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Abstract

In less than a decade since the sequencing of the human genome, it has become clear that
over 85% of the genome encodes RNA transcripts that do not translate into proteins. These
transcripts are also known as non-coding RNAs (ncRNAs) and were previously divided into
housekeeping and regulatory ncRNAs. Among the most prominent housekeeping examples of
ncRNAs that we now known that exhibit essential regulatory roles are the transfer RNA (tRNA),
ribosomal RNA (rRNA), small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), RNase P
RNA, and telomerase RNA (Zhang et al., 2019). In addition, the ncRNA transcriptome has been
recognized as a major regulome that includes microRNAs (miRNAs), long non-coding RNAs
(IncRNAs), PiWi RNAs (piRNAs), tRNA-derived fragments (tRFs), vault RNAs etc., and controls
crucial metabolic processes in the cell (Morris and Mattick, 2014; Schimmel, 2018; Lorenzi et al.,
2021). Moreover, they have emerged as important biomarkers of homeostasis at the epigenetic,
transcriptional, post-transcriptional and translational level (Schimmel, 2018; Slack and
Chinnaiyan, 2019). Upon transcription, all ncRNAs undergo numerous maturation steps which
are further mediated by important enzymes, ribonucleoprotein complexes or scaffold proteins
of known or putative function, generally known as RNA binding proteins (RBPs). In many cases,
the interactions between protein factors and ncRNAs can determine not only the function and
the fate of an RNA molecule, but also can affect transcription and translation rates, overall.
Elucidation of the role of ncRNAs-interacting proteins is critical to understand the hardcore
biology and molecular functions of ncRNAs, to dissect the contribution of proteins in additional
molecular functions and also to reveal the aspects of protein and ncRNAs in several human
diseases and malignancies.

Main objective of the present thesis was the study of the role of important RNA-binding
protein subunits which participate in biogenesis of the tRNA molecules but could also additionally
carry out alternative tasks in non-canonical functions. In the first part of the thesis, the role of La
protein overexpression in cancer was examined as a global gatekeeper and abundance regulator
of Pol lll ncRNAs. La overexpression in lung adenocarcinoma cells lead to a significant increase in

cell proliferation and motility. Next Generation sequencing (NGS) analysis showed the
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participation of La in translation and RNA metabolism. La accumulation affected the expression
of mMTORC2 complex and important tRNA maturation and translation initiation factors. In
addition, upregulation of the tumorigenic tRF-1001 and its parent tRNA%®"yea was also observed.
Although the conserved LAM-RRM1 module is responsible for the RNA binding capacity of La,
biochemical analysis showed that LAM motif alone can bind both oligo(U) and a pre-tRNA ligands.
The biochemical, supported also by existing NMR-derived structural data, supports the La
involvement in binding of diverse RNAs, that could account for a modulatory role of La in
carcinogenesis.

In the second part of the thesis, the CRISPR/Cas9 genome editing tool was used to knock-out
each individual protein subunit of RNase P holoenzyme in HelLa cancer cell line. Given the current
knowledge on moonlighting roles of the 10 RBPs that form the RNase P holoenzyme in human
cells, the screening analysis showed that POP1 and RPP30 protein subunits are essential for cell
viability while RPP25 is dispensable. The RPP25 deficient cells showed an increased proliferation
and migration rate. In a next step, Next Generation sequencing (NGS) analysis showed that
ablation of RPP25 regulates genes with significant role in cancer and steroid metabolism but also
it is observed a deregulation of expression levels of long-intergenic RNAs and other non-coding
RNAs that participate in cancer. Moreover, small RNA-seq showed that specific miRNAs, tRNAs
and tRFs are deregulated enhancing the cancer progression. Subsequent, global analysis of
translation rates confirmed the elevated translational levels. Finally, the edited cell lines were
used for in vivo characterization of RPP25-GFP tagged localization using fluorescence microscopy
to reveal possible alternative localizations of RPP25 that could imply alternative functions in RNA-
mediated phase separation.

Taken together, the current thesis attempted to provide a comprehensive picture of assembly,
coordination, and heterogeneity of prominent RNA-binding proteins like La and RPP25, under
various conditions and to identify pathways that regulate gene expression at the transcription

and translation level, that could be further exploited for therapy.
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MepiAngn

Y& AlyOtepO amo pia dekaetia and tnv aAAnAouxLon Tou avBpwTivou yoviSLWATOG, KATECTN
ocadeg OTL mepimou to 85% TOU yovidlwpoto¢ kwdikomolel RNA popla ta omoia dev
uetadppalovtal oe MPpwreiveg. Ta petaypada aUTA €lval YWwoTd wW¢ UN-KwSKA popta RNA
(ncRNAS) kot avTtutpoowmeUoUV €va SUVANLKO peTaypddwpa To onoio meplappavel RNA mou
Slatnpouv tn Kuttapikn Asttoupyia (housekeeping) omwg to petadopikd RNA (tRNA), 10
plBoowuikd RNA (rRNA), ta pikpa mupnvikd RNAs (snRNAs), ta pikpa tupnvikd RNAs (snoRNAs),
1o RNA ¢ ptBovoukAeaong P kat to RNA tng telopepdong (Zhang et al., 2019). EmutAéov, o
pHeTaypadwua auto meplhapPAavel Kol pubuLoTika popla omwc ta microRNAs (miRNAs), ta
HeyaAou unkoug pn kwdikd RNAs (long ncRNAs), ta PiWi RNAs (piRNAs), Ta véa Bpalopata Twv
tRNAs (tRNA- derived RNA fragments; tRFs), ta vault RNAs kat dAa ncRNAs ta ormoia
OUMMETEXOUV Kal eEAéyxouv dladopec petaPfolikeg diepyaoieg ota kuTtapa (Morris and Mattick,
2014- Schimmel, 2018- Lorenzi et al.,, 2021). OAa autd Tt HUN-KWSWKA poplta RNA €xouv
avadelxBel w¢ onuavtikol PLOSEIKTEC OE EMLYEVETIKO, UETAYPADLKO, UETA-HETAYPOADLKO Kall
Hetadpaotiko emninedo (Schimmel, 2018; Slack and Chinnaiyan, 2019). Qotooo, katd tn SldpKeLla
™G HeTaypadr ¢ Toug udiotavral Stadopa otadla wpipavong, Ta onola dtapecolafouvral and
onUAvTKA €VIUPA, PLBOVOUKAEOTIPWIEIVIKA CUUTTAOKO 1 OKOUO KOL IO TMPWIEIVEG-LKpLWUA
(scaffold proteins) yvwotég wg RNA-binding proteins (RBPs). Ot aAAnAemiSpaoelc petall popiwv
RNA kal mpwrteivwv kaBopilouv OxL povo tn Asttoupyia kot tn TUXN Tou RNA aAAd Kot Toug
pUBUOUG TN peTaypadng Kot LETAdpaonS Tou KUTTApou. H Slepelivnon Tou poAoOU AUTWV TwV
oAnAerudpacswy gival {WTIKAG onUACLAg yla TNV KOTOVONGON TWV LOPLOKWY UNXOVICUWY TIOU
SlEmouv 1600 ta NcRNAS 000 Kal TLG avTioToLXeC TPWTEIVES, KaBwWC emiong yla tnv anocadnivion
Tou miBavou poAou toug otnv epudavion Stadopwv aoBEVELWV KAl VEOTIAACLWV.

IKOTOG TNG mapovuoag SatpPrig ATav n HEAETN TOU POAOU ONUAVTIKWY TIPWIEIVWY TIOU
Seopevouv RNA popla Kol CUPHETEXOUV TOoOo otn Bloyéveon twv tRNA popiwv, aAAG Kol o€
ETUMPOCOETEG ONUAVTIKEG KUTTAPLKEG AELTOUPYLEC. ZTO TPWTO PEPOC TNG SLatpLPAG LEAETHONKE O
pOAOC TNG uTtepékdpacnc TnG MpwTteivng La (Lupus antigen) otov kapkivo. H umepékdpacn g

La mpayuatonolOnke o€ KUTTAPA ASEVOKOPKLVWULATOG TIVEUOVA KAl 081ynNoE OE GNUAVTLKA
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avénon Ttou TOAAQMAQCLACHOU KOL TNG METAVAOTEUONG TWV KUTTAPWV EVW TEPAUATA
aAAnAouxiong véag yeviag (NGS) €dsllav tn ocuppetoxn tng La otn petadpaocn Kol oto
puetafoAlopnd tou RNA. EmumpoobBeta, n cuocowpeuon NG La emnpéace tnv €kdpoon tou
OUMITAGKOU MTORC2 KaBwg Kol ONUAVTIKWY TTAPAyOVIWY TTOU CUHETEXOUV OTNV WPLLAVon Tou
tRNA aAAd kot otnv évapén tng mpwteivoouvBeong. EmumAéov, mapatnpndnke avénon tng
€kdppaong tou tRF-1001 kot Tou tRNASerUGA. TéAog, LeAETAONKeE N kavoTnTa S£CUELONG TOU
potifou LAM, 1o omoio €xel Bpebel 6t mapoucio tou RRM1 (LAM-RRM1) eivat utéuBuvo yia tn
6éopeuon tou RNA. H Bloxnuikn HeAETn €6eLée OTLTO poTifo LAM povo tou, unopei va deopevoet
1600 oligo(U) RNA 600 kat mpodpopa petaypada tRNAs katt mou emiBefalwvetal Kal amo ta
unapyxovta Soutka dedopéva (NMR). H ddétnta aut tou potifou LAM Ba umopouce va
e€nynoeL tn cuppetoxn tng La otn &€opeuon pag motkidiog RNAs kot To puBuLoTikd poAo tng
OTNV KOPKLVOYEVEDN.

210 S6eUTEPO HEPOG TNG MapoUcag SLATPLBAG, XPNOLLOToNONKE TOo EPYOAELO0 YOVISLWHATIKAG
enefepyaoiag CRISPR/Cas9 yia tnv amadowdrn KAOs €MIUEPOUG MPWTEIVIKAG UTIOHOVASAC TOU
oloevlUpou RNase P otn kapKwik Kuttaplky oelpd Hela. Ta amoteAéopata £6el€av OtL oL
TMPWTEIVIKEG uTtopovadeg POP1 kot RPP30 eival anapaitnTteg yla tn BlwouotnTa Twy KUTTAPWY,
o€ avtiBeon pe ™ MpwTeivikn urtopovada RPP25. Ta kuTtapa rou dev mapryayayv tn mpwisivn
RPP25 £6etav auvénuévo pubuo moAlamAaclacpol Kal TnG UETAVAOTEUONG Tou. MNelpapata
aAAnAovxlong véag yevidg (NGS) oto petaypddwpa twv Kuttdpwv €dsi€av ot n RPP25
OUUMETEXEL OoTn pubuon tng é€kdppaong yovidiwv mou oxetilovtal Pe TO UETOPOALOUO TwV
otepoeldwy, evw emiong mapatnenonke anoppubulon Twv emMédwv Ekppaong Stadopwv pn
KwSkwv RNAS TTOU GUULETEXOUV OTOV Kapkivo, cupmeplapBavopévwy kat Twv long-intergenic
RNAs. ErmutAéov, aAAnAouxion VEaG yevIiacg Twv KPwV RNAs £8eife OtL ocuykekpLlpuéva miRNAs,
tRNAs kal tRFs amoppuBuiotnkav evioxUovtog To Mopandvw ArmoTEAECUATA YLa T CULUETOXN
¢ RPP25 otov Kapkivo. Xtn ocuvéxela, amouaoia tng RPP25 mapatnprndnkav auvénuéva emnineda
uetadpaons. TéAog, n avacuvduaopévn RPP25 oe cuvinén pe tnv mpaocwn ¢Bopilovoa
npwteivn (GFP) exdpactnke otnv eMe€epyaoEVN KUTTAPLKN OELPA YLOL LEAETN TOU UTTOKUTTAPLOU
EVTOTILOMOU TN Kat tn Slepelivnon tng mbavig CUUUETOXNG TNG OTO SLoXWPLoUO GACEWV E TN

pneoohapnon RNA (RNA-phase separation).

22



Yuvoyilovtag, otdxog NG mapouaoag Slatplfng nrav va avadeifet pio oAokAnpwHEVN KOV
NG CUVOPUOAGYNONG, TOU CUVTOVLOMOU KOl TNG ETEPOYEVELAG ONUAVTIKWY RBPs, 6mwg n La kat n
RPP25, umo SladopeTikéC cUVONKEC Kal va TipoadLlopioel povomatia mou puBuilouv tn yovidlakn
ékdpaon oe eninedo petaypadng kat petadpaong, tTa onoia Ba pnopovoav va aflonotnbouv

TIEPALTEPW YLOL BEpATIEVTIKOUC OKOTIOUG.
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Introduction

1.1. Noncoding RNAs (ncRNAs) and RNA polymerase lll transcriptome

The unprecedented discovery of catalytic RNA more than 30 years ago, (ribozymes, Nobel
Prize in Chemistry 1989) consolidated the "RNA world" theory, changed our view of living systems
and revolutionized modern biology (Weinberg et al., 2019). Since then, the advancement of the
next generation sequencing methodologies allowed a complete view on hundreds of genomes.
Today, the first draft of the human genome reported more than 20 years ago marked a new era
in biomedical research leading to the discovery that almost 80% of the genome is pervasively
transcribed, but with less than 2% corresponding to mRNAs coding for proteins (Ezkurdia et al.,
2014; Salzberg, 2018). The non-coding RNA (ncRNA) transcriptome as we know it today is
classified into two major classes: 1) the long-ncRNAs (IncRNAs) which include RNAs >200
nucleotides in length while 2) the short ncRNAs include RNAs <200 nucleotides. The short ncRNAs
include transfer RNAs (tRNAs) which are passive carriers of amino acids involved in mRNA
translation, ribosomal RNAs (rRNAs) which participate in assembly of the ribosomes, small
nuclear RNAs (snRNAs) involved in splicing, small nucleolar RNAs (snoRNAs) involved in the
modification of rRNAs, microRNAs (miRNAs) involved in gene silencing and piwi-interacting RNA
(piRNAs) with main function to suppress the activity of transposons (Figure 1.1) (Amin et al.,
2019; Genzor et al., 2021; Lorenzi et al., 2021).

Although, in the past the ncRNAs are considered as “dark matter”, today, we known that they
assigned roles as major modulators of gene expression both on post-transcriptional and
transcriptional levels, they affect chromatin remodeling, cell cycle, or even more they have
catalytic functions (Zhang et al., 2019). Interestingly, the most well-studied ncRNAs are miRNAs
(<25nt) that are mainly transcribed by RNA polymerase Il (RNA Pol Il) to primary molecules which
produce mature miRNAs with the help of ribonucleases (Drosha-Dicer) (Winkle et al., 2021).
However, the RNA Pol Il also transcribes the long noncoding RNAs (>200nt), some of which
derived from mRNA splicing and although are essentially uncharacterized, it has been found that
could participate to regulate the chromatin function, the translation of cytoplasmic mRNAs or

interfere in signaling pathways (Statello et al., 2021).
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Figure 1.1: A classification of ncRNA molecules. The ncRNAs are classified according to their length
(purple boxes) and then according to their structure/functionality (green boxes) for long and small
non-coding types. The ncRNAs in pink boxes represent RNAs that are classified by deep learning in the
literature while the yellow boxes are further subcategories. The ncRNAs in blue light box have not
been well-studied or classified as non-coding in the literature. (TEC: to be experimentally confirmed).
Adapted from Amin et al., 2020.

