identification of HUR inhibitors. The assay was based in testing a library of anti-
inflammatory compounds made of 107 molecules in their capability of disrupting the interaction
between a recombinant version of human HuR (rHUR) and an RNA probe. The approach used to
perform this assay was via Alpha screen technology suitable for HTS purposes. From this screening,
dihydrotanshinone | (DHTS) came out and was further validated with biochemical methods as RNA-
EMSA and dose response Alpha Screen assay. DHTS, has been revealed to impair HUR binding in
nanomolar range concentration (D’Agostino et al., 2015) (Figure 6B). Furthermore, through NMR
and molecular modeling studies as docking calculations and molecular dynamics (MD) simulations,
we have been able to characterize the binding between DHTS and HuR (Figure 6C). Indeed, the
molecule prevents the binding between HuR and the target RNA by binding and stabilizing it in a
closed conformation not accessible for the RNA. More precisely, we identified the B-platform region
inside the RRM1 domain of HUR, to be responsible for DHTS and HuR binding. By mutagenesis, we
generated HUR point-mutated recombinant proteins, in that region and thanks to this approach we
individuated the aminoacidic residues responsible for DHTS binding (Lal et al., 2017).

Afterwards, we evaluated DHTS biological activity, focusing mainly on DHTS anticancer properties
in a HUR dependent manner. In particular, we first checked toxicity in a variety of cancer cell lines
(MCF7, MDA-MB 231, HCT116, PANC-1) and the capacity of DHTS to disrupt the interaction
between HUR and TNFeq, a well characterized HuR target. We have demonstrated that DHTS
downregulates TNF« at the transcription and translation levels in MCF7. In the same cell line, by
performing RNA immunoprecipitation (RIP) experiments we showed that DHTS interferes with
binding between HUR and TNF« (Lal et al., 2017) (Figure 6D).

Furthermore, we investigated on DHTS activity in vivo. In collaboration with Dixon’s group, in the
university of Kansas, we proved that HUR dysregulation has been related with strong anti-cancer
activity in vivo, in xenograft model of colon cancer (HCT116 cells). Specifically, when HuR
expression was depleted in these cell line through CRISPR/cas9 technology a reduction in the tumor
growth in xenograft mouse model was observed, comparable to what obtained in WT cells treated
with DHTS. Re-introducing HuUR in the KO cells provoked the rescue of the cellular growth (Figure
6E/F).

Moreover, we demonstrated the absence of systemic toxicity in treated animals encouraging the
idea that general inhibition of HUR with small molecules can be useful for therapeutic efforts (Lal et
al., 2017).

My personal work starts in this context, in evaluating the activity of DHTS at the genome wide level.
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The data | have generated have been of pivotal importance, because they are the first proof of
concept of the effects of the general disruption of mMRNA-HuUR interactions inferred by DHTS.
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Figure 6. DHTS interferes with HUR-RNA binding in vitro and in vivo (Mod. from Lal et al., 2017). A) DHTS’
chemical structure B) DHTS inhibitory activity showed by a representative RNA-HuUR recombinant protein
electrophoretic mobility shift assays (RNA-EMSA). By increasing DHTS concentration the binding between the rHUR
and the labeled ARE sequence is impaired. C) Global view of the HuUR (green cartoons)-DHTS (orange spheres)
complex. Note how the insertion of DHTS (orange) binds HuR at the level of the mRNA binding cleft, maintaining the
protein in a closed conformation, preventing the binding of the RNA (blue ribbons). D) DHTS impairs the binding
between HuR and its target TNF. RNA Immunoprecipitation experiments show as upon DHTS treatment TNF mRNA
binds less to HUR. E) Tumor growth of colon cancer cell lines HCT116 wild-type and HuR KO xenografts in nude mice
treated with DHTS (10 mg/kg) or vehicle and F) Representative tumor excised after 31 days. In all experiments p-
value is * <0.05, **<0.01, ***<0.001, n.s. = not significant.

4.2 Characterization of DHTS mechanism of inhibition for the generation of a more potent
family of HUR inhibitors.

In order to achieve the goal mentioned above, we evaluated the ability of DHTS to interfere between
the interaction of HUR with its target mMRNAs, by applying a transcriptome-wide approach.

In collaboration with Myriam Gorospe’s group at the NIH, by performing a RIP-chip experiment in
Hela cells, treated with DHTS (1uM) and DMSO for three hours, we observed that among 2306
MRNAs found bound to HUR, DHTS impairs the binding of a minimal part of the targets, represented
by 79 transcripts. On the contrary, 558 mRNAs have been found enriched after DHTS treatment
(Figure 7).

Due to these unexpected results, since an HuR inhibitors should display the overall HuR binding to
its targets, we decided to characterize the structural properties of the 3’UTRs and the binding sites
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inside HuR targets. Our hypothesis was that DHTS, by competing with the RNA for the binding, as
previously demonstrated, displaces the binding with mRNAs that have a lower affinity to HUR, than
DHTS itself. On the contrary, DHTS is not able to interplay between HuR binding to the targets that
have a higher affinity for the protein, paradoxically these kind of mMRNAs with major affinity for HUR
have been found to bind it in high copy numbers and thus resulting enriched after RIP-chip. The
MRNASs structural analysis strongly supported our ideas, since, as expected the HUR-bound mRNAs
had a relative higher frequency of U/AU rich segments compared to the frequency in the overall
transcriptome (Silanes et al., 2004), but the U/AU density in the UTRs in the enriched mRNAs was
significantly higher than that in the downregulated mRNAs. Indeed, the relevant differences were
evaluated at the level of the 3’'UTR (Figure 7A), where the percentage of AU increased from 58%
(depleted) to 65% (enriched).

Moreover, considering the length of the 3’'UTRs, but not the 5’UTRs of these mRNAs, we observed
that the ones belonging to the enriched group were significatively longer than the 3'UTRs of the
depleted transcripts, while we have observed no differences in the density of secondary structure
elements (Figure 7B/C). Furthermore, we analysed the nature of these targets, by performing
functional analysis. For what concerns the depleted genes, no analysis was provided, due to the
small size of the set and because was partially composed by unannotated mRNAs. Meanwhile,
enriched transcripts (Figure 7D and 7E) encoded for proteins involved in the regulation of the gene
expression, cell cycle progression and apoptosis. To validate these data, | have performed RNA
immunoprecipitation (RIP) experiments followed by gRT-PCR in a biological triplicate, investigating
on the enrichment or depletion in binding of a subset of MRNAS enrolled in the processes mentioned
above and they are respectively: PABPC1, YTHDF1, UPF2, CASC3 and BRIP1. Figure 7F shows
microarray analysis for the selected targets for the validation.

Enrichment or depletion of the targets, is represented by the value “change in binding”, meaning that
data have been obtained by applying a first normalization on the IgG, as a background, and then we
calculated the ratio between the treated sample over the control, represented by DMSO. In Figure
7G, the validation of the data obtained by RIP followed by RT-qPCR is reported and significantly
confirmed what observed in the microarray experiment. Transcripts with a longer 3’UTR and high
content of U/AU rich sites are tightly bound by HuR and this binding can’t be disrupted by DHTS.
Instead, the compound displaces HuR interaction with mRNAs containing a shorter 3’'UTR structure
with a low number of ARE sites, without changing the total expression level of each target considered
(Figure 7H).

These results | have obtained so far, have been important for a better understanding of DHTS in a
mechanistic way of action and have put the basis for a rational design of synthetic inhibitors to

improve their potency in displays HUR-RNA complex formation.
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Figure 7. Depleted and enriched mRNAs and UTRs structural properties affecting DHTS action.

A) GC content distribution for decreased (dec) and enriched (inc) UTRs, differences of the data analyzed with Wilcoxon
test-P-values Distribution. B) UTRs’ length distribution for decreased (dec) and enriched (inc) mRNAs, with Wilcoxon test-
P-values of the differences. C) Decreased (dec) and enriched (inc) UTRs Secondary structure density (computed as
fraction of unpaired nucleotides). Differences of the data analyzed with Wilcoxon test-P-values Distribution. D) Enrichment
analysis performed with Gene Ontology (GO) for enriched gene group. Each terms cluster is represented by the
corresponding bar. Mean score represents the mean of Enrichr combined score for all belonging terms. GO classes found
in each cluster are represented by the bars color. E) For the enriched set pathway enrichment analysis were performed
with KEGG and REACTOME. Number of gene belonging to each pathway is shown at the end of the corresponding bar.
The score is the Enrichr combined score for the pathway. Bars color indicate the pathway database of each entry.
(Bioinformatic analysis were performed by Dr. Erik Dassi)

RNA Immunoprecipitation (RIP) of HuUR after treatment with DHTS in HeLa cells.

F) Gene selected emerged from Microarray data. Fold enrichment of each mRNA upon treatment is reported, microarray
values are represented by black bars. Microarray experiments performed by the lab of Genetics, Head by Dr. Miriam
Gorospe (NIH, Baltimore)

G) RT-gPCR performed to validate microarray data. Fold enrichments of each mRNA, during DHTS treatment normalized
on control condition (DMSO) are represented by gray bars. Comparison between microarray F) and RT-qPCR data G)
shows similar results for enriched transcripts (PABPC1, YTHDF1 and UPF2), unchanged transcripts (CASC3) and
depleted transcripts (BRIP and TBCCD1). RPLPO mRNA was used as an endogenous control mRNA that is not bound by
HuR. Error bars represent SD. P-value is *<0.05. **<0.001. Microarray experiments were done in duplicate (n = 2), gRT-
PCR in triplicate (n =3). H) RT-qPCR analysis of HUR non-targets, showing no changes in total expression levels after
DHTS treatment. RPLPO mRNA was used as an endogenous control for normalization. Error bars represent SD.
Experiments were done in triplicate (n = 3). (Experiments performed by me) (Lal et al., 2017)
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4.3 Tanshinone Mimics (TMs): identification and evaluation of a new class of HUR inhibitors.
The design and synthesis of an array of DHTS analogs have been possible thanks to the contribution
and support of Prof. Seneci, from the University of Milan.

They used a function-oriented synthesis (FOS) (Wender, Quiroz and Stevens, 2015) aiming at the
design of less structurally complex molecules exploiting the structure-activity relationship properties
of the ancestor natural compounds, setting the basis for the design of more potent but simpler
synthetic analogs.

We, me included, tested the molecules produced by our collaborators for their capability of inhibiting
the binding between HUR and RNA at different levels (biochemical and biological). This allowed us
to generate for the first time structure activity relationships (SARs) for HUR inhibitors (not shown)
(Manzoni et al., 2018). SARs have been pivotal to assign to a structural chemical element, biological
and functional activity properties, providing solid guidelines for the generation of highly effective HUR
disruptors and some hints will be presented along this section. For simplicity, TMs can be divided
into two classes: a) first (TMs-I) and b) second generation (TMs-II).l will indicate with the number 6
followed by different alphabetic letters, the TMs belonging to the first generation, while using the
number 7 and letters, the ones of the second one.

Once these molecules have been synthetized, in collaboration with other members of our group, we
have first carried a biochemical characterization of the first generation of Tanshinone Mimics (TMs).
In particular, through Alpha Screen assay, we evaluated the ability of TMs to inhibit the rHUR and
the biotinylated U/AU RNA probe in condition of binding saturation. Thus, for the majority of the
compounds, it has been possible to calculate a constant, Kj, representing their inhibitory efficiency.
A summary of the values obtained (from high to low) of the most significant molecules is shown in
Table 4. From this and Figure 8A, showing representative Alpha Screen, compounds 6a and 6n have
Kis of respectively 12.8 nm and 15 nm, appearing to be more effective than DHTS, indicated as 1 in
Table 4. Further validations have been performed through RNA EMSA assays, as reported in Figure
8B. The lane indicated as (-) represents the RNA probe only, that is the unbound RNA fragment.
The addiction of the recombinant protein to the RNA in control (DMSQO) condition, indicated as (+),
leads to the formation of a complex made by protein and RNA that is higher and more complex in its
molecular weight, reflecting in a shifting up of the corresponding band on the polyacrylamide gel.
The addiction of the TMs (from 6a to 0) at the concentration of 5 uM, causes a reduction in the shifted
RNA probe, suggesting the presence of an inhibitory effect on the formation of the HUR-RNA
complex (Figure 8B).
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Table 4. Abilities of Tanshinone Mimics to Inhibit the rHuR-Bi-AU Complex Formation (Manzoni et al., 2018).
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Figure 8. TMs disrupt HUR-RNA in vitro. A) Alpha screen
with relative K; (inhibition constant) calculation of the
specific binding of the His-tagged HuR and AU-rich
biotinylated RNA. Kis have been calculated with respect to
a Kp (dissociation constant) of 2.5 nM for the rHuR-Bi-AU
interaction and normalized to control (DMSO).Data fit
nonlinear regression fitting curves according to a 1-site
binding model in GraphPad Prism.Plotted bars are mean +
SD of two independent experiments. B) REMSA showing
disruption by TMs of HuR binding. Recombinant HUR was
incubated for 30 min with 75 fmol of 5'-DY681-labeled RNA
probe. (-) indicates the incubation with RNA probe only
without the protein, (+) indicates the presence of rHUR with
RNA probe and DMSO as a positive control for the binding.
TMs first generation (6) were incubated at 5 uM dose.
(Experiments in A) and B) were entirely performed by Lal P.
and Zucal C.)
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Apart from some exceptions, such as 6b, 6f, 6m and 60 showing a lower potency in REMSA, there
is concordance between the two set of experiments. 6a and 6n seem to be the most potent
compound, thus being the leading compounds for the synthesis of the new generation ones.
Furthermore, as confirmed by REMSA and by Circular Dichroism assays (data not shown) we have
been able to demonstrate that compound 6a is not interacting with the RNA probe (Manzoni et al.,
2018), suggesting that the compound does not interfere with the probe fluorescence or change its
conformation. Moreover, we further investigated on 6a, the most potent among the compounds, in
order to provide insights on its mechanism of action, as we did for DHTS. Indeed, we demonstrated
that 6a directly binds to HuR. By testing truncated version of the recombinant protein HuR, formed
only by the first two RRMs (RRM1-2), we confirmed, as we did for DHTS (D’ Agostino et al., 2015),
that 6a is able to interact with the first two RRM domains of the protein, but not with either RRM3 or
the probe (Manzoni et al.,, 2018). In collaboration with Mario Negri’s Institute in Milan, through
Dynamic Mass Redistribution (DMR) approach, we were able to demonstrate a direct interaction
between the protein and the compound (6a) at the equilibrium and in label-free conditions (Figure
9A). Full length rHUR was immobilized in the plate, exploiting the amine-coupling chemical features.
Increasing amounts of compound were added to the wells and the mass of the complexes was
measured after 30 minutes of incubation. A dose-dependent binding was observed in the 0.3-10 uM
range, enough to detect saturation. The affinity constant (Kp) has been estimated to be around 4.5
uM (Figure 9A) (Manzoni et al., 2018). Moreover, as reported for DHTS (Lal et al., 2017), the level
of interaction, evaluating the precise residues of the protein interacting with 6a, has been revealed
with NMR and molecular docking studies. NMR (data not shown) suggested that 6a has a similar
binding mechanism to DHTS, involving 8 aminoacidic residues in the B-platform of the first two
RRMs. Considering the general decreasing in the signal intensity and by looking at the distribution
along the extent B-platform surface, we proposed a model of interaction for 6a similar to DHTS,
stabilizing HUR in a closed conformation. In order to better understand, precisely define the binding
position and model and to point out differences with DHTS-HuUR interaction, a combination of NMR,
SARs, docking calculations and extended molecular dynamics (MD) simulations (data not shown)
was performed. These different approaches gave rise to a conclusive binding mode for 6a (Figure
9B), in which, differently from what described for DHTS, it appears that the interaction between 6a
occurs at the level of the interdomain linker region between the first two RRMs, thus strengthening
the stabilization of HUR in a closed conformation (Manzoni et al., 2018).

As depicted in Figure 9B, SARs seems to be in accordance with NMR and molecular modeling data,
being of pivotal importance, providing insights into the binding mode and mechanism of action or
this family of molecules. Therefore, they can be exploited for introducing modifications and

improvements to the rational synthesis and design of more potent HuR inhibitors.

25



Response (pm)
S
g
)
\ =
=
w
Y4 S 7
ap
/ T
—- S
v W
8.
N
AS e
) »

<Ml k
S A— W AN
0 20 40 60 80 100 y . XVA’ F65 ‘o
concentration [uM] ' g o
\ ’A-./ N67 _ N21
A96
{ V66
e 122

Figure 9. Compound 6a directly binds HuR with a predicted binding mode. A) rHuR was
previously immobilized in label free microplate, and different concentrations of compound 6a were
added to the plate. Measurements were performed before adding the compounds, in order to define
a baseline and after. The final response (pm) signal, was obtained by subtracting the one from the
baseline. The signal for each well, was calculated by subtracting the signal obtained from a reference
protein coated surface area, with a not coated one. The fitting curve (black line) of the data (red dots)
assumes a sigmoid function using a 4-paramter logistic (4-PL) non linear regression model:
R2=0.944; p = 0.009. Data have been entirely performed by Elezgarai S. in collaboration with Mario
Negri Institute in Milan. B) Structural modeling of predicted binding mode of 6a (green sticks) to HUR
(purple cartoons), coming from the last 500 ns of the MD stimulation. HUR residues participating in
the interplay with 6a are displayed as sticks (Manzoni et al., 2018)

4.4 TMs affect viability and migration of cancer cells by modulating HUR post transcriptional

activity, without changing its subcellular localization.

In order to investigate on TMs biological activity and anticancer properties, we first evaluated their
toxicity in a dose-dependent manner in different cancer cell lines. In particular, we focused our
attention on testing them on breast cancer cell lines, as MCF7 and MDA-MB-231 or pancreatic ductal
adenocarcinoma cell line, PANC-1. We have evaluated the cytotoxicity of the molecules after 72
hours of treatments at different doses (1, 5, 10, 25 and 50 uM) and as depicted in Figure 10,
compounds 6a and 6n affect cell viability along with the other TMs ( 6b, 6m, 6k, 6l and 6t), yet the
latter 5 seem to be less toxic. IC50 was evaluated and values are shown in Figure 10 for each
compound, ranging from 20 to 50 uM for 6a, 6b, 6n, and 6m, although PANC-1 reflect to be more
sensitive than the other lines (Manzoni et al., 2018). Subsequently, in order to investigate on the
inhibitory activity exerted by 6a, leading compound among the TMs and another one for comparison,
6t, towards the direct formation of HuR-RNA complex, | have performed an RNA
Immunoprecipitation (RIP) assay in MCF7 cells. In particular, in order to compare 6a and 6t activity
with DHTS, | treated MCF7 cells with both 6a and 6t at the subtoxic dose of 5 uM and DHTS at 1
uM for 6 hours, as previously reported (D’ Agostino et al., 2015; Lal P. et al., 2017) and DMSO was
used as control. After lysis of the cells and RNA precipitation with either HUR antibody and the
relative 1gG isotype as control, | have performed quantitative real time PCR (qRT-PCR) to evaluate
the enrichment or depletion of CTNNB1, ERBB2 and VEGF, three well known HuR targets, encoding

for protein exerting key oncogenic functions, as already described (see Introduction paragraph 2.3).
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Figure 10. Tanshinone mimics (TMs) affect cell viability in a dose dependent manner. Cell viability was evaluated
with OZBlue kit after 72 hours of treatments. Doses range were from 0 to 50 pM. Plotted bars are mean + SD of a biological
duplicate, normalized to control (DMSO). Relative IC50 and R2 were calculated by nonlinear regression curve fitting. (l
have performed these experiments in collaboration with Thongon N. and Zucal C.) (Manzoni et al., 2018)
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As represented in Figure 11A, DHTS, 6a and 6t show to interfere with the binding between HuR and
its targets, as suggested by the decreasing in the mRNAs fold enrichment. Fold enrichment of each
sample, is indicated as a result between the value obtained after HUR precipitation, normalized on
the corresponding one in which 1gG have been precipitated, after subtracting RPLPO values in both
cases. In Figure 11A data are plotted as relative to the DMSO sample that we used as control. At
the RNA total levels, we wanted to investigate if the reduction of the HUR-mRNA target complex
formation observed after TMs treatment was reflecting in a decreasing in the total transcription of
the considered targets. To this aim, | have treated MCF7 cells with 6a (5 uM) for 6 hours and then
by gRT-PCR I have evaluated whether there was a decrease at the transcription level of CTNNB1,
ERBB2 and VEGF compared to DMSO. Results are shown in Figure 11B, and compound 6a, by
interacting with HUR in vitro and in cellular contexts prevents the binding with its targets, inducing a
subsequent mMRNAs downregulation. As further controls, we checked the expression of HPRT1 and
RPLPO two mRNAs that are not bound by HUR and indeed, after treatments, we did not observe
changes in their expression level, suggesting again, that the effect observed is related exclusively to
a deregulation of HuR binding activity.
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Figure 11. TMs directly modulate HuR post-transcriptional activity. A) RNA Immunoprecipitation assay (RIP) followed
by real time PCR (gRT-PCR). MCF7 were treated for 6 hours with DMSO (CTRL) as control, DHTS (1 uM) and 6a (5 uM)
and 6t (10uM). Afterwards cells were lysed and RNA precipitated with HuR antibody (IP) and 1gG isotype (IgG) as negative
control. Changes in the mRNAs bound to HuR in the control (CTRL) or treatment (DHTS or 6a) were evaluated through
gRT-PCR and normalized on the corresponding values obtained with 1gG, as negative control. The obtained numbers
indicate the Fold enrichment, obtained after normalization with 1IgG and subtracting the value of the housekeeping gene
RPLPO. B) MCF7 cells were treated with 6a (5 uM) for 6 hours to investigate on changes in the total MRNA expressions
of well-known HuR targets, as ERBB2, CTNNB1 and VEGF. RPLP0O and HRPT1 mRNA levels was assessed as control,
knowing that they are not bound by HuR. The expression levels obtained are normalized on the housekeeping gene
RNA18S Data are presented as mean + SD of a biological triplicate (*p < 0.05 and **p < 0.01 versus CTRL). (All the
experiments have been performed by me)
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Moreover, as already described, HUR has been shown to promote cell migration and invasiveness
during cancer progression, in pancreatic ductal adenocarcinoma cells (see Introduction paragraph
2.3) (Jimbo et al., 2015), subsequently we assessed if TMs were able to modulate these events by
blocking HUR activity. Therefore, we have mainly evaluated TMs properties of reducing cancer cell
migration and in order to do this, we have performed in vitro scratch assay using MDA-MB-231, a
human breast cancer cell line known to be highly aggressive and invasive (Liang, Park and Guan,
2007). Cells were treated for 24 hours and 48 hours with increasing concentration of 6a and DMSO
as control. The scratch width separating the cells inside the plate has been measured, therefore we
have been able to assess that after 48 hours treatments, 6a prevents the closure of the wound area
compared to control, suggesting that cells undergo a decrease migration capability in 6a dose
dependent manner (Figure 12A) (Manzoni et al., 2018). Same assays have been performed by
treating the cells with other compounds, respectively 6b, 6n and 6t and results are shown in Figure
12B. TMs, in particular 6n and 6z at 10 uM dosage, reduce significantly at 48 hours and 24 hours
invasion of breast cancer cells.

These experiments suggest that TMs, by inhibiting the activity of HUR, downregulate migration and
motility properties of MDA-MB-231, chosen as a reference since it is known to be a highly aggressive
and metastatic cancer cell line (Relda Cailleau, 1978).For 6a, same experiments have been repeated
using another cells, pancreatic carcinoma cell line (PANC-1), and similar results have been obtained
(data not shown) (Manzoni et al., 2018).

Nevertheless, scratch assays, although if informative, show many limitations, indeed they could be
complemented with other assays, such as Matrigel invasion assays (Jimbo et al., 2015). Moreover,
further evidences may be acquired by performing similar assays, evaluating the capability of the
molecules to counteract the mobility of the cells when exposed to a chemoattractant agent.
Considering that HUR regulates the expression of different transcripts encoding for protein as
cytokines, chemokines, such as TNF«a or CCL5 (see Introduction paragraph 2.6) taking advantages
of techniques as real-time cellular analysis (RTCA) would be useful for the study of TM effects.
Specifically, by exposing the migrating cells to different media belonging to cells pre-treated with
TMs, would lead to the downregulation of different chemo-attractants in the medium, reflecting in a
strong reduction of cells invasion. Vice versa, treating the cells with TMs would prevent their
migration towards a chemoattractant media, confirming what observed with scratch assay. These
set of experiments, have been previously performed for DHTS by D’Agostino et al in 2015, where
RTCA was performed using MDA-MB-231 as a read out, exposed to MCF7 conditioned medium,
where cells were previously treated with DHTS at 1 uM dose. Results demonstrated that the
treatment impaired the migration of the cells, as expected. In order to demonstrate HUR dependency
of what observed, HUR depletion or HUR overexpression was performed in MCF7. The conditioned
medium belonging to the HuR depleted cells, showed the same effect of retarding MDA-MB-231

migration as observed when cells where treated with DHTS, on the contrary, the rescue of the
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migration capability of the cells was evaluated when the conditioned medium belonged to MCF7
overexpressing HuUR (D’ Agostino et al., 2015). These kind of evidences, have to be collected for

TMs and indeed these experiments with TMs are still ongoing.
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Figure 12. TMs repress migration in breast cancer cell lines. A) Scratch assay in MDA-MB-231. Cells were treated
either with DMSO (CTRL) or 6a at different doses (Manzoni et al., 2018).

B) Scratch assay in MDA-MB-23. Cells were treated with 6a-derivative TMs at the dose 10 uM , in particular: 6z,6n
and 6t, in order to investigate on their efficacy in reducing cell migration, representative images showing cells invasion
in control and treatment conditions at the different time points (unpublished data).

In both A) and B) Wound with a consistent shape in each well were generated with a 200 pl tip. Images of invasive
cells at 0,24 and 48 hours after scratching and treatments, were taken from a time-laps sequence, after scratching
sequence of cell migration

Residual open area at different time points has been calculated with ImageJ software (*p < 0.05).

(I have performed these experiments with Thongon N.)

Based on the data previously shown, concerning the effectiveness of TMs, 6a in particular, in
inducing toxicity and reducing migration and invasiveness in cancer cell lines, downregulating HUR-
MRNA complex formation, in vitro and in vivo towards HuR targets, we wondered about other
anticancer properties of our compounds.

As described in the Introduction (paragraph 2.3), another critical step in cancer progression
represented by the chemo and radio-resistance acquired by the cancer cells and reflecting in failure
of the vast majority therapies. Farther, recently, it has been shown that pancreatic cancer cell lines
co-treated with PARP inhibitors and the HUR inhibitor MS-444 (see Introduction paragraph 2.5) were
showing an increasing toxicity if compared with the single treatment with PARP inhibitors. This
reflects in a downregulation of HuR post-transcriptional function in stabilizing polyADP-ribose
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glycohydrolase mRNA encoding for a protein involved in DNA repair, that thus was impaired.
Notably, same effect has been observed through a synthetic lethality approach in which PARP
inhibition was coupled with HUR KO (Chand et al., 2017). This turned out to be a starting point for
us, testing our molecules in combination with chemotherapeutic agents. In collaboration with other
members of the lab, | used Olaparib that is a PARP inhibitor, as an example, to investigate its
efficiency in single or co-treatment with 6a. In MIA PaCa2 and MDA-MB231, pancreatic and breast
cancer cell lines respectively, viability was reduced up to 50% compared to control, when treatments
were performed with Olaparib and 6a for 72 hours (Figure 13). This is just a promising preliminary
experiment, that drives to further investigate on checking whether the combination with our TMs with

other already-in-use therapeutics could be an advantage in clinical approaches.
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Meanwhile, to further investigate on the mechanism of action of these molecules in cellular context,
we wanted to investigate whether TMs activity was affecting HUR localization inside the cells. As
mentioned in the Introduction section (see paragraph 2.5) many drugs have been described so far
impacting on HuR activity by preventing its translocation in the cytoplasm or promoting it
(Actinomycin D), thus we decided to investigate if TMs’ behaviour was the same. To do this, as
previously demonstrated for DHTS (D’ Agostino et al., 2015), | treated MCF7 with the following TMs:
6a, 6t, 6n and 6z for 3 hours at 10 uM dose, adding DMSO (CTRL) as negative control and
Actinomycin D (Act-D) at 2.5 uM, as positive control, known to stimulate HuR translocation from the
nucleus to the cytoplasm.

Then, | have performed Immunofluorescence (IF) to detect HUR and its nuclear or cytoplasmic
localization inside the cells and results are shown in Figure 13, where a representative IF and relative
guantification are reported. As previously evaluated for DHTS, HuR localization did not change
during TM treatments with respect to control (CTRL) and remain nuclear, compared to Act-D where
a significant translocation to the cytoplasm is observed (Figure 14). Same effects were further

confirmed with other TMs (data not shown) (Manzoni et al., 2018) and further demonstrate that the
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inhibition of HUR is connected with a modulation induced by TMs on the binding activity of HUR and
not via a changing in its expression level or distribution in the cell.
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Figure 14. TMs do not influence HuR subcellular localization. Representative immunofluorescence showing HuR
localization inside the cells not changing upon treatments with different TMs: the leading compound 6a, 6t, 6n and 6z. |
have treated the cells for 3 hours both with compounds at 10 uM, 2.5 uM of Actinomycin D (Act-D) as positive control
and finally DMSO (CTRL) as negative control.In the graph, the ratio of HuR fluorescent signal between nucleus and
cytoplasm (N/C) is plotted. For image acquisition (40x high NA objective), Operetta was used and evaluation by selecting
13 fields/well. The ratio N/C represents the mean + SD of single cells for every well (** p < 0.01) (unpublished data). (|
have entirely performed these set of experiments).

Taking these data together, we concluded this part showing TMs having biological properties in
different cancer cell lines. They displayed toxicity at higher doses, and when cells have been treated
at subtoxic ones, TMs showed different anticancer activity strictly impacting on HuR post-
transcriptional function inhibition. In fact, treatment with 6a, leading compound of the family of these
small molecules, reduced directly the binding between HuR and its targets: VEGF, ERBB2 and
CTNNB1 encoding for proteins determinant for cancer processes (see Introduction, paragraph 2.3).
We have shown that this reflected in a downregulation of the total mMRNA expression of these targets,
suggesting that HUR post-transcriptional function of stabilizing and enhancing the translation of these
targets is deregulated by the TMs.

Investigations on impairments on the stability of the transcripts at the level of mMRNAs and pre-
mMRNAs have been described for what concerns DHTS by D’Agostino et al., 2015. In fact, it has been

demonstrated with Act-D treatments, inhibition of transcription, allows to study mRNA decay
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mechanism counteracted by a stabilization effect given by HuR activity, enabling the evaluation of
the stability of the transcripts (Koba and Konopa, 2005). Thus, MCF7 cells were treated with Act-D
and with DHTS and DMSO as control, afterwards level of TNF and other mRNAs was detected.
Upon DHTS treatments a decreasing in the stability of the transcripts was observed, rescued by the
HuUR overexpression. Same experiments have to be performed by looking at the stability of HUR
MRNAS targets after treatments with 6a and the most promising compounds.

For what concerns a reduction in the translational efficacy induced by TMs treatment in an HuR
dependent manner, the loading on polysome of VEGF, ERBB2 and CTNNB1 mRNAs could be
pivotal for the evaluation and quantification of the effective reduction in the translation. Moreover,
the effect of TMs on global translation should be investigated, knowing that HUR regulates a variety
of transcripts, a blockage of its activity could reflect in a diminishing of the global translation and
these experiments are still ongoing in the lab. Polysome profiling and loading upon treatments with
TMs-l, in order to quantify and detect the translational reduction of each targets above mentioned,
still remain to be performed, but some insights concerning impairment in the stability of HUR targets
and their translation, will be provided in the paragraphs investigating on the anti-inflammatory
properties of the compounds. On the other end, our group has previously shown that, after
treatments with DHTS, no changes in the polysomal profile were observed compared to the control,
but TNF mRNA polysomal loading was significantly reduced after treatment and a corresponding

increase in the sub-total fraction was observed (D’ Agostino et al., 2015).

4.5 Characterization of TMs-Il and 7n, leading compound with a biochemical and biological

activity in cancer cell lines.

From the previous paragraphs, the biochemical and biological activity of TMs belonging to the 1st
generation (TMs-I) from which 6a is the most potent hit, have been described.

Anyway, these molecules present some limitations: deriving from a natural compound, specificity
and solubility issues need to be overcome. For these reasons, this family of chemicals can be
considered as the founder for pursuing our current aim, that is generation of more potent set of
compounds, to implement the SARs already presented, thus improving the efficacy of the modulatory
activity towards HuR, with anti-cancer and anti-inflammatory properties, in the cellular context but
mostly in vivo. Subsequently, along with 6a, we selected also 6n as one of the most representative
TMs-1 and these two, have been modified and ameliorated, thus producing 7a and 7n that we have
tested at the biochemical and biological level to evaluate their activity.

To this aim, other members of our group, performed REMSAs and Alpha Screen assays, of which
the most representative have shown in Figure 15 A and C. REMSA in Figure 15A shows the
biochemical inhibition capability of 7a, derivative of 6a in comparison with its precursor. The potency
of both the compounds appears to be the same, with a slight additive strength shown by 6a. In Figure

15B another representative REMSA shows 6n and 7n disruption of HUR-RNA complex, and also in
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this case 6n shows higher activity compared to 7n. However, both 7a and 7n show better solubility
compared to their ancestor molecules. 6n and 7n have been also evaluated in their HUR-RNA
binding impairment properties with Alpha Screen assays and a K; has been calculated, while for 7a,
the assigned K; was higher (data not shown). Among the TMs-Il screened, we choose 7n as the
leading compound of the TMs-II and its HUR-RNA complex formation inhibition properties was again
observed by performing a dose-response REMSA (Figure 15D). Along with increasing doses, 7n is
able to interfere with the interaction between HuR and ARE probe, giving, at the higher
concentration, a complete abolishment of the binding.
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Figure 15. TM-IIs shows inhibitory activity towards HuR in vitro.

A) and B) Representative REMSAs showing HUR-RNA binding impairment induced
by TMs, in particular 7a (red) and 7n (red).rHUuR was incubated for 30 min with
either 75 fmol of 5-DY681-labeled RNA probe alone, or together with DMSO used
as control, or TMs at 5 uM doses. B) Alpha screen with relative K; (inhibition
constant) calculation of the specific binding of the His-tagged HUR and AU-rich
biotinylated RNA. Ki have been calculated with respect to a Kp (dissociation
constant) of 2.5 nM for the rHUR-Bi—-AU interaction and normalized to control
(DMSO). Data fit nonlinear regression fitting curves according to a 1-site binding
model in GraphPad Prism. Plotted bars are mean + SD of two independent
experiments. (Experiments in A) and B) were entirely performed by Digilio R. and
Zucal C.)

Furthermore, we started checking biological activity in breast cancer cell line (Figure 16). As we did
for TMs-I, we first assessed if the molecules affect the viability of MCF7. To this aim, we performed
viability assay (Figure 16A). In this set of experiments we tested also 8n, that a chemical
improvement of 7n, but until now we have poorly characterized it especially from the biochemical

point of view.
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Figure 16. TMs-Il show toxicity in MCF7 cancer cell line and among all, 7n induces apoptosis and slightly
affect cell cycle progression. A) Cell viability was evaluated with OZBlue kit after 72 hours of treatments. Doses
were from 0 to 50 yM. Plotted bars are mean + SD of a biological duplicate, normalized to control (DMSO). Relative
IC50 and R2 were calculated by nonlinear regression curve fitting. B)Caspase 3/7 activity was measured in MCF7
cells treated with 10 and 25 uM dose of 7n for 24 h, using DMSO as control Data have been plotted as mean +SD
of a biological triplicates, ** p-value <0.01 C) Cell cycle analysis were performed with PI staining of the nuclei after
24 hours treatments with 7n at 10 uM dose. Overnight serum starvation is shown as positive control of induced cell
cycle synchronization in GO/G1 phase. Histograms quantify the cell cycle phase distribution. Flow-cytometry
experiments were carried out on two biological replicates. Cell cycle phase analysis was done using ModFit LT 3.2
software and the Sync Wizard model. D) Representative immunofluorescence of PPP Click-iT assays. Cells have
been treated with DMSO as control, CHX as positive control and 6a, 7n at 10 and 25 uM, while 6n at 10 uM doses.
O-propargyl-puromycin (OPP) was added to the culture medium to label nascent peptides which were visualized
with immunofluorescence after fixation by fluorescent Click iT reaction chemistry between OPP and Alexa488
picolyl-azide. Data have been represented as mean OPP intensity normalized on the control +SD of a biological
triplicates *p<0.05; ****p<0.0001 (I have performed these experiments in collaboration with Zucal C.).
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The complete evaluation of its biochemical and biological activity is still ongoing in the lab. However,
we treated MCF7 for 72 hours, with increasing doses of 6n, 7n, 7a and 8n (1, 5, 10, 25 and 50 uM)
and DMSO in a single dose as control. Apart form 7a, that is revealed to be the less toxic compound,
with an ambiguous IC50 around 60 uM, 6n, 7n show a comparable IC50 between 25 and 41 uM.
On the contrary, 8n shares equal solubility properties of 7n, but is more toxic than the other
analogues, with an IC50 around 18 uM, and the related implications should be investigated.
Moreover, considering these data as the starting points, we checked whether 7n shows anticancer
activity mainly focusing our attention in the induction of apoptosis and of cell cycle blockage in cancer
cell line. To this purpose, to evaluate apoptosis insurgence, we investigated on the activation of
caspase enzymes, which are responsible for the cleavage of protein substrates and disruption of the
cells (Shi, 2004). More deeply, upon checking caspases activation, we have treated MCF7 for 24
hours with two different doses of 7n, 10 and 25 uM along with DMSO as control. After, we have
measured levels of caspase 3 and 7 with luminescent Caspase-Glo® 3/7 Assay from Promega
(Figure 16B). Notably, a significant activation of caspases signal has been detected in 25 uM treated
samples compared to control, suggesting that in cancer cell line 7n induces apoptosis response.
Furthermore, we evaluated 7n capability of provoking cell cycle arrest in breast cancer cell line.
Precisely, we treated MCF7 cells for 24 hours with 7n (10 uM), using DMSO as control and cell
starvation as positive control. Figure 16C shows preliminary Results, suggesting that starvation
properly synchronizing the cells in GOG1 but, 7n, compared with the control, induces a marginal
accumulation in G2M phase and we are currently in the process of validating and repeating these
assays in order to verify if what observed could be revealed a significative effect.
All these evidences, suggest that the 2" generation of HuR inhibitors, have been confirmed to block
HuR in vitro, with similar efficacy than the precursors, among them, 7n appeared to show higher
potency. Accordingly, they have shown similar toxicity in MCF7 cells compared to their precursors
and 7n appears to affect cancer cell viability by activating apoptotic response, with emerging
implications in cell cycle arrest induction. More observations have to be collected aiming at a deep
characterization of 7n in vitro and anti-cancer properties in cellular context. As a consequence, from
a biochemical point of view, with thermal-shift calorimetry approach (Ramsay and Tipton, 2017) we
aim at measuring a direct interaction between the molecule and HuR, rather than performing DMR
assay, in order to overcome technical issues found for HUR recombinant protein, mainly in the plate-
immobilization steps. On the other end, we are currently performing RNA Pull-Down and RNA
Immunoprecipitation to investigate on the inhibitors capability of disrupt HuR-targets binding, by
confirming evidences that TMs induce a downregulation of cancerogenic factors, in particular, by
performing Actinomycin-D and polysome profiling assays, we will evaluate if TMs affect stability
and/or translational efficacy in HUR dependent manner. Nevertheless, further analysis on TMs
effects on the global translation and transcription should be appreciated, before investigating on
single target perturbation. Therefore, we obtained a first evidence, by using OPP Click-IT assay,
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basically by treating MCF7 cells for 48 hours with 6a (10 and 25 uM), 7n (10 and 25 puM) and 6n
(20 uM), DMSO as a control and Cycloheximide (CHX) (10 uM) for 4 hours as a positive control of
translation blockage (Schneider-poetsch et al., 2010). Afterwards, we monitored protein biosynthesis
by adding O-propargy I-puromycin (OPP; 10 uM) to the cell culture media and incubated for 30
minutes. Intensity of OPP was measured after performing immunofluorescence conjugating via
Click-IT reaction OPP and Alexa 488 picolyl-azide (Figure 16D). Data represented in Figure
demonstrated that 7n at 25 uM at 48 hours significantly downregulated about 20% of the global
protein synthesis, whereas other TMs treatments result to be not effective. For what concerns global
transcription, we are currently focused in collect some evidences. These data, with the purpose of
checking the TMs’ effect in the fate of specific HuR-targets both at protein and mRNA level, could
give insights on TMs specificity and strength in inhibiting HuR. Since, DHTS has been shown to
affect the binding of only a subset of HUR transcripts (paragraph 3.2), synthetic analogs provoking a
significant abolishment of the HUR-mRNA formation could be selected not only by looking at single
targets, but through investigations on the global translation and transcription perturbance.

Furthermore, as we did for TMs-Il, we need to investigate deeper on TMs-II capability of modulating
cancer traits, such as cell invasiveness diminishing and reduction of the resistance induced by TMs-
I, when administrated in combination with single chemotherapeutic agents. Finally, considering the
reduction of invasive capability shown for TMs-I and the slight accumulation in G2M phase of the

cell cycle induced by TMs-Il, we should investigate on TMs implication in regulating cell proliferation.

4.6 Evidences on TMs anti-inflammatory properties: TMs show toxicity in macrophages cell

lines, as well as reduction in cytokines expression.

Cancer progression, along with worst prognosis, is related with an establishment of an erroneous
crosstalk between cancer and the inflammatory response (Introduction paragraph 2.4) (Epithalamion
and Pinka, 2012). In fact, tumour microenvironment is maintained by inflammatory cells, that, at the
end, participate in the neoplastic process, inducing proliferation, survival and migration. Furthermore,
tumour cells exploiting signalling molecules coming from the immune system, such as cytokines,
chemokines and their receptor, promote invasion migration and metastasis (Epithalamion and Pinka,
2012; Zhang et al., 2017). HuR, as described in the paragraph 2.4 of the Introduction, is responsible
and directly involved in the proper development and response of the myeloid lineage, monocytes
and Natural Killer cells (Yiakouvaki et al., 2012; Shang and Zhao, 2017) B an T cells maturation and
response (Papadaki et al., 2009; Diaz-Mufioz et al., 2015; Turner and Diaz-Mufioz, 2018).
Nevertheless, playing a pleiotropic function HUR promotes and represses macrophages, neutrophils
infiltration, astrocytic proliferation, inflammation and neuroinflammation in different circumstances
(Braul3 et al., 2017; Chen et al., 2017; Kwan et al., 2017). In this context, we started exploring TMs’

effects on innate immune response, specifically on macrophages, pushed by the emerging
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evidences above mentioned, HuR is being better characterized in this cell lineage both in
physiological development and in the inflammation response. Furthermore, it is now clear that the
crosstalk between cancer and myeloid cells is crucial and dynamic. Tumour Associated
Macrophages (TAMs), for example, have been demonstrated to play different roles as positive and
negative regulators in cancers, depending on the different phenotypes they acquire (MO, M1 and
M2) (Pathria, Louis and Varner, 2019). Based on this model, our idea is to promptly evaluate the
simultaneous TMs effect on HUR modulation both in cancer cells and macrophages infiltrates. For
what concerns this part, we choose to focus our attention on CXCL10 and TNFa for the following
reasons. CXCL10 and TNFa are now recognized to be key markers belonging to macrophages into
the differentiation status of M1 phenotype (Mantovani et al., 2002) and are main mediators in
promoting macrophage invasion, in order to harm and trigger progress of diseases, such as fibrosis
and tumour formation (Muller-Quernheim et al., 2012). With a reduced extent, we used CXCL2 as a
read-out for our experiments, because it has been shown that CXCL2 is generally secreted by TAMs
and mediates tumour invasiveness (Hashimoto et al., 2016). TNFa mRNA is a well-known HuR
target (see Introduction), while CXCL2 has been recently confirmed to be recognized by HuR (Ke et
al., 2017) and together with CXCL10 mRNA, they are both competitively bound by HUR and TTP
(Tiedje et al., 2016). Indeed, PAR-Clip experiments, have shown that their 3’ UTRs have been found
to share binding sites for both TTP and HuR (Sedlyarov et al., 2017).

To this aim, we first evaluated TMs toxicity in two different macrophage cell lines: a human one,
represented by THP 1, that is a monocyte cell line, but after stimulation with PMA differentiates in
macrophages and a murine one, RAW 264.7 (Figure 17A). | have tested for cells viability assay, the
compounds: 6a and 7n, leading compound of respectively the first and the second generation, 6n,
that is the chemical precursor of 7n and 8n and lastly 7a that is an ameliorated version of 6a
belonging to the TMs-II. The graphs showing the tests in Figure 17B have been organized by dividing
the drugs based on the chemical nature of the compounds, previously explained (6a;7a and
6n;7n;8n). In order to assess whether the simultaneous stimuli of proliferation given by PMA but also
its low toxicity level could impair the assay read out, we performed viability assay also on THP1, the
human monocyte cell line before the stimulation (Figure 17B).

