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Abstract

Abstract

One of the challenges that living organisms face is to respond promptly to
genotoxic stress to avoid DNA damage. this purposethey developed complex
DNA damage response (DDR) mechanisms. These mechanisms are highly
corserved among organispiscluding plantsand need to be finely regulated to take
place properly. In this scenarimicroRNAs are emerging as active playetsis
attractingthe attention ofhe researcltommunity The involvement of miRNAs in
DDR hasbeen investigated prominently in humeells whereasstudies on plast
are still scarceBesidesrecently miRNAsstarted to benvisioned agans-kingdom
molecules able to exert regulatory functionseiwolutionaily distantorganisms.
Particularly attention is drawn to plant miRNAs ingested with the ;dletevidence
is accumulating on tlireability to regulate genes in organisms other than the one in
which they were synthesized, including humans aibqgens

In the presentPhD. thesis, differentbioinformatics approaches have been
developed ainmg at identifying plant miRNAs along with their endogenous and
crosskingdom targets to pinpoint conserved pathways between evoliltjonar
distant speciesiAlongside model organisms, the developed pipefimey find an
application on any species of interest to address spspéeific crosskingdom
interactions or to perform larggeale investigations involving several plant/animal
species. The emergence of DID&ated miRNAs in plants and humans constitutes
fundamentapieces of informatiobtainedirom these approes

To experimentally investigate the involvement of plant miRNAs in the
regulationof DDR-associated pathways, ad hocsystem was developed, using the
model legumeéVedicago truncatulaSpecific treatments with camptothecin (CPT)
and/or NSC120686 (NSC) targeting coments of DDR, namely topoisomerase |
(Topl) and tyrosyDNA phosphodiesterase 1 (Tdpl), were ugdtkse teatments,
imposednM. truncatulaseedfor 7 days do not influence the germination process
but result in inhibition of seedling developmengusing an increase imell death
and accumulation of DNA damag€o demonstrate that the imposed treatments
affectedDDR, the expression SOG1(suppressor of gammasponsel) master
regulabr was investigated by gRPCR. Importantly, a phylogenetic study
denonstrated thaM. truncatulapossessed a sm&80DG1gene family, composeof
MtSOG1Aand MtSOG1Bgenes. The expression of both genes was significantly
enhanced ira treatmentspecific manner. Additionally, thexpression of multiple
genes playing important roles in different DNA repair pathways, cell cycle
regulation and chromatin remodeling, weréfdrentially expressed in a treatment
specific manner. Subsequently, specific miRNAs idesdifrom the bioinformatics
approach as targeting genes involved in DDR processes were investigated alongside
their targets, thus providingefirst step in theifunction validation.

To investigate plant miRNABanskingdom potential, additional studies were
conducted usingpple Malus domesticgsinceit can be eaten raw and hencan
be a better system for feeding trials. As a proof of concept, artificial miRNAs
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Abstract

(amiRNAs, designed based on most express miRNAs ithtif apple fruitsjvere
delivered to human colorectal adenocarcinoma eeils the expression of these
microRNAs ad theirin silico predicted targstwere evaluated bgRT-PCR
Specifically, amiRNAs mimicking mdmiR482a3p and mdmmiR858 were
transfected into HR9 cell lines. After 72, amiRNAs were clearly deteadinside

the cellsand he performed ®T-PCRanalysis showed significant downregulation
of thelL4R (Interleukin 4 Receptor) gene, involved in promoting Th2 differentiation,
suggeshg the possibilityof applemiRNAs to regulate the activity of human genes
in vitro.

Taken togetherthe results presented in the current PhD thesis demonstrate the
involvement of plant miRNAs in DDRssociated processes as well as present
evidence on the plant miRNAsans-kingdom potential, by using botim silico
approaches and specifically desigrsgerimentaln vitro systems.
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1. Introduction

1. Introduction

1.1.DNA damage respons¢DDR)

Preservation of genome integrity is essential for all living organisms. However,
cells are constantly at risk of DNA damage coming from either endogenous
processes (replication, transcription, DNA metabolism) or external cues (UV
radiation, high soil sality, drought, chilling injury, airand soil pollutants). Apart
from DNA metabolism, metabolic bgroduct such as Reactive Oxygen Species
(ROS), join the plethora of endogenous stressors that can cause DNA damage. In
human cells, DNA damage induced by isfameous hydrolysis or ROS asds# a
frequency spanning from a few hundred to overgdr cell, according to the type
of damage (Bray and West, 2005). To cite some exanfiges plants in maize
seeds, the estimated number of abasic (apurinic and agigireites generated in
root tips during the first 20 h of imbibition was equal to 3.75 %) genome and
cell. Wholegenome sequencing #fabidopsisthalianalines obtained from single
seed descent afteri2Z80 generations, revealed a genanide aveage mutation rate
around 7 x 18 per site per generation; this could be translated as less than one single
mutation per generation (Ossowski et al., 2010; Weng et al., 2019). This low error
rate due to the replication machinery per single cell is stratiderce of the
efficiency with which DNA lesions are recognized and repaired in plant cells.
Indeed, even though plants lack mobility as known in animals, they are provided
with incredible genomic plasticity. Plant genes and proteins have been consglered a
processing units with biochemical connections, forming an informtioocessing
system referred to aanselegthernmos suitablwoptions si nce pl
for coping with a changing environment (Scheres & van der Putten, 2017). Within
this cantext, DNA Damage Response (DDR) is among the strategies used by plant
cells to safeguard their genome and therefore their growth and development.

1.1.1. Causes of DNA damage and activation of DDR

During their lifespan, plants amntinuously exposed to stress conditions that
can compromise genome stability, physiological grovethd development. The
DNA metabolism itself, both during the replication and repair processes, is among
the major causes of genome errors and mutatiod®38, in describing the structure
of t he DNA doubl e hel ilbhas ndiVestaped aurroticel Cr i c k wi
that the specific pairing we have postulated immediately suggests a possible copying
mechanism for the genetic material. Si nc e tahding the mechdnismss t
through which DNA is copied and faithfully transmitted from one cell to another has
been one of the main fields of interest in biology.

Apart from DNA metabolism, metabolic fproducts such as ROS can cause
DNA damage. This is likelyo happen when there is an imbalance between ROS
production and removal by scavenger mechanism, as in the case of biotic (pathogen

5



1. Introduction

infection) and abiotic stresses (e.g. drought, salinity, extreme temperature, metal
toxicity). The high oxidizing potential foROS can damage a large variety of
molecules, including the electraith bases of DNA by causing single and double
stranded breaks (SSBs, DSBs) (Amor et al., 1998; Dizdaroglu et al., 2002; Roldan
Arjona& Ariza, 2009 Yi et al., 2014). One problem ispiesented also by the fact
that ROScanmove between the different cellular compartments such as nucleus,
cytosol and organelles (Cimini et al., 2019). Alongside the endogenous stressors,
external cues such as solar UV radiation, high soil salinity, ditoabilling injury,

air, and soil pollutants (including heavy metals) contribute to impair plant growth
and development. Plant DNA damage is also observed upon microbial infection and
a family of DNA-damaging effectors was recently identified in plpathogenic
oomycetes (Camborde et al., 2019).

1.1.2. Conserved DDR features between animals and plants

DDR is defined as a complex sigrieinsduction network consisting of DNA
damage sensors, signal transducers, mediators, and effectors (Yoskiyama
2013), evolutionaly conserved between organisrifg( 1). To take place properly,
this system requires sophisticated regulatory mechanisms. Starting from the
detection of a DNA lesion by the sensors, various pathways are activated leading to
regponses that span from the activation of-cgitle checkpoirgto programmed cell
death (PCD) when the repair of the DNA lesion is not possible. Several studies have
highlighted the evolutiondy conserved features of the core DDR machinery
through eukargtes, including plants and mammals (Yoshiyama et al., 2013; Nikitaki
et al., 2018).

DDR sensors are proteins able to recognize DNA damage, and this in turn
activates a series of events (e.g. phosphorylation cascades) that lead to the regulation
of downstream processes (e.g. cell cycle checkpoint, DNA repair, programmed cell
death) (Petrini & Stracker, 2003). In both animals and plants, the MRN complex,
composed of MRE11 (Meiotic Recombination 11), RAD51, and NBS1 (Nijmegen
breakage syndrome 1), aselWwas the RPA (Replication protein A) proteins,
constitutes the main DDR sensdfig. 1). This complex is required for the
recognition of strand breaks in pathways involving ATM (ataxia telangiectasia
mutated) and ATR (Rad&@lated)kinasegYoshiyama eél., 2013). Specifically, the
MRN complex is required for DSBs recognition in a pathway involving ATM
(Yoshiyama et al., 2013). ATM and ATR are the main signal transducers of DDR.
The role of these transducers is to amplify and transduce signals to d@mmstr
effectors. They are responsible for the phosphorylation of proteins such as the
histonevariant H2AX (Dickey et al., 2009) which, in the phosphorylated form

(oH2AX), acts as a DNA damage signal and

(Petrini & Sracker, 2003; Yoshiyama et al., 2013).

r



1. Introduction

A. ATM pathway ATR pathway B. ATM pathway ATR pathway

DsBs ssDNA DsBs sSONA

(IRer Zeocin et al) (U, Aphidicain ef al) (IR er Teocin ef at) (U, Aphicicolin ef ot)
{Rod17 Rad17
sensors Iy Ior paazanlogry Sansors I5GE OOT TIIIL RPA— S
MRN MRN
' d ATRIP . } ATRIP
ATM ATR ATM ATR

&3eP] } lv TopBPI 2 MEI?
BRCAI BRCAI
Mediators @MDC1) (Chk2 Chkl Clospint Mediators 2 d ?

Effectors p53 Effectors S0G1

DNA Repair Checkpoint Apoplosis Senescence DNA Repair h Chackpu-im Pmémmmeu Er;darauupnmnnn
NER, BER, HR, NHEJ, TLS P21 WEEI BAX ) (PUMA pls) (p19 HER. BER. HR. NHEL TS WEET cell death
proteins cDCasl NOXA proteins ?
Fig. 1. DNA damage response pathways in aninfAlsand plantgB). Schematic representation of
DNA damage signal through the sensors (green), sigadducing kinases (red), mediators (gray),
and effectors (blue), leading tthe activation of downstream pathwayBashed lines denote

hypothetical situations (Yoshiyama et al., 2013).

Ccoksz1l

While ATM is recruited at the DSB sites, ATR responds primarilfesions
associated witlbNA replication (Cimprich & Cortez, 2008). In this case, RPA is
the sensor binding tsinglestranded DNA sDNA). Like ATM, ATR initiates a
phosphorylatiormediated signal transduction cascade that leads toyéd arrest
and repair of DSBs or eventually to apoptosis (Balestrazzi et al., @011 yeast
and mammals, the CHK1 (Checkpoint kinase 1) and CHE®2¢kpoint kinase 2)
are the main factors that receive signals from ATR and ATM (Bartek et al., 2001;
Chen & Sanchez 2@). Apparently,A. thalianahas no CHK1 and CHK2 ortholog.
Considering that substrates of CHK1 and CHK2, such as the mediator BRCA1
(Breast cancer susceptibility gene 1), and E2E promoter binding Factprare
present also in plants (Lafarge, 2003;d8zde Veylder, 2006), it is hypothesized
that other kinases may work as functional homologs of CHK1 and CHK2 in plants
(Yoshiyama et al., 2013).

Mediators are temporalpatial regulators and activators bétdifferent factors
involved in DDR. They work to recruit additional substrates and control their
association with damaged DNA (Stewart et al., 2003; Strastkady 2009). Several
mediators are known in human cells, such as MDC1 (mediator of-@dwage
checkpoint protein 1), 53BP1 (p#8nding protein), BRCA1l, TOPBP1
(topoisomerase-Binding protein 1), and CLASPIN involved in the-@gulation of
the ATR pathwayKig. 1A). Differently, the knowledge about mediators in plants is
still scanty Fig. 1B).

Signals from transducers activate downstream effectors which then stimulate
appropriate responses. The most important effector in animals is the p53 protein,
known as a tumor suppressor (Lavin & Kozlov, 2007). In animal cells, p53 decides
the fate of the ell after DNA damages, namely celcle arrest and DNA repair or
apoptosis (Helton & Chen, 2007). The SOG1 (suppressor of gamma response 1)
protein, a component of NAC (NAM, ATAF1/and CUC2) family, is the p53
functional homolog in plants (Yoshiyamaadt, 2013). SOG1 acts as a DDR key
regulator that governs the transcriptional response of DNA damage and coordinates
the responses to several stimuli. Like p53, its activity decreases if the cell undergoes
cell-cycle arrest and DNA repair or programmed delath(PCD). Unlike human

7



1. Introduction

cells, plant cells can undergo endoreduplicatigig.(1B), a process in which the
nuclear genome is replicated without cell division watbonsequent increase of
genomic DNA content. It is thus clear that most of the DDR factye well
preserved between animals and plants. However, various key components are unique
in plants.

1.1.3. Peculiar DDR features in plants

Although carcinogenesis is not an equally compromising phenomenon in plants,
accumulation of DNA damage is still a significant cause for growth inhibition and
developmental defects. For example, thaliana seedlings subjected to DNA
damagenducing agentexhibit a significant loss of biomass (Hartung et al., 2006,
2007). Similarly, endogenous DNA damage derived from deficient DNA repair
machinery leaslto aberrant organogenesis and development (Wang & Liu, 2006;
Cools & De Veylder, 2009; Boltz et al., 2012; Leehy et al., 2013). Therefore,
increasing efforts have been dedicateeitaminingthe mechanisms that help plants
to cope with DNA damage. Interestingly, although some of the DDR components
are conserved across species, thssikenature of plants may have prompted them
to develop a subset of unig®R regulators, in particular at the level of cell cycle
control. Checkpoint control in plants in response to different types of DNA stress is
controlled by components that are served in other eukaryotes as well as by
elements that are plaspecific(Fig. 2).

As mentioned before, although the general roles of ATM and ATR kirrases
conserved in plants and mammals, some differences exist. While ATM/ATR loss
of-function in mammban cells leadthg to enhanceaarcinogenesisAwasthiet al.,
2015), inA. thalianaplants lacking ATM or ATR no developmental abnormalities
had been evidenced in the absence of genotoxic s€aiggén et al., 2006Cools
& De Veylder, 2009). However, thatr mutant displays sensitivity to replication
stressinducing agents such ashagicolin (DNA polymerasenhibiting drug) and
hydroxyurea (HU, deoxynucleoside triphosphdépleting drug), whereas tlagm
mutant is susceptible to DSBducing agents such as ionizing radiation and methyl
methanesulfonate (MMS)Garcia et al., 2003Culligan et al., 2004). ATM is
activated in response to DSBs and its activation is related to the MRN complex, as
i ndi cat ed bK2AX foceareina abservedlima30andmrellmutants
(Amiard et al., 2010). Again, althoughe loss of any compant of the MRN
complex results in embryonic lethality in vertebra#esthaliana mrelfandrad50
mutants are viable and display only hypersensitivity to genotoxic compounds
(Gallego & White, 2001;Bundock & Hooykaas, 2002; Gherbi et al., 200
Moreover,the fact thaimrellandrad50 mutants are fully sterile suggeshat the
corresponding genes play an essential function during meiosis, similar to their role
in Saccharomyces cerevisig@rthologs of subunits of the RPA complex have also
been described in plants. Though, differently from yeast and most animal species
thatpossess a single copy of each of the three RPA complex subunits, plants have
multiple RPA1, RPA2, and RPA3 subuni@enetic analysis of the fivirabidopsis
RPA1 subunits showed that they can be functionally distributed in two groups:



1. Introduction

RPAla, RPAlc, RPAle, involved in DNA repair and recombination, and RPA1D,
RPALd, responsible for the control of DNA replication in theemte of stress
(Aklilu et al., 2014) This data derives from DNA damage sensitivity tests
demonstrating that onlypalcandrpalemutants are sensitive to ionizing radiation
and that onlyrpalc mutants are sensitive to camptothecin which blocks DNA
replication by inhibiting DNA topoisomerase |.

Despite the conserved features of ATM and ATR, increasing evidence indicates
that how the DNA stress signaling pathways affect the cell cycle se¢enbe
different in plants than in yeast and mammals, which miglarbeutcome of their
sessile lifestyléNisa et al., 2019)Unlike mammals, where mutations in checkpoint
regulators often result in embryethal phenotypes, the presence of this type of
mutations in plants is still compatible with life and drive only canditional
phenotypes. This features the exclusive possibility to isolate the downstream
components of the ATM and ATR signaling cascades through genetic approaches.
These approaches are useful to identify signaling cascade components that link plant
devdopment and environmental stresses to DNA checkpoint control. Moreover, the
absence of embrylethal phenotypes permits to study the consequences of defective
checkpoints over multiple generations. The mechanisms that regulate DNA damage
responsalependentell cycle arrest, are well described in mammadarper and
Elledge., 2007 Ciccia & Elledge., 2010), mostly because of their relevance in
preventing carcinogenesis.

E2Fa LT[

Cell cycle arrest Endoreduplication

Fig. 2. Overview of the plant DDR. ATM and ATR signaling converge to the SOG1 transcription factor
that controls the expression of hundreds of genes involved in cell cycle regulation, cell death control,
and DNA repair. E2Fa/RBR complexes also control DNA reipairegulating DNA repair genes and

by recruiting RAD51 and BRCAL at DNA damage sites. The role of E2ZF/RBR complexes in DDR
depends on CYCB1/CDKB and ATM/ATR activity, but the exact molecular mechanisms are unknown
(Nisa et al., 2019).



1. Introduction

Although themechanisms of DNA damage detection are well preserved across
species, plants seem to lack orthologous genes for most of the mammalian
checkpoint signaling components such as p53 and the Chk1/2. Nonetheless, plants
have a set of specific proteins to blotle tcell cycle in response to DNA damage,
including SOG1, which is considered as the p53 counterpart (Yoshiyama et gl., 2009
Yoshiyama et al., 2014). SOG1 was initially identified in a screen for mutants
avoi di -rrgdiatiomireluced G2 arrest typicalf uvhl1(UV hypersensitive 1)
mutants (Preus& Britt, 2003). The block of these mutants in G2 is the result of a
SOGImediated delay of progression into mitosis probably through indirect
suppression of Mbhasespecific genes such @&OKB2;1andKNOLLE (Y oshiyama
et al., 20092013). The mechanism by which SOGL1 stops G2/M has not been yet
totally clarified, but some hypotheses exiftig( 2). The plantspecific CDK
inhibitors SIAMESE/SIAMESERELATED (SIM/SMR) are regarded as ideal
candidates for G2/M arresThirteen SIM/SMR family members have been found in
Arabidopsis (Yi et al., 2014). These members are dividetb itwo different
biochemical groups according to their interaction with the canonichlpé
CDKA;1, which operates at the G1/S to ahitiphase por with the planispecific B
type CDKB1,;1, active at the G2/M transition point (Boudolf et al., 2004; Ina8yaki
Umeda, 2011).

1.1.4. Suppressor of gamma response 1 (SOG1) as mastegulator of plant
DDR

As already mentioned, SOGL1 is the bBctional homolog in plants and hence,
the keyregulator of DDR. SOGL1 is a transcription factor (TF) belonging to the NAC
(NAM, ATAF1/2, and CUC2) family. The protein was first identified in the
Arabidopsis sogil mutant characterized by a missense mutation resulting in the
substitution of a highly conserved amino acid residue in the NAC domain (Preuss &
Britt, 2003; Yoshiyama et al., 2009). Amabidopsis more than 100 genes belonging
to this family of TFs havbeen identified and divided into ten major grgupaking
this protein family one of the largest in plants. Although it was demonstrated that
NAC TFs play critical roles in different processes such as environmental stress
responses, xylem cell specificatidateral root formation, or the establishment of
the shoot apical meristem, the function of most NAC proteins is still uncertain (He
et al., 2005; Olsen et al., 2005). Orthologs have been found in most land plants as
well as in gymnosperms.

Aside from the wellconserved NAC domain, the-t€rminus of SOGL1 is
characterized by the presence of five segh#amine (SQ) motifs, which are
preferential targets for phosphorylation by ATM and ATR. The DNA damage
dependent SOG1 hyperphosphorylation detectedlihtyype plantdisappeareth
transgenic plants bearing mutant SOG1, which encodes -serah@nine
substitutions at all five SQ motifs, suggesting that one or more of the SQ motifs are
effective targets for the hyperphosphorylation. Considering thae timegifs are
conserved in eudicots, monocots, an ancient flowering pl#&whbg¢rella
trichopodg, and gymnosperms, Yoshiyama et (@014)proposed that SOG1 had
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already been acquired starting from gymnosperms. More sequencen datasois
necessary to pform detailed analyses to find out when the SOG1 genes appeared
in the evolution of plants. The presence of SOG1 in mosses is still a matter of
discussion as this protein possesses the conserved NAC domain but a structurally
different region for proteuprotein interaction (Yoshiyama et al., 2014).

SOGL1is the first TF whose function was associated to DDR in plants. When
DSBs occur, SOGL1 is activated through ATivediated phosphorylatipsimilarly
to animal p53. Asmastefregulator, it drives the celafe towards cell cycle arrest,
DNA repair, apoptosis or senescenard endoreduplicatior{g. 2). Despite its
similar function to the mammal p53, these transcription factors lack significant
amino acid sequence similarity and are exaswla@livergent proteins. As reported
by Hu et al. (2015), SOG1 playkeayrole in the replication checkpoint activated by
thedeficiency of RTEL1 (an ortholog of human Regulator of Telomere Length 1).
This implies an involvement not only in DDR but alsatig replication checkpoint.

To expand the knowledgéd plantspecific DDR, it is necessary to study SOG1
in greater detail. The identification of genes regulated by SOG1 is essential to
understand how signal transduction wlgtace in response to DNA dage.
Furthermore, the identification of factors that interact with SOG1 may contribute to
understanithg how SOG1 activity is regulated. Another aspect to investigate is
whet her SOG106s functions differ iiAx different
thaliana SOG1 plays different functions in different cell types. Addressing these
open questions will haviemportantimplications for understanding the evolution of
DDR in plants, and how plantsd specific res
them to overcomstressful environments.

1.1.5 DDR in seed germination

Seeds are propagation vectors of quiescent embryos which, under favorable
conditions, germinate to give rise to a new plant. They are part of the array of
strategies that plants @t to ensurdheir survival. In close interconnection with
their role in plant reproduction, seeds enclose the versatility and adaptability of the
plant to different types of stresses, including genotoxic stress (Haak et al., 2017).
Their vigor, influenced by the eneinment, time of harvest, and storage conditions,
and thus their ability to generate a robust plaaly on the capacity to safeguard the
integrity of their genome (Rajjou et al., 2012; Waterworth et al., 2019). A decrease
in nuclear size and chromatin aensation occurs to maintain genome stability
during seed maturation, conditions that persist through desiccatidrgermination
(van Zanten et al., 2011).

In mature, desiccated seeds, the embryo enters in a state of quiescence
characterized by reducednetabolism, although transcriptional and post
transcriptional modifications in response to environmental signals remain partially
active Holdsworthet al., 2008). Quiescent orthodox seeds possess a specialized
glassy structure and molecules accumulatedngumaturation that protexthe
embryo. After imbibition, the reactivation of seed metabolism, leading to ROS
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production, requires the@x novosynthesis of antioxidant molecules and the
activation of DNA repair mechanisms (Kranmeml., 2010).

Molecular studies have recognized the crucial role of DDR and -Bdld®ed
pathways in maintaining the viability of the quiescent seed (Rajjou et al., 2012; Sano
et al.,, 208; Waterworth et al.,, 2015, 2019). The activation of such pathways
influencesseed longevity and there is evidence that plants are capable of adapting to
environmental changes to promote seed viability over a relatively short timescale
(Mondoni et al., 2014). Precisely, cellular survival relies on the coordinated action
of severaDNA repair pathways. Stress dependent
and regulation of DDR and DDRlated genes are featured during early seed
imbibition in the plant modeA. thaliana(Waterworth et al.201Q 2015 but also in
the model leguméV. truncatula (Macovei et al., 2010, 2011; Balestrazzi et al.,
2011b; Pagano et al., 2017, 201%or instance, the expression levelO&G1(8-
Oxoguanine glycosylase) anBPG (FormamidopyrimidineDNA glycosylase)
genes, belonging Base Excision RepaiBER) pathway are increased in response
to copper and polyethylene glycol (PE@)duced stress iM. truncatulaplantlets
(Macovei et al., 2011). Other featured DNA repair components are assatitited
seed quality. This is the case of DNA ligase IV amel plantspecific DNA ligase
VI, both involved in the processing of DSBs and essential to maimgaseed
longevity in A. thaliana(Waterworth et al., 2010). Genes involvedNnocleotide
Excision Repair NER), such asTFIIS (transcription initiation facto Sl), are
activated during seed germination in bdthtruncatula(Macovei et al., 2011) and
A. thaliana (Grasser et al., 2009). Interestingly, tH@®P1 (Tyrosyl DNA
phosphodiesterase &hdTopl (Topoisomerase Denes are also upregulated during
seedimbibition in M. truncatula(Macovei et al., 2010; Balestrazzi et al., 206111
The crucial role of ATM kinase in maintaining genome stability in seeds has been
demonstrated as well (Waterworth et al., 2016). The master kinases ATM and ATR
control the celllar response to DNA damage also in seeds through activation of
downstream responses at the transcriptional andtfamstcriptional levelsHig. 3).

ATM controls the advancement of germination in aged sedussed onthe
transcriptional control of the cell cycle inhibitor SMR5. Both ATM and ATR
influence seed viability but the molecular mechanism is still not well understood;
however, it is believed that this is due to the transcriptional DDR which includes
hundreds bgenes encoding proteins involved in DNA repair, chromatin remodeling,
and DNA metabolism (Waterworth et al., 2019). In the early stages of imbibition,
seeds exhibit a large and rapid AJddpendent transcriptional DNA damage
response and DNA repair syniee It is believed that during seed aging the radicle
emergence is delayed resulting in a lag phase that is accompanied by an ATM
mediated delay of cell cycle activation in the root apical meristem and extension of
DNA repair activities Fig. 3).
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DNA damage

ATM ATR
Phosphorylation
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Fig. 3. The DNA damage response (DDR) in seeds. Activation of ATM and ATR following DNA
damage leagtto the activation of phosphorylation cascades and transcriptional responses coordinating
downstream pathways (e.g. DNA repair, cell cycle checkpoints, programmed cell death). In damaged
seeds, the inhibition of cell cycle checkpoints leads to delayeckarfailed germination (Waterworth

et al., 2019).

To conclude, seed quality and vigor are essential features for crop productivity.
These properties are responsifide the fast and uniform seed germination. The
endogenous metabolism of seeds togethereavitironmental stresses and improper
storage conditions enhance cellular and DNA damage and require an extended repair
period with a consequent delay of germination that is characteristic efidmwm
seeds (Powell & Matthews, 2012). Within this contexe, availability of molecular
hallmarks of seed vigor, associated with DDR function, is expected to positively
impact seed technology both in public and private sectors (Paparella et al., 2015;
Araujo et al., 2016; Macovei et al., 201

1.2 A focus onDDR downstream pathways

As mentioned, DDR effectors relate to a series of pathways that comprise DNA
repair, cell cycle checkpoints, programmed cell death (P&1)endoreduplication.
Although wellconnected among themselves, in the present chapter, these pathways
will be described separately, focusing on their implication and recent discoveries
within the plant kingdom.

1.2.1 DNA repair pathways

The main DNArepair pathways include photoreactivation (PR) or direct repair
(DR), mismatch repair (MMR), base excision repair (BER), nucleotide excision
repair (NER), DNAprotein crosslink (DPC) repair, and douiskeandbreak repair
(DSBR), which comprises nonhomglaus engoining (NHEJ) and the homologous
recombination (HR)Kig. 4). Gaining knowledge about the regulation of DNA repair
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systems is essential to understand the biological importance of DNA repair
mechanisms in plant resistance to the cytotoxic and genta effects of
environmental and endogenous DMAmaging agents.

Alkylating agents
N o (mono-/ bi-/polyfunctional) Radiomimetics
Ionizing radiation
Endogenous processes ) .
Ultraviolet light
Carcinogenic compounds 5

DNA damage

CPD/6-4 PP
O'meG__, 4 FOE_SSB - Nmea

oo

=S ——— ) =
Intra-strand Inter-strand AP site!

cross-link cross-link
DNA damage detection and signaling

c/aNHEJ HR MMR DNArepair BER NER Photoreactivation
Fig. 4. Diagram of the major DNA lesions induced by different external and endogenous factors, and
the types of DNA repair mechanisms activated to remove fhem the plant genome (Manova &
Gruszka, 2015).

PR is a lightdependent pathway in which the damaged DNA is reverted to a
normal configuration through the activity of enzymes called photolyases. These
enzymes are highly specializedrigcognizing a specific substrate. All photolyases
contain the two electrereduced forms of FAD (FADH-) as photocatalyst (Sancar,
2003). After specific binding to the DNA lesion, the enzymes remove the damage
throughthe absorption of blue light in the 38800 nm range (Tuteja et al., 2009).

The MMR mechanism corrects replication and genetic recombination errors that
result in poorly matched nucleotide. During replication, the DNA polymerase
enzyme first exerts a prooéading action removing the incorrauicleotide and
then continues the polymerization. Alternatively, the cell is equipftacenzymatic
complexes that act at the pasplication level. These complexeanrecognize the
error and remove it through an endonucleolytic cut on thesyethetzed strand,
thus restabiliing the correct sequence through the action of specific polymerases
(Marti et al., 2002).

DSBs repair involves the HR and NHEJ pathways. HR takes place only when
two DNA duplexes contain extensive regions of homology, while N&dBws the
repair of DSBs without using sequence homology. HR is restricted to the S and G2
phases of the cell cycle due to the requirement for the sister chromatid as a template,
while NHEJ is active throughout the cell cycle and does not rely on aaempl
(Brandsma & Gent, 2012). The balance between both pathways is essential for
genome stability. In NHEJ, the Ku-#u80 heterodimex (Ku) are the first players
in the repair of DSBs. The lack of homology sequence leads to arpeora type
of repair, fequently resulting in small insertions, deletions, or substitutions at the
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break site. On the other side, HR is highly efree and acts through the activity of
RAD51 recombinase (Chapman et al., 2012).

NER pathway is responsible for the repair of m&bIA lesions causing more
relevant distortion in the helical DNA structure, such aspsdducts and bulky
covalent adducts (Kunz et al., 2005; Balestrazzi et al., #0M/hile NER
mechanism removes the extended DNA lesions, BER is responsible fep#eof
single damagediase residues in DNA (Tuteja et al., 2009). This process is known
to remove the most frequent types of damage such as deamination, alkylation,
oxidized basesAP (apurinic and/or apyrimidinic,) sites, and SSBs. Basically, it
consigs of the damaged base excision by a DNA glycosylase followed by
substitution that requires the consecutive action of at least three enzymes, an AP
endonuclease, a DNA polymerase, and a DNA ligase (Stivers & Jiang, 2003). Other
enzymes with functions in BE include poly(ADPribose)polymerasel (PARP1).
PARP1 is involved in the recruitment of additional BER components to the damaged
site (DoucetChabeaud et al., 2001). StudiesAirabidopsis thalianalemonstrated
that most of the animal BER proteins have fiowal and/or structural homologs in
plants (RoldafArjona & Ariza, 2009).

Another important DNA repair mechanism, although not enough investigated in
plants, istheDPC repair. DPC intervenes when proteins become covalently blocked
to DNA and, due to thebulky size, these cause DNA impairment. To maintain cell
viability and access to important genetic regions, plants have evolved at least three
independent pathways to repair this kind of highly toxic lesion (Enderle et al., 2019).
DPC is subdivided intour different classes, depending on the presence and type of
DNA adjacent breaks (Hacker et al., 2028i( 5).

DPC Type Natural sources Common chemical
crosslinkers
TY 1: * UV-ight Broad range chemical crosslinker:
e &: . +  Formaldehyde
= + Cisplatin
(8 : e <> Alsocauses DNA-DNA crosslink:
¥ Mechanistic crosslinker:
Mlll' .|||'. ( i
- + Zebularin
= Linking DNMT to the DNA
. amount of AP Broad range chemical crosslinker:
Type 2: = . M
. ating agents
D * Imbalance of repair Mechanistic crosslinker:
e enzymes s
¥ s
+  veliparib
4 = Trap PARP1 at the DNA
Type 3: *  Closely located AP sites Mechanistic crosslinker:
pe 3: +  Bulky DNA adducts . CPT
+  Nicked DNA - Prevents DNA-backbone from re
a ligating
-
DK
4 *  Closely located AP sites Mechanistic crosslinker:
Type 4: +  Bulky DNA adducts +  Etoposide

+  Nicked DNA ¢ Teniposid
o 3 3 Preven t DNA-backbone from re-
ligating

Fig. 5. Schematic representation of different types of Btatein crosslink (DPC)
(Hacker et al., 2020).
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Type 1 DPC is not associated with DNA breaks and the protein is bound to an
intact DNA strand. The formation of this adduct is caused by UV light, irradiation
(IR), accumulation of ROSor reactive aldehydesRelating to the chemical
compounds that care used to induce its formation, formaldehyde, cytosine analogs,
like 5-azacytidine (8azaC) and zebularine, can be cited. Type 2, 3, and 4 consist
only of enzymatic DPC. These are spontaneous products caused by failed enzymatic
reactions in which covaleiDNA-protein intermediates get stabilized. Type 2 DPC
are formed next to an AP site, which arises during BER in the course of the activity
of either PARP1 or enRheyremain tRppédyomtbe Nd.e b) wh
Type 3 and 4 DPC consist of trapped tigpmerase cleavage complexes, which can
occur spontaneously during processes like DNA replication, recombination,
transcription or chromosome segregation. In type 3 DPC, Topl remains trapped to
DNAviaatyrosyjphos phodi e st endoftm@8BRIn caritrast, ih the 3 Nj
type 4 DPC, Topll remains trapped with the DNA via two tyrgsybsphodiester
bonds -ands of hDsSB (Hajker et al., 2020).