Interestingly, the ncRNAs that are transcribed by RNA pol Il represent only a 5% of the total
ncRNA transcriptome while more than 80% of ncRNA transcriptome are transcribed by RNA
polymerase lll (RNA pol Ill). The most abundant ncRNAs are synthesized by RNA Pol Il are the
tRNA molecules (more than 500 tRNA genes in the human genome) which also produce tRNA-
derived fragments (tRFs), a new class of small regulatory ncRNAs with suggested role similar to
miRNAs. However, the RNA pol lll transcriptome also includes several miRNAs, 55 rRNA, U6
snRNA (pre-mRNA splicing), RPPH1 and RMRP which are the catalytic RNA subunits of the RNase
P and RNase MRP ribonucleoprotein (RNP) complexes, respectively, responsible for processing
of tRNA and rRNA (Dieci et al., 2007; Canella et al., 2010). Additionally, YRNAs (with involvement
in replication initiation and translation regulation and in autoimmunity), 7SK RNA (regulation of
RNA pol Il transcription elongation), 7SL RNA (RNA scaffold of the signal recognition particle) and
vault RNAs (vtRNAs) (putative role in the formation of speckles, inflammation, autophagy, and
drug resistance) are also transcribed by Pol Il (Figure 1.2; (Walter and Blobel, 1982; Egloff et al.,
2018; Guglas et al., 2020; Gallo et al., 2022). Moreover, almost all RNA Pol IlI-synthesized ncRNAs

are involved in autophagy, apoptosis, differentiation, stress response, inflammation, or viral
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infection, pro-oncogenic signaling, autoimmunity, drug-resistance, and many other disease-
related mechanisms, acting through specific RNA-RNA and/or RNA-protein interactions (Figure
1.2) (Yeganeh and Hernandez, 2020). Of note, these interactions are also involved in a
compartmentalization inside nucleoplasm (like Cajal bodies) but also in cytoplasm (like stress
granules) termed as RNA-phase separation (Tian et al., 2020). Eukaryotic cells form specific
speckles without the need of a membrane allowing the processing of specific cellular processes
within the cell (Liao and Regev, 2021). Although the exact role of RNA-phase separation, has not
yet been well-defined, the formation of these granules has been associated with post-

transcriptional modification, RNA splicing under stress conditions.
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Figure 1.2. The RNA polymerase lll transcriptome and its contribution in cellular pathways.

More importantly, the biogenesis and function of ncRNAs are defined by important RNA-
binding proteins (RBPs; like La protein) and individual Ribonucleases or Ribonucleoprotein
complexes (RNPs; like RNase P, RNAse Z, Dicer, RNase MRP) whose characterization is critical to

dissect the whole spectrum of molecular functions of ncRNAs (Hopper and Nostramo, 2019).
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1.2. A general overview of the eukaryotic transfer RNAs (tRNAs)
1.2.1. Structure of tRNAs

Transfer RNA molecules (tRNAs) comprise almost 15% of cellular RNAs, are considered as the
most abundant RNA species inside the cell and represent the adaptor molecules between the
RNA and protein world (Figure 1.3; Palazzo and Lee, 2015). tRNAs match the anticodon triplet
with the specific codon triplet of mRNA carrying the cognate amino acids for the synthesis of
polypeptides. They are short RNA molecules consisted of 60-95 nucleotides in length and are
considered as well-folded RNAs as they adopt a conserved characteristic cloverleaf secondary
structure and an L-shaped three-dimensional structure (Figure 1.4). The cloverleaf structure
consists of four different stems and loops. Typically, each arm contains the helical stems which is
formed from Watson—Crick base pairs (bp) and an unpaired bases at the external part to form a
loop. These features include the acceptor stem (blue), the D-arm (green), the anticodon arm

(red), the T-arm (yellow), and a loop of variable length, the variable loop (purple) (Figure 1.4).

miRNA
7SL
IncRNA SNRNA ' 6iher IncRNA
mRNA S rRNAs

tRNA

rRNA tRNA
RNA by mass RNA by number of molecules

Figure 1.3. Quantification of ncRNAs by number of mass or number of molecules. The tRNAs
correspond the largest amount of ncRNA pool. Adapted from Palazzo et al., 2015.

The acceptor stem of tRNAs consists of 7 base pairs (with the exceptions of tRNA"S and
tRNA>e¢ which contain 8 and 9 bp respectively), followed by the conserved 3’ end which is single
stranded and contains the discriminator base and the universal 3’ CCA which in some prokaryotes
is genome encoded while in eukaryotes is added post-transcriptionally by the specific 3’CCA

nucleotidyl-transferase (Betat and Morl, 2015). The conserved 3’ terminal adenosine is
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responsible for carrying the cognate amino acid. The D-stem is usually consisted by 4 bp ending
in a loop called D-loop that often contains dihydrouridine (D) while the T-stem is consisted by 5
bp ending in a loop called T-loop that often contains a conserved pseudouridine (W) at position
55. In the anticodon loop, the three outermost nucleotides represent the anticodon and use to
be at positions 34 to 36. The T-arm, the acceptor arm and the anticodon arm are highly conserved
in size, while the D-arm and variable arm can vary (Zhang and Ferré-D’Amaré, 2016). In addition,
the L-shaped three-dimensional structure of tRNA forms interactions between nucleotides. In the
“elbow” conformation, nucleotides from the D- and T-loops forms a Watson-Crick base pair in

order to consist the canonical L-shape of tRNAs (Figure 1.4) (Zhang and Ferré-D’Amaré, 2016).
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Figure 1.4. The structure of tRNA. A secondary (left) and a tertiary structure of tRNA (right).

1.2.2. Biogenesis of nuclear tRNAs

Transcription by Pol lll

tRNA genes are transcribed by RNA polymerase Il (17-subunit enzyme) assisted by a number
of auxiliary factors that have been identified to facilitate the tRNA transcription initiation
(Ramsay and Vannini, 2018; Ramsay et al., 2020). tRNA genes have two conserved internal

elements, termed the box A and box B that correspond to D loop and T loop of tRNA, respectively.
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These boxes promote transcription through the recruitment of a transcription factor TFIIC
(transcription factor Il C), which is the first factor to associate with DNA, mediating in
transcription complex assembly process (Figure 1.5). TFIIIC is a large six-subunits complex that
promotes the binding of TFIIIB (transcription factor Il B) upstream of the transcription start site
(TSS) (Turowski and Tollervey, 2016). TFIIIB is composed of three subunits: Brfl (B-related factor
1), Bdp1 (B double prime) and TBP (TATA-binding protein) (Kassavetis and Geiduschek, 2006).
Brfl is a modular protein that plays a major role in RNA polymerase Il recruitment, the Bdp1l
subunit of TFIIIB is specific to the RNA polymerase Ill machinery and is considered a histone-
binding module while TBP is common to all eukaryotic RNAPs and binds to the TATA box via an
induced-fit mechanism of protein-DNA recognition (Figure 1.5) (Akhtar and Veenstra, 2011;
Girbig et al., 2022).

BDP RNA Pol Il
TlF?g\

Box A Box B tRNA gene
v
5’ leader 3’ leader
Pre-tRNA
intron

Figure 1.5. tRNA gene transcription. tRNAs are transcribed by RNA pol Il through important
transcription factors that mediates in this process. TFIIIC complex is bound to A- and B- box and leads
to the recruitments of TFIIIB complex and RNA Pol Il to start the transcription.

Apart from the above factors, GCN5 (General Control Non-repressed 5 protein), TRRAP

(Transformation/Transcription Domain Associated Protein) and the protooncogene c-Myc can
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also activate RNA polymerase Il transcription (Kenneth et al., 2007). GCN5 is a histone
acetyltransferase that acts as transcription activator, while TRRAP is an adaptor protein as it
forms complexes the histone acetyltransferases. Among them c-Myc, a protooncogene, can
recruit the GCN5 and TRRAP to activate the RNA polymerase Il transcription. The transcription
termination is promoted by poly-T termination signal that destabilizes the template-RNA
polymerase Il complex leading to a primary transcript, the precursor tRNA (pre-tRNA), which has
extra sequences at their 5'- and 3'-ends and even has intron (Arimbasseri et al., 2013). However,
pre-tRNAs have to undergo a series of processing steps to render mature and functional. These
steps comprise cleavage of extra sequences found at their 5’ and 3’ ends, introns removal when
present, addition of a CCA motif at their 3’ end, base modifications. A concerted action of
essential ribonucleases and proteins like RNase P, La protein, RNase Z are required for this

process.

5’ end maturation

The first maturation event includes the removal of 5’ leader sequence by Ribonuclease P
(RNase P). RNase P is an important and ubiquitous ribonucleoprotein that catalyze the cleavage
of a single phosphodiester bond adjacent to the first nucleotide of the acceptor stem. Its
endonucleolytic activity is attributed to RNA component which it has been isolated from
organisms representing the three domains of life. From bacteria to mammals, RNase P is
considered an ancient enzyme composed of one RNA and at least one protein subunit to a highly

organized ribonucleoprotein complex (Shaukat et al., 2021).

3’ end maturation

The 3' end formation of tRNA begins with RNA polymerase Ill termination generating a
variable 3’ oligo(U) tract, the 3'-trailer sequence. The 3'-trailer can be removed by more than
one mechanism (Maraia and Lamichhane, 2011). The major pathway for 3’ processing of nuclear
tRNAs is mediated by Ribonuclease Z (RNase Z) with the presence of the La protein (Lupus
antigen; Sjogren Syndrome antigen B; SSB) (Wolin and Cedervall, 2002). RNase Z is an

endonuclease which functions by precisely cleavage after the discriminator base. In the human
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genome, two forms of RNase Z are identified: the RNase Z' (92.2 kDa), which is encoded by the
gene ELAC2 and the RNase Z° (40 kDa), which is encoded by the ELAC1 gene. The latest is present
in the cytoplasm and recently than it is able to repair the 3' termini of tRNAs released from stalled
ribosomes containing a 2'-3' cyclic phosphate (Yip et al., 2020). On the other hand, the RNase Z*
is both localized in nucleus and mitochondria and is responsible for the tRNA maturation in both
compartments. The La protein is a ubiquitous eukaryotic RNA-binding protein which interact with
pre-tRNAs through recognition of their UUU-3’OH trailers. La facilitates folding and maturation
of pre-tRNAs as protects the 3' termini from exonucleolytic digestion. Alternatively, in the
absence of La, 3’-trailer sequence is removed by non-specific exonuclease activity (Maraia, 2001;

Wolin and Cedervall, 2002).

Intron Splicing

After the precisely removal of the 5’ and 3’ terminal sequences of pre-tRNAs, the splicing of
introns is a critical step in pre-tRNA maturation. Introns are usually located within the anticodon
stem-loop of tRNAs and especially, are positioned between one base of 3’ to the anticodon
(Yoshihisa, 2014; Schmidt and Matera, 2020). tRNA splicing process is catalyzed by a protein
complex called TSEN (tRNA splicing endonuclease). This complex was first identified in the yeast
S. cerevisiae, and it is comprised by four subunits, the TSEN2 and TSEN34 which consist of the
catalytic subunits and also two structural members the TSEN54 and TSEN15 (Trotta et al., 1997).
However, in human, except for all the four TSEN homologs of yeast proteins, also co-purified a
polynucleotide kinase CLP1 (polyribonucleotide 5’-hydroxyl-kinasepolynucleotide kinase 1), the
role of which remains elusive (Paushkin et al., 2004; Hayne et al., 2020). The intron excision
occurs in the cytoplasm in yeast or in the nucleoplasm in human and followed by enzymatic
splicing in two steps. The first one is an endonucleolytic cleavage at the 5’ and 3’ splice sites that
generates an intron and two exons followed by ligation of the two remaining exons (Paushkin et
al., 2004; Schmidt and Matera, 2020). In human, the ligation step is performed RNA ligase is the
HSPC117 (hematopoietic stem/progenitor cell 117) (Popow et al., 2011). Interestingly, it has been

reported that the eukaryotic splicing machinery recognizes the splicing sites of introns by a ruler-
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mechanism in which the structural members of complex bind to specific features of pre-tRNA,
measure the distance between the body of tRNA and the splice sites thus allowing the cleavage

by the catalytic subunits (Xue et al., 2006).
CCA-addition

The CCA sequence is added post-transcriptional by enzymes called transfer RNA
nucleotidyltransferases or CCA-adding enzymes (Betat and Morl, 2015). The CCA addition to the
processed 3’ end is prerequisite for tRNA aminoacylation with the terminal adenosine forms the
binding site of the appropriate amino acid. The CCA-adding enzymes catalyze the polymerization

of CCA without using an oligonucleotide template (Xiong and Steitz, 2004)

Post-transcriptional modifications

Unike all other transcripts, tRNA is the most extensively post-transcriptionally modified
molecule in the cell. On average a eukaryotic tRNA contains 13 modifications per molecule (Zhang
et al., 2022). Post-transcriptional modifications in many nucleotides throughout tRNA sequence
represent a necessary step before a tRNA becomes completely functional. The complexity of such
modifications ranges from the most common chemical modifications like methylations,
sulfurations, pseudouridylations, as well as more complex modified moieties, like queuosines (Q)
(Kouvela et al., 2021). The post-transcriptional modifications are essential to ensure the proper
folding and stability of tRNA but also for tRNA recognition by aminoacyl-tRNA synthetases and
modifying enzymes. In addition, tRNA modifications affect interactions between tRNAs and the
ribosomes, mRNAs and factors that participate in this procedure. The complete set of nucleotides

and modifications is called “tRNA identity elements set” (Giege et al., 1998)

Aminoacylation

A functional tRNA is an aminoacyl-tRNA which should be acylated with the cognate amino
acid by an aminoacyl-tRNA synthetase (aaR). Aminoacylation is an ATP-dependent process that
attaches the amino acid to the CCA sequence of 3’ end of tRNAs. The aaRs recognize unique

structural elements of tRNA: the anticodon stem loop and the acceptor stem but also the
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discriminator base (Berg and Brandl, 2021). The aaRs are a family of 20 enzymes that are divided
into two classes based on the structure and their catalytic domains (Stathopoulos et al., 2001;
Chaliotis et al., 2017). The aaRs are considered important enzymes that implement the correct
assignment of amino acids to their codons and consequently are considered the gatekeepers of
translational fidelity. After aminoacylation, a Ran: GTPase exportin, termed as exportin-T is

responsible for translocation of tRNAs in the cytoplasm where they function in translation (Figure

1.6).
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Figure 1.6. A tRNA biogenesis in a yeast cell. After transcription, the newly synthesized pre-tRNA,
containing intron (red) and 5’ and 3’ extensions sequenced (black), is bound by the La protein (yellow
oval). The 5’ leader is removed by RNase P while the 3’ trailer is removed by an endonuclease or
exonuclease. The CCA- addition, splicing, aminoacylation and binding by exportin-t (green oval) occur at
nucleoplasm. Certain nucleotide modifications are shown with asterisks.