Indeed, THP1 receiving for 72 hours both PMA (100 ng/ml) and TMs treatments seemed to be more
sensitive, as represented by the IC50 values. In both these cases THP1 were tested only for 6a and
7n the leading compounds of the two generations, already described. In both A) and B) it has been
possible to calculate the precise or a prospective IC50 for all the compounds, ranging from 16-25
uM, lower doses if compared with the one calculated for the cancer cell lines, shown in the paragraph
3.3. Figure 17C, shows explorative experiment performed in THP1 cells after stimulation with PMA
(200 ng/ml) for 24 hours followed by 4 hours co-treatments with LPS (1ug/ml) and 6a and 7n at 10
uM doses respectively and LPS+DMSO as control.
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DMSO alone was used as a control to check the proper activation of the cytokines after LPS
response. After RNA extraction a gRT-PCR was performed, in order to evaluate if the treatments
with both the compounds were able to counteract the LPS induction of expression. Indeed,
considering TNFa and CXCL2, a significant reduction of the mRNA expression of both the targets is
observed upon treatments with 6a and 7n.

These experiments, appeared to be highly promising, thus we deeply investigated on the response
to LPS and TMs effect on macrophages. Since THP1 cell line showed highly toxicity to PMA,
optimization is still ongoing in the lab, and, therefore, | will present results obtained using murine
RAW 264.7 as macrophages model.

Figure 17. TMs cause toxicity in

— T = I T T 5] RAW cells and THP1 with e_md

[ 150 [ 7892 | 1843 | ~11.12] w/o PMA, further downregulating

R squared 0.:;08 0.97257 I quuaredlﬂ.ggﬂ 0;;53{0;;17{ the eXpreSSion of CXCL2 and

TNFa after LPS response. A)

RAW 72H RAW72H RAW Cell viability was evaluated

- 82 57 with OZBlue kit after 72 hours of

' =i - 7a = 7 treatments. Doses were from O to

T ¥ 50 uM. Plotted bars are mean + SD

of a biological duplicate,

normalized to control (DMSO).

Relative IC50 and R2 were

calculated by nonlinear regression

curve fitting. (I have performed

these experiments in collaboration

with Zucal C). B) THP1 cells were

either activated for 24 hours with

PMA (100 ng/ml), or not as a

[ [ 6 [ 7] [ [ 6  7a ] control for PMA tOXiCity and treated

for 72 hours with molecules at

R squared 0.::40 0.;?88 R squared 0.5249 0,;9314 doses ranging from 0 to 50 50 HM'

Plotted bars are mean = SD of a

THP1 WIO PMA 72H THP1 WITH PMA 72H biological duplicate, normalized to

- 6a 7 - 6a control (DMSO). Relative IC50 and

= 7n - 7a R2 were calculated by nonlinear

regression curve fitting, cells

viability was evaluated with OZBlue

kit. (I have entirely performed the
experiments).

— X —— C) Preliminary data, in which THP1

-1.0 05 0.0 0.5 1.0 1.5 2.0 1.0 05 0.0 0.5 1.0 15 2.0 . .

Concentration log (uM) Concentration log (L M) Ce"S were StImUIatEd Wlth PMA

(200 ng/ml) for 24 hours, and then

were co-treated with LPS (1 pg/ml)

c for 4 hours and with HuR inhibitors

TNFe and CXCL2 mRNA expression level at 10 pM dose and D.MSO as

ax . . control. After RNA extraction, gRT-

o - PCR was performed and CXCL2

ol [ = and TNFa mRNA  expression

levels were evaluated. mRNA

60 levels were normalized on RPLPO

[ mRNA as housekeeping gene and

data have been normalized on

20 DMSO as control and plotted

ol represent Mean + SD (n=2;

&® A& *p<0.05 * p < 0.01). (I have

oF N N entirely performed entirely the
< experiments)

-
wn
1
-
n

-
o
ot
-
o
b

b
w
i

Relative cell viability
d
b

Relative cell viability

e
>

e
>

.0 T T T T T 1
1.0 05 00 05 1.0 1.5 20 05 0.0 0.5 1.0 15 2.0
Concentration log (M) Concentration log (M)

-
o

-
2
-
@

-
=3
>
-
=3
oy

e
w
L

Relative cell viability
°
w

Relative cell viability

e

=)

-

=]

=
1

Normalized Expression Level
{Normalized on RPLPQ)

39



4.7 TMs affect HUR post-transcriptional function by downregulating cytokines production and
release in RAW 264.7

Innate Immune response is activated to counteract pathogen constituents and lipopolysaccharides
(LPS), is one of the components of the outer membrane of gram-positive bacteria. LPS is sensed by
macrophages mainly, thanks to the recognition by the TRL4 receptor located on the membrane of
these cells. This process activates the MAPK signalling cascade ending in turn with the activation of
the transcription factor NF-kB, resulting in a reorganization at the level of gene expression,
stimulating the production of pro-inflammatory cytokines and chemokines (Medzhitov and Horng,
2009; Takeuchi and Akira, 2010; Smale, 2012; Vaure and Liu, 2014). This reflects in drastic changes
at the genome-wide level in macrophages expression (Reynier et al., 2012; Rutledge et al., 2012),
that need a strict post-transcriptional control, ensuring appropriate response from the immune
system (Carpenter et al., 2014; Kafasla, Skliris and Kontoyiannis, 2014). RBPs are emerging to be
the pivotal factors regulating these processes, TTP and HuR in particular (see Introduction) (Fu and
Blackshear, 2017; Garcia-Maurifio et al., 2017; Diaz-Mufioz and Turner, 2018; Mino and Takeuchi,
2018; Turner and Diaz-Mufioz, 2018). Thus, taking into account preliminary data previously shown,
we decided to investigate the impact given by our TMs in response to LPS in murine macrophages
RAW 264.7. Basically, we firstly co-treated RAW cells with the leading compounds of respectively
the first and second generation of TMs, 6a and 7n (10 uM), with LPS (1 ug/ml) by performing different
time points at respectively 1, 4 and 6 hours (Figure 18). The expression levels of CXCL10 and TNF«
were checked by gRT-PCR and data have been normalized on the expression level of the
housekeeping RPLPO, using DMSO as the reference sample.

In Figure 18, notwithstanding the different time points, comparing the sample LPS+DMSO and
DMSO, LPS induces activation of the expression of the cytokines, furthermore CXCL10 and TNF«
MRNA levels appeared to be significantly downregulated at 4h co-treatments, by both 6a and 7n.
The same is not observed at 1h, that, indeed we considered as an early time points, where only 6a,
seemed to counteract LPS stimuli. This may be due to the low expressions of the cytokines
compared to the 4h and 6h. On the other end, after 6h, LPS seemed to be already a late stage;
although it is possible to observe a downregulation of the cytokines, the levels of decreasing are not
significant, this may do the variability of the experiments that is intrinsically high.

Based on these data, in order to put some insights in the molecular mechanism of 6a, that has been
shown to be effective after 1 and 4 hours LPS treatments, other colleagues performed some
preliminary experiments. To further investigate if the downregulation of the cytokines mRNAs was
related to a decrease in the stability of the transcripts impairing HUR post-transcriptional function,

using Actinomycin-D chase experiments, kinetics of these targets have been performed.
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Figure 18. 6a and 7n treatments downregulate cytokines mRNA expression level in RAW 264.7. RAW cells were
treated with both LPS (1ug/ml) and 6a, 7n (both 10 uM) and DMSO as control, at different time points: 1h, 4h, 6h.
CXCL10 and TNFa mRNA level were assessed by gRT-PCR and data have been normalized on the control samples
(DMSO) and the housekeeping gene, RPLPO mRNA level. Data represent mean + SD of a biological triplicate (*p<0.05,
and **p<0.01) (Experiments entirely performed by me)

In particular, the level of the remaining TNFa and CXCL10 mRNAs in RAW 264.7 was estimated
after 3 hours of LPS treatments (1ug/ml) co-treated with DMSO (as control), Actinomycin D (2.5 uM)
with DMSO and in combination with DHTS (1 uM) and 6a (5 uM). In Figure 19A, both the compounds
show to decrease mMRNA stability of both TNF« and CXCL10 compared to samples treated with Act-
D only. These experiments, showed that the half-life of all the transcripts is affected by DHTS and
6a treatment, acting by interfering with HUR post-transcriptional function as a stabilizer of these
targets. Moreover, polysome profiling has been performed to check if a decrease in the stability due
to a reduction of the binding between HuR and TNFa mRNA brought to a reduce transcripts loading
on polysome with a subsequent depletion in the translation. Figure 19B shows the distributions of
the mMRNAs copies along the polysomal fractions of the following samples: DMSO, LPS+DMSO,
LPS+6a. DMSO alone was used as a control for TNF« activation after LPS stimuli, that indeed is
confirmed. The polysome profiling of ACTIN was used as a control and as it is shown in the Figure
19B without changes on ACTIN, TNF«a was reduced during co-treatments suggesting that the
decrease in copy number of TNFa mRNA affected the translation of the mRNA itself.

To give some insights on the HuR dependency, we checked the level of expression of
TNFa and CXCL10 in a RAW 264.7 cells in which HUR expression has been silenced. HUR depletion
has been obtained by transfection of siRNA against HUR and scramble as control for 72 hours, then
we first detected HUR expression both at the mRNA and protein level (Figure 19C-left panel).
Afterwards we co-treated the cells with LPS (1 ug/ml), DMSO alone or in combination with LPS, with
DHTS (1uM) and 6a (10 uM) for three hours and TNFa and CXCL10 mRNA levels were assessed
by performing gRT-PCR. Results are shown in Figure 19C-right panel, notably DHTS and 6a
downregulated LPS cytokines induction, as observed when HuR expression is depleted. All these
experiments suggest that, as was already shown for DHTS in MCF7, DHTS and 6a negatively
modulate the cytokines expressions after LPS induction in RAW 264.7, affecting HUR post-

transcriptional function.
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Figure 19. 6a downregulates TNF and CXCL10 in a HUR dependent manner.

A) RAW264.7 cells were co-treated with DMSO, LPS+DMSO, LPS+DHTS and LPS+6a for 0, 15, 30, 60 and 120
min. RT- gPCR was performed to quantify the remaining TNFa and CXCL-10 mRNA levels. The half-lives of the
targets in the different samples are indicated in the table and has been calculated using GraphPad Prism, nonlinear
regression analysis and then choosing one phase decay function to calculate the half-life of each mRNAs. Each
replicate was plotted and compared using Dunnett's Multiple Comparison Test showing P values * P £ 0.05, *** P <
0.001. B) RT-gPCR analysis of actin and TNFa mRNA levels in polysomal RNA fractions in RAW 264.7 after co-
stimulation with LPS (1pg/ml) and 6a treatment (5 uM) for 3 hours. TNF different polysome profiles can be
appreciated for DMSO, LPS+DMSO and LPs+6a conditions, ACTIN has been used as normalizer. C) On the left,
western blot analysis and RT-qPCR showing around 50% decreasing in HuUR expression level after siRNA
transfection against HUR with different doses and scramble as control. On the right, TNFa and CXCL10 mRNAs in
SiSCR and siHuR after 3 hours of co-treatment with LPS 1mg/ml, DMSO and DMSO alone to control LPS stimulation,
DHTS (1uM) and 6a (5 uM) in RAW cells. Data have been plotted as Mean, and SD obtained are from 3 independent
experiments and were analyzed by one-way ANOVA. *p <0.05, **p <0.01, ***p <0.001; ns, not significant.
(Experiments in A) B) and C) have been all performed by Lal P.)

Taking into account these data, we decided to perform experiments aimed on investigating the
cytokines both at the level of the secreted proteins and most importantly we wanted to challenge the
activity of other molecules belonging to TMs-I and TMs-II.

Thus, in order to give an exhaustive description regarding the chemical nature of the molecules, in
order to strengthen the already presented structure-activity relationships, | decided to repeat the
previous experiment focusing on 6h LPS, but treating the cells with the following compounds: 6a and
7a; 6n and 7n, in order to investigate on the comparison between analogues belonging to the 15 and
2" generations (6a and 6n; 7a and 7n) and evaluate the differences in the efficacy of activity between
the precursor and the ameliorated derivative (6a and 7a; 6n and 7n). RAW 264.7 cells were treated
for 6 hours with the inhibitors at 10 uM, along with LPS and DMSO alone used as control. Notably,

Results are shown in Figure 20A-B, LPS is confirmed to activate the expression of the cytokines
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(LPS+DMSO vs DMSO), while 7n reduces significantly the expression of both CXCL10 and TNF«
mRNA. 6n and 7n (precursor of the 1% generation and derivative of the 2" generation) both seems
to affect significantly TNF« expression. On the contrary, 6a and 7a do not change mRNA expression
level, resulting to be ineffective. This may due to the time point, concerning what described above,
repeating this experiment by performing treatments and LPS stimulation for 4 hours, and,
considering the IC50 of 6a and 7a, increasing the dose of treatments could be enough to appreciate
an inhibitory effect. Furthermore, we wanted to investigate on the level of TNF protein secreted, in
order to confirm if a reduction observed in the mRNA transcription corresponds in a downregulation
of the translated protein and a succeeding deregulated secretion, suggesting generally that the pro-
inflammatory response is impaired. On this purpose, we performed ELISA assays to detect protein
level released in the supernatant of the cells, co-treated with LPS and TMs at different time points:
1, 4, and 6 hours. Unfortunately, CXCL10 levels were low even at 6 hours LPS. Indeed, one of the
ongoing works in the lab is now focused in analyzing CXCL10 secretion after 18 hours of LPS and
TMs treatment in RAW cells. For what concerns TNF (Figure 20C), TMs downregulate protein
secretion after 1 hour treatments and LPS activation, 6n, 7a and 7n confirm to reduce the secretion
even at 4 hours treatments, but after 6 hours only 7n is capable or reducing TNFa release.

DMSO alone has not been plotted since it was under the limit of detection, suggesting that at the
steady state TNF level is not secreted as expected and DMSO does not affect the cytokine

production when combined with LPS.
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All these data together have suggested that, among the TMs, 6a, as well as DHTS, affects the
stability of CXCL10 and TNFa mRNAs as emerged by preliminary Act-D chase experiments.
Furthermore, 6a appeared to decrease the polysomal loading of TNF¢, resulting in a hypothetical
reduction in the translation of the related protein, that has to be deeper investigated. Nonetheless,
the downregulation of CXCL10 and TNF« inferred by 6a appeared to be HUR-dependent, as hinted
by the HuR silencing experiments performed in RAW 264.7 cells (Figure 19C-left and right panel).
Significant additive effects occurring when simultaneously treating the cells with the molecule and
HuR silencing, may be due to the inhibition of a residual expression of HuR, subsequently, by
generating a HUR complete knockout by using techniques, such as CRSPR/cas9 could help to
demonstrate this hypothesis, taking into account that HUR complete ablation is related with high cell
toxicity implications. In order to collect more validations, TMs-Il and especially the leading compound
7n should be challenged for the same assays. To do this, blocking mMRNAs transcription by using
inhibitors to evaluate targets stability, reflects to be toxic for cells, in most of the cases. To overcome
this issue, using inducible promoters or different mRNA labelling techniques such as 4-thiouridine
(4sU) method, could improve the limitations given by using chemicals (Wada and Becskei, 2017),
considering also that Actinomycin-D indirectly act on HUR by forcing its translocation to the
cytoplasm (see Introduction paragraph 2.5). As described above (paragraph 3.4), nascent RNA
labelling techniques could be pivotal to give insights on the strength capacity towards HuR inhibition,
or provide some specificity evidences, by assessing whether these molecules could infer a blocking
of the transcription per se. Moreover, | have shown in Figure 20 A) and B) that RAW 264.7 co-treated
with LPS and selected HuR inhibitors downregulate, with different efficacies, CXCL10 and TNF«
MRNA expression. This could be explained by taking into account the treatments time points. | have
evaluated 6a activity at 1, 4 and 6 hours. 6a affects HuR targets expression at 1, 3 (taking into
account Act-D, polysome and HuR silencing experiments), 4 but not at 6 hours treatments. It is well
known that LPS stimuli reflects in a change in gene expression divided in early and late response,
suggesting that 6a impacts the early phase of inflammatory response rather than the late one (Sharif
et al., 2007; Lawrence and Natoli, 2011). Surprisingly, 7n, TMs-Il reference molecule appears to
have a major effect between 4 and 6 hours after LPS administration. Although if further
characterizations are needed, what observed for 7n could be due to a major chemical stability and
potency for HUR inhibition, reflecting in a prolonged blockage of its activity, related to a progressive
counteraction of LPS response.

However, as already mentioned, increasing doses of the other TMs tested (e.g. 6a) could reflect in
stronger effects. Further efforts should be put in investigating on TNF, plus CXCL10 translation,
starting from checking whether treatments with 6a and 7n cause mRNA translation downregulation,
and by performing polysome profiling, we will quantify any differences in the number of transcripts
copies loaded on the translational machinery, taking into account that treatments could affect the

global translation profile compared to the control condition.
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4.8 Upon LPS response, TMs do not affect NF-kB localization in the cells, but directly impair
HuR-mRNA binding.

LPS stimuli results mainly in the activation of macrophages and initiate when LPS-Binding protein
(LBP) binds CD14 receptor on their surface (Sweet and Hume, 1996). Thus, the LPS-CD14 via Toll-
like receptor 4 (TRL4) induces a signaling pathway that involves NF-kB as well as the extracellularly-
regulated kinase, c-Jun N-terminal, and p38 mitogen-activated protein kinases, all of which activate
the production of inflammatory factors (Scott et al., 2000). NF-kB acts as a transcription factor (TF),
thus promoting the expression of many cytokines and chemokines, but its function is related to its
translocation in the nucleus stimulated by TRL4 signaling cascade which involves other protein
activity, such as MyD88 and TRIF (Sakai et al., 2017). CXCL10 and TNFa mRNa are just two among
the variety of NF-kB targets (HI, 1999; Yeruva, Ramadori and Raddatz, 2008; Ostareck et al., 2019),
thus we decided to investigate if, what observed so far, was related to an aberrant NF-kB subcellular
localization caused by HuR inhibitors after LPS stimuli. To this aim, we performed
immunofluorescence in RAW 264.7 co-treated with LPS (1ug/ml) and 6a, 6n, 7a and 7n (10 uM) for
3 hours, plus DMSO alone or in combination with LPS, as a control for treatments and LPS proper
stimuli occurrence. Moreover, we used Actinomycin-D (2.5 uM) simultaneously with LPS as a
positive control, in order to stimulate a high induction of NF-kB in the nucleus.

Results are shown in Figure 21, LPS significantly promotes NF-kB (green) nuclear localization, along
with additional effect given by the co-treatment with Actinomycin-D, while TMs do not show any
significant counteracting or addictive action, proving that their capability of downregulate CXCL10
and TNFa mRNA, showed in the previous paragraph, is not dependent by a changing in NF-kB
subcellular localization, suggesting that its activity as TF is not impaired.

Previously we demonstrated that TMs do not promote any HuR shuttling from the nucleus to the
cytoplasm in MCF7 cells (Figure 13), that instead, is provoked upon Act-D treatments. Furthermore,
it has been suggested that LPS induces HuR cytoplasmic translocation (Lin et al., 2006),
subsequently, we wondered whether we could observe any changes in HUR localization after LPS
stimuli and after TMs treatments alone or in combination with LPS. To this purpose, we co-treated
RAW 264.7 cells with LPS, 6n and 7n (10 uM), or each TMs without LPS induction for 3 hours, plus
DMSO alone as control and with LPS to verify the stimuli occurrence.

In Figure 22A, representative Immunofluorescence shows a slight HUR (red) accumulation in the
cytoplasm as previously reported, thus we asked if TMs in combination with LPS could counteract
this event. We treated the cells only with TMs (w/o LPS) to evaluate if TMs alone could influence
HuR localization in RAW 264.7 We demonstrated that 7n and 6n single treatment do not alter HUR
cell distribution (vs DMSOQO), whereas, no changes in HUR localization were observed in LPS+7n and
LPS+6n samples compared to LPS+DMSO (Figure 22A). Moreover, we wondered the same for

Actinomycin-D, investigating if TMs were able to neutralize HUR mis-regulation promoted by Act-D.

45



In Figure 22B Results are shown through representative immunofluorescence performed in RAW
264.7 treated simultaneously with Act-D (2.5 mM) and TMs (10 uM) for 3 hours, using DMSO as
control. We observed that Actinomycin-D+DMSO stimulates HuR localization outside the nucleus,
not rescued by the addiction of TMs. These data suggest that, in any case, TMs acts independently
from changing NF-kB cellular localization induced by LPS, and are not able to stimulate HuUR rescue
in the nucleus as once inferred by drugs like Actinomycin-D, suggesting once again that TMs
mechanism of HuR targets downregulation is exclusively related on the affection of HUR activity.
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*% EEEE
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Figure 21. TMs do not change NFkB subcellular localization upon LPS stimuli. Representative
immunofluorescence showing that N-kB nuclear translocation inside the cells induced by LPS is not changing
upon treatments with different TMs (10 uM). Cells have been treated for 3 hours in combination with LPS
(Lpg/ml). In order to obtain a positive control given by a high induction of NFkB related with a massive
shuttling in the nucleus, we treated the cells with 2.5 uM of Actinomycin D (Act-D), and DMSO (CTRL) either
alone or with LPS was used as negative control.In the graph, the ratio of NFkB fluorescent signal between
nucleus and cytoplasm (N/C) is plotted. For image acquisition (40x high NA objective), Operetta was used
and evaluation by selecting 13 fields/well. The ratio N/C represents the mean + SD of single cells for every
well (** p < 0.05; p <0.0001 ) (unpublished data). (Experiments performed with Zucal C.)
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Figure 22. TMs do not counteract HuR cytoplasm translocation induced by Act-D and LPS alone does not
change HuR subcellular localization. A) Representative immunofluorescence HuR localization after LPS
administration, single compounds treatments and in combination with LPS (1pg/ml). B) Representative
immunofluorescence showing that HUR cytoplasm accumulation induced by Act-D is not changing upon treatments
with different TMs (10 uM). Cells have been treated for 3 hours in combination with Act-D (2.5 uM). In A) and B)
DMSO alone or in combination with Act-D and LPS has been used as control. In the graphs, the ratio of HUR
fluorescent signal between nucleus and cytoplasm (N/C) is plotted. For image acquisition (40x high NA objective),
Operetta was used and evaluation by selecting 13 fields/well. The ratio N/C represents the mean + SD of single cells
for every well (***p < 0.0001 ) (unpublished data). (Experiments performed in collaboration with Zucal C.)
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In order to investigate deeply if what observed on TNF« and CXCL10 in macrophages is due to TMs
inhibition of HUR-RNA complex formation, we performed RNA Pull-Down assays along with RNA IP
preliminary experiments. For these assays, we decided to use 7n, since it appears to be the most
promising and lead compounds among the 2" generation of chemicals. Results are plotted in Figure
23A, we performed RNA Pull-Down in RAW 264.7 pre-treated with 7n for 6 hours and DMSO as
control. After 6 hours, cells were lysed and incubated with two different biotinylated probes: one
containing 3’ ARE sequence belonging to TNFa 3’'UTR known to be bound by HuR and another one,
as negative control containing sequence that is not recognized by HuR. After incubation for two
hours at 4 degree, probes were precipitated with streptavidin beads. Afterall, HUR level were
assessed by Western Blot analysis (Figure 23A). As expected, no signal for HUR has been measured
in the negative control, in which the lysate was incubated with the negative probe, whereas HuR
signal in the treated sample precipitated with the ARE sequence is significantly decreased (~ 50%)
compared to the positive control, in which cells were treated with DMSO and lysates precipitated
with ARE probe. This suggests that upon treatments 7n competes with HuUR target RNAs for HUR
binding within cells. Furthermore, as observed for CTNNB1, ERBB2 and VEGF in MCF7 treated with
6a and 6t (Figure 11A), we performed preliminary experiments aim at evaluating the decrease in the
binding between HUR and its target CXCL10 inferred by 7n. Thus, | have performed RNA IP assays,
by co-treating cells with LPS and 7n for 6 hours, using DMSO alone or in combination with LPS as
control, according to what previously described. Results are represented in Figure 23B, which shows
a depletion on CXCL10 (~ 30%) fold enrichment in 7n treated HUR-IP samples, suggesting that it
reduces HUR-CXCL10 interaction. As described previously (see Introduction paragraph 2.4), TTP
and HuR have been proposed to play key functions in modulating mRNA expression changes at the
genome wide level in macrophages during immune response induced by LPS. This process is mainly
regulated by a fine tune balance between these two RBPs, of which different or common targets as
well as binding sites have been characterized (Ostareck et al., 2019). Furthermore, as mentioned in
the Introduction (see Introduction paragraph 2.4), through PAR-ICLIP assays TTP and HuR binding
sites and targets in RAW 264.7 and in primary murine macrophages cells stimulated with LPS have
been identified (Sedlyarov et al., 2016; Tiedje et al., 2016). Considering this and our data, we are
currently pursuing the goal of performing a RIP-seq on RAW 264.7 and Figure 22C represents
schematically the workflow. Notably, we decided to challenge 7n for RIP-seq experiments, that will
be carried out in cells treated for 6 hours with 7n in combination with LPS, plus LPS with DMSO as
control and DMSO alone to check the proper inflammatory response insurgence (Figure 22C).

Summarizing, we have observed the downregulation of the expression of HUR cytokine target mMRNA
by 7n and a decrease of TNF protein secretion level. Furthermore, we observed a subsequent
reduction in the binding between HuR recognition sequence and the protein in RAW 264.7 via Pull
Down assay. Finally, we provided insights concerning a decrease in the direct interaction between

HuR and CXCL10 by performing RIP, therefore our hypothesis is that 7n counteracts LPS
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inflammatory response, in an HUR dependent manner, by disrupting its binding to the targets defining
a new rearrangements genome-wide, mainly by downregulating the expression of pro-inflammatory
factors. Performing a RIP-seq experiment in native condition, will lead us to identify dynamic
interactions between HuR and RNAs defining its target transcripts and precise binding sites
eventually impaired by 7n inhibitory activity. These genome-wide experiments will be pivotal to
determine precisely our compounds mechanism of action and mainly it will help us to dig deeply into
the characterization of the TMs anti-inflammatory properties in macrophages driven immune

response.
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Figure 23. 7n directly interplay between HuUR-RNA binding causing its disrtuption.
A) Pull Down assays performed in RAW 264.7 cells pre-treated with 7n or DMSO as
control for 6 hours. Cell lysates were incubated for 1 hour at 4°C with either a biotinylated
probe containing HUR consensus sequence, either a probe not supposed to bound by
HuR as a negative control. Precipitations of the probes have been carried out with
streptavidin beads and HuR level have been detected by WB analysis. HuR signal have
been quantify on the Input (10%) and Data have been plotted as mean mean + SD of
three independent experiments *p<0.05. (I have performed these assays with the
collaboration of Micaelli M.) B) RNA Immunoprecipitation assay (RIP) followed by real
time PCR (qRT-PCR). RAW 264.7cells were treated for 6 hours with DMSO as control
and 7n at 10uM dose. Afterwards cells were lysed and RNA precipitated with HuUR
antibody (IP) and IgG isotype (IgG) as negative control. Changes in the mRNAs bound
to HuR in the control or treatment were evaluated through gRT-PCR and normalized on
the corresponding values obtained with 1gG, as negative control. The obtained numbers
indicate the Fold enrichment, obtained after normalization with IgG and subtracting the
value of the housekeeping gene RPLPO, experiments were performed in a biological
duplicate. C) Schematic representations of the ongoing RIP-seq workflow. RAW 264.7
cells have been treated with DMSO, LPS+DMSO and LPS+7n fro 6 hours. Cell lysis and
Immunoprecipitation with HUR antibody and the negative isotype as control have been
followed by RNA sequencing. Data in process.

(I have entirely performed and currently performing experiments in B and C)
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4.9 Evaluation of TMs effects in primary murine macrophages derived from bone marrow
(BMDMs), with in vivo evidences.

Notwithstanding several advantages given using a cell line as a model, RAW 264.7 application
presents some limitations. In fact, cell lines derive from transformation and immortalization
processes, acquiring genetic and phenotypic differences if compared with the corresponding primary
ones. As a consequence, cell lines often developed genomic instability, hybrid phenotypes and
altered signalling pathways, making them a not reliable system for physiologically investigations and
for in vivo proof of principles (Andreu et al., 2017). As an example, different studies have revealed a
substantial difference in the induced cytokines response if comparing RAW 264.7 macrophage cell
line with the primary counterpart (Merly and Smith, 2017). According to this, we decided to begin to
extend assays performed in RAW264.7 in a more appropriate primary cell culture system, that is
represented by murine Bone Marrow Derived Macrophages (BMDMS).
Macrophages are essential not only for immune defence, but also for embryo development and adult
homeostasis, therefore, macrophages reside in different tissues, bringing different nomenclature and
features, such as: microglial cells (brain), Kuppfer cells (liver), alveolar macrophages (lung),
peritoneal macrophages (peritoneum), foam cells (blood vessel plaques), Langherhan cells (skin)
(Mills, 2012). Usually, primary macrophages used in vitro are harvested from peritoneal cavity
(PEMs) or Bone marrow (BMDMs) (Macrophages et al., 2015). We decided to use BMDMs,
extracting monocytes from bone marrow and performing macrophages differentiation in vitro, in order
to avoid a premature and uncontrolled polarization associated with the use of pro-inflammatory
agents, such as Brewer’s thioglycollate broth or proteose peptone, pivotal for the stimulation of
macrophages rushing in the peritoneal cavity (Ding et al., 2017). Moreover, many evidences have
been collected highlighting the differences between PEMs and BMDMs, revealing that BMDMs often
results in a more reliable systems for in vivo aims (Bisgaard et al., 2016), consequently we decide
to use BMDMs as our model. | have harvested BMDMs from 6 to 12 weeks old C57BL6/j wild type
mice according to the protocol presented in the Materials and Methods section. After differentiation
in vitro of the monocytes into macrophages (Materials and Methods), | have performed viability test
in BMDMs, treating the cells for 24 hours with increasing doses of the TMs-l and TMs-II leading
compounds, 6a and 7n, in order to evaluate differences of toxic dosages previously measured in
RAW 264.7. Viable cells have been checked after 24 hours and not after 72 hours as we did for the
other cell lines, because being a primary lineage, extended times of culture would have caused an
addictive toxicity effect. Graphs representing toxicity curves are shown in Figure 24A, for 6a it has
been possible to calculate an IC50 around 12 uM, whereas 7n appeared less toxic than 6a.
Farther, | have repeated the assays as performed in RAW 264.7 cells. Hence, | have firstly co-treated
BMDMs for 6 hours, with LPS (1pug/ml) and selected TMs-1 and TMs-II: 6a, 7a, 6n, 7n at 10 uM dose,
along with DMSO alone, in order to verify inflammatory activation and in combination with LPS as a
control for treatments. Afterwards, | have extracted total RNA and through gRT-PCR | have
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investigated on CXCL10 and TNFa mRNA expression level. Results are shown in Figure 24B, upon
treatments a significantly downregulation of the two transcripts have been observed, CXCL10 (right
panel) is reduced more than 50% in all treatments with different efficacy following a good relation
between precursors and derivatives compounds (6a;7a/6n;7n) and the same can be appreciated
also considering TNF« (left panel). Moreover, we investigated if downregulation of cytokines levels
of expression was related with a decreasing of the secreted proteins. To this aim, | have performed
ELISA assays from BMDMs with LPS (1ug/ml), compounds (10 puM) plus DMSO alone or in
combination with LPS, at different time points: 1 hour; 4 hours and 6 hours. Due to the poor signal
for CXCL10 released protein, | have been able to detect only TNF secretion level and Figure 24C
shows Results obtained. DMSO alone is not plotted because values were under the limits of
detection in all the ELISA assays | have performed.

A B
[ | 6a 7n
| ics0 [ 1224 ~5378 |
[ 6a 7n ]
| Rsquared | 0.8036  0.8564 |
CXCL10 mRNA
TNFa mRNA
BMDMs 24H E 100+ 5
= dedke sk ok ek dkk > 50
1.5+ 83 T 3 Awhs  wwRE  dhkk  hkh ket
a -
z il Sg 80 = 240
= - 7n ‘w 2 %
a @ a
B 1.04 © 5 60 $ 530
3 23 i3
8 LN 404 u 820
$ 0.5 T s v =
2 0. 5 N E N E
% T 5 201 T 510
4 Ez £z
> £< £<
0. . . . : h . 2 0-—F S ol—=F
1.0 -0.5 0.0 0..5 1.0 1.5 2.0 é‘.90 \#_’0 ,8’@ rg,:\'b q,xb(‘ o > ¢f’() ‘2“.90 & @;\@ xﬁo ;\(\
Concentration log (LM) O e,"o \g% 3§ 3 9 {;O \;2% N \39 \39
R Q
~ ~

xx #%x NS *

LPS+DMSO
LPS+6a
LPS+7a
LPS+6n
LPS+7n

Relative pg/ml
(Normalized on the number of cells )

N S &

Figure 24. TMs downregulates mRNA expression level of cytokines regulated by HuR and TNF secretion in
BMDMs. A) BMDMs viability was evaluated with OZBlue kit after 24 hours of treatments. Doses were ranging from 0
to 50 uM. Plotted bars are mean * SD three independent experiments preformed in technical duplicate, normalized to
control (DMSO). Relative IC50 and R2 were calculated by nonlinear regression curve fitting.

B) BMDMs were co-treated for 6 hours with compounds at 10 uM doses, LPS (1ug/ml) and DMSO as control. mMRNA
levels of the cytokines has been assessed through qRT-PCR using RPLPO as an housekeeping gene and data have
been normalized on DMSO condition, in order to evaluate the effect of LPS. Data gave been plotted as mean + SD of
a biological quadruplicate (*p<0.05, *p<0.01, **p<0.001,****p<0.0001).

C)TNF protein levels measured with ELISA. DMSO alone treatment has not been plotted since the levels of the protein
(pg/ml) were under the limit, cell supernatants were diluted 1:3. Relative pg/ml obtained for each sample have been
normalized on the number of cells obtained by performing crystal violet assay. Data represent as mean + SD of a
biological triplicate (*p<0.05, and **p<0.01***p<0.001,***p<0.0001) (Experiments have been performed entirely by me)
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Surprisingly and differently for what observed in RAW 264.7, all the molecules significantly affected
TNF protein secretion, but 6a and 7a showed a stronger activity almost abolishing the total protein
release. Negative values have been obtained because considering stringent dilutions, aimed at
loading equal cell supernatant quantities, lead to immediate signal saturation of LPS+DMSO sample,
keeping the signal coming from the supernatants belonging to treated samples under the limit of
detection. However, experiments will be repeated in order to overcome these issues. Moreover, for
a better characterization of what observed so far, we are currently replicating these data by extending
time points to 18 hours, for a better detection of CXCL10.

However, our compounds show high potency in downregulating cytokines transcripts and the
secretion of TNF protein, suggesting that they can have anti-inflammatory properties. Once enough
data will be collected for CXCL10, in order to deeply investigate on the anti-inflammatory properties
of the compounds other targets should be measured, such as IL13 or IL-6. Anyway, the results
coming from RIP-seq performed on RAW 264.7 should open the horizons for the proper selection of
the targets. These data suggested also that there is a different downregulation strength and outcome
observed in RAW 264.7 compared to BMDMs. Furthermore, previously in the lab, other members,
in collaboration with the lab of Dr. Gaestel in Hannover, checked downregulations of different
cytokines transcripts upon stimulation with LPS and treatments with DHTS and 6a in immortalized
BMDMs in which TTP expression was depleted, and results (hot shown) suggested that reduced
expression level of the targets considered was not dependent from TTP expression.

As before mentioned by describing TAMs, macrophages are not homogenous and these phenotypic
heterogeneity is given by different local environments (Bashir et al., 2015) and is referred as
polarization. In particular, three different groups of macrophages can be distinguished: naive (M;
also called MO) that can differentiate into two other different sub-types: pro-inflammatory (M1) and
anti-inflammatory (M2) (Scheme in Figure 25A) (Abumaree et al., 2013; Y. Wang et al., 2019). Not
only related with cancer infiltrations, generally M1 and M2 macrophages play two different roles in
mediating the inflammatory response: M1, classical activated macrophages respond to TLR ligands
upon LPS or INFy stimuli and are characterized by high antigen presentation and expression of pro-
inflammatory cytokines such us TNFa. , in a physiological context, they have been reported to have
inflammatory activity, responsible for the defense against microbial attack and tumor insurgence
(Barros et al., 2013; Wang et al., 2014). On the other end, M2, also called alternatively activated
macrophages have different functions, including apoptotic cell clearance, tissue repairing, since they
produce high levels of VEGF and are also responsible for the release of anti-inflammatory molecules
(Murray and Wynn, 2011; Atri, Guerfali and Laouini, 2018). Since implied in a variety processes,
dysregulations, such as hyperactivation of the macrophagic response is linked to the development
and exacerbation of several disease conditions (e.g. cancer), as mentioned previously. Indeed,
recently, different compounds have been identified to modulate an aberrant activation of the both

kind of macrophages (Y. Wang et al., 2019).
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Considering this, we decided to collect some insights to check whether our HuR inhibitors, showing
anti-inflammatory properties, could impairs and interfere with polarization of pro-inflammatory
macrophages M1. To this aim, | have extracted BMDMs and further polarized them in vitro from
naive macrophages towards M1 phenotype through 24 hours stimulation with LPS (100 ng/ml) and
IFNy (10 ng/ml). In order to define sub-toxic dose of the compounds to use, | have first performed
viability assay on M1, as | have done for BMDMs with increasing doses of 6a and 7n, to check
whether after activation and proliferation stimuli, IC50 for BMDMs was not the same for M1. Results
are shown in Figure 25B, 6a similarly to BMDMs, shows an IC50 of around 12 uM, while 7n at 18
uM. Once defined the subtoxic doses, | have polarized naive macrophages towards M1 phenotype
co-treating the cells with the following compounds (10 uM): 6a, 7a, 6n, 7n and 8n, for 24 hours, plus
DMSO as control. Afterwards, in order to check impairment on the M1 polarization, | have performed
Nitric Oxide (NO) assay, that consists in the measurements of the level of the gas (NO) released by
the cells, that is a marker of M1 macrophage differentiation (Scheme, Figure 25A). Results are
plotted in Figure 25C, showing a highly significant reduction, more than 50%, in the NO production
in M1 treated with all the compounds. Notably, | have used naive macrophages treated with DMSO

as a negative control of the assay and to check if a proper activation occurred.
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Figure 25. TMs affect NO production in primary M1 macrophages. A) Scheme representing the different
macrophage differentiation lineage (MO, M1 and M2) with the related characteristics (Atri et al., 2018). B) BMDMs
were stimulated towards M1 with LPS (100 ng/ml) and IFNy (10 ng/ml) for 24 hours co-treating with DMSO as
control and increasing doses ranging from 0 to 50 uM of compounds. Viability was evaluated with OZBlue kit and
plotted bars are mean * SD of three independent experiments preformed in technical duplicate, normalized to
control (DMSO). Relative IC50 and R2 were calculated by nonlinear regression curve fitting C) BMDMs were
stimulated towards M1 with LPS (100 ng/ml) and IFNy (10 ng/ml) for 24 hours co-treating with DMSO as control
and compounds at 10 uM. Nitric Oxide release has been quantified with Griess Reagent. As technical and control
for polarization the NO signal of naive macrophages plus DMSO has been measured. NO quantity has been plotted
as percentage normalized on the number of cells quantified with crystal violet assay. Data have been plotted as
mean * SD of four independent experiments (I have performed the entire experiments).
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Lastly, our ongoing work is focused on giving some insights about the application of TMs in vivo. We
are currently in the phases of the optimization of the experimental model, of which I will show several
results. More precisely, starting from what observed in RAW 264.7 and primary macrophages, we
decided to refer to LPS-induced peritonitis mouse model (Qin et al., 2016). Specifically, we evaluated
TMs properties of reducing cytokines release in the serum of mice in which inflammatory response
has been stimulated with LPS intraperitoneal injection (i.p) for 2 hours. TMs were all administrated
via i.p. at the dose of 10 mg/kg, using reported DHTS dose as a reference (Lal et al., 2017). In a first
instance, TMs tested, have shown different solubility properties, in particular, TMs-l seemed to be
less soluble then the ones belonging to TMs-II (Table 5), so far, 7n reflects to be the most soluble
compounds. In Table 5, DHTS, 6a and 7n have been presented according to their solubility condition,
for DHTS and 6a we added BSA at 0,03 mM in order to help solubilization, avoiding to increase
DMSO to help this process, considering its toxicity. We have chosen using BSA, among different
reagents commonly used, because they appeared to be ineffective, such as NMP.

Group of 6-8 mice 8 weeks old, have been treated with sub-lethal dose of LPS (150 ug/20 g of body
weight) in co-treatments, post-treatments and pre-treatments with different TMs (protocol in details
in Material and Methods section). After 2 hours, mice blood was collected through cardiac puncture,
serum purified from plasma and cytokines detected with ELISA assays. In Figure 26A preliminary
experiments show the functionality and reproducibility of the model, inflammation response has been
checked by detecting the level of IL-6, comparing LPS+DMSO mice group with DMSO treatment
alone as control.

Among the three conditions already presented and TMs challenged, we obtained promising hints
from experiments performed with 7n pre-treating the mice 30 minutes before LPS administration
(Figure 26B). According to what represented in the Figure (26B) CXCL10 levels in the serum are
decreased compared in sera derived from mice pre-treated with 7n, compared to the control
condition (LPS+DMSO).

Although this promising evidence, we are currently facing steps of method optimization, in order to
establish the most accurate time point of TMs treatment, in order to reduce the great variability found
among the experiments and experimental groups. Nevertheless, we are putting our efforts in
stabilizing and checking the bioavailability and stability of our compounds in mice blood in order to
overcome reproducibility issues. Once the method will be solid, anti-inflammatory properties of our
compounds will be investigated not only considering CXCL10, in which we are interested the most,
but we would like to investigate on TMs capability of downregulating other cytokines known to be
HuR targets as TNF, IL1B but also challenging inflammatory factors not reported to be HuR-
regulated, such as IL-6. Moreover, in order to evaluate the HUR dependency, this model should be

applied by using mice conditional KO for HuR.
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Table 5. Tahle showing optimized solubility conditions for different compounds |:| g ure 26 7n prel | m | n ary activity in L pS_| n d uced

c d (10 mg/kg) DMSO (%) [BSA (mM) [Solubilit . ape

=ompound (IC maka) o peritonitis mouse model.

6a 50.03 100% A) LPS-induced peritonitis model optimization: Cytokine
n 51 100%

levels in sera from C57BL/6] wild type mice after
administration of LPS (150 ug/25 g of body weight) for 2
hours, DMSO alone has been used as a control of LPS
A B inflammatory response insurgence. IL-6 secreted protein
IL-6 has been detected with ELISA assay and bar graphs
xx cxcL1o depict mean values + SD from 6-8 mice per group. ***p <
sooo0 15000 0.001. B) CXCL10 levels in the sera from C57BL/6j wild
40000 T type mice after administration of LPS (150 ug/25 g of body
10000 weight) for 2 hours, with 30 minutes of pre-treatment with
7n (10mg/kg). DMSO alone has been used as a control of
5000 LPS inflammatory response insurgence and LPS+DMSO
10000 has been considered being drug vehicle. IL-6 secreted
0 o protein has been detected with ELISA assay and bar
& &L Lo graphs depict mean values + SD from 4 mice per group.

M & Q\gn" Q‘;\*‘ (Experiments performed by me).
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4.10 Ongoing work: TMs activity in adaptive immunity

In conclusion, HUR has been reported to be important in the maturation and homeostasis of B, T
cells (see Introduction paragraph 2.4) (Papadaki et al., 2009; Chen et al., 2013; Techasintana et al.,
2017; Diaz-Mufioz and Turner, 2018). Furthermore, HUR has been proposed to regulate migration
of T cells, in particular Th1l7 cells during neuroinflammation by regulating the mRNA of CCRS,
receptor on the surface of this cell lineage (see Introduction, paragraph 2.4) (Chen et al., 2017).
Thus, we started to collect some explorative data, investigating on TMs effect on cytokine release in
human PBMCs stimulated with PMA/lonomycin (50 ng/ml/1uM) for 24 hours. Precisely we collected
PBMCs from 4 different donors and subsequently we cultured the cells together with PMA/lonomycin
and different TMs (5uM). Afterwards, we measured with ELISA assays TNF secreted level (Figure
27A). Notably, TMs reduce the secretion of TNF about the 50%, suggesting their activity in
modulating the cytokines after an unspecific T-cell activation signal. Moreover, 1 first performed
viability assay with CellTiter-Glo® Luminescent Cell Viability Assay on murine splenocytes un-
stimulated for 24 hours (Figure 27B) and then, | have investigated on primary murine splenocytes
without any further activation or stimulation, at subtoxic doses, if 6a downregulates cytokines
expression after 24 hours of treatment, reproducing what observed in macrophages and THP1.
Figure 27C shows the results and as expected 6a significantly downregulates TNFa and CXCL2 in

murine primary splenocytes.
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Figure 27. TMs downregulate TNF secretion in T-cells activated human PBMCs and a subtoxic dose 6a
deregulated cytokines mRNA expression level.