The presence of DPC reslin steric hindrance to DNA replication and
transcription machingrand canlead to blocked replication forks, chromosomal
aberrationsor even cell death if not repaired in time. Cells possess specialized and
canonical mechanissito repair this kind of lesion. Canonical mechanisms mainly
include NER and HR, where HR seems to dbate to the repair of bulkier but also
small DPC during Sand G2phase of celtycle (Vaz et al., 2017Zebularine
induced DNA damage iArabidopsisdemonstrated the involvement of NER and
HR in DPC repair (Pecinka et al., 2009). The mechanisms diriesthlved in the
repair of DPC in plants include endonucleolytic cleavage, proteolytic degradation
and enzymatic hydrolysis (Hacker et al., 2020). The endonucleolytic cleavage of
DPC is mainly performed by MUS81 (methyl metbesuifonate UV sensitive).
MUS81 belongs to the family of XPF/MUS81 endonucleases and is highly
conserved in the eukaryotic kingdom (Interthal & Heyer, 2000). The mechanism of
action of MUS81 providethe formation of DSBs which requires the activity of other
repair pathways, such as HR or replication fork regression (Regairaz et al., 2011).
Another endonuclease that might contribute to DPC repair in plants is MRE11,
which is part of the conserved MRNo mp | e x . MRE11 i-endresponsi bl
resection and RADS0 is needed for the induction of HR or-fange tethering of
two DNA ends (Gallego et al., 2001). The proteolytic degradation is performed by
the metalloprotease WSS1 (weak suppressor of SMEiprd) which specifically
degrades the protein part of a DPC (Stingele et al., 2014). After proteolysis of the
DPC, a small peptide remnant remains attached to the DNA and it is thought to be
subsequently removed by NER (Stingele et al., 2017). The erogsind itself can
also be directly resolved by enzymatic hydrolysis. It has been demonstrated that in
the ani mal ki ngdom, the aforementioned TDP1
adducts of bulky lesions, is involved in the repair of both Type 3 and 2 ypeC
(Mao et al., 2001). To allow the access of TDPL1 in Toplcc (cleavage complex) a
preceding partial degradation by the proteasome is needed before TDP1l can
hydrolyze the phosphodiester bond (IntertkaChampoux, 201) .  Fahasphate\]
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remains at th®NA after the hydrolysis preventing relegation, meaniad further
processing of the lesion is required. Studies of the TDP1 enzymebidopsis
indicated a similar function in plants as in yeast (Lee et al.,&0IDP2 is another
specialized enzymehose function is associated with the hydrolysis of the two
phosphotyrosyl bonds between Topl}t and
phosphotyrosyl termini of Type 4 DPC and plant homologs were foudédicago
truncatula(Confalonieri et al., 201&aé et al., 2014).

1.2.1.1 DNA topoisomerases

Replication, transcriptigrand recombination cause the formation of supercoils
in DNA which lead to topological stress. These changes in topology are resolved
by members of a ubiquitous family of enzymes known as DNA topoisomerases
(Ghilarov & Shkundina, 2012). Topoisomerases bind to DNA through the tyrosine
residue of their catalytic site, formingteansient phosphodiester bond, cleaving
either one or both strands of the double hdfig.(6). Among topoisomerases, Topl
breaks and binds a singdérand DNA forming a covalent DNAnzyme
intermediate that allows the broken strand to rotate arouridttat one until DNA
supercoiling is dissipated.

A ‘ B C

Y -~
Top1 Sm . IHE S Xx T
Topimt H EEINEEENENENEEE.
Supercoiled duplex Rotation A "l

\¢'

Relaxed duplex

Fig. 6. Schematic representationtbk Topoisomerase 1 mechanism of action (Pommier et al., 2014).

Protein sequence information acquired about topoisomerases helped to identify
conserved motifs in eukaryotic organisms. All conserved motifs of animal type |
topoisomerases are present in the same spatial arrangement in the plant type |
topoisomerases, sggsting evolutionary conservation of the overall structure among
Topl gene family (Caron & Wang, 1994). Type 1 topoisomerases are monomeric
proteins, further divided into two subfamilies, naméjype 1A and type IBbased
ontheir mode of action. The merts of each family subtype are entirely unrelated
in terms of primary amino acid sequence and tertsrycture; however,they
perform similar functions. Type IA topoisomerases are attached to the 5' phosphate,
while type IB topoisomerases are attache8! fthosphate of the nicked DNA strand.
Importantly, in plantstwo Topl genes had been identified, nam€ly pandT o p | b
(Balestrazzi et al., 2000), wifh o pHeihg the most active isoform (Balestragti
al., 2003). Studies on the expression levelsTopl during the cell cycle were
reported in tobacco cell cultures, showing an increased expression from G1 phase
onwards, attaining a maximum during S phase (Mudgil et al., 2002). Bhp deifie
activity was studied in carrot protoplasts where it was showrittiats arrested by
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starvation in GO/G1 and became activated when protoplasts are induceshterre
the cell cycle during the G1/S phase (Balestrazzi et al., 2003).

Considering their important fution in DNA repair and maintaining genome
integrity, topoisomerases are widely studied both in plants and animal systems.
Many of the studies regarding topoisomerases were carried out using topoisomerase
inhibitors, which, in mammalian cells, are consideatso as important medicinal
drugs, widely used in anticancer therapies. Molecular pharmacology and structural
studies of topoisomerase inhibitors have led to the conceptualization and
demonstration of the interfacial inhibitor concept. Indeed, thesesdragtrap
topoisomerase cleavage complexes by forming ternary complexes with a drug
molecule bound at the interface of the enzymes and the cleaved DNA (Pommier &
Marchand, 201). Topl inhibitors reversibly stabilize the enzyme cleavage
complexes by inhilting their relegation. Drugs bind at the interface of the enzyme
and DNA break by stacking with the DNA bases immediately flanking the cleavage
site, altering the enzyrrieNA interactionsand preventing their dissociation. After
thecollision with replicaibn forks, both DNA and RNA synthesis convert reversible
cleavage complexes into DNA lesions causing DSBs (Pommier et al., 2006). The
most studied Topl inhibitor is camptothecin (CPT), isolated from the bark of the
Chinese tre€Camptotheca acuminatand eveloped by the US National Cancer
Institute (NCI) (Wall & Wani, 196). CPT intercalates between the DNA base pairs
flanking the Topl cleavage sit€if. 7). These Topl cleavage complexes (ccTopl)
are reversibly trapped by CPT or other pharmaceutical aterds. It was seen that
high levels of cellular ccTopl can accumulateedayDNA modifications (Pourquier
et al.,, 2001; Pommier et aR003,2006 or apoptosis (Sordet et al., 2004). The
mechanism of CPT targeting has been shown in yeast cells thatdeesisiant to
the agent when the Topl gene is removed (Eng et al., 1988). Moreover, vertebrate
cell lines, selected for resistance to CPT, presented specific point mutations in the
catalytic site of Topl (Pommier et al., 1999). CPT penetrates verteletbteaadily
and targetthe Topl enzyme within minutes of exposureplants,studies in maize
cells shown that CPT was able to inhibit cell growth and induce genomic DNA
degradation (Sanchdé2ons & Vicient, 2013). Moreover, several studiesAn
thaliana have implemented the use of CPT to characterize the function of plant
topoisomerases. For instance, the a b i d o p-8 mwuant waspd8sttibed as
having fragmented chromosomes during mitosis and high sensitivity to
camptothecin, providing an inoptant role in chromosome segregation of this type
IB topoisomerase (Hartung et al., 2008). In another stG&\, was used ttarget
ArabidopsisT O P TeSulting inredued DNA methylation and H3K9me2 levels
(Dinh et al., 2014)Considering the effect of QPon plant growth, initial studies
have shown that the addition of concentrations higher $8anM resulted in the
abortion of both roots and shoots in wild typebidopsisplants at the seedling
stages, dhough the seedlings of theo plimutant preseted a reduced sensitivity
to the treatment (Takahashi et al., 2002).
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DNA break between the base pairs flanking the Topl cleavage confBle®verview of the Topl

DNA cleavage complex. Topl is shown in blue, DNA is shown in green, and CPT is shown in purple

(Pommier et al., 2010).

Hence, CPT is a very important tool to explore replicatiomediated (and
transcriptioamediated) DNA damage in various organisms, providing a powerful
way to study the genetic factors that are implicated in checkpoint regulation and

DNA repair in response to Tophediaed DNA damage (Pommier et al., 2006).

1.2.1.2. Tyrosyl DNA phosphodiesterase 1

The repair of trapped TofdNA covalent complexes is mediated by Tyrosyl
DNA phosphodiesterase 1 (TDP1). This enzyme cadalythe hydrolysis of the
l i nkage
end of a DNA phosphodiester bond. TDP1 protein belongs to the phospholipase D
family (PLD), is characterized by the presence of two catalytic HKi3tidine,
lysine, aspartic acid) motifs (Interthal et al., 200dhibition of TDP1 enzyme can
provide a convenient approach in exacerbating the sensitivity of cells to CPT
(Kawale and Povirk, 2018). By releasing the tyregyed covalent topoisomesa
peptides from the DNA, TDP1 enzymes accompany the activatiagheakpair
pathway. Thus, TDP1 helps in rescuing the genome from the threat of atypical

covalent

bet ween

catalytic

relaxation brought about due to aberrant topoisomerase activity.

The TDP1 function was first identdd in the yeasbaccharomyces cerevisiae
and shown to repair Tolovalent complexes (Pouliot et al., 1999). TDP1 genetic
inactivation had been shown to confer hypersensitivity to CPT b&hderevisiae
and human cells (Vance & Wilson, 2002; Interthiahle, 2005). In human cells, it
t h aénd af Bisine tesiddes inltwos e s
resol ve

was demonstrated
sequential reactions, as showrrig.8. |1t can
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efficiency (Nitiss et atidesranding on)onetoTDP1 can |
more than 100 residues and it induces the digestion or denaturation of Topl

(Debéthune et al., 2002). TDP1 can also hyamlg wide range of physiological

and pharmacol ogical 36 bl ocki-degyridosesi ons. For
lesions resulting from base alkylation after AP lyase processing and the

hydrolyzation of synthetic DNA adducts such as biotin and fluorophores (Murai et

al., 2012).

Tdp1-DNA
complex

H263 H263 TRy

Fig. 8. The TDP1 catalytic mode of action as described in human cells. (A) Nucleophilic attack of the

phosphodiester backbone by the imidazole N2 atom of H263. H493 donates a proton to the tyrosyl

moiety of the leaving group. (B) Phosphohistidine covalent intdiae (C) Second nucleophilic

attack via an activated wat er mephosphatel ppoduttpnd H4 9 3 . (D) G
free TDP1 (Pommier et al., 2014).

When the crystal structure of the human TDP1 protein (hnTDP1) was solved in
2002, it was comfmed that the twestep catalytic mechanism (specific for the PLD
family) is followed with a unique approach since it possesses a chemically
asymmetric active site where H263 acts as a nucleophile in the first step reaction
(Davies et al., 2002). To brigflsummarize the catalytic mechanism, the first step
consistsof a nucleophilic attack of the TogANA phosphotyrosyl bond by H263
residue (HKD motif 1), resulting in a transient covalent phosphoamide bond.
Subsequently, the H493 residue (HKD motif 2) hygires the covalent intermediate
using an activated water mol ecule and gener a
that will be further processed by the endogenous DNA repair machinery (Pommier
et al., 2006). Though the course of time, TDP1 had been erbnstudied in
human cells due to its implication in cancer progression (Dexheimer et al., 2008;
Perego et al., 2012). This is based on the idea that TDP1 is a target for several DDR
(DNA damage repair) kinases (Zhou et al., 2005), involved in the totivaf cell
cycle checkpoints, apoptosis, and DNA repair pathways (Jaék®artek, 2009).
For instance, th@d 6 phosphatase activity is carried ou
kinase 3phosphatase) (Jilani et al., 1999) forming a complex with TDP1otuead
DNA repair enzymes such as XRCCL1 (Excision repair arosgplementation group
1), PARP1, Pol b, and L iQtBologuesiohezchuean |1 1 ) ( Pl o
geneswere also functionally characterizedAnabidopsis(Waterworth et al., 2009;
Kim et al., 2012; Martineklacias et al., 2013;i et al., 2015; Spampinato, 2017)
but their specific mechanism are not yet completely understood. Tteenfihus
regulatory domain of TDP1 has been shown to directly bind the catalytic domain of
PARP1 in humarells (Das et al., 2014). PARylation stabilizes TDP1 in response
to ccToptinduced DNA damage, and recruits both TDP1 and XRCC1 to the DNA
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damage sites. In this wathe Nterminal domain acts as a molecular switch that
determins whether ccTopl are repaid by TDP1 when PARP1 is activated or by
other alternative endonuclease pathways (Das et al., 2014).

As in the case of topoisomerase |, two isofo
had been identified in plants (Macovei et al., 2010). The two gene$ofirat inM.
truncatula contain the two HKD motifs essential for the catalytic activity of the
enzymesTDP1 was investigated . thaliang where adplmutant was shown to

be sensitive to vanadate and CPT (Lee et al.,2Klith et al., 2012). This lossf-

function mutation resulted in a dwarf phenotype with developmental defects and
reduced fertility.Despite the low level of sequence conservation Wittpl, both
components of the active site and those of the BiiAling groove are present in

the plant TDP1 proteind uni que feature of the Tdplb prot
HIRAN (HIP116, Rad5p, Merminal) domain flanked by the two HKD catalytic

sites (Macovei et al., 2010)M. truncatula Mt T d-fdepléted plants revealed
different levels of transcriptional modulation in genes involved in DNA damage
sensing, DNA repair, and chromatin remodeling.-régulation of senescence
associated genes and telomst®rtening s observed. Because tdt T d-p 1 U
depleted cells showed altered nucleolar architecture, it is supposed that the gene may
be involved in the nucleolar checkpoint (Dona et al., 204@jitionally, even if the

Mt T P dnb resulteéh up-regulatedn theMt T D Ridpléted plants, this was

not sufficient to rescue the altered phenotype, suggesting that the two genes do not
have an overlapping function. This is supported also by the different expression
patterns of the two genes in response to setygrat of stresses, indicating that the

T D P hdal an immediate response whild P 1s Hictivated later on (Sabatini et al.,
2017). It has been hypothesized that this might be related to the presence of the
HIRAN domain, previously predicted fonction as a DNAvinding domain that

may recognize several features associated with DNA damage and stalled replication
forks (lyer et al., 2006).

Similar to the role of CPT in the study obfl functions, the use of TDP1
inhibitors have the potential tassist in the characterization ®P1 multilevel
activities. The strongest inhibitors of the hTdpl so far identified are classified as
Tdpl phosphotyrosine substrate mimetics since they share the same structural
features of the natural phosphotyrosine sttdte (Huang et al., 2011). The
NSC120686 (Zhloro-6-fluorobenzaldehyde 9uoren9-ylidenehydrazone)
compound has been identified by Weidlich and colleagues (2010) as a
pharmacophore able to inhibit hTdp1l activity. The biological effects of NSC120686
had been tested in different human ovarian carcinoma cell lines selected for
resistance to the CPderivative gimatecan. In these lin@screasechTdplgene
expression wasregistered, confirming the involvement of Tdp1 in the cell response
to the treatmeniPerego et al., 2012). The effectiveness of a combinational therapy
including hTdpl inhibitors and Topl inhibitors was also tested in human
carcinogenic lines (AKeilani, 2013). The NSC120686 molecule was supplied to
the malignant glioma cell line U87 inhe presence/absence of different
topoisomerase inhibitors. When delivered alone, the NSC120686 treatment revealed
strong dosalependent toxicity levels whereas no significant correlations were
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observed between theTdpl gene expression level and cell istgnce to the
inhibitor. On the other hand, NSC120686 treatmentsl ofruncatulacalli resulted
in similar effects as thilt T d-geplétion when considering cell growth inhibition
and gene expression profiles (Macovei et al., 2018).

1.2.2.Cell cycleregulation/checkpoints

The cell cycle is a process controlled by a series of events that eventually leads
to the reproduction of two daughter cells. The cell cycle is subjected to regulation by
environmental cues, such as hormones, nutrientht, litemperature, and
developmental cues. It is also a way to protect the cell if DNA damage is detected
through the stopping or slowdown of cell proliferation. In plants, as in all eukaryotes,
the four basic phases of the mitotic cell cycle are conseferwidely conserved
cyclin-dependent kinases (CDKs) and their cyclin (Cyc) partners are the driving
forces of cell cycle progression regulating mitosis (M), cytokinesis, postmitotic
interphase (G1), DNA synthetic phase (S) and-pgsthetic interphasé&2) (Wang
et al.,, 2004). In plants, CDK/cyc complexes activate the retinoblastelatad
protein (RBR) through its phosphorylation. RBR activates a set of genes that are
regulated by the E2F/DP transcription factor and are necessarpfasg entry and
DNA replication. In G2 phase, the activity of CDK/cyc complexes inslangy into
mitosis. Degradation of mitotic cyclins and inhibition of kinase complexes permit
exit from mitosis (Francis, 2007).

The major effectors that contrtie cell cycle are theserine/threonine cyclin
dependent kinases (CDKSs). Specifically, CDKs bind one or more cyalfagily
of proteins involved in the control dhe cell cycle. Due to extracellular and
intracellular signals, they modulate gene transcription and cell diisialumbres,
2014). Two classes of CDKs, CDKand CDKB, have been found in plants. CDKBs
are plantspecific kinases and comprise four members dividemtimo subfamilies,
CDKB1 and CDKB2. CDKB1s are involved in the control of M phase (Nowack et
al.,, 20R) whereas CDKB2 is associated with the progression from G2 to M
(Yoshiyama et al., 2013). CDKI& of central importance in controlling both the-G1
S and G2M transitions. It was seen that the expression of the CDKA gene is crucial
during root stem cell fuction. Indeed, in thA. thaliana cdkanutants, the growth
of both primary and secondary roots has been almost completely stopped (Nowack
et al., 2012).

Cyclins (Cyc) are abundant proteins in both animal and plant kingdom where 10
and 13 classes of cycirwere identified imArabidopsisand human genomes. Five
types (A, B, C, H, and L) are common to both species. Cyclins D are present in
animals and plants, but no affinity was shown in phylogenetic analysis (Wang et al.,
2004). Three classes, G1/S cycliBs¢yclins, and M cyclins, are directly involved
in the control of cell cycle events. The fourth class, the G1 cyclins, controls the entry
into the cell cycle in response to extracellular growth factors or mitogens. During the
G1 phase, G1 cyclins (belomgj to the cyclin D family) are stimulated by growth
factors. In the G1/S phase, G1/S cyclins (E family) drive the cell in proceeding to
DNA synthesis even if the growth factors are withdrawn. During G2, tfhypé
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cyclins are degraded by ubiquimediatedproteolysis, whereas-B/pe cyclins are
actively synthesized (Yang, 2012). Analysis of the completed genome sequence of
Arabidopsisreveals a total of 10 genes belonging to the CycD family. There are a
single CycD1 gene, three genes in the CycD2, ané iyeD3 genesAlso, three

cyclin genegdo not lie in these groups and may arisenf separate CycD classes
with single members. Both CycD2 and CycD3 interact with CDKA and are
stimulated by sucrose. After sucrose removal, the CycD3 protein disappedis rapi
while CycD2 protein is relatively stable and appears to be regulated post
translationally or by protein associations (Oakenfull et al., 2002). Plants lack the E
type cyclins which are involved in G1/S checkpoint control in animals; although, it
was reprted that CycA3;2 can control cell division and differentiation (Yu et al.,
2003), functions that are analogous to those of cyclin E in animals. In plants, it was
also shown that CycB1;1 is specifically activated after DNA damage this
activation is drectly controlled by SOG1. Moreover, RAD51 is a substrate of
CDKB1-CycB1 complexes and they are involved in blocking theaglle activity

after DNA damage and in mediating HR (Weimer et al., 2016).

Another master regulator, present in both plants and animals, is TOR (Target of
Rapamycin). In plants and animals, TOR signaling regulates conserved and
specialized cellular and developmental processes (Shi et al., 2E8xabidopsis
TOR expression istrongly induced in meristematic regions and associates with
photosynthesislerived glucose energy signals specifically dedicated to ctmgyol
the proliferation of stem cells (Xiong et al., 2013; Li et al., 2017). TOR directly
phosphorylates and activatthe transcription factor E2Fa, playing an essential role
mainly in root meristem regulation. Moreover, gluc@$eR signaling governs the
transcriptional reprogramming of an impressive amount of genes involved in central
and secondary metabolism, cell ydranscription, signaling, transpgahd protein
folding (Van Leene et al., 2019).

1.2.3. Programmed cell death (PCD)

PCD is a very important mechanism to protect organisms from accumulating
mutations.The capacity of specific cells to activate PCD emerged very early during
evolution, as different genes and molecules engaged in PCD are common to distant
phyla, belonging d different kingdoms. Intriguingly, although PCBad been
initially related to eukaryotic multicellular organisms, it al&akes place in
eukaryotic unicellular organisms and in bactesiaerethe death o&single cellular
organism correlagewith the multifunctionality of the colonyAmeisen 2004)
Generally, theerm PCDpresupposea "genetically programmed"” procesdivated
by cell s in r espon ssopposed td aqeigental pell death e 0
caused by severe inssilfGalluzzi et al., 2015)Currently, mainlythree types of
animal PCD are recognized: apoptosis, autophagic cell deaith, necrosis.
Although, it must be considered that agents that cause apoptosis can also cause
necrosis, and the distinction between the tarms of cell death in cultures depends
on the severity of the insult (Lennon
al., 1998; Mammone et al., 200@)mong the threegpoptosis is probably the best
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characterizedypology of PCD. It isdefinedby specific morphological markers,
such as cell shrinkage, chromatin condensatiod nuclear destructiofpllowed

by the breakup ofthe cell into fragmentsknown asfiapopt ot iThis bodi es.

definition of cell death attributed to animals is only pargiajpplicable to plant cells.
In fact, in plants the cells and their nuclei are not always fragmented into separate
bodies and, thgeneratedragments are never engulfed by adjacent célese
differences ee due tothe presence of specific cell compagmsandto the absence
of external phagocytosis events (Greenberg, 1996; Réhheimb, 1997)In plants,
this type of death is referred to as aptiptbke PCD or simply PCDThe PCD
morphotype commonly observed in plant cell cultures under abiotic stress is
characterized by the presence of cytoplatminkage condensation of chromatin
and rupture of nucldDe Pinto et al., 201Reape& McCabe, 2008

Based orplant cytological events, the point of no retuensuring the death of a
plant cell is thatin which not only mitochondria but also chloroplasts are involved
(van Doorn, 2005)From a biochemical point of view, there is evidence that some
plant proteases digest the substrates of caspasasser regulators of animal PCD,
and that plant PCD is inhibited by caspase inhibito@urrently, h plants some
groups of caspadike, the metacaspase | e Il are known (Woltering, 2004e
plant caspastke enzymesshare some similitude wittnimalcaspass in terms of
their activities. In fact, they both are involved in PCD, tpeiteolytic cuting occurs
always onaspartateresidues andthey are not affected bgeneric inhibitors of
cysteine and serine proteasth mammals, PCD is activated during physiological
cell developmenbut also in severely damaged cells, thus reducing the risk of
accumulating cells with a damageengme (Borges et al., 2008)his is also true
for plants. Plants activate PCD ia serés of physiological processes such as
embryogenesis or the emergence of new plants during mature seed germination
(Dominguez Cejudo, 2014)Selective removal of cells by PCD is also required to
prevent the propagation of negative genetic characteristics in progeny sutheas in
selfincompatibility mechanism used by several plant species to hinder inbreeding
problemsthus promote outbreedin This mebanism consistef PCD activation in
the pollen tube to evade s@bllination in plants with bisexual flowef8osch&
FranklinTong, 2008.

It is thus clear that PCD isivolved ina plethora of processes spanning from
common and specific organ shaping amoérphological adaptiveesponsedo
defense strategies activated against abiotic and biotic injuries.

1.2.4. Endoreplication

In addition to stimulating cell cycle arrest, DNA repair cell death, cell cycle
checkpoints can activate the endocycle as a DNA stress response. Activation of
endoreplication has been observed when plants accumulate DNA DSBs (Adachi et
al., 2011). Contrary to the induction of cell death, ATM and ATR kingsay a
redundant role in regulating endoreplication. Transcriptome analysis demonstrated
that the SOGependent onset of endoreplication following DNA stress, take place
together with a suppression of G28yecific cell cycle genes (including mitosis
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specific cyclins) and activation of cell cyelahibitory genes such as SIM, SMR1,
SMR5, and WEE1l (Adachi et al., 2011). The reasons why plants activate
endoreplication in response to DNA lesions remain to be elucidated. It is assumed
that an endoreplicatn cell only rarely proceeds to cell division, thus preventing the
transmission of DNA errors to tissues or offspring. In addition to preventing the
spread of mutations, endoreplication could explain the persistent growth in the
absence of cell division. Téis true in UVB stress responses, where the initiation of
endocycle is likely mediated by the atypical transcription factor-ERP
LIKE1/E2Fe (DEL1/E2Fe). Six EZ2F transcription factors, divided into two
subclasses, were identified in the model pharttaliana. Transcription factors such

as E2Fa, E2Rband E2Fc, play an essential role in the transcriptional control of
processes associated with replication and chromatin (Lammens et al., 2009). Other
E2F factors include DEL1/E2Fe, DEL2/E2Fénd DEL3/E2Ff, acting as
transcriptional repressors that link cell cycle control with cell differentiatiothdn

case of UVB stress, the specific expression of DEL1/E2Fe is suppressed and this in
turn determines the transcriptional activation of its CCS52A2 target gieh is

an endocycle activator. The endocydléven cell enlargement might help plants
adapt to UVB stress. For example, an increase in the endoploidy might compensate
for a dropin leaf cell number. Indeed, DEL1/E2Bgerexpressing plants with low
DNA ploidy levels are hypersensitive to UVB while knockout plants with high
endoploidy are more tolerant (Radziejwoski et al., 2011). Beyond the repression of
endocycle onset, DEL1/E2Fe represses the promoter activity of the gene encoding
for PHR1 photolyasea photoreactivatin enzyme involved in the removal of
cyclobutane pyrimidine dimers, which are the primary lesions induced by UVB, that
block the replication fork. Thus, the endocycle onset is accompanied by increased
DNA repair activity, which might be ssential to allow the cell to perform
endoreplication, possible when DEL1/E2Fe is repressed or lost.

1.3. Chromatin remodeling in the context of DDR

A critical aspect to consider when studying DDR is to ensure that the DNA repair
complexesand checkpoint proteins can have access to the DNA damage sites.
Although the basic principles of DDR are phylogenetically similar, it must be taken
into account that eukaryotic DNA is organized in compact and dynamic chromatin
structures, with nucleosomes basic units followed by multiphégh-order levels
of organization. Specifically, chromatin structure is constituted by the nucleosomes
in which a segment of DNA (146 bp) is wrapped around eight histone proteins
forming the secalled octamers. Each taener is made up of two molecules of the
four histone types H2A, H2B, Hand H4. A histone H1, not part of the nucleosome
itself, stabilizes the internucleosomal DNA (DaaaMlittelsten Scheid, 2015). The
electrostatic interactions between the oppositegdsaof the DNA and the histones
mediate the association between them. These assosiat@y be weakened or
strengthened through the introduction of specific histone modifications, leading to
chromatin relaxation or condensation (Murr et al., 2007). Bsékdmown chromatin
remodeling processes include the activity of Addhsuming chromatin remodellers
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that shift or remove nucleosomes, the replacement of histones with histone variants,
and the introduction of postanslational modifications in the his®rsubunits.
These processes affect DNA accessibility, thus influencing the activity of DNA
repair machinery.

1.3.1 Chromatin modifi cationsinvolved in DDR

Chromatin remodeling is among the evolutiohaconserved pathways that
contribute toefficient DNA repair in eukaryotes (Gursduzugullu et al., 2016).
Histone acetylation, methylation, phosphorylatiamnd ubiquitination are among the
most widely studied postanslational modifications (PTMs). These chemical
modifications are added oemoved from histone amino acid residues by specific
complexes and strongly influence chromatin architecture, nucleosomal positioning,
and access to DNA during many processes, including cell cycle regulation, cell
proliferation, apoptosis, DNA replicatiortranscription and repair (Dona&
Mittelsten Scheid, 2015; Zhang et al.,, 2017). The acetylation of specific lysine
residues on the #&rminal of H3 and H4 tails that extend out from the nucleosome,
adds a negative charge inducing repulsion of the wrappiddnhd thus, chromatin
relaxation (Murr et al., 2007). The dynamic acetylation/deacetylation process is
regulated by the Histone Acetyl Tiderase (HAT) and Histone Deacetylase
(HDAC) complexes, that promote chromatin decondensation and condensation,
resgectively. A genomavide study of histone acetylation in maize under stress
conditions revealed the hyperacetylation is correlated with slower cell cycle
progression and subsequent growth inhibition (Zhao et al., 201Axalidopsis
the HAT complexes HANI and HAM2 (histone acetyltransferase of the MYST
family, orthologs of the mammalian TIP60) are known for their involvement in stress
response and developmental processes, while MSI4, ad@Vizpeatontaining
protein, part of HAM complexes, was shown ® fthosphorylated by ATM and
ATR in the context of DDR (Xiao et al., 2013; Roitinger et al., 2015). Links between
DDR and histone acetylation has been observed in other plant systems as well,
including M. truncatulaand Petunia hybrida For example, Pagaret al. (2017,

2019, 2020, demonstrated that TRRAP (transformation/transcription domain
associated protein) gene, encoding a transcriptional activator required for the
assembly of different HAT complexes involved in DNA repair, was upregulated
during seedgermination. In animal cells, TRRAP has been proposed as a shared
element between DNA repair and chromatin remodelimgr( et al., 200R

Although the mechanisms that determine histone acetylation and therefore
chromatin decondensation are clear, thati@hships between histone modification
andDDR show different and peculiar facets. For example, it has been demonstrated
that X-ray treatments oArabidopsisplants result in H3 histone acetylation and H4
histone deacetylation (Drury et al., 2012) whhe opposite effect was induced by
o-rays inTriticum aestivunplants (Raut & Sainis, 2012).

In addition to the histone acetylation/deacetylation processes, histone
methylation/demethylation by methylase and demethylase can modify histones with
opposite dects based on the amino acid residues that are methylated. Cytosine
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methylation of DNA is another epigenetic modification that influengene
expression and silensdhe activity of transposable elemen(TE). In plants,
cytosine methylation is found ithree distinct sequence contexts: CG, CHG, and
CHH (where Hstands foiC, A, or T) (Law & Jacobsen, 2010). The Rhlkected

DNA methylation (RdDM) pathway is responsible for all types of de novo cytosine
methylation, especially within small TEs or at theobndaries of large TEs.
Arabidopsismutants of components belonging to the RdDM pathway were shown
to be viable and fertile. This is not true in crops with large genomes, where TEs are
also abundant in gefrch chromosome arms. To date, knowledge aboat th
associations between RADM and agronomic traits is still scanty (Kawakatsu &
Ecker, 2019).