1.2.3. Transcription by RNA Pol lll and association with diseases

Transcription by Pol Il demands the concerted action of multiple factors, which upon
deregulation have been linked to various diseases. For example, mutations of BDP1 or BRF1 are

associated with hereditary hearing loss and cerebellar—facial-dental syndrome, while mutations
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of POLR3A or POLRIC are associated with leukodystrophy and Treacher Collins syndrome,
respectively (Yeganeh and Hernandez, 2020). More importantly, aberrant expression of Pol IlI
transcription factors but also the tRNAs has been correlated to cancer. Increased expression of
BRF1 has been found in hepatocellular carcinoma or in breast cancer acting as oncogene while in
mouse embryonic fibroblasts BRF1 acts as tumor suppressor where knockdown of its expression
leads to Ras-mediated malignancies (Yeganeh and Hernandez, 2020). In addition, several tRNAs
are found upregulated in both tumors tissues and cancer cell lines indicating a possible role in
tumorigenesis (Figure 1.7). In breast and lung tumors, it has been proposed that the increased
levels of specific tRNAs can enhance translation of metastatic genes (Goodarzi et al., 2016;
Skeparnias et al., 2020) while upregulation of initiator tRNA (tRNAiMet) could enhance the
translation of ECM components like collagen or integrins (Birch et al., 2016; Clarke et al., 2016).
Moreover, in melanoma, it has been found that specific tRNAs like tRNAArg, tRNAAla, tRNAAsn,
tRNACys, tRNALys, tRNAGIu and tRNAThr are upregulated through elevated expression of IncRNA
TERT. More specific, TERT is bound to RNA pol lll subunit RPC32 and enhance the recruitment of
chromatin resulting in an increase transcription by RNA pol Ill (Khattar et al., 2016). Abnormally
increased tRNAs abundance has also been reported in cervical cancer, in multiple myeloma and

pancreatic cancer (Daly et al., 2005; Zhou et al., 2009; Wang et al., 2016).
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Figure 1.7. Model showing that overexpression of specific tRNAs could enhance the translation of
oncogene in cancer. Adapted from Yeganeh et al., 2020.
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1.2.4. Functions and emerging new roles of tRNAs

tRNAs were considered ‘housekeeping’ RNAs and represent adaptor molecules between the
RNA and protein world, however, besides the canonical role, recent evidence suggested that
tRNAs exhibit non-canonical functions that have been described in both prokaryotes and
eukaryotes (Schimmel, 2018). According the amino-acylated status, the tRNAs have expanded in
additional metabolic and cellular processes including the gene expression regulation at both the
transcriptional and translational level, non-ribosomal peptide bond formation, bacterial cell wall
biosynthesis, viral replication, cell stress response and antibiotic biosynthesis (Figure 1.8) (Raina

and lbba, 2014).
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Figure 1.8. Emerging roles of tRNA molecules. tRNA participation in cellular processes regarding its
aminoacylation status. Adapted from Raina and Ibba, 2014.

In eukaryotes, the discovery of tRNA-derived fragments (tRFs), a new class of abundant and
stress-induced small noncoding RNAs, highlights the essential regulatory role of tRNAs in
translation and beyond. Although, tRFs were first considered as degraded byproducts of tRNAs,

later studies showed that tRFs are abundant in all species and are produced by precise
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endonucleolytic cleavage of precursor or mature tRNAs. Although their existence was mentioned
over the years, during the last two decades, the sequencing technologies characterized the tRFs
and categorizing them depending on their length and the site of origin on the tRNA (Su et al.,
2020). Therefore, there are tRF-1s, tRF-5s, tRF-3s, 5’-tRNA halves, 3’ tRNA halves and itRFs
(internal tRFs) (Figure 1.9). These distinct tRF classes have been linked to different biological
functions which include global translation inhibition (attributed to 5" tRNA halves and tRF-5s),
translation repression of specific mRNAs (attributed to tRF-3s), inhibition of specific gene
transcription (attributed to tRF-5s), inhibition of viral RNA translation (attributed to tRF-1s),
inhibition of apoptosis (attributed to 5° tRNA halves) and regulation of retrotransposon
expression (attributed both to tRF-3s and tRF-5s). Stress-induced tRFs, for instance, have been
found to interact with cytochrome c and inhibit the apoptosome formation, thus, fine-tuning the

apoptotic pathway (Saikia et al., 2014).
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Figure 1.9. tRNA fragments are classified according to the origin and length (14-40 nt), from either pre-or
mature tRNAs. The classes are tRF-5 (type a, b and c), tRF-3 (type a and b), tRF-1 (3 maturation products),
i-tRFs (of intronic origin) and 5-or 3-tiRNAs (or tRNA halves; stress induced tRFs). tRFs have been implicated
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neurodegenerative diseases or as emerging biomarkers. Adapted from Grafanaki et al., 2020.
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1.3. La protein
1.3.1. An overview of La protein

La protein (Lupus antigen), also known as Sjogren Syndrome antigen B (SSB) or LARP3 (La
related protein 3) was first isolated as one of the major antigens in patients suffering from specific
rheumatic diseases like Sjogren’s syndrome and systemic lupus erythematosus (SLE) (Mattioli and
Reichlin, 1974; Alspaugh and Tan, 1975). While the exact role of La in autoimmune disorders
remain elusive, it has been extensively studied as a ubiquitous RNA-binding protein which
facilitates proper folding and maturation of nascent RNA pol Il transcripts (Wolin and Cedervall,
2002). Although it was first described in human, homologs of La protein have been identified in
almost all eukaryotes (with the exception of the Plasmodium genus), exhibiting highly conserved
functions in RNA metabolism. Especially, it binds a plethora of RNA molecules including 55 rRNA,
U6 small nuclear RNA (snRNA), 7SL RNA, Y RNAs as well as viral RNAs like VA RNA |, VA RNA |l
(adenovirus RNAs) or EBER 1 kat EBER 2 RNA (Epstein-Barr virus) (Lerner et al., 1981; Francoeur
and Mathews, 1982; Rinke and Steitz, 1982; Chambers et al., 1983; Hashimoto and Steitz, 1983).
Approximately 20 million copies of La are found per cell and although it has been found that it is
dispensable in yeast, in higher eukaryotes (i.e. T. brucei, D. melanogaster) including mammals, La
is essential for viability (Blewett and Maraia, 2018).

La is an abundant phosphoprotein that is mainly localized in the nucleus of eukaryotic cell,
however, La can shuttle to the nucleolus, where large rRNAs and initial processing steps of pre-
tRNAs occur or it is also transiently exported to the cytoplasm to bind a subset of mMRNAs during
translation (Intine et al., 2003). Although La has been extensively studied as a chaperone of RNA
pol Il transcripts, increasing reports shown that La is associated with diverse RNAs without the
UUU motifs and it participates in additional functions like in viral RNA stabilization, in miRNA
biogenesis, and in promotion of IRES-dependent mRNA translation. The latest role associates La
with cancer as it has been found that La is overexpressed in numerous malignancies including
lung cancer, cervical, head and neck cancer as well as in chronic myelogenous leukemia (Sommer

and Heise, 2021).
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1.3.2. La-related proteins (LARPs)

La protein is considered as a genuine member of the La-related proteins (LARPs; La
termed LARP3 within LARPs), an evolutionary and structurally conserved superfamily of
eukaryotic RNA binding proteins, which exhibit important function in RNA metabolism. This
superfamily is classified into five family members, the genuine La or LARP3 and four LARPs
including LARP1, LARP4, LARP6 and LARP7 (Figure 1.10). All LARPs consisted of a common
architectural feature, La motif (LAM) following by an RNA recognition Motif (RRM) or RRM-like
motif, both these two motifs are known as ‘La Module’. An evolutionary analysis concerning the
presence of LAM-containing proteins, from sequenced genomes of 83 eukaryotic species shown
that these proteins are absent from archaea and present in all eukaryotes (with exception of
protists from the Plasmodium genus), suggesting that the LAM is an ancestral motif (Bousquet-

Antonelli and Deragon, 2009).

La or LARP
family member
hLa
Metazon 7SK snRNA
PLARPT . ... I U N U o U3 OH ___ Nudeus
5'TOP Oytoplasm
OGN [ LaM J7RRM.s [ioMis ] poly(A) mRNA
5’ SL colal
(WU LoV [-RRM.s N [ESA
(RGN LaM | REM. EE RIR | AU-rich mRNA
hARP4 [ HEVEEEY® | PBM RIR| | poly(A) mRNA
poly(A)

Figure 1.10 Schematic representation La-related protein superfamily (LARPs) in human. LAM and RRM
motifs consist common structural elements of all proteins. The three-dimensional structures of La module
and RRM2a are shown (PDBs 2VOD kat 10WX, respectively). N: nuclear localization sequence, E: nuclear
export sequence, R: nuclear retention element, S: Serine-366, SBM short basic motif, DM15: sequence
responsible for binding to 7mGpppC-cap-5'TOP, RRM2a: RNA Recognition Motif 2, PAM2: poly(A)-binding
protein interaction motif-2, LSA: LaM and S1-associated motif which contribute to mRNA recognition,
PBM, poly(A)-binding protein interaction protein motif; RIR, RACK1-interaction region. EI4L in LARP1 refers
to elF4-like region. Adapted from Maraia et al., 2017
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Although LARPs have been not extensively characterized, they have several important
modulatory cellular roles in transcription and/or translation and contribute to various diseases,
including cancer (Stavraka and Blagden, 2015). The most closely related to genuine La is LARP7
which functions to specific transcript, the 7SK snRNA by binding, in a sequence specific manner
to the UUU-3'OH end (Maraia et al., 2017; Hasler et al., 2021). Meanwhile, other LARPs (LARP1,
LARP4, and LARP6) vary in both structure and function as they predominantly involved in various
aspects of mRNA stability and translation. LARP1 and LARP4 are involved in mRNA stability while
LARP6 associates with collagen mRNAs. Emerging evidence reveal that all LARPs dysregulated in
cancer, however how they contribute to cancer pathobiology is still elusive.(Zhang and

Stefanovic, 2016; Maraia et al., 2017; Egiz et al., 2019).
1.3.3. Architecture overview of genuine La in eukaryotes

Except for its characterization in homo sapiens, La has been also described in a variety of
eukaryotic organisms including M. Musculus, X. laevis, D. melanogaster, S. pombe, S. cerevisiae
kaL T. brucei (Scherly et al., 1993; Topfer et al., 1993; Yoo and Wolin, 1994; Lin-Marg and Clarkson,
1995; Van Horn et al., 1997; Westermann and Weber, 2000). In these organisms, two major
evolutionary types of La structural organization exist, the N-terminal domain (NTD) which is
highly conserved amongst eukaryotes and the C-terminal domain (CTD). In yeasts, La is smaller
in size (32 kDa in Saccharomyces cerevisiae) and includes the characteristic N-terminal La motif
(LAM; a winged-helix fold) followed by a short linker and an RNA recognition motif (RRM1), while
in slime mold (Dictyostelium discoideum) as well as in human, La is longer and includes the
conserved La module (La motif-RRM1) connected through an extended and very flexible linker
with the remaining C-terminal half (Wolin and Cedervall, 2002; Apostolidi et al., 2014). The latter
includes a second RRM motif (RRM2), a short stretch of basic amino acids (SBM) which is
potentially responsible for the recognition of 5’ triphosphate terminus of pre-tRNAs and two
localization signal motifs, a nuclear retention element (NRE) and a nuclear localization signal
(NLS) (Jacks et al., 2003) (Figure 1.11). The RRM2 motif has been found to be mediated in non-

specific binding of structured RNAs, and recent NMR studies showed that it could be involved in
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binding of La to a Hepatitis C IRES (Internal Ribosome Entry Site), an observation that has been

verified also for other IRESs (Brown et al., 2016).

H. sapiens La

D. melanogaster La 390 aa
C. elegans CA4EA.4 395 aa
S. pombe Slal 298 aa
S. cerevisiae Lhp1p :—:l_l—\ 275 aa
T. Bruceila 3352a
D. discoideum La 354 aa

Figure 1.11. Schematic representation of genuine La orthologs. Homologs of La from human, D.
melanogaster, Caenorhabditis elegans, S.pombe, S.cerevisiae, T.brucei and D. discoideum. All
proteins contain a highly conserved NTD which includes the LAM and RRM1. The CTD is less
conserved domain and is consisted of RRM2, a short stretch of basic amino acids (SBM), a nuclear
retention element (NRE) and a nuclear localization signal (NLS). Adapted from Wolin & Cedervall,
2002.

The La and RRM1 motifs

The NTD structural domain of La includes the LAM and the RRM1 motif composed by 70 and
80 amino acids, respectively. The highly conserved domain, LAM, adopts a winged-helix fold
containing three additional a-helix: al’, a2 and a4 which form a hydrophobic pocket responsible
for RNA binding. Within this hydrophobic cavity are mediated interactions (stacking interactions,
H-bonds and electrostatic contacts) through the six residues: Q20, Y23, Y24, D33, F35 and F55
(numbering from human La) and the UUU-3’-OH ligand (Figure 1.12). It is noteworthy that the six
residues are conserved in all LARPs with the exception of LARP4 and some plants in LaRP6
members (Dong et al., 2004). Among these residues, the D33 determines a 3'-OH-dependent
recognition mode and point mutations of this conserved residues results in a significant reduction

in La’s affinity for a 3'0OH. The RRM1 consists one of the most common domains within eukaryotes
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known to bind single-stranded RNA molecules. It adopts a typical Blalpf2B3a2B4 topology (B:
beta-sheet, a: alpha-helix), followed by a short a3 helix. More specific, the highly conserved and
basic charged residues between B2 and B3 (loop 3) sheets have been shown to be responsible
for interactions with pre-tRNAs (Alfano et al., 2004; Maris et al., 2005; Teplova et al., 2006;
Bayfield et al., 2010; Naeeni et al., 2012).

wing2  |nterdomain
linker

RREM1

. v24 - '
Linker S Y23 N13g

Figure 1.12. Structural organization of La Module (La motif and RRM1) of hLa in complex with UUU 3’OH
RNA (PDB 2VOS) and a schematic V-shaped model. La motif (yellow color) acts synergistically with RRM1
(brown color) to bind the RNA which is shown as sticks (left) and a close-up view of hydrophobic cavity of
LAM showing the residues that participates with RNA interaction (right) Adapted from Maraia et al., 2017.

LaM and RRM1 are linked with a flexible linker and move independently of each other in the
absence of RNA while in the presence of RNA, the linker adopts a helical conformation assisting
the correct positioning of both domains in order to act as a single functional group (Maraia et al.,
2017). Actually, LAM:RRM1 folds around RNA polymerase Il transcripts containing the UUU-3'OH
feature, adopting a stable "V-shape" conformation (Figure 1.12). Structural characterization
experiments of the LAM-RRM1:RNA complex was shown that LAM is responsible for the
interactions with the terminal uridines of the RNA, while RRM1 participates in the binding
through a non-specific interactions with the phosphate backbone of RNA (Teplova et al., 2006).
More specific, a crystal structure of the hLa NTD with an 9nt-oligos RNA (UGCUGUUUUOH)
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disproved the theory that the conserved RRM1 was responsible for the UUU-3"OH recognition
and revealed that the hlLa does not use RRM1 for the specific recognition of the UUU-3'OH
sequence, but in order to create a cleft between the B-folded surface and the winged helix
structure, into which the specific RNA will be inserted (Teplova et al., 2006). Interestingly, it has
been proposed that LAM-RRM1 domain can bind mRNAs’ poly(A) tails, enhancing mRNA stability
or consolidate interactions with translation factors, an observation which seems also to be

conserved among LARPs (Bayfield et al., 2010; Vinayak et al., 2018).