A) TNFo secreted from supernatants of human PBMCs coming from 4 different donors, stimulated with
PMA/Ionomycin for 24 hours and treated with DHTS, 6t and 6n (5uM). secreted protein has been detected with
ELISA assay and bar graphs depict mean values £+ SEM a technical duplicate for each donor. Experiments
performed in collaboration with Caffa | from Prof. Nencioni’s lab, at the Hospital San Martino, Genova, Italy.

B) viability of primary murine splenocytes has been assessed by ATP level measurements performed with CellTiter-
Glo. Cells were treated with increasing doses of 6a and DMSO as control. Data have been normalized on DMSO
treated cells, thus expressed as Normalized Luminescence Units (NLUs). Graph plotted as mean values + SD of a
duplicate. C)Preliminary evidences on 6a downregulating acidity towards cytokines mRNA expression in primary
murine splenocytes. Cells have been harvested form the spleen of C57BL6/j wild-type mice and cultured fro 24
hours with DMSO and 6a (2.5 uM). Total RNA has been extracted and transcripts level evaluated by gRT-PCR.
Data have been plotted as mean values + SD of a duplicate. (I have performed all the experiments)

Taking this as the starting point plus reported evidences concerning HUR function in T-lineage subset
(see Introduction, paragraph 2.4), | have investigated with pilot experiments TMs activity towards
mainly Thl and Th17 polarized T cells, in which HuR roles evidence have been reported so far.
With this purpose, | have extracted splenocytes from wild-type C57BL6/j mice, | have polarized them
in vitro according to the protocol shown in detail in the Material and Methods section towards
respectively Thl and Th17 phenotypes.

On the other end, in order to evaluate if 6a could affect at subtoxic doses the polarization capability
of the cells, during differentiation of the cells in vitro, 6a (2.5 uM) was simultaneously added (protocol
in Material and Methods). Results are shown in Figure 28A, the cells have been checked by
transcription profiling evaluating the level of expression of different mRNAs encoding for specific
markers of the both cell lines. Furthermore, HUR protein levels have been measured by Western blot
analysis of cell lysates belonging to either Thl or Th17 treated with DMSO as control and 6a, and
two different concentration of the lysates have been loaded on the gel (1;2) (Figure 28B). Moreover,
I have first checked the viability of the cells after 96 hours of stimulation and treatment with DMSO
as control and 6a (2.5uM) and then | have evaluated with Flow Cytometry Analysis, if cells acquired
the proper phenotype in control condition (DMSO) and with treatment (6a) (Figure 28D). Notably, |

have measured the intensity of specific marker for Th17, CCR6 and a specific one for T cell subset,
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that is CD4. Thl cells, were used as negative control, as they should be negative for CCR6

expression but positive for CD4.

These data suggest that Thl and Th17 polarization properly occurred, no differences in HuR

expression level have been observed, in both Thl and Th1l7. Moreover, low doses of 6a do not

impair the proper Th17 differentiation.
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Figure 28. HUR expression in Thl and Th17 is not changing among the lineages and 6a treatments do not
impair T-cells proper polarization. A) Naive CD4+ T-cells have been harvested from wild type C57BL6/j mice and
polarized with different factors (see protocol in Material and Methods). After 96 hours of stimulation and treatments
with DMSO as control and 6a (2.5 uM) added every 48 hours, cells were harvested and RNA extracted and markers
checked with gRT-PCR. Data are plotted as mean values = SD of a duplicate. B) Representative WB analysis of
protein lysates of Thl and Thl7 cells, obtained as previously described. 1 and 2 represented two different
concentrations of lysates loaded on gel (15 and 30 pg).C) Th1/Th17 Cells viability assessed with trypan blue, cells
were cultured and treated as expressed in A). Data are plotted as % of viability, mean values + SD of a duplicate. D)
Expressions of CCR6 and CD4 on Th1 and th17 analyzed by flow cytometry, one representative experiments shown
among a duplicate. Mean intensity represented in the figure. (I have performed all the experiments)
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Considering that 6a does not impair Th17 and Th1l polarization and viability (Figure 28C), counting
the cells with trypan blue suggested that the total number of cells was decreased in the treated
samples during 96 hours (Figure 29A), therefore | have decided to investigate on 6a effect towards
Thl and Thl17 proliferation. In order to do this, through CFSE staining, | have measured cellular
proliferation during 96 hours differentiation. Results are shown in Figure 29B for Th1l and 29C for
Th17 cells, surprisingly 6a has anti-proliferative effect in Thl cells, related with the complete
disappearance of the last two generation (9th and 10th) and an accumulation of 3rd generation
(Figure 29B). With a lesser extent, this effect was also present in Th17 cells (Figure 29C). Lastly, |
have confirmed the results obtained so far, repeating CFSE staining in splenocytes activated with
two different non-specific T-cell stimulating factors, PHA (100 ng/ml) and PMA (50 ng/ml)/lonomycin
(2 uM). Results are shown in Figure 29D cells have been harvested after 48 hours of staining with
CFSE and PHA or PMA/Iono stimulations in combinations with treatments with 6a and another TMs-
Il compound 7c. A further sample, NTC has been added and represents cells that are CFSE positive
but unstimulated and untreated, meaning that they are not supposed to proliferate by their own.
Indeed, 6a and 7c treatments reduce proliferation in cells compared to control (PHA/PMA+ DMSO),
as the signal in the last generation is almost abolished comparable to the unstimulated sample,
whereas a stationary increasing in the signal in 3™ generation is measured.

These evidences show a clear activity of TMs towards T cells, Thl and Th17 lineages in particular.
We have shown, that with a solid protocol, 6a co-administration with stimulation factors does not
impact on the polarization properties and viability of murine primary cells, instead they highly reduce
proliferation in Thl and splenocytes not specifically activated with PHA and PMA. Migration of T
cells, in particular Th17 cells, is linked with the insurgence and maintenance of neuro-inflammation
processes (see Introduction, paragraph 2.4) (Chen et al., 2017), thus downregulation of the
proliferation could reflect in impairment in migration of these cell population, further experiments in
vivo could have relevance for therapeutic implications (see Future perspectives).

On the other end, more investigations are needed in order to evaluate whether these effects
observed are linked with HuUR activity inhibition. In Figure 28A CCR6 is downregulated, but as
already described CCR6 mRNA has been recognized as HuR targets and is responsible for Th17
migration, for this reason other targets regulated by HuR should be deeply characterized, (e.g.
IFNy ) (Fan et al., 2011).
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Figure 29. 6a affect Thl proliferation, as well as T-cell stimulated splenocytes with PHA or PMA/lono.
A) Number of total primary cells (Th1/Th17), assessed with Trypan Blue. Thl and Th17 were treated with
6a(Data represented as mean values + SD of a duplicate. B and C) Thl and Th17 were stained with CFSE (2
uM) for 10 minutes at 37°C and then left in culture for additional 72 hours in addiction with polarizing stimuli
(see protocol in Material and Methods) and treatments with DMSO as control and 6a (2.5 uM) added every 48
hours. Proliferation has been measured with Flow Cytometry Analysis together with CXCR6, CD4 and live/dead
staining. CFSE data have been represented as the fitted model for proliferation obtained with ModFit LT 3.2
and relative quantifications, showing mean + SD of a duplicate. D) primary Splenocytes were stained with CFSE
(2 uM) for 10 minutes at 37°C and then left in culture for additional 48 hours in addiction with PMA/Iono or PHA
and treatments with DMSO as control and 6a (2.5 uM). Proliferation has been measured with Flow Cytometry
Analysis together live/dead staining. CFSE data have been quantified using proliferation modelling obtained
with ModFit LT 3.2 and relative quantifications, are shown as mean + SD of a duplicate (I have performed the
experiments).
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5. Discussion and Future Aims

In Eukaryotes, regulation of gene expression occurs at different levels, of which post-transcriptional
control plays a pivotal role. RBPs are the most important actors defining these processes (Moore,
2005; Otsuka et al., 2019; Zanzoni et al., 2019), thus, aberrant modulation of RBPs function provokes
subsequent alteration in the post-transcriptional control of gene expression, leading to the
insurgence of complex and controversial phenotypes and diseases.

Hence, targeting RBPs found de-regulated in different pathologies remains a fascinating and
challenging aim (Hong et al., 2017; D’Agostino et al., 2019; Pefia, Song and Campbell, 2019).
Concerning targeting strategies, the approaches applied so far are mainly based in using molecular
tools as RNA interference and antisense oligonucleotides (ASO) against different RBPs or in the
identification of small compounds inhibiting their activity (Hence et al., 2017).

On the other end, most of the RBPs shares common structure, thus, designing molecules with
binding specificity towards a single protein still remain an issue (D’Agostino et al., 2019).
Furthermore, since RBPs play a variety of functions, being pivotal in development and tissue
homeostasis, their targeting could arise several side and unwanted effects, due to their pleiotropic
and heterogeneous involvement in different cellular mechanisms (Hence et al., 2017; D’ Agostino et
al., 2019).

Here, | have presented HUR, one of the most studied RBP, ubiquitously expressed in the cells and
evolutionary conserved among mammals (Ma et al., 1996; Zucal et al., 2015). Together with TTP,
HuR binds mRNAs harboring AU/U rich elements located mainly in the 3'UTR. By counteracting the
destabilizing effect given by TTP, HUR mainly promotes transcripts stability and translation
enhancement (Tiedje et al., 2012). HUR modulates transcripts encoding for protein involved in
different cellular processes: cell cycle progression, proliferation, immune response and inflammation,
differentiation and angiogenesis, senescence and apoptosis (Zucal et al., 2014).

Thus, HuUR regulates gene expression, being pivotal for development, cells and tissue homeostasis
and physiology.

Therefore, HUR aberrant expression and mis-regulation leads to the insurgence of different
disorders, it has been indeed associated with a variety of cancer types and inflammatory pathologies
(Wang et al., 2016; Grammatikakis, Abdelmohsen and Gorospe, 2017; Zhang et al., 2019).
Although some evidences assigned to HUR anti-inflammatory properties (Yiakouvaki et al., 2012;
Braul? et al., 2017) ascribing it as a controversial factor, HUR has been mainly found associated with
different pathological conditions, thus lot of efforts have been put searching for inhibitors (see
Introduction, paragraph 2.5).

Among all the studies performed so far, in 2015 our group, by using High Throughput Screening
based on Alpha screen approach, identified DHTS, a natural compound inhibiting HuR activity. We

have been able to ascribe to it a biochemical mechanism of inhibition and we have identified the
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sites of interaction between HUR and DHTS, through NMR studies, molecular docking and molecular
dynamics simulations. In fact, we demonstrated that DHTS stabilizes HUR in a closed conformation,
preventing the RNA binding (Figure 6). We have been able to define DHTS anti-cancer properties in
cancer cell lines. In particular, DHTS directly impairs the binding between HuR and its targets, such
as TNFe, reflecting in a decrease mMRNA stability and translation. Moreover, in collaboration with
Dixon’s group, at the University of Kansas, we proved that HUR dysregulation induced by DHTS
produces a strong anti-cancer activity in vivo, in a xenograft model of colon cancer (HCT116 cells),
in an HUR dependent manner (Figure 6).

My contribution in this project has been to identity the effects of the disruption of MRNA-HUR complex
formation provoked by DHTS at a genome-wide level.

In collaboration with Myriam Gorospe group at NIH, we performed a RIP-Chip assay in HelLa cells
treated for 3 hours with DHTS, and then we investigated on the genome-wide level the impact
inferred by DHTS. Surprisingly, we have found that DHTS disrupts the binding of mMRNAs with short
3'UTRs containing low ARE sites density. On the contrary, HUR has been found enriched in the
binding with targets composed of a long 3'UTR with high density of ARE sequences in their structure
(Figure 7) (Lal P et al., 2017). In this way, we collected evidences for a better understating on DHTS
mechanism and strength level of the inhibition, putting the basis for the rational design of a more
potent family of inhibitors called Tanshinone Mimics (TMs). The synthesis of these molecules have
been performed by our collaborators at the University of Milan, by the group headed by Prof. Seneci.
Specifically, they carried out a functional-oriented synthesis (FOS) by designing less structurally
complex molecules, aimed at increasing their potency and specificity for HUR targeting.

In this way, we identified, by testing these compounds at the biochemical and biological level, the
structure-activity relationships (SARSs) of this new class of HuR inhibitors (Manzoni et al., 2018).
These SARs played key-role that have led us to provide guidelines for the generation of more potent
inhibitors, that we have divided into two generation: TMs-l and TMs-II.

With the contribution of other members in the lab, these compounds have been characterized for the
biochemical point of view by performing REMSA and Alpha Screen assays and for the majority of
the TMs-I we have been able to calculate a Ki in the nanomolar range (Figure 8). Among the vast
number of TMs-I tested, 6a revealed to show higher potency. We have been able to perform DMR
measuring a Kd around the micromolar range, NMR, and computational studies, identifying the
binding site of 6a towards HuR. Hence, 6a is more potent compared to DHTS, induces HuR
stabilization in an inaccessible-to-RNA conformation (Figure 9) (Manzoni et al., 2018). We have
characterized the biological activity of these compounds, proving a direct HuR-dependent behavior.
To do this, firstly we have evaluated anticancer activity of TMs, starting from determining the toxicity
of these molecules in breast cancer cell line MCF7, and pancreatic cancer cell lines PANC1, and we
calculated IC50 for most of TMs-I (Figure 10) (Manzoni et al., 2018). Afterwards, we demonstrated

by performing RIP experiments, that TMs (6a, 6t) directly interfere with the binding between HuR
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and its target mRNAs coding for proteins involved in cancer insurgence and progression as VEGF,
ERBB2 and TNF« (Figure 11A). We also farther evaluated 6a ability to downregulate the total
expression level of these transcripts, in an HuR specific manner, since we have checked total
expression level of HPRT1 and RPLPO, not bound by HUR, and we observed no changes in their
expression level after treatments (Figure 11B). Moreover, by performing migration assays in MDA-
MB231, a breast highly metastatic cell line, and PANC-1, we showed that TMs treatments at subtoxic
doses reduce invasiveness (Figure 12). Then, as previously shown for MS-444, the first HUR
inhibitors discovered so far (Meisner et al., 2007), combination treatments with PARP-inhibitors have
shown increasing toxicity in pancreatic cancer cell lines if compared with the single treatment with
PARP-inhibitors. Therefore, we decided to investigate if TMs own equal or stronger inhibitory
behavior than MS-444. To this aim, we proved that 6a treatments in combination with
chemotherapeutic agent, Olaparib, affect MIA Paca2 and MDA-MB231 viability 50% more compared
to Olaparib single treatment (Figure 13).

All these data together suggest that TMs-I show inhibitory activity towards HuR in vitro and in cellular
context. TMs disrupt HUR-mRNA complexes in cancer cells, and considering the nature of the targets
evaluated, they have shown anti-cancer properties, reinforced by phenotypical experiments
evaluating the reduction of invasiveness of highly migrant cells and increasing toxicity in combination
with chemotherapeutics. Therefore, these data suggest that it would be worth full to investigate
whether combination with TMs and already in use chemotherapeutics could have an addictive
ameliorating effect in clinics.

Since many drugs indirectly affect HUR function by modulating its subcellular localization (e.g.
Actinomycin-D, Doxorubicin), we have demonstrated that TMs do not affect HUR localization, proving
that their activity its only focused on targeting directly the protein and its post-transcriptional function
(Figure 14).

Taking this as the starting point, our aim is to expand the SARs for the generation of optimized HuR
inhibitors suitable for in vivo applications. Considering 6a, the leading compound of TMs-I, and 6n,
TMs-1l have been synthetized and biochemically characterized as already described (Figure 15).
Generally, TMs-IlI have shown a slight decrease in the biochemical potency, but they appear to be
more soluble and more stable, pivotal parameters suggesting an increase in the bioavailability.
Among the tested ones, we have identified 7n that has shown higher biochemical activity, abolishing
HuR binding to the target sequence in a dose-dependent manner in vitro (Figure 15D). Thus, we
have put our efforts on characterizing 7n biological activity, considering the other selected compound
7a for comparison. We have demonstrated that 7n affected viability in cancer cell lines significantly
inducing apoptosis after 48 hours in MCF7 (Figure 16A+B). Moreover, we observed that 7n slightly
affects cell cycle in MCF7 (Figure 16C), and to confirm these data, more evidences should be
collected to evaluate if even the observed slight retardation in the cell cycle progression could be

significant and reflect in a decrease in the cancer cell proliferation.
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Lastly, we have demonstrated that 7n after 48 hours treatment significantly reduces about the 20%
of the global translation in MCF7 (Figure 16D).

Taking all these data together, our future aim concerns the deeply characterization of TMs activity
at different level. Firstly, we would provide insights on TMs specificity towards HuR protein.
Previously, our group showed, by performing several REMSA assays challenging DHTS interaction
with other RBPs, such as TTP, LIN28B, TDP43, that DHTS is highly specific in binding HUR. DHTS
was also affecting the activity of HuD (D’Agostino et al., 2015). Indeed, since HUR belongs to ELAVL
protein family and the structure organization is conserved among the family, an un-specific binding
by TMs towards other ELAVL proteins could represent an issue.

However, considering that we have identified the binding sites between HuR and both DHTS and
6a, describing SARSs that are driving the current rational design of new inhibitors, we hope to increase
the specificity for HUR with the future compounds. As we did for 6a, we will calculate all parameters
defining the inhibition strength (e.g, Ki) by using Alpha Screen assay, but furthermore we are
currently putting our efforts in the measurements of Kp for the TMs-1l shown so far (e.g. 7n) through
DMR approaches. However, as the the immobilization on the plates of the recombinant HuR is
challenging, due to its precipitation tendency, we are now planning to perform Kp measurements
through thermal-shift calorimetry approach. Furthermore, as was done for DHTS and 6a, molecular
interaction between the most potent TMs-1l and HuR will be defined by using NMR and computational
studies. Moreover, the specificity towards HuR inhibition will be also defined by using biotinylated
TM compounds for Mass Spectrometry assays and/or Alpha Screen and Biotin Pull Down in vitro.
For what concerns this last approach, we are currently optimizing the technique with biotinylated
compounds available in the lab.

Regarding TMs anti-cancer properties, we have shown direct impairment induced by TMs of
HuR:targets binding, of transcripts encoding for protein involved in cancer progression. As previously
shown, we demonstrated that DHTS interferes specifically with HUR post-transcriptional activity
provoking a destabilization and reduction in the loading of HuR-regulated mRNA (TNFa) on the
polysome machinery (D’Agostino et al., 2015). We have to further address for TMs (e.g. 6a;7n) the
capability on reducing HuR transcripts stability and translational rate, in order to dig deeper in their
mechanism of action highlighting the consequences of inhibiting HUR post-transcriptional activity.
Nevertheless, considering what observed for 7n perturbation of the global translation, we have to
evaluate if 7n impacts also on the general transcription, in order to clarify the precise HuUR function
affected by TMs. It is known that HUR regulates alternative splicing events (Akaike et al., 2015;
Dutertre et al., 2014), thus we aim at investigating whether TMs could affect HUR nuclear function
interfering with its regulation of the pre-mRNA processing or if TMs interferes exclusively with HUR
post-transcriptional function.

As a consequence of HUR impairment, TMs regulates cancer cells phenotypic traits. In particular,

we have shown reduced viability and activation of apoptosis after treatments in cancer cell line and
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a reduction in the cell cycle progression and invasion capabilities. As we assess if TMs affect also
cancer cell proliferation, we should evaluate TMs mechanism of action in cells in which HuR
expression is depleted or overexpressed as already performed for DHTS (D’Agostino et al., 2015),
to further prove if phenotypic changes in cancer cell lines inferred by TMs are strictly HuR-
dependent. Once this will be fulfilled and a complete characterization of TMs will be performed, our
next aim is to exploit TMs activity to collect some in vivo evidences. Specifically, as was performed
for DHTS (Figure 6E/F), our first efforts will be put in the evaluation of TMs toxicity in reducing tumor
mass growth in xenograft models. We will use HCT116 cells as model and as control, since already
established HUR KO in HCT116 cells will help to evaluate HUR dependency of TMs in vivo. These
experiments will be pivotal to extend TMs application to more complex tumor in vivo models.

A key-regulatory role for cancer progression and development is exerted by a sustained and
uncontrolled immune response giving rise to an unresolved inflammation process (Epithalamion and
Pinka, 2012)

Considering HUR involvement in this process, as previously described, we decided to evaluate TMs
anti-infammatory properties in HUR dependent manner.

Knowing that tumors are characterized by highly infiltration of Tumor-associated macrophages
(Pathria, Louis and Varner, 2019), we have first considered HUR modulation by TMs in innate
immunity, using macrophage RAW 264.7 cell line as our model.

We have demonstrated that at subtoxic doses (Figure 17), in a time point dependent manner, in co-
treatment with LPS used to stimulate the inflammatory response, 6a and 7n regulates the total mMRNA
expression of two HuR-regulated pro-inflammatory cytokines, drivers of the macrophages
inflammatory response, TNFa and CXCL10 (Figure 18) (Sedlyarov et al., 2016; Tiedje et al., 2016).
Through several experiments, we have shown that 6a induced mRNA downregulation was HuR-
dependent, as proved by HUR depletion with shRNAs in RAW 264.7 cells (Figure 19 C). In addition,
we have shown that downregulation of these targets induced by 6a corresponds to a decrease in
CXCL10 and TNFa mRNA stability and TNF« loading on polysomes, suggesting that, also in this
case, 6a interferes with HUR post-transcriptional function (Figure 19 A+B).

Furthermore, we have focused our attention in investigating on a reduction in the TNF protein
secretion, as a consequence of TMs downregulatory activity described above. Surprisingly, we have
shown a significant downregulation at both mRNA levels (Figure 18; Figure 20 A/B) and protein
secretion level induced by TMs during the early LPS time points, less evident when considering
prolonged LPS administration time (6 hours) (Figure 20).

What observed suggested us to focus on 7n, that instead revealed to be, along with its precursor,
the molecule whose treatments resulted to be efficient in reducing cytokines at both the mRNA and
protein levels (Figure 20). Indeed, an increased stability proper of TMs-II (7n) could explain in part

the more efficient effect we observed compared with TMs-I (6a) (Figure 29).
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Moreover, we have been focused on describing deeply the mechanism of action of these
compounds. First, we evaluated if TMs reduced mRNAs expression level after LPS stimulus was
provoked by a perturbation in the activity of NF-kB. To this aim, we have demonstrated that TMs do
not change NF-kB localization in the cells, thus suggesting that no impairment on its nuclear TF
functions occurred (Figure 21). As already described, we further demonstrated that TMs do not
interfere with changes in HUR slight cytoplasmic accumulation promoted by LPS (Figure 22A),
suggesting once again that TMs affect HUR activity exclusively by binding to it. To put everything
together, in first instance, we demonstrated that 7n directly impairs HuR binding to the target, by
performing Pull Down experiments in RAW 264.7 cells (Figure 23A) and then we evaluated that 7n
directly interferes between HUR:CXCL10 mRNA complex formation, by performing a RIP assays.
These promising data led us to a further attempt in understanding the mechanism of action of TMs
at the genome wide level, during LPS response, considering what observed so far. To this aim, we
have decided to perform RIP-seq experiments in RAW 264.7 cells co-stimulated with LPS and 7n
for 6 hours (Figure 23C). From this approach, we will evaluate specific targets modulated by TMs in
a HuR dependent manner after an inflammatory response insurgence, and moreover we will have
information concerning the strength and efficacy of TMs activity. By using RIP approach, we aim at
exclusively investigate dynamic binding between HUR and its target MRNAs. To consider the effects
of our compound into a native cellular context, we excluded the utilization of a cross-linking step
(e.g. CLIP) , although if aimed at reinforcing RBP and target binding leading to the identification of
the specific binding site sequence and structure, indeed, CLIP assay could be potentially very helpful
in deciphering which RNA sequences, if any, are preferentially displaced by TMs.

On the other end, to collect proof of concepts for in vivo applications, we have decided to extend our
data in primary murine macrophage cells. To this aim, we have provided evidences on the anti-
inflammatory activity of TMs (6a, 7a, 6n and 7n) in BMDMs derived for C57BL6/j wild-type mice. In
particular, differently from RAW 264.7 cells, we have demonstrated that TMs significantly
downregulate already mentioned cytokines transcripts in response to LPS stimuli, and corresponding
TNF secretion level (Figure 24). Considering what observed in RAW 264.7 and the future
experiments we are going to perform, a further validation in primary cell lines is needed to confirm
the strength of TMs activity.

Our aim nowadays, in order to identify more cytokines modulated by HuR, is to perform customized
multiplex ELISA assays, in order to build up a panorama of the factors impaired by TMs.
Nevertheless, considering what previously observed and once the cytokines will be selected from
RIP-seq assay results, transcripts stability and translational impairments for the targets should be
evaluated in order to achieve a better understanding of the down-regulatory mechanism inferred by
the compounds, for example by performing Act-D experiments and polysome profiling assays.
Farther, we have to collect some evidences in cells with a genetic background depleted for HUR

expression. Due to the poor time extent of the primary cells culturing, using directly BMDMs coming
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from conditional knockout mice in the myeloid cell line (Yiakouvaki et al., 2012) would be the most
proper solution. However, the data collected so far have been very promising suggesting us to put
our effort to reach our next goal. Considering that, tumor associated macrophages are divided into
two sub-types, M1 and M2 (Figure 24A), the insurgence of inflammatory un-resolved processes in
cancer starts with a recruitment of M1 cells in the tumor microenvironment that stimulates a strong
anti-infammatory response, as a consequence M2 macrophages function is to repair damaged
tissue and when associated to cancer, as a response to the inflammatory stimuli, they are
responsible for a sustained angiogenesis, tumor vascularization (Quatromoni and Eruslanov, 2012).
Thus, considering our previous data, we decided to challenge our TMs by starting to evaluate their
effect on M1 population first. Hence, we demonstrated that in vitro M1 polarization was impaired
after TMs treatments. Although if this potential anti-differentiation effect of the compounds has to be
deeply investigated (e.g. checking other M1 targets), we aim at evaluating whether the anti-polarizing
effect is HUR dependent. Possible experiments are based on the investigation of the rescue of TMs
effects’ by overexpressing HUR during treatments and the repetition of NO assay in macrophages
downregulating or Knockout for HUR expression to check for similarities with TMs treatments (e.g.
derived from conditional KO mice). In order to assess whether deregulation of HUR impairs with M1
differentiation, treatments with TMs in cells with a HUR null genetic background could put some
insights about their specificity and elucidate if the presence of other factors, especially other RBPs,
could be involved in M1 differentiation process, that still remains a poorly characterized field.

Once this aim will be achieved, impairments inferred by TMs towards M2 polarization will be
observed. Once described, this will be of pivotal importance since it will help us to better understand
the extent of TMs anti-inflammatory properties, also considering that M1 macrophages characterize
the early inflammatory processes, whereas M2 act mainly in a later one. Moreover, our main aim is
to put together the dual TMs anti-cancer and anti-inflammatory activity shown so far, and to do this
we will set-up a co-culture system. Precisely, we aim at evaluating the efficacy of TMs in reducing
the crosstalk between infiltrating macrophages, provoking a cytotoxic effect in cancer cells.
Specifically, primary murine macrophages will be pre-treated with TMs and stained for tracking cell
migration, and then added to murine cancer cell line (e.g. breast cancer: 4T1). After all, the level on
infiltration of the macrophages will be measured. Vice versa, pre-treating the cancer cells and adding
murine macrophages properly differentiated (M1; M2) to the culture will help to understand the
signaling pathway coming from the two cells population pivotal for cancer progression and affected
by TMs. Furthermore, by using trans-well assays, polarized primary macrophages and murine
cancer cells will be treated with TMs, evaluating a cytotoxic effect on the cancer cell line and
measuring the releasement of cytokines, that we will identify with multiplexing assay. To further
evaluate HuR dependency, these assays will be repeated harvesting macrophages from bone
marrows derived from conditional HUR KO or OE mice (Yiakouvaki et al., 2012), or modulating HUR

expression in primary macrophages with molecular biology tools (e.g. sSIRNAs /HUR OE vectors). On
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the other way around, we will perform assays in the context of HUR expression modulation in murine
cancer cells lines, in order to understand if a different effect can be observed, understanding whether
the role of HUR result to be most relevant in TMs effect.

Meanwhile, same assays can be optimized and implemented by using human cell lines as THP1 or
eventually human PBMC differentiated in macrophages M1 and M2 lineages, co-cultured with human
cancer cell lines, such as MCF7 (Braul3 et al., 2017). However, given the complexity of the tumor
microenvironment, is likely that the effect of TMs on macrophages observed with a reductionist
approach could be different from what will be observed in vivo. To solve this issue, one possible
approach would be the utilization of a syngeneic system of cancer donors and immunocompetent
recipient animals to allow the direct activation of the immune system.

Taking into account M1 anti-polarizing effects and cytokines modulation inferred by TMs in BMDMs
stimulated with LPS, we started to collect proof of concepts of TMs activity in vivo. To pursue this
aim, by using LPS-induced peritonitis mouse model, we have been able to provide a TMs regulatory
effect on downregulating CXCL10 secretion in mice sera (Figure 26). We are currently optimizing
the approach mostly by evaluating the stability and the bioavailability of the compound. In this case
too, we are planning to reinforcing our data by identifying more cytokines modulated by HuR and
TMs in the sera taking advantage of using multiplex ELISAs.

This will be the starting point to extend LPS treatment duration in mice, exacerbating the
inflammatory response in sub-lethal manner, in order to investigate (considering TMs effects in the
in vitro cell populations) on TMs affecting the blood cell population distribution, migration and
polarization, by performing flow cytometry assays combined with histological studies mainly on liver
and lung, in order to measure amelioration in LPS-induced peritonitis onset, according to Qin et al.,
2016.

Moreover, once results will be obtained, we will compare them with experiments performed in mice
in which HUR expression is depleted or overexpressed, in order to finally prove HUR dependency,
thus opening promising therapeutic implications for TMs (Katsanou et al., 2005; Yiakouvaki et al.,
2012).

Lastly, we have further shown TMs importance in the modulation of T-cells. As reported, HUR has a
pivotal role in T cells homeostasis and maintenance (Papadaki et al., 2009; Diaz-Mufioz et al., 2015).
Furthermore Chen et al., 2017 demonstrated that HUR regulates Th17 migration by binding CCR6.
Subsequently, we aimed at investigating TMs impairment in Th-lineages differentiation. Chen et al
2017 checked HuR expression level among Thl, Th2, Th17 and Treg cells: they found that HuR is
increasing its expression in Th17, whereas we observed that HUR is expressed at same level among
the Thl and Th1l7 lineages considering both the transcript and the protein quantity (Figure 28B),
thus we decided to consider both the lineages. Moreover, at subtoxic doses, we observed that TMs
do not compromise Th1/Th17 polarization (Figure 28), but through CFSE cell pre-staining, we

showed that TMs affect T-cells proliferation (Figure 29). To further confirm this, we evaluated
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proliferation impairment with TMs treatments in murine splenocytes, differentiated in T-cell subset
with non-specific PMA/lonomycin and PHA stimuli, previously stained with CFSE. These
experiments represent the starting point for in vivo therapeutic studies. As reported by Chen et al.,
we will test TMs in murine Experimental Autoimmune Encephalomyelitis (EAE) as a model for
multiple sclerosis (MS). In collaboration with Prof. Uccelli group in Genova, we aim at demonstrating
if administration every 48 hours of one selected TM (7n) for 15 to 30 days could help to reduce Th17
migration in the Central Nervous System (CNS), thus ameliorating disease onset, further coupled
with histological tissue and blood cell population analysis, in order to check if there is a decrease in
the massive inflammatory processes inferred by EAE insurgence.

However, taking all these together, generally HUR deletion leads to different consequences strongly
depending on the gene expression program in the immune cells under examination. As an example,
it has been reported that HUR mice conditional KO in the B-cells precursor lineage, strongly affect
the number of properly mature and circulating B-cells. By controlling the mRNAs splicing in B cells,
HuR regulates the expression of metabolic genes, acting as a key factor for the proper metabolic
switch and cell growth during B cell maturation, its deletion reflected in the induction of apoptosis in
these cells (Diaz-Mufioz et al., 2015; DeMicco et al., 2015). In, HuR conditional KO in thymocytes,
T-cells development is strongly inhibited as HUR is an essential factor required for TCR signaling
pathway. Indeed, in its absence, cell cycle factors and death receptors are strongly downregulated,
leading to an erroneous accumulation of immature cells in the thymus (Papadaki et al., 2009).
Furthermore, considering that HUR acts a stabilizer factor balancing the destabilizing activity of TTP,
studies exploiting conditional mice KO models revealed the existence of a more intricate and
complex network (Diaz-Mufioz and Turner, 2018; Turner and Diaz-Mufioz, 2018). As a
consequence, HuR revealed to be a regulator of both pro-infammatory and anti-inflammatory
factors, with ambiguous activity and strongly depending on the cell-lineage and context. For
example, HUR deletion in the myeloid cell type resulted in an exacerbation of inflammatory
phenotypes with a corresponding increasing in the production of inflammatory mRNAs (Katsanou et
al., 2005). Other findings correlated HUR expression with an increase of the stability and translation
of TNF and other pro-inflammatory cytokines mRNAs (Dean et al., 2001; Tiedje et al., 2012; Chen
etal., 2013; Techasintana et al., 2017). As already mentioned, HuR sustained over-stabilization and
production of IL17 mRNA in activated Th17 cells promoted their migration and EAE pathology
insurgence. However, in disease context, recently it has been shown that HUR deletion attenuates
glioblastoma tumor growth and survival, affecting its microenvironment represented by tumor
associated macrophages and microglia cells. Furthermore, in GL261 mouse glioma models, HuR
deletion attenuates mRNA and protein production of macrophages (e.g. M1) pro-inflammatory
markers as TNF, IL-6 and CXCL2 (J. Wang et al., 2019). Recent studies, exploiting intestinal
inflammation mice models in which HUR has been deleted in the IEC (Intestinal epithelial cells) and

in myeloid derived immune compartments, highlighted once again the controversial role played by
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HuR. In the IEC, HUR KO provoked a decrease in cell survival and a promotion of the cell death,
confirming that HUR as a role in the maintenance of the intestinal barrier integrity and homeostasis.
Meanwhile, HUR absence in myeloid lineage increased the inflammation process exacerbating the
pathological condition (Christodoulou-Vafeiadou et al., 2018). In 2017, other finding concerning HUR
targeting as a therapeutic strategy, pointed out the existence of intricate complexity still poorly
understood (Lang et al., 2017). In this study, in contrast with the previous one, authors, by using
HuR inhibitor MS-444 in inflammation-bowel disease (IBD) mice model (AOM/DSS), observed an
augmented induced weight loss and increased tumor multiplicity, size and invasiveness capability,
due to a diminished number of tumor-associated eosinophils and a decreasing in IL-18 and eotaxin-
1 production. In the same work, authors claimed that HuR inhibition in a mice model of colon cancer
and familial adenomatous polyposis (FAP), diminished the number of small intestinal tumors
development (Lang et al., 2017). Taking all these together, we conclude that the pleiotropic functions
exerted by HUR could explain the different and conflicting evidences emerged so far, and that the
existence of other RNA regulons could explain what observed so far. For example, the exacerbation
of the inflammation status due to HUR loss reported in some reports, could be may explained with
correlated counteracting effects generated by the altered expression of RNA regulons (e.g. other
RBPs) still to be fully characterized (Diaz-Mufioz and Turner, 2018). Furthermore, HUR deletion
effects, strictly depend on the cellular context. We observed anti-cancer effects in different cancer
cell models and a reduction in inflammatory cytokine production in primary macrophages and a
retard in T cells proliferation upon TMs treatments, suggesting us that targeting HUR with TMs could
be considered as a promising therapeutic strategy. Considered data collected so far and by using a
genome wide approach (e.g. RIP-seq on RAWS), we aim to obtain a better understanding regarding
the mechanism of action of our TMs for a certain set of targets and it will help us for the choice of
the proper model.

Finally, for what concerns the controversial effects observed with MS-444 treatments previously
shown, features concerning it specificity and bioavailability are still under debate. As mentioned
previously, deeply investigations that we aim to perform concerning our TMs specificity towards HUR
and chemical improvements regarding their solubility and bioavailability will be pivotal for a better
understanding of the pros, cons and side effects regarding HuR targeting as a new therapeutic

strategy.
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6. Conclusion

Through this thesis, we have entirely characterized previously discovered DHTS activity towards the
inhibition of the HuR Binding Protein. In particular, we have described its mechanism of action,
identifying the aminoacidic residues involved in its inhibitory mechanism, demonstrating that DHTS
directly binds HuUR stabilizing the protein in a closed conformation, inaccessible for mRNA binding.
We further characterized, at the genome wide level, targets impaired by DHTS activity and lastly, we
have been able to show in vivo activity in reducing tumor growth inferred by DHTS in an HuR
dependent manner, in xenograft mouse model.
In collaboration with the group of Prof. Seneci in the University of Milan, we used DHTS to synthetize
a new family of HuR inhibitors called TM (TMs-I, TMs-II).
We have been able to describe SARs for the new compounds, with the aim of synthetizing more
potent and specific compounds. Among them, 6a revealed to be the most promising hit and with this
aim we have characterized sites of interaction between HuR and the molecule with NMR, molecular
docking and computational dynamics and calculated a dissociation constant (KD) through DMR.
TM6a and other TMs-1 have been tested to quantify their biochemical potency with Alpha Screen
and REMSA assays. Furthermore, we have selected the most biochemically potent molecules and
we have explored their anti-cancer activity. We have demonstrated that these molecules show
cytotoxicity in cancer cell lines and directly impair the binding between HUR and several targets
encoding for protein involved in cancer progression and onset (VEGF, TNF«, ERBB2), reflecting in
a downregulation of the total expression level of the selected targets. We showed that TMs-I reduce
invasiveness capability in breast cancer cell line, without changing HuR subcellular localization.
Subsequently, 6a has been considered the leading compound for the generation of ameliorated HUR
inhibitors, named TMs-II.
Among TMs-II, from a biochemical point of view, we demonstrated that 7n showed higher potency,
thus we investigated in its anticancer activity. We have shown that 7n induces a global reduction of
the protein synthesis in cancer cell line, showing cytotoxic effect and activation of apoptosis, with a
slight but promising arrest of the cell cycle progression in G2/M phase, thus we future aim at testing
TMs anti-cancer properties in vivo.
Taking into account HUR importance in regulating inflammation processes during cancer
progression, we have shown anti-inflammatory properties of TMs inferred in an HuUR dependent
manner, and we have firstly considered RAW 264.7 cells and LPS stimulation as model for
inflammatory response driven by macrophages, the master regulators in innate immunity. We have
shown that TMs reduce cytokines mRNA (CXCL10, TNFa) expression levels, comparable with what
observed in RAW 264.7 cells depleted for HUR expression. Furthermore, we have shown that TMs
(TMs-I and TMs-Il) treatments, without changing both HUR and NF-kB subcellular localization,
induced a reduction in mMRNA stability, TNF« loading on polysome and subsequent protein secretion.
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We have shown that, among TMs-II, the leading compound 7n directly impairs the binding between
HuR and its target sequence, by performing RNA Pull Down assay and RIP experiments. We aim to
carry out RIP-seq assays in samples treated with LPS and 7n, with the needed control, in order to
identify, at the genome wide level, the mechanism of action of the molecules and targets affected by
the impairment with HuR binding, digging deeply in the TMs anti-inflammatory properties.
Furthermore, we have moved to primary murine macrophages (BMDMs), and we have shown that,
with higher potency, TMs modulated cytokines mRNA expression level and TNF protein secretion.
We have been able to show that TMs impaired M1 polarization in primary macrophages, putting the
bases for investigating compounds effects in a co-culture system, in order to evaluate simultaneously
the cytotoxic effect inferred by TMs and the corresponding reduction in cytokines release and
macrophages infiltration rate. Then, we have shown 7n in vivo activity, in mice with induced LPS-
peritonitis. We have shown that 7n pre-treatment downregulated CXCL10 secretion level in mice
sera. With the identification of other cytokines modulated by HUR and the optimization of the model,
we will be able to reveal a TMs pivotal implication for a therapeutic point of view. Lastly, we have
shown that TMs-I (6a) impaired T cell proliferation, in particular T-cells stimulated with PMA and
PHA, Thl and Th1l7 in a reduced extent, without affecting cell viability and polarization properties.
These data represented the starting point for in vivo future aims focused on testing TMs capability
of downregulating T cells migration in the CNS promoting neuroinflammation in mice affected by
EAE. Taking all these data together, | have presented a new class of HUR inhibitors with in vitro, in
cells and in vivo properties, with potent HUR inhibitory activity and anti-cancer and inflammatory

properties, suitable for in vivo analysis and further therapeutic implications.
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7. Materials and Methods

7.1 AlphaScreen and RNA-Electrophoretic Mobility Shift Assays (REMSAS).

Amplified Luminescent Proximity Homogeneous Assay (ALPHA Screen), have been performed
using histidine (nickel) chelate detection kit (PerkinElmer, 6760619), exploiting the binding between
an His-tagged HuR protein and a biotinylated single strand RNA (BITEG-RNA), see D’Agostino et
al., 2013, for extended protocol. Expression of the full-length version of HUR recombinant protein
has been carried ou in E.coli Rosetta DH5a, according to the protocol described by D’ Agostino et
al., 2015. Calculation of the Hook point curves, with 50 nM of BITEG-RNA probe, have been
previously assessed, to test its activity after purification and dialysis. Dissociation equilibrium
constants (Ki) were measured with respect to a KD of 2.5 nM for the Bi—AU ligand interaction, in the
presence of 0.5% DMSO (relative control) and TMs and no interference with the assay has been
appreciated when reacting the same quantity of acceptor and donor beads (20 pg/mL/well) with
biotinylated-His molecule in the same assay conditions. GraphPad Prism software v5.1 has been
used for fitting calculation and statistical significance. Eventual rHUR expressed in HEK293T has
been purified according to a previously published protocol.

REMSAs were performed as previously indicated by D’Agostino et al., 2013. After HUR recombinant
protein purification as previously described, 10-fold excess was incubated for 30 min with either 75
fmol of 5-DY681-labeled AU-rich RNA probe or with 25 nM of 5-FAM-labeled RNA probe or with
500 nM of Cy-3-RNA probe and DMSO as control or TMs at their indicated doses. Afterwards,
samples have been loaded on 4% native polyacrylamide gel, image was developed with Odyssey
infrared Imaging System (LI-COR Biosciences) for DY681-labeled RNA or in Typhoon Trio scanner
(GE Healthcare) at high resolution for FAM and Cy-3 probe.

I was not involved in performing these experiments, for extensive protocol, see D’Agostino et al.,
2013; D’Agostino et al., 2015; Lal et al., 2017; Manzoni et al., 2018)

7.2 NMR, DMR, Molecular modelling and Computational Dynamics.

NMR either for DHTS either for 6a HuR interaction, DMR for 6a ad well as molecular docking,
computational dynamics have been performed by our collaborators, thus, for extensive protocol,
refer to Lal et al 2017 and Manzoni et al., 2018.

7.3. RNA Immunoprecipitation (RIP) assays.

Five million of MCF7 cells/sample, Hela cells/sample or 10 to 30 million of RAW 264.7 were used for
each RIP experiments followed by qRT-PCR or NGS sequencing (ongoing) that have been
performed following the protocol published by Keene et al., 2006, without cross-linking steps and
using 1-15 pyg/mL of anti-HuR antibody (Santa Cruz, 71290) or same amount of mouse normal IgG

isotype (negative control, Santa Cruz 2025). Cells have been harvested after treatments with LPS,
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DHTS, TMs or DMSO as control depending on each cases presented in the Results section and
lysed with 20 mM Tris—HCl at pH 7.5, 100 mM KCI, 5 mM MgCI2, and 0.5% NP-40 for 10 min on ice
and centrifuged at 15 000 x g for 10 min at 4°C. Lysates were incubated with Pierce A/G beads
(Thermo Scientific Pierce 88847-88848) for pre-clearing steps 1 hour at 4°C, in parallel 80% A and
20% G beads each sample have been incubated either with HuR or IgG antibodies for ab-coating
step for 1 hour at RT. Afterall lysates were incubated with antibodies and beads for further 4 hours
at 4°C. Finally, samples have been washed (6 times, 5 minutes each wash) with NT2 buffer. TRIzol
reagent was added directly to the beads for HuR-bound RNA isolation as described in paragraph
7.4 and processed for gRT-PCR analysis or sequencing. 1-5% of the total lysate of each sample has
been stored as input.