1.3.2 DNA damage signaling and repair in the context of chromatin

The activation of eukaryotic DDR to sense or suppress DNA damage and allow
DNA repair must beonsidered in the context of chromatiig. 9) since chromatin
mobility contributes tpand equally jeoparde, genome stability (Dion & Gasser,
2013). Thus, understanding chromatin dynamics is crucial in regulating DDR in
eukaryotes (Nair et al., 2017Both ATM and ATR kinases are activated by
chromatin perturbations for the actuation of DDR and its downstream pathways,
such as DNA repair, cell cycle checkpoints, cell death, and senescence (Bakkenist
& Kastan, 2015).
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The recognition of nucleosomes by DDR sensors amustiucers induce or
mediate DNA damage signaling and repair within the chromatin (Agarwal & Miller,
2016). The MRN complex senses the DNA ends and chromatin at DSB sites,
whereas the ATM bound to the MRN is induced by DNA ends and acts as an initial
signaltransducer (Dupré et al., 2006). Conversely, ATR is exclusively activated
when the ssDNA and ssDNA/dsDNA terminals at the DNA damage sites are
recognized by DDR sensors, namely RPA and ATRIBrtez et al., 2001Zou &
Elledge, 2003). Once activatediTM and ATR phosphorylate and/or regulate the
secondary downstream transducers H2AX, SOG1, and
RBR1(RETINOBLASTOMA RELATED1)/E2FA (Kim, 2019)As the key DDR
player, SOG1 phosphorylationleads to transcription of the tertiary downstream
transducer NAC103, arnle effectors SMR4/5/7,yeB1, WEE1AGO2(Argonaute
2), BRCA1, RAD17/51/54, PARP1/2, RPALE (Ogita et al., 2018). During DDR,
chromatin remodeling rearranges nucleosomes and higter chromatin
structures. The occurrence of chromatin remodeling asasétle binding of specific
chromatin proteins, such as H2AX and H2AZ at DNA damage sites, may influence
the damage recognition, signaling, and repair processes (Widlak et al., 2006;
Rossetto et al., 2010). Increasing evidence demonstrates how chromatieltera
modulate DNA damage signaling and repair in eukaryotes. The human NuRD
chromatinremodeling complex accumulates within D88nking chromatin and
coordinates proper signaling and repair of DSBs. This accumulation allows the
histone ubiquitylatiorat DSB sites to aid the accumulation of BRCA1 and the E3
ubiquitin ligase RNF168 (Smeenk et al.,, 2010). The interaction between the
chromatin remodeler SMARCAS5/SNF2H and RNF168 in DNA damagd PARP
dependent manner is required for the RNFd6éBendentignaling of DSBs to
trigger H2AX ubiquitylation and BRCA1 accumulation at DSB sites (Smeenk et al.,
2013). The yeast INO8Mnpsitotrequiring mutant8pcomplex binds H2AX at DSB
sites and affects the dynamics of both H2AXdH2AZ-containing nucleosomes
surrounding the DSBs for signaling and repair (Morrison, 2017). In plants, six major
subfamiles of ATP-dependent chromatin remodellers (ACRs) have been
recognized: INOBOSWI2/SNF2 (SWitch2/Sucrose NonFermentable GHD1
(Chromodomain helicase DNA 1)SWI (Imitation SWitch) RAD54 (Radiation
sensitive 54)and SNF2 (Don& Mittelsten, 2015; Han et al., 2015). Among them,
the INO80, SWR1, and RAD54 chromatin remodeling complexes play a pivotal role
in plant DDR.

1.3.3 Chromatin remodeling and seed germination

Chromatin remodeling, required to allow the access of DNA repair enzymes at
the damaged sites, is part of the versatile seed repair response. This aspect is still
poorly explored in plants, although it is already knowattmajor transcriptional
changes and chromatin rearrangements mark the developmental transition from dry
seed to germinated seed (Tanaka et al., 2008; Boychev et al., 2014; Wang et al.,
201&). The molecular events that characterize early seed germinagimesent an
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intriguing model for exploring the link between chromatin remodeling and DNA
repair in plants.

Crucial players in chromatin remodeling are HDACs that remove acetyl groups
from histones, resulting in chromatin condensation and consequenglsitgmcing
(Grandperret et al., 2014) and HATSs that transfer acetyl groups to the lysine residues
at the Nterminal region of histones and interact with transcription factors, promoting
gene expression (Boychev et al., 2014). The association of speDACSIto the
molecular networks underlying seed germination and early seedling development
has been described as in the case of HDA19/HD1 which takes part in the
transcriptional repression of the AtABIAl§scisic acid Insensitijegene promoter
during early seedling development Amabidopsis Therefore, the ABA (abscisic
acid) signaling pathway is suppressed, granting the establishment of young seedlings
(Ryu et al., 2014)A significant reduction in the nucleus size and/or aablet
chromatin condensation have been observed in dehydrAtisgidopsisseeds,
indicating an adaptive response to dehydration and drought stress also at the
chromatin level (van Zanten et al., 2011; Waterworth et al., 2015).

To address chromatin remdubg in the context of seed germination and
seedling development, Pagano et al. (2017) investigatedRERAPgene inM.
truncatula codifying for a transcriptional adaptor known in humans for its role in
the recruitment of HAT complexes to chromatin dgribNA repair. It has been
speculated that DDR components might preferentially recruit the TRRAP
containing HAT complexes at the DSBs sites. D8Bkiced DDR networks
probably result in chromatin alterations, such as the presentation of methylated
lysine 79of histone H3, that facilitate the binding of TRRA&Bntaining HAT
complexes at the damaged site (Huyen et al., 2004). truncatula the biological
significance of chromatin rearrangements has been investigated through the
induction of genotoxic stresresulting from the administration of the HDAC
inhibitors liketrichostatin A (TSA)nd sodium butyrate (NaB) (Pagano et al., 2017,
2019) The TRRAPgene, along with its predicted interacting partners HAM2
(Histone Acetyltransferase of the MYST fam)ilprd ADA2A (Transcriptional
Adapto, displayed tissueand dosealependent fluctuations in transcript levels.
Furthermore, correlation analyses suggested a new putative link between DNA
repair and chromatin remodeling involving OGG1 and TRRAP genes, innkexto
of seed germination. Intriguing correlations also connected DNA repair and
chromatin remodeling with antioxidant players and proliferation markers. Alongside
processes that favor chromatin decondensation, other mechanisms are activated to
promote chomatin condensation in sesgecific contextsSimilarly, in P. hybrida
seedlings exposed to NaB enhanced expression of HAT/HDAC genes along with
repression of genes involved in DNA repair was observed, suggesting the
involvement of chromatin modificatierand DNA repaiassociated pathways in
response to NaB exposure during seedling development (Pagano et al., 2020).
Moreover, a metabolomic analysis carried oWirtruncatulaseedlings exposed to
NaB, revealed significant changea seed nucleotide, amdnacid, lipid, and
carbohydrate metabolism alongwiteup r egul ati on of ,anti oxi dan
and polyamine biosynthesis genes (Pagano et al., 2019). Significant changes in N
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methyladenosineanddNmet hyl guani ne met abothéutpes resul te.
regulation of ALKBH1 (alkylation repair homolog) gene. These analyses provided

a comprehense picture of metabolic changes happening in seeds challenged with

this specific HDAC inhibitor.

1.4 microRNAs: master-regulators of gene expression

To take place properly, DDR system requires sophisticated regulatory
mechanisms. In this context, microRBl (miRNAs) may contribute to the
implementation of this essential mechanigdthough moe pieces of information
exist in the mammalian system, this specific topic is substantially less investigated
in plants, thus requiring more dedicated attention. This chapter will provide a general
overlook d the processes related to the evolution, biogenesis, mechanisnismf act
and prediction tools, culmitiag with the general relevance of miRNAs in plants,
and specifically end with the few information related to their possible involvement
in DDR.

1.4.1 Evolution, biogenesisand mechanism of action in animals and plants

MicroRNAs are defined as small (13 nucleotides), endogenous, rmding,
singlestranded ribonucleic acids, acting as regulators of biological and
physiological processes (JoARRoades & Bartel, 2004; Voinnet, 2009). Indeed,
mMiRNAs canregulate the exgssion of specific target genes by pinahscriptional
silencing or translational inhibition, thus regulating specific processes. In plants and
animals, the regulation of gene expression by miRNAs constituted a step towards
the development of more complgene regulatory networksgnesRhoades &
Bartel, 2004 Bartel, 2009. Various authors theorized miRNAs as drivers to a
multicellular state allowing the evolution of complex origams (Bartel 2004;
Peterson et al., 2009; Erwin et al., 2011). Common and unigque features characterize
MiRNA biogenesis among kingdoms. These similarities and differences are taken
into account to understand if plants and animal miRNA pathways evolved in a
common anestor or independently. The predominant view is that the miRNA
evolved convergentlin plants and animalsl¢nesRhoades et al., 2006; Axtell et
al., 2011;Tarver et al., 201,22015. This would indicate that miRNA pathway
evolved independently at leashaitimes ee et al., 1993; Wightman et al., 1993;
Reinhart et al., 2002; Molnar et al., 2007; Zhao et al., 2087fimson et al., 2008;
Huang et al., 2012Robinson et al., 2013). However, Moran et al. (2017) suggested
an alternative explanation accorditmgwhich it might be possible that because of
the high sequence turnover rates in plants andbilaterian animals, no trace of
shared miRNA sequences between contemporary lineages could beRmurid)(

The fact that plant miRNA genes are born anst lat high rates support this
hypothesis (Fahlgren et al., 2010; Cuperus et al., 2011), hence favymiRNA
families are conserved among distant plant lineages (Axtell et al., 2007).
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Comparison betweeA. thalianaandA. lyrata revealed thabnly 33% of the
MiRNA families are not conserved and were gained or lost throughout the ~10
million years (Myr) since they diverged (Cuperus et al., 2011). Genome data analysis
and small RNA sequencing fror@apsella rubella,a very close relative of
Arabidopsis indicated thatthe net flux rate (birtldeath) for miRNA genes in
Arabidopsisis 1.2 3.3 genes per Myr (Fahlgren et al., 2018)animals, a recent
study demonstrates that despite the notable examples of conservation, miRNA loss
is much more represented than previotisbught (Thomson et al., 2014). However,
while the turnover of most animal miRNAs might be higher than previously thought,
it is still lower thanin plants. For example, iDrosophilait has been estimated
around 0.81.6 per Myr [u et al., 2008Berezikovet al., 2010).

These small molecules are transcribed by POLII (RNA POLYMERASE II) from
MIR genes mainly located between proteoding genes. While in animals 30% of
MIR genes are located in introns, only three tested examples of intronic miRNAs are
known so far in plantsRajagopalan et al., 2008¢shi et al., 2012). Moreover, in
animals, approximately 50% of miRNA genes are found in clusters, often consisting
of several mature miRNAK({m & Nam, 2006;Axtell et al., 2011). In plants, fewer
cases of miRNK clusters are described, mostly codifying miRNAs from the same
family with evident homology (Merchan et al., 2009; Axtell et al., 2011). However,
some clusters of nehomologous miRNAs were identified in plants, which are
expected to target related proiei

A schematic representation of the biogenesis of miRNAs in both animals and
plants is shown ifrig. 11 After transcriptionthe sterdoop regions of long primary
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transcripts are processed by specific enzymes to give rise to a mature miRNA
(Reinhart et al., 200ie et al., 2005). In animals, the first step is performed by a
specialized microprocessor complex consisting of the RNAse Il Drosha with the
cooperation of the RNA binding protein Pasha (DGCRS8 in vertebrates). The second
step of akavage is conducted by the RNAse Il Dicer (Kim et al., 2009). Differently,

in plants, a Dicer homolog, DICERKE 1 (DCL1), oversees both processing steps
mandatory for miRNA matuten (JonesRhoades & Bartel., 200&oinnet, 2009).

In both animals anglants, Dicer enzyme is essential for processing the precursor
MIiRNA (premiRNA) into mature miR/miR* dsRNA duplexes (Ceruti Casas
Mollano, 2006; Jong et al., 2009; Kim et,2009; Voinnet, 2009). In plants, the two
processing events conducted by DQicturs in the nucleus. Otherwise, in animals
the first processing event performed by Droshagalace in the nucleus while the
second step by Dicer tak@lace in the cytplasm Bartel, 2004;Axtell, 2011).
Nevertheless, different studies in animedported the presence of Dicer in the
nucleus (Burger et al., 2015). Whether the nuclear [omiidin of Dicer in animals

is a relic of an ancient miRN:Arocessing pathway or a secondary adaptation is still

a matter of debate. Both in animals and planteDnecessitates protein partners to
accurately cleave pmiRNAs (Kim et al., 2009; Voinnet et al., 2009). In plants,
DCL1 is supported by the RNA binding proteins SERRATE (SE) and
HYPONASTIC LEAVESL1 (HYL1), both fundamental in miRNA biogenesis and
devebpment (Han et al., 2004; Vazquez et al., 2004; Voinnet et al., 2009). In
animals, Arsdarsenite resistance gene 2, a Serrate hombkspeen identified as

a partner of the microprocessor and Dicer (Sabin et al., 2009). As concern HYL1
protein, no aniral homologshave been identified. Plant miR/miR* duplexes are
very similar to those of animals. In fact, they are both ~ 22 nt long with imperfect
complementarity between the two strandsanshat2 3 a over hang (Bartel,
2009; Voinnet2009). Despite these similarities, the st@wp precursor in plants
appears longer and more variable (Axtell et al., 2011).
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Fig. 11. Schematic representation of canonical miRNA biogenesis pathways in
animals and plants. Protein homologs carrying similar functions such as Dicer of
animals and DCHL of plants are represented in the same colour (Moran et al., 2013).

In both animals andlgnts, the binding of small RNAs widely complementary
RNA targets leaslto degradation of the small RNA by adenosine or uracil addition

(6t ail i Am@SG:) eaxnodn ud eol yt i éAmeceeeat aly 201006t r i mmi

Ameres & Zamore, 2013). Pl ant mi RNASs
Omet hyl at i on erformadibethermetByltrangfenadesHugpenhancer 1
(HEN1) (Yu et al., 2005; Voinnet et al., 2008meres et al., 2013)

MicroRNAs are responsible for translational repression or gene silencing by
binding to the target mMRNA transcripts through sequence comepl&rity, thus
regulating their target genestak posttranscriptional level (Joné2hoadet al.,
2006) In both animals and plant®iRNAs necessitate a class of AGO (Argonaute)
proteins,a core component of the RNiduced silencing complex (RISGp exert
gene regulatory functiondDfinnenberg et al., 2011Swarts et al 2014). Once
processed, the mature miRNA duplex is loaded onto AGO and the guide RNA strand
selected by AGO directs RISC to the complementary RNA transcript (Bartel, 2004).
AGO proteins are evolutiondy conserved fromi\rchaeaandBacteriato Eukarya
where they take part mositysmall noncoding RNA related mechanisms. In plants,
mMiRNA-directed cleavage is mediated primarily by AGOQhe binding of a plant
mMiRNA to the targebecessitates a neatffiyll complementarity between the miRNA
and its mRNA target which generally allows the endonucleolytic cleavage of the
target by AGO between position 10 and 11 of the miRNA, often with a strong effect
on a small number of targe®i(et al., 2006L.uo & Chen, 2007). In contrast, every
animal miRNA potentially regulates a large number of targets because the
recognition by the miRNA of the correspondent target does not require perfect
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complementarity but only a sev@ncleotide seed segnce, placed in position$ 2

8 of the miRNA. Differently from plants, in animalhe vast majority of animal
AGO proteins do not lead to miRNA target cleavage. Preferably, animal RISC brings
to translational repression of targets through the block ofl&@ms initiation or
elongation or deadenylatiohl(tvagner & Simard, 2008imeres & Zamore 2013).

This mode of action leads to a relatively weak modulation of less than twofold both
at the RNA and protein levels (Baek et al., 2008; Selbach et al., 2068).
mechanism of action is advantageous as it is reversible thus allowing rapid
expression of existing blocked mRNAs in a specific condition, ,tiondocation
(Bhattacharyya et al.,, 2006Muddashetty et al., 2011). The degree of
complementarity betweemd miRNA and its mMRNA target is considered a major
factor influencing the mode of target repression. High complementarity, as seen in
plants, induces target cleavage by AGO while seatthing promotes translational
inhibition as mostly seen in animalklutvagner & Simard, 20084untzinger &
Izaurralde, 2011).

The existing differences between plant andremimiRNA mode of action are
becomingblanderconsidering that there is more translation inhibition in plants than
previously apprecited Brodersen et al., 2008; lwakawa & Tomari, 2013; Liu et al.,
2014;Reis et al., 2015). However, even this type of inhibition necessitates-nearly
perfect complementarity as short matches limited to the seed region do not result in
target inhibition in plant§lwakawa & Tomari, 2013.iu et al., 2014).

1.4.2 Advances and limitations of bioinformatics databases and tools to
investigate plant miRNAs

Staring from the first miRNA cloning examples in plants, several additional
mMiRNAs, both conserved and noonseved, have been identified through a
combination of computational predictions, forward genetaosd genomavide
mMiRNA profiling, especially irArabidopsigJonesRhoades & BarteR004; Adai et
al., 2005; Allen et al., 200%Fahigrenet al., 200}. BecausaniRNAs interact with
their target MRNA by sequence complementarity, public tools and databases
available online were developed to support miRNA research. For example, miRBase
ard psRNATarget are most used by plant scientists. miRBase is a public repository
for all published miRNA sequences and associated annotations, while psRNA target
is a plant small RNA target analysis server (Etadl., 2018Kozomara & Griffiths
Jones, 209). Sequencing analysis in plant systems different frarabidopsis
including additional eudicots, dicots, basal plant lineages but also the unicellular
algae such aShlamydomonas reinhardtiallowed thadentification of both deeply
conserved and spesispecific miRNAs in different other speciesxtell & Bartel,

2005; Willmann & Poethig, 2007; Axtell et al., 2007; Zhao et al., 200Aigh
throughput pyrosequencing of miRNAs contributed to the knowledge of the
regulatory roles played by plant miRNAgtkwn diverse pathways.

As regard the mRNA targets, for many of the identified miRNAs, they have
been computationally predicted and subsequently validated through molecular
analysis. The validations indicated that some miRBd#&et relationships are
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ancint, while others have evolved more recently (Axtell, 2013). Molecular
techniques may be employed to validate mRNA
RACE allowed researchert o map the 50 ends of RNASs co
monophosphate and not a cap. Bothimédi cati ons are characteristi
cleavage products originated after miRN#&ected cleavage. The modified
technique skips the 506 cap removal step th
ligation, RT-PCR, cloningand sequencing. miRNA targets comryoare cleaved
between the positions that pair to nucleotides 10 and 11 of the miRNAs, and this
pattern of cleavage is characteristic for most miRNA tarddes/¢ et al., 2002;
Kasschau et al., 2003). In plants, the transient or stable overexpressitit géivks
results in reduced accumulation of their figlhgth target mRNAs. Thus, the
increased accumulation of short, cleavage fragments, is indicative of miRNA
directed cleavage. Techniques such as RNA gel blot, quantitative reverse
transcriptionpolymeiase chain reaction (QRIPCR) or transcriptome analyses are
used to monitor the accumulation of fléhgth target mMRNAs. Caution is needed
when using this technique because fgiesitive miRNA targets might be detected
when miss expressing or overexpressing MIR genes. MIR gene mutations
responsible for a decrease in accumulation of miRNAs results in increased target
MRNA accumulation, sometimes in a tissyeecific manner, that may be visualized
by RNA gel blot,gRTi PCR but alsoni situ hybridization and transcriptome analyses
(Sieber et al., 2007). The accumulation of RNAs and the phenotypes resulting from
the expression of transgenes holding predicted miRNA binding sites or miRNA
resistant binding sites where miRNA complemenyahnis been disrupted may be
monitoredin vivo. This technique may be coupled with reporter gene fusions and
MIR gene overexpression to follow the changes in both mRNA and protein
accumulation (Mallory & Vaucheret, 2006).
Despite enormous advances at theputational and molecular level, there are
still limitations in the techniques applied for a moralapth study of miRNAs. The
unavailability of the target genome in bioinformatics tools is an example. Many of
the hitches require the construction of daiinade pipelines which, even when
decisive, lead to greater consumption of time. Another difficulty in the analysis of
MiRNAs is due to their small size and their fluctuations even within the same species
due to interspecific variability or environmentainditions. Ligation of adapters and
strategies to increase amplicon size contribute their specific capture and
synthesis. Considering the advantages but also the limitations of current techniques,
new efforts are needed to improve the understanditigeafole of miRNAs and its
effects in the most disparate fields of biology and beyond.

1.4.3 The multifaced role of plant miRNAs

MicroRNAs are known for their involvement in a myriad of processes in plant
life. Their implication in various aspects ofpt developments, cellular processes,
response to stresses, signal transduction, and even their biogenesis, is ascertained
(Fig. 12. Organ maturationl(arez eal., 2004 Guo et al., 2006 hormone signaling
(Liu et al., 2009, develgpmental timing Achard et al., 2004 and responses to
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pathogens Sullivan & Ganem, 2005Navarro et al.,, 206) as well as to
environmental abiotic stresses such as droufitadq et al., 2003), salinity Zhao et

al., 2009, heavy metalsHuang et al., 2009and cold Zhou et al., 2008are among

the biological and metabolic processes regulated by plant miRNé® than 50%

of the targets of miRNAs belonging to conserved families are transcription factors
and proteins implicated in developmental programs and cell differentiation {Jones
Rhoades et al., 2006; Mallory & Vaucheret, 2006). Among these, miR171 igamon
the plant conserved miRNAs playing multiple roles in plant development. This
MiRNA is involved not only in leaf morphogenesis and shoot branches but also in
pollen ontogenesis. MiRNAs also participat¢he growth of the primary and lateral
roots constucting the architecture of the root system, particularly by modulating the
signaling of plant hormone auxin (Wang et al. 2005; Curaba et al. 2014). There is
increaing evidence that miRNAs regulate not only plant development but also
responses to biotic @biotic stresses (Shriram et al., 2016) and that environmental
stresses lead to the synthesis of new miRNAs (Khraiwesh et al., 2012). To date, more
than 40 miRNA families have been observed to be involved in responses to abiotic
stresses in plants (Sunkap07,2010), many of which are involved in responses to
salt and drought stresses (Xiong et al., 2006; Peng et al., 2014).

Plant
development

Secondary
metabolism

miRNA
biogenesis

Signal
transduction

Nutrient
profiles

DNA damage Seed
response (DDR) | | ¢, 4 hvdrates || Minerals germination

DNA Mismatch Radicle Transition from

Imbibition A
Replication Repair protrusion dormancy to germination

Fig. 12.Schematic representation of the roles that miRNAs play in plants.

Among the numerous conserved and novel miRNAs identified, many are
implicated in the regulation of nutrient deprivation (Zletcal, 2012; Panda and
Sunkar 2015), and trace element toxicity (Huang et al., 2016; @alkil, 2016). In
fact, miRNA abundances are influenced by nutrient availability such as phosphorus
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(P) and copper (Cu). Four different miRNAs are currently known to be Cu
responsive, namely mRB97, miR398, miR4Q8and miR857, three of which
(miR397, miR398, miR408) belongingconserved plant miRNA families. Another
function recently assigned to miRNAs is the regulation of secondary metabolite
productions such as flavonoids, lignins, terpeaad terpenoids, and alkaloids
(Wagner & Kroumova, 2008; Gup# al, 2017, Araujcet al, 2018). For example,
anthocyanin accumulation is regulated by the miR156 targeted SRjLarhosa
promoter binding proteiike 9) gene inArabidopsigGou et al., 2011

Plant miRNAs are also capable of regulating genes necessary for the miRNA
pathway, such as DCL1 and AGOXi€ et al., 2003Vaucheret et al., 2004, 2006;
Rajaggalan et al., 2006 PlantmiRNAs alsoconstitute key regulatory modules in
the process of seed development, dormaany germination. It is already known
that some miRNA families (e.g. miR156, miR159, miR164) are deegulated,
while others (e.g. miR398, MmiR408, miR52&) up-regulated (Liet al., 2013;
Araujo et al.,2018) during seed development and germinat@ther examples
includemiR159 and miR160demonstrated to contribute to the regulation of seed
germination byinfluencing seed sensitivity to ABA and auxirRéyes & Cha,
2007 Nonogaki, 201D

Taken togethermll the abovementioned processes regulated by miRNAs have
vast implications in the agricultural field and the developmehtmodern
technologies for its improvement. Considering their importance, the unknown
regulatory properties and functions of many miRNAs deserve to be deeply explored.

1.4.3.1 Regulatory properties of miRNAs in the context of DDR

MiRNAs are emerging as new plagem DDR and DNA repair. The
involvement of miRNAs in the regulation of DDR players is quite recent and
insufficiently explored, especially within the plant kingdonon@ersely, studies in
human cells have already shown that miRNAs are involved in the regulation of
DDR-associated genes and their activity is intricately weaved with traditional
elements such as ATM and p53 (Kato et al., 2009; Landau & Slack, 2011; Wan et
al., 2011).

DNA lesions influence miRNA expression at the transcription and- post
transcription levels as well as miRNA degradation, whereas miRNAs regulate the
components of DDR machinery such as sensors, transducers, and effectors (Zhang
& Peng, 2015).It has been demonstrated that microRNAs both plants and
animals are responsive to Htduced oxidative stress and may be responsible for
the epigenetic regulation of some DDR gerdedyf Tonetti & Lamartine, 201XKim
etal., 2016). In animals, miR4, miR-138, miR182, miR101, miR421, miR125h
and miR504 are crucial regulators of H2AX, BRCAL, ATM, or P53, (Jbbnetti
& Lamartine, 20121 hakhang and Chaudhry, 201Additionally, miR-96, miR
155, miR506, miR124, miR526 and miR622b are involed in HR or NHEJ repair
by targeting RAD51 or KU70/80, respectivelghoi et al., 201§ 2014; Thapar,
2018). Plant specific miRNAs responsive to genotoxic stress includes-theéuéed
ArabidopsiamiR840 and miR850, which remain to be further characterized in terms
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of their roles in DDR and DNA repair (Kim et al., 2016). Some miRNAs (e.qg.
osamiR41, osamiR164e and osamiR408), were demonstrated to target specific
helicases playing roles in recombination, replication and translation initiation, DSB
repair, NER, or maintenance of telomere length. These miRNAs and their target
genes were differentig expressed under different stress conditions, like salinity
and irradiation, in the expected negatogerelation mannerwhen miRNAs are
upregulated the genes are downregulated, and vice versa (Macovei & Tuteja, 2013).

It is thus clear that researcm miRNAs involved in plant DDR is currently
poorly represented in the scientific literature. Considering the implications of the
DDR on the vability and quality of plants and seeds, it is also worth investigating
these finetuning aspects in order to gamew and useful insights on this compelling
topic.

1.4.3.2 miRNAs and chromatin remodeling

Chromatin remodeling processes are fundamental for gene activation/repression.
Among the chromatin moddations histone acetylation plays an important role in
chromatin remodeling and is required for gene activation. By znglythe
accumulation of miRNAs in mutants Afabidopsis Kim and ceworkers (2009)
showed that the histone acetyltransferase GCN5 (Genenalot nonrepressed
protein 5) induce repression on miRNA production, whereas it is necessary for the
expression of a specific subset.d stressnducible) ofMIRNAgenes. The
repressive effect of GCN5 in miRNA production is probably due to indirect
repression of the miRNA machinery genes includivd@L1, SE, HYL1landAGOL1
Chromatin immunoprecipitation assays showed that GCN5 targets a group
of MIR genes and is needed for acetylation of histone H3 lysine 14 at these loci.
Furthermore, inhibition of hishe deacetylation by SA treatment or in histone
deacetylase gene mutants compromised the accumulation of specific miRNAs.
These data suggest t&ENS affects the miRNA pathway at both the transcriptional
and postranscriptional levels and that histoneetylation/deacetylation is an
epigenetic mechanism implicated in the regulation of miRNA synthesis.

Another example oh chromatin modifier is constituted by the ATependent
SWR1 chromatin remodeling complex SWR1 It is involved inchangng the
histone H2AH2B dimer with the H2A.ZH2B dimer, leading to variant
nucleosomes. IMrabidopsis SWRZXC participats in the active transcription of
many genes, but also the silencing of genes responsive to environmental and
developmental stimuli. SWRC is required for miRNAmediated developmental
regulation. In SWRAC mutants, miR156 and miR164 levels are reduced at the
transcriptional level resulting in the accumulation of target mMRNAs and associated
morphological changes. MiRNA sequencing provedttatevel of many miRNAs,
including miR156, decreased specific SWR1C mutants, though some miRNA
levels increased. Thus, SWHL contributes to transcriptional activation via
nucleosome dynamics. Furthermore, S\WWR&ontributes to the finrauning of plant
developmental processes by generating a balance between miRNAs and target
MRNAs at the transcriptional lev@Thoi et al., 20@b).
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1.5 The trans-kingdom valence of plant miRNAs

Aside from the weltknown, canonical functions of miRNAs, a ndwpothesis
started to emerge recently, where miRNAs appear as molecules that can be
transferred from one species to another (Knip et al., 2044;& Luan, 201bin a
trans-kingdom fashion. The knowledge on this aspect is rapidly expanding, offering
unique opportunities to identify miRNAs shared between the animal and plant
kingdoms.This chapter focuses on the mobility wiRNA molecules from the
perspective ofranskingdomgene silencingThe nobility of miRNAs within the
organism is a welknown phenomaon,but recent studies started to investigate also
examples oMmiRNA exchange ocating between organisms of differekingdoms.
These examples are predominantly foundnieractions between hosts and their
pathogens, parasitegnd symbionts although, recently, novel evidence was
provided showing that that foedkerived exogenous plant miRNAs can be passed to
and influence the expression of mammalian genes, including humans.

1.5.1 From plants to humans

Plenty of evidence showing that plant miRNAs are present in human/animal
plasma andantarget crosspecies genes, with potential beneficial or detrimental
effects was reported (Vaucheret & Chupeau, 2012; Liu et al., Z0A&first stug
showingthe asimilationof miRNAs through the diet and their potential interaction
with human/mammal genegs published b¥hang et al. (2012Wwhoobserved the
permanence of the miR168a in the sera and tissues of animals and hiihigns.
MiRNA was demonstrated to target theslilow-density lipoprotein (LDL) receptor
adapter protein 1 (LDLRAP1), subsequently resulting in decreased removal of LDL
from plasma. On the contrary, Dickinson et al. (2013) did not detect measurable
uptake of any rice miRNAs in mouse feeding trials.gdtlecent studies pointed the
attention to the miRNA crosskingdom inhibition of cancer growth. Studies
performed using synthetic plant miRNAs showed miRNA absorption at the
gastrointestinal level along with a reduction of tumor burden in mice. The plant
miR159 was abundantly found in human sera and associated with a decreased
incidence and progression of breast cancer. This was explained by the specific
binding of mMiR159 to the TCF7 (a Wnt signaling transcription factor) ganeding
a protein thatinteracts with MYC (Avian Myelocytomatosis Viral Oncogene
Homolog) proteins, playing essential roles in cell cycle progression (Chin et al.,
2016).Another example is thatropa belladonnea ba mi RNA 9497, shown t
highly homologous t¢dlomo sapiensi s a mi RNA 378and thus being e
t he 3 of thg MRNA encodingfor a neurologically relevantprotein called
ZNF &9 Inc( Fi nger Tr).dtmsdaievedghatithisrcould expldino r
the potent neurotoxic actions of the alkaloids foimAl. belladonnareuroregulatory
activity, induced by modulating the expression of Z683-sensitive genes (Avsar
et al., 2019).
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Wet lab (Philip et al., 2015; Cavalieri et al., 2016; Liu et al., 20&r3usdry
lab (Shu et al., 2015; Zhang et al., 281éxperiments are being designed to prove
or disprove this hypothesis. These compelling studies highlight the particular role of
plant miRNAs in cros&kingdom communication. To date, plant miRNAs detected
in human plasma belong to evolutionary conservedilies (e.g. mi1l68, miR156,
miR166, miR319, miR167) (Liang et al., 2014; Yang et al., 2015). These miRNAs
were found to be resistant to RNase A activity, whereas they can also resist
processing and cooking. Probably, this ability results from miRNAs asgntivith
other molecules such as proteins or lipids which protect them against degradation
(Liang et al., 2014). Moreover, the methylated configuration of plant miRNAs grants
them higher stability against degradation (Zhang et al., 2012). By these means,
exogenous plant miRNAs can be released into mammalian cells where they can
regulate multiple target genes based on sequence complementarity, similarly to how
endogenous mMiRNAs act (Liu et al.,, 2017). This concept may envision plant
MiRNAs as natural biodige compounds with potential healtinomoting benefits.