The RRM2 motif

On the other hand, the CTD structural domain of La protein varies among organisms and is
less conserved. In mammals, this domain includes a second RRM, the RRM2 and some trafficking
elements which are discussed below (Introduction 1.4.5). It has been proposed that RRM2
existed early during evolution, as it is found in lower eukaryotes like D. discoideum (Apostolidi et
al., 2014; Argyriou et al., 2015). In human, RRM2 has a f1a1B2B3ap4pB4a3 topology and contains
an extra structural feature, a long a3 helix located over its B-sheet surface (Jacks et al., 2003).
Although the function and role of the LAM and RRM1 module has been deciphered to some
extent, the function of the RRM2 motif is still unclear. It has been proposed that RRM2 could be
involved in binding of La to a Hepatitis C IRES (Martino et al., 2012, Brown et al., 2016). An
additional study showed a possible role of a3 helix of RRM2 on the binding selectivity for various
RNA ligands. Notably, a single-stranded RNA ligand had higher affinity and close interactions with
the RRM2 domain while the a3 helix appeared destabilized. On the other hand, a hairpin RNA
ligand displayed lower affinity and fewer interactions in the RRM2 and at the same time a3 helix
changed its solvent accessibility, an observation similar to the behavior of RRM2-a3 helix of

hLARP7 protein (Brown et al., 2016).
1.3.4. Functions of La protein and its ligands

Since its early discovery as autoantigen, La has been studied as the first protein to associate
with the newly synthesized RNA polymerase Ill transcripts, contributing to their proper
maturation of its ligands (Wolin and Cedervall, 2002). The best-characterized ligands of La protein

are the pre-tRNA molecules. La recognizes the pre-tRNAs through binding of the UUU-3'OH
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trailers, stabilizing them and preventing their degradation by exonucleases (Figure 1.13) (Rinke
and Steitz, 1982; Stefano, 1984; Wolin and Cedervall, 2002). Experiments on Xenopus laevis, S.
cerevisae and Hela cell extracts verify the exonucleolytic degradation of transcripts in the
absence of La. The binding of La to the UUU-3’OH of RNA polymerase Il transcripts, protect them
from 3’ to 5’ decay by exonucleases such as Rex1p and the nuclear exosome (Copela et al., 2008).
Thus, La is required for the normal maturation pathway of pre-tRNAs. However, apart from
tRNAs, La also protects nascent RNAs that are transcribed by RNA polymerase Il, from 3’
exonucleases digestion. It was found that La binds both nascent spliceosomal (snRNAs) and
snoRNAs (small nucleolar RNAs) such as U1, U2, U3, U4 and U5 (Kufel et al., 2000; Xue, 2000). In
S. cerevisiae La is required for their assembly and its stabilization and during its absence, the
expression levels of nascent transcripts are reduced, or shortened transcripts are produced.
Moreover, in vertebrates, La has been reported bound to U1 (Madore et al., 1984).

In addition, La has been found that act as RNA chaperone through its conserved aromatic
residues of B2-B3-loop3 region of RRM1 (Bayfield and Maraia, 2009; Kuehnert et al., 2015). A
later study showed that both RRM1 and RRM2 is responsible for chaperone function. Also, the
chaperone activity has also been identified in all LARPs, although the structural basis of this

activity remains unclear (Naeeni et al., 2012).

Exonuclease

Figure 1.13. Schematic illustration of tRNA maturation in the presence of La protein. La is required for
the maturation and correct folding of pre-tRNAs.
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Beyond the folding and maturation of RNA pol Il transcripts, recent studies reveal that La
also recognizes non-UUU-3’OH RNA molecules and it participates in additional functions like viral
RNA stabilization, miRNA biogenesis and in promotion of IRES-dependent mRNA translation
(Stefano, 1984; Bayfield and Maraia, 2009; Martino et al., 2012; Liang et al., 2013; Vinayak et al.,
2018). Interestingly, La was found In HEK293 cells to bind specific miRNA molecules like pri-let-
7 miRNA via its LAM, followed by association with DGCR8, thus promoting miRNA processing
through the regulation of the Drosha-DGCR8 complex formation (Zheng et al., 2017). Moreover,
it has been recently found that La functions as gatekeeper to ensure the correct folding of tRNAs
and protect the miRNA pathway from potentially tRNA fragments (Figure 1.14) (Hasler and
Meister, 2016; Hasler et al., 2016). In the absence of La, some pre-tRNAs form stem-loop
structures due to misfolding, which are recognized by exportin-5. In turn, they are exported to
the cytoplasm, and they are loaded into the RISC complex, interfering with the miRNA pathway.
Thus, La uses the chaperone function to ensure the correct selection of RNAs in the correct

pathways (Figure 1.14) (Hasler et al., 2016).

PPP Intrinsic
N 2 OH alternative structures
primary transcript 5
RNA

folding

La release
L G Processing, mataton,
PP OH
P
RNase Z
CCA-additloV l

tRNA miRNA Functional RNA in Functional RNA in
pathway A pathway B

l chaperone
Guided I

Figure 1.14: (a) La acts as a 'gatekeeper’ for ensuring the correct processing of pre-tRNAs (left). Some pre-
tRNA fragments can escape and be processed by Dicer into miRNAs (right). (b) Model of RNA chaperone
function for correct pathway selection. Some transcripts could fold into alternative structures. The
misfolded RNA can then be processed and channeled into pathways with potentially harmful
consequences. RNA chaperones help RNAs to adopt the correct structure and ensuring the correct
pathway. Adapted from Hasler et al., 2016
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In addition, La has been identified in viral infections where it acts as an ITAF (internal trans-
acting factor) for specific mRNA viral or cellular. In vivo experiment for hepatitis C virus (HCV)
mMRNA showed that La binds to viral IRES promoting the IRES-mediated translation. More specific,
LAM and the RRM1 interact with the single-stranded region of the IRES element, while the RRM2
recognizes and binds the stem loop of the IRES. Similarly, La has the ability to bind additional viral
RNA molecules, including the adenovirus -VAl and VAII- RNAs, poliovirus, EpsteinBarr virus- EBERI
and EBER2-RNAs, Vesicular Stomatitis Virus (VSV), Respiratory Syncytial Virus (RSV),
parainfluenza or Rinderpest viruses, deadly rabies virus, dengue fever virus (DENV), Human
Immunodeficiency Virus (HIV), Hepatitis B virus (HBV) and Hepatitis C virus (HCV) (Lerner et al.,
1981; Kurilla and Keene, 1983; Kurilla et al., 1984; Chang et al., 1994; Ali et al., 2000; Maraia et
al., 2017). Recently, a study revealed the participation of La and the tRFs in regulation of viral
gene expression. More specific, La binds to tRF-1, is required for their production and increases
their levels upon ectopic expression. These trailer-derived tRNA fragments compete with viral
IRES for La-binding, thus inhibiting viral RNA translation (Cho et al., 2019).

Moreover, La also binds to cellular mRNAs containing IRES, or 5° TOP motif (5' terminal
oligopyrimidines) or poly-A tails. For example, it binds directly in uOFRs of mdm2 (mouse double
minute 2) enhancing its translation (Trotta et al., 2003). Additionally, the XIAP (X-linked inhibitor
of apoptosis protein), NRF2 (nuclear factor erythroid-2 related factor 2), RRBP1 (ribosome
binding protein 1), BiP (binding immunoglobulin protein), CCND1 (Cyclin D1), Laminin B1, and
BCL2 (an apoptotic regulator) are some of the IRES-containing mRNAs bound with La (Holcik and
Korneluk, 2000; Kim, 2001; Sommer et al., 2011a; Petz et al., 2012b; Zhang et al., 2012; Gao et
al.,, 2016; Heise et al., 2016, 2; Govaere et al., 2017). Of note, La recognizes the stem-loop
structures of IRES and uses its chaperone activity to unwind and reconfigure these structures in
order to attract ribosomes enhancing the IRES-mediated translation of these transcripts
(Kuehnert et al., 2015). Even more interesting is the observation that La can act as mediator in
mMRNA stability or consolidator of interactions with translation factors and ribosomes and, it has
been suggested that under different conditions, La exhibits either sequence-specific or non-
specific RNA binding modes, depending on the participating motifs or domains (Bayfield et al.,

2021, Vinayak et al., 2018).
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1.3.5. Localization and post-translational modifications of La

Apart from its characteristic structural domains, La contains elements that control its
intracellular distribution and localization and consist of a nuclear localization sequence (NLS), a
nuclear retention element (NRE) (Intine et al., 2002; Bayfield et al., 2007) and a nucleolar
localization signal (NoLS) which are responsible for its nuclear-cytoplasmic shuttling (Figure 1.15)
(Horke et al., 2004; Intine et al., 2004). La also contains an unstructured region (between 328-
344 residues) known as the short basic motif (SBM) whose function is unclear (Fan et al., 1997).
In vitro and in vivo studies have proposed the participation of SBM in the RNA processing as well
as in chaperone activity, however its structural basis remains obscure. Moreover, La has a
potential caspase cleavage site at D374 which is cleaved by caspase 3 (Ayukawa et al., 2000) and
also a potential dimerization domain (between 293 to 348 amino acids) that although it has not
been well-established it is considered that is essential for enhancing translation (Craig et al.,
1997).

Although, La is mainly found in the nucleus, its subcellular mobility and localization elsewhere
seems to be modulated by post-translational modifications or induced upon cellular stress or
viral infection. La is able to shuttle between the nucleoli or cytoplasm where it binds different
RNA ligands or interacts with other proteins. It is known that La undergoes post-transcriptional
modifications regulating its stability, its expression or its function. Some of the modifications
include phosphorylation, sumoylation, ubiquitylation, methylation acetylation (Figure 1.15)
(Sommer and Heise, 2021). La has multiple phosphorylation sites like Thr-302, Ser-325, Thr-362,
Ser-366, and Thr-389 and some of them determine its subcellular localization. In mammalian La,
the most abundant phosphorylation site (~80%) is that of S366 by casein kinase Il (CKII) (Schwartz
et al., 2004). La phosphoSer-366 isoform is localized predominantly in the nucleus of eukaryotic
cell while, the non-phosphorylated La can shuttle to the nucleoli of Hela cells, is associated with
nucleolin and is probably involved in rRNA biogenesis and initial processing steps of pre-tRNAs

(Horke et al., 2004).
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Figure 1.15. Schematic representation of architecture of La and its modification site. La is modulated by
post-translational modifications like sumoylation S: SUMO-acceptor site, P1:CK2 phosphorylation site, P2:
AKT phosphorylation site (up) and other modification like acetylation, methylation, ubiquitylation (down).
Adapted from Sommer et al., 2021

In addition, non-phosphorylated La could also transiently shuttle to the cytoplasm to bind
the 5'-terminal oligopyrimidine tracts (TOP) mRNAs during translation (Intine et al., 2004;
Schwartz et al., 2004). Another important phosphorylation by AKT kinase refers to residues T389
and T301 in hLa and mLa, respectively. In human, this modification affect the binding of La to
IRES element of cyclin D1 mRNA (Kuehnert et al., 2015), while in murine glial cells, the AKT-
mediated phosphorylation of La could be linked to translation deregulation events. More specific,
La shuttles to the cytoplasm where it is associated with polysomes and regulates the expression
of specific mRNAs (Brenet et al., 2009). In addition, it has been found that the sumoylation of La
could regulate its transport within the axonal compartment. Sumoylation of LAM, results in La
export to sensory axons, while sumoylation within the linker between RRM1 and RRM2 motifs

increases its binding to TOP mRNAs (van Niekerk et al., 2007). Although proteomic studies have
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identified a number of post-transcriptional modifications in La, only the above have been well-
characterized.

Moreover, shuttling of La to the cytoplasm has been observed after viral infection. Based on
findings in poliovirus, it was suggested that La is cleaved by viral-encoded protease removing the
NLS in the C-terminus. It is believed that cytoplasmic La binds to 5’-ppp termini and 3’ U-rich tails
of short noncoding leader transcripts facilitating the viral replication. Along the way, studies on
La protein shown that La uses its chaperone activity to promote viral IRES-mediated translation
(Maraia et al., 2017). Similarly, La protein becomes cytoplasmic during cellular stress like
apoptosis of mammalian cells. During apoptosis, in human leukemic cells (HL-60), La is cleaved
by caspase-3 at specific residue (D374) producing a 43-kDa truncated isoform without NLS, which
is localized in the cytoplasm (Ayukawa et al., 2000). In addition, H.O;-induced oxidative stress or

serum-starvation also have suggested the cytoplasmic distribution of La (discussed below).
1.3.6. La and cellular stress

To date, numerous studies have demonstrated the role of La under different cellular stress
conditions or signals like apoptosis, oxidative stress, serum starvation or UV-irradiation. Early
studies have suggested the nucleo-cytoplasmic shuttling of La after UV-irradiation in human
keratinocytes where it co-localized with the epidermal growth factor (EGF) (Bachmann et al.,
1990). Later studies indicated that La is transported into the cytoplasm participating in IRES-
mediated translation. So far, the IRES-containing identified mRNAs include the X-linked inhibitor
of apoptosis protein (XIAP), the nuclear factor erythroid-2 related factor 2 (NrF2), the ribosome
binding protein 1 (RRBP1), and the binding immunoglobulin protein (BiP) (Holcik and Korneluk,
2000; Kim, 2001; Zhang et al., 2012, 2; Gao et al., 2016). The X-linked inhibitor of apoptosis
consists one of the regulators of apoptosis as it inhibits caspase activities. The XIAP was the first
identified cellular mRNAs found to interact with La protein. Using in vivo and in vitro experiments,
in Hela cells, under serum deprivation and radiation-induced apoptosis, it has been found that
La binds to 5 UTR of the XIAP IRES to enhance the IRES-mediated translation. Interestingly, that
particular study characterized La as a subunit of XIAP RNP complex demonstrating that La can

potentially modulate the expression levels of XIAP (Holcik and Korneluk, 2000).
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In addition, in Hela cells treated with H,0,, La is accumulated in the cytoplasm and binds
directly to the IRES of Nrf2, an important transcription factor that controls the expression of
antioxidant genes. Immunofluorescence staining of Hela cells displayed a rapid export of La to
the cytoplasm (in 10 min) and La was found in isolated ribosomal fractions, an observation which
suggests interaction of La with ribosomal proteins in response to oxidative stress (Zhang et al.,
2012). Similarly, in the hepatocellular carcinoma cell line Huh7 after transient transfection with
plasmid containing the HCV IRES and upon oxidative stress, La was also observed to translocate
to the cytoplasm (Chan, 2016). Finally, although oxidative stress almost certainly induces La
driven cap-independent translation of the HCV IRES further experimentation could reveal the
exact mechanism through which La is recruited to IRES upon oxidative stress and viral infection.

Serum starvation is also a signal that affects cellular distribution of La. In both human
embryonic kidney (HEK293T) and human hepatocellular carcinoma (Bel7402) cells after serum
starvation (7.5% and 5% instead of the optimal 10%) the percentage of nuclear/cytoplasmic La
changes according to the amount of FBS. More specifically, cytoplasmic La was significantly
increased in cells growing at 5% FBS instead of 7.5%, suggesting that the reduction serum-
starvation induces the translocation of the La protein from the nucleus to the cytoplasm.
Moreover, it was shown that the serum starvation resulted in association of La with the RRBP1,
an endoplasmic reticulum (ER) membrane protein involved in ribosome binding and translocation
of nascent proteins, particularly across the rough ER. Thus, it was proposed that La is a positive
activator of the RRBP1 IRES in vivo, under serum starvation conditions (Gao et al., 2016).