Quantitative PCRs have been performed after cDNA Synthesis (Thermo Scientific, K1612) were
performed using Universal SYBR Master Mix (KAPA Biosystems, KR0389) on CFX-96/384 thermal
cyclers (BIO-RAD) as described in paragraph 7.6. Fold enrichment for VEGF, ERBB2, TNFg¢,
CTNNB1 and CXCL10 has been calculated using the eq 2-AACt, where the Ct value for HUR and
IgG IP was subtracted from the Ct value of the housekeeping gene RPLPO to yield the ACt value.
For each condition, ACt value for the HUR and IgG IP sample were evaluated in triplicate. The delta
Ctvalue for HuR in the IgG IP samples were calculated in the same way. Then delta-delta Ct values

were calculated from the difference between HuR IP samples and IgG IP samples.

7.4 RIP-Chip protocol.

To evaluate the DHTS effect on HuR with endogenous mMRNAs interactions RNA
immunoprecipitation (IP) of endogenous HuR ribonucleoprotein complexes was performed as
described previously (Abdelmohsen et al., 2009). Briefly, HeLa cells were harvested after 3 hours
treatment with DHTS (1 uM) and DMSO as control. Afterall, cell have been lysed in 20 mM Tris—HCI
at pH 7.5, 100 mM KCI, 5 mM MgCI2, and 0.5% NP-40 for 10 min on ice and centrifuged at 15 000
x g for 10 min at 4°C. The supernatants were further incubated for 2 h at 4°C with protein G
Sepharose beads (GE Healthcare) coated either with anti-HUR or with control IgG antibodies (both
from Santa Cruz Biotechnology). The beads have been washed several times (6 times, 5 minutes
incubation each wash) with NT2 buffer (50 mM Tris—HCI [pH 7.5], 150 mM NaCl, 1 mM MgCI2,
0.05% NP-40), followed by incubation with RNase-free DNase | for 15 min at 37°C to remove the
DNA. 0.1% SDS-0.5 mg/ml proteinase K incubation for 15 min at 55°C with in order to digest proteins
was performed. Microarray analysis was performed in biological duplicate (GEO number
GSE94360). The RNA belonging to IP samples was extracted using phenol—chloroform, precipitated,
and used for cDNA microarray analysis or RT-gPCR validation.
RT-gPCR validation conditions have been followed as described in paragraph 7.6 and Fold
enrichment from immunoprecipitated (IP) samples has been calculated as 2e-AACT, where the Ct
value for either the HuR or IgG IP was subtracted from the Ct value of RPLPO as a control to yield
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the ACt value. For each sample condition, the ACt value for the HuUR and 1gG IP were evaluated in
duplicate and averaged to give one AACt value per sample. Data have been represented in the
graph as “change in binding” values, calculated as ratio between 2e"-AACT obtained for the
treatment condition over control per sample. Total RNA extracted from each sample was analysed
by quantitative RT-PCR as described in paragraph 7.8.

(RIP assay followed by microarray analysis have been performed by Gorospe group at NIH).

7.5 Analysis of enriched mRNAs

GC content, length and secondary structure density (computed as the fraction of unpaired
nucleotides) for the UTRs of DEC and INC genes were obtained from the AURA 2 database (Dassi
et al.,, 2014)and plotted with the R software. The enrichment of post-transcriptional regulatory
elements, Gene ontology and pathway enrichment analyses were entirely preformed by Dass E. and

for full protocols refer to Lal et al., 2017

7.6 Total RNA extraction and gRT-PCR

Total RNA has been extracted either with Zymo research extraction kit, according to the
manufacturer instructions or with Trizol, chloroform precipitation followed by RNAse free-DNAse |
treatments, 15 min at 37°C. gRT-PCR conditions were the following: 95°C for 2 minutes, followed by
40 cycles of 95°C for 15 seconds alternating with 60°C for 15 seconds. Melting curve analysis was
performed on every reaction to confirm a single amplicon. after CDNA synthesis (ThermoScientific)
with equimolar mix of random and oligo-dT primers and 1 microgram of the template RNA.
Quantitative RT-PCR was performed with the list of primer and conditions as previously described.
Normalized expression level for each selected genes was calculated as 2e”-AACT, where Ct value
for either control and treatment condition was subtracted from the Ct value of the housekeeping
genes (ACTIN, RNA18s, GAPDH,RPLPO) expression level to yield the ACt value , then ACt value
for treatment and control were computed in duplicate and averaged to give one AACt value per

sample. Table 6 shows both human and mouse primers used in all the experiments.
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Table 6. List of Primer used for all the experiments

Human Sequence
gene Forward (5'-3") Reverse (5'-3')
RPLPO CATTCTCGCTTCCTGGAG CTTGACCTTTTCAGCAAGTGG
ERBB2 |GGTACTGAAAGCCTTAGGGAAGC |ACACCATTGCTGTTCCTTCCTC
VEGFA CCGCAGACGTGTAAATGTTCCT CGGCTTGTCACATCTGCAAGTA
CTNNB1 |GACCTCATGGATGGGCTGCCT GATTTACAAATAGCCTAAACCAC
RNA18s |GCAGCTAGGAATAATGGAATAG TGGCAAATGCTTTCGCTCTG
HPRT1 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT
UPF2 GAAGATTATCAAGAAATGTTGCAG |CAACGTCTCCTCCCACCA
YTHDF1 |GACAACAAACCGGTCACAAAC TTTCGACTCTGCCGTTCCTTG
PABC1 AGCAAATGTTGGGTGAACGGCT TTCATCAACCTTAGAACGGAGT
BRIP1 GGCCCTTGGTAGATGTATTAGAC [CCCATTTAGAAAGTCCAGATATA
TBCCD1 [TTTGACAAAGGATCAAAGGAAGC  |ATGTAAGATCCTTATCCAGCTG
CASC3 ATACACAGGCCCCATCACAG TGCTTACAACCTCAGGTGGA
GAPDH  |AGAAGGCTGGGGCTCATTT CAGGAGGCATTGCTGATGAT
TNFa CCATGTTGTAGCAAACCCTCAA AGGTACAGGCCCTCTGAT
RNA18s |GCAGCTAGGAATAATGGAATAG TGGCAAATGCTTTCGCTCTG
CXCL2 CCGAAGTCATAGCCACACT AGTTGGATTTGCCATTTTTCAGC
HuR GAATTTGATCGTCAACTACC GCTGATGTACAAGTTGGCGT
Mouse Sequence
gene Forward (5'-3") Reverse (5'-3')
IFN-y GCCAAGTTTGAGGTCAACAA CAGCAGCGACTCCTTTTC
IL-2 CCAAGCAGGCCACAGAAT GTCAGAGCCCTTTAGTTTTAC
CCR5 CAGAGACTCTTGGAATGACA CAGGATTGTCTTGCTGGAA
CCR6 CAGAGCAATCCGAGTCGT GACTTTCTCGGTGCTGCA
RORyT CCGCTGAGAGGGCTTCAC TGCAGGAGTAGGCCACATTACA
CXCL2 GACAGAAGTCATAGCCACTCT AGCCTTGCCTTTGTTCAGTA
CXCL10 |TGTTGAGATCATTGCCACGA GGAGCCCTTTTAGACCTTTTT
TNFa AGGGATGAGAAGTTCCCAAA CTTGGTGGTTTGCTACGAC
RPLPO TTTCTGGAGGGTGTCCGCAA GCCTTGACCTTTTCAGTAAGT
ACTIN AGATCAAGATCATTGCTCCTC TAGAAGCACTTGCGGTGCA
HuR ATGAAGACCACATGGCCGAAGACT |AGTTCACAAAGCCATAGCCCAAGC

7.7 Biotinylated RNA Pull Down assay

For RNA pull-down assays , 5-10 million RAW264.7 cells were lysed in Polysome Extraction Buffer
(PEB)(20 mM Tris-HCI (pH 7.5), 100 mM KCI, 5 mM MgCI2 and 0.5% NP-40 plus RNAse and
protease inhibitors) and incubated for 1 h at 4 °C with 0.5 y M of positive (BiTNF) or negative
biotinylated (BiTNFneg, 5' -~ACCACCCACCACCCACCCACCACCCA) RNA probes (D’Agostino et
al., 2013) in the TENT buffer (20 mM Tris-HCI (pH 8.0), 2 mM EDTA (pH 8.0), 500 mM NaCl 1%
(v/v), Triton X-100 plus RNAse and protease inhibitors), according to Panda, Martindale and
Gorospe, 2016. Solutions were incubated for further 2 h with 30 y I/samples of streptavidin magnetic
beads (Life technologies, 11205D). 10% of the total lysates for each sample has been stored as
Input. Specific protein enrichments in beads-precipitated samples were analyzed by immunoblotting

(paragraph 7.8) and densitometric analysis obtained using Image J 1.4 software (NIH).

7.8 Immunoblotting analysis

RAW 264.7 or primary murine T-cells were lysed for 5 min on ice in RIPA lysis buffer supplemented

with Protease Inhibitor Cocktail (SigmaAldrich). After clarification, Laemmli Buffer (6X) was diluted
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into equal amounts of proteins (15-30 pg), then separated by SDS—PAGE and blotted onto PVDF
membranes (Immobilon-P, Millipore). Membrase were then incubates with the following antibodies:
rabbit anti-HUR (Millipore, 07-468) or mouse anti-HuR (Santa Cruz, sc-71290 and mouse anti-B-
ACTIN antibody (3700, Cell Signaling) 1 hour at RT or overnight at 4°C. Secondary antibodies (Santa
cruz) were used for protein detection using a ECL select western blotting detection reagent
(RPN2235; GE healthcare). Immunoblotting for B-actin as a control for the homogeneous amount of
loaded protein. Densitometric analysis of immunoreactive bands was analyzed using ImageJ
software (NIH, USA).

7.9 Immunofluorescence and OPP Click-IT assay

8.000 MCF7/RAW264.7 cells/well were seeded in a 96-well plate and after treatments (see Results)
they were fixed with 3.7% paraformaldehyde (PFA) for 15 min at RT. Cells were permeabilized for
10 min with permeabilization buffer (0.2% Triton X-100 in PBS), and incubated with blocking solution
(2% Bovine Serum Albumin in PBS) for 15 min. Primary antibody anti- HUR 1:250 in 3% BSA, anti-
NF-kB 1:250 in 3% BSA and secondary fluorophore conjugated (Alexa 594 Red or Alexa 488)
antibody (1:500) were diluted in PBS + BSA 0.6%. DAPI Blue (1.5 pg/mL) in PBS + BSA 0.6% was
used to detect nuclei. PerkinElmer image plate reader Operetta was used for image acquisition and
evaluation by selecting 13 fields/well. The ratio between nuclear and cytoplasmic signal represents
the mean of single cells for every well.

8000 MCF7 cells/well were used to perform Click-iT assays. O-propargy |-puromycin (OPP; OPP;
10 uM) (Life Technologies) was added to the cells and incubated for 30 minutes. Cells were washed
in PBS and then fixed and permeabilized as described above. Alexa-Fluor-488 was conjugated to
OPP as described in the manufacturer's instructions. As a control, cells were treated with
cycloheximide for 4 hours before OPP addition PerkinElmer image plate reader Operetta was used
for image acquisition and evaluation by selecting 13 fields/well, the signal represents the mean of

single cells for every well.

7.10 Polysome profiling assays

RNA fractioning and polysome profiling were performed in MCF7 by D’Agostino VGA according to
the protocol published in D’Agostino et al., 2015.

RNA fractioning and polysome profiling in RAW264.7 cells have been performed by Lal P. in the
Hannover in collaboration with Gaestel group, according to the protocol published in Tiedje C et al.,
2016.
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7.11 Flow cytometry and Enzyme-linked immunosorbent assay (ELISA)

In order to perform Flow cytometry analysis, staining for surface antibody was performed from single
cell suspensions prepared from Th1/Th17 cells polarized in vitro and previously extracted from
C57BL6/j mice spleen. Before antibodies staining, we incubated the cells with CD16/CD32 (Mouse),
purified (Mouse BD Fc Block™), purchased from BD Biosciences # 553141, in order to block
unspecific binding. Afterwards, anti-mouse CCR6-PE conjugated (BioLegend # 129803), anti-mouse
CD4-APC conjugated (BioLegend # 100411) and LIVE/DEAD reagent APC-Cy7
(ThermoFischerScientific) to check viability were incubated with FACs buffer (0.2% BSA in PBS) for
30 minutes at 4°C in protected by the light. Finally, before Flow cytometry analysis cells were fixed
with 3% paraformaldehyde (PFA). Cells were detected using FACSCantoll and data were analyzed
using FACSDIVA (V.3; BD Biosciences).

ELISA for murine TNF were carried out on mice sera, RAW264.7 and BMDMs supernatants diluted
respectively 1:5 (serum), 1:3 (cell supernatants), according to manufacturer’s instructions TNF kit
(Mouse TNF-alpha DuoSet ELISA # DY410, R&D systems), for detection of the signal, TMB solution
(ThermoFischerScientific) was used as a substrate. Reaction was then stopped with 2N of H.SO,

and read at Tecan microplate reader at wavelength corresponding to 450 nm.

7.12 Cell lines and primary cell cultures.

Human cervical adenocarcinoma HelLa cells (ATCC® CCL2™), human breast adenocarcinoma
MCF7 (ICLC; HTL95021) and MDA-MB-231 (ICLC; HTL99004) and pancreatic carcinoma PANC-1
(kindly provided by G. Feldmann), human monocytes THP1 (Biobank, Genova), murine
macrophages RAW264.7 (Biobank, Genova) and murine fibroblasts L929 (Sigma 85011425) cell
lines were maintained in high glucose Dulbecco’s modified Eagle’s medium (DMEM) by adding 10%
fetal bovine serum (FBS, Lonza), 2 mM L-glutamine, 100 U/ml penicillin-streptomycin (Lonza) in
standard growth conditions.

The derivation of murine bone marrow—derived macrophages (BMDM) was performed according to
Warren and Vogel (1985) from C57BL6/j 6-12 weeks old mice sex balanced. BMDMs were
maintained in Roswell Park Memorial Institute (RPMI) 1640 Medium by adding 5% fetal bovine
serum (FBS, Lonza), 2 mM L-glutamine, 100 U/ml penicillin-streptomycin (Lonza) in standard growth
conditions.

Single murine splenocytes were harvested from C57BL6/j 6-12 weeks old mice, by using 70um nylon
mesh cell strainer and in vitro Naive CD4+ T cells were purified from splenocytes using CD4 negative
selection kits (Miltenyi Biotec S.r.l. #130-104-454) and maintained in 5% FBS in RPMI supplemented
by 50 uM B- mercaptoethanol and Sodium Pyruvate (Sigma)
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7.13 Primary murine naive, M1 macrophages, Th1/Th17 T-cells in vitro differentiation and
reagents used for cell treatments.

In order to differentiate BMDMSs into naive macrophages, cells have been cultured for 7 days with 7-
10% of L929 fibroblast supernatant medium (Kontoyiannis et al., 1999; Warren and Vogel 1985). M1
macrophages have been obtained by 24 hours BMDMs stimulation with LPS (Sigma # L5418)
(100ng/ml) and IFNy (PeproTech # 315-05).

For Th1/Th17 cell polarization, purified naive CD4+ T Cells were activated with plate-bound anti-
CD3 (10 pg/ml) (14-0032, eBioscience) and anti-CD28 (3 pg/ml) (14-0281, eBioscience). For Thl
polarization, 1L-12 (10 ng/ml) (419-ML-010, R&D system Inc.) and anti-IL-4 (10 pg/ml) (16-7041,
eBioscience) were added for 96 hours. For Thl1l7 polarization, TGF- (3 ng/ml) (rH100-21,
PeproTech), IL-6 (20 ng/ml) 9216-6, PeproTech), IL-23 (20 ng/ml) (14-8231, eBioscience), anti-IFN-
y (10 pg/ml) (16-7312, eBioscience) and anti-IL-4 (10 pg/ml) were additionally used, according to
Chen et al., 2017.

Murine splenocytes extracted as previously described (paragraph 7.12) were cultured for 48 hours,
after lysis of Red Blood Cells (RBC) with RBC Lysis Buffer (CSH procotols) were activated with non-
specific T-cells stimuli, PMA (50 ng/ml)(Invivogen), lonomycin (1 mM) (Invivogen) or PHA (100
ng/ml) (Invivogen).

Reagents used for cells treatments have been the following: LPS (1ug/ml)(Sigma #L5418) DMSO
(ThermoFischer Scientific), CHX (10 uM) (Sigma), Act-D (2.5 uM)(A9400).

7.14 NO and Caspase 3/7 detection assays

Measurements of Nitric Oxide released by M1 macrophages have been performed using Griess’s
assay according to Green et al.,1982 and assay signals have been detected with Tecan microplate
reader at wavelength corresponding to 540-550 nm.

In order to detect apoptosis signal, MCF7 cells Caspase-Glo 3/7 Assay (Promega) was used

according to the manufacturer’s instructions.

7.15 Cell viability assays

To test cell viability, were seeded and treated in 96 well-plate for 24-48-72 hours, as indicated in the
Results section. Viability was assessed with OZBlue assay, Trypan Blue cells counting, Crystal violet
staining and CellTiter-Glo assay. For what concerns OZBBriefly, OZBlue was added at 10% volume
of culture media to each well and cells were further incubated at 37°C, until color signal developing
was observed. Fluorescence was then determined (excitation 560 and emission 590 nm) by a Tecan
microplate reader. Cell survival was calculated with respect to control (DMSO), and IC50 values

were determined by fitting with GraphPad Prism software v5.1.
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Splenocytes and Th1/Th17 cells viability was evaluated with CellTiter-Glo luminescent assay
(Promega # CellTiter-Glo luminescent assay (Promega# G7570) according to manufacturer’s
instructions and percentage of viable cells has been calculated after normalization on DMSO treated
control condition. Moreover, Trypan Blue has been used to count and determine viability percentage
(%) of Th17/Th17 cells. Cells were diluted (1:2) in Trypan Blue and viable cells where calculated with
Burker’'s chamber, and percentage of viable cells was calculated by normalization on DMSO control
condition.

Crystal violet to determine cell number for ELISA/NO assay normalization, was performed according
to (Feoktistova, Geserick and Leverkus, 2016).

7.16 Cell cycle, proliferation and migration assays.

For cell cycle analysis, cells at density of 2 x 10° to 1 x 10 cells /well were treated with TMs or DMSO
as control as shown in the Results section, starvation was performed by overnight removing of FBS
from cell media. Afterwards, cells were harvested and centrifuged at 1200 rpm for 5-10 min, washed
twice in ice-cold PBS and fixed by incubating the cells 30 minutes or overnight at — 20 °C with 70%
ethanol. Cells were then washed with ice-cold PBS and resuspended in 250 ul PI/RNase staining
solution (Sigma P4874). The cell cycle position was evaluated by FACS using an excitation laser set
at 480 nm and a detection wavelength of 575 nm. A minimum of 20.0000 events/sample was
analyzed.

Cell proliferation assay, has been carried out using vibrant CFDA-SE Cell Tracer Kit (Thermo Fisher
# V12883), briefly, murine CD4+ T cells, or splenocytes were incubated at the ratio of 1 x 108 cells
per 2 uM of CFSE for 30 minutes at 37°C. After several washes in PBS cells were seeded and after
48-96 hours cell analysis was performed with FACS using excitation/emission wavelengths
respectively of 492517 nm. A minimum of 30.0000 was analyzed.

In both cases, cell cycle phase and cell proliferation analysis were performed using ModFit LT 3.2
software and the Sync Wizard models.

Lastly, migration assays, cells were seeded and treated with different conditions as indicated in
Results section. Images of the same field were acquired immediately, t=0, after 24 and 48 h using a
Leica DM IL Led microscope (5% magnification) and wounded-open areas were measured using

ImageJ software.

7.17 Animal inflammation models and sera collection

C57BL6/j mice have been purchased from Charles River Laboratories were bred and maintained in
the animal facilities of the Department of CIBIO, | under specific-pathogen-free conditions.

For measurement of inflammatory factors (TNf) secretion, 8 weeks old C57BL6/j mice were injected

i.p. with LPS (Sigma L3755) at 150 ug/25 g body weight. Bloods were collected 90 minutes later by
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cardiac puncture and after 30 minutes of RT sitting, two serial centrifuges were performed in order
to collect sera, respectively 3000 rpm at 4°C and 6000 rpm both for 10 minutes

7.18 Statistical analysis

Statistical analysis Experiments were performed in number of biological replicates indicated in all
experiments described in the Results section. t-tests were used to calculate final p-values, without
assuming variances to be equal (Welch's t-test). P-value <0.05, < 0.01,

<0.001 and <0.0001 were indicated with *, ** *** *** qympols, respectively.
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Abstract

RNA-binding proteins (RBPs) are pleiotropic factors that control the processing and functional compartmentalization
of transcripts by binding primarily to mRNA untranslated regions (UTRs). The competitive and/or cooperative interplay
between RBPs and an array of coding and noncoding RNAs (ncRNAs) determines the posttranscriptional control of gene
expression, influencing protein production. Recently, a variety of well-recognized and noncanonical RBP domains have been
revealed by modern system-wide analyses, underlying an evolving classification of ribonucleoproteins (RNPs) and their
importance in governing physiological RNA metabolism. The possibility of targeting selected RNA—protein interactions
with small molecules is now expanding the concept of protein “druggability,” with new implications for medicinal chemistry
and for a deeper characterization of the mechanism of action of bioactive compounds. Here, taking SF3BI, HuR, LIN28,
and Musashi proteins as paradigmatic case studies, we review the strategies applied for targeting RBPs, with emphasis on
the technological advancements to study protein—RNA interactions and on the requirements of appropriate validation
strategies to parallel high-throughput screening (HTS) efforts.

Keywords
RBP, RNP, RNA—protein interaction, HTS, RBP targeting

Introduction

The posttranscriptional control of gene expression in
eukaryotic cells defines all the steps related to mRNA
metabolism, from its maturation/processing to its subcellu-
lar localization and decoding for protein production. The
RNA-binding proteins (RBPs) participate in the formation
of ribonucleoprotein (RNP) complexes by recognizing and
dynamically binding to both coding and noncoding selec-
tive RNA targets, thus profoundly influencing gene expres-
sion." Recently, genome-wide identification of RBPs and
their RNA targets has been facilitated by unbiased and high-
throughput approaches, such as next-generation sequencing
and mass spectrometry. A census published in 2014 reports
1542 human RBPs interacting with all known classes of
RNAs.”> The majority of RBPs are found ubiquitously
expressed and directly or indirectly implicated in the pro-
cess of protein synthesis, while at least one-third of them
have yet unrevealed biological functions.” RBPs bind to
defined motifs in target RNA via RNA-binding domains.’
These motifs are distinguished as RNA recognition motifs
(RRMs), which are the most abundant protein domains in

eukaryotes,® the heterogeneous nuclear RNP (hnRNP) K
homology domains (KH), the DEAD box helicase domains,’
the double-stranded RNA-binding motifs (DSRMs), or the
zinc-finger domains.” The analysis of the RNA cis elements
among 205 genes from 24 diverse eukaryotes indicated a
good correlation between sequence specificities and protein
domain similarities.® Recent studies have uncovered hun-
dreds of RBPs lacking conventional RNA-binding domains.
This reveals the potential for novel types of RNA-binding
modules mediated by new interaction modes. These could
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be favored by intrinsically disordered regions, protein—pro-
tein interaction (PPI) interfaces, and enzymatic cores.

Interestingly, RBP-focused pharmacological studies
have highlighted the existence of a significant posttran-
scriptional impact mediated by small molecules exerting
antitumor properties. For instance, the antitumor activity of
resveratrol has been associated with the production of pro-
inflammatory cytokines via modulation of the far upstream
element-binding protein 2 (KHSRP)'’ and more recently
via activation of the mRNA-decay factor tristetraprolin
(TTP)." The small molecule PTC-299'2 or PTC-510" has
been reported to target the 3'-untranslated region (UTR) of
vascular endothelial growth factor (VEGF) mRNA in tumor
cells. Furthermore, the antibacterial compound enoxacin
has been proven to enhance the stability of selected miR-
NAs (premiR-125a, prelet-7, and premiR-30a), acting as
tumor suppressors by binding to the TAR RNA-binding
protein 2 (TRBP2).'"* This evidence suggests that the
enhancement or inhibition of the activity of RNPs can be
exploited to modulate the posttranscriptional control of
gene expression with potential benefits in disease-related
states.

In the Online Mendelian Inheritance in Man (OMIM)
database, ~150 RBPs targeting both mRNAs and noncoding
RNAs (ncRNAs) are linked to human diseases.” However,
the majority of RBPs lack traditional enzymatic pockets or
functional epitopes that could classify them as canonical
“druggable targets.” Indeed, the explored drug targets are
largely biased toward enzymes, easily assayable in high-
throughput screening (HTS) format, and often use small-
molecule cofactors inspiring the design of drug-like
molecules. This bias has been reinforced by the hectic pop-
ularity of “hot” targets and by pharmaceutical companies
often competing for the very same target families, that is,
G-protein-coupled receptors, protein kinases, metallopepti-
dases, proteases, nuclear hormone receptors, and phospho-
diesterases."” Proof of this biased approach is that 90% of
the 823,179 drug-like compounds targeting human proteins
are directed against 278 targets, which are classical enzymes
or membrane protein targets.'® These results are associated
with the exploring of narrow chemical spaces correspond-
ing to the “accessible doped space” so far considered.'” This
triggers a vicious circle where commercial libraries used in
HTS fail to produce useful compounds for new targets, cor-
roborating the notion of their undruggability.

The most striking example of the recent enlargement of
the druggable space is the development of several com-
pounds interfering with PPIs, especially targeting epigene-
tic reader domains such as bromodomains, chromodomains,
PHD zinc finger, and Tudor domains. While the majority of
PPI surfaces have undruggable features (shallow and polar),
a number of them become pharmacologically attractive.
The above-mentioned epigenectic reader domains have aro-
matic and hydrophobic binding sites for neutralized lysines

(acetylated or methylated), which recognize their substrates
with affinities in the low micromolar range. Therefore,
competition through small molecules is a reasonably
achievable task.'® Indeed, various bromodomain inhibitors
are currently in clinical trials for the treatment of solid and
hematological malignancies. Another class of traditionally
classified undruggable targets is represented by the tran-
scription factors, whose activity has been proven to be suc-
cessfully modulated by several strategies, including the
blockage of protein-DNA binding."” Small compounds are
probably not able to disrupt the transcription factor—DNA
interaction, given the large interacting surface, but they can
instead interfere with the dynamics of the DNA-binding
domains (DBDs) and impede the subsequent molecular rec-
ognition of their target sequence.*’

In this context, RNPs represent a new, largely unex-
plored, druggable space. The challenge of targeting RNPs
relies on the application of new strategies to identify and
interfere with dynamic protein—RNA surfaces. Indeed, the
notions uncovered with PPIs may be viewed as the arche-
type for the development of small molecules interfering
with other types of molecular recognitions, in particular for
RNP complexes and specifically for RNA reader/protective
domain rather than RNA modifying enzymes (Fig. 1). RNA
reader/protective domains have aromatic and hydrophobic
pockets or channels recognizing nucleobases whose polar-
ity can be further reduced by epitranscriptomic modifica-
tions. For RNP disruption, the well-known purine-mimicking
chemical space (i.e., fragment libraries and kinase inhibi-
tors) is of possible advantage. The above considerations
expand the concept of druggability, even implying the pos-
sibility of multiple downstream effects elicited by the RNP
after interference by the small molecule, in a cell-specific
context.

Here we review the current high-throughput experimen-
tal approaches to probe RNA—protein interaction in RNPs.
An interesting proof of principle that interfering with the
binding of RBPs to their target RNA is a promising strategy
in drug discovery has been recently provided by the SF3b
spliceosome complex and is outlined in the next section. We
also describe the physiological roles and clinical relevance
of other important RNP targets, with the most successful
screening strategies employed so far to identify small mol-
ecules interfering with them.

In Vitro Approaches to Study and
Challenge RNA-Protein Interactions

High-resolution structural insights of macromolecular com-
plexes provide valuable biological information on the spe-
cific interaction between the ligands. However, techniques
such as x-ray crystallography, nuclear magnetic resonance
(NMR), and cryo-electron microscopy (cryo-EM) have to
be complemented by studies probing the dynamics and
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enzymes and receptors

Kinases and aberrant signal transduction

Example: Imatinib (on the market)

current research
new targets: new molecules or repurposing
old targets: best in class

protein-protein interactions

Bromodomains and activated transcription

Example: GSK525762 (in clinical trials)

current research
new targets and first in class

RNA-protein interactions

Post-transcriptional modifications

H3B-8800 (early clinical trial)

current research
target identification/validation
hit identification

Figure |. Expanding view of druggability: from the traditional concept of druggability, targeting enzymes or recognized epitopes, to

the druggable interface responsible for RNA—protein interactions.

flexibility of a RNA—protein complex formation.”' A com-
plete picture about the integrated biophysical and structural
methods used to capture the structure and dynamics of
RNPs is reviewed by Schlundt et al.” Briefly, the dynamic
features require solution techniques such as NMR, small-
angle scattering, or fluorescence spectroscopy to comple-
ment structural analysis based on crystallography, NMR,
and cryo-EM.

Several biochemical and biophysical techniques have
been successfully employed to assay RNA—protein interac-
tions in vitro and challenge their inhibition by small mole-
cules. A combination of different approaches is usually
adopted to unravel the mechanism by which the inhibition
is exerted. Nevertheless, a primary screening assay should
be able to identify both classes of interactors, binding to
either the RNA or the protein, the first being more unspe-
cific and prone to off-target effects (Fig. 2b). The challeng-
ing approaches aiming at identifying small molecules
specifically binding RNA are well described by Deigan
Warner et al. in a recent review.” In addition, small mole-
cules might act by altering the protein conformation and
changing the RNA binding site (Fig. 2c¢).

The common assays employed in screening campaigns
are biochemically based, involving the purification, label-
ing, and/or immobilization of one or both the binding part-
ners. In Table 1 we describe the screening methods for
small molecules interfering with RNA-protein interac-
tions and those used for secondary assays and hit valida-
tion, including emerging techniques that could be adopted
for screening purposes. Given the size difference of the
two partners and the low complexity of the assay,

fluorescence polarization (FP) has frequently been
selected in HTS campaigns, while electrophoresis mobil-
ity shift assay (EMSA), even coupled with fluorescent or
infrared probes, still represents one of the standard orthog-
onal tests for hit confirmation. Recently, the establishment
of nonradioactive bead-based assays, such as AlphaScreen
(Amplified Luminescent Proximity Homogeneous Assay),
and of new high-throughput instruments has improved the
screening power of technologies such as microfluidic cap-
illary mobility shift assay (MMSA) or surface plasmon
resonance (SPR).

Additionally, fragment screening is nowadays possible
with a low-medium throughput, also by NMR, and espe-
cially by x-ray crystallography. The latter allows obtaining
the structural details required for the subsequent fragment-
growing campaign, with the limitation of being applicable
only to targets easily and reproducibly crystallizable.***’
The throughput/molecular details and the success ratio are
optimal when two or more strategies (molecular docking,
HTS, NMR, and x-ray crystallography) are used in
combination.*®

The success of these biochemical and biophysical
approaches also depends on the combination with cell-
based methods addressing the activity of RBPs at the intra-
cellular level. The analysis of subcellular localization of
RBPs, participation in nuclear transcriptional and/or post-
transcriptional events, cytoplasmic accumulation in func-
tional compartments, and the exerted effect on cargo RNA
decay and translation require multiple approaches, enabling
the quantification of the intracellular effects of a small mol-
ecule interfering with an RBP.
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Figure 2. Multiple mechanisms by which a small molecule can interfere with the RNA—protein complex. (a) RNA—protein complex.
(b) The molecule can bind directly to the target RNA, compete with RNA for the RNA binding site in the RBP, or (c) bind to another

region of the protein, causing a conformational change.

Current methods developed to track RNA-protein
interactions in the context of the cells include Foerster
resonance energy transfer (FRET)? and trimolecular flu-
orescence complementation (TriFC), a novel method
based on the well-established bimolecular fluorescence
complementation (BiFC) technique (Fig. 3).* Both tech-
niques allow for imaging of molecular interactions by
using fluorescent probes: while FRET measures the inten-
sity change of a dual fluorescence spectrum, fluorescence
complementation only measures the specific fluores-
cence, with advantages in reducing the background noise.
Despite the promising technical asset, no screenings have
been so far reported using the TriFC assay, probably due
to the technical challenges still associated with the fluo-
rescent complementation: the low temperature required
by many FC systems (below 37 °C), the self-assembly
tendency of the split fragments that increases the back-
ground, and the irreversibility of fluorescent protein
complementation.’'

Initially, the idea of targeting RNA—protein interactions
arose from the study of viruses like HIV. This represents a
paradigmatic example of a complex system under strict
control of a few “simple” RNA-—protein interactions and
extends the possibility to directly interfere with the surface
of the molecules that evolved to bind to selected RNA
motifs.*? Tat and Rev are small viral proteins involved in
the mechanisms of transcriptional activation and posttran-
scriptional regulation (splicing, transport, etc.) and exert
their function through interaction with their respective RNA
targets, trans-activation-responsive element (TAR) and
Rev-responsive element (RRE).® Because the Tat-TAR
axis is essential to HIV viral transcription, it has been the
subject of intense efforts aimed at developing therapeutic
interventions. Since 1985, several screening campaigns
have been performed.***® The aminoglycoside class of anti-
biotics has been proven to inhibit the Tat-TAR complex, by
binding TAR RNA, and neomycin derivatives have been
proposed as leads for multitarget HIV inhibition.**
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Table I. Biochemical, Biophysical, and Cell-Based Techniques Used to Assay the RNA—Protein Binding and Its Modulation by Small

Molecules.
Throughput Reference Detection Principle Ligand Phase Label” Instrumentation
Screening Methods
Filter binding assay High 179 Absorption of the Surface Fluorescence  Plate reader
complex on cellulose immobilization X
filter
Foerster resonance High 131, 133 FRET caused by Solution Fluorescence  Plate reader
energy transfer proximity of the X2
(FRET)/TR-FRET binding partners
Fluorescence High 180 Fluorescence changes  Solution Fluorescence  Plate reader with
polarization (FP)/ linked to rotational X1 FP
anisotropy diffusion
Scintillation proximity High 34 Energy conversion of Bead-based Radioactive Beta counter
assay (SPA) radioactive decay immobilization
AlphaScreen High 35,104  Energy transfer caused Bead-based Tag X2 Plate reader with
by proximity of the immobilization Alpha
binding partners
Differential scanning  High 181 Change in protein- Solution Fluorescent Fluorescence PCR
fluorimetry (thermal binding dye molecule
shift assay) fluorescence intensity or intrinsic
protein
fluorescence
Microfluidic capillary ~ High 37 Change in Solution Fluorescence  Microfluidic gel
mobility shift assay electrophoretic X1 electrophoresis
(MMSA) mobility in system
microfluidics
Dynamic mass High 107, 182  Changes of refractive Surface Label-free Plate reader with
redistribution index at binding immobilization Epic module
(DMR) equilibrium
Biolayer High 183 Change of interference Surface Label-free or ~ Optical system with
interferometry (BLI) pattern of white light immobilization tag X| tip biosensors
Trimolecular High 30, 38 Fluorescence reporter  Solution (tagged) Fluorescence  Automated
fluorescence is reconstituted upon X2 microscope
complementation binding in living cells
(TriFC)
Validation Methods
Surface plasmon Medium 184, 185 Change of refractive Surface Label-free or  Optical system with
resonance (SPR) index during binding immobilization tag X| microfluidic chip
Electromobility shift =~ Low 186 Change in Solution Radioactive/ Gel electrophoresis
assay (EMSA) electrophoretic fluorescence
mobility in X
nondenaturing gel
Microscale Low 187, 188  Change in motion Solution Fluorescence  Fluorescence-
thermophoresis of molecules in X1 micofluidic
(MST) temperature gradient chamber heating
Isothermal titration Low 189 Enthalpy of bindingina Solution Label-free Calorimeter
calorimetry (ITC) titration experiment
Nuclear magnetic Low- 21, 24, 190, Perturbation in chemical Solution Label-free NMR spectrometer
resonance (NMR) medium 191 shift upon binding
Crystallography Low- 21,25,  X-ray diffraction Crystals Label-free X-ray
medium 192-194 diffractometer
Cryo-electron Low 21,45 TEM imaging Frozen solution  Label-free Cryo-electron
microscopy microscope
(cryo-EM)

*Label type and number of labeled ligands.



SLAS Discovery 00(0)

+ Target

RBP

RNA ligand

Figure 3. TriFC system for the
detection of RNA—protein interaction.
The C fragment of the fluorescent
protein is attached to a protein X
involved in a known RNA-protein
interaction (X-Y). The complementing
fragment N is fused to the target RBP.
If the RBP interacts with a sequence
of interest within the reporter mRNA
close to the Y sequence, the two
fragments N and C are brought into
proximity to fold into a fluorescent

product.

Interestingly, the high-affinity binding between Tat and
TAR has been exploited by several authors to validate novel
methods for RNA—protein interactions.*”*

Other viral RNA—protein interactions, such as NS1 pro-
tein-influenza virus RNA,* HIV-1-Matrix protein,*” HIV
Rev-RRE,””° and HCV-IRES,* have been targeted by bio-
chemical assays for screening small molecules. Table 2
reports these references, together with the other target RBPs
described in the following paragraphs.

SF3b Complex and the First-in-Class
Small Molecule in Clinical Trial

Splicing and alternative splicing of mRNA precursors is
necessary for the removal of introns and the production of
mature mRNAs. These events involve almost the entire
human transcriptome and strongly contribute to the regula-
tion of cellular gene expression programming. In the spli-
ceosome machinery, the splicing factor 3B subunit 1
(SF3B1) protein is the largest component of the heptameric
SF3b subcomplex in the U2 small nuclear RNP (snRNP)
and supports the splicing via the recognition and selection
of the branch point adenosine (BPA).**** SF3B1 is func-
tionally associated with PHD finger protein SA (PHF5A),
SF3B3, and SF3BS5 and forms a scaffold complex of ~250
kDa that allows the subsequent recruitment of additional
splicing factors.** SF3B1 is composed of 20 HEAT repeats
that form a superhelical spiral. This spiral wraps around
PHF5A and establishes contact regions with the polypyrim-
idine tract of the pre-mRNA and the BPA. In the apo form,
the SF3B1 protein assumes an open conformation. Binding
to the RNA induces SF3BI to close up on the RNA itself.*’

Aberrations in RNA splicing, leading, for example, to
intron retention, are common across cancers in comparison
to the normal counterpart.***” Somatic mutations in genes
encoding core spliceosomal proteins and associated RNA
splicing factors, such as SF3B1, U2 small nuclear RNA
auxiliary factor 1 (U2AF1), and SRF2, are commonly pres-
ent in several cancers, including myelodysplastic syn-
dromes (MDSs),* chronic myelomonocytic leukemia

(CMML),” and chronic lymphocytic leukemia (CLL),*
and in a number of solid tumors, including breast,” lung,51
uveal melanoma,”® and pancreatic carcinomas.” Mutated
splicing factors confer a strong vulnerability to the associ-
ated cancer type as shown by genetic and pharmacological
perturbation of the splicing process.”*>> These mutations
represent a genetic link between dysfunction of the splicing
machinery and cancer, thus providing a strong rationale for
targeting the spliceosome as a new anticancer therapy.*®

The development of spliceosome-targeting small mole-
cules accelerated when potent anticancer natural com-
pounds isolated from bacteria as FR901464, herboxiedenes,
and pladienolides”” "’ turned out to target the SF3b subcom-
plex of U2 snRNP and to interrupt early stages of spliceo-
some assembly. Using biotinylated chemical probes,
spliceostatin, a methylated pladienolide derivative of
FR901464 and E7107, was found to exert antitumor activity
by modulating the splicing process via the SF3B com-
plex.®”! Later efforts have led to the chemical synthesis of
herboxiedenes® and of FR901464 analogs, a new class of
small molecules called sudemycins, that showed similar
splicing inhibition as spliceostatin.”

Based on important preclinical indications,’*** E7107
entered clinical trials for locally advanced or metastatic
solid tumors (Study E7107-A001-101; trial registration ID:
NCT00499499).° Unfortunately, the trials were sus-
pended due to toxic bilateral optic neuritis.

The ability of E7107 to modulate the spliceosome activ-
ity has been readily explained by structural studies using
cryo-EM: E7107 binds to the branch point of the adenosine-
binding pocket, at the interface of SF3B1, namely, the HR
domains 15-17, and PHF5A, in a hydrophobic region.
Comparison of the apo form of the tetrameric (SF3BI,
PHF5A, SF3B3, SF3BS5) complex with the bound ligands
showed that E7107 binds to the pre-mRNA-unbound form
or the so-called open conformation of the complex. The
cryo-EM data indicate that E7107 directly competes with
pre-mRNA for binding to the apo form of the complex, sug-
gesting that E7107 would more easily inhibit weaker pre-
mRNA substrates.*’
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Table 2. Screening and Screening Assays to Identify Small Molecules Interfering with RNA—Protein Interactions.

Target Reference Year Screening Assay Throughput® Validated Compounds®
HuR-IL2 ARE 72 2007  Confocal fluctuation 50,000 MS-444, okicenone
spectroscopic
(anisotropy)
HuR-TNFa ARE 103 2009  RNA EMSA and filter 179 Quercetin, b-40, b-41
binding assays
HuR-TNFa ARE 104 2013  AlphaScreen 2000 Mitoxantrone
HuR-TNFa ARE 105 2015  AlphaScreen 107 Dihydrotanshinone-|
HuR-MSII ARE 109 2015 FP 6000 CMLD [-6, NCI-3
HuR-C-Fos ARE 108 2015 FP 1597 Clo
HuR-MSII ARE 110 2017 FP 2000 Azaphilone-9 (AZA-9)
LIN28-pre-let-7f-1 132 2018 FP 101,017 DAQ-BI (demethylasterriquinone),
BVT-948, gossypol, LI20, LI71, TPEN
LIN28-pre-let-7a-2 133 2016  FRET 16,000 N-methyl-N-[3-(3-methylI[1,2,4]
triazolo[4,3-b]pyridazin-6-yl)phenyl]
acetamide (compound 1632)
LIN28-pre-let-7g 134 2016 FP 2768 Aurintricarboxylic acid, 6-hydroxy-pL-
DOPA, Reactive Blue 2, SB/ZW/0065
LIN28-pre-let-7a-1 131 2016  FRET 4500 Benzopyranylpyrazole based
MSI-RNA 155 2014 FP 6208 Inhibitors 1, 2, 3
MSI-RNA 195 2018 FP Assay validation Ro 08-2750 (Ro)
NHP2L1-U4 68 2018  TR-FRET 10,173 Topotecan
Translation initiation 196 2009 FP 30,000 Thiol reactive compound
factors
MDM2 - XIAP 158 2017 FP 141,394 MX69, MX3
La-cyclin DI RNA 197 2017 FP 50,080 8-(Isobutoxycarbonyl)-3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinoline-
4-carboxylic acid, 2-(2-hydroxy-4-
methylbenzoyl)benzoic acid
CsrA-RNA 184 2016  SPRand FP 1000 MMI4, NAT31-454537
HCV-IRES 41 2013  FRET 97 Benzoxazole derivative
HIV-1 Matrix protein— 40 2013  Plate binding and FP 14,000 Thiadiazolanes
RNA
HIV Tat-TAR 34 1997  SPA and filtration 150,000 Aminoglicoside neomycin B
HIV Tat-TAR and 36 2001  Dual-labeled plate 110,000 Bal3338, Bal8945E
Rev-RRE assay
HIV Tat-TAR and 35 2007  AlphaScreen and FP 5500 Propidium iodide, glutathione analog,
Rev-RRE suramin, suramin analog (NFI10)
Influenza virus NSI - 39 2008 Flashplate 27,520 Molecules A, B, and C
RNA (radioactivity)
Influenza virus NSI- 38 2013  TriFC Assay validation
RNA

Csr = carbon storage regulator; La = La autoantigen (La, LARP3); MDM2 = Mouse Double Minute 2.

*Number of molecules tested in the primary screening, when applicable.

®Primary screening hits confirmed by using secondary in vitro or in vivo assays.

Starting from E7107, an orally available modulator of
the SF3b complex, called H3B-8800, was generated by
medicinal chemistry. The competitive mechanism of action
of H3B-8800 is similar to that of pladienolide, and H3B-
8800 potently binds and inhibits splicing catalysis by both
WT SF3BI1 and its mutant forms in vitro. However, differ-
ently from pladienolide, H3B-8800 preferentially kills spli-
ceosome-mutant epithelial and hematologic tumor cells.