1.5.2 From plants to pathogenand symbionts

Many of the existing examples of miRNA crddgagdom transfer come from
plantpathogen interactions (Zhang et al., 281%/ang et al., 2017; Zhang at.,
2019 Gualtieri et al., 2020 The crosskingdom transfer of endogenous plant
mMiRNAs to pathogens associatedvith the inhibition of their invasiveattributes
while, on the other sidaniRNA transfer from parasitic eukaryotes to plants may
suppress the immunity of the host plants. In the case of syméimtiormutualistic
relations, miRNA transfer from plants may influeribe growth and development
of these organism&hu et al., 20T). Indeed, miRNAs have been observed to move
in a crosskingdom fashion from plants to fungi and vice verghe transferof
miRNAsfrom plants to pathogenic funiias been observedtime case o&ossypium
hirsutummiR159 andmiR166 transferred toVertidllium dahliae (Zhang et al.,
201&). These specific miRNAdpund to be preseim fungal hyphae isolated from
infected cotton tissues, were predictedtdogettwo specific proteins related to
fungalvirulence namelythe isotrichodermin €15 hydroxylasg¢HiC-15) andCa*-
dependent cysteine proteagelptl). To prow this relation, experiments were
conducteddy transiently expressing miRN#esistant HiG15 and Clpl in tobacco
andV. dahliag showing that the transfected pis aquiredresistance to the fungal
pathogen (Zhang et al., 2096 The delivery of small RNA molecules from fungi to
plants was also observieas in the case dfie novel miRNAlike RNA, PstmilR1,
from Puccinia striiformisf.sp. tritici (Pst), the agent causingethivheat stripe rust
diseas¢Wang et al., 2017 his miRNA waddentified by highthroughput analysis
and predicted tatargetthe 1,3glucanase SM638 (pathogenestated 2) gene in
wheat. This prediction was subsequently confirmed byrammsformation aalyses
and RACE (rapid amplification of the cDNA ends) validation in tobacco leaves.
The crossingdom transfer of miRNAs has been investigated also for its
communication role between plants and plaeting insectslike in the case of
Plutella xylostella(Zhang et al.2019) and, most importantly, ipollinator insects.
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Severalstudies repodd prominently onthe dietary intake of plant miRNAs by
honey bees (Ashby et al., 2016; Gismondi et al., 2017; Zhu et al., 2017). In bees, the
dietary int&e of pollenderived miR162a was proven to regulate caste development
atthelarval stage (Zhu et al., 2017). It was shown that miR$g2aificallytargeed
TOR mRNA thusdownregulating its expression at the pwanscriptional level.
This mechanism wa$ound to be conservediso in Drosophila melanogaster
although this isa nonsocial type of insect (Zhu et al., 201As in the case of
MiRNAs transfer from plants to humans/mammatsitiasting resultererereported
also in this situationAs anexampég, Masood et al. (2016) shown that although plant
MiRNAs are accumulated after pollen ingestion in adult bees, no biologically
relevant rolegouldbe associatedith them.

In the future, lhe study of this particular phenomenofimiRNA transfer may
help researchers to develop increasingly sophisticated agricultural technologies
based on miRNAsFor examp, artificial miRNA (amiRNAs) may represent a
valuable tool to combat current and future challenges iagheultural sectofChen
et al., 2013; Mitter et al., 2016piventhis, miRNAbased strategies exploiting the
potential of plant miRNAs to move across kingdoms and silence specific genes in
distantly related organismsould prove to be useful, efficignand sustainable
solutions
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2. Aims of the research

Although involved in a significant number of relevant processes, the regulatory
properties and functions of many miRNAs are still unknown and deserved to be
explored, especially when regarding miRNA tr&irsggdom valence and
involvement in DDR pathways, saevidenced by the cited literature (see
Introduction).

Given the miRNA vastness of functions and their relevance to both plants and
animals/humans, th study aimedo investigate the potential of plant miRNrans
kingdom valence along with their invament in DDR. In this variegated scenario
the present research proposes to:

1. Identify miRNAs targeting common biological processes between plant and
human cells focusing on a particularly conserved pathway, namely DDR, by
performing in silico bioinformiéc analyses;

2. Develop an appropriate experimental working system to inhibit specific
DDR pathways;

3. Analyze the expression of plant DBRlated genes and their putative
MiRNAs in the developed system.

4. Investigate the croddngdom valence of plamhiRNAs predicted to target
human genes ianin vitro system.

The model legum@ledicago truncatulgbarrel medic) has been chosenaas
target to achieve the objectives from 1 to 3 becassdefrom being a model legume
system, it is also economicallylegant asaforage crop and has gain attention as
having nutraceutical properties (Tava et al.,J0To achieve objective Malus
domesticacv Golden Deliciousvas chosen a$etarget. Along with olive oil, red
wine, greensand a plethora of vegetables and other fruits, apples are part of the
Mediterranean diet associated with health benefits such as lower cancer incidence
(Berrino & Muti, 1989; Gallust al, 2004). The fruit, available all year round in a
variety of formsjs perceived as healthy food and consumed fresh or in the form of
derivatives.Apples arerich in phenolic compounds (especially flavonoids and
hydroxycinnamates), pectin, sugar, macro and microelements that give it
antioxidant, antimicrobial, antitumomrgperties and many other beneficial effects
with potential applications in the food, pharmaceutiaatl cosmetic industries.
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3. Material sand methods

3.1 In silico analyses

3.1.1 Datasets used for the bioinformatics analyses

The list of M. truncatulamiRNAs used in this study was obtained from the
public database miRBasétip://www.mirbase.org/Kozomara et al., 20)9%nd
consisted of 756 sequences (426 unique).

The human 36UTRo0me sM tguocatnlaranscdpadatasstet and t he
(Mt4.0 vl) were obtained from the psRNATarget
(http://plantgrn.noble.org/pdATarget) and amounted to 21,233 sequences
(18,167 unigue human genes) and 62,319 transcripts (50,894 unique barrel medic
genes), respectively.

The target gene and protein sequences were recovered from the NCBI RefSeq
database https://www.ncbi.nlm.nih.gov/refs¢gfor human targets and from the
MedicagoGenome Databasa{vw.medicagogenome.oxg

For thede novo M. truncatulanetwork construction, six micasray datasets
were retrieved from the ArrayExpress repository
(https://www.ebi.ac.uk/arrayexprgss
(i) E-EMEXP-1097i describing the transcription profiling of all major organ systems
to generate a gene expression atlas, developed by Benedito et al. (2008);

(i) E-MEXP-371971 containing the transcription profiling by array of seven
developmental stages M. truncatulacultivar A17 during seed maturation (from
24 DAP to dry seeds), developed by Verdier et al. (2013);

(iif) E-MEXP-2883i containing transcriptioprofiling of border cells, root tipgnd
whole roots (Tang, 2014);

(iv) EEMEXP-3190i1 consisting of transcriptome profiling o§1 mutant leaf oM.
truncatula developed by Uppalapati and colleagues (2012)

(v) E-MTAB-39091 enclosing a transcriptomanalysis of secondary cell wall
development, published by Wang et al. (2016

(vi) EEGEOD-43354i containing the celland tissuespecific transcriptome analyses
of root nodules, published by Limpens et al. @01

These amounted to a total of 117 raxpression samples that were used Nbr
truncatulaco-expression network reconstruction.

3.1.2 Tools and parameters for miRNA target prediction

To predict miRNA targets iM. truncatulaandH. sapiensthe tools used were
psRNATarget(Dai et al., 2018) and RNAhybrid (Kruger and Rehmsmeier, 2006),
respectively. The list oM. truncatulauniqgue miRNAs was used as input for both
tools, together with th®l. truncatulat r anscri pt dataset or the hun
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The parameters of the twarget prediction tools were set to obtain a balanced
number of network nodes (about 700 forthalianaandH. sapien¥in the network
based pipeline, and of unique target transcripts (about 1,700. founcatulaand
H. sapien}in the alignmenbased peline.

A highly specific hybridization in seed region (typical for plants) was set in
psRNATarget, which was used to find plant target genes for the nebasdd
pipeline with the following parameters: number of top targets = 50, Expectation =
2.5, Penlty for G:U pair = 0.5, Penalty for other mismatches = 1, Extra weight in
seed region = 1.5, Seed region E12 nucleotides, Mismatches allowed in seed
region = 0, HSP size = 19. For the alignmlkeased pipeline, the list of targets was
obtained usinghesame parameters, except the number of top targets set to 15.

The predicted target list from RNAhybrid was filtered by finaing the
Mi ni mum Free Energy (MFE) at a tbaseeshol d
approach, and at aliginéentbasekpipelihe/ Imloth cakes,ra t h e
maximum of 50 targets per miRNA was considered, as previously reported as
necessary for accurate analysis (Zhang et al.,£016

3.1.3 Development of a bioinformatics pipeline to assess plant miRNAsans-
kingdom valence

Taking advantage of miRNAs ability to cleave mRNA tasgatcording to
sequence complementarity in both plant and animal, bioinformatic approaches are
useful tools to prdict crossspecies targets. The bioinformatic pipeline was designed
and performed in collaboration with Dr. L. Pagbts  gfmoro thepBioinformatics,
Mathematical Modelling and Synthetic Biology (BMS) Laboratory (University of
Pavia). Several strategiémve been developed and implemented to achieve the
common goal of identifying shared features (miRNAs targeting similar processes)
between these evolutionary distant organisms:

(1) a gene networbased approach was used to compare the targeted biological
processes in plants and human, usingdathalianahomologybased system for

plant network reconstruction;

(2) an alignmenbased approach was used to identify nucleotide and protein
similarities betweeM. truncatulaandH. sapiengutative targets;

(3) another networbased approach usingde novoreconstructedv. truncatula

gene network was used to furthesess the common biological processes targeted

in human and barrel medic.

A schematic representation of the employed strategies, steps, and methodologies
used is shown ifrig. 13
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Fig. 13 Schematic representation of the pipeline used to conduct higiafizs analyses to investigate
plant miRNAs trankingdom valencéBellato et al., 2019).

For the development of the netweksed approach, the obtained predicted
targets were used to constrtlee plant and human target networks using GeneMania
(https://genemania.orgWardeFarley et al., 2010) taking into consideration all the
genetic and cexpression interactions available within the tool. Since GeneMania
does not contai. truncatulaamong the available organisms, this procedure was
used to construct a genetic interactioréepression network of. thalianaby
mapping the homologous genes of Metruncatulapredicted targets list using the
Phytomine tob (https://phytozome.jgi.doe.gov/phytomine/begin.ddoodstein et
al., 2012). The relative threshold similarity between the species was set above 85%.
Human and plant networks were importetl aanalyzed using Cytoscape (v.3.7.1)
(https://cytoscape.orgShannon et al., 2003) and its applications. Clustering was
carried out using the gLay (Su et al., 2010) and ClusterOne (Nepusz et al., 2012)
algorithms. "he parameters set for ClusterOne were as follow: minimum size = 50,
minimum density = 0.25, unweighted edges, node penalty = 2, haircut threshold = 0,
merging method = Mulpass, Jaccard similarity, overlap threshold = 0.15, seeding
method from unused ned. The gLay algorithm does not have free parameters. For
each cluster, enrichment analysis was carried out using ClueGO (Bindea et al., 2009)
to find statistically overrepresented Gene Ontology (GO) terms in the Biological
Process (BP) category, using raght-tail test with the BenjamiAHochberg
correction for multiple testing (75% detail level). GO terms havipgralue < 0.05
were considered for further analysis.

For the development of the alignméyased approachthe nucleotide and
protein sequence of the predicted transcript targets fouMl truncatulaandH.
sapienswere compared byequence alignment for each miRNA. A custom
MATLAB R2018a (MathWorks, Natick, MA, USA) script was programmed to
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automatically cawy out this analysis and to evaluate the statistical significance of
each comparison. The Smithiaterman method (Smith and Waterman, 1981) was
used to perform local alignmemia the swalign function and get the optimal
alignment score (in bits) as outpAtrandom permutatiovased statistical analysis
was used to evaluate the significance of each alignment and to obtain a sequence
lengthindependent scoring valup-¢alue) (Tiengo et al., 2015). For each sequence
comparison, 200 random permutations werenstdered for the human
nucleotide/protein sequence and an alignment was performed for each
randomization. The resulting distribution was used to obtain thegdinalue. Low
p-values correspond to statistically significant alignments with a considered
threshold of 0.05.

For the reconstruction dfl. truncatulaco-expression networkaw expression
values were globally normalized using the Robust Multichip Average (RMA)
method (Irizarry et al., 2003), and annotated using the MedtrA17_4.0 reference
gerome assembly. Gexpression analysis of the obtained expression panel was
performed usindARACNE (Margolin et al., 2006). All the analyses were performed
in the R environment, usingnma (Ritchie et al., 2015) anbiomaRt(Durinck et
al., 2009) packagei the expression data preparation, amdet (Meyer et al.,
2008) for the ceexpression estimation. The obtained matrix was used to reconstruct
a coexpression network for the miRNA targets Mf truncatulg with a Python
(v.2.7) script, exploiting théNetworkX package (Hagberg et al., 2008) to create
networks in a Cytoscapmmpatible format. The miRNA targets lgf truncatulg
were mapped into the network to extract theiregpression interactome. The
resulting suknetwork was filtered to eliminate tlsenallest units composed of single
nodes or less than ten nodes because these are not informative in terms of
interactions. The remaining giant component was analyzed using glLay clustering
procedure and the obtained clusters were subjected to the ClueiGi@ramt step.

3.1.4 Identification and in silico characterization of SOG1 inM. truncatula

The A. thalianaAtSOG1 (AT1G25580) peptide sequence was retrieved from
Phytozome(vs. 12.1) and used to recover SOG1 homologs inMhé&uncatula
genome (Mt4.0v1) by using the BLASTP tool, with default parameters, of the same
database. Apaftom theM. truncatulagenome, AtSOGL1 peptide sequence was also
used to retrieve SOG1 homok@ other plant species by blasting this sequence
against all the plant genomes accessible in Phytozome database (vs. 12.1).

The genomic, transcript, codingnd peptide sequencesMf truncatulaSOG1
(MtSOG1) were retrieved from  Phytozome  portal. BMine,
(https://phytozome.jgi.doe.gov/phytomine/begin).aeas used to find the precise
positions of theexons on genomic sequences, average leagthdistribution. Pfam
(http://www.pfam.xfam.orly and InterPro Http://www.ebi.ac.uk/interprd/ were
used to confirm and locate the NAM/NAC characteristic domain. Subsequently, the
coding and th peptide sequences of MtSOG1 were aligned by CLUSTALW tool
(https://www.genome.jp/to find common and different featureBhe STRING
(https://stringdb.org) online database $v11.0) was used to identiBtSOG1 and
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MtSOGL1 putative interactors. STRING is a database of known and predicted-protein
protein interactions, both direct (physical) and indirect (functional). The AtSOGL1
and MtSOG1 peptide sequences together with the smaof origin were used as
STRING input to obtain the functional protginotein interaction networks.

3.1.5 Phylogenetic tree construction

To generate the phylogenetic tree, the retrieved SOG1 peptide sequences with
an Evalue <-100 were firsselected and aligned with MAFFT (Multiple Alignment
Fast Fourier) (Katoh et al., 2002), using FN%-i algorithm (Katoh et al., 2002).
After alignment and trimming, the sequences were used to build a phylogenetic tree
through MEGAX (Molecular Evolutionaréenetics Analysis) (Kumar et al., 2018)
and using neighbgpining (NJ) asa statistical method. The following parameters
were imposed:(i) bodastrap method with1000 replications; (i) evolutionary
distances calculated with Joii@gaylor-Thornton substitibn model; (i) rates
among sites were gamma distributed with a value of 1 for the parameter (Carocha et
al., 2015; Soler et al., 2aL

Sequences from the following species were used to construct the phylogenetic
tree:  Amaranthus hypochondriacus\mborella trichopoda Ananas comosus
Aquilegia coeruleaArabidopsis halleri Arabidopsis lyrataArabidopsis thaliana
Boechera stricta Brachypodium distachygnBrachypodium staceiBrassica
oleracea capitataBrassica rapaCapsella grandiflora Capsella rubella Carica
papaya Chlamydomonas reinhardtii Citrus clementing Citrus sinensis
Coccomya subellipsoideaCucumis sativusDaucus carota Dunaliella saling
Eucalyptus grandis Eutrema salsugineumFragaria vesca Glycine max
Gossypium raimondii Kalanchoe fedtschenkoiKalanchoe laxiflora Linum
usitatissimum Malus domestica Manihot escunta Marchantia polymorpha
Micromonas pusilla Micromonas sp. Mimulus guttatus Musa acuminata
Oropetium thomaeunOryza sativa Ostreococcus lucimarinyg?anicum hallij
Panicum virgatum Phaseolus vulgaris Physcomitrella patens Populus
trichocarpa Prunus persica Ricinus communjsSalix purpurea Selaginella
moellendorffij Setaria italica Setaria viridis Solanum lycopersicunSolanum
tuberosum Sorghum bicolar Sphagnum fallaxSpirodela polyrhizaTheobroma
cacagq Trifolium pratenseVitis vinifera, Volvox carterj Zea maysZostera marina.

3.2 Wet-lab analyses
3.2.1 Experimental setup

M. truncatulaseeds (cv. Jemmalong, M®a genotype), gently provided by
Fertiprado L.d.a(http://www.fertiprado.pt/en/), Portugal, were used for this study.
Seeds were treated with different concentrat
e M, 100 ¢-MiYrich( Milang lkalg),and25 e M NSC120686 ( NSC,
chloro-6-fluorobenzaldehyde 9uoren9-ylidenehydrazoneprovided byNational
Cancer Institute, Bethesda, USA). Followiting selection of the most appropriate
CPT dose, a synergistic CPT+NSC treatment was implemented. The concentrations
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were selected based on preliminary phenotypidtesuhecase of CPT treatments

and previous studies ithe case of NSC (Macovei et al., 2018). Because these
compounds are dissolved in 100% dimethyl sulfoxide (DMSO) (Sigldach,

Milan, Italy), specific DMSO controls, corresponding to each condgortrased in

the indicated treatments, were set up. Specifically, DMSO 0.29% (subsequently
denominated as DMSO_C) corresponds to the concentration used for the CPT
treatments, DMSO 0.17% (subsequently denominated as DMSO_N) corresponds to
the concentratiomsed for the NSC treatments, and DMSO 0.23% (subsequently
denominated as DMSO_CN) corresponds to the concentration used for the
CPT+NSC treatments. A ndreated control (NT) was also used for all experiments
carried out. A schematic diagram of the pragmbsxperimental design is shown in

Fig. 14. The designated treatments were applieditaruncatulaseeds placed in

Petri dishes (30 seeds per dish) containing a filter of blotting paper moistened with
2.5 mL HO (NT, nontreated control) or indicated stiltns (CPT, NSC, CPT+NSC,
DMSO_C, DMSO_N, DMSO_NC). Petri dishes sealed with parafilm were kept in a
growth chamber at 22 under light conditions witl photon flux density of 150

€ mo I"?s Inphotoperiod of 16/8 ,hand 7080% relative humidity. To keeghe

seeds moistened, 1 mL solution was added for each treatment on the third day. The
experiment was followed for a time period of seven days and subsequently the plant
material was used fresh or frozen in liquid nitrogen for subsequent analyses.

/ "_'_“‘\\ / \ / \ ,/ \
‘\ /I \ /

\\ i/ \ /

H}O CPT 25 uM NSC 25 pM NSC + CPT
A, S A

\ / U VERNGLSY

DMSO00.29% DMS00.17% DMS00.23 %

Fig. 14. Schematic representation of the experimental design set up to evaluate the effect of
selected treatments dWl. truncatulaseed germination and seedling development. CPT,
camptothecin; NSC, NSC120686; DMSO, dimethyl sulfoxide.
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3.2.2 Phenotypic evaluation

M. truncatula seeds subjected to the abewentioned treatments were
monitored every 24 h for seven days. At the end of the experinfedayj, several
biometrical parameters were measured:

1 germination percentage (%), consistafighe percentage of total germinated
seeds; a seed is considered germinated when the radicle protrusion reaches
at least 1 mm of length;
seedling length (millimets, mm), measured using millimetric paper;
seedling fresh weight (FW, grams, gjeasured using an analytical weight
scale (Mettler AJ100, Mettler Toledo, Germany).

Dataarerepresented as mean + standard deviation (SD) of at least three independent
measurements.

1
1

3.2.3 Single Cell Gel Electrophoresis (SCGE)

Nuclei were extracted frorM. truncatularadicles isolated from-@days old
seedlings (corresponding to each of the imposed treatments). For nuclei extraction,
radicleswerep| aced into 2 mL Eppendorf tubes with !
Tris HCI pH 7.0, InM EDTA pH 8) and frozen in liquid Nvere chopped in a Petri
di sh placed on ice. Subsequentl vy, 300 eL Tri

nucleiwverec ol |l ected and mixed with 200 €L 1% | ow
in phosphatduffered saline (PB40 mM NaCl, 2.7 mM KCI, 10 mM N&lPQ;,
1.8 mM KH.PQ,) . Two drops (100 ¢€L) of the result

pipetted onto glass slides coated with 1% LMP (prepared the day before -and air
dried overnight at room temperature), covered with glass alijssolidified on ice.

The two different versions of SCGE were used, namely alkaline and neutral. In
the case of alkaline SCGE, samples are expos
takes place, allowing visualization of SSBs and Di#otein crosslinkgVentura et
al., 2013). With neutral SCGE, lysis and electrophoresis are carried out at pH 8.3, a
condition that prevents DNA unwindingnd consequently only DSBs can be
detected. For the alkaline SCGE, the glass slides containing isolated nuclei were
Subjected to electrophoresis in an alkaline buffer (0.3 M NaOH, 1 mM EDTA pH
>13) at 25 V and 300 A, for 25 min in a cold room (4°C) after 20 min of nuclei
denaturation in the same buffer. For neutral SCGE, the slides were electrophoresed
in TBE (TrisborateEDTA) (89 mM Tris Base, 89 mM Boric Acid, 2 mM EDTA,
pH 8.3) at 20 V and 10 mA, for 8 min in the cold room (4°C) as well. Following
electrophoresis, the slides were washed twice with Tris HCI pH 7.5 for 5 min and
rinsed in 70% ethanol (v/v) for 12 min.|Ahe wash steps were performed in the
cold room (4°C). After an overnight drying at room temperature, the slides were
stained wi-tidmidiadR-pterylindoi@ (D&PI, mg mt stock solution)
(SigmaAldrich) and visualzed at a fluorescence micrage (Olympus BX51,
Olympus, Germany) with an excitation filter of 3880 nm and a barrier filter of
400 nm. For each slide, about one hundred nuclei were scored. The visible nuclei are
classified ino 5 different classes according to the length of tladlis twhichreflects
the entity of the damage (Collins, 2004). The results were expressed in arbitrary units
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(a.u) calculated according to the formula pr
100]/Ntot, where Nc = number of nuclei of each class, ¢ = #wselumber (e.g., 0,

1, 2), and Ntot = total number of counted nuclei. All analyses were performed in

triplicates.

3.2.4 DNA diffusion assay

The DNA diffusion assay was performed to evaluate cell death events and
distinguish cells subjected to PCD or necrosis from viable cells as described by
Macoveiet al.(2018). Nuclei extraction was performed from radicles-days old
seedlings using theame methodology described for SCGE analyses. The glass
slides containing nuclei embedded in 1% LMP agarose were prepared as described
in paragraph 3.2.3. Once prepared, the slides containing nuclei were incubated in
high salt lysis buffer (2.5 M NaCl, 166M EDTA, 10 mM Tris HCI pH 7.5) for 20
min in a cold room (4°C) to disrupt the nuclear membrane and permit DNA
diffusion. Subsequentlyhe slides were immersed in neutral TBE for 5 min for three
consecutive times to remove lysis solutamd rinsedn 70% ethanol for 5 min at
4°C. In the last steps, the slides were rinsed in 70% ethanol for 5 min and
subsequently in absolute (99.8%) ethanol for an additional 5 min aibliedr
overnight. After drying, the slides were stored at room temperature under dark
conditions until observation. To evaluate the nuclei morphology, the prepared slides
were stained with 20 uDAPI and observed with an Olympus BX51 fluorescence
microscope with a 100W mercury lamp. The removal #D ifholecules from both
DAPI and DNA detemines the emission of blue visible using a fluorescence
microscope withan excitation filter of 346380 nm andh barrier filter of 400 nm.

For each slide, about one hundred nuclei were scored and each experiment was
performed in triplicates. The overalllceeath level was scored in arbitrary unit
(a.u.) while an additional analysis was used to represent the percentage of each class
of nuclei (Gnuclei from viable cells,-huclei from PCD cells;-2uclei from necrotic

cells).

3.25. RNA Extraction, cDNA Synthesis and Quantitative RealTime
Polymerase Chain Reactiof{gRT-PCR)

Total RNA was isolated from treated and untreaiedruncatulaseedlings as
described(OfateSanchez& VicenteCarbajosa 2008). Briefly, plant material
frozen n liquid N2 was gound using sterile clean mortar and pestle. The obtained
powder was transferred into cold Eppendorf
Buffer (0.4 M LiCl, 0.2 M Tris pH 8.0, 25 mM EDTA, 1% SDS in DEPC water) and
550 €L c¢hl owtor veas mixed bly koetex 0010 s. Then, the samples
were centrifuged at 10000 rpm for 3min at 4°C. The obtained supernatant was
transferred into a ne-gaturbtedbaeidicwhetoh The 00 e L of
solution was mixed by ofwclarofoenxwasfadded. A0 s and 2
subsequent centrifuge step was performed at 10,000 rpm for 3 min at 4°C. The
supernatant was transferred into a new tube and a 1/3 volume of 8 M LiCl was added.
The tube was mixed by inverting, incubated at 4°C for 1 h, andfogetd at 10,000
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rpm for 30 min at 4°C. The resulting pellet was washed with 70% ethanol and air

dry for 15 min in ice. Finally, the pellet v

pyrocarbonate) water. All the buffers were prepared with DEPC water. An

electrophoretic analysis was performed to test the RNA integrity, in a cold room.

The RNA was treated with DNase as foll ows: 1

RNasef r ee DNase | (Thermo Scientific) in 10 eL

the manufactureiThe DNase digestion was performed at 37°C for 30 min, then the

enzyme activity was stopped by adding 1 L o

min at 65°C. Subsequently, the amount of RNA was quantified with a NanoDrop

spectrophotometer (Biowave DNA, WRAhermoFisher Scientific). cDNAs were

obtained using the RevertAid First Strand cDNA Synthesis Kit (ThermoFisher

Scientific) according to the manufacturerés
Quantitative reatime polymerase chain reaction (gRFCR) waperformed with

the Maxima SYBR Green gPCR Master Mix (2X) (ThermoFisher Scientific)

according to suppl i er ésne 600 PCRaapparatuss , using

(Corbett Robotics Pty Ltd., Brisbane, Queensland Australia). Amplification

conditions were as fliws: denaturation at 85 for 10 min, and 45 cycles of @5

for 15 s and 6@ for 60 s. Oligonucleotide primers were designed using Primer3Plus

(https://primer3plus.corh/and further validated through the online software Oligo

Analyzer fttps://eu.idtdna.com/calc/analy}yethe list of investigated genes along

with their Phytozome accession numbers, forward and repersers are given in

Table 1
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Table 1 List of oligonucleotide sequences used for the GFCR reaction.

GENE [ ACCESION NO. | FW PRIMER ( 5366 ) [RV PRI MBR )( 36
REFERENCE GENES
Mt EL F 1 U Medtr6g021805 | GACAAGCGTGTGATCGAG TTTCACGCTCAGCCTTAA
MtACT Medtr3g095530 | TCAATGTGCCTGCCATGTATG ACTCACACCGTCACCAGAATC
MtTub Medtr7g089120 | TTTGCTCCTCTTACATCCCGTG GCAGCACACATCATGTTTTTGG
MtUbi Medtr3g091400 | GCAGATAGACACGCTGGGA AACTCTTGGGCAGGCAATAA
MtPDF2 Medtr6g084690 | GTGTTTTGCTTCCGCCGTT CCAAATCTTGCTCCCTCATC
MtPPRrep Medtr6g079830 | GGAAAACTGGAGGATGCACG CAAGCCCTCGACACAAAACC
MtGAPDH Medtr3g085850 | TGCCTACCGTCGATGTTTCAGT TTGCCCTCTGATTCCTCCTTG
GENES OF INTEREST
MtTOR Medtr59005380 | TGATGTTACCGTACGCCACT TAAAGCGGCAAATACTGCAC
Mt T o p 1 U Medtr0172s0010 | ATACACGTGGGCTATTGTCG TCACTTGGATGAATGCGTT
MtTop2 Medtr3g031040 | AGGATCCGTCGTGGGATTGTAAGGC | ACAACAGAGAGGCCAGCCATAG
Mt T DP 1 U Medtr7g050860 | ACGAGTTGGGAGTGCTCTTT GGGATTTATCCTTCGATTGTTT
Mt T DP 2 ( Medtr4g132300 | CAGATGTTCAGCAAGGAACG CCCGTCTTGCAAAGGATATT
Mt T DP 1 H Medtr8g095490 | GGTTGGTTTGAGCCATCTTT GCAGGCACATTGTGATTTCT
MtH4 Medtr2g096100 | CCGTAAGGTGCTTCGTGA CAAACCGCTTATACGCTT
MtPARP1 Medtr1g088375 | AAACCCACCCTCCTTCGT GTCCCTCGGTCTCTTTCC
MtNBS1 Medtr59076180 | TGCAAACCCGATTTCAATAA GATGAAATAAGCACGCATGG
MtRAD50 Medtr3g084300 | GGCGAGAAAGTTGTTTGCCTTAG GCCAATTTGCTTCATCTTGA
MtERCC1 Medtr1g082570 | CGTTCGTCAAATCCTCAGAA TGAAGCTGCAGGAGCATTAT
MtMRE11 Medtr2g081100 | TCCAAAGTGGTGCTGATGA ATGGATTCATTGTCCGAACTG
MtMUS81 Medtr3g022850 | AAGAAGCCACTGGATTGTTCC ATTTGGATGGCTTCTGGAAA
MtCDKAL Medtr4g094430 | CGTCTTGAGCAGGAAGAT TCCTGTGCTGCATTTCTT
MtCycD2 Medtr59032550 | GGCTCTTGATTGGATTT ACAAGTCACACCTTCTGGA
MtCycB1 Medtr5g088980 | AACTCATGGCGAGCTTTC AGCAACAGCACAACGATC
MtCycD3 Medtr3g102310 | ACAGCGTTGAGCCTAGTTTAG TTCATACCCTGACCACAG
MtACYLTR | Medtr2g089765 | CGCCTCTTGATCTTCCTTCAC GAATCTCGAACCAAACCCGC
MtAGO1A Medtr6g477980 | TGACAGTGGCTCAATGACAA GGGGTCTAACAGCAGCATTA
MtATUBC2 | Medtr4g108080 | TACGATGTTGCTGCGATTCT TCACGCTTGTTCTCACTGAA
MtE2FE-like | Medtr4g106540 | CAGGCGCCTTTATGATATTGC AGCCACCTGAATGCTGGTTT
MtDNAM Medtr1g086590 | TGCATGCTTTCGTTAGGTGG AGTTGAGTTCACTGCTGCTT
MtRAD54- Medtr5g004720 | CGTTGCCAAAACAATGATGGG AGCCTGCAATCTCAGCAAATC
like
MtSOG1A Medtr59053430 | TGGTGCGAAGGGACAGATAA TCACACAAGGACAATGCGTC
MtSOG1B Medtr1g093680 | GGAAGCCGAAAGCGTAGAAA TTCTGAAGCCCGTTCAAGAG

The relative quantification was carried out usingNtAct (actinrelated protein 4A,
Medtr3g095530andMt E L Felbrgjation factor i Medtr6g0218053s reference
genes as they resultedthe most stable under the tested conditions following the
geNorm https://genorm.cmgg.he¥andesompelet al., 2002) analysis. For each

oligonucleotide set, ntemplate water control was used. The raw, background
subtracted fluorescence data provided by the Retare 6000 Series Software 1.7
(Corbett Robotics) was used to estimate PCR efficiency (E)ttmedhold cycle
number (@ for each transcript quantification. The Pfaffl method (Pfaffl, 2001) was
used forthe relative quantification of transcript accumulation. All reactions were
performed in triplicate. The data is presented as fold change (FQk wélaes for
each treatment were normalized to their corresponding DMSO control. The

heatmaps

were

constructed

using

the

shinyheatmap  software

(http://www.shinyheatmap.comKhomtchouk et al., 2017) freely alable online.