Regarding the ER membrane proteins, the BiP is also considered a ligand of La protein. BiP,
also known as glucose-regulated protein 78 (GRP78), participates in unfolded protein response
(UPR) through binding to misfolded or unfolded proteins that accumulate in the ER (Bravo et al.,
2013). Since 2001, it has been mapped the binding site of La in BiP 5’-UTR between 115-207nt of
IRES and it has been found that La enhances BiP IRES-dependent translation (Kim, 2001). Latter
studies, in human salivary gland (HSG) cells, indicate that ER stress-induced apoptosis induces
the cytoplasmic accumulation of La on the surface of apoptotic cells, in blebs budding from the
membrane and on apoptotic bodies where it binds the BiP mRNA (Katsiougiannis et al., 2015). In

addition, the association of La with BiP  mRNA has also been reported during human
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cytomegalovirus (HMCV) infection. Some viruses including the HCMV, uses the mechanisms of
host cells in order to promote their own replication for example, virus use the translational
machinery or ER chaperone activities of hosts. HCMV induces ER stress and modulate the UPR of
infected cells, activating the BiP. As a results, HCMV-infected cells show enhanced BiP IRES
activation and elevated levels of La, whereas, in La knockdown experiments both downregulation

of BiP IRES activity and BiP protein levels was observed (Buchkovich et al., 2010).
1.3.7. Expression of La in cancer

An intriguing aspect of La protein is its aberrant expression in numerous cancers, including
lung cancer, squamous cancer of the head and neck, cervical cancer, hepatocellular carcinoma
(HCC) but also in chronic myelogenous leukemia (CML) and its expression is also induced by DNA-
damaging drugs. In lung cancer, overexpression of La (>2-fold) has been correlated with poor
survival rates among patients (Al-Ejeh et al., 2007). Although the exact role of this aberrant
expression is under investigation several reports implicate La in the translation of selective
MRNAs encoding tumor-promoting and anti-apoptotic factors, including BCL2, CCND1, Laminin
B1, MDM2. As described above, La can facilitate the IRES-mediated translation initiation of
specific transcripts to promote cell proliferation, migration and the invasiveness of cancer cells
(Trotta et al., 2003; Sommer et al., 2011a; Petz et al., 2012b, 2012a; Heise et al., 2016, 2; Govaere
et al., 2017).

In a BCR/ABL-expressing myeloid precursor cell line, it has been found that La increases the
expression of MDM2, a p53-negative regulator, through binding on a conserved sequence of its
5’ UTR (Trotta et al., 2003). Thus, it was suggested that La enhances the resistance of cells to
apoptosis via indirectly modulation of the tumor suppressor p53 expression levels. Similar
findings also observed in patients with JAK2-mutated myeloproliferative neoplasms (Nakatake et
al., 2012). In addition, a possible involvement of La in carcinogenesis has been correlated through
its phosphorylation at T389 by the AKT kinase, which is often affected in many cancers. It was
suggested that La uses its RNA chaperone activity to directly bind the IRES structure of the CCND1
mRNA stimulating its IRES-dependent translation. In contrast, the chaperone function of La is

inhibited by T389 phosphorylation by AKT1 suggesting that both the phosphorylation and the
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ability of La to act as an RNA chaperone are critical to promote IRES driven translation of the
CCND1 mRNA (Kuehnert et al., 2015). In addition, binding of La to proto-oncogene CCND1 has
been also observed in cervical and prostate cancer cell lines (Sommer et al., 2011a,1). Moreover,
aberrant expression of La was observed in squamous cancers of the head and neck where findings
reveal that La drives migration and invasion (Sommer et al., 2011b). In vitro experiments showed
that upon hlLa depletion, cell proliferation, motility and invasiveness are reduced, followed by a
downregulation of tumor promoting factors like B-catenin and matrix metalloproteinase 2
(MMP-2). Interestingly, further studies in head and neck squamous cell carcinoma indicate that
depletion of La increases the sensitivity of cells to cisplatin and contributes to resistance by
stimulating the translation of the anti-apoptotic factor Bcl2 (Heise et al., 2016). Finally, hLa has
also been implicated in n hepatocellular cancer cells where it drives the epithelial to
mesenchymal transition (EMT) through expression of the IRES-mediated target Laminin B1 (Petz

et al., 2012b; Govaere et al., 2017).
1.4.RNase P (Ribonuclease P)

1.4.1. Function of RNase P and holoenzyme composition

RNase P is a multiple turnover enzyme responsible for the first and more important step of
tRNA biogenesis, the correct formation of the 5’ end of tRNAs. It hydrolyzes a phosphodiester
bond in the pre-tRNA transcript by a single and accurate cleavage adjacent to the first base-pair
of the acceptor stem, generating the 5’-mature tRNA and the 5’ leader RNA fragment (Figure

1.16).
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Figure 1.16. RNase P cleaves pre-tRNA generating a 5’-phosphate group and a 3’ -OH.
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This ribozyme has been characterized as “molecular ruler” as it reliant on distance
measurement for the tRNA recognition rather than a sequence-specific manner. More
specifically, RNase P recognizes 12bp between the T-loop of pre-tRNA and the cleavage site, a
universally conserved feature of all tRNAs (Wu et al., 2018). Moreover, for the catalysis, RNase P
requires divalent metal ions on the active site, such as magnesium (Mg2+), which play important
role in the non-specific charge neutralization, as well as in the enhancement of stabilization the
structure of pre-tRNA (Reiter et al., 2010).

Knowledge of detailed RNase P substrates specificity were enriched by analyses regarding the
processing additional substrates, apart from tRNAs. Thus, it has been found that RNase P has the
ability to cleave multiple substrates like such as the 4.55 RNA (in E. coli) and long non-coding RNAs
(IncRNAs), such as MALAT1 and MEN-b/NEAT1, which represent two striking examples of IncRNAs
which contain a tRNA lookalike structure that is recognized and be processed by RNase P (Peck-
Miller and Altman, 1991; Sunwoo et al., 2008; Wilusz et al., 2008). Interestingly, the holoenzyme
has been widely studied and isolated from organisms representing the three domains of life
(Bacteria, Archaea, Eukarya) with the exception of Nanoarchaeum equitans due to the fact that
in this organism the tRNA genes are transcribed without the 5’ leader sequence (Randau et al.,
2005). RNase P was first characterized almost 40 years ago in E. coli, and in bacteria consists of a
single RNA subunit (M1 RNA, 350-400 nucleotides, 110-125 kDa) and a single protein (C5, 110
amino acids, 13 kDa) (Guerrier-Takada et al., 1983). However, as we move up the evolutionary
ladder, RNase P exhibits a remarkable variability of its composition. The archaeal holoenzyme
contains one RNA and five protein subunits while the human holoenzyme is more proteinaceous
and includes an RNA (RPPH1) and ten proteins subunits (Table 1.1) (Wu et al., 2018). During a
long period of studies on RNase P, distinct 5’ end repair activities have been also identified in
organelles like chloroplasts and mitochondria. Intriguingly, it has been found that in these
organelles RNase P activity is independent from a catalytic RNA subunit. In fact, for the 5’
maturation of organellar tRNAs, a protein-only RNase P is responsible, an observation which
raises questions on the evolutionary origin of this particular enzyme. As a result, two different
RNase P holoenzymes can be detected in eukaryotes which act separately; one in the nucleus

(nuclear RNase P) and a distinct one in mitochondria known as protein-only RNase P (mtRNase P)
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which is composed by three protein subunits (MRPP1, MRPP2, MRPP3) (Holzmann et al., 2008;

Walker and Engelke, 2008).

Table 1.1: RNase P subunits across the domains of life.

Introduction

RNase P Bacterial Archaeal Yeast (Nuclear) Human (Nuclear)
RNA M1 RNA or P
RPR RPR1 RPPH1
subunit RNA (~400nt)
Protein RnpA/ .
Subunits* C5/ P protein
(~13 kDa)

POPS5 (~14 kDa)
RPP29 (~15 kDa)
RPP30 (~25 kDa)
RPP21 (~15 kDa)
L7Ae/RPP38 (~13 kDa)

POPS5 (~19 kDa)
POP4 (~33 kDa)
RPP1 (~32 kDa)
RPR2 (~16 kDa)
POP3 (~23 kDa)
POP1 (~100 kDa)
POP6 (~18 kDa)
POP7 (~16 kDa)

POPS5 (~19 kDa)
RPP29 (~25 kDa)
RPP30 (~29 kDa)
RPP21 (~18 kDa)
RPP38 (~32 kDa)
POP1 (~115 kDa)
RPP20 (~16 kDa)
RPP25 (~21 kDa)

RPP14 (~14 kDa)
RPP40 (~35 kDa)
POPS8 (~15.5 kDa)

* Proteins within the same row share sequence homology

1.4.2. Comparison of the evolution structure of the RNA subunits

Reports on RNase P over the years, have led to its characterization as a ribonucleoprotein
complex with the RNA moiety being the catalytic subunit. Structural studies on RNase P RNAs
(RPRs), from almost all organisms reveal similarities at the primary and the secondary structure,
highlighting the presence of a universally conserved catalytic core in all enzymes. More specific,
the RPRs is composed of two independently folding domains, the catalytic domain (C-domain)
and the specificity domain (S-domain), which together cooperate to generate a functional tertiary
structure (Figure 1.17). The C-domain is responsible for cleavage and recognizes the acceptor
stem and the 3’ CCA of pre-tRNA while the S-domain interacts with the T-loop of pre-tRNAs and
is responsible for stabilization of substrate (Phan et al., 2021). Moreover, the RNA structural core
includes five universally conserved regions (CR-1, CR-II, CR-lIl, CR-IV, CR-V), several coaxial stems
(P; Paired region) and several internal loops (L). The CR-Il and CR-Ill consists part of the S domain

while in the CR-l, CR-IV belong to the C-domain. In addition, the coaxial stems of P2-P3, P1-P4
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and P8-P9 represent conserved feature in all RPRs, with the P4 pseudoknot and surrounding
joining regions to be the active site of the enzymes as the P4 helix is binding site of divalent metal

ion (Figure 1.17) (Wu et al., 2018).

C domain *

3!

Ply 2
C domain | S domain

Bacteria Archaea Eukarya

Figure 1.17. A structural evolutionary model of RNase P from bacteria to Eukarya (up) and secondary
structure of RNase P RNAs in combination with protein subunits from all three kingdoms of life (down).
Adapted from Wu et al., 2018.

During the evolution, from bacteria to archaea and eukaryotes, albeit the RPRs maintained
their catalytic function, they lost some distinct RNA elements which are replaced by proteins, but
also, they exhibited a remarkable slow turnover rate of cleavage. From bacteria to archaea, the
ribozyme retained the majority of the RNA elements, especially in C- domain but lost some paired
region (P13-P14) in the S- domain, which stabilizes the distance between the two tRNA-binding
anchors in bacterial RNase Ps (Reiter et al., 2010; Wu et al., 2018; Wan et al., 2019; Phan et al.,
2021). These regions were replaced by the RPP21 and RPP29 heterodimer. In addition, the P12
stem of bacterial RNA component evolved into a double-L-shaped structure with a K-turn that is

recognized by the acquired protein RPP38 in archaeal RNase P. In contrast, from archaea to
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eukaryotes, the C-domain has lost two major RNA elements. Firstly, the loop L15 that is essential
for pre-tRNA recognition in bacterial RNase P and stems P5-P6-P15 of archaeal RNP, was
compensated by a N-terminal highly basic motif of a POP1 protein and secondly, the P3 stem has
more complex structure in eukaryotes which was interrupted by two internal single-stranded
loops that are recognized by a co-evolved protein heterodimer RPP20-RPP25 (Wu et al., 2018)
(Figure 1.17).

Finally, an important difference between bacterial and archaeal/eukaryotic RNase P is the
RNA layers configuration. In bacteria, the RNA folds into a compact and double-layered
configuration while an extended and single-layered conformation of RNA is present in archaea
and eukaryotes as the second layer (which contains the P13, P14, P18, L14 and L18) has
completely missed (Figure 1.18). The absent of this layer may explain the slower turnover rates
of the RNA. Despite overall changes, the RNA-based catalysis of RNase Ps enzymes is ensured by

RPPs in all domains of life, hold up the RNase P to be a relic of the RNA world (Phan et al., 2021).
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Figure 1.18: Structure of RNase P RNA subunit showing the RNA layers configuration difference between
the different organisms across the three domains of life. Adapted from Phan et al., 2021.

1.4.3. Bacterial RNase P

In prokaryotes, RNase P is a complex of an RNA subunit (300-400nt) one small protein subunit
(14kDa). The bacterial RNase P RNA subunit (RPR) was one of the first catalytic RNAs identified
and the first found to act as a multiple turnover enzyme in vivo (Krasilnikov et al., 2003). The
sequence and the secondary structure of RPRs can vary among prokaryotes thus they are
classified into two major subtypes, the type A (ancestral) which consists of the most common

type among bacteria, and the type B (from Bacillus) which are present in gram positive bacteria
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(Phan et al., 2021). In some Chloroflexi, a hybrid of types A and B, named type C, has been found
however, structural variation in this group has not been investigated. Comparative structural
study on both major P RNA types reveal the existence of a common structural core within a

somewhat different scaffold (Figure1.19).
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Figure 1.19: Secondary structure of bacterial RPRs subtypes among prokaryotes. Adapted from
Phan et al., 2021.

The main differences between type A and type B P RNA are the presence of P16, P17 and P6
and the lack of P5.1, P10.1, P15.1 and P15.2 in type A. Although, some RNA elements are absent,
both structures are quite similar in region involved in the catalytic function and in substrate
recognition Figure 1.19) (Torres-Larios et al., 2005). Despite the variations presented in RPRs, the
bacterial RNase P Protein (RPP) is highly conserved among prokaryotes (Tsai et al., 2003).
Although, it consists of 10% by mass of holoenzyme, is essential for in vivo catalysis (Guerrier-
Takada et al., 1983). It has been also found that the sole protein plays important role either in
substrate recognition, either in cleavage rate or in the stabilization of the tertiary structure of the
RNA subunit (Jarrous and Gopalan, 2010). It should be noted that the crystal structure of
holoenzyme, from a thermophile bacterium T. maritima, verifies important interactions between
the protein component and the pre-tRNA as it has been found that the protein subunit can
facilitate the processing of CCA-less tRNAs (Guerrier-Takada et al., 1984). Interestingly, almost 10
years ago, the publication of the bacterial crystal structure of RNase P, in complex with tRNA,

highlighted the general catalytic mechanism of ribozyme as well as the binding mode of pre-tRNA
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(Reiter et al., 2010). In the study, the pre-tRNAP"® was used as the substrate for structure
determination, however, only the mature tRNA was detected in the crystals due to it being
cleaved by RNase P. Thus, to detect the interactions of the 5’ leader the crystals were soaked with
a short oligoribonucleotide. The structure showed that the 5’ leader interacts with the protein
component at the 5’ end and nucleotides -1 to -3, at the 3’ of the leader, interact with the P-RNA
(Figure 1.20). Also, the protein interacts with the CR-IV and CR-V regions, the P15 stem, and the
P2/P3 helix. Deciphering the interactions of the bacterial holoenzyme with tRNA, it should be
noted that the crystal structure agree with previous biochemical studies, according to that the P
RNA and tRNAs interact via stacking bases of the CR-Il, CR-lll and P11 helix with the T-loop and D-
loop (G/U19 and C56, respectively), with an A-minor interaction between P4, the acceptor stem

and finally via the formation of canonical base pairs at the 3' CCA with the L15 (Reiter et al., 2010).