Mutations of either SF3B1, SRSF2, or U2AF1 confer to
cancer cells a dependency on the remaining WT spliceo-
some. H3B-8800 causes the enrichment of short, GC-rich
intron retention in mRNAs encoding RNA splicing factors,
providing an explanation for H3B-8800’s preferential kill-
ing of spliceosome-mutant tumor cells.”’

H3B-8800 has been proposed for the treatment of geneti-
cally defined subsets of cancer with RNA splicing factor
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mutations. H3B-8800 is currently being tested in a phase 1
clinical trial (NCT02841540) for MDSs, acute myeloid leu-
kemia, and CMML. Notably, H3B-8800 and E7107 well
represent the first-in-class small molecules that modulate
the activity of RNP complexes with a therapeutic outcome
and a precise indication of use.

Interestingly, other well-known drugs, such as topote-
can, have been recently shown to inhibit RNA splicing.®® In
this work Diouf et al. report a time-resolved (TR)-FRET
screening to find small molecules disrupting the interaction
between NHP2L1 protein and U4, revealing an additional
posttranscriptional activity of this drug.

HuR

Human antigen R (HuR; also known as ELAVL1) is among
the most widely studied RBP. It regulates the splicing, sta-
bility, and translation of thousands of coding and noncoding
RNAs.®7" The posttranscriptional function has been
described for a wide number of transcripts bearing AU-rich
elements (AREs), whose turnover is critical for tissue dif-
ferentiation and cell physiology.

HuR protein comprises three RNA-recognition motifs
(RRMs): RRM1, RRM2, and RRM3. The N-terminal ones
are arranged in tandem (RRM1-RRM2), whereas RRM2
and RRM3 are joined by a hinge region. While the first two
regions are involved in the binding to target RNAs,”” RRM3
has been reported to bind to poly-A tail and to be involved
in protein oligomerization.”*”® The HuR crystal structure of
RRM1-RRM2 was solved in both the RNA-free and RNA-
bound form of the protein and revealed a conformational
change undergone by HuR after RNA binding.”*

HuR is ubiquitously expressed, is normally located in
the nucleus, and shuttles to cytoplasm upon cell stresses as
DNA damage or hypoxia.” In the nucleus, it exerts post-
transcriptional functions such as splicing’®’” and alternative
polyadenylation.”

HuR is fundamental during the development of the
embryo, as its deletion leads to embryonic lethality, and
affects the adult tissue homeostasis.”™ It plays a role in the
maturation of lymphocytes (B and T) and macrophages and
regulates the expression of specific chemokines and cyto-
kines.*' ™ By binding to AREs in target mRNAs, it modu-
lates the expression of specific transcripts coding for
proteins involved in inflammation,®** cell division,®
angiogenesis,%’87 senescence,™ apoptosis,89’90 immune,”?
and hypoxia response.”® Therefore, HuR is involved in the
cellular response to different stimuli and impairment of its
related gene expression can impact different disease pro-
cesses. HuUR was reported to be implicated in cancer and
chronic inflammation and linked to cardiovascular, neuro-
logical, and muscular pathologies.”

HuR posttranscriptional regulation can sustain cancer
traits, such as increased cell proliferation and survival,

elevated local angiogenesis, immune recognition evasion,
tumor cell invasion, and metastasis, due to its stabilizing
function of many key mRNA encoding proteins implicated
in carcinogenesis.” Furthermore, overexpression of HuR or
its cytoplasmic localization is associated with tumor pro-
gression and poor prognosis in various cancer types, includ-
ing breast,”®”’ colon,”®” ovarian, prostate, pancreatic, and
oral cancer.”” HuR nucleo-cytoplasmic translocation in
malignant cells has been reported for many tumors and cor-
related with advanced clinicopathological parameters and
decreased patient survival rate.'” Moreover, observations
from animal models confirm a critical role for HuR in sus-
taining colon cancer formation and progression.'"'
Therefore, HuR has been proposed as a valuable drug target
based on all the reported posttranscriptional regulations
involved in different pathologies and its ubiquitous expres-
sion in malignant samples.'"

The pivotal role of HuR in several diseases, such as
inflammation and cancer, led to searching for inhibitors/
modulators able to impact HuR activity.'”® Different com-
pounds have been identified as able to interfere at the level
of RNA-HuR complex formation.

In 2007, Meisner et al. identified the first low-molecular-
weight HuR inhibitors. The authors screened 50,000 com-
pounds using a confocal fluctuation spectroscopic assay
with a shortened variant of recombinant HuR. The most
potent hits that have been found were dehydromutactin,
MS-444, and okicenone. The mechanism of action of these
compounds has been proposed through mathematical and
experimental analysis and resulted in the prevention of HuR
homo-dimerization by binding the first two RRMs. This is
reflected by inhibiting HuR activity as nucleus—cytoplasm
shuttling, cytokine expression, and primary T-cell line
activation.”

In 2009, Chae et al. identified chemical inhibitors of the
interaction between HuR and the ARE of tumor necrosis
factor alpha (TNFa) mRNA using RNA-EMSA and a filter
binding assay.'” In particular, they generated a recombi-
nant glutathione S-transferase (GST) fusion protein with
HuR and TTP, and used these recombinant proteins and
radiolabeled RNA containing the ARE sequence from
TNFa to perform RNA-EMSA. From the screening of a
total of 179 chemicals, three compounds, quercetin, b-40,
and b-41, respectively, showed a half-maximal inhibitory
concentration (IC,)) below 10 wM. The IC, values of the
three compounds were 1.4, 0.38, and 6.21 wM, respectively,
for the binding between HuR protein and TNFa mRNA.
Further experiments were performed in RAW264.7 cells
treated with lipopolysaccharide (LPS), quercetin, and b-40,
and a decrease in the stability of TNFa mRNA and the
secreted protein was observed.'”

A novel biochemical assay to study in vitro HuR pro-
tein—RNA complex formation, feasible for HTS, has been
proposed in 2013. This assay is based on AlphaScreen
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technology, in which the binding efficacy is evaluated
between a purified human HuR protein and a probe with the
sequence of TNFa ARE. This method allowed to calculate
HuR binding parameters under saturation binding and
kinetic conditions, quantifying HuR-RNA Kd in the low
nanomolar range. The results were further validated by flu-
orescent probe-based RNA-EMSA. In this work, 2000
small molecules were screened, and after a secondary vali-
dation with RNA-EMSA, mitoxantrone was identified as a
modulator of the RNA-binding activity.'*

Furthermore, in 2015 the same group identified the natu-
ral compound dihydrotanshinone-I (DHTS), belonging to the
family of tanshinones, as interfering with HuR binding activ-
ity. DHTS was further validated with complementary assays
such as the EMSA, NMR titration, and molecular dynamics
simulation, demonstrating that DHTS interacts with HuR at
the level of the mRNA binding site, thus preventing the com-
plex formation.'”'% The in cellulo confirmation has been
performed with different cell lines toward the control of
TNFa, CTNNBI, and ERBB2 mRNA targets.'”

Recently, DHTS has been demonstrated to inhibit in
vivo xenograft tumor growth in a HuR-dependent model
without systemic toxicity.'” As a consequence, DHTS has
been considered the leading compound for the synthesis of
analogs, called tanshinone mimics, in order to enhance the
efficacy in inhibiting HuR activity.'"’

In 2015, Wang et al. presented an integrated approach to
select inhibitors of HuR-RNA interaction using fluores-
cence-based HTS. This method was used to screen a library
of 1597 compounds and hit validation was performed
through the NMR method with saturation transfer differ-
ence (STD) detection. In this case, the authors identified the
mechanism of action of these compounds, based on the dis-
ruption of HuR oligomerization, thus blocking the RNA
binding.'®

A further screening was performed in 2015 by FP assay,
using HuR protein and an ARE oligo from Musashi RNA-
binding protein 1 (MSI1) mRNA, a HuR target. Wu et al.
performed an HTS of about 6000 compounds; the potential
disruptors were then validated by AlphalISA, SPR, RNP
immunoprecipitation (IP) assay, and luciferase reporter
studies. These compounds inhibit HuR-ARE interactions at
the nanomolar range and prevent HuR function by competi-
tive binding with HuR.'"”

Lastly, in 2017, through another FP competition HTS
assay, Kaur et al. isolated the compound azaphilone-9
(AZA-9) that derives from the fungal natural product asper-
benzaldehyde. AZA-9 is able to bind to HuR and inhibit
HuR-ARE interaction with an IC, of 1.2 wM. Data were
validated with SPR, in which the authors were able to verify
the direct binding of AZA-9 to HuR. NMR methods identi-
fied the involvement of critical RNA-binding residues in
binding with AZA-9. Computational docking was then
applied to propose a predictive binding site for AZA-9 in

the RNA-binding cleft of HuR."? Similar to others, this
work was able to identify HuR-RNA disruptors in vitro.

Considering the structural diversity of the compounds
discovered so far and their mechanisms of interfering with
ELAV protein—-mRNA complexes, the structure—activity
relationship is still a challenge.

LIN28

LIN28 protein was first described in Caenorhabditis ele-
gans in association with its important role in development
and in developmental timing.'"" LIN28 is highly expressed
in the early developmental stages and in stem cells,
decreases upon differentiation, and is normally absent in
most differentiated cells in the adult.'>'"?

The mammalian genome encodes for two LIN28 para-
logs: LIN28A and LIN28B. The term LI/N28 will be used to
refer collectively to LIN28A and LIN28B in this section.
The human LIN28A protein, which is composed of 209
amino acids, and the human LIN28B protein, which con-
sists of 250 amino acids, share a high degree of homology
in their structure and function.""* Both LIN28A and LIN28B
proteins present a cold-shock domain (CSD) and a zinc
knuckle domain (ZKD), composed of two CysCysHisCys
(CCHC) zinc finger domains.'">""® These highly conserved
regions are responsible for interacting and binding with tar-
get miRNAs and mRNAs.

The let-7 family of miRNAs is the most studied LIN28
interactor and consists of different members, including let-
7a—i, mir-98, and mir-202. LIN28 binds to precursor forms
of'let-7 (pri- and pre-let-7) using both the CSD, which binds
to let-7 terminal loops and contributes to most of the LIN28-
let-7 binding affinity, and the ZKD, which recognizes a
highly conserved GGAG sequence motif.""” Upon binding,
LIN28 prevents let-7 maturation and leads to decreased lev-
els of mature let-7, which in turn cannot exert its tumor sup-
pressor activity on its multiple target genes, such as RAS,
MYC, and high-mobility group-A2 (HMGA2).""* LIN28A
initiates pre-let-7 degradation via recruitment of the termi-
nal uridylyltransferases (TUTases) TUT4 and TUT7, which
oligouridylate the pre-let-7 RNA in the cytoplasm.'”'*!
The mechanism of LIN28B-mediated let-7 inhibition, as
well as its cellular localization, remains controversial.
LIN28B has been shown to directly bind to precursor let-7
transcripts in the nucleus and to prevent the pri-let-7 cleav-
age mediated by Microprocessor,**'* but also to bind to
pre-let-7 in the cytoplasm and prevent its processing medi-
ated by Dicer.'** Furthermore, LIN28B has also been dem-
onstrated to promote pre-let-7 uridylation by TUT7.'*!
Compelling evidence shows that LIN28 also acts by directly
binding to target mRNAs presenting GGAGA sequences
enriched within their loop structures.'?

LIN28 is a recognized oncogenic driver, which is abnor-
mally expressed in ~15% of human cancer cell lines and has
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been associated with a dismal prognosis.'*® High levels of
LIN28 are found in different tumor types, such as glioblas-
toma, prostate, gastric, ovarian, and breast cancers.'™* Its
overexpression has been shown to induce different tumors,
such as Wilms tumor,'?” neuroblastoma,'?® and hepatocel-
lular cancer,'®’ in mouse models. LIN28 has also been dem-
onstrated to have an important role in cancer stem cell
formation and tumor metastasis.'*” LIN28A and/or LIN28B
are useful cancer stem cell biomarkers in several cancer
types."*” Moreover, their expression has been associated
with resistance to chemotherapy in several cancers.'

In recent years, four HTSs aimed at identifying mole-
cules able to disrupt LIN28-let-7 interaction have been
reported.'?'

Using a FRET assay based on a GFP-LIN28B donor
and a black-hole quencher-labeled let-7 acceptor, Roos et
al. screened 16,000 small drug-like molecules and selected
203 molecules, which were reevaluated in triplicate in a
new screen. Different secondary assays, including a lucif-
erase reporter gene assay; RT-qPCR on let-7a, let-7f, and
let-7g; and enzyme-linked immunosorbent assay (ELISA),
were performed to validate the 14 confirmed molecules.
N-Methyl-N-[3-(3-methyl[1,2,4]triazolo[4,3-b]pyridazin-
6-yl)phenyl]acetamide, which displayed an IC,  value of 8
wM, was selected. The molecule was proven to bind to
LIN28A and not to the let-7 RNA in a pull-down experi-
ment. The selected molecule was able to induce differen-
tiation in murine embryonic stem cells (ESCs) and to
decrease clonogenic growth of four different cancer cell
lines.'*

Lim and colleagues also developed a FRET-based assay
to identify small molecules able to inhibit the LIN28-let7
interaction. Forty-five hundred drug-like molecules were
screened and the primary hits were validated using EMSA.
A benzopyranylpyrazole-based molecule, which presented
IC,, values in the low micromolar range in FRET and
EMSA, was selected as a hit. Structure—activity relationship
studies revealed that the carboxylic group in the para posi-
tion in the phenyl ring attached to the pyrazole was essential
for the inhibitory activity. The selected molecule was
proven to bind to the CSD of LIN28A by SPR and differen-
tial scanning fluorimetry. Finally, the cellular effects of the
molecule were demonstrated by miRNA level quantifica-
tion through qRT-PCR, a reporter gene assay, and Western
blot analysis."'

Lightfoot et al. developed an FP assay, through which
they screened 2768 small molecules. The 64 primary hits
were retested using the same assay to assess for reproduc-
ibility, and the 21 confirmed hits were then validated in a
radioactivity-based EMSA. Next, the four validated hits
were tested for their ability to prevent LIN28 blockage of
pre-let-7 cleavage by Dicer. 6-Hydroxy-pL-DOPA was able
to completely restore Dicer processing of pre-let-7g and
another compound, SB/ZW/0065, partially restored it.'**

Very recently, Wang and colleagues also used an FP
assay to screen 101,017 compounds belonging to 17 differ-
ent libraries in order to identify small-molecule inhibitors
of both the CSD and ZKD of LIN28A. Since CSD has a
higher affinity for the target RNA compared with the ZKD,
compounds able to selectively interfere with ZKD-RNA
binding are difficult to detect with assays using native full-
length LIN28A. Therefore, in order to increase the sensitiv-
ity in detecting ZKD-RNA inhibitors, a point mutation able
to weaken CSD-RNA binding was introduced in the
LIN28A protein structure. The HTS identified 350 mole-
cules, which were then prioritized based on their IC, values
calculated by performing a dose—response FP titration.
Evaluation of the ability of the most potent compounds to
prevent TUT4-mediated uridylation allowed to select six
promising compounds. Structural studies performed by
NMR and/or STD spectroscopy experiments elucidated the
mechanism of action and the binding site of two com-
pounds, with TPEN binding to the ZKD and LI71 binding
to the CSD."*?

Musashi

Musashi (MSI) protein was first identified in Drosophila as
an essential factor for correct asymmetrical division of cell
precursors generating external sensory organs.'*> In mam-
mals, two orthologs have been identified, both described as
critical regulators of stem cell differentiation.**"*” The
MSII1 protein has been found selectively expressed in neu-
ral stem cells, while MSI2 has been found in a variety of
other tissues, including hematopoictic stem cells (HSCs).
MSI2 has also been demonstrated as an independent factor
able to enhance the regenerative potential of HSCs through
a posttranscriptional mechanism that negatively regulates
the aryl hydrocarbon receptor (AHR) signaling and induces
a pro-self-renewal phenotype.'**

Musashi proteins belong to the A/B hnRNP class. They
are characterized by two N-terminal RRMs that are respon-
sible for binding to the UAG-context sequence in the 3'-
UTR of target RNAs.'* Both proteins interact with RNA by
RRM1, in a molar ratio of 1:1, as demonstrated in complex
with Numb5 RNA,'*" and the RRM2 adds affinity.'*' Other
structural insights relate to the minimal recognition
sequence, UAGGUAG, required to interact with RNA.'*

The global reprogramming capacity has prompted the
investigation of Musashi proteins in cancer. Accumulating
evidence from many aggressive forms of solid tumors, such
as colorectal adenocarcinomas; breast, lung, pancreatic,
glioblastoma, or endometrial cancer;'® and hematologic
malignancies,'** suggest that Musashi proteins are potential
markers of cancer stem cells (CSCs).'*® On the basis of
maintaining cancer stem cell populations, Musashi proteins
have been proposed to regulate cancer invasion, metastasis,
and the development of more aggressive cancer phenotypes,
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with modulation of drug resistance.'*® Elevated levels of
MSI2 were found in non-small cell lung cancer (NSCLC)
tumor specimens, and its higher expression was associated
with disease progression, positively correlating with the
metastatic potential of tumor cells through the regulation of
TGF-bR 1/SMAD?3 signaling.'*° Different reports have indi-
cated that MSI2 overexpression can be detected in 70% of
AML patients and correlates with poor prognosis.'’'** The
same trend of clinical outcome has been demonstrated in
gastric cancer for MSI1," or in cervical cancer,' colon
cancer,”" and breast cancer'>> for MSI2. In addition, the
overexpression of MSI2 strongly influenced the chemoresis-
tance of ovarian cancer cells, NSCLC cells, and pancreatic
cancer cells;'® consistently, the downregulation of MSI2
sensitized ovarian cancer and acute myeloid leukemia cells
to the pharmacological treatment.'**'>*

These findings suggest that Musashi proteins can be a
promising therapeutic target for cancer, and their modula-
tion can also represent a potential strategy to optimize con-
ventional therapeutics.

Recombinant MSI1 and MSI2 proteins were used for an
FP-based drug screening of more than 6000 compounds.'*
The small molecule Ro 08-2750 (Ro) was identified as an
inhibitor of the RNA—protein interaction by FP and EMSA,
with IC, in the low micromolar range."*® By microscale
thermophoresis (MST), the Kd of Ro was evaluated around
12 uM, with appreciated selectivity in comparison with an
evolutionarily related RBP, SYNCRIP. Structural data also
demonstrated that the amino acids F66 and R100 are cru-
cially involved in Ro binding. The validation of biochemi-
cal data has been performed using leukemia cell lines,
where Ro induced differentiation and apoptosis together
with a transcriptional program resembling MSI2 depletion.
In addition, Ro inhibited leukemogenesis in an MLL-AF9
mouse model.

MSI1 targets include the mRNA encoding for the tumor
suppressor protein APC, and one strategy to interfere with
Wnt and Notch pathways was to identify compounds that
could inhibit MSI1 RNA-binding activity. Also in this case,
the screening was performed by FP using GST recombinant
MSII1 protein and the natural product gossypol was identi-
fied with an inhibitory equilibrium dissociation constant in
the high nanomolar range."”” Complementary approaches,
including SPR, confirmed a direct interaction of gossypol
with the protein. The inhibition of MSI1-RNA interaction
was effectively observed in vivo with inhibition of colon
cancer growth upon oral administration of gossypol.

Intriguingly, Gu et al. found gossypol to be among the
top hits of an HTS done with the aim of identifying inhibi-
tors of the interaction between mouse double minute 2
(MDM2) RING and XIAP IRES. They later demonstrated
gossypol’s inhibitory activity on the MDM2-VEGF 3'-
UTR interaction.”**'> Through isothermal titration calo-
rimetry (ITC) and fluorescence titration techniques, the

investigators were able to determine whether the selected
screening hits bind to the protein or to the RNA and found
that gossypol binds to MDM2 RING, with a Kd of 5.21
uM." Indeed, the biological effects of gossypol and some
analogs have been shown in different cell lines and mod-
els,'® demonstrating anti-inflammatory effects,'®' antipro-
liferative capacity through direct interference with the
kinase domain of EGFR,'® pro-apoptotic effects by enhanc-
ing the levels of Bcl-2,'® and autophagic effects through
activation of LC3.'** This compound also induces an accel-
erated hemolytic toxicity when administered in vivo.'®® The
interference with RBPs represents an additional perspective
that contributes to defining the broad mechanism of action
of gossypol and its preferential intracellular targets at the
tissue-specific level.

Other RNPs Suggested as Potential
Therapeutic Targets

TDP-43 is a nuclear protein of 414 amino acids, with two
highly conserved RRM1 and RRM2 domains resembling the
architecture of the members of the hnRNP family. TDP-43
participates in different processes, including DNA replica-
tion, repair, mRNA splicing, and translation. Mechanistically,
TDP-43 recognizes both DNA and RNA cis elements. This
protein is crucial for correct embryonic development and its
role has been extensively investigated in neurodegeneration,
starting from the identification of rare TDP-43 mutations in
cases of sporadic and familial amyotrophic lateral sclerosis
(ALS) and cases of frontotemporal lobar degeneration
(FTLD)."® TDP-43 mutations are the cause of disease for
6.5% of familial ALS cases, while in the rest of ALS and
FTD patients no mutations have been found but the presence
of TDP-43 aggregates. Other functional studies have demon-
strated that TDP-43 is associated with aberrant exon 9 skip-
ping, as the case of the cystic fibrosis transmembrane
conductance regulator (CFTR) gene in cystic fibrosis."’

An increased accumulation of this protein is surprisingly
found in the cytoplasm of affected neurons, where TDP-43
aggregates have been demonstrated to be hyperphosphory-
lated, ubiquitinated, and cleaved at the C-terminus.'®®
However, the pathogenetic role of this protein, in terms of
specific neurotoxic effects, remains to be clarified.'” The
mislocalization in the cytoplasm suggests a loss of all the
functions concerning transcriptional regulation, splicing,
and mRNA stability.

Among RBPs, TDP-43 is certainly considered an inter-
esting target to address neurodegeneration. However, the
elucidation of the basic molecular functions of the protein
and of the effects of their alteration after mutation and
aggregation is required for a targeted approach. Technically,
the interaction of TDP-43 with nucleic acids has already
been explored with high-throughput assays.'”” Interestingly,
the inhibition of TDP-43 aggregate formation has been
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explored by suppressing ataxin-2 expression (necessary for
TDP-43 aggregate formation), by reversing translational
suppression, by stimulating autophagic processing, or by
decreasing TDP-43 mitochondrial localization.'”

Tristretaprolin (TTP) is an RBP containing tandem
CCCH zinc finger (TZF) domains. It strongly binds to ARE
sequences, mainly enriched in the 3'-UTR of mRNAs, regu-
lating their stability and decay. TTP interacts with the
CCR4-CNOT]1 deadenylase complex and favors the decay
of ARE containing mRNAs, including the ones encoding
pro-inflammatory cytokines. TNFa is one of the main tar-
gets of TTP, which causes the specific degradation of this
transcript, as clearly observed in macrophages.'”
Interestingly, the downregulation of TTP in mice leads to
the development of autoimmune diseases due to the
increased release of TNFa.!” For these reasons, TTP has
been proposed as a therapeutic target in inflammatory dis-
eases, with the goal of enhancing its expression using small
molecules.'™ In a more complex paradigm, TTP loss has
been reported in several tumors and associated with poor
prognosis for enhanced cancer cell proliferation, epithelial—
mesenchymal transition, and tumor aggressiveness, as sum-
marized by Guo et al.'”

Discussion/Conclusions

In conclusion, in recent years a number of reports have
highlighted the role of alterations of the posttranscriptional
control of gene expression in disease, and the multiple rea-
sons why specific RBPs could be attractive drug targets.
The advantages of targeting RBPs reside in their intrinsic
pleiotropy and in their ability to simultaneously control
entire subsets of mRNAs, which could in principle allow
the small molecules interfering with them to affect complex
cellular programs deranged in disease. Another attractive
feature of RBPs is that several of them act as repressors of
gene expression, or as activators that compete with ncRNAs.
In this case, the inhibition of their activity by small mole-
cules would in principle produce enhancement of the
expression of the RBP targets. This would open up potential
therapeutic solutions for single-gene haploinsufficiency
diseases, to reconstitute physiological levels of expression
of pathologically repressed genes.

Despite these exciting perspectives, the strategies to
develop therapeutic approaches against RNPs face several
challenges. The first directly relies on the RBP pleiotropy,
which exposes any pharmacological interventions to the
risk of unwanted effects, involving a fine tuning in the
medicinal chemistry phase to reach the required specificity.
Medicinal chemistry campaigns are also likely necessary
for the development of lead compounds requiring large
hydrophobic cores, as several of the RBP hits are predicted
to contain. Again, in terms of selectivity, one of the main

biological challenges of RNP complexes is first related to
the strong avidity (often detected in the nanomolar range)
that limits the competition kinetics of small molecules at the
levels of the association between the ligands with a weak or
no effect on the dissociation. Second, the presence of
homologous protein domains shared by RBPs can be
responsible, by competition, for a limited intracellular effi-
cacy of the small molecules. It is worth noting that the effi-
cient activity as well as the subcellular localization of an
RBP is a result of the global protein conformation that
assists the RNA recognition and is often posttranslationally
modified to confer target preferences.

Future screening strategies should take care to use chem-
ical libraries as diverse as possible and include noncanoni-
cal chemotypes (i.e., violating Lipinski’s rule of five), such
as various natural compounds or macrocycles, as well as
using fragment libraries to identify useful chemical scaf-
folds and hot spots in protein pockets.'’®

Furthermore, computational predictions can be success-
fully applied to RNPs, analyzing targets with known 3D
structure and scanning their shape in search of pockets with
favorable physicochemical and geometrical properties
(hydrophobicity, size, compactness, hydrogen bond donor
and acceptor surface areas, and amino acid composition in
pockets) or running fragment-based virtual screening.'’”!®
These methods are cost-saving and timely with respect to
the experimental approach, with the drawbacks of being
limited to targets with known structures and hardly appli-
cable when significant flexibility and conformational adap-
tivity are present at the binding site.

These challenges can be successfully addressed when
deep structural insights about the ligands are available and
the dynamics of the biological process involving that spe-
cific RNA-RBP interaction is elucidated. For these reasons,
compounds identified through primary and counter HTSs
need to be validated by at least two rounds of complemen-
tary approaches: (1) a technical validation only successfully
achieved by the smart combination of different (in princi-
ple) assays, and (2) a biological validation of the small mol-
ecule in cellular and in in vivo models where the
pathophysiology of the RBP is known to generate specific
readouts. These integrated approaches will be necessary to
understand the pathological relevance of specific RBPs and
their effect in regulating constitutive pathways, whose inhi-
bition might result in potential toxicities when administered
at the systemic level, as showed by the case of the drug
E7107 targeting SF3BI1.

In order to deal effectively with these obstacles, a num-
ber of tailored strategies can be suggested. The attempts so
far conducted to explore the RNP as targets have generated
important advancements in understanding their biochemi-
cal activity and additional efforts should be undertaken to
implement novel technologies, suitable for HTS, to study
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the interactions and their dynamics at the intracellular level,
with the final goal of discovering novel drugs or developing
chemical probes as powerful research tools.
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ABSTRACT: The human antigen R (HuR) is an RNA-binding
protein known to modulate the expression of target mRNA
coding for proteins involved in inflammation, tumorigenesis,
and stress responses and is a valuable drug target. We previ-
ously found that dihydrotanshinone-1 (DHTS, 1) prevents the
association of HuR with its RNA substrate, thus imparing its
function. Herein, inspired by DHTS structure, we designed
and synthesized an array of ortho-quinones (tanshinone mimics)
using a function-oriented synthetic approach. Among others,
compound 6a and 6n turned out to be more effective than 1,
showing a nanomolar K; and disrupting HuR binding to RNA
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in cells. A combined approach of NMR titration and molecular dynamics (MD) simulations suggests that 6a stabilizes HuR in a
peculiar closed conformation, which is incompatible with RNA binding. Alpha screen and RNA-electrophoretic mobility shift
assays (REMSA) data on newly synthesized compounds allowed, for the first time, the generation of structure activity rela-
tionships (SARs), thus providing a solid background for the generation of highly effective HuR disruptors.

B INTRODUCTION

The human antigen R (HuR), also known as HuA or ELAVLI,
is an ubiquitously expressed RNA binding protein that binds pref-
erentially to adenine- and uridine-rich elements (ARE) of target
coding and noncoding RNAs.' ™ HuR is primarily localized in
the nucleus, where it exerts post-transcriptional functions such
as splicing®® and alternative polyadenylation,” although it shuttles
to the cytoplasm carrying the targeted RNA to be spatiotempo-
rally regulated in translation and stability.” As a stress-response
protein, HuR modulates the expression of target mRNA
(containing AREs preferentially in their 3'UTR) coding for
proteins involved in inflammation,® cell division,” tumorigene-
sis,lo’11 angiogenesis,lz’13 metastasis,14 senescence,15 apoptosis,lé’17
immune,'>" or stress responses.”” The importance of HuR
in inflammation and cancer has encouraged the research for

-4 ACS Publications  © 2018 American Chemical Society 1483

inhibitors/modulators to interfere with its biological activity.21
Several compounds have been named as HuR disruptors
(i.e., molecules that can inhibit the HuR—RNA complex for-
mation).””~** For a detailed description of the known inhibi-
tors and their properties, an exhaustive perspective has been
recently published.’’ However, neither systematic structure—
activity relationships (SARs) studies, nor chemical synthesis of
novel families of HuR inhibitors have been reported so far.
From a structural point of view, rational design of HuR inhib-
itors is rather challenging due to the protein conformational
plasticity.””~>* Moreover, HuR switches between at least two
conformations upon binding/unbinding of its RNA substrate:
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an “open” (apo) conformation, which is characterized by almost
no contacts between its first two RNA recognition motif (RRM)
domains, and a “closed” (holo) conformation, which is instead
characterized by a few inter-residue contacts between the RRM
domains.

Recently, as a result of a high throughput screening on a
set of anti-inflammatory agents, we identified 1 (Dihydrotan-
shinone-I, DHTS, Figure 1), a low-molecular-weight natural

(e} (e}
0. O
o I g8
g ° CJ°
dihydrotanshinone | tanshi2|10ne |
1

nanomolar potency nanomolar potency

tanshinone lI1A
3

cryptotanshinone
4

micromolar potency micromolar potency

Figure 1. Naturally occurring tanshinones 1—4.

product able to 1nteract with HuR, thus affecting its post-
transcriptional functions.”’ Compound 1 is a major component
of extracts from Danshen (Salvia miltiorrhiza) used in tradi-
tional Chinese medicine as a treatment for inflammation,
cardiovascular, and cerebrovascular diseases.”> Our detailed
in vitro and in vivo characterization of 1 showed the HuR depen-
dency of its mechanism of action’” and its potency on cancer-
linked HuR—mRNA interactions.'’ Naturally occurring tan-
shinones 2—4 (Figure 1) were tested as HuR inhibitors,
observing a preference for an aryl condensed (compounds 1,2)
vs saturated D rings (compounds 3,4).”

Structural complexity has long hindered the synthetic exploi-
tation of natural products as drug-oriented chemotypes. How—
ever, molecular editing through dlverted total synthesis®® and
function-oriented synthesis (FOS)*” are synthetic paths that
help to transform a natural product to a simpler, equally active
synthetic analogue.”

We applied a FOS approach to 1, starting from the bicyclic
A—B scaffold 5 (Figure 2). It contains the o-quinone group
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Figure 2. Tanshinone mimics as HuR inhibitors: core scaffold,

function-oriented synthesis, active analogues.
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and a pyrrole A ring, to provide novel, 1-inspired, synthetic
tanshinone mimics bearing R;-R, substitutions. Here the syn-
thesis of a small library of tanshinone mimics 6a—t, w, bearing
substitutions in positions 1, 3, 6, and 7, is reported. Tanshinone
mimics were tested for inhibition of HuR—RNA interactions
and SARs were established. The most potent HuR inhibitor 6a
(Figure 2) was further characterized in a panel of in vitro and
cellular assays and showed a direct Ky, of 4.5 yuM to HuR. The
molecular interaction of 6a with HuR and with the HuR—
mRNA complex was also elucidated via a combined approach
of NMR and computational studies and grounded the path for
the next generation of HuR inhibitors.

B RESULTS AND DISCUSSION

Synthesis. Retrosynthesis. A FOS-based approach to natu-
ral products analogues entails the design of an uncomplicated
synthetic strategy toward equally active, significantly simpler
compounds. We built our strategy around a B ring-like ortho-
quinone and we opted for a substituted, N-sulfonylatedbicyclic
A-B scaffold 6 as a function-oriented replacement for the
tanshinone A—D ring system. The furan-pyrrole A ring switch
was meant to provide HuR inhibition-inspired novelty, as the
N-substituted mdole MPTOB098 (7, Figure 2) is a negative
modulator of HuR.** This compound bears a substituted
sulfonamide in position 1, which was introduced on our A ring
(scaffold 6) to increase potency and further diversify our
mimics from naturally occurring tanshinones.

We reasoned that a preliminary SAR around positions 1, 3, 6,
and 7 on scaffold 6 could be established by exploiting
N-sulfonylations (functionalization of N-1, —SO,R;), Suzuki
couphngs (functionalization of C-3, -R,), radical CH functional-
izations " and Michael additions (functionalization of C-7, -Rs)
and Diels—Alder cycloadditions (functionalization of C-6 and
C-7, -cycloR;-R,, Figure 2).

As to synthetic targets 6 (R;, Ry, R;# H, or R, - R# H,
Scheme 1), we envisaged that functionalization of C-6 and/or

Scheme 1. Retrosynthetic Analysis to Tanshinone Mimics 6

O
(@]
’Z/ZJ
N

A\ [ —
N
Ry >3S0 =0
O Ry O R,
6 (R4 and/or Ry # H) 6 (R3, R4 =H)
ﬂ R
MeO 2
\ <;:. A
N
H N -
g =0
8 Ry

C-7 could be carried out on 1,3-disubstituted indole-4,5-diones
6 (R, R, = H). Such compounds could be made by
O-demethylation and oxidation of 1,3-disubstituted 5-methox-
yindoles 9. Compounds 9 could be prepared by 3-bromination
of commercially available S-methoxyindole 8, followed by
N-sulfonylation and Suzuki coupling (Scheme 1).
1-Alkyl/Arylsulfonyl-3-aryl Indole-4,5-Diones 6a—6j. The
retrosynthetic scheme leading to 1,3-disubstituted indole-4,5-
diones 6 (R,, R,# H, R; = R, = H, Figure 1) was validated by
synthesizing 1-phenylsulfonyl-3-phenyl indole-4,5-dione 6a
(Scheme 2). S-Methoxyindole 8 was brominated in position

DOI: 10.1021/acs.jmedchem.7b01176
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Scheme 2. Synthesis of 1-Phenylsulfonyl-3-aryl Indole-4,5-
diones 6a—c”

Br Br
eO MeO MeO
\©\/\§ _a \ b \
N H N\
8 H 10 1 S=o0
0
Rz R2 o R2
c MeO HO R O
e N —> N & N
N N
9a-c ¢ 12a-c 6a-c ¢
=, S=,
a, R, =Ph o/’s o o//s 0 O// o
b, R, = 0-MePh
¢, Ry = p-NMe,Ph

“Reagents and conditions: (a) Br,, DMF, rt, 24 h, 74%; (b) PhSO,C],
n-Bu,N*HSO,", aqueous 50% KOH, CH,CL, rt, 3 h, 90%; (c) ary-
Iboronic acid, Pd(PPh,),, dry DME/EtOH 4/1, N, atmosphere, rt, reflux,
8 h, 83—92%; (d) 1 M BBr; in dry CH,Cl,, N, atmosphere, =78 to S °C,
87—99%; (e) IBX, EtOAc (40 °C) or DMF (rt), 2 to 24 h, 87—96%.

3 (step a, compound 10) and treated with phenylsulfonyl
chloride (step b). 3-Bromo phenylsulfonamide 11 was reacted
with phenyl boronic acid in a Suzuki coupling (step c) to
provide, after careful optimization of the experimental protocol,
1-phenylsulfonyl-3-phenyl-S-methoxyindole 9a. Demethylation
(step d, compound 12a) and oxidation with IBX*' (step e) led
to 1-phenylsulfonyl-3-phenyl indole-4,5-dione 6a (Scheme 2)
with an overall ~35% yield.

3-Bromo phenylsulfonamide 11 was reacted with o- (R, =
0-MePh, 9b) and p-substituted phenyl boronic acid (R, =
p-NMe,Ph, 9¢c) (step c), and respectively converted to
1-phenylsulfonyl-3-0-methylphenyl indole-4,5-dione 6b and
1-phenylsulfonyl-3-p-dimethylaminophenyl indole-4,5-dione
6¢ (steps d,e, Scheme 2) as reported for 6a.

The synthesis of p-substituted (R, = p-OMe, 9d) and
m-substituted (R, = m-OMe, 9e) aryl ethers (Scheme 3) required

Scheme 3. Synthesis of 1-Phenylsulfonyl-3-methoxyphenyl
Indole-4,5-diones 6d,e”

Br Rs

RO HO o) ?
N b N > A
N N N

\

/SEO S=0 e
1;2 Me O/z 6d-e O/E

“Reagents and conditions: (a) 1 M BBr; in dry CH,Cl, N,
atmosphere, —78 to S °C, 86%; (b) methoxyphenylboronic acid,
Pd(PPh;),, dry DME/EtOH 4/1, N, atmosphere, rt, reflux, 8 h,
79—85%; (c) IBX, DMEF, rt, 6 to 48 h, 67—87%.

12d-e
d R, = p-OMePh
e, R, = m-OMePh

demethylation of the S-methoxy group on 3-bromo phenyl-
sulfonamide 11 (step a) before Suzuki coupling (step b) and IBX
oxidation (step c, Scheme 3) to avoid undesired demethylation of
the 3-m- or p-methoxyphenyl group.

We attempted the synthesis of 1-alkylsulfonyl or 1-m/
p-substituted arylsulfonyl-3-phenyl indole-4,5-diones 6f—1 by
replacing phenylsulfonyl chloride with alkyl- or m/p-arylsulfonyl
chlorides (Scheme 2). Unfortunately, the Suzuki coupling proto-
col optimized for the synthesis of 9a was not applicable as such
to other sulfonamides. Thus, we synthesized compounds
6f-i,k] according to the longer, more efficient strategy depicted
in Scheme 4.
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Scheme 4. Synthesis of 1-Alkyl/Arylsulfonyl-3-phenyl
Indole-4,5-diones 6f—i,k 1

M M
eO eO R1 Al'yl \‘g
N bR =Me N

\

of-l // \R
fRy=p- NOzPh
g, Ry =m-NO,Ph
c h, Ry = p-FPh
i, Ry =m-FPh
j, Ry = p-NH,Ph
. Ry = p-AcNHPh j d
I, Ry =Me

o
GREE
N

12f-i, k, | O/,S\;o
1

HO
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o O
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6f-i, k, | o,/s\;?

“Reagents and conditions: (a) aqueous 3 M NaOH, 2/1 MeOH/THF,
80 °C, 2 h, 98%; (b) R,S0,Cl, n-Bu,N*HSO,", 50% KOH, CH,Cl,, rt,
3 h, 87—92%; (b’) NaH, mesyl chloride, dry DMF, N, atmosphere,
0 °C to rt, 3 h, 59%; (c); SnCl,-2H,0, 1/1 THF/MeOH, 80 °C, 2 h,
95%; (d); Ac,O, pyridine, CH,CL,, rt, 22 h, 82%; (e) 1 M BBr; in dry
CH,Cl,, N, atmosphere, —78 to S °C, 73—99%; (f) IBX, EtOAc (40 °C)
or DMF (rt), 2 to 24 h, 87—96%.

1-Phenylsulfonyl-3-phenyl-5-methoxyindole 9a was desulfo-
nylated (step a, compound 14) and treated with aryl- (step b)
or alkylsulfonamides (step b’) to provide 1-m/p-substituted
arylsulfonyl- and 1-methylsulfonyl-3-phenyl-S-methoxy indoles
(respectively 9f—i and 91) in good to excellent yields. 1-p-
Nitrophenylsulfonyl-3-phenyl-5-methoxyindole 9f was reduced
(step ¢, amine 9j) and acetylated to 1-p-acetamidophenylsul-
fonyl-3-phenyl-S-methoxyindole 9k (step d). Conversion of
aryl ethers 9f—ikl into 1-m/p-substituted arylsulfonyl- or
1-alkylsulfonyl-3-phenyl indole-4,5-diones 6f—ik,] (steps e and f,
Scheme 4) was carried out as previously described for 6a.

1-Phenylsulfonyl-3-phenyl-7-thioaryl Indole-4,5-diones
6m—60. The retrosynthetic scheme leading to 1,3,7-trisub-
stituted indole-4,5-diones 6 (R, R,# H, R; = S—Ar, R, = H,
Figure 2) was validated by synthesizing 1-phenylsulfonyl-3-
phenyl-7-thiophenylindole-4,5-dione 6m (Scheme §) via

Scheme S. Synthesis of 1-Phenylsulfonyl-3-phenyl-7-thioaryl
Indole-4,5-diones 6m—60*

OH

O ; O ;
6m-0 R; /
m, R; = SPh

n, R3—SpOMePh

o Ry = S-p- (CHZCOOH)Ph

Rs ~o

“Reagents and conditions: (a) aryl thiol, DMF, 2—3 h, rt, 62—88%;
(b) IBX, DMF, 2 h, rt, 52—56%.

Michael addition of substituted benzenethiols on o-quinones.*'
Namely, 1-phenylsulfonyl-3-phenyl indole-4,5-dione 6a was
treated with thiophenol (step a), providing 1-phenylsulfonyl-3-
phenyl-7-thiophenylindole-4,5-dione 6m after oxidation of the
reduced form (step b, Scheme 5) in moderate yield after

DOI: 10.1021/acs.jmedchem.7b01176
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extensive optimization. The optimized experimental protocol
was used with p-methoxybenzenethiol (6n) and p-carboxyme-
thylbenzenethiol (60), observing moderate two step yields for
both quinones.

1-Phenylsulfonyl-3-phenyl-7-aryl Indole-4,5-diones 6p—6t.
The retrosynthetic scheme leading to 1,3,7-trisubstituted indole-
4,5-diones 6 (R, R,, R;# H, R, = H, Figure 1) was validated by
synthesizing 1-phenylsulfonyl-3,7-diphenylindole-4,5-dione 6p
(Scheme 6) via Mn(III)-mediated radical addition of boronic

Scheme 6. Synthesis of 1-Phenylsulfonyl-3-phenyl-7-aryl
Indole-4,5-diones 6p—6t“
o O

(0]
(0] a (0]
Qs I G "
N N
6a O//S:O 6pt Ry SO
P, R = Ph
4, R3 = p-NO,Ph
r, Rz = p-MeOPh
s, R3 = m-MeOPh
t, R; =Me

“Reagents and conditions: (a) boronic acid, Mn(OAc)s, 1,2-dichloro-
ethane, 80 °C, 30 to 150 min, 14—36%.

40,42

acids. 1-Phenylsulfonyl-3-phenyl indole-4,5-dione 6a was
treated with phenylboronic acid and Mn(OAc); (step a), provid-
ing 1-phenylsulfonyl-3,7-diphenylindole-4,5-dione 6p (Scheme 6).
The experimental protocol required extensive optimization,
and a moderate yield was finally obtained. The optimized experi-
mental protocol was then used with aryl- (6q—s) and alkylbo-
ronic acids (6t), adapting the reaction time to each substrate
(Scheme S) and observing poor to moderate reaction yields.
Diels—Alder Cycloadducts 6u—6w. Validation of the retro-
synthetic scheme to 1,3,6,7-tetrasubstituted indole-4,5-diones 6
(R, Ry# H, cyclo RyR,, Figure 1) targeted 1-phenyl-3-
phenylsulfonyl-6-methylphenantro[1,2-b]pyrrole-10,11-dione 6v.
We envisaged a Diels—Alder cycloaddition between 1-phenyl-
sulfonyl-3-phenyl indole-4,5-dione 6a and 6-methyl-1-
vinylcyclohexene 15a, followed by DDQ dehydrogenation/
aromatization of tetrahydrocycloadduct 6u to aromatic 6v
(Scheme 7). Unfortunately, we could not obtain pure diene

Scheme 7. Attempted Synthesis of 6,7,8,9-Tetrahydro-1-
phenyl-3-phenylsulfonyl-phenanthro[1,2-b]indole-10,11-
dione 6v

o g =
o
s
N
6a O//SE:O 15a

15a in reasonable amounts following the published synthetic
procedure.*

Due to the inhibitory activity observed with bicyclic indole-
4,5-dione 6a and some of its congeners, a tetracyclic,
tanshinone-like core should not be necessarily needed to
prevent HuR—mRNA interactions. Thus, cycloadditions on
dienophile 6a were targeted to introduce potency-oriented
(additional interactions with the binding site on HuR) and/or
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“druggability”-oriented substitutions on C-6 and C-7 (modu-
lation of selectivity, solubility, and lipophilicity, etc.).