3.26. MicroRNA expression analysis

After isolation of total RNA (Onat&anchez VicenteCarbajosa, 2008) from
treated and untreatéd. truncatulaseedlings, a twaailed gqRFPCR technique was
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performed (Androvicet al., 2017).The expression profiles & miRNAs (mtr
mMiR156a, mtmMiR168, mtrmirl72¢5p, mtrmiR2600e, mtumir395e, mtr
miR5741) were anaied in 7days old untreated and treated seedlings. Sequences
of the mature miRNA oligonucleotides were obtaifienn the miRBase database
(http://Iwww.mirbase.org/Kozomara et al., 2019). Different sets of primers were
used to perform reverse transcription (RT) and 4R for each mature miRNA,

one to synthesize the cDNA and two for the SYBR gPCR amplificatiolyAsD

were obtained using the gScript® Flex cDNA Synthesis Kit (QIAGEN, Beverly,
Massachussets). The RT primef&lfle 2) were designed to have a twailed
structure as shown ifig. 15. Basically, a twetailed primer has the following
fundamental functiong1) it promotes the specific reverse transcription of the target
MiRNA template; (2) it provides additional sequence to the cDNA making it long
enough for PCR amplification; (3) it includes the sequence of the forward PCR
primer. Specifically, the twaeiled primers are made of two hemiprobes connected

by a hairpin folding sequence of about 37 nucleotides. Following specific rules, the
hairpin folding sequence can be developed but some of them have been already
describedKig. 16). The two hemiprobes ammmplementary to separate regions of

the microRNA of interest. When designing the primer, the first 10 nt of the miRNA
are added in rever se -ermimysandthelast56mtyof or der t o
the miRNA are added in reverse complementary order koe-terr@idus of the

hai r pi nhemiprdbe proBdtes the discrimination between highly similar
MiRNA sequences, especially when the differing nucleotidesn the center or
close to this themipnoberprowdes highdscrimihatgrpwer 3 6
to mi smat ches -teamtinus.  t RN&Afold 3 \WebServer
(http://rna.tbi.univie.ac.at//cdhin/RNAWebSuite/RNAfold.cgi online tool was

used to predict the stabdecondary structure. This stable structure is characterized
by a high final melting temperature @9°C). To obtain the cDNA, a forward
primer specific for {emeusdfaeitwgaleddRT-r egi on i n
primer and a reverse primer specific fthe miRNA target sequence, were used.
Subsequently, gRPCR was performed as described in paragraph 3.4.1, and the
obtained values were expressed as fold change to each relative DMSO control. The
sequence of oligonucleotide primers used for ¢IR are pesented irmable 3.
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Table 2. List of two-tailed primers used for the RT reaction. Accession numbers, relative to miRbase
database are indicated.

miRNA ACCESIONNO. |RT PRI MER )( 506
mtr-miR156a MIMAT0001654 | TCTTCTGTCAGCTTGAGTCCTCGTAGAGTTGCTACGAGATATGATAATGTGC
mtr-miR168a MIMAT0011089 CACCAAGCAACAACGACCAGAGCTAGAGAACCTAGCTCACCCACTACTTCC

mtr-miR172¢5p

MIMAT0021265

ATGATGCTACCGACGAATACTGCTAGAGTTGCTAGCAGAGCCCTTAATGTG/

mtr-miR2600e

MIMAT0021331

CACAATGCTTCAACGACCAGAGCTAGAGAACCTAGCTCACCCACTACGCCA

mtr-miR395e

MIMATO0003858

ACACTTCATCAACGACCAGAGCTAGAGAACCTAGCTCACCCACTACGAGTT(

mtr-miR5741a

MIMAT0023118

TTAGTCCCTATCAAGCTCTCCAGGTACAGTTGGTACCTGACTCCACGCAAAC

Table 3. List of oligonucleotide sequences used for the 4R reaction.

mMiRNA ACCESIONNO. |FW PRI MERGS ) 56 RV PRI MBR )( 36
mtr-miR156a MIMAT0001654 | CGATGCTACCGACGAATACTG GCCATCATCATCAAGATTCACA
mtr-miR168a MIMAT0011089 | GCCACCAAGCAACAACGAC GATGGTGCTGGTCGGGAA

mtr-miR172¢5p

MIMAT0021265

ATGATGCTACCGACGAATACTG

GTAGCATCATCAAGATTCACA

mtr-miR2600e

MIMAT0021331

CACAATGCTTCAACGACCAGAG

AAGCATTGTGGCATTGTGATTGG!

mtr-miR395e

MIMATO0003858

ACACTTCATCAACGACCAGAG

ATGAAGTGTTTGGGGGAACTC

mtr-miR5741a

MIMAT0023118

TTAGTCCCTATCAAGCTCTCCAG

TAGGGACTAAATTGATGGTTT

5 hn-miprnbnfﬁ \

Two-tailed RT primer
Fig. 15. Two-tailed qRFPCR primer design(A) Two-tailed RT primeris composed of two
hemiprobes connected by a hairpin folding sequei@)eThe hemiprobebind cooperatively, one at

each end of the target miRNA, forming a stable com{léxRe ver s e

[N ImAN

D

REVERSE primer
1" qPCR cycle

—

¥
FORWARD primer
2™ qPCR cycle

transc-end pt ase

of the hybridized twetailed RT primer and elongates it to form tailed cDNB) The cDNA is
amplified by gPCR using two targgpecific primers (Androvic et al., 2017).

[EE]LET.

CAGGTACAGTTGGTACCTGIT
CAGGTACAGTTGGTACCTGI
CAGGTACAGTTGGTACCTGI
CAGGTACAGTTGGTACCT:
WGACGTACGTTGAGTACGTCA
NHCAGGT ACAGTTGGTACCTGY
TCCTCGTAGAGTTGCTACGAG
GTCCTAGAGTTGCTAGGAC]
GAGCTAGAGAACCTAGCTC.

LT ACTGCT AGAGTTGCTAGCAGH I
Fig. 16.Example of hairpin folding sequences usefuhebackbone to design Twiailed RTFprimers
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3. Materials and methods

3.2.7. Experimental setup to test plant miRNAstrans-kingdom valence in
human cells

Toinvestigate miRNA trankingdom valencgn vitro experiments were seip.
Malus domesticacv. Golden Delicious together with human colorectal
adenocarcinoma cell line HIY, were chosen to gain insight on the ability of plant
microRNASs to target human geniesvitro.

3.27.1. Identification of miRNAs abundantly expressedn Malus domesticav.
Golden Delicious

RNA was extracted from th®alus domesticav. GoldenDelicious and cv.
Stark fruits and from a commercially available fruit mixusmg r VanaE mi RNA
Isolation Kit (Thermo Fisher Scientific, MA, USAj) ol | owi ng t he manufact
instruction. Briefly, tissues were minced in small pieces using a scalpel. ¢or ea
tissue, 1 gram of minced tissue was transferredlitmL conical centrifuge tubes
containing 10 mL of Lysis/Binding Buffer (1:10 w/\gnd the samples were further
homogenized using Turrax homogenizator (Ika) until visible clumps were dispersed.
Subsequently, miRNAomogenatedditive was added to 1 mL of tisslysate and
the tubes were inverted and kept on ice for 10 min. The organic extractionewas th
performed by adding to the tubes a volume of -ptidnoichloroform equal to the
initial lysate volume. The solution was vortexed for-&D sec. A subsequent
centrifuge step was performed at 10000 rpm at room temperature to separate the
agueous and organic phases. The aqueous (upper) phase was carefully removed
without disturbing the lower phase and transferred into a fresh tube. The removed
volumes have been reat and an enrichment procedure for small RNAs was carried
out. This enrichment was accomplished by first immobilizing large RNAs on a filter
cartridge (glass fiérfilter). To do so, 1/3 volume of 100% ethanol was added to the
agueous phase recovered frtim organic extraction and passed through the filter
cartridge, thus immobilizing the large RNAs on it and collecting the-flinaugh
containing mostly small RNA species. A centrifuge step was performed at 10000
rpm at room temperature to pass the miutterough the filters that were then
recovered and collected into new tubes. Then, 2/3 volume 100% ethanol was then
added to these filtrates, and each mixture was passed through a new filter cartridge
to immobilize small RNAs. A centrifuge step to favoe fhassage of the filtrates was
performed at the abovmentioned conditions and the filtrates discarded. The filter
was then washed a few times (wighspecific wash solution supplied by the
manufacturer), and the sm&NA enriched samples were eluted. Sedpuently, the
amount of miRNA was quantified with Epoch2 spectrophotometer (BioTek).

cDNAs were obtained using the TaqgqManE Micr
Ki t (ThermoFi sher Scientific) agRF-ording to
PCR was performedif6we | | opti cal reaction plates with
Master Mix I, NO UNG and TaqManE MicroRNA Assay (Th
Scientific) using a Quantum5 machine (Thermo Fisher Scientific, MA, USI\)
reactions were conducted in triplicaiafferent setof primers were used to perform
reverse transcription (RT) and gHPICR for each mature miRNA, one to synthesize

55


https://www.fishersci.com/shop/products/falcon-15ml-conical-centrifuge-tubes-polypropylene-rcf-rating-12000-50-rack-500-cs/1495970c

3. Materials and methods

the cDNA and two for theagMangPCR amplificationThe Assay name along with
their Assay ID and the catalog number are illustratedahle 4. Prevalidated
TagMan MicroRNA Assay asused for all the miRNAs investigated (athR159a,
athrmiR160a, athmiR166a, athmiR390a, athmiR396b) except miR82a3p and
miR-858 which were specifically designed using the Custom Tac®aall RNA
assay desigrobl (Thermo Fisher Scientific, MA, USA). Amplification conditions

were as follows: polymerase activation at'85or 10 min, and 40 cycles of 95

for 15s and 6&C for 1 min. Quantitative normalization was performed using U6 as

aninternal control. Relai ve quanti fication was
Table 4. Assays used for the TagMan gPCR amplification.

Assay name Assay ID Catalog No.
athmiR159a 000338 4427975
athmiR160a 000341 4440886
athmiR166a 000347 4427975
athhmiR390a 001409 4427975
athhmiR396b 000367 4440886
mdmmir4d82a3p 476846 _mat| 4440886
mdmmiR858 472525 mat | 4440886

3.2.7.2. Artificial miRNAs delivery to human colorectal adenocarcinoma cells

perfor med

The humarcolon cancecell ling, HT-29 cells (ATCC, M, Italy) were grown
in McCoy's aded with 10% FBS and 1% Pen/Strep and kept at 37°C with 5% CO
Artificial microRNAs mimicking specific plant miRNAs (miRNfnimic, Thermo
Fisher Scientific, MA, USA) were transfected inttee HT-29. Data relating to

miRNA-mimics are shown iflable 5.MirVa n a E  mi

RNA Mi

mi c

Negati ve

#1, random sequence miRNA mimic molecule extensively tested in human cell lines
and tissues and validated to not produce identifiable effects on known miRNA
function, was used asnegative control. TheniRNA-mimics were resuspended at

the final concentration of @M with Nuclease Free Watdreforetheir use.

Table 5. Products used for transfection analyses

Product miRBase ID Assay ID |Catalog #
mi rVanaE mi RNA |

Control #1 4464058
mirVana® miRNA mimic mdm-miR858 MC25773 |4464066
mirVana® miRNA mimic mdmmiR482a3p |[MC25918 4464066

TransIT-X2 Dynamic Delivery System (Miru8io LLC) was used to transfect

MiRNA-mimics into HF2 9

cel
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Transfection was carried out on ad2Il multiwell plate, according to the scheme
in Table 6.

Table 6 Experimental design of multiwell plates used for transfection

HT29 HT29 HT29 Medium
+miRCTRL | +miRCTRL | +miRCTRL

HT29 HT29 HT29 Medium
+miR482 | +miR482 | +miR482

HT29 HT29 HT29 Medium
+miR858 | +miR858 | +miR858

Briefly, 100¢l Optimem Serum, 1&l miRNA-mimic (5uM),and3 gl TransIT-X2

were added into a 118L sterileEppendorf tube, pipetted gently to mix completely
the solution and incubated at room temperature fe8QLBin in dark conditions to
obtain the TranslX2:miRNA complexes. Subsequentl 50000 cells were
resuspended inrhL medium and added to each well. Thus,ril1of the TransIT
X2:miRNA complexes previously prepared was added to the well containing the
suspended cells. An incubation step at 37°C, 5%@43 performed for 72 h. After
incubation cells were harvested and assessed for knockdown of target gene
expression.

RNA extraction was carried out usimgrvVané&E mi RNA | sol ation Kit (T
Fi sher Scientific, MA , USA) according to the
both the fraction enriched with microRNA and the fraction of total RNA. To evaluate
the transfection success TagMgRT-PCR was performed folloimg the same
procedure described in paragraph 3.2.6.1.

3.27.3. qRT-PCR of miRNA putative targets inHT -29 lines

Total RNA was isolatedusing MiRVang f ol | owi ng t he manuf act
instruction. To avoid possible DNA contamination, RNA was treated with DNAase
(Thermo Fisher Scientific, MA, USAEDNA was synthesized by rettanscribing
leg of total RNA iend a stiotgalHi wdit (Dempoacfi tly0 O NA
Fisher Scientific, MA, USAJaccor di ng t o t he manufactureods
sequences of primers used to detect MRNA expression levels are li$tdulery.
These genes were identified as putatively targetéd. lpmesticaelected miRNAs
through RNAhybridusing miRNA sequences retrieved from miRBase database and
human 306UTRo0me .gRIFPCRassays wedegerfarmedtin 96 well
optical reaction plates using the QuantStudio5 machine (Thermo Fisher Scientific).
The asays were conducted in duplicate wells for each sample. The following
reaction mixture per well was used: &5| Power fThdrmo FiGnere e n
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Scientific, MA, USA) 1.2¢ | of primers at t hndl, 0f8¢ Inal concen
RNase free water, % | ¢ DAhlification conditions were as follows:

denaturation at 95°C for 10 mifollowed by 40 cycles at 95°C for 15 s then at 60°C

for 60 s. Quantitative normalization was performed usigglophilinand GAPDH

as reference genes. Relative quantificatonveasd or med wusing t he @pCT

Table 7.List of oligonucleotide sequences used for the ¢IR reaction.

Gene Primer Sequence

Cyclophilin FW S5TTTCATCTGCACTGCCAAGA3'
RV 5TTGCAAAACACCACATGCT3'

GAPDH FW 5'CAACTTTGGTATCGTGGAAGGAC3'
RV 5'ACAGTCTTCTGGGTGGCAGTG3

RXRU FW 5'GAGCCCAAGACCGAGACCTA3'
RV 5'AGCTGTTTGTCGGCTGCTT3'

SMAD3 FW 5'CCTACCACTACCAGAGAGTAGAGACACCS
RV 5'ATCTCTGTGTGGCGTGGCA3'

ILAR FW 5(:)CTG ACC ACG TCA TC(d
RV 58GTG GAA GAT GAA TGg¢g

PROML1 FW 5c:)CAT CCA AAT CTG TC(
RV 58TCC ATC AAG TGA AAC(

ROCK2 FW 5c:)CTC GCC CAT AGA AAC(
RV 586 AGGCTGT ATG AAG AT(

3.3. Statistical analyses

For statistical analysis, data were subjected to Analysis of Variance (ANOVA)
and the statisticakignificance of mean differences was determined using the
St u d etest. Allanalyses were performed in triplicates.
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4. Results

4.1 A bioinformatics workflow to assesstrans-kingdom miRNAs and DDR
players

Because of the high availability of information and advances in-high
performance computing technologies, big data analyses are emerging as descriptive
and predictive tools to be used on a massive amount of data to formidHhigently
informed hypotheses (Kashyap et al., 2016). This massive data can be put to use in
multiple fields, ranging from personalized medicine (Alyass et al., 2015) to industrial
microbiome applications (van den Bogert et al., 2019).

In recent times much focus is being directed towardsanskingdom
investigations. As so, it worth mentioning the current pandemic crisis where viruses
from animals are transmitted to humans resulting in situations difficult to control and
manage alsgiventhe amount of big data generated worldwide. Besides this specific
case, other examples concerning the plant kingdom can be cited. For instance, recent
evidence of a trarkingdom plant disease complex between a fungersicillium
dahliag and plantparagtic nematodes belonging to the geRuatylenchusas been
presented using machine learning methods (Wheeler et al., 2019). Moreover,
addressing the model system used in the present work of tiMde@icago
truncatula an ambitious project has reportedattrengineering trarsingdom
signaling in plants can result in controlling the expression of genes in rhizosphere
symbiotic bacteria (Geddes et al., 2019). The concept of-khogdom miRNA
transfer, thoroughly presented in the Introduction part (sedtfn can be as well
included in these examples. To address these issues, complex systems biology
approaches, advanced computerized methods, andkirmytom networks are
needed to allow an appropriate identification of causal relationships between
different taxonomic groups (Rodrigues et al., @0JAdditionally, bioinformatics
tools can be also put to use to investigate the evolutionary relationships among
differentfilla and kingdoms. In this case, phylogenetic trees (based upon multiple
sequence alignents of proteins from different species) are regularly used to figure
out evolutionary relationships between homologous sequences, thus providing
insights into the evolution of a protein family and the functional specificity of the
members of the family @idwor et al., 2006).

Based on these premises, the results presented in this part of the timgsis us
different bioinformatics approaches implemented to address questions relative to the
potential of plant miRNAs to target genes in human cells, predgtal plant
MiRNAs possibly involved in DDR, and an evolutionary perspective of the key
mastefregulator of DDR in plants, namely the Suppressor of Ganaypa (SOGL1).
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4.1.1 In silico data mining and development of networks and alignment
analyses between plants and humans

Starting from a list of 42@/. truncatulamiRNA deposited in miRaseat was
possible to predict their targets (using psRNATarget and RNAHybrid, respectively)
as 3,468M. truncatulatranscripts (2,680 unique transcript and 2,083 unique genes)
and 93eH. sapiengarget transcripts (825 unique transcripts and 758 uniquegene
Additionally, 2,297M. truncatulatarget transcripts (1,739 unique transcripts and
1,376 unique genes) and 2,226 human target transcripts (1,754 unique transcripts
and 1,549 unique genes) were investigated through the alignment strategy. The
number oftargets was tuned to obtain a balanced number of elements between the
two species. The target genes could be associated with one or more than one miRNA

(Fig. 17).

# Gene
# Gene

2 a
# miIRNA

1137

) “ s s
# mIRNA

Fig. 17. Homo sapiensand Medicago truncatulamiRNA targets found in the two bioinformatics
pipelines. Bars represent the numbers of predicted genes that are targeted by one or more(ARNAS.
Gene targets derived frohh. sapiensnetworkbased pipeline an(B) alignmentbased pipelineg(C)

Gene targts derived from th®l. truncatulanetworkbased pipeline an@D) alignmentbased pipeline.

The yaxis is shown in logarithmic scale to better visualize the barsaddtly number of target genes.

4 s [
# mIRNA

The networkbased approach was used to focus on the bealbgrocesses
enriched among the genes targeted by the $ét stincatulamiRNAs. Because the
GeneMania tool used to build networks does not hveuncatulaasanavailable
organism,an additional step had to be carried out to map these genes to the
Arabidopsis thalianagenome. Among the 50,89l. truncatula genes and the
27,416A. thalianagenes annotated in PhytoMine, 18.183truncatulagenes (37
% of the genome) were mapped in337 A. thalianagenes (46% of the genome).

As for humas, the construction of the network was straightforward with the
GeneMania tool. The resulting gene networks obtained based on these inputs were
composed of 704 nodes far thalianaand 753 nodes fdil. sapiengFig. 18.
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Fig. 18. Coexpression networks obtained from GeneMania too{AQrA.
thalianaand(B) H. sapiens

Unlike the networkbased pipeline in which oweepresented biological
processes were searched in the network of all the miRNA target genes, the
alignmentbased approach focused on sequence similarities among the targets of a
given miRNA. In this approactihe analysis included alignments of every single
targeted gene (and corresponding protein sequence) befvdaimcatulaandH.
sapiensresulting in a total number of 9,626 alignments. By applying a threphold
value of 0.05 for nucleotide alignments,725 sequences corresponding to 115
MiRNASs, resulted significant. These miRNAs were predicted to target a total of 315
genes irM. truncatulaand 801 genes id. sapiensWhen considering both the gene
and protein sequences, 242 similarities between plashthuman transcripts were
found, accounting for 93 genes (targeted by 54 miRNAS).itruncatulaand 149
in H. sapiens

Giving the absence dfl. truncatulaorganism in readily usable bioinformatic
tools for network development and analysis, thestoetion of a new. truncatula
co-expression network (using publicly available gene expression microarray
datasets) was pursued. An expression panel of 24,777 genes was obtained and used
to build a genomsscale ceexpression network with 62,857 undiretiedgesKig.
19A). Among the 2,083 predicted target genes, 1,251 were mapped in this network,
resulting in a subnetwork of 6,081 nodes and 9,534 ed&igs 19B). The giant
component of this subetwork included 5,948odes (of which 1,208 wetarget
genes) and 9,405 edges (of which 3,102 were direct interactionag miRNA
target nodes). The clustering procedure found 45 clusateich were analed via
enrichment analysig-(g. 190).
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A. Gene Co-Expression (CoE) Network B. miRNA Targets CoE-Subnetwork C. CoE Clustering and Enrichment

Legend

miRNA target node

@ Co-expressed node

Histone Modification

$nRNA metabolic
process

Fig. 19. Construction of theéVl. truncatulaco-expressiometwork using a customized netwebsksed
approach(A) Genomescale ceexpression network ar(@8) miRNA targets network are shown, where

blue nodes represent genes not found among miRNA targets, while orange nodes are miRNA targets.
(C) A representative set of the clusters resulted from the miRNA targets network analysis. Each cluster
was analyed via enrichment analysis using ClueGBellato et al., 2019)

4.12. M. truncatula miRNAs putatively target common functions in plants and
humans

The generated datasets were used to identify common functions putatively
targeted by. truncatulamiRNAs in plant and human cells by comparing the Gene
Ontology (GO) nominatives. When considering identically named GO terms
betweenA. thalianaand H. sapiens the common biological functions included

6vesicle docking invol v,edomad uelxaotciyotno shys 6v i(rG
host mor phol ogy or physi ol ogyd (GO: 0019048
(GO: 0098586) , O6positive regul ati on of pos

(GO: 0060148) c haanidn dGabnri annoc haecdi d met abol i c proc
(Table 8. The identification of identical terminology underlines the evolutibpar
conserved functions between distant species. Besides the identical GO
terminologies, other common processes were present in both networks (e.g. nucleic
acid and amino acid megalism, response to stress, signaling).

When comparing the obtained biological processes betetnncatulaandH.
sapiensfrom the point of view of thele novonetwork reconstruction, these are
shown to be related to exocytosis, DNA replicaticemscription, and modifications,
amino acid activation and transport, RNA related processes, histone modification,
and protein modificationsTéble 9).

On the other hand, when analyzing the alignaiie®ed approach, the genes
involved in similar functiondetweenM. truncatulaand H. sapienswere mainly
related to transcription factors, hormemsponsive elementand cell division
(Table 10.
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By comparing the networkased and alignmetitased approachesgble 8vs.
Table 9), it is possible to observe that the results do not always overlap. To focus on
one specific example, mmiR168a (part of a highly conserved plant miRNA family,
abundantly found in plant tissues and extensively studied from the point of view of
transkingdom approach) targets are shownTi@ble 11 using both approaches.
However, drawing attention to the O6response
observe that this GO term was identified in both approaches, as demonstrated by the
common predicted targgene PVR (Poliovirus Receptor). Therefore, the results
obtained show the netwollased and the alignments approaches are complementary
rather than equivalent.
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Table 8. Common biological processes shared betwethalianaandH. sapiengesulted from th
networkbased approach. The ID corresponding to each GO term (GO ID) along with putatively target
genes and corresponding miRNAs are provided.

Biological process GOID A. thaliana H. sapiens
Gene miRNA Gene miRNA
vesicle docking involved in GO:0006904 EXO70B1 mtr-miR5244 SNPH mtr-miR399t-5p
exocytosis EXO70D1 mtr-miR2653a
EXO70H7 mir-miR397-5p
KEU mir-miR5559-3p
SECSA mtr-miR7698-5p
SECS8 mtr-miR2679a
modulation by virus of host GO:0019048 AGO2 mir-miR2673a BCL2L11 mir-miR5273
morphology or physiology DCP2 mtr-miR5238 KPNA4 mtr-miR169k
mtr-miR2655b
cellular response to virus GO:0098586 AGO1 mtr-miR168a BCL2L1l mtr-miR5273
SDE3 mtr-miR168¢-5p PUM2 mtr-miR160c

mtr-miR2592a-3p RIOK3 mtr-miR160a
mtr-miR2592bm-3p

positive regulation of G0:0060148 DRDI1 mtr-miR2650 FXR1 mtr-miR482-3p
posttranscriptional gene PUM2 mtr-miR160c
silencing

branched-chain amino acid GO:0009081 BCAT3 mtr-miR5212-3p BCKDK  mtr-miR5273
metabolic process CSR1 mtr-miR2660 VD mtr-miR2640

Table 9.Common biological processes shared betwdetruncatulaandH. sapiensesulted from the
de novo reconstruction dfie networkbased approach. The ID correspondiagach GO term (GO
ID) along with putatively target genes and corresponding miRNAs are provided.

Biological M. rruncatula H. sapiens
process GO ID Gene miRNA GO ID Gene miRNA
Exocytosis GO:0006887 Medir4gl02120 mtr-miR5559-3p GO:0006887 SNPH mir-miR395t-5p
Medtr8g023330 mtr-miR5558-3p GO:0006904  RIMS3 mir-miR482-5p
SYT1 mir-miR5211
SYT2 mir-miR2640

NOTCH1 mtr-miR5266
RAB3GAPl mir-miR5209
RPH3AL mtr-miR2589

SYTIs mtr-miR166d
DNA replication,  GO:0006261 Meditr4gl06540 mtr-miR5741a GO:009032¢  INOSO mir-miR399t-5p
transeription, and  GO:0090329 GO:2000104 LIG3 mir-miR5294a
modifications GO:0006268 HMGAL mir-miR5276
GO:0044030 GRHL2 mir-miR2589
GO:2000678 PER2 mtr-miR169k
GO:0032786  SIN3A mtr-miR156b-3p
BRD4 mir-miR5266
Amino acid GO:0043038 Medtr7g083030 mtr-miR2657 GO:0009081 BCKDK mir-miR5273
activation and G0:0043039 GO:0009083 IVD mir-miR2640
transport GO:0006418 GO:0051955  PER2 mtr-miR169k
GO:0051957 RAB3GAPl mtr-miR5209
GO:0009065 NTSRI1 mtr-miR408-3p

TINAGL1 mir-miR166d
NANOS2 mtr-miR160c

PRODH mir-miR169d-3p
RNA related GO:0016071 Medtr3g077320 mtr-miR2629f GO:0050686 CELF1 mtr-miR2670f
processes G0:0006397 GO:0006376  CELF2 mir-miR399t-5p
GO:0008380 GO:0061014  GIGYF2 mtr-miR166d
GO:0000375 GO:0061157 TNRC6B mtr-miR5211
GO:0000377 GO:0050686 KHSRP mtr-miR398b
GO:0000398 MEX3D mtr-miR2673a
RNPS1 mtr-miR398b
SUPTSH
Histone GO:0016570 Medir1g086590 mir-miR395e GO0043981 KANSLIL mir-miR482-5p
modification GO:0016573 Medtr4gl08080 mtr-miR156a G0:0043982
Protein GO:0043543  Medtr1g086590 mtr-miR395e GO:0018345  CLIP3 mtr-miR527
modifications GO:0006473 GO:0006517 ZDHHCI18 mir-miR168b
GO:0006475 GO:0036507 MARCH6 mir-miR390
GO:00183%94 GO:0036508 UGGT1 mtr-miR5270a
G0:0018393 GO:0042532 NF2 mtr-miR5206b
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Table 10.M. truncatulamiRNAs and their putative target gers®erelated to similar functions iM.
truncatulaandH. sapiensas revealed by the alignmewsed approach. The genes and their respective
accessions are provided for each organism.

mtr-miRNA M. truncatula H. sapiens

Accession Gene Accession Gene

mtr-miR166d Medtr2g086390  ABA response element-binding factor NM_006484 DYRKIB
mtr-miR160a  Medtr5g061220  auxin response factor NM_175914 HNF4A
mtr-miR2673a  Medtr2g014260  zinc finger C-x8-C-x5-C-x3-H type protein NM_001170538 DZIPIL
mtr-miR2673a  Medtr4g082580  WRKY transcription factor 3 NM 021973 HAND?2
NM 032772 ZFN503
mtr-miR164b  Medtr2g078700  CUP-shaped cotyledon protein, putative NM_001099694 ZNF578

Medtrdg108760 NM 001040653 ZXDC
mtr-miR164d Medtr3gd35150  NAC transcription factor-like protein NM_001018052 POLR3H

mtr-miR5287b  Medtr7g088980  cell division cycle protein-like/CDC48 protein NM_001277742 CYP26BI

Table 11.Predictedgenes targeted by mmiR168 in human cells as revealed by the netviraked
and alignmenbased approaches.

Network-based approach Alignment-based approach
Predicted target Gene description GO Term Predicted target Gene description
ST8SIAL Sialyltransferase 8A sphingolipid CDANI1 Codanin 1
biosynthetic process
RGS6 Regulator of G Protein regulation of G- NISCH Nischarin
Signaling 6 protein coupled
receptor protein
signaling pathway
IL18RAP Interlenkin 18 Receptor ~ positive regulation of CEMP1 Cementum Protein 1
Accessory Protein natural killer cell
mediated immunity
PVR Poliovirus Receptor positive regulation of PVR Poliovirus Receptor
natural killer cell
mediated immunity
SYN2 Synapsin 2 neurotransmitter HTRA3 HitrA Serine Peptidase 3
secretion
PPFIA] Protein Tyrosine regulation of actin ZNF710 Zinc Finger Protein 710
Phosphatase Receptor filament bundle
Type F Polypeptide- assembly
Interacting Protein
Alpha-1
ZDHHC18 Zinc Finger DHHC protein
Domain-Containing palmitoylation
Protein 18
B3GATI Beta-1,3- glycosaminoglycan

Glucuronyltransferase 1 biosynthetic process
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4.13. Putative microRNAs signatures in DDR from a trans-kingdom
perspective

DDR-associated functions were investigated considering that information
relative to miRNAS targeting this essential process is still scarce, especially in plants.
Each approach provided different sets of information some of which were used in
subsequent aftysis. Some examples are reportedable 12which summarize a
series of processes related to the DDR pathway and downstream processes putatively
targeted byM. truncatulamiRNAs in both plant and animal kingdoms. This data
shows that some genes that are involved in DNA repair are also involved in
chromatin remodeling, emphasizing the connection between the two processes. For
example, the networkased approach showed thathalianaDME (Demeter) and
DML1 (Demeterlike 1) are associated with both DNA repair (BEBRse excision
repair, GO:0006284) and chromatin modificatretated functions (GO:0006306,
G0:0044728). In human cells, PPP4C (Protein Phosphatase 4 CatalytigtBish
known for its involvement in different processes among which DNA damage
checkpoint signaling and regulation of histone acetylation (Zhou et al., 2002; Lee et
al., 2010). Other genes and respective miRNAs and GO Terms are related to
functions suctas cell cycle and senescence in plants (or aging in animals). In plants,
genes identified as involved in such functions are ASF1B {8iincing Function
1B, hi stone chaperone) and KU80 known f or
dependent chromatinsas embl y (Zhu et al . 2011) and
integrity (West et al., 2002), respectively. In human cells, the SIN3A (Histone
Deacetylase Complex Subunit Sin3a) and HMGA1 (High Mobility Group Protein
Al) genes, have roles associatedth chromatin rgulation and cell cycle
progression (Silverstein & Ekwall, 2004; Pierantoni et al., 2015).

Within the alignmenbased approach, miniR2589 was predicted to target the
M. truncatulaMedtr6g047800 (tRNA methyltransferase complex GCD14 subunit)
and theH. sapiensSETD1A (SET Domain Containing 1A, Histone Lysine
Methyltransferase), functions involved in chromatin organization in both organisms
(Table 13. The alignmentapproach also led tthe identification of a conserved
mMiRNA (mtr-miR319d5p) predictd to target genes associated with cell death
functions in bothM. truncatula(DCD-development and cell death domain protein)
andH. sapienfMESD, PRR5L). Another interesting finding is represented by mtr
mMiR2600e. This miRNA is predicted to target an anjfanin acyltransferase
(Medtr2g089765) iM. truncatulaand the UVSSA (UV Stimulated Scaffold Protein
A) gene inH. sapiensand so is potentially related to antioxidant functions both in
plants and humans (response to UV irradiation in plants and tyatieecoupled
nucleotide excision repair in humans).
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Table 12.Biological processes related to DNA repair, chromatin remodeling, cell, @mudecellular
senescence common Ao thalianaandH. sapiengesulted from the networkased approach. The ID
corresponding to each GO term (GO ID) along with putatively target genes and corresponding miRNAs

are provided.