Figure 1.20: Crystal structure of bacterial RNase P holoenzyme in present of tRNA (left) and a
surface representation of the protein component with 5’ leader of pre-tRNA molecule (purple;
right). Adapted from Reiter et al., 2010.

It is noteworthy to mention that several studies indicate that bacterial RNase P has been
found to be targeted by antibiotics like puromycin, aminoglycosides or macrolides suggesting

that it could serve as a molecular target for drugs against pathogens (Toumpeki et al., 2008).
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1.4.4. Archaeal RNase P

Although bacterial RNase P holoenzyme consists of a single RNA subunit and one protein,
archaeal RNase P is more complex ribonucleoprotein which is consisted of one RNA (RPR) and
five protein subunits (POP5, RPP21, RPP29 RPP30 and L7Ae/RPP38) (Hall and Brown, 2002;
Esakova and Krasilnikov, 2010; Jarrous and Gopalan, 2010). Based on secondary structure, three
types of RPRs are found in archaea, the A-type (very similar to the bacterial RPR), the M-type and
the P or T-type. Of these A-type and M-type exhibit endoribonuclease activity in vitro, with the
difference that only the type A shows activity itself under high salt conditions while type M
requires the presence of the protein (Figure 1.21). The type P, albeit is more extreme case, it
shows itself in vitro activity. Among the three types of RNAs, we notice the small differences: the
type A lacks P13, P14 and P18, the type M (from Methanococcales), expect from P13, P14 and
P18, it also lacks P6, P16, P17 and P8 (is some cases) (Phan et al., 2021). On the other hand, the
type P (from Pyrobaculum aeophilum) also refers as type T (from Thermoproteaceae) is very
similar with the type A but lacks the S- domain (Figure 1.21). This type might be an intermediate

form towards an organism lacking RNase P activity as is the case in N. equitans.
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Figure 1.21: Secondary structure of archaeal RPRs subtypes. Adapted from Phan et al.,2021.

Although several studies had deciphered the archaeal RNase P, the complete picture of the
holoenzyme has been described recently. The recently available Cryo-EM structure of the RNase

P from Methanocaldococcus jannaschii completed the picture of the RNase P RNP repertoire.
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Interestingly, the archaeal holoenzyme adopts a rigid dimeric conformation with two-form
symmetry, containing ten protein subunits and two catalytic RPRs (Wan et al., 2019). None of
these proteins are homologous with the sole bacterial protein, however, the structure of POP5
protein resembles the structure of its bacterial counterpart.

In the RNP, the protein subunits function as two complexes one (POP5-RPP30) 2
heterotetramer and two RPP29-RPP21-L7Ae heterotrimers forming a long decamer. The
structural analysis of the holoenzyme confirmed previous footprinting and kinetic studies that
had showed that RPP21 and RPP29 (or Pop4) interact with S-domain and confer substrate affinity
while the POP5 together with RPP30 bind to C-domain and enhance the catalytic activity (Figure
1.22 a and b). Moreover, the L7Ae/RPP38 protein binds the k turn motif in S-domain and it has
been found that increases the optimal reaction temperature and kcat/Km (by ~360-fold) for pre-

tRNA cleavage (Cho et al., 2010).
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Figure 1.22: (a) Secondary structure of RPR from Methanocaldococcus jannaschii (b) the decamer
conformation in complex with tRNA (c) protein subunits contact in archaeal RNase P. The RNA subunit is
depicted in surface presentations while the proteins as cartoon. Adapted from Wan et al., 2019.

The archaeal RNase P-tRNA interactions presented in the Cryo-EM are very similar to that of
bacteria as it still maintains the double RNA-based anchors for substrate binding with the
difference that a complicated protein complex is necessary for the stabilization mechanism of

the anchors. In fact, the three-nucleotide linker located between the P5 and P15 of the C-domain
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interact with the acceptor stem of tRNA while the CR-Il and CR-IIl of the S-domain directly interact
with T and D loop of the pre-tRNA. In this mechanism, important role plays the protein POP5
which contributes to tRNA binding, stabilizing the CR-1V region similar to bacterial RPP-RPR CR-1V
interaction and the RPP21 protein which directly interacts with the S domain that engaged T-
loops and the pre-tRNA elbow (Figure 1.22c). It is noteworthy mentioned that, the equivalent
sequence of the bacterial RPR that interacts with the CCA of the tRNA is dispensable in
M.jannaschii possibly because this organism encodes CCA-less tRNAs and this tRNA recognition
element was lost during evolution since the CCA trinucleotide is added post-transcriptionally
after the 5’ end processing has occurred. This observation is in agreement with the finding in the
structure of human RNase P where it does not interact with the 3’ end and also does not have a

CCA recognition element on its RNA (Wan et al., 2019).
1.4.5. Eukaryotic RNase P

Nuclear RNase P has been isolated from both yeast and human but also has been detected
from a wide range of eukaryote. In all eukaryotes, RNase P holoenzyme is more proteinaceous
and includes one essential catalytic RNA subunit (smaller than its bacterial counterpart) and nine
to eleven protein subunits. In yeast, RNase P is consisted of RNA component (RPR1 RNA) and nine
additional protein subunits while in human, is consisted of RNA component (RPPH1 RNA) and
eleven additional protein subunits (Shaukat et al.,, 2021). The RNA subunit from eukaryotes
retains their catalytic core, however it is observed a variable P19 stem and the absence of P15
stem. Phylogenetic analysis showed that P15 stem present in most fungal lineages but not
generally found in other eukaryotes thus, its absence results the stretching of the P19 hairpin.
Similarly, it happens between the different types of bacterial and archaeal RNA subunit. On the
other hand, in S- domain, it is present differences between the P8 and P12 stems. An additional
P8 stem, termed as P8 or eP8 (eukaryal P8) exist in S. cerevisae whose exact role has not
determined yet. Moreover, except for yeast the majority of eukaryotes, has a larger P12 stem
including the conserved structural motif within their P12 stems, the k-turn (Figure 1.23).
Interestingly, reconstitution of yeast RNase P was performed by complexing RPR to RPP20-RPP25,
followed by addition of POP1, RPP14-POP5-RPP30, and RPP29. In yeast, depletion of each protein
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subunit, with exception of Pop3p/Ppp38, could lead to decrease in expression of mature RPR1

RNA possibly due to destabilization and impairment of maturation process of RNA (Xiao et al.,
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Figure 1.23: Secondary structure of eukaryotic RNase P RNA subunit from S. cerevisae (left) and
human (right). Adapted from Phan et al., 2021.

In human, RNase P is consisted of one catalytic RNA subunit (RPPH1) and several proteins
subunits (RPP14, POP5, RPP20, RPP21, RPP25, RPP29, two copies of RPP30, RPP38, RPP40, and
POP1). In the absence of protein components, the RPPH1 exhibits a weak endonucleolytic activity
compared with its bacterial counterparts (Mann et al., 2003). Besides the essential catalytic RNA
subunit which are transcribed by RNA polymerase Il or lll, two more putative pseudogenes have
been detected to encode RNase P RNA subunits of smaller size (RPPH1-2P and RPPH1-3P). Similar
genes were found differentially expressed in various murine tissues, raising more questions on
the uniform composition of the holoenzyme in mammals (Li and Williams, 1995). The three
murine paralogues exhibit >83% similarity with MmuRPPH1 while the human RPPH1-3P shows a
61,8% similarity with HsaRPPH1 indicating the possibility for binding RPPs and thus the formation
of novel RNase P variants. RPPH1-2P shows 42,5% similarity so its RPP binding ability may be
more limited (Shaukat et al., 2021).

Regarding the structure of human nuclear RNase P, a recent detailed Cryo-EM holoenzyme
was published, in complex with tRNAY?' and highlighted the importance of protein subunits in the

assembly and the function of holoenzyme (Wu et al., 2018). Interestingly, the structure revealed
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a hand-shaped protein clamp tightly wrapped around the RPPH1. The RPPH1 is mainly located in
one side and all the protein components on the other side. The protein moiety of RNase P
consisted of protein three subcomplexes and a single POP1 polypeptide. The POP1 together with
the heterodimer RPP20-RPP25 consist of the finger module of RNase P, the complex POP5-
RPP14-(RPP30),-RPP40 characterized as the palm and the RPP21-RPP29-RPP38 form the wrist of

the hand-shaped protein clamp (Figure 1.24).
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Figure 1.24: The cryo-EM model of human RNase P enzyme. Adapted from Wu et al., 2018.

All proteins act as scaffold to stabilize the RPPH1 in an optimal conformation for tRNA binding.
More specific, the finger and palm module stabilize the C-domain of H1 RNA while the S-domain
makes extensive interactions with wrist module. Importantly, the POP1 protein interacts with
CR-1V and stems P1, P4, P7, P8 and P19 of H1 whereas RPP20 and RPP25 binds to P3 stem. The
palm module, consisted by the heteropentamer, stabilizes the pseudoknot of H1 RNA. The POP5
and RPP14 mediate interactions with POP1 and RPP40 while the POP5 and the one copy from
RPP30 (RPP30B) act synergistically with POP1 to enclose the pseudo-knot and stabilize the RNA
catalytic center. In addition, the POP5 interacts and stabilize the 5’ leader of pre-tRNAs similar to
bacterial protein, although it is not considered homolog of the bacterial protein. In contrast, the

wrist module mainly interacts with S-domain and the RPP21 and RPP38 together stabilize its
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double-L-shaped structure conformation. Whereas the hRPP29 interacts with hRPP21 and hRPP38
and forms the bridge between the C domain and S domain of RPPH1 (Wu et al., 2018).

Of note, RNase P doesn’t recognize specific RNA sequence patterns, but rather functions as a
molecular ruler (Zhang and Ferré-DAmaré, 2016) It anchors the tRNA elbow and the acceptor
stem measuring the distance of 12bp which consists universally conserved feature from all tRNAs.
In human, the recognition of tRNA elbow by RPPH1 is mediated via interactions of the T- and D-
loops with the CR-Il and CR-Ill of the S-domain and the anchoring of the acceptor stem through
coordination of the active site (stem P4) and POP1 (Figure 1.25) (Wu et al., 2018)

Stem

Pop1

NTM o~

Figure 1.25: Model of tRNA recognition by human RNase P. Adapted from Wu et al., 2018.

1.4.6. RNase P enzyme from organelles

For many years, the nature of RNase P from organelles remained elusive with reports showing
that it had very low RNA content. In some mitochondria and plastids, the RNase P are related to
those of the prokaryotes (one catalytic RNA and one protein) from which these organelles

originated. For example, the mtRNase P from S. cerevisiae is composed of an RNA subunit
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(Rpm1r; 423 nt) which is encoded by the mitochondria genome and a single nuclear encoded
protein subunit (Rpm2p; 105 kDa) (Stribinskis et al., 1996). However, some organisms
additionally or alternative encoded a Protein Only RNase P or PROteinaceous RNase P enzymes
termed as PRORPs. PRORPs protein family possesses RNase P endonucleolytic activity and has
been found in many plant organelles and also in human mitochondria. Studies on PROPRs from
A. thaliana reveal the existence of three proteins, the PRORP1-3. PRORP1 act as single protein
and exhibits RNase P activity in both mitochondria and chloroplasts of A.thaliana whereas
PRORP2 and PRORP3 are active in the nucleus (Gutmann et al., 2012; Gobert et al., 2013; Pinker
et al., 2013). Homologues to PRORPs were also exist in human mitochondria termed as MRPP3.
However, MRPP3 cannot acts on its own and requires the presence of MRPP1 and MRPP2 for
catalysis (Holzmann et al. 2008; Walker and Engelke 2008) (discussed below). Although, PRORPs
were thought to be widespread among eukarya, later studies identified a protein-only RNase P
enzyme initially in the hyperthermophilic bacterium Aquifex aoelicus and later in other
prokaryotes. These enzymes called HARPs (Homologs of Aquifex aeolicus protein-only RNase P)
and albeit more studies are needed to establish whether HARPs are indeed genuine RNase P
enzymes, it has been found that HARP can remove the 5’ leader from pre-tRNAs in vitro and

successfully rescue the lethal deletion of RNase P RNP in E. coli and yeast (Nickel et al., 2017).
Human Mitochondrial RNase P (mt-RNase P)

Human mitochondrial RNase P, instead of being a typical ribonucleoprotein, is a protein-only
enzyme consisting of three protein subunits the MRPP1, MRPP2 and MRPP3 with the latter being
responsible for the catalytic activity (Holzmann et al., 2008). Interestingly, all proteins are nuclear
encoded and beyond their participation in the enzyme composition, they exhibit additional roles.
MRPP1 protein (also known as TRMT10C) is an RNA-methyltransferase, responsible for
methylation (m*A9 and m'G9 methyl groups) of mitochondrial tRNAs (mtRNAs). MRPP1 depends
on MRPP2 subunit binding to become functional (Lopez Sanchez et al., 2011; Vilardo et al., 2012).
On the other hand, MRPP2 is a dehydrogenase which is involved to a wide variety of processes in
mitochondria like isoleucine degradation, metabolism of sex hormones, B-oxidation of fatty acids,

metabolism of neuroactive steroids (Esakova and Krasilnikov, 2010, 2; Vilardo and Rossmanith,
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2015). Additionally, MRPP1 and MRPP2 regulate the expression of some mitochondrial long non-
coding RNAs as well as the ribosome assembly resulting in defect of the translation of proteins
that form the respiratory chain complexes. Mutations on these two protein components lead to
severe multi-system disorders and mitochondrial diseases like maternally inherited essential
hypertension, mitochondrial myopathy (Deutschmann et al., 2014; Sen et al., 2016; Reinhard et
al., 2017; Karasik et al., 2021). Finally, MRPP3 is the catalytic subunit of mtRNase P and requires
the binding of MRPP1/2 complex to process the 5’ end of mt-pre-tRNA (Reinhard et al., 2017).
Studies dedicated to characterizing the importance of these protein subunits, in mice and
Drosophila showed that mutations or depletion of each individual subunit led to disruption of
both 5’ and 3’ end processing of tRNAs and lethality (Saoji et al., 2021, 2022).

Although so far, the overall mtRNase P holoenzyme architecture had not been determined, a
recent Cryo-EM study of human mitochondrial RNase P in complex with mitochondrial pre-tRNA-

Tyr (7ONU in Protein Data Bank) reveals a novel composition of the holoenzyme (Figure 1.26).

B>

W mt-tRNADT

Figure 1.26 Cryo-EM structure of human mitochondrial RNase P in present with mt-tRNATyr (PDB ID:
70NU). Adapted from Bhatta et al., 2021.