Diels—Alder cycloaddition between 1,3-cyclohexadiene 15b
and dienophile 6a provided a mixture of desired ortho-quinone
6w and diphenol 16b (step a, Scheme 8). Oxidation (step b)
converted the mixture to pure 6w.

Scheme 8. Synthesis of Cycloadduct 6w*

“Reagents and conditions: (a) cat. dry ZnCl,, dry CH,Cl,, Ar atmo-
sphere, 0 °C, S min, 88%; (b) CAN, 2/1 MeCN/H,0, 0 °C, 10 min,
quantitative.

A more systematic effort toward tanshinone-like 1,3,6,7-
tetrasubstituted indole-4,5-diones 6 (R;, R,# H, cyclo R;R,,
Figure 1) will be carried out, and reported in future.

Biochemical Characterization. Compounds 6a and 6n
Are More Effective than 1 in Inhibiting the HUR—RNA Complex
Formation. Tanshinone mimics 6a—i, 6k—t, and 6w were evalu-
ated using a previously developed biochemical tool based on
Amplified Luminescent Proximity Homogenous Assay Alpha-
Screen technology.27’28 Recombinant His-tagged HuR (rHuR)
bound to nickel chelate acceptor beads was incubated with a
biotinylated single-strand AU-rich RNA probe (Bi—AU),
recognized by streptavidin-coated donor beads. When rHuR
binds to the Bi—AU, the beads are brought into proximity and a
fluorescent signal can be detected. We evaluated the ability of
tanshinone mimics to inhibit the rHuR—Bi—AU complex forma-
tion in saturation binding conditions. Knowing that the Ky, value
for the rHuR—Bi—AU interaction is 2.5 nM,”” we fitted on
AlphaScreen saturation curves the K; values, quantifying the
inhibitory efliciency of tested compounds from high to low
nanomolar range (Table 1). Among tanshinone mimics show-
ing K; with a percentage of inhibition >50%, compounds 6a
(K, = 12.8 nM) and 6n (K, = 15 nM) were more effective
than 1, whereas compounds 6h, 6k, 6], 6r, and 6s showed similar
activit;r (Figure 3 and Table 1). Consistently with previous
data,”” K, value of our compounds changes according to the
host in which the recombinant protein is produced (Supporting
Figure 1).

Tanshinone mimics 6b, 6f, 6m, and 60 resulted interfered
with the emitted fluorescence in AlphaScreen;*** thus, we pro-
ceeded with a second independent, orthogonal assay protocol
for these and a few other tanshinone mimics (Figure 4 and
Supporting Figures 2 and 3). We evaluated their inhibitory
activity via a non denaturing and non-cross-linked REMSA.””**
After we mixed at least 10-fold excess of rHuR with 75 fmol
of 5'-DY681-labeled AU-rich RNA probe (DY681-AU) or with
25 nM of FAM-RNA probe, we observed the formation of the
higher, oligomeric molecular weight complex between protein
and RNA. The concomitant addition of active tanshinone
mimics (S #M concentration) caused a reduction of the shifted
RNA probe, allowing qualitative estimation of their inhibitory
ability toward the Bi—AU ligand at equilibrium. We noticed a
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Table 1. Abilities of Tanshinone Mimics To Inhibit the
rHuR—Bi—AU Complex Formation”

Cpd Structure Ki,' nM | Cpd Structure Ki,' nM
O
O. o.
) \
1 o 50 6a N 12.8
o0
N\
N—
o &
o,
6b Interfering® | 6¢ ‘ N\ >100
N
0=5°
0\
o.
U5
6d >200 6e N >200
0-8°°
o,
N\
6f Interfering* | 6g Oi“\s;o >100
-o;Ni
by
o &
o.
UL
6h 48 6i N o >100
05"
Fj
o &
6k 81 a | ° ‘ N\ 56
o
=57
o
6m Interfering® | 6n 15
60 Interfering® | 6p >100
6q >100 6r 41
6s 55 6t >200
6w >300

“Notes: 'Concentration (nM) leading to half-maximal inhibition of
rHuR—Bi—AU complex. *Interfering with the fluorescence spectra of
excitation—emission of donor and acceptor beads (histidine (nickel)
chelate detection kit).

concordance between the two biochemical assays for com-
pounds 6a, 6¢, 6k, 6n, 6p—6t, and 6w. Tanshinone mimics 6b,
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Figure 3. K; calculation by Alpha screen assessing specific binding of
His-tagged HuR and the AU-rich biotinylated RNA. K; were calculated
with respect to a Kp of 2.5 nM for the rHuR—Bi—AU interaction
and normalized to control (DMSO). Fitting curves show nonlinear
regression fits of the data according to a l-site binding model in
GraphPad Prism. Plotted bars are mean + SD of two independent
experiments.

. + 6a 6b 6f 6g 6h 61 6n 6m 6o
o as :- .’ ;'

Figure 4. REMSA characterization of selected tanshinone mimics.
REMSA assay performed with at least 10-fold excess of recombinant
HuR incubated for 30 min with 75 fmol of 5'-DY681-labeled RNA
probe. Incubation with RNA probe only (—), with rHuR, RNA probe
and DMSO (+) used as positive control of the binding, and incubation
with tanshinone mimics 6 (5 uM).

6f, 6m, and 60 were therefore classified as inhibitors endowed
with intermediate potency (Figure 4). Compound 6a was tested
for binding to RNA probe via REMSA and circular dichroism
(CD) (Supporting Figure 4A,B), showing no interference with
the fluorescent probe and no change of the RNA conformation,
thus suggesting the absence of an interaction with RNA.
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Tanshinone Mimic 6a Directly Binds to HuR Protein and
Modulates Its Binding with Intracellular Target mRNAs.
Compound 6a was selected among the most potent tanshinone
mimics for further evaluation. It showed a similar mechanism to
1 in interacting with the truncated form of HuR comprising the
first two RRM domains (RRM1-RRM2) but not with the third
domain (RRM3) and not with the RNA probe (Supporting
Figure 4 and $).

Dynamic mass redistribution (DMR) analysis*® revealed, in a
label-free format, a direct protein:6a interaction at the equi-
librium (Figure 5). Full-length rHuR was immobilized onto the

60+ — 6a
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Figure 5. Compound 6a binds to recombinant HuR. Different con-
centrations of 6a were added to label-free microplate wells on which
aliquots of full-length protein had previously been immobilized. Mea-
surements were performed before (baseline, protein-coated wells) and
after (final) adding the compound. The response (pm) was obtained
subtracting the baseline output from the final output signals. The
output signal for each well was obtained by subtracting the signal of
the protein-coated reference area from the signal of uncoated area. The
data (red dots) were fitted (black line) to a sigmoidal function using
a 4-parameter logistic (4PL) nonlinear regression model: R* = 0.944;
p = 0.009.

surface of label-free microplates by amine-coupling chemistry.
Different amounts of 6a (0.03—100 M) were added to the
wells and the mass of molecular complexes was detected after
30 min incubation. Dose-dependent binding of 6a to rHuR
was observed in the 0.3—10 uM range, sufficient to obtain
saturation. The estimated affinity constant (Kp) was ~4.5 uM.
The same experiment was performed with 1, but it was impos-
sible to evaluate the Ky, due to its poor solubility.””

We then determined if 6a was interfering on HuR—RNA
binding in MCF7 cells. We performed an RNA immunopre-
cipitation (RIP) assay’’ on MCF?7 extracts testing three vali-
dated HuR transcripts. We clearly observed a subsequent decrease
of the relative number of mRNA copies and a decreased expres-
sion level of such mRNAs (ERBB2, CTNNBI, VEGF) but not
of non target genes (RPLPO, HPRT1) (Figure 6A,B). There-
fore, compound 6a directly binds to HuR both in vitro and in
cellular context, in a region contained between the first two
RRM domains.

NMR and Molecular Modeling. Tanshinone Mimic 6a
Blocks HuR in a “Closed” Conformation. The 2D 'H-"N
HSQC spectrum of RRMI1-RRM2 domains showed well-
dispersed signals in accordance with a folded protein structure,
whose residues, including those of the linker region, have been
previously assigned.”” The resonances of residues forming the
RRMI domain are almost the same in the isolated domain™®
and in the RRM1-RRM2 construct. The large superimposition
of the signals in the isolated RRM1 and in the tandem domains
is in agreement with the relaxation data that show as the two
domains move independently in solution in the absence of
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Figure 6. RIP and quantitative real-time PCR (qRT-PCR). (A) RIP
was performed in MCF7 cells, lysed after 6 h treatment with DMSO
(CTRL), 1 (1 uM) or 6a (S uM). HuR antibody (IP) and an IgG
isotype (IgG) were used for RNA precipitation. Changes in the
mRNAs bound to HuR in the control or treatment condition were
assessed by qRT PCR and compared with the ones obtained with IgG
precipitation, used as negative control. The relative values (Fold
enrichment) were normalized to IgG, considering the value of the
housekeeping gene RPLPO. (B) MCF7 were treated with 6a (S uM)
for 6 h to evaluate changes in total RNA levels. Expression level of
ERBB2, CTNNBI, VEGF, RPLPO, and HPRT1 were measured by
gRT-PCR and normalized to RNA18s. Data are presented as mean + SD
of a biological triplicate (*p < 0.05 and **p < 0.01 versus CTRL).

RNA.”” In line with the previously reported crystal structures of
HuR, each domain in the RRM1-RRM2 construct is constituted
by two a-helices and four f-strands.”

The molecular interaction of 6a with RRM1-RRM2 tandem
domains of HuR was evaluated through solution NMR.>’ Com-
pound 6a shows improved solubility with respect to 1.> Its
effects on the protein are appreciable in the 2D 'H—""N HSQC
in the presence of 0.6 equiv of the ligand, whereas with 1 compa-
rable effects were observed after the addition of 4 equiv. As also
reported for 1,”” a generalized decrease in signal intensity was
observed for the protein resonances, with few residues (Thr20,
Leu22, Val66, Ser94, Tyr9S, lle103, Asn107, Leul08, Tyr109,
Tle133, Val137, Leul38, Val139, Serl46) experiencing a stron-
ger effect (Figure 7). Tanshinone mimic 6a and 1 interact with
the protein in the same region, i.e. the S-platform of both domains.
In particular, eight amino acids (Thr20, Ser94, Tyr9S, Asn107,
Leul08, Ile133, Vall37, Leul38) experience a decrease in
signal intensity with both ligands.

The generalized decrease of signal intensity, together with
the distribution of affected residues over the large surfaces of
the f-platform in each domain suggests an alteration of the
equilibrium between “closed” and “open” conformations upon
ligand binding. Specifically, the decrease of signal intensity was
consistent with a mechanism where compound 6a stabilizes a
“closed” conformation of HuR. Collectively, NMR analysis
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Figure 7. Compound 6a stabilized recombinant HuR in a “closed”
conformation. (A) Graphical representation of the intensity changes of
RRM1-RRM2 HuR protein per residues in the presence of 0.6 equiv
of 6a. The residues exhibiting the highest decreases in signal intensities
are colored in red. The secondary structures of the domains are
reported on the graph. (B) Surface representation of the closed
(PDB ID: 4EDS) conformation of HuR. The residues exhibiting the
largest decrease in signal intensities in the presence of 0.6 equiv of 6a
are shown in red.

indicates that 1 and 6a bind the HuR protein approximately in
the same region, producing similar effects on protein dynamics.
However, it is interesting to note that one residue (Ile103) of
the interdomain linker (hereafter referred to as “hinge” loop) is

sensitive to 6a and not to 1. This experimental evidence would
suggest for 6a a binding site in a more close proximity of the
hinge loop, with respect to 1. To better explore this possibility,
a molecular modeling study was performed.

To this purpose, a combined approach of docking cal-
culations and extended molecular dynamics (MD) simulations
was applied. Specifically, we first attempted a “blind” docking to
the entire HuR surface, using two different docking software to
better sample the binding space (AutoDock4.2 and Glide 6.5).
Most of the highest-score poses of 6a suggested by AutoDock
were located within the RNA binding cleft (residues 18 to 95 of
RRMI and 107 to 185 of RRM2) and in proximity of the
“hinge” loop. On the other hand, docking results with Glide
converged toward one solution, which was different from those
predicted by Autodock, though it was placed in proximity of the
“hinge” loop as well. Therefore, albeit these results seem to
indicate the region surrounding the “hinge” loop as the most
likely binding region for 6a, docking failed to unequivocally
pinpoint one privileged binding mode, likely owing to omission
of full receptor flexibility from the state-of-the-art docking soft-
ware. To account for the missing receptor flexibility, we carried
out multiple extended MD simulations on a reasonable number
of 6a binding modes, for a total simulation time of 6 us, and
assessed their relative stability. Specifically, we opted for the
binding pose predicted by Glide (Figure 8A) and the three best
ranked and most diverse poses (in terms of root-mean-square
deviation (RMSD) predicted by AutoDock) (Figure 8B,C,D).
In all four cases, 6a drifted away from its starting docking
position and explored a significant portion of the HuR surface,
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Figure 8. (A—D) 6a exploration of the HuR RNA-binding pocket for each simulated pose. HuR is shown as purple cartoons, while the 6a center of
mass is shown as spheres colored according to the simulation time. (E,F) Global view of the HuR—6a complexes in each final MD simulation pose.
Note how the binding of 6a (green sticks) to HuR and the further closure of the mRNA binding cleft, as compared to the mRNA-bound
conformation (yellow), prevent the accommodation of the mRNA strand (red ribbons). In both groups of pictures, panels related to the pose
predicted by Glide and the three highest score poses predicted by Autodock are arranged from left to right, respectively.
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as can be observed by following the movement of the center of
mass of 6a (Figure 8A—D), its RMSD vs time (Supporting
Figure 6A) or its distance from the center of mass of the two
RRM domains (Supporting Figure 6B). After about 1 ps, each
starting docking pose got stabilized and evolved to different
final binding modes (Figure 8E-H) which remain individually
stable for almost 500 ns. Specifically, out of the four final
binding poses, one was located outside the RNA binding cleft
(the Glide predicted binding pose, Figure 8E) while the other
three were located within the latter pocket, in correspondence
or in close proximity of the “hinge” loop. In these final poses 6a
stabilizes HuR in a conformational state that is structurally
incompatible with RNA binding. In fact, in each case the two
RRM domains were found to be more in contact with each other
than in the HUR—RNA complex crystal structure (Figure 8E—H).
Accordingly, we observed an increase in both the number of
non-native interdomain contacts and the amount of surface
area “buried” between the two RRM domains (see respectively
Supporting Figure 7A and 7B). These results indicate that
binding of 6a to HuR is correlated with a closure of the RNA
binding cleft and, consequently, with an overall decrease in the
amount of interdomain space accessible for RNA binding.
Nevertheless, among the four poses issuing from our mod-
eling approach, the one depicted in Figure 8F and more in detail
in Figure 9 seems to be more in agreement with both the NMR
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Figure 9. Most likely binding mode of 6a (green sticks) to HuR
(purple cartoons), as issuing from a representative structure of the last
500 ns of the MD simulation. HuR residues involved in binding
interactions with 6a are displayed as sticks.

data and the SARs reported here. Specifically, 6a was found
between the RRM1 beta sheets (1, 2, 33), the N-terminal
part of the RRM2 a2 helix and the “hinge” loop. In this binding
arrangement (Figure 9), the phenyl ring in R, is accommodated
in a narrow, laterally open, hydrophobic pocket, shaped by
Ile103, Ser99, Lys104 and Lys156 residues, with which it estab-
lishes several CH-7 interactions. Notably, one sulfonyloxygens
establishes a water-bridged H-bond with the backbone C=0
of Ala96, while the phenyl ring in R,, forms a cation-z inter-
action with Lys156 and several CH-7 interactions with the CH,
groups of Ser48, Lys50, Asn67 and Lysl156. The indole-4,
S-dione moiety is inserted in a solvent exposed pocket, where it
establishes CH-7 interactions with Ala96, Lys156, Ser158 and, a
m-stacking interaction with Phe6S. In this regard, the quinone-
oxygens, which point to the solvent exposed part of the pocket,
likely play a crucial role in strengthening the z-stacking inter-
action with Phe6S.
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As compared to the other poses, in the above-described bind-
ing mode, 6a is in close proximity with a larger number of HuR
residues exhibiting the highest decreases in NMR signal inten-
sity (Figure 7A). Precisely, these residues are Leu22, Val66, and
Ile103. Notably, NMR pinpointed 1103 in the “hinge” loop as a
residue sensitive to binding of 6a but not of 1, which is known
to stabilize HuR in a closed form without stably interacting with
the “hinge” loop.”” As compared to the other binding poses,
which are located either outside the RNA binding cleft or in
more solvent exposed regions, this binding mode (Figure 9)
would be in line also with SARs studies. It would explain why
substitutions on the phenyl ring in R, (6f, 6g, 6h, 6i, 6k, 6l),
though still causing a drop in the activity, are generally better
tolerated than those on the phenyl ring in R, (6b, 6c, 6d, 6e).
In fact, thanks to the additional lateral space in the pocket
hosting the phenyl ring in R;, this ring could slightly rotate
around the S—N bond so as to allow the attachment of various
substituents, even large ones as in the case of 6k. This would
not be possible at position R,, owing to potential steric clashes
with residues shaping the pocket where it is hosted. This
binding mode would also explain why the addition of electron-
drawing substituents on the phenyl group in R, (6f, 6g, 6h, 6i),
particularly at the meta position (6g, 6i), also causes a drop in
the activity. In fact, these substitutions would likely weaken
the aforementioned water-bridged H-bond with Arg97. Finally,
SARs indicate that the addition of rigid and bulky substituents
at position 6—7 (see 6w) or 7 (6p, 6q, 6r, 6s, 6t) of the bicyclic
scaffold (B ring) is also generally detrimental to binding. Steric
clashes with the adjacent sulfonamidic group are very likely to
arise as a result of their introduction, which would force a rota-
tion around the S—N bond. That, according to our model,
would in turn lead to a rupture of the water-bridged H-bond
with Ala96 and of the hydrophobic interactions of the phenyl
ring in Ry. In the case of 6q, but especially of 6r and 6s, the
presence of a H-bond donor at position 7 may partially com-
pensate for these detrimental effects through the potential
formation of a H-bond with the near Arg97 side chain. The
only exception to this trend is represented by 6n, where the
presence of a sulfur atom directly linked to the scaffold likely
increases the rotational flexibility and makes the addition of a
bulky group well tolerated.

In conclusion, our NMR and molecular modeling data pro-
vide useful insights into the binding mode and mechanism of
action of this family of compounds, suggesting that they most
likely bind HuR at the “hinge” region between the two RRM
domains and stabilize HuR in a peculiar closed conformation,
which is incompatible with RNA binding.

Biological Activity in Cancer Cell Lines. Selected Tan-
shinone Mimics Show Micromolar Cytotoxicity in Cancer Cells.
We previously reported that the anticancer effects of 1 are
influenced by HuR dosage, demonstrating that HuR is func-
tionally connected with the intracellular effects of this pleio-
tropic natural product.” Similarly to 1, the localization of HuR
did not change during treatment with 6a or other tanshinone
mimics, suggesting that inhibition of HuR is connected with its
binding performances and not with its subcellular localization
(Figure 10).

We evaluated the cytotoxic effects of tanshinone mimics. Com-
pounds 6a and 6n affected the viability of cells when treated for
72 h, together with 6b, 6m, 6k, 61 and 6t at higher dosages
(Figure 11). They were tested on breast cancer cell lines MCF7
and MDA-MB-231, and on pancreatic ductal adenocarcinoma
cell line PANC-1. Tanshinone mimics were generally less effec-
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Figure 10. Representative immunofluorescence showing unchanged
subcellular localization of HuR after 6a treatment. HuR (red) or nuclei
(blue, DAPI) after staining in MCF7 cells treated for 3 h with DMSO
(CTRL) or 2.5 uM of actinomycin D (ActD)" or 10 4M 6a. Plotted
in the graph are the ratio of HuR fluorescent signal between nucleus
and cytoplasm (N/C). The image plate reader Operetta was used for
image acquisition (40X high NA objective) and evaluation by selecting
13 fields/well. The ratio N/C represents the mean + SD of single cells
for every well (***p < 0.001).

tive than 1 on cell viability (Figure 11, Supporting Table S1),
with an ICyj in the medium #M range (spanning from 20 to
50 uM for compounds 6a, 6b, 6n, and 6m, with PANC-1 being
the most sensitive cell line to the tested compounds). An ICs,
value was achieved for 6a, 6b, 6n, 6m compounds (Figure 11).

Additionally, tanshinone mimic 6a could block the migration
of PANC-1 and MDA-MB-231 cells (Figure 12 and Supporting
Figure 8). Previously identified HuR disruptors show cytotoxic
activity in cancer cell lines and in xenograft models. MS-444
induced cell death in colon cancer cells xenografted in nude
mice,”" as did coumarin analogues in colon cancer cells in vitro.
Additionally, MS-444 chemo-prevented the development of
intestinal tumors in APCmin mice, a model of familial adeno-
matosis polyposis, but it was detrimental in the context of chem-
ically induced inflammatory bowel disease (IBD). In this case,
MS-444 favored azoxymethane/dextran sodium sulfate (AOM/
DSS) tumorigenesis, size and invasiveness, therefore suggesting
a careful evaluation of the utilization of HuR disruptors in the
IBD settings.52 Tanshinone mimics 6a, 6b, 6m, 6n, 6k, 61, and
6t showed moderate ICs, in cancer cell lines, that was com-
parable to MS-444 (5 to 15 uM in colon cancer cell lines)>'
and coumarin analogues (50 to 75 uM effective doses in colon
cancer cell lines).”® Therefore, tanshinone mimics do not affect
HuR mobility directly and are endowed with interesting anti-
tumor properties.
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B CONCLUSIONS

In our previous report, as a result of a high throughput screening
on a set of anti-inflammatory agents, we identified 1, a low-
molecular-weight compound able to interact with HuR, thus
affecting its post-trascriptional functions and contributing to its
cytotoxic properties.”” Very recently, we characterized its
mechanism of action through a multidisciplinary strategy.””
Here, inspired by 1 structure, we designed and synthesized an
array of ortho-quinones (tanshinone mimics). They are the first
family of HuR disruptors, through which the SARs reported
here elucidate the steric/electrostatic requirements of a HuR
binding site. In this regard, two complementary techniques,
Alpha-Screen and REMSA, were used to quantify the inhibitory
activity of tanshinone mimics 6a—t. Among them, compounds 6a
and 6n turned out to be more effective than 1 in HuR binding,
showing a K of 12.8 and 15 nM respectively. In addition, 6a is
the only molecule, to our knowledge, for which a direct Ky
against HuR can be measured through DMR (Kp, ~ 4.5 uM).
A combined approach of in vitro studies, NMR titration and MD
simulations clarified the mechanism of action of compound 6a
that is to stabilize HuR in a peculiar closed conformation, which
is incompatible with RNA binding.

From a biological point of view compound 1 inhibited via-
bility and migration of breast cancer cell lines and induced cell
death in colon cancer cells xenografted in nude mice in a HuR
dependent manner,”” although its pleiotropic effects contribute
to its activity. The diminished cytotoxicity of tanshinone mimics
compared to 1 could be ascribed to the reported multipharma-
cological effects of the latter,” or to limited bioavalability of
tanshinone mimics. Nevertheless, our first generation tanshi-
none mimics are a valuable starting point to generate a more
potent, in vivo active set of anticancer compounds. Our current
efforts aim to further expanding our SARs, and to improve the
efficacy of tanshinone mimics on HuR modulation in cells through
the introduction of solubilizing moieties in position 1 and 7.

B EXPERIMENTAL SECTION

Chemistry. Purity measurements were carried out by HPLC-MS,
using NMR data to corroborate our findings. All our final compounds
resulted to be >95% pure.

General Procedures. '"H NMR spectra were recorded on a Bruker
Avance 400 MHz instrument in CDCl;, CD;0D, or D,O as solvent
at 400 MHz. *C NMR spectra were recorded in CDCl;, CD;0D,
or D,0 as solvent at 101 MHz. Coupling constants are given in Hertz
and are rounded to the nearest 0.1 Hz. LC—MS data were collected
with a Waters Acquity Ultra performance LC equipped with an
Acquity UPLC HSS T3 column (2.1 mm X SO mm, 1.8 ym) and a SQD
detector. Purifications were carried out either by flash chromatography
on silica gel (particle size 60 um, 230—400 mesh), on Kieselgel, or by
Biotage flash chromatography [Biotage columns Si-25-M (150 X 25 mmy;
silica gel (40—63 um), flow rate 25 mL/min)], or by Biotage Cq
reverse phase chromatography [Biotage column C;gHS (150 X 25 mmy;
KP-C;;—HS (35—70 um), flow rate 25 mL/min)]. Final compounds
6a—i, 6k—p, 6s were purified by C,g reverse phase semipreparative
HPLC using a Waters X-Bridge column (19 mm X 15.0 cm, S ym).
Melting points were determined with a Stuart Scientific SMP3 melting
point apparatus. Solvents were distilled and dried according to stan-
dard procedures, and reactions requiring anhydrous conditions were
performed under nitrogen or argon atmosphere.

1-Phenylsulfonyl-3-phenyl-4,5-dioxoindole (6a). IBX*’ (548 mg,
1.96 mmol, 1.2 equiv) was added to a solution of 1-phenylsulfonyl-3-
phenyl-S-hydroxy indole 12a (570 mg, 1.63 mmol, 1 equiv) in EtOAc
(8 mL, ~0.17 M concentration), under vigorous stirring at room tem-
perature. The reaction was monitored by TLC (eluants: n-Hexane/
EtOAc 6/4). After 24 h, the reaction was filtered on Celite. After the
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Figure 11. Cell viability of tanshinone mimics, assessed after 72 h of treatment with the indicated compounds (0—50 #M). Plotted bars are mean + SD
of a biological duplicate, normalized to control (DMSO). Relative IC, and R* were calculated by nonlinear regression curve fitting,

solvent was concentrated, the crude (930 mg, purple solid) was purified
by flash chromatography on silica gel (eluents: n-Hexane/EtOAc 6/4).
Pure compound 6a (515 mg, 1.42 mmol, 87% yield, > 95% purity)
was obtained as a dark red solid, mp 140 °C (dec.). 'H NMR (400 MHz,
acetone d6): 5(ppm) 8.25—8.23 (m, 2H, 0-ArSO,), 8.07 (d, 1H, J =
10.5 Hz, H7), 7.87 (tt, 1H, ] = 7.5 Hz, ] = 1.2 Hz, p-ArSO ,), 7.78—7.74
(m, 3H, H2, m-ArSO,), 7.68—7.65 (m, 2H, o-Ar), 7.40—7.33 (m, 3H,
p-Ar, m-Ar), 621 (d, 1H, J = 10.5 Hz, H6).">*C NMR (75.4 MHz,
acetone d6): 5(ppm) 182.3, 174.8, 138.5, 137.9, 136.5, 132.1, 131.5,
131.3, 130.5, 129.6, 129.1, 128.9, 128.5, 127.1. MS (ESI*): m/z 748.9
[2M+Na*]. Calculated MS, C,oH ;;NO,S: 363.06.
1-Alkyl/arylsulfonyl-3-phenyl-4,5-dioxoindoles, General Oxida-
tion Procedure A (6a, 6f—h, 6l). IBX* (1.2 equiv) was added to a solu-
tion of S-hydroxy indoles (1 equiv) in EtOAc (20.17 M concentration),
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under vigorous stirring at room temperature. The reaction was moni-
tored by TLC. When the reaction was completed (between 7 and 34 h),
the mixture was filtered on Celite. After concentration of the solvent, the
crude was purified by flash chromatography on silica gel, affording pure
1-arylsulfonyl-3-aryl-4,5-dioxo indoles as amorphous solids.
1-Arylsulfonyl-3-aryl-4,5-dioxoindoles, General Oxidation
Procedure B (6b—e, 6i, 6k). IBX*° (1.2 equiv) was added to a solu-
tion of S-hydroxy indoles (1 equiv) in DMF (~0.17 M concentration),
at room temperature and under vigorous stirring. The reaction was
monitored by TLC. When the reaction was completed (between 2 and
48 h), the mixture was diluted with water (20 volumes). The aqueous
phase was extracted with EtOAc (10 volumes, until colorless). The
collected organic layers were washed once with brine (20 volumes),
dried with anhydrous Na,SO,, and filtered. The solvent was removed
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Figure 12. Scratch assay in PANC-1 and MDA-MB-231 cells. Images
of invaded cells at 0, 24, and 48 h after scratching and treatment with
DMSO (CTRL) or 6a were taken from a time-lapse sequence of cell
migration; wounds with consistent shape within each well were gen-
erated using a 200 uL tip. Residual open area at different time points is
indicated as calculated by Image]J software (*p < 0.0S).

under reduced pressure, and the resulting crude was purified by flash
chromatography on silica gel, affording pure 1-arylsulfonyl-3-aryl-4,5-
dioxo indoles as amorphous solids.

1-Phenylsulfonyl-3-phenyl-7-thiophenyl-4,5-dioxoindole
(6m). The title compound (30.2 mg, 45% yield over 2 steps, >
95% purity, mp 136 °C (dec.), purple solid) was prepared from
1-(phenylsulfonyl)-3-phenyl-4,5-dioxo indole 6a (SS mg, 0.15 mmol,
1.0 equiv) andtiophenol (18.2 uL, 0.178 mmol, 1.18 equiv) in DMF
(0.65 mL), following the general procedure for Michael reaction (2.5 h)
and IBX oxidation. 'H NMR (400 MHz, acetone-d6): &(ppm)
7.89-7.63 (m, 12H, Ar), 7.59 (s, 1H, H2), 7.42-7.31 (m, 3H, Ar), 691
(s, 1H, H6). *C NMR (100 MHz, acetone-d6): 5(ppm) 177.2, 173.6,
140.3, 138.1, 137.2, 135.7, 135.6, 131.2, 130.5, 130.4, 129.1, 129.0, 128.5,
128.1, 1280, 127.3, 122.3, 1209, 119.5. MS (ESI*): m/z 494.32
[M+Na*]. Calculated MS, C,4H;,NO,S2:471.06.

1-Phenylsulfonyl-3-phenyl-7-thioaryl-4,5-dioxoindoles,
General Procedure for Michael Reaction (6m—o). A substituted
thiophenol (1.18 equiv) was added to a solution of 1-(phenylsulfonyl)-
3-phenyl-4,5-dioxo indole 6a (1.0 equiv) in DMF (0.23M). The solu-
tion was stirred at room temperature for 2—3 h, then water (1 volume)
was added. The mixture was extracted with EtOAc (four times,
4 volumes), and the collected organic phases were dried over sodium sul-
fate, filtered, and evaporated under reduced pressure. The crude was
purified by reverse phase chromatography (eluents: A CH;CN, B water,
from 0% A to 100% A), affording the ortho-bisphenol (62%—88%).
IBX (0.5—2 equiv) was then added to the ortho-bisphenol (leq) in
DMEF (0.2 M) under stirring at rt. After reaction completion (2 h), water
was added (1 volume), and the mixture was extracted with EtOAc
(four times, 2 volumes). The collected organic phases were dried
over sodium sulfate, filtered, and evaporated under reduced pressure.
The crude residue was purified by reverse phase chromatography
(eluents: A CH,CN, B H,O, from 0% A to 100% A) affording pure
1-(phenylsulfonyl)-3-phenyl-7-thioaryl-4,5-dioxo indoles as amorphous
solids.

1-Phenylsulfonyl-3,7-diphenyl-4,5-dioxoindole (6p). The title
compound (32 mg, 0.072 mmol, purple solid, 34% yield considering
the recovery of 28 mg of unreacted 6a) was obtained from
1-(phenylsulfonyl)-3-phenyl-4,5-dioxo indole 6a (105 mg, 0.289 mmol,
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1.0 equiv) and phenylboronic acid (S5 mg, 0.452 mmol, 1.5 equiv) in
dry DCE (3 mL, ~0.09 M), following the general procedure for
Mn(III)-mediated radical addition. '"H NMR (400 MHz, DMSO d6):
5(ppm) 827 (2H, d, J = 7.7 Hz, o-Hs of PhSO,), 7.96 (1H, s, H2),
7.89—7.83 (2H, m, H6, p-H of PhSO,), 7.76 (2H, t, ] = 7.7 Hz, m-Hs
of PhSO,), 7.72—7.76 (2H, m, o-Hs of 3-Ph), 7.50—7.36 (8H, m, m-
and p-Hs of 3-Ph, all Hs of 7-Ph). *C NMR (75.4 MHz, DMSO d6):
S(ppm) 179.5, 173.4, 137.0, 136.8, 136.0, 134.9, 130.9, 130.6, 128.7,
128.3, 128.1, 127.6, 125.0, 123.8, 121.3. MS (ESI*): m/z 44021
[M+H"]. Calculated MS, C,¢H;,NO,S: 439.09.
1-Phenylsulfonyl-3-phenyl-7-alkyl/aryl-4,5-dioxoindoles,
General Procedure for Mn(lll)-Mediated Radical Addition (6p—t).
1-(Phenylsulfonyl)-3-phenyl-4,5-dioxo indole 6a (1.0 equiv) and a
boronic acid (1.5 equiv) were dissolved in dry dichloroethane (DCE,
~0.09 M in 6a). The solution was stirred for 2 min and then Mn(OAc);.
2H,0 (3 equiv) was added. The mixture was kept under nitrogen
atmosphere, stirred at 80 °C until reaction completion (monitoring by
TLC, eluents: n-Hexane/EtOAc 7/3), and cooled at room temper-
ature. Then, CH,Cl, (2 volumes) and saturated aqueous NaHCOj,
(2 volumes) were added. The aqueous layer was extracted with CH,Cl,
(2 volumes, two times). The collected organic phases were washed with
brine (8 volumes, two times), dried over sodium sulfate, filtered and
evaporated under reduced pressure to give a crude solid. The crude
was purified by flash chromatography (eluents: n-Hexane/EtOAc 7/3).
Pure 1-(phenylsulfonyl)-3-phenyl-7-substituted-4,5-dioxo indoles were
obtained as amorphous solids.
3-Bromo-5-methoxyindole (8). The synthesis of compound 8
was carried out as previously described,”* and its analytical character-
ization confirmed its structure.
1-Phenylsulfonyl-3-phenyl-5-methoxyindole (9a). The syn-
thesis of compound 9a was carried out as previously described,”” and
its analytical characterization confirmed its structure.
1-Phenylsulfonyl-3-aryl-5-Substituted Indoles, General Suzuki
Procedure (9b,c, 12d,e). 1-Phenylsulfonyl-3-bromo-5-methoxy- (11)
or S-hydroxy indole (13) (1 equiv) and an arylboronic acid (1.17 equiv)
were placed in a two-necked round-bottom flask, equipped with a
CaCl, valve. The flask was flushed with nitrogen to remove any trace
of oxygen. The middle neck was closed by a rubber septum, then dry
dimethoxyethane (DME, ~0.07 M concentration in 11) and pre-
viously deareated aqueous 2 M K,COj; (1.29 equiv) were added and
the resulting mixture was stirred at room temperature under nitro-
gen atmosphere. Finally, PdTetrakis (0.05 equiv) and previously
deareated EtOH (final 4/1 DME/EtOH ratio) were added under nitro-
gen flushing. A pale yellow solution was formed. The rubber septum was
removed, and then the main-middle neck was equipped with a con-
denser surmounted by a CaCl, valve. The pale yellow solution was
stirred under nitrogen atmosphere, refluxed for 8 h, and left to stir at
room temperature overnight. Then, the reaction mixture was diluted
with a saturated solution of NH,CI (1 volume) and extracted with
EtOAc (1.5 volumes, three times). The organic phase were washed
with saturated aqueous NH,Cl (3 volumes) and with brine (3 volumes),
then dried over Na,SO, and filtered. The crude was purified by flash
chromatography on silica gel, affording pure 1-phenylsulfonyl-3-aryl-S-
substituted indoles as amorphous solids.
1-Arylsulfonyl-3-phenyl-5-methoxyindoles, General N-Aryl-
sulfonylation Procedure (9f—i). Aqueous 50% KOH (8 equiv) was
added to a stirred mixture of 3-phenyl-S-methoxy indole 14 (1 equiv)
and n-Bu,N*HSO,” (0.1 equiv) in CH,Cl, (%0.2 M concentration
in 14). The reaction was stirred vigorously at room temperature for
10 min. An arylsulfonyl chloride (1.7 equiv) in CH,Cl, (total ~#0.1 M
concentration in 14) was then added, and the mixture turned to
orange-brown. The reaction was monitored by TLC (eluent: n-Hex/
EtOAc 9/1). After 3 h, the reaction was stopped by diluting with water
(1 volume) and extracting with CH,Cl, (2 volumes, two times). The
collected organic layers were washed with water (2 volumes) and brine
(2 volumes), and dried over sodium sulfate. The solvent was evapo-
rated under reduced pressure affording a crude. The crude was purified
through flash chromatography on silica gel, affording pure 1-arylsulfonyl-
3-phenyl-S-methoxy indoles as amorphous solids.
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1-Phenylsulfonyl-3-bromo-5-methoxyindole (11). The syn-
thesis of compound 11 was carried out as previously described,”® and
its analytical characterization confirmed its structure.
1-Phenylsulfonyl-3-phenyl-5-hydroxyindole (12a). Initially,
1 M BBr; in CH,CL,(264 mL, 6 equiv) was slowly added under nitrogen
atmosphere and at —78 °C to a stirred solution of 1-phenylsulfonyl-3-
phenyl-S-methoxy indole 9a (1.6 g, 4.41 mmol, 1 equiv) in dry CH,Cl,
(22 mL, ~0.2 M concentration). The temperature was slowly increased
to room temperature while monitoring by TLC (eluents: n-Hexane/
EtOAc 8/2). The resulting dark green solution was immediately diluted
with water (150 mL) and neutralized with saturated aqueous NaHCO;.
The reaction mixture was extracted with CH,Cl, (3 X 150 mL). The
collected organic phases were then washed with brine (400 mL), dried
over Na,SO,, and filtered. The solvent was removed under reduced
pressure. The crude (1.7 g) was purified by flash chromatography on
silica gel, yielding pure compound 12a (1.34 g, 3.84 mmol, 87% yield)
as a white solid. 'H NMR (400 MHz, acetone d6): 5(ppm) 8.29
(s, 1H, OH), 8.05—8.03 (m, 2H, 0-ArSO,), 7.93 (d, 1H, ] = 8.9 Hz, H7),
7.84 (s, 1H, H2), 7.69—7.65 (m, 3H, p-ArSO,0-Ar), 7.60—7.56
(m, 2H, m-ArSO,), 7.50—7.46 (m, 2H, m-Ar), 7.38 (tt, 1H, ] = 7.4 Hz,
J=12Hz, p-Ar),7.21 (d, 1H, ] = 2.4 Hz, H4), 6.96 (dd, 1H, ] = 8.9 Hz,
J = 2.4 Hz, H6). *C NMR (75.4 MHz, acetone d6): 5(ppm) 155.5,
1389, 135.1, 134.0, 131.4, 130.4, 129.8, 128.6, 1284, 127.8, 124.9,
115.6, 115.0, 106.0. MS (ESI*): m/z 721.0 [2M+Na*]. Calculated MS,
CyoH 1NO,S: 349.08.
1-Aryl/Alkylsulfonyl-3-Substituted-5-Hydroxyindoles, General
Demethylation Procedure (12a—c, 12f—i, 12k, 12l, 13). First, 1 M
BBr; in CH,Cl,(6 equiv) was slowly added under nitrogen atmosphere
and at —78 °C to a stirred solution of 1-aryl/alkylsulfonyl-3-substituted-
S-methoxy indoles(1 equiv) in dry CH,Cl, (%0.2 M concentration).
The temperature was slowly increased to room temperature while
monitoring by TLC, then it was immediately diluted with water
(5 volumes) and neutralized with saturated aqueous NaHCO;. The
reaction mixture was extracted with CH,Cl, (S volumes, three times).
The collected organic phases were then washed with brine (1S volumes),
dried over Na,SO,, and filtered. The solvent was removed under
reduced pressure. The crude hydroxyl indoles were purified by flash
chromatography on silica gel, affording pure 1-aryl/alkylsulfonyl-3-
substituted-S-hydroxy indoles as amorphous solids.
3-Phenyl-5-methoxyindole (14). Aqueous 3 M NaOH (21 mL,
63 mmol, 46 equiv) was added dropwise in 30 min to a solution of
1-phenysulfonyl-3-phenyl-S-methoxy indole 9a (500 mg, 1.38 mmol,
1 equiv) in 2/1 MeOH/THF (207 mL). The pale pink mixture was
warmed up to 80 °C. The reaction was monitored by TLC (eluant:
n-Hex/EtOAc 8/2). After 2 h the reaction was stopped by acidifying
with 3 N HCI (21 mL), and the organic solvents were evaporated under
reduced pressure. The aqueous residue was extracted with EtOAc
(3 X 100 mL). The collected organic layers were washed with brine
(450 mL), and dried over sodium sulfate. The solvent was evaporated
under reduced pressure affording a crude brown oil (365 mg), that was
purified by flash chromatography on silica gel (eluant: n-Hex/EtOAc
85/15). Pure compound 14 (300 mg, 1.34 mmol, 97% yield) was
obtained as a pale yellow solid. '"H NMR (400 MHz, acetone d6):
8(ppm) 10.33 (1H, bs, NH), 7.72=7.69 (2H, m, 0-Ar), 7.58 (1H, d,
] = 2.6 Hz, H2), 7.47—7.36 (4H, m, H4, H7, m-Ar), 7.26—7.21 (1H, m,
p-Ar), 6.85 (1H, dd, ] = 2.50 Hz, ] = 8.80 Hz, H6), 3.84 (3H, s, OMe).
MS (ESI*): m/z 748.9 [2M+Na*]. Calculated MS, C,H,;;NO: 223.27.
Biology. Amplified Luminescent Proximity Homogeneous Assay
(ALPHA Screen). AlphaScreen assays have been performed using
histidine (nickel) chelate detection kit (PerkinElmer, 6760619), based
on the reaction of an His-tagged HuR protein and a biotinylated single
strand RNA (BITEG-RNA), as previously described.”® The full-length
HuR recombinant protein has been expressed in E. coli Rosetta DHSar
according to an already published protocol.”” Hooking point curves,
with 50 nM of BITEG-RNA probe, have been performed to test its acti-
vity after purification and dialysis. Dissociation equilibrium constants (K;)
were calculated with respect to a Kp of 2.5 nM for the Bi—AU ligand
interaction, in the presence of as low as 0.5% DMSO (relative control)
and of tanshinone mimics. Non specific interference with the assay has
been evaluated by reacting the same amount of acceptor and donor
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beads (20 ug/mL/well) with biotinylated-Hiss molecule in the same
experimental conditions. GraphPad Prism software vS.1 has been used
for fitting calculation and statistical significance. rHuR expressed in
HEK293T has been purified according to a previously published
protocol.”’

RNA-Electrophoretic Mobility Shift Assays (REMSAs). REMSAs were
performed as previously indicated,”” with minor modifications. Besides
recombinant full-length HuR, HuR RRM1-2 and RRM3 constructs
were used to express and purify proteins as previously described.””*’

At least 10-fold excess of recombinant HuR and its RRMs were
incubated for 30 min with either 75 fmol of 5’-DY681-labeled AU-rich
RNA probe or with 25 nM of 5’-FAM-labeled RNA probe or with 500 nM
of Cy-3-RNA probe and DMSO as control or tanshinone mimics at their
reference doses. Then samples were loaded on 4% native polyacryl-
amide gel, image was developed with Odyssey infrared Imaging System
(LI-COR Biosciences) for DY681-labeled RNA or in Typhoon Trio
scanner (GE Healthcare) at high resolution for FAM and Cy-3 probe.

Dynamic Mass Redistribution (DMR). The EnSight Multimode
Plate Reader (PerkinElmer) was used to perform DMR analyses. Full-
length HuR protein (15 uL/well of a 50 ug/mL HuR solution in
20 mM sodium acetate buffer, pH S5.5) was immobilized on label-free
microplate (EnSpire-LFB high sensitivity microplates) by amine-
coupling chemistry, incubating the microplate o/n at 4 °C. Impor-
tantly, each well contains a reactive area, containing chemical groups to
allow amine coupling reaction, and empty area. After the initial step of
immobilization, the unbound protein was washed away and the plate
equilibrated using the assay buffer (HEPES 25 mM pH 8, 3 mM
MgCl2, 100 mMNaCl, 8% Glycerol, 0.05% BSA, 0.005% Tween20).
Next, the interaction between tanshinone mimics, diluted to different
concentrations in the same buffer, and HuR protein was monitored
during 30 min at room temperature. The EnSight software (Kaleido)
acquires data by automatically subtracting the signal in the empty area
from the one of the reactive area. Binding response is then calculated
by subtracting the baseline read from the final read. This dual-control
strategy guarantees that nonspecific signals arising from the potential
interaction of the HuR protein with the surface of the plate are already
subtracted in each well. All the steps were executed by employing a
Zephyr Compact Liquid Handling Workstation. The Kaleido software
was used to acquire and process the data.