Biological
process
GO ID
GO:0006284
GO:0045003
GO:0000724

DNA repair

‘Chromatin
remodeling

GO:0006306
GO:0044728
GO:0006305
GO:0006304
GO:0031056
GO:0031058
GO:0031060
GO:0031062
G0:1905269
GO:1902275
GO:0000075
GO:0045930
GO:0007093

Cel l-l cycle

Cellular GO:0000723

senescence

A. thaliana H. sapiens
Gene miRNA GO ID Gene miRNA
DME mtr-miR2086-3p  GO:2000779 FOXMI  mur-miR169d-3p
DML1 mtr-miR2651 PPP4C mir-miR 169k
ATIG75230 mir-miR5240
RADS4 mtr-miR172¢-5p
RECAL mir-miR5558-3p
ASFIB mtr-miR1509a-3p
GMI1 mtr-miR 1691-3p
KUS80 mtr-miR5272f
DME mtr-miR2086-3p  GO:0043981  KANSL1  mtr-miR482-5p
DMLI1 mir-miR2651 GO:0043982 HMGAl  mir-miR5276
DRDI mir-miR2650 GO:0070828 TNRCI8  mu-miR2589
mtr-miR7696¢c-5p GO:0031507  GRHL2 mir-miR2589
EMB2770 mir-miR26350 G0:0031936 PHF2 mir-miR 160¢
SDG14 mir-miR2086-3p  GO:0006268  SIN3A  mitr-miR1S6b-3p
mtr-miR7696¢-5p GO:0044030  ZNF304 mitr-miR166e-5p
GO:0031935
GO0:0031937
ASFIB  mir-miR1509a-3p GO:1901989  BRD4 mtr-miR5266
RAD9  mtr-miR2638b GO:1901992  EIF4G1 mitr-miR166d
G0:1902751  PHB2 mtr-miR5266
GO:0010971  SIN3A mtr-miR156b-3p
GO:0071157 MDM2 mtr-miR169k
MDM4 mtr-miR5266
KU80 mtr-miR5272f G0:2000772  ABLI mtr-miR5276
TRBI mtr-miR5558-5p HMGALI mtr-miR5276
VASHI mtr-miR160¢

Table 13.Examples of mtmiRNAs and their putative target genedMntruncatulaandH. sapiensas
revealed by the alignmebgsed approach. The genes and their respective accessions are provided for

each organism.

mir-miRNA M. truncatula H. sapiens
Accession Gene Accession Gene
mtr-miR2600e Medtr2g089765 anthocyanin 5-aromatic NM_020894 UVSSA
acyltransferase
mtr-miR5285b Medtr8g105290 nuclear pore complex Nupl55-like NM 000370 TTPA
protein
mtr-miR319d-5p Medtrdgl34770 translation elongation factor NM 015154 MESD
EF1B, gamma chain
Medtrdg084080 DCD (development and cell death) NM 001160169  PRR5L
domain protein
mtr-miR2589 Medtrigl03100 408 ribosomal protein S3a-1 NM 003565 ULK1
Medtr6g047800 tRNA methyltransferase complex ~ NM_ 014712 SETD1A
GCD14 subunit
mtr-miR482-5p Medtr5g079860 23S rRNA m2A2503 NM 014747 RIMS3
methyltransferase NM 012318 LETMI
mtr-miR5286b Medtr4g038400 ribosomal protein S12/S23 family = NM 001010858  RNF187
protein
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The results obtained through the three developedfbioiratic approaches were
used as starting point to identify and investigate conserved and funsfi@uific
mMiRNAs and their putative targeted genes such as those involved irr&&BRd
processes like DNA repair and chromatin remodeling. Specifically, the following
MiRNAs and genes wetaken into account for further analyses:

1) mtr-miR156a, identified as putatively targetiddtATUBC2 (ubiquitin-
conjugating enzyme, Medtr4g108080), involved in histone modification
processes;

2) mtr-mirl72¢5p, putatively targetingMtRAD54like (DNA repair and
recombination RAD54ike protein, Medtr5g004720), involved in DSBs
repair;

3) mtr-miR2600e, putatively targetinfitACYLTR (anthocyanin faromatic
acyltransferase, Medtr2g089765), involved in antioxidant defence;

4) mtr-mir395e, putatively targeting/tDNAM (DNA methyltransferase -1
associated protein, Medtr1g086590), associaitdhistone modifications;

5) mtr-miR5741a, putatively targetingtE2FE-like (E2F transcription facter
E2FElike protein, Medtr4g106540), involved in DNdependent DNA
replication;

6) mtr-miR168, targetingMtAGO1A (argonaute protein 1, Medtr6g477980),
involved inthe cellular response to virus both in plant and human, and use
as a control since the relation between this miRNA and target bene are
already experimentally validated.

Hence, together with the identification of microRNAs putatively targeting

common functions in plants and humans, ithsilico analysis paved the way for
subsequent molecular analysis of miRNAs signatures in plant DDR.

4.2 Bioinformatic investigation of the SOG1gene family in plants

The SOG1 transcription factor has been widely investigated in the model plant
A. thaliana The knowledge is still scanty in agricultural species and other plant
models, includingM. truncatula Considering the central role played by SOG1 as
DDR effector and the importance of legumearsssential food and feed resources,
in silico investigation was performed to identify and characterize SOG1 putative
homologs inM. truncatulamodel legumeSubsequently, the search for putative
SOG1homologsin other species was performed as well. A phylogenetic tree was
constructed to analyze the relationship between different taxa.

4.2.1 ldentification of SOG1 homologs inM. truncatula

The search performed in Phytozoalewed the retrieval of twdtSOGlgenes
in M. truncatula identified as the accessions Medtr59053430 and Medtr1g093680.
The former shows a higher percentage of similarity (70.29%t&0G1than the
latter (63.9 %). Forhis reason, Medtr5g053430 was labeledViSOG1Aand
Medtr1g093680 aMtSOG1B TheMtSOG1Ais localized on chromosome 5 while
the MtSOG1Bon chromosome 1. The genomic sequencBitFOG1Ais 4743 bp
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long while the length of its transcript, codjmmnd peptide sequenisel744 bp, 1329

bp, and 442 aa, respectivelgoncerningitSOG1B its genomic sequence is 5664

bp long whereas the length of its transcript sequence 188¥ntpts coding and
peptide sequences are 1446 and 481 aa |6igy. 20 shows the transcript
organization and chromosome location for the Mt&OG1lgenes in comparison

with the wellknownA. thaliana AtSOGlt is thus possible to observe that all three
genes havsix functional exons (orange boxeS§jince two SOG1 homologs were
identified inM. truncatulg several bioinformatic tools were used to investigate their
degree of similarity among themselves. The alignment of the MtSOG1A and
MtSOG1B amino acid sequences shows that the two sequences have a high
percentage of similarithyamely 74.8%. A schematic representation of the alignment
between the two sequences is showRign 21,along with evidencing the presence

of conserved protein domains. The NAM (No Apical Meristem) domain and the
serineglutamine (SQ) motifs on the-términal region are shown in green and
orange boxes, respectively. In the MtSOG1A (445 aa) and MtSOG1B (481 aa)
sequences, the NAM domain is located starting from aa 59 to aa 197, respectively.
From literature, it is known that thet€rminal region of AtSOGprotein sequence
contains five SQ motifs which are located at positions 350, 356, 372, 430, 436,
respectively (Yoshiyama et al.,, 2013). These motifs are the preferred target for
phosphorylation by human ATM and ATR kinases. The alignment of the MtSOG1A
andMtSOG1B peptide sequences with AtSOG1 showed that these SQ nistifs a
presenin M. truncatula The SQ motifs are located at positions 342, 348, 364, 425
and 431 at the ®rminal region of MtSOG1A.

AtSOG1T (AT1G25580.1)

MtSOG1A (Medtr5g053430.2)

MtSOG1B (Medtr1g093680.1)

+ Em— L]

Fig. 20. Schematic representation of gene organization as evidenced in the Phytozome
(https://phytozome.jgi.doe.ggvgenome browserA) AtSOG1 (B) MtSOG1A (C) MtSOG1B Exons
are presented as orange boxes.
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Fig. 21. Alignment of MtSOG1A and MtSOG1B protein sequences performed using ClustalW web
tool. The presence of NAM (No Apical Meristem) and SQ (Serine, Glutamine) motifs is evidenced
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in green and orange boxes,pestively.

4.2.2 Putative protein-protein interaction networks associate MtSOG1A and
MtSOG1B with DDR

AtSOG1 sequence was also used for this search. The results of this analysis are

To investigate the putative function of MtSOG1A and MtSOGpBtative
proteinprotein interaction networks weperformedusing STRING. Together with
the two proteins identified iM. truncatulg the weltcharacterizedArabidopsis

shown inFig. 22A and22B, for A. thalianaandM. truncatulg respectively. In the

case oM. truncatulg it is important to underline the fact that both sequences led to

the generation of the same netwdfig( 22B), thus corroborating the high sequence
similarity. TheATR (Rad3related protein), ERCC1 (Excision Repair 1), GTF2HA

(General Transcription Factor 2HA) and WEE1 (G2 Checkpoint Kinase) proteins

appear both in the AtSOG1 and MtSOG1AiBrived proteirprotein interaction
networks. Nevertheless, some proteins @esent in one network and not in the
other. This is the case of FEN1 (Flap endonuclease 1). This strsperiic

nucl easél hpaseadbduddbeasenaanldeasé&dactivity,

in DNA replication and repair. During DNA replication, t

overhanging flap structure that is generated by displacement synthesis when DNA
polymerase encounter h eendod a downstream Okazaki fragment. It enters the
f r-endhand then tradel® to cleave the flap base, leaving afaick

f

Il ap

cl

eaves

ligation. Also involved in the long patch base excision repairBBER) pathway, by
cleaving within the apurinic/apyrimidinic (AP) siterminated flap (Shen et al.,

1996). The presence of putative protein interactors linked to the transduction of DNA
damage signals (ATR), DNA repair pathways (FEN1), and cell cycle checkpoint
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regulation (WEEL), suggest that ihesilico identified MtSOGL1 proteins have a role
in DDR.

A. A. thaliana B. M. truncatula

GTF2H2
DDB

A
£

™ a
= SMRS
XRCC3 — g

@/ b 4 XB.CHke NAC domain protein |
ATR MtSOG1A; MtSOG1B)

oy \.‘

L N

N
o i
licase

I GTF2HA

AT3G02555

4

Fig. 22.Putative proteirprotein interaction networks generated by STRING £rAtSOG1 and B)
MtSOG1A/B proteins.

4.2.3 Phylogenetic tree of SOG1 homologs across different plant taxa

The BLASTP alignment of AtSOG1 peptide sequence against the sequences of
all the species available on Phytozome v.12 allowed the retrieval of 72 SOG1
putative homologdrom 49 species. The subsequent alignment of the retrieved
peptide sequences through MAFFT led to the selection @fe6@ modelsSome
accessions were discarded because of the low similarity to AtSOG1 and/or the lack
of SQ motifs at the @erminal end. The retained sequences were used to generate a
phylogenetic tree by employing the MEGAX software. This phylogenetic tree,
presentedn Fig. 23 shows the relatisghip between different plant taxa based on
the sequence similarities of SO@Gdmologs According to the phylogenetic tree,
most of the Phytozome database classification, based on plant evolutionary
phylogeny, is maintained asncers with the distribution and features of the SOG1
sequences. For example, all the memberBraksicaceadamily (A. helleri A.
lyrata, A. thaliang B. stricta B. oleracea capitataB. rapg C. grandiflorg C.
rubella, E. salsugineuinare clustere together. The same it is evidenced for the
Fabidae family (F. vesca G. max M. domesticaM. truncatula P. Persica, P.
vulgaris), except forC. sativus In this particular case, it is also necessary to
underline the fact thatvo clusters are observed in thabidaeclade: one othe
legumes G. max M. truncatulaandP. vulgaris)and the other one for fruit trees and
plants E. vesca, P. Persica, P. vulgaridNeverthelesghe clades generated based
on SOGL1 sequences are Highimilar to whatis expected from taxonomy. To this
purpose, it is worth mentioning thétte FabidaeGroupgenerally includes: (1) the
nitrogenfixing clade (Rosales, Fabales, Cucurbitales, and Fagales); (2)
Zygophyllales; and (3) a weakly supported elaaf Celastrales, Oxalidales, and
Malpighiales (Endres& Matthews 2006).
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For the majority of species, it is possible to observe the presence of only a single
SOG1 homolog (gene model), except frrapg G. max K. fedtschenkoiK.
laxiflora, L. usitatissimum M. domestica M. esculenta M. truncatulg P.
thricocarpa P. virgatum S. italicg S. purpureasS. viridis which presented multiple
homologs Among theseG. max K. laxiflora, P. virgatumare the species with the
highest number of putative SOG1 sequences (4 gene models).

\ BRASSICACEAE

\

\

€ .
] i g
) -
‘% - ‘% ‘i’ :
® 8
%3 : 3
6 % {
Q 2 5 §
%% %, S
e, J'o,;}
0
& %-%9 *-'o,%'bos 2
"oy
By 9%’%%‘3’
" g, R0
s 1, ]
Vingls g,
'sﬁm.—,-m,I ‘Lo
S'H'SGI“G&) L1 o
p 3

1
Prfrganm Pave Ab 02919,  pupuren SopuVIADOTORSI LD

P vwgatum Paw Aa00442 1.p P tnchocarpa Potn 010G129700 1

sw“m”'#mmmw,p

I a@mi;;q s m-mws.mv“ 24t
w\ﬂxﬁﬁw c:"'ugsuk 01,
Msw";ﬁwﬂ’ g, g
2 W@@"“_ o, 003
X ~ Sy,
L &B& oy 1,%
_pﬁ" 1\‘“’ & &6 ﬂ?r%
[ “‘@o *’v“u Q*a %%‘
* ° a‘g@ '%%‘%%a %’o
o R @,,’\ @, s
‘,‘? = *’b &
& & s o
b & £
& %
~ § % %o’
Y, . s
LEGUMES

| FABIDAE
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4.3 In planta experimental setting

In the previous chapter, the proposed bioinformatics approaches have led to the
identification ofM. truncatulamiRNAs putatively targeting genes involved in DDR
associated pathways. To evaluate if these miRNAs may be involved in the regulation
of DDR, the first step consistedf setting up an original experimental system.
Moreover, the fact thatl. truncatulapos®sses multiple SOGiomologs possibly
representing masteegulators of DDR, allows their use as indicators for the
efficiency of the designed experimental system. Hence, the next subchapters of the
results will present how this novel system was develapadl all the analyses
performedto prove that the types of conditions hereby usied the level of the
DDR pathway.

Due to the crucial role that DDR plays in maintaining genome stability, DNA
damage dynami¢csaand DNA repair pathways, it represemtgpromising field of
research to study seed quality. Within the context of seed germination, where active
cell proliferation is determinant for the development of healthy seedlings, DNA
damage must be repaired before the start of cell division to ehsugeneration of
robust plants. Although considerable progress has been made in recent years, the role
of DDR and DDRassociated pathways during seed germination is still poorly
understood, reason why we decided to focus on this fundamental aspect of plant
development. To implement an experimental setting that induces genotoxic stress
and subsequent DDR activation, two chemical agents were taken into consideration:
camptothecin (CPTaninhibitor of Topl enzyme, and NSC1206&®,inhibitor of
the human TDP enzyme.

4.3.1 Development of the experimental setup

The CPT and NSC120686 inhibitors require to be dissolved in DMSO, which,
at certain concentrationsanimpair plant development (Zhang et al., 2618 hus,
it was necessary to first identify the CPT concentration at which minimal or null
DMSO effects are evident at the phenotypic level. In view of this, three different

concentrations, namely CPT 25 €M (CPT_1),

(CPT_3), alongwith their corresponding DMSO concentrations (DMSO 0.29%,
DMSO_1, 0.58%, DMSO_2, and 1.16%, DMSO_3) were tested duving
truncatula seed germination. Seeds are considered germinated when radicle
protrusion reaches at least 1 mm. Biometrical analysesijstimgof measuring the

seed germination percentage (%), seedlings length, and fresh weight (FW), were
used to establish the phenotypic effect of CPT and DMSO after 7 days of treatment
(Fig. 24). No significan differences P > 0.05) between NT and treatmis were
observed regarding germination percentdgg. (24A), as germination rates varied
between 44.4+31.68% (DMSO_3) and 82.2+8.39% (NT). This indicates that
treatments at the imposed DMSO and CPT concentrations do not affect germination
percentage. Ntetheless, growth inhibition was observed in seedlings at the end of
the seventh7day. A significant P < 0.05) decrease in seedling length is evident
when comparing NT (56.27+1.35 mm) with CTP_1 (13.73+0.19 mm), CTP_2
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(12.87+0.46 mm), and CTP_3 (12+0.Inm) treatmentsHig. 24B). Among the
tested DMSO concentrations, only DMSO_3 (36.53+8.24 mm) appeared to
negatively affect seedling growth in a significant manner. When considering the
seedling fresh weight (FW), no significant differences were obsdrewdeen NT

and treatments (DMSO, CTP), as all samples weighted between@22g Fig.

24C). These analyses allowed the identification of an optimal CPT concentration,
able to cause an evident phenotypic effect, considering also its corresponding DMSO
concentration in such a way to not cause any phenotypic effect on seedling growth.
Hence, t he concentration of CPT that me t t he
in 0.29% of DMSO. The subsequent experiments were carried out using this
concentration.
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Fig. 24. Biometric analyses to evaluate the phenotypic effect of camptothecin (CPT) and dimethyl
sulfoxide (DMSO) treatments on-day-old Medicago truncatulaseedlings.(A) Germination
percentage (%)B) Seedling length (mm)C) Seedling fresh weight, F\(¢). Dataarerepresented as
mean * standard deviation of three independent replicates. Statistically significant0(05)
differences between treatments and-treated (NT) sampteare represented with an asterisk (*). CPT,
camptothecin; DMSO, dimethgulfoxide.

Regarding the selection of the NSC120686 concentration, this was performed
based on previous results obtained using the agewt dnuncatulacalli (Macovei
et al.,, 2018) and still considering the minimal amount of DMSO used for the
dissolution of the agent. Consequently, the selected concentration of NSC120686
was 25 €M (NSC) dissolved in 0.17% DMSO.
The last treatment within the proposed ekpental design consist®f
synergistically exposiniyl. truncatulas e eds t o 25 €M CPT and 25 &M
(denominated as CPT+NSC), dissolved in 0.23% DMS®. descri bed i n fAMat e
and methods, each corresponding DMSO concentrations, hereby denominated
DMSO_N, DMSO_C, and DMSO_CN, were also tested together with the non
treated (water) control (NT).

4.3.2 CPTand NSC treatments have no effects on seed germination but affect
the development ofM. truncatula seedlings

To verify whether CPT and NS@fluence seed germination, a phenotypic

characterization was performed by evaluating the germination percentage (%),
seedling length (mmpand fresh weight (g) after 7 days of treatm@&ing (25).
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Fig. 25.Biometric analyses to evaluate the phenotgfiect of CPT, NSC, and CPT+NSC treatments
and corresponding DMSO concentrations (DMSO_N, DMSO_C, DMSO_ CMgglicago truncatula

seed germinatior{A) Germination percentage (%B) Representative image ofdays old seedlings.

(C) Seedling length (mm}D) Fresh weight, FW (g). Datxerepresented as mean + standard deviation
of three independent replicates. Statistically significBrt 0.05) differences between treatments and
control (NT) are represented with an asterisk (*). CPT, camptothecin; NSC, TDP1 inhibitor
NSC120686; DMSO, dimethyl sulfoxide.

When comparing the netneated (NT, 60.00+£13.33%) to the treated samples, a
significant decrease in the germination rate was observed only on the first day for
the DMSO_C (16.66+x12.01%) and CPT+NSC (4.44+5.09%) treatments. The high
standard deviations in the germination percentage bars are indicativewfifam
seed germination. No sigicant differences were observed during the following
days until the end of the experiment. The maximum percentage of germinated seed
(plateau) was reached between the second and third day with a mean germination
rate spanning from 78.8+5.09% (CPT) to. ®#6.94% (DMSO_C)Fig. 25A).

These analyses suggest that imposed treatments do not influence the germination
process per s&ig. 25B shows the morphology of thedays old seedlings, grown

in the presence of CPT, NSC, CPT+N®@d their corresponding D8O controls
(DMSO_N, DMSO_C, DMSO_CN). Treatment with the NSC inhibitor did not
result in a visible change in seedling morphology while seedlings treated with CPT
and CPT+NSC appear shorter and stockiean control seedlingsSignificant
differences areagistered when measuring the seedling length and fresh weight (FW)
(Fig. 25C and 25D). Both parameters show a similar trend in terms of reduced
seedling length and fresh weight caused by CPT and the combination CPT+NSC.
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The comparison between NT and thsatments indicated that radicles were more
severely affected than the aerial paRigy(250). Regarding seedling development,

the average of the aerial part and the radicle length was reduced also in NSC and
DMSO_N treated samples, respectively. Sigaifit differences relative to the fresh
weight (FW) of the seedlings were detected for DMSO_C and DMSO_N in terms of
increased weight, as well as for the NSC+@Rkted samples in terms of decreased
weight Fig. 25D).

In conclusion, the imposed treatm&db not affecgermination percentage but
have a major effect on seedling development. Indeed, significant differences were
revealed for seedling length and FW parameters, showing similar results regarding
the impairment of seedlings growth caused by @Rd CPT+NSC treatments. It
may be hypothesized that CPT contributed the most to the impairment of the seedling
growth since a lesser effect was observed when the NSC agent was delivered alone.

4.3.3 The imposed treatments induce different cell deatprofiles

A DNA diffusion assay was performed to evaluate cell mortality-dayold
M. truncatulaseedlings subjected to CPT and NSC treatmdits. 26A shows
representative imagesmficleus morphology characteristic for viable (class 0), PCD
(class 1)and necrotic (class 2) evenEor each treatment, the results of the diffusion
assay were expressed both as percentage of nuclei pefFip268), and arbitrary
units (a.u.) to express the overall level of mortalfig( 260C).

The data show #t the NT and DMSO_N samples are both characterized by high
percentage of viable nuclei (86.83®.00%, NT; 83.63 = 3.16%, DMSO_N) and low
percentage of PCD (11.36 + 2.00%, NT; 13.70 £ 3.65%, DMSO_N) and necrosis
(2.27 £ 1.00% ; 2.68 +0.00%, DMSO_N). Seegé treated with DMSO_C and
DMSO_CN show a decrease in viable nuclei (47.60 + 3.40%, DMSO_C; 55.74 +
4.74%, DMSO_CN) towards PCD, while the nuclei classified as belonging to
necrotic cells (class 2) are not present. Nuclei classified as class 2 arepressthyt
in CPT and CPT+NSC samples, while the NSC treatments evidence the presence of
class 1 nuclei characteristic for PCD evd(tig). 26B). Concerning the NSGind
CPT+NSGCitreated samples, there is a more marked decrease in viable nuclei (27.18
*+ 6.76%NSC; 31.52 + 11.18 %, CPT+NSC) and an increase in nuclei subjected to
PCD (52.12 £ 5.49%, NSC; 46.53 + 12.77 %, CPT+NSC) and necrosis (27.38 + 6.20
% 21.96 + 6.20 %). Similarly, a reduction in viable nuclei is observed for CPT
treated samples (21.05+2.9Where the most represented nuclei belong to class 2
(57.13 + 6.82 %), characteristic for the presence of necrotic events.

When considering the overall level of mortality, an increasing trend is noted
passing from NT to CPTHg. 26C). Mortality pragressively increases in samples
treated with DMSO_C (FC=2.78), DMSO_CN (FC=3.29), NSC (FC=5.10), CPT
(FC=8.56). The highest level of mortality was observed in seedling treated with CPT
(136.08+6.11 a.u.).
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Fig. 26.The level of cell death induced by the imposed treatmeMstiruncatula7-days old seedlings.
(A) Nucleus morphology and its related class identification nunBgiCell mortality represented as
percentage of nuclei per clagS) Cell mortality score represented as arbitrary units (a.u.). Values are
expressed as mean + standard deviation of three replicates. Statistical significance, as per the Students
t-test, is shown with an asterisk (*, P < 0.05). CPT, camptothecin; NSC, TDP1 inhibitor NSC120686;
DMSO, dimethyl sulfoxide.

Briefly, the NSC, CPTand CPT+NSC treatments decrease cell vitality and induce
different cell death events. The most severe effects are observed in camptothecin
treatment characterized by a high level of necrosis. This finding represents a step
towards understanding the abetrgphenotype of seedlings treated with the CPT
inhibitor.

4.3.4 Comet assay reveals the presence of different types of DNA damage

To quantitatively measure DNA damage, SCGE was performed using both the
alkaline and neutral versions of the assay. Within the neutral version (performed at
a neutral pH), the DNA is kept as double strands so that the assay is used to detect
doublestrandel DNA breaks (DSBs). In contrast, the alkaline version is carried out
atp H O anfd@ deéhaturing step is included so that different types of breaks can
be revealed, namel$SBs are formed from alkdhbile sitesDNA-DNA or DNA-
protein crosdinks (Ventura et al., 2013). The results of these analyses are shown in
Fig. 27. Representative images for each comet class (0 to 4) are pr@viged7A).
Concerninghe NT (13.68+0.00 a.u and 10.86+4.49 a.u under alkaline and neutral
conditions, respectively}he NSC treated samples showed a -fdk@ increase in
the level of DNA damage in alkaline condition while only a &€ increase was
observed in neutral conditions. A 5:86d 5.790old increase in the level of DNA
damage was observed in CPT treasachples in alkaline and neutral conditions,
respectively. The CPT+ NSC treated samples showed afd8.ihcrease in the
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level of DNA damage in alkaline conditiswhile an 8.4-fold increase was detected
under neutral condition.
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Fig. 27.DNA damage induced by the imposed treatmentd.itruncatula7-days old seedlinggA)

Nucleus morphology and its related class identification number. (B) DNA damage scores represented
as arbitrary units (a.u.). Values are expressed as mean + SD akfpliestes. Statistical significance,

as per the Studentgdst, is shown wittan asterisk (*, P < 0.05). CPT, camptothecin; NSC, TDP1
inhibitor NSC120686; DMSO, dimethyl sulfoxide.

Considering the DMSO controls, no significant differences in the acetiomlof

DNA damage as DSBareevident under neutral conditions. However, a small but
significant increase in the levels of DNA damage was registered under alkaline
conditions. This may suggest that DMSO, could generate SSBs;lalk#di sites,
incomplde excision repair sites, DNBNA/DNA-protein crosslinks rather than
more extensive damage like DSBs. As reg#éind NSC and CPT+ NSC treatments,
both revealed a major accumulation of S$@med from alkalilabile sites DNA-

DNA, or DNA-protein crosdinks. The norsignificant differences in DNA damage
found by comet assay performed in alkaline and neutral conditions irftré&t&d
samples suggest the occurrence of similar SSBs and DSBs levels in the sample
treated with this inhiitor.

Overall, the observed results indicate that the administration of CPT/NSC agents
cause an accumulation of both SSBs and DSBs, but at different levels depending on
the type of treatment. While in the case of NSC, SSBs and associated damage types
areprevalent, for the CPT treatments an additional increase in the presence of DSBs
is observed. The combination of the two agents (CPT+NSC) resulted in the highest
level of DNA damage, combining both DSBs and SSBs, the latter being prevalent.
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4.3.5 ldentification of suitable reference genes for gRTIPCR analyses

Given that CPT/NSC treatments resulted in reduced seedling growth, increased
cell mortality, and accumulation of DNA damage, the next step consisted in the
analyses of expression profiles of DB&ated genesising gRT-PCR. Before
starting the experiment, it was necessary to identify the most stable reference genes
under the imposed conditions to be used tfee relative quantification of the
transcripts. To this purpose, a geNorm analysis wasedaout to evaluate the
stability of the following endogenous genddtPDF2 (protodermal factor 2),
MtGAPDH (glyceraldehydeS-phosphate dehydrogenaseMtPPRep (prolyl
endopeptidase)MtTub (tubulin), MtUbi (ubiquitin), MtAct (actin), andMt E1 f 1 U
(ETSrelated transcription factor). The expression level of these six internal control
genes was evaluated in the seven different samples derived fronreated
seedlings, DMS@reated and CPT/NS@reated samples. GeNorm is a popular
algorithm used taletermine the most stable reference genes from a set of tested
candidate reference. The program enalheselimination of the worsscoring
housekeeping gene (the one with the highest M value) and recalculation of new M
values for the remaining genes tetefrmine the most stable gene (the one with the
lower M value) (Vandesompele et al., 2002). The results of this analysis showed that
MtActandMt E | Had thle most stable expression under the imposed conditions

(Fig. 28).
AVERAGE EXPRESSION STABILITY OF REMAINING REFERENCE TARGETS

0625
0

0550

8 0400

geNom M

350
0325

& o & ,\oe ) & &6
o *@P@ @zﬂe W o« o o

Fig. 28.GeNorm analysis for theelection of reference genes. The gene expression normalization factor
(geNorm M) was calculated for each sample based on the geometric mean of the reference genes. The
cDNA extracted from treated and ntreated 7day-old M. truncatulaseedlings was used for this
analysis.

After the selection of reference genes, it was possible to proceed with the
investigation of the following genes:
(1) the first group of genes is constituted by ithailico identified MtSOG1Aand
MtSOG1Bgenes. Similar to what reported atSOG1 we hypothesize that these
genes may have a crucial role in the regulation of DDR downstream pathways;
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(2) the second gup is composedf Mt T D PMtUT D PMtbT D PN2tUT o,p 1 U
MtTop2 these are the genes that encode proteins directly affected by the CPT and
NSC inhibitors;

(3) the third group includinyitMRE11 MtRAD5Q MtNBS1 MtPARP1 MtERCC1
andMtMUSS8! these genes are involved in several DNA repair pathways, considered
as alternative to the function ®@DP1genes;

(4) the fourth group is made up MtTOR MtCDKA1, MtCycBl1 MtCycD2
MtCycD3 MtH4 genes, known to regulate the cell cycle;

(5) the fifth gooup of genes is constituted MtACYLTR MtAGO1A MtATUBC?2
MtDNAM, MtE2FElike, and MtRAD54like genes identified through the
bioinformatics pipeline as involved in DDRelated processes and putatively
targeted by specifidl. truncatulamicroRNAs.

4.3.6 MtSOG1genesare upregulated in response to CPT/NSC treatments

Given the importance of SOG1 protein as DDR effector, the expression profiles
of MtSOG1AandMtSOG1Bgenes have been investigated as they may reflect the
effective impact of CPT/NSC treatmems DDR.

In the previously shown analyses, the used DMSO concentrations did not
influence seed germination and seedling development, but a minimal negative effect
on cell viabilty and DNA damage accumulation was observed. Thus, it was
necessary toansider a possible effect of DMSO on the expression of the selected
genesFig. 29Arepresents the data relative to mean values + SD of the expression
levels in watettreated samples (NT) and the three used DMSO concentrations
(DMSO_N, DMSO_C, DMSO_CN). T figure clearly shows changes in the
expression profiles oMtSOG1Aand MtSOG1Bgenes in the DMSO samples
compared to NT. For exampltSOG1Aseems to be downregulated by DMSO_N
and upregulated by DMSO_CN, whii&#SOG1Bseems to be downregulated by all
the DMSO concentrations used to dissolve the NSC and CPT compounds. It is also
important to note that in the nareated control (NT) samplestSOG1Bis more
expressed thaMtSOG1A

To investigate the effect of CPT/NSC treatments réhative expresion values
obtained foMtSOG1genes are presented as folthnge (FC) to each correspondent
DMSO concentration (DMSO_N for NSC, DMSO_C for GRhd DMSO_CN for
CPT+NSC) Fig. 29B). The results show that boitSOG1AandMtSOG1Bgenes
are upregulated in response to the imposed treatments. Nonetheless, the degree of
upregulation is different between the two genes during the treatments. While the
MtSOG1Agene expression is highly induced by the NSC treatment8t®@G1B
gene expressiois highly triggered by the CPT treatment. The expression levels
observed forMtSOG1Bwere compared to the expression levels obtained for
MtSOG1AFC to MtSOG1A). Specifically, the level MtSOG1Branscript is 2.64
fold higher tharMtSOG1AIn seedlings &ated with CPT inhibitor.
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Fig. 29.Expression profiles dfitSOG1AandMtSOG1Bgenes in "aysold M. truncatulaseedlings.
(A) Relative gene expression levels in rogated (NT) and DMS@reated samplegB) Gene
expression profiles reported as faldange to DMSO controls, during CPT, NSthd CPT+NSC
treatments. Values are expressed as mean * SD of threetempli8tatistical significance, as per the
Studentst-test, is shown withan asterisk (*,P < 0.05). CPT, camptothecin; NSC, TDP1 inhibitor
NSC120686; DMSO, dimethyl sulfoxide.
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The concomitant exposure to NSC+CPT had a reduced effect on gene expression
than the individual treatments; the genes are still upregulated compared to their
DMSO controls, but at lower levels: 0.72+0.10 FC and 0.35+0.06 FC for MtSOG1A
and MtSOG1B, respectively.

The observed expression patterns of the M8&0OG1lgenes indicate that the
imposed treatments have a significant effect on the DDR pathway. Furthermore, the
opposite behavior oMtSOG1Aand MtSOG1Bgenes in response to different
treatments suggests that they can be selectively activated in relation iftc spec
stimuli.

4.3.7. CPT/NSC treatments induce differential expression of genes involved in
DDR downstream pathways

Subsequently, genes involved in specific DDR downstream pasi{jeay DNA
damage, cell cycle) were taken into consideration to evaluate their expression
patterns in response to CPT/NSC treatments. As summarized above, these included
Mt TDPNtUT DPMthT D PMtUT o,pahddMiTop2 as genes that encode
proteins directhaffected by the CPT and NSC inhibitors, several genes specifically
involved in MtTDPZ%alternative DNA repair pathways{MRE1l MtRADS5Q
MINBS1 MtPARP1 MtERCC1 and MtMUS8]) and genes involved in cell cycle
regulation ItTOR MtCDKA1, MtCycB1 MtCycD2 MtCycD3 MtH4).

Also, in this case, since the expression of the tested genes was affected in presence
of DMSO (Fig. 30, results are presented as folthnge (FC) to each respective
DMSO control so that it would be possible evaluate the etleat CPT/NSC
treatments.

81



4., Results

Fig. 30. Expression profiles in untreated (Ctrl) and DM&®@ated samples. (A) TDPs and
topoisomerases genes. (B) Genes involved in TIREnative repair pathways. (C) Genes involved in
cell cycle regulation. Datarerepresented as mean + standard deviation of technical replicates.

The FC values were subsequently used to generate a heatmap comprising all the
aforementioned genes and shown kig. 31 where blue color indicates down
regulated genes while red color icates upregulated genes. Based on FC values,
samples treated with NSC and CPT are distributed according to opposite color
gradients.

cannt o
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Fig. 31.Heatmap representing fold changes (FC) in genes expression values in response to CPT, NSC,
and CPT+NSC treatments irday-old Medicago truncatulaseedlings. For each treatment, the values
were normalized to their corresponding DMSO controls. The heatnaapcanstructed using the
Shinyheatmap software.