The holoenzyme structure showed a hetero-hexamer complex, where the anticodon stem-loop
of mt-tRNA is surrounded by a homo-tetrameric organization of MRPP2 which in turn interacts

with a single MRPP1 protein subunit. The MRPP1 wraps around the tRNA molecule and make

68



Introduction

extensive interactions with the catalytic subunit, MRPP3 which is located on top of the complex
and binds the tRNA “elbow” and the acceptor stem of tRNA (Figure 1.26) (Bhatta, A., Dienemann,
C., Cramer, P., Hillen, H.S., 2021). The structure reveals that mitochondrial RNase P conformation
extends along the tRNA body, differently from their nuclear counterparts which recognize mainly
the central spine of the tRNA (elbow and acceptor stem). This observation may indicate that mt-
tRNAs require extensive protection, stabilization of their conformation and simultaneously post-

transcriptional modifications.
1.4.7. A comparison of RNase P with RNase MRP and Telomerase

The eukaryotic nuclear RNase P has also evolved a closely related paralogue enzyme, the
endoribonuclease RNase MRP (mitochondrial RNA processing). RNase MRP was first described
by Chang and Clayton in 1987, as endoribonuclease that cleaves the primers for DNA replication
in mitochondria, however later studies shown that this enzyme is mainly localized in nucleolus
within gets involved in pre-rRNA processing by cleaving the internal transcribed spacer 1 (ITS1)
at the A3 site (Schmitt and Clayton, 1993). Recently, it has been also found that participates in
MRNA processing, either by cleaving in the 5’UTR of Cyclin B2 mRNA or is recruited to m6A
containing mRNAs promoting indirectly their endoribonucleolytic cleavage, via the interactions
with  YTHDF2 (YTH N6-Methyladenosine RNA Binding Protein 2) and HRSP12 (2-
iminobutanoate/2-iminopropanoate deaminase) (Gill et al., 2004). YTHDF2 and HRSP12
cooperatively interact with each other and recruit RNase P/MRP for cleavage. This cleavage
destabilizes mMRNAs and leads to their degradation by XRN1 and the cytoplasmic exosome (Park
et al.,, 2019).

RNase MRP is absent from bacteria and archaea, and it has been proposed that during
evolution, the RNase P RNA gene split into two leading to RNase MRP (Esakova and Krasilnikov,
2010). The RNA subunit of RNase MRP, termed as RMRP, folds into a structure similar to RPPH1
and is also responsible for RNA cleavage. Actually, RMRP is consisted of both C and S domain
including the conserved regions CR-l, -1V -V and the P3 helix of C domain, however, the S- domain
has not similarities between two enzymes that may explain their distinct substrate specificities

(Figure 1.27) (LOpez et al., 2009; Esakova and Krasilnikov, 2010; Perederina et al.,, 2010).
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Mutations in the promoter of RMRP gene or within the RNA have been associated with many
diseases including dwarfism and cartilage hyperplasia (Hermanns et al., 2006; Steinbusch et al.,

2017; Vakkilainen et al., 2019).
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Figure 1.27. Secondary structure of RNA subunits of human RNase P (right) and RNase MRP (left).
Adapted from Esakova et al., 2010.

Moreover, the two enzymes have a considerable overlap in protein subunit composition as
they are shared at least seven common proteins. Interestingly, in human, RNase MRP shares nine
out of ten protein subunits (except for RPP21) with RNase P (Esakova et al., 2008; Perederina et al.,
2010; Shaukat et al.,, 2021). Of note, in RNase MRP, crystal structure of human RPP20-RPP25
proteins in complex with the RMRP showed their heterodimerization and binding to the P3
domain. The specific binding of RPP20 and RPP25 may stabilize the P3 stem (Yin et al., 2021).

Besides RNase MRP, yeast RNase P shares also three protein subunits with yeast telomerase
(yeast homologs of RPP20, RPP25 and POP1). These subunits have been reported to bind at stem-
loop region of telomerase RNA (known as TLC1 in yeast) with similar structure with P3 domain of
RNase P, known as the CS2a/TeSS domain (Lemieux et al., 2016; Garcia and Zakian, 2020; Garcia
et al., 2020). In vitro experiments shown that Pop proteins enhance the telomerase activity and

play role in the stability and the transportation of RNA components from cytoplasm to nucleus,
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however, the exact role of Pop proteins in telomerase remains unknown. Apparently, although
the yeast telomerase seems to have a common evolutionary origin with RNase P, the human
RNase P and telomerase RNPs do not share any composition similarities (Collins and Mitchell,

2002; Lemieux et al., 2016).
1.4.8. The protein subunits of RNase P and their roles beyond tRNA maturation

The diversity of RNase P enzymes indicates the transmission of structural and functional roles
from the RNA subunit in bacteria to different proteins that emerged during evolution to form the
archaeal and eukaryal RNase P. In fact, beyond the synthesis of the RNPs, some of the subunits
can dissociate from the holoenzyme to carry out alternative tasks in cellular process like
chromatin organization, transcription and translation regulation, either as individual components
or as part of larger complexes (Table 1.2). The role of each protein subunit that contribute either

individually either with other proteins or even with the RNA subunit is analysed below.

Table 1.2. RNase P RNP subunits and additional roles

Subunits Additional roles Subunits Additional roles

RPP14  Exhibits 3'—>5' exoribonucleases activity =~ RPP29  Promotes DNA repair through HDR,
Nucleosome remodeling

POPS Unknown RPP30 Affects piRNAs transcription and tRF

biogenesis

ATPase activity, promotes transcription
RPP20 by RNA PolI and III, binds to
chromatin of rDNA genes, Th/To RPP38 Th/To auteantigen
autoantigen

RPP40 Unknow
RPP21 Promotes DNA repair through HDR nown

Promotes transcription by RNA Pol I
RPP25 and III, binds to chromatin of IDNA
genes, Th/To autoantigen

POP1 Transcription, Th/To autoantigen
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RPP14

The RPP14 gene is found in locus Ch3p14.3. This gene encodes transcripts which are
bicistronic with a conserved downstream open reading frame producing both the hydroxyacyl-
thioester dehydratase type 2 (HTD2) and the RPP14 protein subunit. hRPP14 is 14kDa protein
and is detected in nucleoplasm and the dense fibrillar region of nucleoli (Jarrous et al., 1999a).
Although RPP14 has not contain a nucleolar localization signal, it is suggested that is translocated
into the nucleolus through a “piggyback” mechanism (Jarrous et al., 1999b). Homologue of RPP14
does not exist in archaeal and yeast however, based on structural studies the archaeal POP5 had
evolved into two different eukaryal proteins (POP5 and RPP14 in human RNase P). The partners
of RPP14 protein subunit have studied by two-hybrid system screening which reveal interactions
with the OIP2/EXOSCS8 (opacity-associated protein/Exosome component 8) and the LIMD1 (LIM
domain-containing protein 1). hRPP14/0IP2 complex functions as exonuclease with 3'->5’
exoribonuclease activity in vitro (Jiang and Altman, 2001). Although, OIP2 is not well
characterized, it is considered as component of the RNA exosome complex, and both OIP2 and
RPP14 contain an RNase PH domain which has an affinity for U- and AU-rich sequences (Jiang and
Altman, 2001; Anderson et al., 2006). Moreover, RPP14 binds to LIMD1 which belongs to a DNA-
binding family. LIMD1 is involved in different cellular processes including cytoskeletal
organization, repression of gene transcription, cell differentiation, proliferation and migration
and miRNA-pathway. However, further investigation should be conducted in order to understand

the binding with RPP14 (Jiang and Altman, 2001; Bai et al., 2011).
POP5

The human POP5 protein subunit is encoded by POP5 gene which is mapped to chromosome
12924.31. Similar to RPP14, hPOPS5 is transported to the nucleus and nucleolus by a “piggyback”
mechanism where it associates with the partially assembled RNase MRP/RNase P
ribonucleoprotein complexes (van Eenennaam et al.,, 2001). Homologues of POP5 protein are
widely distributed among organisms and very similar in size, with the exception of fungal POP5

that has an insertion of ~25 amino acids at the N-terminal end (Rosenblad et al., 2006). However,
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beyond the participation of POP5 in holoenzyme, an alternative role has been not yet

determined.
RPP20

In human, POP7 gene is mapped to chromosome 7g22.1 and encodes the RPP20 protein also
known as RPP2 or RPP20. Interestingly, RPP20 has been also found localized in nucleoli after
heterodimerization with hRPP25 (Welting et al., 2006). Both RPP20 and RPP25 belong to the
Alba-like superfamily (Acetylation lowers binding affinity), that has been characterized as
multifunctional proteins as they participate in various processes like RNA stability and
metabolism, genome organization, transcriptional and translational regulation (Goyal et al.,
2016). However, only the RPP20 has been characterized as an ATPase in Hela cells (Li and Altman,
2001). This activity is not required for RNase P function, but it is likely that RPP20 uses the ATP
for other intracellular functions like chromatin remodeling (Li and Altman, 2001). Several studies
showed that RPP20 binds on chromatin of active rDNA genes. ChIP analysis revealed that it binds
on promoter regions of 18S and 28S rDNA (Reiner et al., 2008). The binding of RPP20 in rDNA
targets is performed in a cell cycle-dependent manner and specific, RPP20 is recruited to rDNA
at early G1 phase (Reiner et al., 2008). Moreover, in vivo experiments with a conditional lethal
yeast strain of Rpp2, a yeast homolog of RPP20, showed an accumulation of pre-tRNA molecules
and defects in the processing of 35S rRNA Actually, in S. cerevisiae, Pop7 represents an essential
protein (Stolc et al., 1998).

Regarding the interacting partners of RPP20, the potential interactors are the RPP25, the
Hsp27 (heat shock protein 27), SMIN (Survival Motor Neuron), and KIAAOO65 (Zinc finger protein
33A) with the latter having a, so far, unknown role (Jiang and Altman, 2001; Hua and Zhou, 2004).
RPP20 strongly interacts with RPP25 and together bind to P3 subdomain, a conserved feature
found in three RNP complexes (RNase P/MRP/Telomerase) (Yin et al., 2021). The specific binding
of both proteins was accompanied by the increased complexity of P3 domain. Structural studies
in eukaryotic organisms, including yeast and human, showed that P3 stem has more complex
structure, longer and unpaired internal loops, compared to prokaryotes which consisted of one

helix. Thus, proteins were acquired to stabilize the P3 stem but also may play role to an accurate
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holoenzyme assembly or could confer in substrate specificity. This hypothesis may be exemplified
in yeast, where deletion or mutations in specific sites of the P3 domain could reflect the
dispensability of the protein subunits. More specific deletion of P3 hairpin of RMRP, that is
recognized by Po6 (RPP20 homologue), leads to reduced survival, while deletion or mutations at
the end of P3 domain, that Pop7 (RPP25 homologue) binds, does not cause any defect (Lindahl
et al., 2000; Ziehler et al., 2001; Li, 2004; Perederina and Krasilnikov, 2010, 3; Perederina et al.,
2010). The integration of the RPP20 and RPP25 into the RNPs in eukaryotes and the dual affinity
of the Alba-like family to bind RNA and DNA could unveil a key event in the evolution of the RNPs
that participate, and the acquirement of new abilities and functions through binding to chromatin
in the nucleus.

In addition, a yeast two hybrid screening as well as pull-down experiments showed a complex
formation between RPP20 with Hsp27. Hsp27 is an ATP-independent chaperone which is induced
by oxidative stress, during aging or in cancers (Alderson et al., 2019). Interestingly, during the
isolation of RNase P holoenzyme from Hela cells, Hsp27 is enriched in active fractions while it
dissociates from the complex after increasing of the washing steps without RNase P lose its
activity. However, although this chaperone is not necessary for RNase P, it can enhance its activity
when is added to the RNase P reaction mixtures (Jiang and Altman, 2001). Moreover, co-
immunoprecipitation experiments have shown that RPP20 interacts with SMN protein both in
human and Drosophila. SMN proteins have been involved in neurodegenerative disorders, like
spinal muscular atrophy (SMA) and also are involved in assembly of snRNP (small nuclear
ribonucleoproteins) or play role in rRNA processing through interaction with fibrillarin, Sm or Sm-
like (Lsm) proteins. Immunofluorescence experiments showed that in response to cellular stress
like heat shock and UV irradiation, both proteins are co-localized in the cytoplasm in punctuated
structures called stress granules (SGs). The exact role of both proteins accumulation in the

granules is still elusive (Hua and Zhou, 2004).
RPP21

Human RPP21 is encoded by the RPP21 gene which is mapped to the locus Ch6p22.1 and

resides in the class | gene cluster of the major histocompatibility complex (MHC). hRPP21 is the
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unique in RNase P holoenzyme as it has not been found in another holoenzymes (Jarrous et al.,
2001). It has multiple subcellular localization as it has been mainly detected in the nucleoplasm
but also is accumulated in nucleoli and Cajal bodies in RPP21-overexpressing cells (Jarrous et al.,
2001). Knockdown experiments of RPP21 in Hela cells showed significant decrease of 5S rRNA
and 45S pre-rRNA synthesis (Reiner et al., 2008). Further studies demonstrated, the role of RPP21
independently from its participation in RNase P. Of note, it been found that RPP21 act
synergistically with RPP29 participating in DNA damage response through homology-directed
repair (HDR) (Abu-Zhayia et al., 2017). More specific, both proteins are recruited together to
double stranded DNA breaks (DSBs) and through binding with poly ADP-ribose moieties and with
RPPH1 could facilitate the homology directed repair (HDR) (Abu-Zhayia et al., 2017). Finally, it
has been reported that RPP21 interacts with histone H3.3 at transcriptionally active sites,

however its role in this case has not yet been determined (Newhart et al., 2016).
RPP25

In human the RPP25 gene is mapped to chromosome 15g24.2. Similar to RPP20, RPP25 is a
member of the Alba-like superfamily, but without ATPase activity and is mainly localized in the
nucleus and nucleolus of eukaryotic cells (Welting et al., 2006). Functional analysis using RNAi
experiments reveal that knockdown of RPP25 prevents the recruitment of RPC6 and the RPC7
(DNA-directed RNA polymerase Ill subunit 6 and 7) in the transcription initiation complex thus
resulting in the inhibition of transcription for 55 rRNA, rRNAs and tRNAs (Reiner et al., 2008;
Serruya et al., 2015). Moreover, similar to RPP20, RPP25 is also recruited to chromatin in a cell
cycle-dependent manner as it binds on rDNA genetic loci at late G1/S phase. Moreover, the
RPP25 protein has been reported as autoantibody component of the Th/To antigen complex,
however, further studies are needed to evaluate its exact role.

Interestingly, in vertebrates exist a paralogue gene coding for RPP25-Like protein (RPP25L)
which also known as C90rf23 or bA296L22.5. In human RPP25L gene is mapped to chromosome
9p13.3. The predicted RPP25L showed 43% identity to RPP25 protein in homo sapiens, however,
a comparison of their structure reveals that the RPP25L (as is deposited in the AlphaFold-Protein

Structure Database) has a conformation very similar to RPP25 (Figure 1.28) (Jumper et al., 2021;
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Shaukat et al., 2021). Although, the role of RPP25L is still elusive, the observation of the structural
similarity with RPP25 may implies that it serves as an alternative protein subunit of RNase P.
Surprisingly, a recent study contributes to this hypothesis showing that RPP25L could be a
facultative subunit of the RNase P/MRP complexes. Studying the paralog interactions in different
cancer cell lines and through CRISPR-Cas9 depletion assay and rescue experiments, they
observed that RPP25L could replace the function of RPP25 in the RNase P holoenzyme (Koferle
et al., 2022).