Circular Dichroism Experiments. All experiments has been done by
using a final 10 yM concentration of TNF-ARE and 10 yM 6a, 10 mM
in sodium phosphate buffer pH 7.3. CD spectra were measured in
a JASCO-700 Spectrophotometer at 240—350 nm range (DMSO
interfered below 240 nm), at 100 nm/min speed. Next 10 uM
6a dissolved in sodium phosphate buffer pH 7.3 was also measured sepa-
rately to exclude background from the 6a (10 uM) + TNF ARE (10 M)
spectra. The analyzed spectra Ae was then plotted using the Graphpad
Prism 6 plotting tool.

Cell Culture. Human breast adenocarcinoma MCF7 (ICLC;
HTL95021) and MDA-MB-231 (ICLC; HTL99004) and pancreatic car-
cinoma PANC-1 (kindly provided by G. Feldmann)®” cell lines were
cultured in high glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS, Lonza), 2 mM
L-glutamine, 100 U/ml penicillin-streptomycin (Lonza) in standard
growth conditions.

RIP and gRT-PCR. Five million MCF7 cells/sample were used for
each RIP experiment, performed as previously described,*® without
cross-linking steps and using 1 pug/mL of anti-HuR antibody (Santa
Cruz, 71290) or of mouse IgG isotype (negative control, Santa Cruz
2025). TRIzol reagent was added directly to the beads for HuR-bound
RNA isolation and processed for qRT-PCR analysis. Quantitative
PCRs, after cDNA Synthesis (Thermo Scientific, K1612) were
performed using Universal SYBR Master Mix (KAPA Biosystems,
KR0389) on CFX-96/384 thermal cyclers (BIO-RAD), as previously
described.”” Fold enrichment was determined using the eq 2-AACt,
where the Ct value for HuR and IgG IP was subtracted from the Ct
value of the housekeeping gene RPLPO to yield the ACt value. For
each condition, ACt value for the HuR and IgG IP sample were
calculated in triplicate. The delta Ct value for HuR in the IgG IP
samples were calculated in the same way. Then delta—delta Ct values
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were calculated from the difference between HuR IP samples and IgG
IP samples. Total expression level of the different mRNAs was assessed
by extracting total RNA from the control and treated samples and then
gqRT-PCRs have been performed as described previously. The
sequence of the primer used for each PCR are the following:

gene primer sequence primer sequence
FwW §'-3’ RV §'-3’

RPLPO  CATTCTCGCTT- CTTGACCTTTTCAGC-
CCTGGAG AAGTGG

ERBB2  GGTACTGAAAG- ACACCATTGCTGTTC-
CCTTAGGGAAGC CTTCCTC

VEGFA CCGCAGACGTG- CGGCTTGTCACATCT-
TAAATGTTCCT GCAAGTA

CTNNB1 GACCTCATGGA- GATTTACAAATAGCC-
TGGGCTGCCT TAAACCAC

RNAI18s GCAGCTAGGAA- TGGCAAATGCTTTCG-
TAATGGAATAG CTCTG

HPRT1 TGACACTGGCA- GGTCCTTTTCACCAG-
AAACAATGCA CAAGCT

Immunofluorescence Experiments. 8.000 MCF7 cells/well were
seeded in a 96-well plate and treated with 1 uM of 1, or 10 uM of
tanshinone mimics, or 2.5 uM of ActD (Sigma A1410) for 3 h and
were fixed with 3.7% paraformaldehyde (PFA) for 1S min at RT. Cells
were treated for 10 min with permeabilization buffer (200 mM sucrose,
0.2% Triton X-100) followed by blocking for 15 min with blocking
buffer (2% Bovine Serum Albumin in PBS). Primary antibody anti-
HuR 1:250 in 3% BSA and secondary fluorophore conjugated (Alexa
594 Red) antibody (1:500) were diluted in PBS + BSA 0.6%. DAPI
Blue (1.5 pg/mL) in PBS + BSA 0.6% was used to detect nuclei.
PerkinElmer image plate reader Operetta was used for image acquisition
and evaluation by selecting 13 fields/well. The ratio between nuclear
and cytoplasmic signal represents the mean of single cells for every well.

Cell Viability Assay. To test cell viability, cells were grown and
treated in 96 well-plate for 48 h. Cells were then assayed using OZBlue
Cell Viability kit (Oz Biosciences, BL000). In brief, OZBlue was added
at 10% volume of culture media to each well and cells were further incu-
bated for 3 h at 37 °C. Fluorescence was then determined (excitation
560 and emission 590 nm) by a Tecan microplate reader. Cell survival
was calculated with respect to control (DMSO), and ICs, values were
determined by fitting with GraphPad Prism software vS.1.

Cell Migration Assay. Cells were seeded for migration assay and
treated with tanshinone mimics as previously described.*” Images of the
same field were acquired immediately (¢ = 0), after 24 and 48 h using a
Leica DM IL Led microscope (SX magnification) and wounded-open
areas were measured using Image] software.

Statistical Analysis. All data are expressed as means + SD from at
least two independent experiments. Magnitude of significance was eval-
uated by student t test and probability (P) values <0.05, < 0.01, and
<0.001 were indicated with *, **, *#% symbols, respectively.

In Silico Pan Assay Interference, NMR, and Molecular
Modeling studies. In Silico Pan Assay Interference. All compounds
as reported in Table 1 were screened for Pan Assay Interference using
the PAINS-Remover Web server (http://www.cbligand.org). All com-
pounds passed this filtering.

NMR Measurements on Protein/Compound 6a Interaction. The
assignment of RRM1-RRM2 tandem domains of HuR was previously
reported (BMRB code: 27002).>° The effect of the tanshinone mimic
6a on the RRM1-RRM2 tandem domains of HuR (100 xM) has been
evaluated in the following experimental conditions: 20 mMTris-Cl, pH 8,
10 mM Gly, 50 mM NaCl. 2D "H N HSQC spectra were acquired at
298 K on Bruker Avance 900 MHz NMR spectrometer to monitor the
effect of increasing amounts of the ligand (HuR/compound 6a molar
ratio of 1:0.2, 1:04, 1:0.6, 1:0.8, 1:1, 1:2) added to the protein solution.

Docking Calculations. Molecular docking was carried out using the
Glide 6.5%° and the AutoDock 4.2°" software. 6a three-dimensional struc-
ture was first generated and subsequently prepared through the LigPrep
module, as implemented in the Maestro 10.0.013 graphical user inter-

face.”* As experimental results suggest that (I) HuR cannot bind both
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6a and RNA at the same time and that (II) 6a stabilizes HuR in a
“closed” conformation, we selected as receptor structure for docking calcu-
lations the structure of the HuR—mRNA complex (PDB ID: 4EDS),"
and removed the RNA strand. Indeed this structure was not only the
HuR highest resolution structure available but also the best represen-
tative structure of a HuR “closed” form available. Receptor structure
was then prepared through the Protein Preparation Wizard, also imple-
mented in Maestro, and the OPLS-2005 force field. Water molecules
and residual crystallographic buffer components were removed, missing
side chains were built using the Prime module, hydrogen atoms were
added, side chains protonation states at pH 7.0 were assigned and,
finally, minimization was performed until the RMSD of all the heavy
atoms was within 0.3 A of the crystallographically determined positions.
In both cases, the binding pocket was identified by placing a cube
centered in proximity of the “hinge” loop between the RRMI1 and
RRM2 domains. Docking calculations were performed as following.
Docking with Glide was carried out in extra-precision (XP) mode, using
GlideScore for ligand ranking. The inner box size was chosen to be 40 A
in all directions and the size of the outer box was set by choosing a
threshold length for the ligand size to be docked of 30 A. A maximum of
100 000 poses per ligand was set to pass to the grid refinement calcu-
lation, and the best 10 000 poses were kept for the energy minimization
step. The maximum number of poses per ligand to be outputted was set
to 10. In the case of docking with Autodock, the ligand and receptor
structures were first converted to AD4 format files, adopting the
Gesteiger-Marsili partial charges, via AutoDockTools. The box size
was set to have 117 X 125 X 127 points in the three-dimensional space
with a Grid spacing of 0.481 A per point using AutoGrid 4.2. A hundred
independent runs of the Lamarckian genetic algorithm local search
(GALS) method per docking calculation were performed, by applying
a threshold of maximum 10 million energy evaluations per run. The rest
of the docking parameters was set as default. Docking conformations
were clustered on the basis of their RMSD (tolerance = 2.0 A) and
were ranked according to the AutoDock scoring function. In both
cases, the box size was chosen so as to encompass the whole RNA
binding surface of HuR.

Molecular Dynamics Simulations and Analyses. The best
ranked HuR—6a complexes, as issuing from the docking calculations,
were submitted to MD simulations with NAMD,** using the ff99SBildn
Amber force field parameters,”*® for protein and the parameters
recently developed by Allnér and co-workers for ions.® Parameters for
6a were generated in two steps. Initially, charges were computed using
the restrained electrostatic potential (RESP) fitting procedure.”” The
ESP was first calculated by means of the Gaussian09 package®® using a
6-31G* basis set at Hartree—Fock level of theory, and then the RESP
charges were obtained by a two-stages fitting procedure using the
program RED.®””° Missing bond, angle, torsion, and improper torsion
angle parameters were then generated using Antechamber.”' The
complex was then solvated in a 15 A layer cubic water box using the
TIP3P water model parameters. Neutrality was reached by adding five
further CI” ions. The final system size was ~75 A X 74 A x 93 A for a
total number of atoms of ~48 000. A 10 A cutoff (switched at 8.0 A)
was used for atom pair interactions. The long-range electrostatic inter-
actions were computed by means of the particle mesh Ewald (PME)
method using a 1.0 A grid spacing in periodic boundary conditions.
The RATTLE algorithm was applied to constrain bonds involving
hydrogen atoms, and thus a 2 fs integration time step could be used.
The system was minimized in two stages: first, a 20 000-step run was
carried out with restraints on all the protein and ligand atoms (5 keal/
mol/A?); then, a further 10 000-step minimization was carried out by
applying restraints on the ligand and C, protein atoms only. A 2 ns
NPT simulation at 200 K and 1 atm was performed with restraints on
all the protein atoms (S kcal/ mol/A?), to adjust the volume of the
simulation box, while preserving the minimized protein structure
obtained in the previous steps. Afterward, the system was slowly
heated up to 300 K over a 3 ns period, gradually releasing the restraints
(on the ligand and protein C, atoms only) to 1 kcal/mol/A* along the
thermalization process. Subsequently, the system was equilibrated for
2 ns, gradually reducing the restraints to zero. Production runs were
then performed under NPT conditions at 1 atm and 300 K. Each
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of the four simulations was extended up to 1.5 us. MD trajectory
visualization and RMSD analysis were performed by means of the
VMD software.”* All other analyses were performed using CPPTRAJ”
or in-house scripts exploiting the MDAnalysis library.”* For analysis
purposes, trajectories were fitted onto the f-sheet backbone atoms,
owing to the HuR high overall flexibility, using the first frame as
reference and then one frame each 100 ps. In the specific case of
contact analysis only, we employed a different reference structure.
Indeed, as the aim of the analysis was also to discriminate between
contacts established in the HuR mRNA-bound conformation and
possible contacts characteristic of new 6a-induced conformations, we
made a distinction between native and non-native contacts. A non-
native contact, contrarily to a native contact, is a contact between
atoms within a convenient distance (here 4 A) that is not present in a
certain reference structure (here the structure used for the docking
calculations). Figures were generated using the UCSF-Chimera
software package”” or in-house scripts with Matplotlib.”®
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Cancer therapies are associated with increased infertility risk due to accelerated reproductive aging. Oxidative stress (OS) is a
potential mechanism behind ovarian toxicity by cyclophosphamide (CPM), the most ovotoxic anticancer drug. An important
sensor of OS is SIRT1, a NAD"-dependent deacetylase which regulates cellular defence and cell fate. This study investigated
whether the natural carotenoid crocetin and the synthetic compound AS101 protect the ovary against CPM by modulating
SIRT1 and mitochondrial markers. We found that the number of primordial follicles of female CD1 mice receiving crocetin plus
CPM increased when compared with CPM alone and similar to AS101, whose protective effects are known. SIRT1 increased in
CPM mouse ovaries revealing the occurrence of OS. Similarly, mitochondrial SIRT3 rose, whilst SOD2 and the mitochondrial
biogenesis activator PGC1-« decreased, suggesting the occurrence of mitochondrial damage. Crocetin and AS101 administration
prevented SIRT1 burst suggesting that preservation of redox balance can help the ovary to counteract ovarian damage by CPM.
Decreased SIRT3 and increased SOD2 and PGCl-« in mice receiving crocetin or AS101 prior to CPM provide evidence for
mitochondrial protection. Present results improve the knowledge of ovarian damage by CPM and may help to develop
interventions for preserving fertility in cancer patients.

1. Introduction

Novel management strategies have led to increased rates of
cancer survivors throughout the past three decades highlight-
ing the need of posttreatment care to improve the patient’s
quality of life [1]. For females, a serious long-term side effect
of cancer therapies is the increased infertility risk due to

accelerated reproductive aging leading to premature ovarian
failure (POF) [2]. Hence, fertility preservation has been inte-
grated into oncology practice giving rise to oncofertility, a
new discipline that bridges oncology and reproductive
research [3]. Current strategies are based mainly on assisted
reproductive technologies (i.e., oocyte-embryo cryopreserva-
tion and ovarian tissue cryopreservation/transplantation)
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that are suitable only for few categories of patients or are
still experimental [1]. Suppression of the pituitary-gonadal
axis via GnRH analogue administration has been so far the
most feasible intervention although results of recent clinical
trials are contradictory [4-6]. One of the possible reasons
for limited progress in the field is the partial understanding
of the mechanistic events that could be targeted to provide
protection or repair from ovotoxicity (reviewed by [7, 8]).
Similar to women, studies in rodents revealed that the
predominant effect of anticancer cytotoxic treatments is
the total or partial loss of the finite pool of dormant oocytes
in the primordial follicles at concentrations relevant to
human exposures [9-11].

Clinically, the most ovotoxic drugs are the alkylating
agents including cyclophosphamide (CPM). This drug is
widely used for the treatment of cancers affecting females in
their childhood or reproductive age, including breast cancer
[5, 12]. It is also used as an immunosuppressant for autoim-
mune diseases and multiple sclerosis and preventing organ
transplant rejection [13-15]. CPM requires hepatic bioacti-
vation to form the active metabolite phosphoramide mustard
(PM) that covalently binds to DNA, inducing DNA-DNA,
DNA-protein crosslinks, and DNA double-strand breaks
(DSB). Both oocytes and granulosa cells show these types of
DNA damage following in vitro exposure of ovaries and cells
[16, 17]. The activation of an ovarian DNA damage repair
response has been reported in terms of early upregulation
of specific genes including ATM (ataxia telangiectasia
mutated) in neonatal rat ovaries exposed to PM. This
response was associated with increased levels of proapoptotic
genes and follicle loss by apoptosis [18, 19]. In addition to
apoptosis, CPM-induced DNA damage may also cause acti-
vation of follicle dormancy by stimulating the PI3K/PTEN/
AKT signalling pathway. The upregulation of AKT signalling
would lead to phosphorylation/inhibition of FOXO3a tran-
scription factor in primordial follicles and subsequent dis-
ruption of the regulatory mechanism underlying dormancy
of primordial follicles [20, 21]. In vivo administration of
AS101 (ammonium trichloro(dioxoethylene-o,o’)tellurate) ,
an immunomodulator with antitumor effects [22], inhibits
AKT phosphorylation/activation induced by CPM and pre-
vents the loss of primordial follicles. Beneficial effects on
growing follicles were also observed [20].

A further potential mechanism behind CPM ovarian
toxicity is oxidative stress (OS) (reviewed by [23, 24]). In a
human granulosa cell line, exposure to a pre-activated
CPM metabolite results in depletion of glutathione (GSH),
a crucial cellular antioxidant, a rise in reactive oxygen spe-
cies (ROS) and apoptosis. Consistently, GSH exposure
reduces CPM-induced granulosa cell toxicity [25]. More-
over, in vivo administration of CPM has been associated
with low GSH content, reduced SOD2 (Superoxide dismut-
ase 2) activity, and increased lipid peroxidation in rat ovaries
[26, 27]. Oxidative stress is thought to arise from biotrans-
formation/detoxification of PM as described by Madden
and Keating [28] in in vitro ovarian models.

An important sensor of cell redox state is SIRT1, one of
the seven members of the mammalian sirtuin family,
NAD"-dependent enzymes with deacetylase and/or mono-
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ADP-ribosyl transferase activity [29-33]. By its numerous
targets, SIRT1 orchestrates cellular defence and repair mech-
anisms and controls cell fate avoiding survival of damaged
cells [34]. Mouse oocytes upregulate SIRT1 gene to cope
with OS supporting a pivotal role for this protein in the
early adaptive response to OS [35, 36]. In many tissues,
SIRT1 abundance can be regulated by modulating the
mRNA stability by the RNA-binding protein HuR (Hu anti-
gen R). Indeed, HuR stabilises SIRT1 transcripts and pro-
motes their polyribosome engagement for active translation
[37]. An important SIRT1 substrate is PGC1-«a (peroxisome
proliferator-activated receptor gamma coactivator 1-alpha),
an activator of mitochondrial biogenesis and a key regulator
of mitochondrial gene expression required to meet energetic
demands during cellular stresses [38]. These activities under
stress conditions are also regulated by the mitochondrial
sirtuin, SIRT3, throughout a complex network [39-41].

Although OS has been proposed as an important mech-
anism involved in CPM ovarian toxicity, the efficacy of
in vivo antioxidant interventions has been poorly investi-
gated [26, 27]. Systemic treatment with some carotenoids
has been largely demonstrated to protect nonmalignant tis-
sues against CPM toxicity by promoting antioxidant and
anti-inflammatory effects [42-46]. Crocetin (8,8’—diapocar—
otenedioic acid) belongs to the bioactive family of caroten-
oids derived from the stigmas of Crocus sativus (saffron
spice) and well-known in traditional medicine [47, 48]. Cro-
cetin is known to act as an effective free radical scavenger
and lipid peroxidation inhibitor. Importantly, it effectively
improved antioxidant biomarkers and attenuated inflamma-
tory reaction [49-53]. Furthermore, crocetin is known to
exert potent antitumour effects [54-56].

Based on the above observations, this work investigates
whether (i) oral administration of the natural carotenoid
crocetin prevents gonadotoxicity in female mice; (ii) SIRT1
is involved in the molecular pathways activated in the early
ovarian response to CPM; and (iii) the protective effects of
crocetin influence SIRT1 expression and mitochondrial
toxicity induced by CPM. To address the first point, we tested
the ability of crocetin to mitigate CPM-induced follicle loss,
primordial follicle activation, and subfertility. To clarify
SIRT1 involvement, we relied on a human granulosa cell line
previously used to test CPM toxicity [25, 57], prior to inves-
tigation on the animal model. To gain knowledge about cro-
cetin efficacy and mechanism of action, the fertoprotective
agent AS101, known to protect the mouse ovary against
CPM, was also tested [20].

2. Materials and Methods

2.1. Cyclophosphamide, Crocetin, and AS101 Preparation.
Cyclophosphamide (CPM) was obtained from Baxter, Rome,
Italy. A solution of CPM at a concentration of 25 mg/mL in
PBS (pH7.4) was freshly prepared.

Crocetin isolation was performed by crocetin esters [56]
and purified by an internal method of the Verdu Canto
Saffron Spain Company (Novelda, Alicante, Spain). Crocetin
quantification was analysed by the reverse-phase HPLC tech-
nique. Twenty pL of crocetin aqueous solution (252 mg/L)
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was filtered through a 0.45 ym PTFE filter and injected into
an Agilent 1200 chromatograph (Palo Alto, CA) operating
with a 150mm x4.6mm id. and 5xm Phenomenex (Le
PecqCedex, France) Luna C18 chromatographic column,
at 30°C. Eluents were water (A) and acetonitrile (B) with
the following elution gradient: 20% B, 0-5min; 20-80%
B, 5-15min; 80% B, 15-18 min; and 20%B, 18-30 min.
The flow rate was 0.8mL-min !, and the DAD detector
(Hewlett Packard, Waldbronn, Germany) was set at
440nm for the detection of cis/trans crocetin. Crocetin
quantification was estimated using the method based on
the extinction coefficient and the related area calculated
according to [58, 59].

AS101 was obtained from Tocris Biosciences, Bristol,
UK. A solution of AS101 at a concentration of 150 mg/mL
in PBS (pH7.4) was freshly prepared.

2.2. Mice and Study Design. A total of 69 young CD-1 female
mice aged 4 to 8 weeks (Charles River Italia s.r.1., Calco, Italy)
were used in the present study. All the experiments were
carried out in accordance with the guidelines for the care
and use of laboratory animals approved by the Animal Care
Committee of the University of L’Aquila. Mice were ran-
domly divided into four groups:

(i) CTRL: normal control mice were maintained on a
standard laboratory pellet diet and water ad libitum,
without administering medicine for 15 consecutive
days. On the 15th day, they received a single intra-
peritoneal injection of 100 uL of PBS.

(i) CPM: mice were maintained on a standard labora-
tory pellet diet and water ad libitum, without admin-
istering medicine for 15 consecutive days. On the
15th day, they received a single intraperitoneal injec-
tion of CPM (100 mg/kg).

(iii) CRO + CPM: mice received crocetin extract (100 mg/
kg, [56]) by using a gastric gavage and were allowed
free access to a standard laboratory pellet diet and
water for 15 consecutive days. On the 15th day,
they received a single intraperitoneal injection of
100 yL of CPM (100 mg/kg).

(iv) AS101+CPM: mice received AS101 (10ug per
mouse, [20]) by intraperitoneal injections on alter-
nate days and were allowed free access to a standard
laboratory pellet diet and water for 15 consecutive
days. On the 15th day, they received a single intra-
peritoneal injection of 100 L of CPM (100 mg/kg).

At 12h and 24h after the administration of CPM, three
mice of each group were sacrificed by cervical dislocation
(in accordance with the provisions of the EEC regulation
86/609), and ovaries were immediately placed into liquid
nitrogen and then stored at —80°C for further analysis. The
remaining animals were sacrificed 7 days post CPM, and
ovaries were fixed in 4% paraformaldehyde (PFA) at 4°C
overnight and paraffin-embedded. Ovarian sections of 5 ym
were prepared for further analysis.

2.3. Haematoxylin and Eosin Staining and Follicular
Classification. Ovarian sections were stained with haematox-
ylin and eosin (H&E) and analysed under a light microscope
for differential follicle counts. Briefly, blind follicle counts
were conducted on every fifth section of entire ovaries by
two independent researchers. Follicle stage was classified
according to [60]. The classification is based on (i) the size
of the oocyte in follicles of different stages of development;
(ii) the size of the follicle defined by the number of cells con-
stituting the follicular envelope, and (iii) the morphology of
the follicle. Primordial follicles are quiescent follicles charac-
terized by a small oocyte, with a diameter of less than 20 ym,
with up to 20 follicle cells attached to its surface on the largest
cross-section. Growing follicles include primary follicles,
characterized by one complete ring of follicle cells (21 to 60
cells on the largest cross-section) that surround a growing
oocyte (diameter between 20 and 70 ym); secondary follicles,
with two or three layers of follicle cells (61 to 200 cells on the
largest cross section) surrounding a growing oocyte (diame-
ter between 20 and 70 ym); and antral follicles, a fully grown
oocyte (diameter 70 ym) surrounded by many layers of folli-
cle cells separated by scattered areas or a cavity containing
follicle fluid. Only those follicles in which the nucleus of the
oocyte was clearly visible were considered and taken into
account. The numbers were then multiplied by 5 in order
to obtain an estimate of total follicle numbers per ovary [61].

2.4. Mating Protocol. The mating protocol proposed by
Meirow et al. [10] in order to avoid the risk of CPM-related
foetal malformations was selected. Briefly, twelve weeks after
CPM, female mice from each experimental group were
mated with untreated proven fertile males (two females to
one male) for 1 week. Then, the females were separated for
the duration of pregnancy (21 days) until 3 weeks after the
birth of the litter. Females were remated every 8 weeks for a
total of three successive mating rounds. The mean number
of pups per mouse was counted after each mating round in
all experimental groups.

2.5. In Vitro Culture of Granulosa Cells and Proliferation
Analysis by BrdU Incorporation. COV434 cells are mitotic
human granulosa cells used for in vitro studies of cytotoxic
actions of chemotherapy drugs [25, 57, 62]. COV434 cells
(Sigma-Aldrich, St. Louis, MO) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with
10% foetal bovine serum (FBS) and 1% penicillin/streptomy-
cin and 2mM L-glutamine. Cultures were maintained at
37°Cin a CO, incubator with a controlled humidified atmo-
sphere composed of 95% air and 5% CO,. FBS, DMEM,
penicillin/streptomycin, and all other reagents used for cell
culture studies were purchased from Euroclone (Pero, Italy).
Cells were seeded at a density of 2.5 x 10* cells per well in 96-
well plates and exposed to the active CPM metabolite
phosphoramide mustard (PM, Niotech, Bielefeld, Germany)
at concentrations ranging from 10 to 100 uM. The effects of
PM on cell proliferation were assessed using the Cell
Proliferation BrdU ELISA (Roche Applied Science,
Mannheim, Germany) according to the manufacturer’s
instructions. Briefly, after 60h, 10 uL of BrdU reagent was



added to each well and the cells were cultured for 12h at
37°C. After 72 h of culture, cells were fixed with Carnoy’s fix-
ative (3:1 methanol: glacial acetic acid) for 20 minutes at
—20°C. DNA was partially digested with nucleases to allow
the antibody to access BrdU; then cells were incubated with
a monoclonal antibody to BrdU, followed by incubation with
the anti-BrdU antibody labelled with peroxidase. Finally, the
peroxidase substrate ABTS was added, in order to obtain a
coloured reaction product. The absorbance of the samples
was measured at approximately 405nm with a standard
microplate reader (Sunrise, Tecan, Mannedorf, Switzerland).

2.6. Quantitative Real-Time PCR. Granulosa cells were
exposed to 50 uM PM for 3h, 6h, and 12h, and total RNA
was extracted using TRIZOL reagent (Life Technologies-
Thermo Fisher Scientific, Waltham, MA, USA) following
the manufacturer’s instructions. 1 ug of total RNA was retro-
transcribed in a final volume of 20 yL using a cDNA Reverse
Transcription kit (Life Technologies-Thermo Fisher Scien-
tific). 2 uL of cDNA was used for q-RT-PCRs using aCFX96
Touch™ Real-Time PCR Detection System (Bio-Rad Labora-
tories, Milan, Italy). Primer sequences were the following:
SIRT1: FW 5'-CAGTGTCATGGTTCCTTTGC-3' and REV
5'-AGGACATCGAGGAACTACCTG-3'; HuR: FW 5'-GCT
ATGGCTTTGTGAACTACGTG-3' and REV 5'-TGATGTA
CAAGTTGGCGTCTTTG-3'; and RNA18S: FW 5'-GCAGC
TAGGAATAATGGAATAG-3' and REV 5'-TGGCAAAT
GCTTTCGCTCTG-3'. mRNA levels were detected using a
KAPA SYBR® FAST gPCR Master Mix (2X) Kit (KAPA
Biosystems, Wilmington, MA, USA) according to the manu-
facturer’s protocol. Gene expression was normalized to the
housekeeping gene RNA 18S. Comparisons in gene expres-
sion were calculated using the 27**“" method. Two biologi-
cal replicates were performed, each in technical triplicates.

2.7. Sample Preparation and Western Blot Analysis. Ovarian
tissues were homogenized in RIPA buffer by repeated
freeze/thaw cycles in liquid nitrogen. After centrifugation
(33,000 rpm for 1h at 4°C), the supernatants were collected
for protein analysis. Protein concentration was determined
by a BCA protein assay kit (Pierce, Rockford, IL, USA). Pro-
tein samples were separated by SDS-PAGE and transferred to
a polyvinylidene difluoride membrane (Sigma-Aldrich).
Nonspecific binding sites were blocked overnight with 5%
not-fat dry milk (Bio-Rad Laboratories) in Tris-buffered
saline containing 0.05% Tween 20 (TBS-T). Membranes were
incubated with rabbit polyclonal anti-pAKT1 (SC-135650,
Santa Cruz Biotechnology Inc., Dallas, TX, USA, 1:250), rab-
bit polyclonal anti-pFOXO3a (Ab47285, Abcam, Cambridge,
UK, 1:700), rabbit polyclonal anti-SIRT1 (Ab12193, Abcam,
1:700), mouse monoclonal anti-HuR (SC-71290, Santa Cruz
Biotechnology Inc., 1:250), rabbit polyclonal anti-SIRT3
(Ab86871, Abcam, Cambridge, UK, 1:700), rabbit poly-
clonal anti-SOD2 (Ab86087, Abcam, 1:1000), rabbit poly-
clonal anti-PGCl-«a (SC-13067, Santa Cruz Biotechnology
Inc., 1:500), or mouse monoclonal anti- actin antibody
(Ab8226, Abcam; 1:3000) for 1h at room temperature,
followed by incubation with horseradish peroxidase- (HRP-)
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conjugated anti-rabbit (Ab6721, Abcam, 1:3000) or anti
mouse (Ab6728, Abcam, 1:2000) secondary antibody for
1 h at room temperature. After washing, specific immunore-
active complexes were detected by an ECL kit (Life
Technologies-Thermo Scientific) and Uvitec Cambridge
system (Alliance series, Cambridge, UK). When membrane
reprobing was necessary, stripping was performed by incuba-
tion in Tris-buffered saline (pH6.7) containing 100 mM
beta-mercaptoethanol, 2% SDS, at 54°C for 30 min.
Immunoreactive bands were normalized to $-actin levels
using ImageJ 1.44p software. Values were given as relative
units (RU). Each experiment was performed in triplicate.

2.8. Statistical Analysis. All data are presented as mean + SEM.
Statistical analysis was assessed by one-way ANOVA
followed by Holm-Sidak multiple comparison. Analyses were
performed using the Sigma Stat software (Jandel Scientific
Corporation, San Rafael, CA, USA). P value < 0.05 was con-
sidered statistically significant.

3. Results

3.1. Pretreatment with Crocetin or AS101 Reduces CPM-
Induced Follicle Loss. To assess the potential of crocetin as
an attenuating agent against CPM toxicity, adult female mice
were treated with a daily dose of 100 mg/kg crocetin for 15
days before administration of 100 mg/kg CPM. A group of
adult female mice was treated with AS101 (10 yg/mouse)
on alternate days beginning 15 days before CPM treatment.
Quantification of the different follicle populations was car-
ried out in the ovaries 1 week after CPM administration. As
shown in Figure 1(a), mice receiving crocetin prior to CPM
retained a number of primordial follicles larger than CPM
alone and not significantly different from untreated controls.
Quantification of primordial follicles also revealed that the
crocetin effect was similar to AS101. A number of growing
follicles in mice receiving crocetin or AS101 prior to CPM
was significantly larger than CPM alone reaching values sim-
ilar to untreated controls.

3.2. Crocetin and AS101 Treatments Rescue Fertility in CPM-
Treated Mice. To confirm that preservation of primordial
follicles observed in CPM-treated mice receiving crocetin or
AS101 was associated with increased fertility, mice from each
experimental group were mated for three rounds. At the time
of mating, all females had normal oestrous cycles, had similar
weight, and appeared healthy. Our data show that a single
dose of 100 mg/kg CPM did not affect the reproductive capa-
bility of mice until the third round of mating. At this time, we
obtained no litter from the CPM mice since they were unable
to get pregnant after one week of caging with males. By
contrast, CPM-treated mice receiving crocetin or AS101
got pregnant after all mating rounds and presented a litter
size not significantly different from the control group
(Figure 2).

3.3. Effects of Crocetin and AS101 on PI3K/AKT/FOXO3A
Pathway. To search for molecular mechanisms underlying
protective effects of crocetin, we hypothesized a potential
effect on the PI3K/AKT/FOXO3A pathway underlying
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FiGURe 2: Crocetin and ASI101 treatments rescue fertility in
CPM-treated mice. Reproductive outcomes were assessed over
three successive mating rounds in mice (n =9, per experimental
group) that received CPM treatment preceded or not by crocetin
or AS101 pretreatment. Litter size was counted after each mating
round. Data represent means + SEM. One-way ANOVA (P < 0.001),
followed by multiple comparison by Holm-Sidak (***P <0.001;
*P <0.05).

primordial follicle activation. By looking at the effects at
protein expression level, we found that CPM increased the
activated form of AKT protein (pAKT) phosphorylated by
PI3K and the inactive form of FOXO3a (pFOXO3a)
phosphorylated by pAKT. By contrast, crocetin and AS101
treatment results in reduction of both pAKT and pFOXO3a

when compared with CPM alone (Figures 3(a) and 3(b)).
However, crocetin effect was more pronounced than AS101
and similar to untreated control.

3.4. SIRTI Protein and Its Regulator HuR Are Increased
during the Early Response to CPM. To investigate the involve-
ment of SIRT1 in the response to CPM, we conducted the
first set of experiments in human granulosa cells aimed to
analyse changes in mRNA levels of SIRTI and HuR after
3h, 6h, and 12h of PM exposure. At first, we carried out
experiments in order to identify the minimum effective dose
of PM, the active metabolite of CPM. After 72 h of treatment,
proliferation was significantly reduced in human granulosa
cells cultured in the presence of 50 M PM. Since no further
inhibition was observed at 100 uM PM, (P<0.001,
Figure 4(a)), we employed the dose of 50 uM PM in gene
expression experiments. Then, we analysed the expression
level of SIRTI1 and of HuR in COV434 cells exposed to
50 uM PM for 3h, 6h, and 12h. Both genes increased
their expression level in a time-dependent manner, sug-
gesting the activation of the OS response in this cell line
(Figures 4(b) and 4(c)).

In the second set of experiment, mice received CPM and
were sacrificed at 12h and 24 h after CPM treatment. Our
results show that SIRT1 protein level increased at 12h and
doubled its expression at 24h after CPM treatment
(Figure 5(a)). HuR protein increased at 12h after CPM to
decrease at 24 h (Figure 5(b)).
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3.5. Crocetin and ASI01 Prevent the SIRT1 Upregulation
Induced by CPM. In the second set of experiments, we tested
whether crocetin and AS101 act by modulating the early
adaptive response regulated by SIRT1. Our data showed that
crocetin treatment prevented the increased expression of
SIRT1 induced by CPM treatment (Figure 6). Furthermore,
mice receiving crocetin prior to CPM presented a SIRT1
expression level equivalent to untreated controls. AS101
induced a reduced activation of SIRT1 protein produc-
tion in comparison to CPM treatment, but its levels were
enhanced when compared to crocetin and untreated con-
trol mice.

3.6. Crocetin and AS101 Prevent CPM-Induced Changes in
Mitochondrial Markers. To test whether the protective effect
of crocetin was exerted throughout regulation of mitochon-
drial markers, we analysed the expression level of SIRT3,
SOD2, and PCGlalpha. Similar to SIRT1, SIRT3 increased
at 24 h following CPM (Figure 7(a)). Crocetin treatment pre-
vented the SIRT3 increase induced by CPM although SIRT3
amount was lower than that observed in untreated controls.
ASI101 treatment promoted a similar effect. Moreover, CPM
was found to significantly reduce SOD2 protein. Both croce-
tin and ASI101 treatments attenuated this effect although

SOD?2 level was lower than that observed in untreated controls
(Figure 7(b)). Our results also showed that CPM mice pre-
sented lower levels of PGCl-a protein when compared with
control whereas crocetin and AS101 induced a threefold
increase of this protein in comparison to untreated controls
(Figure 7(c)).

4. Discussion

Considering the increment in survival rates of cancer patients
in their childhood or reproductive age, searching for ferto-
protective agents is the main challenge in oncology practice.
Here, we demonstrate for the first time that oral administra-
tion of crocetin, a natural carotenoid derivative and effective
free radical scavenger, attenuates CPM-induced gonadotoxi-
city and modulates molecular pathways involved in the early
ovarian response to this anticancer drug. These observations
provide strong evidence that an imbalance of redox potential
is the main factor underlying CPM-induced ovarian damage.
Moreover, we outlined that crocetin effects at both molecular
and biological levels resembled those by AS101, the most rel-
evant candidate as a fertoprotective agent.

Crocetin, the main bioactive saffron compound [63, 64],
is the hydrolysed active form of crocin, which is the most
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investigated saffron carotenoid. In comparison with crocin,
crocetin is more rapidly absorbed in the intestinal tract and
exhibits greater efficacy [65]. It is well established that the
therapeutic effects of crocetin against some types of cancers,
including breast cancer, have been pointed out [47, 48, 54—
56, 66-69]. Crocetin acts in a dose-dependent manner in
in vitro models [47, 55, 67, 68]. Oral administration of croce-
tin has been employed in research on mice aimed to investi-
gate its effects against retinal damage [70] and tumour
growth [56, 69]. Crocetin has also been administrated to
healthy adult human volunteers, demonstrating that it is ben-
eficial also in humans [71, 72]. Although only one paper
reported the prevention by crocetin of CPM side effects on
the bladder and liver [73], a plethora of publications reveals
that crocetin can provide protection against OS induced by
toxicants or underlying disorders in numerous organs, tis-
sues, and cells [49-52, 74-78].

Our data show that crocetin protects primordial and
growing follicles from CPM injury and the mechanism
underlying the protective action of crocetin is similar to that
of AS101. Crocetin treatment results in the reduction of the
phosphorylated/activated form of AKT protein (pAKT) and
the phosphorylated/inactive form of FOXO3a (pFOXO3a)
when compared with CPM. According to our results, croce-
tin treatment was more effective in reducing the activation

of the PI3K/AKT/FOXO3a pathway in response to CPM
since pAKT and pFOXO3a levels were lower than that
observed in AS101 although this difference did not result in
higher efficacy in terms of follicle survival. Thus, it would
be suggested that crocetin, similar to AS101, prevents dysreg-
ulation of follicle activation induced by CPM. Nevertheless,
further investigation is needed to clarify whether crocetin,
similar to AS101 [20], is able to reduce follicle apoptosis
induced by CPM.

In addition to its role in follicle activation, FOXO3a is
known to activate an antioxidant response when deacetylated
by SIRT1. However, this function cannot be exerted when
FOXO3a is phosphorylated by AKT. Thus, we can hypoth-
esize that the increased levels of pFOXO3a in CPM ovaries
may compromise the antioxidant response orchestrated
by SIRTI.

SIRT1 plays a critical role in coordinating cellular
response to stress, and SIRT1 levels are upregulated by cellu-
lar stressors, including metabolic, genotoxic, and oxidative
stress [79]. Indeed, in our model of human granulosa cells
sensitive to antiproliferative effects of CPM, Sirtl and HuR
transcription gradually increases with the same kinetics,
demonstrating the involvement of SIRT1 in the early steps
of cell response to CPM damage. This conclusion has been
confirmed in the animal model where we observed that as
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early as 12h following CPM administration, the ovary acti-
vates an adaptive response based on upregulation of SIRT1
protein that peaks at 24 h. This pattern is preceded by upreg-
ulation of HuR which peaks at 12h to decrease at 24 h indi-
cating that in response to stress HuR may act transiently to
stabilise SIRT1 transcripts prior to be degraded [80]. Never-
theless, other roles for HuR cannot be excluded. Posttran-
scriptional function of HuR has been described for a wide
number of transcripts bearing AU-rich elements whose turn-
over is critical for cell fate [81-83].

Previous reports described a reduction of SIRT1 levels
in rat ovaries in response to CPM and the protective role
of caloric restriction associated with increased SIRTI
expression [84]. This is not in contrast with our results
since we focused on the evaluation of the early response
assessed before biological damage whereas the reduction of
SIRT1 levels described elsewhere could be related to
depletion of follicle population following CPM treatment.

Moreover, SIRT1 has been recently involved in the regula-
tion of bioenergetics metabolism during folliculogenesis. In
this regard, Cinco et al., [85] observed that oocyte expres-
sion of SIRT1 is increasing during primordial follicle awak-
ening together with a significant increase of NAD™. This is
related to the decreased NADH/NAD" levels resulting from
the activation of oxidative phosphorylation for energy sup-
ply during growth. Thus, the increased levels of ovarian
SIRT1 during the early phase of CPM damage may be the
cause or the effect of primordial follicle activation leading
to the burnout effect.

Our data showed that both crocetin and AS101 prevented
the increased expression of SIRT1 induced by CPM. This
could be ascribed to their ability to counteract CPM-
induced changes in the redox potential leading to SIRTI
recruitment. However, the observation that levels of SIRT1
in the two groups are not the same would suggest that croce-
tin and AS101 have a different ability to modulate ovarian
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mitochondrial damage. By contrast, the finding that crocetin and AS101 exert fertoprotective effects, prevent SIRT1 and SIRTS3 rise, and
maintain pFOXO3a, PGCl-a, and SOD2 levels provides evidence for a link between the burnout hypothesis, oxidative stress, and

mitochondrial damage.

physiological environment, which influences SIRT1 expres-
sion. The hypothesis of the oxidative basis of CPM ovarian
damage is supported by the finding that crocetin and
AS101 prevented CPM-induced mitochondrial toxicity. In
particular, crocetin and AS101 treatment counteracted the
upregulation of the mitochondrial sirtuin SIRT3 induced by
CPM. SIRT3 is considered a key coordinator of mitochon-
drial energy metabolism under stress conditions by directly
targeting and modulating various processes [39-41] and
downregulating mitochondrial protein synthesis [86].
Further evidence of OS and its mitochondrial basis are the
downregulation of PGC1-« and SOD2 in CPM ovaries and
the observation that these mitochondrial proteins severely
increased their expression following crocetin and AS101
administration.

Therefore, it can be speculated that SIRT1 is recruited in
order to regulate cell fate following CPM injury. In the exper-
imental model proposed here, it seems to fail to orchestrate
an efficient repair in concomitance with SIRT3, probably
because its substrates, such as FOXO3a and PGCI-a, or
downstream effectors, such as SOD2, are impaired. For these
reasons, we propose that SIRT1 could be considered as a
marker of CPM ovarian injury. Given its role as a sensor of
damage and effector of cell fate, caution should be taken in
proposing attenuating therapies based on SIRT1 targeting.

The inhibition of CPM-induced follicle loss by AS101 has
been ascribed to its ability to inhibit AKT activation and
reduce apoptosis in large growing follicles [20]. The finding

that a potent antioxidant such as crocetin exerts similar
effects on the PI3K/AKT/FOXO3a pathway suggests that
AS101 may also act upstream to this pathway by preventing
the OS burst induced by CPM. This hypothesis is also sup-
ported by the observation that, similar to crocetin, AS101
prevents the activation of OS sensors and mitochondrial tox-
icity induced by CPM. It is also important to consider that
beneficial effects by both crocetin and AS101 may be ascribed
to their effects on the whole ovarian microenvironment. In
this regard, crocetin’s ability to increase diffusion of oxygen
through the plasma can contribute to counteract CPM-
induced inhibition of follicular microvascularization [87].
Moreover, anti-inflammatory properties are known for both
these agents [50, 53, 88, 89] although these effects in the
ovary need to be investigated.

The present study represents a contribution to previous
evidence in animal models about the use of saffron bioactive
molecules in the fertility field. Recent investigations have
revealed that crocetin and its derivative crocin have beneficial
effects on in vitro oocyte maturation, sperm quality, and
fertilization [90-94]. Moreover, crocin has been described
to protect male gonad against CPM toxicity [46].

In conclusion, we speculate that the ovarian adaptive
response to CPM consists in a complex network involving oxi-
dative stress, SIRT1, and mitochondrial damage (Figure 8).
Finally, due to its efficacy in the animal model and its anti-
cancer properties and low toxicity in humans, this work
demonstrates for the first time that crocetin presents all
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the characteristics required for a natural fertoprotective
agent to be included in future clinical studies.
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ABSTRACT

The Human antigen R protein (HuR) is an RNA-
binding protein that recognizes U/AU-rich elements
in diverse RNAs through two RNA-recognition mo-
tifs, RRM1 and RRM2, and post-transcriptionally reg-
ulates the fate of target RNAs. The natural prod-
uct dihydrotanshinone-l (DHTS) prevents the asso-
ciation of HuUR and target RNAs in vitro and in cul-
tured cells by interfering with the binding of HUR
to RNA. Here, we report the structural determinants
of the interaction between DHTS and HuR and the
impact of DHTS on HuR binding to target mRNAs
transcriptome-wide. NMR titration and Molecular Dy-
namics simulation identified the residues within
RRM1 and RRM2 responsible for the interaction be-
tween DHTS and HuR. RNA Electromobility Shifts
and Alpha Screen Assays showed that DHTS inter-
acts with HuR through the same binding regions as
target RNAs, stabilizing HuR in a locked conforma-
tion that hampers RNA binding competitively. HUR
ribonucleoprotein immunoprecipitation followed by
microarray (RIP-chip) analysis showed that DHTS

treatment of Hela cells paradoxically enriched HuR
binding to mRNAs with longer 3’'UTR and with higher
density of U/AU-rich elements, suggesting that DHTS
inhibits the association of HUR to weaker target mR-
NAs. In vivo, DHTS potently inhibited xenograft tu-
mor growth in a HuR-dependent model without sys-
temic toxicity.