MtTDP 10, MtTDP 16, MtTop1b, MtCycB1, andMtRAD5Q upregulated in NSC
treated samples, are downregulated in ©Rated samples, whildtTop2
MtCycD3 MtMRE11, MtNBS1 MtPARP1show an opposite trend being upregulated
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in CPTtreated samples and downregulated in M&@ted samplesMtTOR
MtCDKAL, MtERCQ expression levels did not change significamibymparedo

the relative DMSO_N control in the seedling treated with NSC. Instead, they are
upregulated in CPT treatmeM/hen considering the CPT+NSC treatment, the only
upregulated genes akét T D PMQYdD2, MtH4, andMtMUS81 The same genes

are mostly downregulated in the other two treatm@risfly, the selected genes are
differentially expressed according to the imposed treatments. Most genes show
opposite expression profiles when comparing NSC andt@Rtments.

When looking into the group of functions, samples treated with NSC revealed a
general upregulation of tMtTDP1(MtTDP1U, MtTDP1b) andMt T o gefes, but
not forMt T D RuadMtTop2 An opposing effecivas observed in samples treated
with CPT where an overall downregulationMfTDP10 MtTDP1b, andMt Top 1 b
genes is encountered whiMtTop2is upregulated. The combination of the two
treatments (CPT+NSC) show a different profile, whaté T D P the only
upregulated gene of this group. With regards to the genes belonging to alternative
DNA repair pathways, these are upregulated only in CPT treated samples, except for
MtRAD50andMtMUS81which are upregulated in NSC and CPT+NSC treatment,
respectively. Corerning the group of genes involved in cell cycle regulation, the
NSC treatment resulted in the upregulatiodMe€ycBlwhile MtCycD2 MtCycD3
andMtH4 are downregulated. In the same treatmiitT, ORandMtCDKA1do not
change their expression relative tMBO_N control. In the case of CPT treatment,
this group of geness upregulated, except faMtCycB1 and MtH4 which are
downregulated. Th&ItCycD2gene does not change @&xpression levels relative to
DMSO_C control. The CPT+NSC treatment resulted in tipeegulation of
MtCycD2 and MtH4 while all the other genes belonging to the group of genes
involved in cell cycle regulation are downregulated.

Overall, the present investigation revealed the contrasting effeatsiofgle
administration of NSC and CPT treatmentshitiTDP1U, MtTDP1b, andMt To p 1 b
and MtTop2 genes involved in alternative DNA repair pathways and cell cycle
regulation and a different response in case of concomitant administration of
CPT+NSC. The combinedpproach revealed that the most affected genes were
Mt T D PMtk4, MtMUS8], MtCyCD2 showing upregulation, anmitERCC1
MtTOR andMtCDKAlgenes showing downregulation in response to the CPT+NSC
treatment.

4.3.8 Expression analyses of selected microRNAs and their putative targets
identified from the in silico approach as being involved in DDR

Since one of the main goals of this work was to identify miRNAs able to regulate
DDR-associated processes, the folloge QqRT-PCR analyses were conducted to
evaluate the changes in expression patterns of miRNAs and putative target genes
previously identified from the bioinformatic pipeline.

To this purpose, the following miRNAs were selected-mifiR168, mtrmiR156a,
mtr-miR2600e, mimiR395, mtrmiR5741a, mtmiR172¢5p and their expression
evaluated in ®tlaysold M. truncatulatreated and untreated seedlings. For these
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MiRNAs, thein silicoanalysis suggested the involvement in different processes such
as cellular respnse to virus both in plant and human @miR168a), histone
modification (mtrmiR156a, mtimiR395e), antioxidant defence (amiR2600e),
DNA-dependent DNA replication (mtiR5741a)and DSB repair (mtmiR172¢

5p). The putative targets of the chosen MmN MtAGO1A MtATUBC2
MtACYLTR MtDNAM, MtE2Felike, and MtRAD54like were also investigated
through gRTPCR as mentioned above.

The expression profiles of mMiIRNAs and putative target genes are shdiq in
32. First, their expression in ndreated(NT) samples wremonitored to evaluate
their behaviors in physiological conditions. As showrFig. 32A, while all the
tested miRNAs are highly expressed (except formiRR395e) the expression of
their putative target gene is significantly reducedstbaorroborating the expected
trend where miRNAs activity inhibit the targeted gene expression. The ability of
miR168 to targeAGO1Agene is a welknown fact to the scientific community
(Vaucheret et al., 2006), therefore, this miRNA was chosen as qoalityol for
function/target validation. Indeed, a low levelMfAGO1Aexpression corresponds
to a high level of miR168a expression in NT samplfag. (32A). Looking into the
expression of this specific miRNA and its target gene during the imposed tnestme
it is evidenced that while the expression of miR168 is low, the expressidp@IA
is high, especially in the NS@nd NSC+CPTireated samples-{g. 32B).

Since we have previously reported that gene expression is influenced by DMSO
treatments, also in this case we decided to represent the data as FC to DMSO. The
effect of CPT, NSCand NSC+CPT treatments on miRNAs and target gene
expression is thus showas a heatmap iRig. 32C, where blue color represents
downregulation andhe red color represents upregulation. Overall, the heatmap
shows that when a miRNA is upregulated the corresponding candidate target gene is
downregulated. Although not always eerd, this is observed for all three treatments
that were imposed. This is visible for the couple-miR5741aMtE2FE Looking
at the miRNAs expression according to each treatment, in theer€®€d samples,
theydo not change their expression relativdtdSO_C except for mtmiR156a
which is upregulated. As regatthe NSC treatment, all miRNAs are downregulated
except for mtimiR172¢5p which is upregulated. The combined treatment reveals
that the most affected miRNAs are miiR395e and mimiR5741a, king highly
upregulated. Although the expression profile of -miR156a in NSC and
CPT+NSC seems unchanged, its putative tavtjaTUBC2is markedly expressed
in the combined treatment but not in the NSC treatment. The high variability of
mMiRNAs expressiomprofiles between samples subjected to the same treatment and
different treatments gives a more nuanced pictdrghe role of these small
molecules in the studied system. Anyway, these data support the hypothesis that the
selected miRNAs target the preid genes identified by bioinformatic approaches.
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Fig. 32. Expression profiles of selected miRNAs and their putative targeted genesapoid
Medicago truncatulseedlinggA) Relative expression of miRNAs/genes couples inmeated (NT)
samples(B) Expression levels of MtAGO1A and mmiR168a in CPT, NSG and CPT+NS@reated
seedlings(C) Heatmap representing fold changes (FC) to each corresponding DMSO of miRNAs and
putaive targeted genes in response to CPT, NSC, and CPT+NSC treatments. The heatmap was
constructed using the Shinyheatmap softwarettp{//www.shinyheatmap.com/ Statistical
significance, as per the Studentsed, is shown withanasterisk (*, P < 0.05).

4.4. Proof of concept ofhe potential role of plant miRNAs in human cells

Based on the bioinformasipeline developed to predict miRNA target genes
with potential action on human genes, 3 miRNAs (mdiR160, mdmmiR166 and
mdmmiR390) were selected whose sequences are conserved in different plant
speciesincludingM. truncatulg A. thalianaandM. danestica These miRNAs were
used to predidhe probabilities of pairing to human genes (using the human genome
deposited in NCBI as a reference) based on the alignment of sequence and
hybridization energy (MFE, minimum free energy). Besitteese 3 miRNAs4
different miRNAs (mdmmiR159, mdmmiR396, mdmmiR482a3p, mdm
mMiR858) were selected as they are reported in the scientific literature as prominently
expressed irM. domesticafruit and peel (Xia et al., 2012; Ma et al., 2014).
Considering the availabfli of genome and miRNA database fdr domesticav.
Golden Delicious the species was selected to investigate tthaskingdom
potential of plant miRNAsalongside withcv. Stark. Fig. 33 shows the relative
expression profiles of thkl. domesticaniRNAs analyed compared to a mix of
fruits used as control. All the anaBd miRNAs arehighly expressedn M.
domesticacv Golden Deliciousexcept for mdrmiR390 and mdmmiR396. The
same mMiRNAs show a similar patternNh domesticacv Stark except for mdm
mMiR160. Among the studied miRNAs, mdmR482a3p and mdimiR858 show
the highest level of expression and hence were selected for subsequent analyses.
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Fig. 33. Expression profiles of selected miRNAsNalus domesticav Golden Deliciousand Stark.

Control is represented by a mix of fruit.

Fig 34shows expression levels of these two miRNAs in peeled apple (PA) and apple
with peel (AWP). The observed trends show no major fluctuations when one or the
other condition (PA or AWP) is considst. However, in view of future studies, it
should be considered that the apple is frequently consumed witleqetel.
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Fig. 34. Expression profiles of mdmiR482a3p and mdmrmiR858 in peeled (PA) and unpeeled
(AWP) fruits ofMalus domesticav Golden Delicious

MiRNAs mimicking mdmmiR482 and mdamiR858 were subsequently
employed for transfection assay in 2% human cellsAfter 72 h these amiRNAs
are detectable inside the cellBig. 35. Subsequent x@ression analyses were
performed to evaluate the ability of these amiRN#®gulatthe activity of human
genesdn vitro (Fig. 36). To this purpose, the following human geneeretested

R X R(Retinoid X Receptor Alphajpvolved in the attenuation of the innate
immune system in response to viral infections,

IL4R (Interleukin 4 Receptor), involved in promoting Th2 differentiation,
SMAD3(SMAD Family Member 3)functioning asatumor suppressor,
PROMZ1(Prominin J involved in stem cell maintenance,

ROCK2 (Rho Associated Coile@oil Containing Protein Kinase 2),
involved in the modulation of processes related to cytoskeletal
rearrangemestsuch as focal adhesion formation, cell motjliyd tumor
cell invasion.

RXRJ IL4R, andSMAD3arethe predicted targstof mdmmiR482a whilePROM1
andROCK?2are putativelytargetedoy mdmmiR858. The transfection into HZ9
cellsofmdmmi R858 mi RNA mi mdlear fluttoadon offieputativé o w
targets. When considering memiR482 putative targets, a downregulation in
mMRNA levels is observed fet*XRJandIL4R genes. Howevethese results obtained
from oneshot experiments need to be further validated.
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Fig. 35.Expression levels of amiRNAs mimicking memiR482a3p and mdimiR858 fromMalus
domesticav Golden Deliciousfollowing transfectiorof human colorectaddenocarcinoma cells, HT

20.
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5. Discussion and conclusions

As already evidenced, plenary of information dealing with dfffects of
genotoxic stresses in plants and ways evolved to cope with ¢besiions are
currently available. Nonetheless, the unexplored and unexplained variables are
abounding as well. In this context, the present work of thesis focused on shedding
light on the possible involvement of miRNAs in the regulation of Ed3Rociated
processes, alongside investigating the tiangdom valence of plant miRNAs. This
work aimed to look into these complex issues by tackling different approaches, both
bioinformatics and experimental.

In silico investigations significantly contributes to the ongoing efforts to gain
insight into miRNA properties and functions and provide the basis for further
experimental validation. Model organisms, liRe thaliang are used as iding
systems to examine big dadeiven questions connected to putative crgsscies
mMiRNA targets (Zhang et al., 2046 The great interest in this field promoted the
development of databases capable of predicting the functional imgacddiorne
miRNAs in humans (Chiang et al., 2015; Shu et al., 2015). However, the existing
databases cover only a small number of edible plant species (Chiang et al., 2015),
hence there is a need to significantly expand the information and include aleernat
species with a potential impact on food safety. Alongside the fascinating trans
kingdom potential, miRNAs may contribute to the fio@ing of DDR genes and
this may affect the adaptive response of the plant to the environment, therefore its
vitality, biomass productigrand consequently the agricultural yields.

Within this framework, the multifaced bioinformatics approach pipeline hereby
developed aimed at identifying plant miRNAs with their endogenous and- cross
kingdom targets to look for conservedtipways between evolutioniyr distant
species and eventually obtain new insights into miRNAs associated with DDR.
Starting from a list of publicly availabM. truncatulamiRNAs, it was assumed that

any miRNA may potentially target genes in both plamid Bumans. Based on the
presence of miRNAs belonging to conserved families, this pipeline will further aid
translational research covering other economically relevant plant species and
potential human target genes. Regarding specifically this aspetistaied irFig.

37, miR164, miR166, and miR390 share 100% sequence similaiy truncatula

and other dicot plant species such as tomato and apple; miR166 was also previously
found to be abundant in different human body fluids and tissues (Lukasika$18;

Zhao et al., 2018). So, the putative human targets identified through the different
bioinformatics approaches may serve as potential candidates to aid medical
interventions. To give one example, inhibition of the AOC3 (Amine Oxidase Copper
Contaning 3), acting in adipogenesis and putatively targeted by miR166, might
result in decreased fat deposition (Carpéné et al., 2007; Shen et al., 2012), thus
addressing the big issues related to obesity and the many edesityiated diseases.
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Fig. 37. Schematic representation of conserved plant miRNAs potentially targeting
human genes. Alignments between three conserved miRNAs (miR390, miR164,

mMiR166) from different plant species, nam&8glanum lycopersicurgsly), Malus
domesticgmdm), andMedicagotruncatula(mtr), show 100% sequence similarity.
The predicted human target genes found in the enriched biological processes of the

networkbased approach and among the genes with significant sequence similarity

in the alignmenbased approach are shownred and blue circles, respectively

(Bellato et al., 2019).

It is essential to underline that the design of these bioinformatics approaches was

conceived

in such a way to empower the

identification of conserved

pathways/players betweesvolutionaily distant species. In view of this, three
different bioinformatics pipelines were developed (two netwmaked approaches,
consideringA. thalianaandM. truncatulamodel species, and one alignnaked

approach) to confront plant and humanrgeted biological processes. From a
biological point of view, the employed strategies led to both complementary and
ons.

di vergent

observat.i

For

exampl e,

three investigated specidd.(truncatulg A. thaliang and H. sapien¥ when using

the networkbased approaches. In fact, the generated networks illustrated conserved
biological processes (e.g., same function vs. same/different miRNAs). On the other

hand, the alignmeriased approach led to more direct iderdiiien of miRNAs
targeting genes inM. truncatula and H. sapiens (e.g., same mMiRNA vs.

similar/different functions). Given that evidence of miRNAs involvement in the
regulation of DDRrelated pathways is still limited in plants and considering the
conservabn of some DDR functions between plants and animals (Yoshiyama et al.,
2013; Nikitaki et al., 2018), a dedicated focus was given to these specific pathways.
In view of this, miRNAs predicted to target genes involved in DNA repair,
recombination, and repgfation, chromatin remodeling, cell cycle, and cell death
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were pinpdnted in plants. To cite some examples,-miR172¢5p, mtrmiR2638b,
mtr-miR5272f, and mtmiR20863p, were predicted to target thrabidopsis
RAD54, RAD9, KU80, and DME genes. M. truncatulat h e dad&pdhdent
DNA replicationdé (GO:0006261) process
transcription factoE2FElike protein) as a predicted target of miR5741a.
Within the alignmenbased approach, mtmiR2589, mtrmiR4825p, mtr
miR528b, and mtrmiR319d5p were predicted to target two methyltransferases
(Medtr6g047800, Medtr5g079860), the CDC48 (Medtr7g088980), and DCD
(Medtr4g084080) genes. All these results have a relevant irmpgdant research
since they associate specific, prexsty unknown, miRNAs to the regulation of
DDR functions. The bioinformatics analyses additionally uncoveredmRNAS
predicted to target human genes with roles in DNA repair and related processes. For
example, PPP4C (putative target of -miR169d3p) cdalyzes the
dephosphorylation of RPA2 in response to DNA damage, thus permitting the
recruitment of RAD51 to the damaged site (Lee et al., BOFOXML1 (putative
target of mtrmiR169Kk) is among the most overexpressed oncoproteins in many
types of cancerral therapeutic interventions to suppress its function are of great
interest (Halasi et al., 2018). Consequently, a&idm the implications of plant
sciene itself and considering the implications that some of these putative
interactions could have for ehbiomedical sector, the obtained results from
bioinformatics approaches offer novel hypotheses for future experimental
validations.

Considering the main focus of this work of thesis on plant DDR related aspects,
SOG1, the masteegulator of DDR, waalso investigated from an silico point of
view. The presented data show thesexice of multiple variants of this factor in
different plant species. Specifically, hh. truncatulatwo SOG1 homologs, namely
MtSOG1A and MtSOG1B, were identified, showing high sequence similarity
(70.2% and 63.9 %, respectively) with thebidopsisAtSOG1, present in a single
form. Its structure and role have been widely studied in the modelldahaliana
(Preuss &Britt, 2003; Yoshyama et al., 2009, 2013, 2014, 2015). The MtSOG1A
and MtSOG1B homologs found iW. truncatulashow the presence of all the
AtSOGZcharacteristic features. By anzlyg the peptide sequence, it was possible
to observeliat as AtSOG1, the-@rminus of MtISOG1A and MtSOG1B have five
copies of the SQ motif that is commonly regarded as the preferred site for
phosphorylation by ATM and ATR. The silico putative proteirprotein interaction
studies suggested their involveménDDR. Indeed, the ATR, ERCC1, GTF2HA
and WEEL proteins appeared in both AtSOG1 and MtSOGH&{®ed protein
protein interaction networks. Alongside common characteristics, th&adicago
proteins show unique interactions (DNA helicase, FEN1, RAD&-C-like),
indicating possible functional differences between these proteins. It is important to
understand how SOGL1 is distributed among plants. When the AtSOGL1 peptide
sequence was used to search for SOG1 protein homologs in other plants, putative
SOG1proteins were identified in most of the species covered in Phytozome. Indeed,
it is already known that SOG1 homologs are present from moss to angiosperms
(Yoshiyama et al., 2014). The clades generated in the phylogenetic tree are
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distributed according tohe current taxonomy. For the majority of species, it is
possible to observe the presence of only a single SOG1 homolog, except for few
species covering legumes and trees. No AtSOG1 homologs were identified for
Chlamydomonas reinhardtii Dunaliella saling Volvox carterj Coccomyxa
subellipsoideaMicromonas pusillaMicromonas spp.Ostreococcus lucimarinus

The presence of NAC proteins, although attested in mosses, lycophytes,
gymnospermsand most of the angiosperms, has not been reported for species such
asC. reinhardtiior other green algae (Zhu et al., 2012).

Following the extensive bioinformatics analyses, the second part of the thesis
focused on developing an appropriate experimental system to demonstrate the
involvement of miRNASs in theegulation of DDR associated processes. This system
had to be original and had to display characteristics of impaired DDR. For this
purpose, seed germination and early seedling development were targeted since
during seeds desiccation, storaged imbibiton, high ROS levels are being
produced as products of internal cellular metabolism and they are known to cause
DNA damage (Kranner et al., 2010). Genomic protection and stability are crucial to
assure proper seed germination andcgdle control and refaof DNA lesions are
essential mechanisms contributing to genome maintenance and avoidance of the
onset and propagation of mutations. Within the context of the seed germination
process, characterized by active cell proliferation, DNA damage must beetepair
before the start of cell division to ensure the development of robust plants (Macovei
et al., 20%). It is thus necessary that an efficient DNA damage response (DDR)
system be activated to deal with these comtypas ofDNA damage. Therefore, it
is important to understand the mechanisms of DDR during seed germination and
early seedling development. The designed experimental system to induce genotoxic
stress, and subsequent DDR activation, was based on the use of two chemical agents:
camptothecin (CPT)an inhibitor of Topl enzyme, and NSC120686 (NS&,
inhibitor of the human TDP1 enzyme. CPT is a cytotoxic dagfrong inhibitor of
nucleic acid synthesiand a potent inducer of strand breaks in chromosomal DNA.

It has been widely studied for its meidal properties as it constitutes a potent
antitumor drug (Wall & Wani, 1996). Together with topoisomerase inhibitors,
NSC120686 has been used as a pharmacophoric model to restrain the Tdp1l activity
as part of a synergistic treatment for cancer. In plém knowledge its specific
functionsis still scarce. Macovei et al., (2018) tested the activity of this compound

in M. truncatulacalli in active proliferation to investigate plant Tdpl genes. These
two inhibitors were delivered tM. truncatulasee&ls, alone or in combination, to
exploit their function in altering the enzyrAENA interactions.

The administration of CPT and NSC alone or in combination had no effects on seed
germination; however, the CPT and CPT+NSC treatments inhibited seedling
develpment. The seedlings treated with NSC did not show any remarkable
differences compared to the control from a phenotypic point of view; this may
suggest that the aberrant phenotype observed in CPT+NSC treatment is mainly due
to CPT administration. Early slies indicated that CPT treatments result in arrested
cells in S phase by inhibiting the progression of the DNA replication forks; this
inhibition is due to the presence of the cleavable complexes induced by CPT and
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ultimately may lead to cell death. lasibeen demonstrated that cell death induced
by CPT mainly occurs by apapsis. A significant increase in cell death was also
observed in calli treated with NSC (Macovei et al., 2018). Thus, a DNA diffusion
assay was performed to evaluate cell mortality-@ay-old M. truncatulaseedlings
subjected to CPT and NSC treatments. The results showed that the imposed
treatments induce an increase in the levels of cell deatiparedo the nortreated
samples, and different cell death profiles are detected angadalthe treatments.

The most severe effects are observed in CPT treatment characterized by high levels
of necrosis. Although CPT is widely reported as an inducer of apoptosis, it is not
surprising to observe that a fraction of cells undergo necrosisntdgnducing
apoptosis may also cause necrosis, and the distinction between the two forms of cell
death in cultures depends on the severity of the insult and/or useehtration
(Lennon et al ., 1991, Mc Cabe et da ., 1997;
2000). Moderate stress cawsapoptoticlike PCD while severe stresses induce
necrosis (Reape et al., 2008). This suggests that the concentration of CPT used
generated severe stress in the cells. Besate increase in cell death, an
accumulation o DNA damages was observed, thus confirming the induction of
genotoxic stress due to the administration of the two compounds. The presence of
DNA damage, in form of both SSBs and DSBs, may induce DDR pathways and
therefore the activation of processes suctetiycle arrest and cell death.

Overall, the root of the seedlings was the organ most affected by the imposed
treatments. The reduced root length in CPT and CPT+NSC treatments can be
explained by examining the types and levels of death. Plants employ PCD when
affected by DNA damage, espally in stem cells (Fulcher et al., 2009). Considering
that all tissue cellarederived from stem cell niches, it is critical to maintaig the
genome integrity of this fraction of cells (DinnefyBenfey, 2008). Since stem cells

are the progenitors dll cells that make up the entire plant body and presumed
offspring, mechanisms that prevent their loss due to cell death triggered by DNA
damage are present. The solution to this problem might come from the existence of
a subpopulation of stem cells ith the shoot and root apical meristems (SAM,
RAM) called the quiescent center (QC) in the roots, that divide at a much slower rate
than other cells. The QC cells seem to be more resistant to DNA damage than non
QC stem cells (Heyman et al., 2014; Clowi59), a characteristic probably related

to their slowpaced cell division. Indeed, when inducing QC cell proliferation, their
sensitivity to DNA damage agents increases leading to impaired root growth (Cruz
Ramirez et al., 2013). Therefore, cell cycleaglown could be the explanation for
smaller root sizes in CPT and CPT+NSC treatments in an attempt to decrease
exposure to the imposed genotoxic stress. In the event of stem cell loss as a result of
DNA damageArabidopsiQC cells seems to be engaged gekdivision program

to supply the lost stem cells, thus enabling rapid recovery of root growth following
plant transfer from DNA stressed to rsinessed conditions (Heyman et al., 2013).
Similarly, thereplacement of impaired root meristem cells bydiing QC cells was
observed in Xray damaged corn roots (Clowes et al., 1959). These observations
boost the possibility that, through their cell division, QC cells serve as gosiliof

stem cells that afford new stem cells with an intact copy of the geradter
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genotoxic stress. Therefore, another possible explanation for the aberrant phenotype

observed for CPT and CPT+NSC treatments may be that the induced genotoxic

stress is severe to the point of not allowing the restoration of a normal phenotype.
In plants, the PCD and DNA repair pathways are under the control of SOG1. The
Arabidopsissogtl mutant was characterized as a seesited suppressor of the

radiosensitive phenotype of seeds defective in the repair endonuclease XPF.

Therefore, MtSOG1A and ME3G1B, identified through thia silico analysis, were

used as indicators for the efficiency of the designed experimental system. The
expression analyses of the two SOG1 genes indicated that they are diffigrentia
expressed in CPT/NSCeated samples. Sphcally, the MtSOG1A gene
expression was highly induced by the NSC treatments while the MtSOG1B gene
expression was highly triggered by the CPT treatment. The increase in their
expression suggests that DDR has been activated.

Because the implemented treants resulted in reduced seedling growth and
accumulation of cell death and DNA damage, the expression profiles of several
genes involved in DNA repair and celcle regulation, were investigated by gRT _

PCR. In the case of CPT administration, a downeguli on of Topl U i s
agreement with the proposed activitytleéinhibitor. An upregulation of Topll gene
was registered, indicating its potenti al

Likely, the upregulated PARP1 is indicative of its involvement in this repair through
the activity of pathways alternative to Tdpl. Both MRE11 and NBS1 resulted to be
upregulated, indicating the presence and active sensing of DSBs aell. Since

also MUS81 and ERCC1 genes were upregulated, it seems that these endonucleases

also have a major contributidim solving Toptcc. Among the celtycle tested
genes, CdkAl and CycD3 were upregulated, suggesting high gene activity-for cell
cycle regulationDownregulation of CdkB2, CycAland CycB2 vasobserved in
Arabidopsistdpl mutant plants showing severe growth defects étex., 2018).

The reducd seedling growth observed during CPT treatment may be due to the
activity of other ceHcycle regulators that were not investigated in this work. In the

presence of NSC, Tdp1l1U and Tdplb genes

trying to compensate inhiloiry effect on the enzyme. The observed downregulation

evi

d

bac
Tdpl (U and b) and Tdp2 RARRPldssupregelatian. downr egul

ar

e

of PARP1 gene, concomit antasasodvilendechie upr egul a

M. truncatulacalli exposed to high concentrations of NSC (Macovei et al., 2018).
The majority of genes involved in altmtive DNA pathway resulted to be
downregulated. The upregulation of CycB1, specifically activated by DNA damage
in a SOG1dependent manner (Weimer et al., 2016), indicate for active DNA repair
and cell cycle progression. The CPT+NSC treatment showedHifétion of both

Tdpl and Topl genes confirming that the treatments hit both Topl and TDP1
activity. Instead, the inhibition of Tdp1 induces the backup functidh @fp gekk,

and consequent inhibition of the Topll activity as the Topll gene was dowated.

The presence of CPT+NSC caused an overall downregulation of genes involved in
alternative DNA repair pathways, except MiJS81 This indicates that the possible
DNA-protein crosslinks are being repaired through the activity of MUS81
endonucleaselTo summarize, the phenotypic and molecular effect of CPT/NSC
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treatments oM. truncatulaseedling development, the following assumptions are
hypothesized:
- during CPT treatment, Topl enzyme is blocked, TOPNIA covalent
complexes accumulate and cause DdBinage. In this situation, Tdpl and Topl
genes are inhibited while the alternative DNA repair pathways are kigtie,and
the cell cycle is delayeallowing the repair of the induced DNA damage.

when NSC is given, the TDP1 enzyme is blocked, still resulting in
theaccumulatlon of DNA damage. Although, in this case, the Tdpl and Topl genes
are active, the alternative DNA repaiinibited,and the cell cycle is progressing.
- the CPT+NSC combini@n resulted inthe downregulation of most
of the investigated genes, affecting both DNA repair and cell cycle progression.

The development of this system has allowed the study of specific miRNAs (mtr
MiR156a, mtmirl72¢5p, mtrmiR2600e, mimir395e, mt-miR5741) and their
putative targets (MtATUBC2, MtACYLTR, MtDNAM, MtE2Fike, MtRAD54-
like) identified as involved in DDR and DDRIated processes from the
bioinformatic analyses (Bellato et al., 2019). For these miRNA# gilico analysis
suggestedhe involvement in different processes such as histone modification (mtr
miR156a), antioxidant defea (mtrmiR2600e), DNAdependent DNA replication
(mtr-miR5741). Among these, miR156 is an evolutidyaconserved miRNA
family observed in 51 plant spesieanging from mosses to high flowering plants,
but characterized by significant evolution and diversification in its sequences,
members, and functions (Sunkar & Jagadeeswaran 2008; Cui et al.Rédalding
the miRNA172 family, onlyafew members haveden previously identified in plant
species includingk. communisV. vinifera A. thaliang P. trichocarpa(Barvkar et
al., 2013). This family has been reported to take part in regulating starch and sucrose
metabolism but also flowering, vegetative growtigrmal ovule, and seed
development (Okamuro et al. 1997; Niu et al., 2013). Together, miR156 and miR172
acting sequentially, regulate developmental timingrabidopsisWu et al., 2009).
Furthermore, higithroughput sequencing &f. truncatulaseedlingsfound these
two miRNAs as involved in salt/alkali stress (Cao et al., 2018). On the other side,
miR395 family members were suggested as main regulators of rhizome shoot
development. They are also known as general components of the sulfate assimilation
regulatory network imArabidopsisand rice (Guddeti et al. 2005; Matthewman et al.
2012). Alongside miRNA conserved families, others are spsgpiesific. This is the
case of miR2600 conserved in only few plant specidsidiag Capsicum annum
and thelegumesC. cajanandM. truncatula(Xu et al., 2015; Nithin et al., 2017).
Moving on to miR5741, this miRNA has been reported as targeting genes encoding
ethyleneresponsive factors and cytokinin dehydrogenase, playing relevant roles in
the defese response (McGrath at al., 2005; Siemens et al., 2006).

It is therefore clear that these miRNAs have been studied mainly in plant
development and response to various types of stress. However, tREGIRT
analysis performed in this work of thesis indesdahat they are also involved in the
response to genotoxic stress, as indicated by their differential expression induced by
the CPT/NSC. For example, mtiR172¢5p that is upregulated in NSC treated
sample is downregulated in CPT treated samples. Bgrabg the expression
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profiles of the putatively targeted genes by the selected miRNAs, it is shown that an
upregulation of the miRNA is accompanied by a downregulation of the gene
predicted to be its target. These observations support the hypothetie $elected
mMiRNAs target the predicted genes identified by bioinformatic approaches. This
information contributes to enrich the information relative to plant miRNAs known
for their involvement in the DDR by adding a relevant piece to the puzzle of roles
played by these small molecules.

Alongside the poorly investigated role of plant miRNAs in DDR, particular
attention has been given to the emerging possibility that plant miRNAs can be
transmitted to other species through diet. As a proof of concept, a&siRN
mimicking selected miRNAs abundantly found in the apple fruits were delivered to
the human colorectal adenocarcinoma-28rcell line and the expression of these
microRNAs (mdmmiR482a3p and miR858) and predicted targets, were evaluated
by gRFPCR.Namk 'y, t he RaXARIMAD3Iwerd gredicted as targets of
mdmmiR482a while PROM1 and ROCK2 were predicted as targets of-mdm
mMiR858. The results show thatthe mdm R48 2 put ative targets RXR
are downregulated upon amiRNA transfection. Althougbnpsing, these results
obtained from oneshot experiments need further validations. An interesting result
that will be furher verified is the downregulation of ILAR by the amiRNA
mimicking the apple mdmiR482. This specific receptor is known to havelwel
defined roles in the immune system. For example, Mirel et al. (2002) evidenced that
itis involved in the progression of type 1 diabetes. Furthermore, IL4 receptors show
overexpression in many epithelial cancers and might be a promising target for
metasatic tumor therapy. Indeed, it is already known that IL4 neutralization
determines the attenuation of mammary metastatic tumor growth in the lung by
decreasing the prumorigenic properties of both innate and adaptive immune cells
of the tumor microenvanment such as CD4(+) T lymphocytes (DeNardo et al.,
2009). Understanding the roles of miRNAs in DDR and along with their implications
in complex diseases such as cancer (He et al., 2016; Arjumand et al., 2018), pave the
way for the development of diagnistools or alternative treatments (Huang et al.,
2013; Badiola et al., 2015).

In conclusion, then silico analysis allowed the identification dfledicago
truncatulamiRNAs belonging to conserved families and specifically involved in
conserved pathwaysich as DDR. The developed bioinformatics pipeline is useful
to explore these connections also in species offagd interest such allalus
domesticaFocusing on specific DDirelated functions, the hereby presented results
significantly contribute to erching the current knowledge regarding the role of
plant miRNAs in DDR both for plant and human cells, considering the-trans
kingdom potentialConcerningthe wetlab analyses, since the imposed treatments
(CPT, NSC, NSC+CPT) influenceke seedling phengpe, caused accumulation of
cell death and DNA damage, upregulation of SOG1 geamd differential
expression of genes involved in DEdRsociated pathways, it was possible to
conclude that these treatments actively influence DDR. This system was then used
to evaluate the expression of specific miRNAs/target genes, thus showing their
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specific involvement in DDRelated processes. Furthermore, the vitro
transfection of HT29 cell lines with planterived artificial mMiRNAs suggesta
possible functional e of these exogenous miRNAs in human cells. Future studies

covering feeding trials in animals and humans will be conductest@stain then
vitro obtained results.
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INTRODUCTION

The classical definition describes micaRMAs {mi BN As) 25 small
non-coding, single-standal maleale that bind to mEMA
by seuence complementarity and inhibit gene expression
thmugh posttranscriptional regulation (Barte, 2004 Pasquina b,
m]zl'ﬁpd.ndngm\.rm'RNﬁsmimdmdinmw eellular and
developmentl proesses, acting as master-regulatars of gene
apason. It is well-known that miRMNAs are evolutionarily
mhm.wmdﬂaﬁmuﬁm
mdxmkuidphﬂh_madﬂyrdd.ﬂdloﬂdrhdnﬁcnﬂisuﬁdtxﬂel
recognition mechanism (see reviews by Millar nd Waterhouse
2005 Maomn et al., 20171 In phnts microBNAs are produced
in nucleus and exparted to cytoplam, whereas in animals pri-
microRMA and pre-microBMA are produced in the nudens
while the microR NA fmicraRMA* are produced in the cyoplasm.
indispensable for miRMA activity, in the cptoplam. In animals,
pri-miBMAs are first cleaved by Drosha BMase I while in plants
this is @rried ow by Dicer-like (DCL)L. Plant miBNAs have a
-+ methylation on the 3'terminal muclentide which is not
present in animal miRMAs. Considering the target recognition
mechanisms, in plants this is based on near-periect or perfect
sequence complementarity (leading mostly @ mENA decay),
whereas in animals the sequence complementarity is imperfect,
mndlphuedmﬂlg‘mdnie’{hsepﬂinﬁmﬂuf:ndd
miRMAs, especially nucleotides 2-7) {Lewis o al, 2005).
Emﬁqrmﬁmamﬂmﬂmmﬂ
Iypothesis indicating that miBNAs an be tramsferred from one
spedes to anather and potentially target genes acroess distant
spedes. This mmncept has been devdoped starting from evidence
shawing that small RNAs can move from cell o el { Molnar et
d.m]ﬂﬁﬂmminﬁmdhﬁlﬁ{ﬁmimhm
spedes (se= reviews by Han and Luan, 2015 Weiberg =t al,
20150 While the transler of miRMAs from plants or humans/
animals i their pathogens (Valudi et al, 2007; LaMonte = al,
201% Buck e al, 2014) is less disputed, the situstion gets mare
avmplicated when addressing the phnt miENA trnder to
humans. This is due to several open questions and contrasting
results regarding plant miBNA - stahility, shundance, maode
Jmmﬂ\nﬁmﬁpﬂw\ﬁa]mﬁﬂsinhmmodh
{Dickinson =t al, 201% Tosar =t al, 2014 Michd =t al, 2 1&
Cavallini et al, 2018). The first direct indication that n\ﬁ\ﬂ.ﬂd
pant miBNAs, derived from food, can target genes in a cross-
kingdom fshion had been provided by Zhang et al. (2012). The
authars showed that a rice miBNA (om-miB168a) stably evists
in the sera and fissues of animak md humans and it specifically
targets the liver low-density ipoprotein (LDL) receptor adapier
protsn 1 W]Lmﬂ:mﬁmﬁm
Pasma '&:idh. this ressarch proposes that plank miRNAs are
released from destroyed cells (during mechanical mastication)
and transferred tothe intstinal epithelial cells, whers they could
be incorpomated into vesides (exosomes or micrvesicles) and
enter the circubitary system to be delivered o trgeted olls. Plant
miRNAs can resist the activity of digestive enzymes and knw pH
thrmughout the gastrointestinal tract due to ther methylation
md high GO content (Zharg et al, 201% Philip 2 al, 2015

FThom et al, 2015 ). Maoreover, immunaprecipitation experiments
with anti-AGO? antibodies have shown that miR1 682 assodaies
with AGO?2 in Caco-2 cells, thus enahling miBMAs function
(Thang et al, 2012). This was also confirmed in another study
where immunoprecipitation data revenled that honeysuckle
{Lavdcera japoriza) miB29 11 assaciated with the AGO2 complex
in mirovesicles (Thou et al_, 2015). In this study, miR2911 has
been demanstrated to be resishnt to processing and proposed
& targe genes involved in the resistancee @ virl idfluenza.
Hence, resistant exogenous plant miBMNAs may regulstemultiple
trget genes based on sequence complementirity, similardy to
how endogenous miBNAs act (Lin et al. 2017). This conapt
expands the known types of miRNA funcions to key natuml
hicactive compounds with potential health promoting benefits
{depending an the mEMA targat). 50 fr, compelling evidence
has demimstrated that plant miRMAs are present in human/
amserved fanilies {(Waucheret and Chupean, 2012 Zhangetal ,
1 Liang et al, 2014; Yang et al, 20150 Yang et al, 201 5h;
Cavalieri et al, 2016} Plant miBNAs not anly from edible
plant species (rice @blege boccadi, watermeln, soybean,
stawherry, alive) butako from model | Arabidopis, poplar) and
medicinal plants (Maoringa, honeysuckle, turmeric, ginger) had
been evaluated for ther patential trans-kingdom tramsder (Zhang
etal, 201X Liang et al, 2014 Zhou et al, 2015 Cavalier etal,
201 & Chin et al, 201 & Pired etal., 2016 Liuet al, 2017; Sharma
etal., 2017 Mimutolo =t 2l, 2018 )

Aside from the biomedical interest, miRNAs frans- kingdom
interactions can bhe weful to beter undemstand svolutionary
distant conserved pathways Some emmples of preserved
mthways between plnts and animals indude the innate
immune signaling pathways {Auwsubel, 2005), programmed cell
death (PCD)-rélated pathways (Godbole et al, 2005; Lord and
Cunawardena, 2012), some basic functions {r_ﬁ. Ca™*ATPase,
Cat* Nt -K* jon -:n:'hxtﬁu:l of calcium s:lFu]mﬁ pathway
(Magata et al, 2004), and the DNA dxnaﬂe respomse | DDR)
(¥shiyama et al, 201% Nikitaki et al, 2018). Among these,
DDR is defined as a complex signaltmansduction pathway
cmnsisting of DNA damage sensors, signal transducers,
mediators, and effectors whidh in turn activate a seties of events
(eg phosphorylation cascades) that lead to the regulation of
downstream processes ltﬁ.ﬂﬂu cycle chackpaint, DNA repar),
comman hetwesn the plant and animal l:inﬁd.wns {¥ashiyama
etal, 2013} The involvement of miRMAs in the regulation of
DIDR playems is quite recentand insuffid entl yexplored, especially
within the plant kingdom. Comversely, studies in human cells
have already shown that miRMAs are invalved in the regulation
of DDR -assaciated genes and ther adivity is intricaely weaved
with traditional elements such as ATM (atxiz-telingiectasia
mutated) and p53 (Kato o al, 2009; Landau and Skdk, 2011;
Wan et al, 2011). In plants, some miBMAs (=g osa-miRd 14,
asa-miRl6de, and osa-miR408), have been demonstrated to
targetspecifichelicaseswith rales in DNA repair, recombination,
replication and translation initiation {Macovei and Tuteja, 30123
Maayvei and Tuteja, 2013 )L

The current work aims to investigate the m sl frans-
]:inﬂd.u'n\n]mcfp]mﬂmik}{ﬁsaap-ﬂu\ﬁa]mn]m
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bridge conserved pathways between plnt and human cdls,
inquiring their implication in DDR. To do sa, 2 multi- oeted
higinfmatics approach was developed by combining and
ol The modd legume Madicaps trengatils { barrel medic) has
been chasen as target for this analysis because of its potential
medicinal properties (high content in saponins) (Tava et al,
2011}, sequenced genome and avaikbility of different databases
{Goadstein et al , 2012), aswell as its conserved synieny amang
hﬁu:mu {Gujaria-Verma et al, 2014; Lee et al, 2017) which
ecanamically relevant species. Mareaver, in view of promoting
future sustzinable agriculture practices and fod security
microgreens, defined as seodlings harvested when the fimt
leaves appear, are ganing momentum as newvel functional fod
sources with high nuritional mntent and health- promoting
benefits (Choe et al, 2018) In this context, legume species
previously used anly as kudder, like Tripliem spp, Medicago

and Astragahus are now being propased as microgreens
E‘crphu:m mm]‘:lt'l since they been demonstraied to
mmntain high protein and phytochemial contents as well as low
levels of carhohydmates (Buthuté et al |, 2018). Hence, starting
fram 2 collection of M. trivcatida miBRMNAs, we retreved
andidate targets in plant and human trnscriptomic datases
:idauul}udﬂlmwiﬂldjﬁerunmmeﬁie:{ﬂaﬁuumk-
hscdﬂ:at:ﬁymumdhunm:ﬁgtzg:mdlidqiﬂ
procesies in plant and human, wsing an Arabidopsis thaliana
homolagy-hased approach for plint network reconstruction;

{2) an alignment-based strategy was used to identify nucleotide
anud protein simlarities hetween M. tnemmtils and Hameo sapiens
putative targets; (3] another netwark-based strategy was carmied
outby using a dr novo reconstrucied M._trmcatula gene network
i further assess the comman Iidq;i:ai rocesses tm;dﬂl in
human and herrel medic. All the ahove-mentioned strategies
have been used for the common purpose of identifying shared
featunes (e micoBNAs agding similr processes) between
these distantly rdated organisms.

MATERIALS AND METHODS

The warldlow folkowed in this study is ilustrated in Figure 1
and its parts are discussed below. Three different strategies wene
emplayed, namely anetwork-based pipdine, m alignment -based
pipeline, anda M. frimmacs network reconstruction approach.

Datasets

The list of M. runcatida miBNAs was retrieved from miRBase
(Emmomara et al, 2019) and inchuded 756 sequenaes, amaong
which 4% were unique The human 3 UTRome ssquence
Mmmmﬁmmpmﬂmmﬂﬂsiﬁe[m
etal, 2018 ) and inchuded 21,233 sequences, amang which 18,167
were rdative to unique genes. The M tremcanela transeript
dataset (M0 v 1) was retrieved from the psRHATarget tool web
site and inchided 62319 transcripts, comesponding o 50,894
unique genes.

Hiimas

4, Gann Mintwork Chustlering

8. Chugters Ennichment

B. B Procaes G

IFRELARE 1 || B i v e wacbdiowns filowaacadim i o inacilacling napweorle- anad alonmans basad anabels pipolinas. This miin o B of thas rabwork-basad piping
ar numbarad o tha ke, atths s ama ke as the @ pein blccks ind oaing inpa and autpar of cach siop Rad and daib g blocs ind ass fuman and plare
inpits foutpus, reapac el and dita fow i raporad with, amows. The main sofwarns tooks of Lnctons (daabed in the main 5 ae & ummantsed abows ach
Bdock. Lighs gnean bl ocks incios Seinpubsfouspuns for the Miciosgo Suncaiuil nawork- based pipsing, alsoinclucing genomss s oaks nebwornk consinacion. and ks
chats fhoww |5 Ao Chashd @imoawes. Thi DUIRLSS o M aliarmant b et i i i MGEomaclas & 6 noks 3y b ook ind Sating th saquanos wih sinficant
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The gene sequences and the related protin sequences of the
predicted targets were retrieved from the OBl Refieq database
{for hurman targets ) OFLeary etal, 20146), and from theannotted
ading sequence and protein dutasets from the M tnencatula
Genome Datatase (for plant) (Krishnalumar etal , 201 4)

Six micmarmay datases from the ArmyExpress (Kolemikov
o al, 20 15) repository wene used: E-MEXP-1097 {Benediio etal,
2005), E-MEXP-37 19 {Verdier etal, 2015),E- MEXP- 2883 (Tang,
201 4), E-MEXP-3190 (Uppalpat ot al, 2012}, E-MEXP-3909
(Wang et al, 2016), and E-GBOD- 43354 (Limpens et al, 20140
These amounted 1o 2 iotal of 117 raw sxpression samples (in CEL
format) that were used for M. tnmcatida co-expression. network
recanstruction. The dataset samples measural under perturhed
amalitions (eg salt ar drought stress, infections ) were excluded.
All the considered experiments were conducted on the mme
micmarray platform (Affymetric GeneChip Madicago Genome
array), therely avoiding genome annottion hizses

miRNA Target Prediction
The psRMATarget (Dai & al, 2015) and BNAhybrid (Kruger
md Rehmsmeier, 2006) online wols, specific for miBNA target
prediction in plants and mammalians, respectively, were wed
The list of M. runcanda unique mikNAs was used a5 input for
bath tools, tagether with the M. trimcfela transcript datase or
the human 3" UTRome (unless differently indicated ). The 3 UTR
region was chasen under the assumption that plnt miRMAs
an regulate human targets in the same manner a5 endogenous
human miBMAs (Bartd, 2004) This assumption is consisbent
with 2 number of recent bicindrmatic works, which were in
smme ases further validated leading to experimental evidence
of cross -kingdom regubition (Shu etal, 2015 Chin etal, 2016
Zhang et al, 2016a; Hou et al, 2018 Zhao et al, 201 8a). Despite
this commm]y perfirmed assumption, it is worth noting that no
ldenstndard exists for plant miRMA & getprediction inacross-
kingdom context (Lukasik et al, 201 8L A small number of ather
warks additionally considered 5' UTR and/or coding sequences
= podential target regions (Lin o al, 2017; Lukasik =t al_, 2015
Ml et al, 30 18). This was maotivated by studies in which different
tramcript regions have been reported as non-3" UTR &rgets for
both endogenous and cross-kingdom regulations (Li =t 2l, 2015
Wang etal, 2018). With the availibility of additional validation
studies and madds for coss-kingdom regulation, this gap will be
filled. Impartantly, the propossd wordlow can be easily adapted
Iy changing the target sequences files.

The parameters of the two frge predidion ool were s=t
i otain 2 balinced mumber of network nodes (about 700 for
A. thaliama and H sapiens) in the network -hasel pipeline, and

pipeline was dbtained via the same parameters asahave except the
mumber of op targets which was set to 15. The predicted target
list from FMAhybrid was fikered by tuning the sole algorithm
parameter that is Minimum Free Energy (MFE), whose threshold
was set to—36.5 koal fmal, while for the alignment-based pipeline
it was —34_7 koalimol In both cases,a maximum of 50 targets per
miBMA was mmchﬂl{}"hul.g etal, MlGal

Network-Based Pipeline

The lists of predicied targets were wed in construct plant and
human trget networks using GeneMania, |Warde-Farlay
etal, 2010), and considering all the genetic and ar-expression
interactions available within the tool Since GeneMania does
nat contain M. tnngituls among the available organisms, the
fnllowing, procedure was used to construct a genetic interaction
@-expression netwark of A thaliana, by mapping the
homakegous genes of the M trimafula prediced orgets list. The
Phytomine toal (Goodstsin = al_, 201 2) of the Phytomome partal
{TGI) was used tooltain 2 mapping from the M. tnencatida target
genes o A thaliana genes, hased on homology. Correspondences
between the species were considered with a relative threshold
similarity ahove 8 5%,

Human and plant netwarks were impaorted and analyed using
Cymacape (v37.1) (Shannon et al, 200%) and its applications.
Clustering was arried out using the glay (Su et al_, 2010) and
ClusterOme (Mepusz et al, 2012) algorithms, considering the
naworks as undireded and umweighted. Chister{ine was used
with the fllowing pramsters minimum size = 50, minimum
density = 0.25, unweighted sdges, node penalty = 2, haincut
threshold = I, merging method = Multi-pass, Jacard similarity,
averlap threshold = 0L15, seeding method from mused nodes. The
glay algorithm does not have free pameters. Far each cluster,
emichment analysis wa arred out wing ChieGO (Bindea stal |
20049) tor find statistically over -represenied Gene Ontology (GO
terms in the Bidlogical Process {EF) caegory using a right-
wil st with the Benjamini-Hodhberg ayredion for multple
testing, and 2 75% detail level GO terms were considered for
further analysis if they had pvalue < 005 and if at least one of
the related genes was presentin the ariginal orget gene list (since
(G=neManiz indudes interactor genes not bdonging to the inmput
wrget list). The analysis procedure followed in this network-
hased pipelineis summarized in Figure 2.

Alignment-Based Pipeline
For each miRMA, the nudentide coding sequene and protein
sequence of the predicted trmscript frgets found in M

of unique tamget rasoips (zhouwt 1,700 for ML da and

o da and H._sapiens werecompared via sequencealignment.

H sapiens) in the dignment-based pipeline. A highly specific
hhridimtion in seed region, typially ocorring in plnts, was
setin pa BN ATarget, which was used i find plant trget genes for
network-hased pipdine with the folkwing pammeters number
af top targets = 50, Expectation = 25, Penalty for GeLJ pair= 05,
Penalty for other mismatches = 1, Exira weight in seal region =
].‘LSeed:eginm:2-]3nudmﬁd.ﬂ.kﬁsmﬂlﬁa]]mdh smeed
region=0, H5Psiz= 19 Thelistof rgets for thealignment-based

A cmom MATLAE R0 18 (MathWorks, Matick, MA, USA)
script was programmied to automatically carry out this anabysis
and to evaluate the statistical significance of each comparison.
The Smith-Waterman method (Smith and Waerman, 198 1) was
wed to perform bocal alignment via the swalign function and
get the optimal alignment sare (in bits) a5 oupu. A mndom
permutition-hased sttistical amlysis was adopted to evalate
the significance of each alignment and to obtain a sequence
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length- independent scoring value {pvalue) (Teng et al, 2014
Tiengo et al, 2015 ). Specifially, for each sequence mmparismn,
200 random permutatins were constructed for the human
mucleofideprotein sauence med an alignment was performed
for each randomizmtion. The resulting distribtion of bits scares
was used toobtain the final p-value as thenumber of alignments
gmnﬁahtsmu’e}uﬁhﬂ'ﬁmﬂwmgma]mdﬂ:dﬂdbp
the mumber of mndymizaions. Low p-values mmepond to
statistically significant alignments with 2 comsidered threshald
of 105, The ana bysis prowdure followed in this alignment-hased
pipeline is summarized in Figure3.

Reconstruction of M. fruncatula
Co-Expression Network

Faw expression valueswere globally narmal ized using the Bobast
Mubtichip Average (RMA) methad (Irisarry et al, 2003), and

then annaotated using the MedtrA 17_40 M. truncaticla reference
genome assembly Array probes mapping the same gene were
median-averaged and those lading funcional annottion were
discarded. Co-expression analysis of the obtained expression
mnel was perdformed via ARACNE (Margolin et al, 2006) by:
(i} building the Mutual Iformation Matrix using the Spearman
carrelation, and then (i) pruning the obtained interactions
amang all possible gene triplets with null mutal inkrmation.
All the analyses were perfrmed in the R envimnment, using
the imma (Ritchi= et al, 2015) and the biomaRt (Durinck
au_,mmhwhmmmdﬂmm
the minet package (Meyer et al, 2008) for the co-expression
estimation with ARACNE. The oblainal adjacency matrix
was then used to reconstruct a co-expression netwark for the
miBNA targets of M. trungatuls, with a asom Python (w27)
script, explaiting the MetwarkX package (Hagherg =t 2L, 2008)
o create networks in a Cytscape-compatible format. The

i
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miRMA targets of M. fruncatuls, obtained as described ahawe
(see miRMA Target Prediction section), were mapped omto the
nawark to extract their co-oxpression ineracioome. Target
gens= were mapped and all the co-expresed modes which
interact with at least one miRNA target node were inchuded
The resulting sub- netwark was filtered, eliminating the smallst
@mmpanents, mmpased of single nodes or less than ten nodes
because these are not informative in terms of interactions. The
remaining giant component was considered as the final miRMA
frget gene network. The giant com ponent was analyzed via the
glay clustering procedure md, 25 performed abave for the ather
netwarks, the obtained clusters were subjecied to the ClueGO
enrichment step.

RESULTS

Target Prediction

Folliwing the in siio target pradiction, a list of 3468 M
trumcatiuls trnsoipts (2680 unique trnscrips and 2083
umique genes) was ohtained. Conversely, 2297 argettranscripts
aof M. trimcatida, @mesponding to 1,73 wmique transcripts
and 1,376 unique genes, were idered far the alig
Analognsly, for the network-based anahyis, a list of 936 target
transcripts {825 unique transcripts and 758 unique genes) was
abtdined for H. sapisns. For the alignment-hased pipeline, 2226
frget ranscripts, which commespand 1o 1,754 uniquetranscripts
and 1,549 unique genes, were obtained. The number of targes
was tuned to obizin a balnced number of elements between the
two species (see belowl. The trget genes muld be associated
with ane or more than one miBMNA, as shown in Supplementary
Figure 1.

Mtr-miRNAs Targeting Shared Functions
Between Plants and Humans From

the Perspective of the Network-Based
Approach

Inthispipeline, we frcused an the biokogical processes enriched
amang the genes targeted by the set of M. trunatela miBEMNAs
o uncover shared functions between phnt and human
Folliwing the procedure summarized in Figure 2, plant and
human miBMA target networks were constructed using the
(GeneMania web tool While the construction of the human
netwark was strightforward with this toal, the construction
af the plant network relied on the mapping from M. tnencatula
targets to homokgous genes in A. thaliana, therely enabling
i exploit the deep knowledge (datasets and resources) of
A. thaliana, since M. trimcatula i not currently supparted
by GeneMania. The resulting networks were analyzed using
two different topology-based graph clhustering methods, to
decompase the target network, based on highly connected
nades, implyiing densely-interacting functional modules. The
wse af twa different clustering methods was devised to increase
the sensitivity of the pipeline for the detection of functional
madules and, subsequently, amociated hiological processes

The features of the constructed target gene networks are
summarized bekiw:

(1)A. thaliana—7H nodes (of which 20 were induded by
(Genedlania as interctars), 13752 alges, 4 glay clusters, 6
Chister(ne clusters.

(ZVH. sapiers—75% nodes (of which 21 were included by
(Genehlania as interactars), 2,795 alges, 5 glay chsters, 3
Clhister(ne clusters.

The target genes and network chisters obtained in this
analysis are reparted for each species in the Supplementary
Drataset | e

By perfirming an enrichment analysis for each cluster,
we identified the common hiclogical processes (GO terms)
rgeted by M. tnencatila mi BN As in both spedes. The identified
shared hiological functions inchude “vesicle dodking involved
in eocytosis' (GOA000690M), ‘modubtion by virus of host
marphology or physiology” (GO0 204 8), ‘cellular response o
virud ((H1098586), positive regubition of postranscriptional
gene silencing’ (GOR0060 148), and “branched -chain amino add
metabolic process” (GO000908] ). The miRMAs and pu'erhcled
frget genes associated with the shared GO terms are listed in
Table L Aside from the identical GO terminologies, other
avmman procsses wene present in both networks (eg nuclEc
add and amino acid menbaolism, response o stress, signaling)
(Supplementary Drataset 1)

Exocyinsis generally implies the active (hence, energy-
dependent) tramsport of newly synthesized lipids and proteins
w the plsma membrane alang with the secretion of vesicle
enchised comtents to the extracelllar matric Experimental
evidence that exocytosis-rdated events can he conserved
hetween plants and animak has beenrecently provided by Zhang
etal |Eﬂlﬁh:l,udmthnmwdﬂuis]mciﬁcmnhculsinundy
endosidin 2) are able to inhibit EXCF0 proteins, invalval in
intracellular vesicle rafficking, in both plants and animals. The
fact that M. tnencatuls miRMA s are prediceed to trget functions
related i exacytosis in bath A. thalisna and H. sapiars, further
indicate the conservation of these pathways between distant
fBxa As an emample, the KEU (KEULE) and SEC (EXDOYST
COMPLEX, OOMP R ENT) genes in Arabidopsis as well = the
human SHPH (Symtaphilin} gene are part of the SMARE (soluble
M- ethylmalsimide-sensitive factor attachment protsin recptar)
amplex, which is required for veside dodking and fusion (Lao
etal , 200 Kamniket al, 2015}

The hypaothesis that innate immunity is an evoluionanly
conserved process, started in the ancient unicellular eukarynte
that pre-dated the divergence of the plhnt and animal
kingdoms (Ausubel 2005), may explain the shared plant
and human response o virus. The network-based approach
applied in our study allowed to find commaon phyers invohed
in the response to viml attacks in plants (AGO, AGO2,
D{IPZ, SDE3, DRDI) and humans (BCL2LLL, KPMNAL,
PUM2, FXRI1, RIOES) (Table 1) Particularly, the EPNA4
(Karyopherin Subunit Alpha 4) mediates the mclear impart
Jhmnmq-lmnega]m'irus TLE4 (Lischla et al, 2003 ), PTTM2
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(Pumilio RWA Binding Family Member 2} plays a role in
cytoplasmic sensing of viral infection (Warita et al_, 201 4), and
BICHD3 (right open reading frame-RI0 Kinase 3) is invohred
in regubtion of type | intedemn (IFN)-dependent immune
respanse, with a critical role in the innate immune response
against DNA and RMA viruses (Feng et al, 2014}

The rebtionship between miRl6ka and  AGDI
[ARGOMAUTE) has been long studied and experimentally
validated in plnts (Vaucheret et al, 2006), whereas several
ather targets of the plant miR 1682 have been identified andfor
validated in humans (Zhang o al, 2002; ved etal., 201 7). Aside
heing imvohed in miBMA hiogenesis and regulation (Mallory
mad Vaucheret, 2010}, AGD proteins have a myriad of other
functions inchuding plant antiviml responses and DMA repair
{AGO2) (Harvey =t al, 2011; Oliver o al, 2014 Carbonell and
Carrington, 2015), miRNA-directed target cleavage (AGOS),
i BN A-directed DNA methylation (AGO9) {(iver et al,
2014} Differently, the validated osa-miR 1682 target in humans
is LDLRAP 1, with functions in cholesteral metabolism (Zhang
 al, 2012), while ather predictal targets inchuded RPL34 (Large
Ribosomal Subunit Protein EL34), ATXNI (Ataxin-1), and
ALS2 (Alkin Rho Guanine Nudentide Exchange Facior) with
e in trasaiption, dhosome biogenesis, and cell trafhicking
{Javed et al., 2017} (rher genes (STASIAIl, RGSG, ILISRAE
PVE, 5YN2Z, PFAAL, ZDHHCIS, B3 GAT]) were predided in
our netwark-hased pipeline to be tagetel by mir-miR168 in
humans (Supplementary Table 1) This may be due to the fact
that, even if miR168a is mrt of omserved miBENA ﬁmﬂy, same
differences in mucleotide sequences are present among manocot
andl dicot species and these can alter the structural acessihility
andl target sdection (Lang e al, 2019). When aligning the osa-
miR 168 with its counterpant in M. tnoncatula, the sequence

similarity was of 80L95%, showing important mismaches in the
se=d region (Supplementary Figure 21 This, along with the fact
that we took inin consideration anly the 3' UTR region, explains
the aheene of LDIRAP] among the mir-miFRlé6ka targets in
human. We confirmed this by @mparing the M. fnencatla
{mitr-} or rice {osa-) miR 168 targets found within the human
transcript colledion (retrieved from WOEI BefSeq) ar in the 3
UTRame, as performed in our pipeline. As srpected, we found
ﬁatmh:gﬂmsdgbcledﬁwbnﬂlmmhﬂml' UTRame=,
while targets in the LOLR AP coding sequence were found with
relevant MFE. In particular, osz-mik 1682 showed a —35.3 kcalf
mal MFE with IDLRAP], which appeared in the top 5 of the
mifNA targes, while mir-miRl68 showed a —33.8 keal'mal
MFE with LDLRAP] in the 100* position of the knwest- MFE
wargetlist (Supplementary Figure 2

miRMNAs Targeting Shared Functions in

M. truncatula and H. sapiens Through the
Lens of the Alignment-Based Approach
Unlike the network-hased pipeline in which over-represented
hicdogical proaesses were searchad in the network of all the
miRMA target genes, here we fos on sequence simiarities
amamy, the tamges of 2 given miRMA In this approach, the
amlysis induded alignments of every single targeted gene
{and corresponding proten sequence) hetween M. fremgatila
and H. sapiens, resulting in a total number of 9,626 alignments
(Supplementary Diataset 2} By appying 2 threshold pvalue of
005 for muclsotide alignments, 2, 735 sequences, cormes ponding to
115 mi B As, resubted significant. These miRMAs were predicted
o targeta total of 315 genes in M. tnemgatila and 501 genes in H
sapiens, respectively. Similarly, when this threshold was applisd
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for the protein alignments, from 637 alignments (induding &1
miRMAs) 352 genes were identified in H. sapiens and 192 in
M runcatda When @nsidering both the gene md protein
sequences, 242 similarities between plant and human transcripts
were fvund, acoounting for 93 genes (targetead by 54 miBMAs)in
M rumcanels and 149 in H. sapiens |Supplementary Dataset 2}

Foouwsing on the identification of genes involed in similar
functions between the two organisms, the main hits were
relued to tnsoipton fackoms (inchuding zinc finger proteins),
hormuone-responsive elements, and @l division (Table 2
The adivity of tensaiptim fadoms (TE), consisting of the
interaction with enhancers to coomdinate gene expression, is a
mymmian denominatar for all lvingforms. In eukanyotes, another
level of regulation is given by miRMA 5 these reknown to target
mastly TFs, at keast in phnts (Samad et al, 2017L Moreover,
murdinated action of TFs and phytchormones guide muost
pant developmental processes as well as cellular proliferation
and dedifferentigtion {Long and Benfey, 2006} The predicted
fargets of mik164 belong to CUP and NAC fmilies of TFs, and
these had been previowsly validaed in plants in other works
(Fang =t al, 2014} Hiwever, 2 piece of interesting information
is the fact that this miRMA could target TFs alsoin human cdls
For instance, IXDC (predicted = a target of mir-miR 164hb),
belonging to the zinc finger X-inked duplicated { ZXD) fmily of
TFs, is involved in the regulation of histocompatibility (Ramsey
aad Fontes, 2013 Ekeway, HAND2 (Heart and Meural Crest
Derivatives Expressed 2), putatively targeted by mir-miR:3675%,
is 2 member of the helix-loop-helix family of TFs invohed in
ardiac morphogenesis, vascubr deve opment, and regulation of
angiogenesis (McFadden o al, 2005). Another interesting fact
is that this amalysis predicted that conserved miBMA families
(miR160, miR166 ) mrget genes with mles in homone regubation
in both M. mcatida [ABA respomse element-binding fador
axin response factor) and H. sapiens (DYRKIE, HNFA)L In
humans, DYREE (Dual Specificty Tyrosine Phosphory lation
Regulated Kinase 1B), encoding for a nuclearlocalived
protein kinase, and HMWF4A (Hepatocyte Muclear Factar 4
Alpha), belonging to the nuclear hormane recepinr family are
wsociated with semid hormone activity (Sladek =t al, 1990
Stz et al, 200d). (ther interesting hits reveled thrmugh

this pproach are presenisd in Supplementary Tahle 2. An
example is represented by mir-miB 260 0e, predicted to frget an
anthocyanin acyhmnsierse | Medtr2g 089765 ) in M. tnongatila
and the UVESA (UV Stimulated Scaffold Protein A) gene in H
sapiens. Anthocyanins are well-known sscondary metabolites
with antioxidant function, being able to mitigate photood dative
injury {eg UV irradiation) at the cehular and nuclear level by
efficiently scavenging readive oxygen species (Gould 2004).
UVESA encodes a protein imvobved in ubiquitination and
dephasphorylation of RMA polymerase 11 subunits, heing
imvalved in the ramscription-coupled nudentide excision repair
(TC-MER ) pathway associated with UV irmdiation |5 chwer tman
etal., 20130

‘When comparing the network-hased and alignment-bhased
gppmoaches, in the case of mir-miR1 682 targets, it is possible to
evidence the same predicted trget in plants (AGO1) along with
different predicted targets in humans (Supplementary Table 2,
Supplementary Dataset 2). However, drawing the attention to
the ‘response to vins' function, it is possible to cbserve that this
was hit with both approaches, & demonstrated by the commaon
pradiced target gene PVE {Poliovirus Receptar L

Novel Co-Expression Network Reveals
Shared Functions Targeted by mtr-miRNAs
in Both M. truncatula and Humans

The third approach used in this study pumsued the mnstruction
af a new M. tnimaatuls co-expression network using publichy
availahle gene expression miomwarmydatasets since this organism
is not currently supported in readily wsble hicinkrmatic tools
for network analysis and construction. An expression panel
of 24777 genes was obkinal md used o buid a genome
scale co-expression network for M. rorcancla. The resulting
24,777 node netwark had 62857 undireded edges | Figune 4A4).
Amang the 208% predicted target genes, 1,251 were mapped
in this network, resulting in a sub-network of 6,081 nodes and
9,554 alges. The giant component of this sub- nawork inchuded
5543 nodes (of which 1,208 were tirget genes) md 9,405 edges
(of which 3,102 were direct interadtions among miRMA target
naules), a5 shown in Figure 4B. The dustering procedure found
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