INTRODUCTION

The Human antigen R (ELAVLI1, HuR) is an ubiquitously
expressed RNA-binding protein, belonging to the ELAVL
(Embryonic Lethal Abnormal Vision)-like family, that pref-
erentially binds U- and AU-rich elements (AREs) abundant
in the 3’ untranslated regions (3’UTRs) of certain mRNAs.
It is mainly localized within the nucleus (90%), where it
exerts post-transcriptional functions such as splicing (1-4)
and alternative polyadenylation (5-7), and is able to shut-
tle to the cytoplasm, where it mainly regulates the fate of
target RNAs (8). HuR regulates cellular responses to dif-
ferentiation, senescence, inflammatory factors, and immune
stimuli by tightly controlling the post-transcriptional fate of
specific mRNAs (9-12). Notably, HuR binds to and reg-
ulates the half-life of mRNAs and/or the translation of

*To whom correspondence should be addressed. Tel: +39 046 1283094; Fax: +39 046 1283239; Email: alessandro.provenzani@unitn.it
Correspondence may also be addressed to Marco Fragai. Tel: +39 055 4574261; Fax: +39 055 4574923; Email: fragai@cerm.unifi.it
Correspondence may also be addressed to Luciana Marinelli. Tel: +39 081 679899; Fax: +39 081 676569; Email: Imarinel@unina.it

fThese authors contributed equally to this work as first authors.

© The Author(s) 2017. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact

journals.permissions@oup.com

6102 dunf G0 uo 1sanb Aq 9£08.6€/7156/91/GH/10BSAE-8]0ILIE/IEU/WO0d"dNO"DIWSPEDE//:SA]Y WOl PAPEOJUMOC



mRNAs encoding key inflammatory cytokines and inter-
leukins, such as tumor necrosis factor-a (TNFa) (13) and
interleukin IL-1B, IL-3 (14), IL-6 (15), IL-8, IL-10, IL-4,
CXCL1 (16-18), in turn governing the development and
maturation of B and T lymphocytes (19,20). HuR is highly
expressed in many cancer types, and is believed to promote
tumorigenesis by interacting with mRNAs encoding pro-
teins implicated in cell proliferation and survival, angiogen-
esis, invasion, pharmacoresistance and metastasis (21-27).
The role of HuR in inflammation and cancer has prompted
the search for inhibitors/modulators to interfere with its bi-
ological activity (28-32).

A number of natural and synthetic molecules have been
found to interfere with the formation of HuR /mRNA com-
plexes in vitro (29,32-35). The structural basis of the inter-
action of such molecules with HuR is still poorly character-
ized. HuR contains three highly conserved RNA recogni-
tion motifs (RRMs) among which the first two, RRM1 and
RRM2, bind with high affinity to U/AU-rich RNA (36). By
contrast, the third domain, RRM3, contributes to the inter-
action of HuR with poly(A) tails of target mRNA, and is
believed to be involved in mRNA-induced cooperative as-
sembly of HuR oligomers (37) (Figure 1A). Each RRM do-
main adopts a B;—a;—Br—B3—ax—P4 topology with the two
a-helices packed in an antiparallel four-stranded B-sheet.
Residues at conserved positions located on B-strands 1 and
3 are essential for mRNA binding, and are either involved
in stacking interactions with mRNA bases or inserted be-
tween two sugar rings (38). At present, two crystal struc-
tures of the isolated RRM1 domain (PDB codes 3HI9 and
4FXYV (39)) and two of the RRM1-RRM2 domains (PDB
codes 4ED5 (40) and 4EGL) are available in the Protein
Data Bank (PDB). Conformational changes occurring on
the tandem RRM1-RRM2 domains are crucial for mRNA
binding (40). As suggested by the crystal structures, the tan-
dem construct adopts an ‘open’ conformation in the free
form and a ‘closed’ conformation when the RRMI and
RRM?2 domains bind mRNA (Figure 1B and C). This hy-
pothesis is supported by SAXS data that show an equilib-
rium among ‘closed’ and ‘open’ conformations for HuR in
solution, in the absence of mRNA. When a target mRNA
sequence is present, the two domains form a stable com-
plex with mRNA and adopt a ‘closed’ globular conforma-
tion around the mRNA strand (41).

Dihydrotanshinone-I (DHTS) is a natural compound
present in Salvia miltiorrhiza that interferes with the forma-
tion of HuR/RNA complexes (31). However, there is cur-
rently no detailed information about the specific interac-
tion of DHTS with HuR or about the perturbations of the
RNA-binding abilities of HuR transcriptome-wide. Here,
we report the analysis of the interaction between DHTS and
HuR by NMR, Molecular Dynamics simulation, and mu-
tagenesis experiments. We have characterized the internal
dynamics of the HuR RRM1-RRM2 domains, and have
used this information to analyze the role of the two domains
in ligand binding. In this respect, the identification of the
flexibility of the two domains, RRM1 and RRM2, was par-
ticularly interesting. Moreover, ribonucleoprotein immuno-
precipitation followed by microarray analysis revealed that
DHTS dysregulates HuR by enriching HuR binding to-
wards longer mRNAs highly rich in U/AU-rich 3UTRs,
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including the mRNAs that encode apoptotic and cell-cycle
regulatory proteins in cells, and inhibits cancer cell growth
in vivo.

MATERIALS AND METHODS
Cell lines and reagents

Human cervical adenocarcinoma HeLa cells (ATCC®
CCL2™), colon carcinoma cells HCT116 (ATCC; Man-
assas, VA) were cultured in standard Dulbecco’s Mod-
ified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (Gibco/Invitrogen), 1% L-glutamine
(Gibco/Invitrogen), 1% penicillin—streptomycin (Invitro-
gen), and growth conditions at 37°C in 5% humidi-
fied CO, incubators. Creation and characterization of
CRISPR /Cas9-mediated knockout of the ELAVLI gene in
HCTI116 cells was accomplished as described (42). Dihy-
drotanshinone 1 (D0947) was purchased from Sigma and
dissolved in ultrapure dimethylsulfoxide (DMSO, Amresco,
N182) to 10 mM final concentration. Antibodies used rec-
ognized HuR (sc-71290; from Santa Cruz Biotechnology),
His tag (anti-6x His (ab1187; from Abcam)) and B-actin
(Clone C4; MP Biomedicals).

Cell and tumor growth assays

Transient transfection of cells with a HuR expres-
sion construct (pcDNA3.1/Zeo/HuR-Flag) or empty
vector was accomplished using Lipofectamine Plus
(Gibco/Invitrogen) as described (43) for 48 h, following
addition of 10 uM DHTS or vehicle. Cell survival was
assayed using the MTT-based cell growth determination
kit (Sigma-Aldrich) as previously described (30).

Anchorage- and serum-independent growth assays were
accomplished by plating cells (20 cells per well) on 96-well
ultra-low attachment plates (Corning) in in spheroid growth
medium (DMEM supplemented with 10 mM HEPES, N2
supplement (1 x; Gibco), B-27 supplement (1 x; Gibco), In-
sulin Transferrin Selenium (1x; Gibco), FGF (10 ng/ml;
Gibco) and EGF (20 ng/ml; Gibco)). After 3 days of
growth, spheroids were treated with 10 uM DHTS or ve-
hicle for 15 days changing medium every 3 days. Individual
spheroids (n = 5-10/time point) were imaged every 3 days
and area was measured using ImagelJ software.

Six week-old athymic nude (Nu/Nu) mice were pur-
chased from Jackson Laboratories and maintained under
sterile conditions in cage micro-isolators according to ap-
proved TACUC guidelines. Parental HCT116 and a repre-
sentative HuR knockout clone (2 x 10° cells) used between
passages 14 and 23 were resuspended in PBS containing
50% Matrigel (Corning) and injected into the dorsal subcu-
taneous tissue (three mice/group with two tumors/mouse).
Mice (three per group) received intraperitoneal (IP) injec-
tions of DHTS (10 mg/kg) dissolved in PBS/5% N-methyl
pyrrolidine (NMP) (Sigma-Aldrich) or vehicle control every
48 h. Tumor volumes and body weight were measured three
times per week using a caliper, and tumor volumes were cal-
culated using the formula: volume = length x width?/2.
Upon termination of the experiment, mice were euthanized
and tumors were harvested.
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Figure 1. Multidomain organization of HuR (A). The RRM1-RRM2 tandem domains (RRM1 aminoacids (aa) Thr20-Pro98 and RRM2 aa Alal06-
Asnl86) are separated by a short linker of 7 residues (aa Ser99-Aspl05), while RRM3 (aa Trp244-Asn322) is connected to the other two domains by
a long hinge region of about 60 residues (aa Prol87-Gly243), which includes the HuR Nucleocytoplasmic Shuttling (HNS) sequence, responsible for
nuclear/cytoplasmic shuttling of HuR. RRM1 is represented in green, RRM2 in blue and RRM3 in red. The HuR Nucleocytoplasmic Shuttling Sequence
(HNYS) is indicated in orange. Cartoon representation of the ‘open’ structure of the tandem RRM1-RRM?2 domains crystallized in the absence of RNA
(pdb code 4EDS) (B), and of the ‘closed’ structure of the tandem RRM1-RRM2 domains in complex with RNA (pdb code 4EGL) (C). The two domains
and the linker are highlighted with different colors (RRM1 in green, linker in yellow and RRM2 in blue). (D) Comparison of experimental backbone "NH
R values for RRM1-RRM2 (data collected at 298 K, black filled circles) with the calculated values (grey bars) for isolated RRM1 and RRM2 domains
(1), for monomeric RRM1-RRM2 construct (3) and for rigid dimeric adduct (5). Comparison of experimental backbone '’NH R, values for RRM1—
RRM2 (data collected at 298 K, black filled circles) with the calculated values (grey bars) for isolated RRM1 and RRM2 domains (2), for monomeric
RRMI-RRM2 construct (4) and for rigid dimeric adduct (6). Experimental NOE values for RRM1-RRM?2 (data collected at 298 K) (7) and S? order
parameter calculated with the program TENSOR2 (8).

AlphaScreen and RNA electromobility shift (REMSA) as- cording to their hooking points and incubated for 1 hour at
says room temperature. Plates were read for fluorescence signals
in an Enspire plate reader instrument (PerkinElmer; 2300-

Amplified Luminescent Proximity Homogenous Assay (Al- 001A), and specific binding was calculated by subtracting

pha) with a 5-Biotinylated RNA probe (Bi-TNF, 5'- . . .
AUUAUUUAUUAUUUAUUUAUUAUUUA) was used the background, obtained in the absence of the protein.

. . . For REMSA experiments, equimolar concentrations of pu-
with FL-HuR and four studied mutants. 384-well optiplates . ’ .
(PerkinElmer; 6007299) were used with 20 w1 final volume in rified RRMs and FAM-TNF RNA. probes were used (32) in

each well. Hooking points of all the respective proteins were REMSA buffer (20 mM HEPES pH. 7.5, 50 mM K(], 0.5
o . g BSA, 0.25% glycerol) together with reference doses of

determined. Reagents were used in the nanomolar range us- DHTS were run on the native Polyacrylamide (6%) gel, in

ing the AlphaScreen His detection kit (PerkinElmer) in al- were rin on Hhe native rolyactytamide (v7o) gel,

0.5x TBE buffer at 55 V for 90 min. The gel was analysed
ha buffer (25 mM HEPES pH 7.4, 100 mM NacCl, 0.1% .
II;S A).uDong)r and acceptor bSa ds were used at 10 pg/ml a: by a Typhoon instrument (GE Healthcare; 00-4277-85 AC).

their final concentration, proteins and constructs were ac-
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R 1, R, and NOE measurements

The experiments for the determination of N longitudi-
nal and transverse relaxation rates and "N—'H NOE (44)
were recorded at 298 K and 700 MHz on 'N-enriched sam-
ples of the RRMI1-RRM2 tandem domains of HuR. N
Longitudinal relaxation rates (R;) were measured using a
sequence modified to remove cross-correlation effects dur-
ing the relaxation delay (45). Inversion recovery times rang-
ing between 2.0 and 2500 ms, with a recycle delay of 3.5
s, were used for the experiments. N transverse relaxation
rates (R,) were measured using a Carr-Purcell-Meiboom-
Gill (CPMG) sequence (45,46), with delays ranging between
8.5 and 237.4 ms and a refocusing delay of 450 ws. Longi-
tudinal and transverse relaxation rates were determined by
fitting the cross-peak intensities as a function of the delay to
a single-exponential decay using the Origin software. Het-
eronuclear NOE values were obtained from the ratio of the
peak height for 'H-saturated and unsaturated spectra. The-
oretical predictions of NH R; and R, values for RRM1-
RRM2 tandem domains were made using HYDRONMR
(47) and the pdb structure 4EDS5 (40), considering (i) the
isolated domains, (ii) the monomeric and (iii) the dimeric
constructs.

Molecular dynamics simulation and analysis

The HuR-DHTS complex, as issuing from docking calcula-
tions (see SI for details), was submitted to MD simulation
with NAMD (48) using the ff99SBildn Amber force field
parameters (49,50) for proteins and the parameters recently
developed by Allnér and co-workers for ions (51). Parame-
ters for DHTS were generated in two steps. Initially, charges
were computed using the restrained electrostatic potential
(RESP) fitting procedure (52). The ESP was first calculated
by means of the Gaussian09 package (53) using a 6-31G*
basis set at Hartree-Fock level of theory, and then the RESP
charges were obtained by a two-stages fitting procedure us-
ing the program RED (54,55). Missing bond, angle, torsion
and improper torsion angle parameters were then generated
using Antechamber (56). The complex was then solvated in
a 15 A layer cubic water box using the TIP3P water model
parameters. Neutrality was ensured by adding five further
CI~ ions. The final system size was ~74 A x 93 A x 74 A for
a total number of atoms of ~48 000. A 10 A cutoff (switched
at 8.0 A) was used for atom pair interactions. The long-
range electrostatic interactions were computed by means of
the particle mesh Ewald (PME) method using a 1.0 A grid
spacing in periodic boundary conditions. The RATTLE al-
gorithm was applied to constrain bonds involving hydrogen
atoms, and thus a 2 fs integration time step could be used.
More details in the Supplementary Methods

RIP-chip protocol

To analyze the influence of DHTS on the interaction of
HuR with endogenous mRNAs, immunoprecipitation (IP)
of endogenous ribonucleoprotein complexes was performed
as described previously (57). Briefly, HeLa cells were lysed
in 20 mM Tris—HCl at pH 7.5, 100 mM KCI, 5 mM MgCl,,
and 0.5% NP-40 for 10 min on ice and centrifuged at 15 000
x g for 10 min at 4°C. The supernatants were incubated for
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2 h at 4°C with protein G Sepharose beads (GE Healthcare)
coated either with anti-HuR or with control 1gG antibod-
ies (both from Santa Cruz Biotechnology). The beads were
washed with NT2 buffer (50 mM Tris—-HCI [pH 7.5], 150
mM NaCl, 1 mM MgCl,, 0.05% NP-40), followed by incu-
bation with 20 units of RNase-free DNase I for 15 min at
37°C to remove the DNA. The samples were then incubated
for 15 min at 55°C with 0.1% SDS-0.5 mg/ml proteinase
K to digest proteins. Microarray analysis was performed in
duplicate (GEO number GSE94360). The RNA from the
IP samples was extracted using phenol-chloroform, precipi-
tated, and used for cDNA microarray analysis or RT-qPCR
validation.

Analysis of enriched mRNAs

GC content, length and secondary structure density (com-
puted as the fraction of unpaired nucleotides) for the UTRs
of DEC and INC genes were obtained from the AURA 2
database (58), and plotted with the R software. The enrich-
ment of post-transcriptional regulatory elements was per-
formed with the Regulatory element enrichment feature of
AURA 2. Gene ontology and pathway enrichment analyses
were performed with the Enrichr tool (59) on GO (Biolog-
ical process, Molecular function and Cellular Component)
and pathways (KEGG and Reactome) libraries, using a five
genes overlap and minimum combined score of 2 as signifi-
cance threshold. GO terms were clustered by semantic sim-
ilarity with the GoSemSim R package (60), and the cluster
score computed as the average combined score of compos-
ing terms.

RESULTS
NMR resonance assignment

The 2D 'H-N HSQC spectrum of tandem RRMI-
RRM2 domains shows well-dispersed signals in agreement
with a uniform and folded protein structure (Supplemen-
tary Figure S1). All the residues (but Prol172), including
those forming the linker region that is crucial for the pro-
tein function, have been assigned (Supplementary Table
S1, BMRB code: 27002). Our assignment of the tandem
RRM1-RRM?2 domains was also compared with the ones
reported for the isolated RRM1 domain (61) as in the
RRMI1-RRM2 tandem domains (35). The resonances of
residues forming the RRM1 domain are almost the same
in the isolated domain (61), and in the RRM1-RRM2 con-
struct. As reported by Wang and coworkers (35), this ob-
servation suggests that the RRM1 and RRM2 domains do
not interact with each other when they form the tandem
construct. Based on TALOS+ predictions, each domain in
the RRM1-RRM2 construct is constituted by two a-helices
and four B-strands, in agreement with the previously re-
ported crystal structures of the RRM1 and RRM1-RRM?2
domains of HuR (39,40,62) (Supplementary Figure S2).

Internal dynamics of RRM1-RRM2 tandem domains

To characterize protein dynamics, measurements of longi-
tudinal (R;) and transverse (R,) relaxation rates of back-
bone amide nitrogens at 700 MHz, 'H Larmor frequency,
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and 298 K were performed on '"N-enriched samples of the
RRMI1-RRM2 construct. Theoretical estimates of R; and
R values were calculated for the following model struc-
tures: (i) the isolated RRM1 (T20-P98) and RRM2 (A106-
N186) domains (Figure 1D, panels 1, 2), (ii) the monomeric
RRM1-RRM2 construct (Figure 1D, panels 3, 4) and, (iii)
the dimeric adduct (Figure 1D, panels 5, 6) (PDB 4EDS).
Figure 1D shows the experimental R; and R, values (black
circles) as well as the theoretical ones (grey bars). The com-
parison of experimental R; and R, data with theoretical
values calculated for the isolated RRM1 and RRM2 do-
mains shows that experimental R; values were smaller and
R, values are larger than their theoretical counterparts (Fig-
ure 1D, panels 1, 2). At the same time, experimental R; val-
ues were higher than theoretical estimates calculated for the
monomeric construct in solution (Figure 1D, panel 3), in-
dicating that the RRM1-RRM2 construct did not behave
as a rigid body but instead displayed inter-domain flexi-
bility, simulating a protein of lower molecular weight (63—
65). Experimental R, values were instead slightly higher
than their theoretical counterparts, indicating the occur-
rence of possible aggregation phenomena (Figure 1D, panel
4). On the other hand, experimental R, values were dra-
matically higher, and R, dramatically lower than theoret-
ical values calculated for the rigid dimer (Figure 1D, panel
5, 6), suggesting that the RRM1-RRM?2 dimer was not
present in solution as a stable complex. Further indication
of the presence of inter-domain flexibility was provided by
the ’N-"H NOE values for the linker residues Ser99 (0.46),
Ser100 (0.34), Glul101 (0.31), Val102 (0.30), Ile103 (0.32)
and Lys104 (0.40) (Figure 1D, panel 7). The small NOE val-
ues of the residues in the linker between the two domains
are evidence of fast motions on ps-ns timescale (faster than
the overall protein-tumbling rate). Very small NOE values
are found also for the N- and C-terminal tails, and for some
residues in the loops of RRM1 (Val56, Ala57, Gly58) and
RRM2 (GInl41, Thr142, Leul45) domains. The order pa-
rameter S? calculated with the program TENSOR2 (66)
starting from experimental R;, R, and NOE values is also
reported in Figure 1D, panel 8. The S? values confirm the
presence of high flexibility between the two domains, and
for some loops within each domain.

DHTS stabilizes HuR in a closed conformation and competes
with mRNA for binding

The interaction of HuR with DHTS was investigated
through solution NMR. The significant precipitation of
the ligand in the solution, occurring at the high concen-
trations required by the NMR analysis, prevented the es-
timation of the affinity constant. Nevertheless, after the ad-
dition of increasing amounts of DHTS to the protein, we
observed a generalized decrease in signal intensity, with
few residues (Thr20, Asn21, Ile52, Ser94, Tyr95, Alal06,
Asnl07, Leul08, Ile133, Asnl134, Vall37, Leul38, Argl47,
Ile152, Phel54, Aspl55, Lys182) experiencing a larger ef-
fect. These residues were located in the B-platform of both
RRM domains (Figure 2A and B). The generalized decrease
of signal intensity, and the distribution of affected residues
over the large surfaces of the B-platform in each domain
suggested an alteration of the equilibrium among ‘closed’

and ‘open’ conformations upon ligand binding. Specifically,
the decrease of signal intensity was consistent with a mech-
anism where the small molecule stabilizes a ‘closed’ confor-
mation of HuR. After the addition of DHTS to the protein,
only negligible chemical shift changes occur. The residues
experiencing the largest chemical shift perturbations are lo-
cated close to the B-platforms (Supplementary Figure S3).

With the dual aim of bringing some insights into
DHTS binding mode and mechanism of action, we car-
ried out a molecular modeling study. We employed a ‘tan-
dem’ approach of docking calculations and molecular dy-
namics (MD) simulations in the attempt to follow the
protein/ligand reciprocal conformational mutations. We
first performed a docking calculation to the whole mRNA
binding surface of HuR by means of AutoDock 4.2, which
converged to a single binding pose. As a result, DHTS was
found at the center of the mRNA binding cleft, which is
shaped by the RRM1 and RRM?2 domains (residues 18-95
and 107-185, respectively), and in proximity of the inter-
domain linker. To allow both the ligand and the protein
to fully adapt to each other, we performed an extended
(0.5-ws) MD simulation. During the first 100 ns of simu-
lation, DHTS was displaced from its starting position later-
ally along the surface of the RRM domain B-sheets, though
always remaining bound to the HuR surface (Supplemen-
tary Figure S4A and B). This displacement was accompa-
nied by a HuR conformational shift towards a ‘closed’ form
featuring the two RRM domains even closer to each other
(Supplementary Figure S4C), and establishing further inter-
residues contacts (Supplementary Figure S4D) lacking in
the mRNA-bound conformation, e.g. a salt bridge between
Asp-105 and Arg-153, a backbone hydrogen bond between
Ile-133 and Asn-25 or a hydrophobic contact between Ile-
133 and Ile-23. For the sake of comparison, a further 500
ns MD was performed, starting from the X-ray HuR-RNA
complex. The simulation resulted in an overall greater struc-
tural stability as compared to the HUR-DHTS complex
(Supplementary Figure S5A and B). Furthermore, we ob-
served neither a decrease in the distance between the two
RRM domains nor a significant increase in the number of
inter-domain residue contacts (Supplementary Figure S5C
and D).

In the final HUR-DHTS complex, which remained stable
for the rest of the simulation, DHTS is accommodated in
a narrow, elongated and mostly hydrophobic pocket (Fig-
ure 2C) shaped by residues of the two RRM domain -
sheets (RRM1:1le-23, Asn-25, Tyr-26, Leu-61, Tyr-63, Phe-
65; RRM2: Asp-105, Tle-133, Asn-134, Arg-153) and of
inter-domain linker (Ile-103 side chain and Lys-104, Arg-97
and Ala-96). The aromatic rings of DHTS establish several
w-interactions, among which a cation-m interaction with
Arg-153 and a NH—m interaction with the Asn-134 side
chain. However, although DHTS is gripped between the
two domains, it does not bind HuR rigidly, but rather gen-
tly sways along the binding surface (Figure 2D). Taken to-
gether, our structural data indicate that DHTS competes
with RNA for the binding to HuR, interacting with the 3-
platform of both RRM domains in the proximity of the in-
terdomain linker, and thus stabilizing HuR in a closed con-
formation.
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Figure 2. Graphical representation of the intensity changes per residues of RRM1-RRM2 HuR protein (50 wM in solution) in the presence of DHTS
(200 wM) (A) and surface representation of the closed conformation of HuR (pdb: 4EDS) (B) with the residues exhibiting the highest decreases in signal
intensities highlighted in red. (C) Global view of the HuR (green cartoons)-DHTS (orange spheres) complex. Note how the insertion of DHTS into the
mRNA binding cleft and the further closure of the latter, as compared to the mRNA-bound conformation (yellow), prevents the accommodation of the
mRNA strand (blue ribbons). (D) Theoretical DHTS binding mode, as suggested by our MD simulation. DHTS and HuR residues involved in binding
interactions are displayed as sticks.
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The -platforms of RRM domains are involved in DHTS in-
hibitory activity

To support NMR and molecular modeling that addressed
a specific interacting region on HuR, we produced HuR
protein domains made of the first RRM domain (RRM1),
of the second RRM domain (RRM2), of the RRMI-
RRM?2 wild-type RRM domains, and of RRMI1 lack-
ing 14 aminoacids at the C-terminus (ARRMI1, missing
residues from Ser94 to Asnl07) and performed in vitro
RNA binding experiments. Some of these residues belong
to the inter-domain linker (Ser99-Asp105) and the others
to the B-platform regions of the two domains, where some
aminoacids experienced decreased intensity in the presence
of DHTS (Ser94-Tyr95 in RRM1 and Alal06-Asn107 in
RRM?2). HuR domains were produced in Escherichia coli
using the pET42 plasmid (31). We obtained the same purity
for all the protein isoforms (Supplementary Figure S6). As
single domains lose RNA-binding activity very quickly, the
in vitro activity of the single protein domains and of their
combination was evaluated by REMSA, mixing equimo-
lar concentration of each, freshly prepared, with 0.2 pM
of the FAM-ARE ssRNA probe (Figure 3A). The RRM1-
RRM2 isoform was used as positive control because it dis-
played a similar K4 (2.62 + 0.6 nM (31)) to the FL HuR
protein, and because it was used in the NMR experiments
(35). RRM1 retained the capability to recognize mRNA
substrates (40), however with a lower affinity compared to
the RRM1-RRM2 construct, probably indicating a change
in the stoichiometry of cooperative protein binding (Figure
3A, Supplementary Figure S7) (40,62).

Importantly, the RRM1-RNA complex was still sensi-
tive to DHTS. After removing 14 aminoacids, the binding
capacity of ARRMI1 to RNA was slightly reduced (~20%)
in comparison with the RRM1 domain (Figure 3A). Con-
versely, ARRMI1 became resistant to DHTS, suggesting
that this region is important for DHTS inhibitory activ-
ity (Figure 3A). REMSA performed with RRM2 and in
vitro complementation of the two domains (RRM1 + M2
and ARRM1 + M?2) did not provide information about the
contact region of DHTS (Supplementary Figure S7B-D).
By using fluorescence polarization, we analyzed the bind-
ing kinetics of proteins (200 nM) toward the FAM-ARE
RNA probe (100 nM). We confirmed that full-length HuR
and RRM1-RRM2 tandem domains behave almost simi-
larly (average Kops ~4 min), reaching equilibrium after 10
min. On the other hand, the RRM1 domain rapidly rec-
ognized the substrate (Kyps ~1 min), but this affinity was
significantly impaired in the ARRMI construct (Kyps of
~8 min) (Figure 3B). Circular dichroism (CD) experiments
performed at 10 wM concentration of both reagents, and
NMR measurements ruled out a putative interaction be-
tween DHTS and RNA (Supplementary Figure S8A and
B). Collectively, these findings show that the residues form-
ing the B-platform and placed at the C-terminal in RRM1
domain are critical for RNA binding and the inhibitory ac-
tivity of DHTS.

Single point mutations in the HuR-DHTS interacting region
abolishes DHTS efficacy

Based on NMR data and an initial raw model of DHTS
binding as derived by docking calculations, residues Ser94,
Asnl107, Tle133 and Asnl34 of the RRM1-RRM2 inter-
domain region were mutated to probe their relevance for
DHTS binding. We produced residue-to-Alanine mutations
in the full-length HuR sequence by site-directed mutagen-
esis (67) (Supplementary Figure S9). The preservation of
the folding of the mutants was assessed by 'H 1D NMR
spectra (Supplementary Figure S10). By reacting equimolar
amount of wild-type HuR or muteins with 0.2 pM FAM-
ssRNA, we observed an inhibitory effect of DHTS only
with wild-type HuR, while any functional single point mu-
tation led to resistance to DHTS (Figure 3C). Interestingly,
we observed a qualitatively distinct binding profile among
muteins: at least three discrete supershifts, numbered ac-
cording to the molecular weight (1 being the lightest, 2,
and 3), were detectable for wild-type HuR. Supershift 3 was
markedly enriched in N134A and N107A, and to a lesser
extent in 1133A muteins (Figure 3C). This behavior could
result from a higher efficiency in recognition and dimeriza-
tion along the mRNA substrate, or alternatively from an
aggregation-prone tendency of muteins that therefore ag-
gregate on the same molecule of RNA probe. Indeed, mu-
tants showed significantly lower K4 values, i.e. an increased
affinity in saturation binding experiments with respect to
wild-type HuR (Figure 3D, Supplementary Figures S11 and
S12). Additionally, the raw signals at the hook point val-
ues for protein and RNA probes were significantly reduced
in intensity compared to wild-type HuR, indicating a sub-
optimal assay environment, compatible with ligand self-
aggregation (68).

According to these data, when Ser94, Asn107, Ile133 and
Asnl134 are mutated into Alanine, DHTS does not bind to
any mutein. The four residues are thus crucial in providing
the required flexibility to HuR for its mRNA binding func-
tion.

DHTS prevents HuR binding to low AU-rich density mRNA,
but enriches it to high AU-rich density species

We evaluated the ability of DHTS to disrupt the inter-
action of HuR with its target mRNAs by employing a
transcriptome-wide approach. We performed a RIP-chip
(ribonucleoprotein immunoprecipitation followed by mi-
croarray) experiment in HeLa cells, and observed that, out
of the 2306 mRNAs bound to HuR, DHTS only reduced
binding of 79 transcripts. Conversely, 558 mRNAs were en-
riched after treatment with DHTS. Therefore, contrary to
our expectations, we observed an overall enrichment of mR-
NAs bound to HuR after treatment with DHTS. We rea-
soned that DHTS could displace mRNAs that had lower
affinity to HuR than DHTS itself had, and, paradoxically,
provide the opportunity for mRNAs with higher affinity
for HuR than DHTS to bind in higher copy numbers to
HuR. We observed that HuR-bound mRNAs had relatively
higher frequency of U/AU-rich segments compared to the
frequency transcriptome-wide, as expected (69). However,
the U/AU density in UTRs in enriched mRNAs was sig-
nificantly higher than that in downregulated mRNAs (Sup-
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Figure 3. The inter-domain region between RRM1 and RRM2 is crucial for RNA and DHTS binding. (A) On left, representative REMSAs of at least
three independent protein preparations of recombinant RRM1 + RRM2 (M1 + M2) domains, RRM1 (M1), RRM2 (M2), RRM1-RRM2 (M1M2) HuR
proteins. REMSAs were performed with 0.2 uM of protein, 0.2 wM of Cy-3 RNA probe and DMSO or DHTS at indicated doses. On right, representative
REMSA performed with 2.5 puM of ARRMI1 and 75 fM of probe RNA titrated with DHTS (concentration as shown in the legend). Densitometric
quantification plotted below represents specific HuR-RNA binding challenged by DHTS. Mean + SD refers to three independent experiments (n = 3,
* indicates t-test P-value < 0.05). (B) Kinetic saturation binding experiment by fluorescence polarization. 200 nM wild-type protein or mutants were
incubated with FAM-ARE RNA probe (100 nM). Full-length HuR and RRM1-RRM2 tandem domains (M1M2) have similar K,ps. RRM1 (M1) is
binding faster (Kops of ~1 min), ) but deletion of the inter-domain region abolishes the binding properties of RRM1 (AM1) (Kobs of ~8 min). (C) RNA-
and DHTS-interacting amino acids are crucial for DHTS and RNA binding, and for protein dimerization. Representative REMSAs of at least three
independent protein preparations of recombinant full-length HuR and indicated muteins. REMSAs were performed with 0.2 wM of protein, 0.2 uM of
Cy-3 RNA probe, and DMSO or 5 uM DHTS. Muteins are insentive to DHTS and show different binding patterns to the RNA probe. (D) Representative
REMSAS of at least three independent protein purification performed with increasing concentration of WT and HuR single point mutant N134A with 75
fM of probe RNA.

plementary Table S2, median of 1.37 ARE nts/100 nts for
enriched genes, 0.97 for depleted genes; mean of 2.24 ARE
nts/100 nts for enriched genes, 1.49 for depleted genes; max-
imum of 81.97 ARE nts/100 nts for enriched genes, 7.92 for
depleted ones). Moreover, the highest differences were ob-
served in the 3’UTR (Figure 4A), where the percentage of
AU bases increased from 58% (depleted) to 65% (enriched).

Additionally, 3'UTRs, but not 5UTRs, were significantly
longer for the enriched mRNAs (Figure 4B), while no dif-
ferences in the density of secondary structure elements were
observed (Figure 4C).

Functional analyses of depleted genes provided no con-
siderable enrichment, due to the small size of the set and
because it was partially composed of unannotated mRNAs.
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Enriched mRNAs (Figure 4D and E, Supplementary Ta-
ble S3) showed that, during DHTS treatment, HuR bound
preferentially to mRNAs encoding proteins with functions
in the regulation of gene expression, cell cycle progres-
sion, and apoptosis. Data validation also suggested that
the changes in HuR binding were independent of changes
in total mRNA levels, as mRNA abundance was generally
unchanged (Figure 4F and G). In summary, the ability of
DHTS to displace HuR-bound RNAs was specifically lim-
ited to mRNAs with a low affinity for HuR, which generally
displayed lower AU content in their 3 UTRs.

DHTS is effective on HuR-positive models ir vitro and in vivo

To evaluate this mechanism of action, in which a lim-
ited displacement of RNAs from HuR may be effec-
tive in HuR-dependent tumor growth, we studied tumor
growth in vitro and in vivo. HCT116 colon cancer cells
were used as a model, based on high endogenous lev-
els of HuR and their sensitivity to HuR inhibition (30).
Creation and characterization of CRISPR /Cas9-mediated
knockout of the ELAVLI gene in HCT116 cells was ac-
complished as described (42). HCT116 and HuR-knockout
cells (HCT116AHuR) were grown under anchorage- and
serum-independent conditions to facilitate tumorspheroid
growth, and HuR was observed to be needed for tumor-
sphere growth (Figure 5A and B). In the presence of
DHTS, growth of HCT116 spheroids was attenuated 2-
fold, whereas DHTS did not impact HCT116 AHuR sphere
growth (Figure 5A and B). To test the effects of DHTS on
tumor growth in vivo, mice bearing HCT116 cell xenografts
received IP injections of DHTS (10 mg/kg body weight)
or vehicle every 48 h. Over the course of the experiment,
DHTS was well tolerated and mice did not display any signs
of acute toxicity and maintained similar weights. Signifi-
cant anti-tumor effects of DHTS were observed, with ap-
proximately a 4-fold reduction in tumor size (Figure 5C
and D). Additionally, the efficacy of DHTS was strictly
dependent on the presence of HuR. HCT116AHuR cells
grew significantly more slowly and formed smaller tu-
mors, but were completely insensitive to DHTS. Further-
more, this decreased growth sensitivity of DHTS in HuR-
deficient cells could be restored with expression of HuR
in HCT116AHuR cells (Figure 5E and F). These results
indicate that DHTS has significant antitumor activity in
vitro and in vivo without major systemic toxicity, along with
demonstrating specificity of HuR inhibition.
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DISCUSSION

Previous efforts targeted towards HuR disruptors (28—
30,32,70) identified small molecules that can inhibit the
HuR-RNA interaction in the nanomolar range. Here, we
have characterized from a structural and functional per-
spective the mechanism of action of DHTS, a disruptor of
the HuR-RNA interaction, identifying the protein regions
that promote the interaction, and providing hints for the
rational design of more potent HuR inhibitors. Addition-
ally, we showed the cellular effects of DHTS treatment on
HuR ability to bind mRNAs, and we described a paradox-
ical enrichment of mRNAs containing longer 3'UTRs with
increased AU content. Such effects result in dysregulation
of HuR function, specific to cells that are strictly depen-
dent on HuR function. Starting from the relaxation mea-
surements of RNA-free protein in solution, we described
the events preceding RNA binding. The analysis of NMR
relaxation data indicates that the free RRM1-RRM2 con-
struct is largely monomeric in solution. However, the ob-
served R, values are slightly higher than those expected for
a monomeric protein, suggesting the presence of an equi-
librium with a fraction of protein experiencing a larger ro-
tational correlation time. On the other hand, the discrep-
ancy of observed R; data with respect to the theoretical val-
ues calculated for a rigid RRM1-RRM?2 monomer are ex-
plained by the presence of inter-domain flexibility. The low
NOE values suggest a significant conformational plasticity
of the protein that is needed for mRNA binding. Therefore,
even if it is reported that the RRM1-RRM2 tandem con-
struct forms a separated functional unit from the RRM3
domain (71), RRM1 and RRM?2 domains are not rigidly
held together but undergo independent motions that can fa-
cilitate the recognition of the RNA partner. This confirms
observations from the crystal structure of non-complexed
HuR, where no contacts between the two domains were de-
tected (40,62) and supports earlier results that phosphory-
lation at the linker (e.g. Ser100) had a profound impact on
HuR binding to target mRNAs (72). Moreover, the large
R; values and small NOE values seen for the linker indicate
that this region highly influences the conformational change
of the protein from an open/flexible free conformation to-
wards a closed one bound to mRNA.

As previously reported (40), binding of mRNA to HuR
can occur starting from the open/flexible state of the pro-
tein, where HuR first binds the mRNA strand via its RRM 1
domain. As a result of the subsequent conformational
change, the linker and the RRM?2 domain bind the mRNA
filament to form a stable complex (40). Therefore, the linker
takes part in the binding allowing the reciprocal reorienta-

found in each cluster are represented by the bars color. (E) KEGG and REACTOME pathway enrichment analysis for the enriched gene set. Number of
genes belonging to each pathway is shown at the end of the corresponding bar. The score is the Enrichr combined score for the pathway. Pathway database
of each entry is represented by the bars color. RIP of HuR in DHTS-treated HeLa cells. (F) Microarray data for selected targets. Fold enrichment of each
mRNA during DHTS treatment is reported, black bars represent microarray values obtained. (G) Validation of microarray data by RT-qPCR. Gray bars
represent fold enrichment of each mRNA during DHTS treatment compared with the control condition (DMSO). Comparison between microarray (F)
and RT-qPCR data (G) shows similar results for enriched transcripts (PABPCI, YTHDFI and UPF2 mRNAs), unchanged transcripts (CASC3 mRNA)
and depleted transcripts (BRIPI and TBCCDI mRNAs). In RT-qPCR validation experiments, RPLP0 mRNA was used as an endogenous control mRNA
that did not bind to HuR. Error bars represent SD. P-value is *<0.05. **<0.001. Mirocrarray experiments were done in duplicate (n = 2), qRT-PCR in
triplicate (n = 3). (H) RT-qPCR analysis of mRNAs bound to of HuR showing no changes in total expression levels after DHTS treatment. RPLPO mRNA
was used as an endogenous control. Error bars represent SD. Experiments were done in triplicate (n = 3).
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Figure 5. DHTS efficacy relies on HuR presence in vivo. (A) Spheroid growth of parental HCT116 (HCT116) and HuR-knockout cells (HCT116AHuR)
treated with DHTS (10 wM) or vehicle. DHTS was added after 3 days of culture in spheroid growth medium on ultra-low adherence substrate and spheroid
growth was tracked by imaging for 15 days. P-value is ¥*¥<0.01, ***<0.001, n.s. = not significant. (B) Representative tumorsphere images from day 0 and
day 15 of DHTS treatment. Scale bar = 100 pm. (C) Tumor growth of parental HCT116 and HuR-knockout cells (HCT116AHuR) xenografts in nude
mice treated with 10 mg/kg DHTS or vehicle control every 48 h. P-value is ***<0.001, n.s. = not significant. (D) Representative tumors excised at day 31
are shown. (E) HuR-knockout cells (HCT116 AHuR) were transfected a HuR-expression construct (+HuR), along with empty vector transfected parental
HCT116 and HCT116AHuR cells. Cells were treated with DHTS (10 wM) or vehicle, and cell growth was assessed 6 days after the treatment using MTT
assay. Cell survival was normalized to the respective control and are the average of three experiments. P-value is **<0.01, ***<0.001. (F) Western blot
showing HuR complementation in HCT116 AHuR+HuR cells and absence of HuR in HCT116 AHuR cells. Actin was used as a loading control.
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tion of the two domains and establishing interactions with
the RNA strand. Addition of DHTS to unbound HuR re-
sults in a generalized decrease of the signal intensity of the
NMR resonances, with some residues experiencing larger
effects. It is likely that this behavior is due, at least in part,
to a change in the conformational dynamics of the protein.
Accordingly, upon complex formation with DHTS, in our
MD simulation we observed a rather limited inter-domain
flexibility, as a result of the shift in the conformational equi-
librium between HuR forms in favor of a closed conforma-
tion. This result was not anticipated since, at least in princi-
ple, a change in the conformational dynamics of HuR could
also have been achieved by stabilizing an open form of HuR.
Indeed, residues located on the B-platforms of RRM1 and
RRM2 domains, in the same regions involved in the binding
with the mRNA strand, experience a deep quenching.

In our MD simulation, we observed a further closure
of the RNA-binding groove, as compared to the RNA-
bound conformation of HuR, and an ensuing increase in
the number of inter-domain contacts, which could explain
why the largest decreases in signal intensity were observed
in residues belonging to these B-platforms. Deletion of the
C-terminus region of RRM1 reduces the binding affinity
of RRMI to the mRNA probe but, importantly, abolishes
the interaction between RRM1 and DHTS. This experi-
mental validation of the NMR data and molecular mod-
eling points to the residues next to the linker as being key
structural elements responsible of the interaction between
DHTS and HuR. Single aminoacid mutagenesis of Ser94,
Asnl107, Tlel133, and Asnl34 into alanine highlighted the
importance of these residues in maintaining the equilib-
rium between the free protein in the monomer/dimer form
and the closed-bound-to-RNA protein dimer, avoiding its
aggregation on the RNA target. Interestingly, muteins are
fully resistant to DHTS, further supporting that this small
molecule competes for the same protein regions interact-
ing with the target RNA. Collectively, these results suggest
that DHTS stabilizes an unproductive ‘closed’ conforma-
tion of HuR and prevents the physiological re-orientation
of the two domains needed to bind the target mRNA.. Sta-
bilization of such ‘closed’ conformation alters the protein
dynamics, producing the observed generalized decrease of
signal intensity of the resonances observed upon the addi-
tion of DHTS to the RRM1-RRM2 tandem domains. Un-
fortunately, the non-optimal solubility of DHTS hampered
the quantitative assessment of its K.

In other experiments, we characterized the ability of
DHTS to inhibit HuR activity in vitro, to modulate its
post-transcriptional function in cell models, and its speci-
ficity towards other RNA-binding proteins. Additionally,
we observed that DHTS inhibits the association step of
HuR to its target RNAs, and that its cytotoxicity against
cancer cells was HuR-dependent (31). The stable ‘closed’
form of the protein blocks the access to HuR for low affin-
ity target RNAs. Indeed, paradoxically, the mRNAs with
longer 3’UTR and higher U/AU content were more abun-
dantly loaded on HuR after DHTS treatment, as they likely
bind more avidly to HuR than DHTS itself. The levels of
HuR-target RNAs were not changed during DHTS treat-
ment, so a ‘post-binding’ mechanism of regulation can
be inferred. Nevertheless, DHTS-dependent HuR dysreg-
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ulation has a strong anti-cancer activity in vivo, as ob-
served using a xenograft model of colon cancer (HCT116
cells). These findings are consistent with other results us-
ing colon, leukemia, cervical, and breast cancer cells, and
indicate that DHTS can penetrate tumors effectively (73—
76). The absence of systemic toxicity in treated animals
supports the idea that general inhibition of HuR by small
molecules can be a therapeutic avenue for future efforts, al-
though the effects on the immune system should be eval-
uated in a non-immuno-compromised mouse model. No-
tably, HCT116 AHuR knockout cells in vivo showed a lim-
ited ability to develop tumors, but the extent of DHTS
growth inhibition on these tumors did not match the effects
on WT tumors. While we cannot discount that loss of HuR
may impact cancer cell drug uptake, these results indicate in
vivo specificity of DHTS and support the view that DHTS
requires HuR for its antitumor influence. Finally, experi-
mental and theoretical studies here reported suggest that the
mechanism of action of DHTS is that of a competitive in-
hibitor of mRNA binding to HuR. These observations will
be the ground for a rational design and synthesis of more
potent small-molecule HuR disruptors.
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