Figure 1.28: Structural prediction model after superposition of the RPP25 Cryo-EM structure (grey, PDB
ID: 6ahu) with the RPP25-like (light blue, Uniprot ID: Q8N5L8). Adapted from Shaukat et al., 2021

RPP29

hRPP29 is encoded by the RPP29 gene which is mapped to the locus 19g12. Localization
studies showed that RPP29 protein is detected in the nucleolus (in dense fibrillar component -
DFC) and also in Cajal bodies of the cells (Jarrous et al., 1999b). Similar to RPP21, silencing of
RPP29 causes defects in pre-rRNA synthesis in Hela cells (Reiter et al., 2010) while in U20S cells,
it has been reported that RPP29 directly affected the HDR and not the non-homologous end
joining (NHEJ) as when cells are exposure to ionizing radiation (IR), it is observed an accumulation
of damaged DNA and phosphorylation of markers that mediate in double-strand breaks (DSBs),
like RPA2 (Replication Protein A2) (Abu-Zhayia et al., 2017). Remarkably, RPP29 except for its
participation in DDR, it has been found that RPP29 also co-localizes with histone H3.3 through

interactions with amino acid residues at the N-terminal of the histone, suggesting that it may
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serve as potential epigenetic modulator. More specific, RPP29 inhibits the incorporation of H3.3
at euchromatinic regions via regulation of the post-translational modifications of the N-terminus
and also represses mRNA and protein expression. (Newhart et al., 2016; Shastrula et al., 2018).
Moreover, it has been found that RPP29, together with fibrillarin and RPL23a are also detected
in complex with histone H3.3, suggesting that these proteins may be members of the RPP29

interactome (Newhart et al., 2016).
RPP30

The RPP30 protein subunit is encoded by the RPP30 gene which is located on 10g23.31 and
its function has been thoroughly studied. So far, RPP30 is studied through knockout experiments
in different organisms showing the importance of this protein. Since 1997, Rppl which is
homologous of RPP30 in Saccharomyces cerevisiae, has been characterized as an essential
protein subunit as its depletion induces simultaneously unprocessed pre-tRNAs at both 5’ and 3’
ends but also leads to defects in rRNA processing (Stolc and Altman, 1997). Of note, depletion of
Rpp1 inhibits the cleavage of the three major site of 35S precursor rRNA: the A0 and A1l sites in
the 5’ external transcribed sequence (5’ ETS), at A2 and A3 sites within the internal transcribed
sequence 1 (ITS1) and at the E and C2 sites in the internal transcribed sequence 2 (ITS2). Another
significant role has been pointed out in A. thaliana where the homologue of RPP30, GAF1
(Gametophyte Defective 1), participates in the process of gametogenesis. Homozygous gafl/gafl
mutant has never been obtained while gafl+/- mutants affects both male and female normal
development of gametophytes. The female gametophyte division was impaired at early stages,
while the male competence is reduced (Wang et al., 2012). At the same time, in D. melanogaster,
RPP30 has been found to play a fundamental role for viability while mutations are also correlated
with sterility (Jagut et al., 2013; Molla-Herman et al., 2015). These mutations have been found to
activate DNA damage checkpoint through Chk2 pathway where PCNA was not associated with
DNA in RPP30 mutant germline cells indicating a potent breakdown of the replication forks. A
possible mechanism suggests that because of defective RNase P function leads to RNA Pol Il
stalling at tRNA genes and thus DNA polymerase collides with RNA Pol Ill at tRNA genes and leads

to replication stress (Molla-Herman et al., 2015).
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Notably, in Drosohphila, RPP30 has been also correlated with piwi-RNAs that protects against
transposons. In RPP30-mutated ovaries the piRNA molecules has been found to be significantly
downregulated resulting in the enhance of transposable elements thus introducing further
genomic instability and thus enabling the infertility of mutant flies (Molla-Herman et al., 2015).
It is suggested that the observed decreased levels are due to defect in regulation of piRNA cluster
transcription, and not in inadequate biogenesis of piRNAs. In concordance to above, piRNA
downregulation is also observed in RPP30-mutated mice, mainly due to the loss of H3K9
trimethylation of the chromatin that is adjacent to tRNA genes. This can influence the production
of piRNA clusters found nearby to tRNA gene clusters. Finally, apart from the alterations observed
in RPP30 mutant ovaries regarding piRNAs, the pool of tRNA derived fragments is also affected.
RPP30 mutations induce alterations in the production of tRFs, with an essential upregulation of
tRF-5s, i-tRFs and tRF-3s while downregulation of tRF-1s was observed (Molla-Herman et al.,
2020). This observation may be the result of the reduced maturation of the 3’ trailer of pre-tRNAs,
as it is well-known that 5’ leader sequence removal by RNase P enhances the RNase Z activity at

the 3’ end (Hopper, 2003).
RPP38

In human, the RPP38 protein is produced by the gene which is located in the genetic locus
10p13. The subcellular localization of RPP38 is also dual as it is detected in nucleolus and the
Cajal bodies (Jarrous et al., 1999b). Studies on knockdown of RPP38 reveal that RPP38 contributes
to impaired enzyme activity of RNase P, while reducing the expression levels of RPP21, RPP25,
RPP29, POP5 subunits and lamins A and C (Kovrigina et al., 2003; Reiner, 2006; Oshima et al.,
2018). Furthermost, in patients suffering from systemic sclerosis scleroderma (SSc), the RPP38
has been identified along with POP1, RPP30 and RPP25 as the major components of Th/To
autoantigen (Van Eenennaam et al., 2002). Latest data in molecular diagnostics have revealed
that RPP38 subunit’s epitope probably enhances the sensitivity in the anti-Th/To autoantibody

detection analyses(Koenig et al., 2019).
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RPP40

Similar to POP5, hRPP40 has not been found with a non-canonical function other than its
function in the holoenzyme. In human, RPP40 gene is mapped to chromosome 6p25.1 producing
the RPP40 protein subunit which is recently acquired in the holoenzyme based on the structural
studies. Although, its localization has not been experimental determined, it is hypothesized that

it is located in the nucleoplasm and nucleoli of cells (Jarrous, 2002; Shaukat et al., 2021).
POP1

POP1 gene, located at chromosome 8q22.2, produces the largest protein, almost 115kDa, of
RNase P holoenzyme. Although, POP1 is not widely studied, it has been found that in yeast is
essential for viability and also its mutations lead to accumulation of unprocessed pre-rRNA and
pre-tRNAs similar to RPP30 and RPP25. Subcellular localization experiments have identified the
localization of POP1 in the nucleolus and nucleoplasm of cells, as expected for an RNase MRP and
RNase P subunit (Lygerou et al., 1994, 1996). Further experimentation showed that POP1 has
similar function, as chromatin remodeler, along with RPP29. hPOP1 is recruited in
transcriptionally active site of histone H3.3 (Newhart et al., 2016). Although POP1 and histone
H3.3, has not been found to interact each other, knockdown of POP1 showed lower
transcriptional rate at a transgene array that recruits H3.3 histone (Newhart et al., 2016). In
addition, it has been found that silencing of POP1 decrease the RNase P and MRP RNA levels
while increases the viperin protein as its mRNA is a target for either RNase MRP or RNase P
(Mattijssen et al., 2011; Sloan et al., 2013).

Moreover, in Drosophila, POP1 acts synergistically with RPP20, RPP25 and Pop4 (RPP29
homologue) in splicing of RPR intron. In arthropods, like Droshophila, the RNase P RNA subunit
(RPR) are not transcribed by a distinct gene, instead of the RPR is produced as part of the 2nd
intron during the transcription of the ATPsynC gene. After the transcription, the nascent RPR
transcript is bound to the protein subunits POP1, RPP20, RPP25 and Pop4 in order to escape from
alternative splicing and nucleolytic degradation as a typical fate of an intron. The subunits

stabilize the RNA which further is trimmed to mature by the Ratl/Xrn2 exonuclease and the
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nuclear RNA exosome (Figure 1.29). Importantly, silencing of each protein subunits decreases the
RNA P activity and causes accumulation of pre-tRNA molecules, whereas knockdown of POP5,

RPP14, RPP21 or RPP30 does not affect abundance of RPR (Palsule et al., 2019).
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Figure 1.29: Proposed model for maturation of intronic RPR (RNA subunit of RNase P) in Drosophila.
Adapted from Palsule et al., 2019.

Finally, POP1 has been identified as an autoantigen in patients suffering from connective
tissue diseases (Lygerou et al., 1996), whereas recent reports emphasized the role of POP1 in
anauxetic dysplasia 2 (ANXD2) showing that patients with mutations in the POP1 gene, is
characterized by extremely short stature (Elalaoui et al., 2016; Barraza-Garcia et al., 2017,

Abdulhadi-Atwan et al., 2020).
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2. Aim of the study

The discovery of catalytic and regulatory ncRNAs complemented the contemporary RNA
world theory and brought RNA biology in the spotlight. Thousands of ncRNAs, representing more
than 80% of the genome, have been assigned roles as major modulators and biomarkers of
homeostasis at the epigenetic, transcriptional, post-transcriptional and translational level. The
in-depth understanding of noncoding RNA biology includes primarily regulation of transcription,
maturation and folding into structured RNA molecules, as well as understanding how RNA-RNA
or RNA-protein interactions dictate their role not only as important biomarkers, but also as
guardians of genome integrity or functional components of almost all metabolic processes,
signaling pathways and dynamic gene networks that modulate cell’s fate. Until today, several
key-events that mediate their biogenesis, correct folding and function remain open questions. So
far, it has been proposed that these events are mediated by ribonucleases or RNP complexes.
However, these complexes are mediated by proteins that beyond the synthesis of the RNPs, also
participate in additional cellular processes such as transcription, DNA damage repair, replication
and chromatin remodeling.

The aim of the present thesis was to study the role of RNA-binding proteins that mediate
tRNA folding and maturation. Among them, La protein which is the responsible for the protection
correct folding of all nascent RNA Pol Ill transcripts was studied. Aberrant expression of La has
been studied in different cancer types, including lung cancer, suggesting a modulatory role of La
in the regulation of RNA Pol Il transcripts. In the present study, overexpression of La was
performed in A549 NSCLC cell line and was analyzed to get insights on the role of La in cell
viability, proliferation rate, cell cycle regulation, migration, translation rate, followed by NGS
analysis to identify important gene networks that are affected. The analysis supplemented
studies on the binding properties of La modules as independent RNA binding domains, that could

account for several additional roles of La.
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In addition to La, the role of the protein subunits of RNase P were studied for their ability to
act as individual component in several cellular activities. Towards this goal, the CRISPR/Cas9
genome editing tool was chosen to knockout the genes corresponding to each protein subunit.
Special focus for further analysis was given to RPP25 subunit which has only limited characterized
so far. Moreover, a paralogue gene encoding for an RPP25-like protein suggests that both
proteins might have synergistic roles, either as individual components, or as subunits of the
RNase P holoenzyme. The approach of genome editing-based screening was followed for all ten
protein subunits of RNase P and the RPP25 deficient cells were analysed for changes in cell
viability, proliferation rates, cell cycle regulation, migration, metabolic activity and translation
rates using polysome profiling and NGS analysis. Finally, the edited cell lines were used for in vivo
characterization of RPP25-GFP tagged constructs to decipher alternative roles of RPP25 though
alternative localization beyond nucleus and the possible involvement in phase separation was
also investigated as part of the important interactions between RNA molecules and RNA binding

proteins (RBPs).
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A. Materials

3.1. Chemicals

Materials and Methods

Table 3.1. Chemicals were used in present study
Materials Supplier
Acetic acid MERCK
Acrylamide SIGMA - ALDRICH
Agar SERVA
Agarose - Ultrapure INVITROGEN
Ammonium persulfate SERVA
Ammonium chloride MERK
Ampicillin (Na+ Salt) APPLICHEM
Anatomix plus developer replenisher Fuji Hunt
[y-32P] ATP (6000 Ci/mmol) IZOTOP
Bis-acrylamide SERVA
Boric Acid MERCK
B-mercaptethanol SERVA
Bradford reagent APPLICHEM
Bromophenol blue SIGMA — ALDRICH
Calcium Chloride (CaCl2) MERCK
Chloroform MERCK
Coomasie G250 FLUKA
Cycloheximide (CHX) APPLICHEM
DEPC RESEARCH ORGANICS
DMEM GIBCO
DMSO SIGMA — ALDRICH
dNTPs BIOLINE
DTT NEB
EDTA SERVA
Ethanol 99% denatured APPLICHEM
Ethanol Absolute MERCK
Fetal Bovine Serum — FBS BIOSERA
Gel Red BIOTIUM
Glycerol DUCHEFA
IPTG DUCHEFA
HEPES SERVA
Hydrochloric acid MERCK
Isopropanol MERCK
KH2PO4 MERCK
Kanamycin APPLICHEM
Lipofectamine (2000) INVITROGEN
Magnesium Chloride (MgCl2) MERCK
Methanol CHEM - LAB
SERVA

Methylene-bisacrylamide
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MnC|2
N, N methylane bis-acrylamide
NaH2PO4
N32PO4'H20
N33VO4
OPTIMEM
Peptone
Phenol
Phenol equilibrated, stabilized
Penicillin/Streptomycin
Potassium Chloride (KCI)
Puromycin
PVDF
RbCl,
Resazurin
SDS
Sodium Acetate trihydrate
Sodium Chloride (NaCl)
TEMED
Trizol reagent

Materials and Methods

SIGMA - ALDRICH
SERVA
MERCK
MERCK
SIGMA
GIBCO
MERCK
MERCK

APPLICHEM
BIOSERA
MERCK
SIGMA
MACHEREY NAGEL
SIGMA - ALDRICH
BIOTIUM
SERVA
MERCK
SIGMA
RESEARCH ORGANICS
THERMOFISCHER SCIENTIFIC

Tris ultrapure APPLICHEM
Triton 100x MERCK
Trypsin EDTA 10X BIOSERA
Tryptic Soy broth BIOLIFE
Tryptone APPLICHEM
Tween-20 SIGMA - ALDRICH
Xylene cyanol SERVA
Yeast Extract SIGMA
3.2, Enzymes- Reagents-Kits
Table 3.2. Enzymes and other buffer were used in present study
Reagents Supplier
BamHI NEB
Bbsl NEB
BSA NEB
HindllI NEB
Kpnl NEB
Nhel NEB
Xhol NEB
10x CutSmart NEB
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DNase | NEB
10x DNase | buffer NEB
DreamTaq DNA polymerase Thermo Scientific
2X KAPA SYBR FAST qPCR Master Mix KAPA Biosystems
Nucleospin plasmid DNA mini prep MACHEREY NAGEL
Nucleospin Gel and PCR Clean-Up MACHEREY NAGEL
NEB Buffer 1.1 NEB
NEB Buffer 2.1 NEB
PEI Polysciences
PNK NEB
Protein Ladder (10-250 kDa) NEB
Proteinase Inhibitors NEB
Recombinant RNase Inhibitors (RRI) NEB
T4 DNA ligase NEB

3.3. Buffers, Solutions and Media

Bradford (5X): Final volume 500ml: 100 mg Coomassie Brilliant Blue G-250, 47 ml Methanol
(100%), 100 ml Phosphoric Acid (H3POa) (85%).

Developer (Anatomix PLUS Developer Replenisher): 125ml A buffer, 12.5ml B buffer, 12.5ml C
buffer, 350ml dH»0.

DNA Loading Buffer/Dye (6X): Final volume 40ml: 100 mg Bromophenol Blue, 100 mg Xylene
Cyanol FF, 6 g Ficoll.

Fixer (X-Fix Fixer & Replenisher): 112.5ml X-Fix A buffer, 12.5ml X-Fix B buffer, 375ml dH,0

Laemmli buffer (4x): 250mM Tris-Cl pH 6.8, 40% glycerol, 8% SDS, 2.8 M B-mercaptethanol, 0.2%
Bromophenol Blue.

LB - Lysogeny Broth: 10g/L Peptone, 5 g/L yeast extract, 10 g/L Sodium Chloride pH=7.4
(Adjustment with NaOH).

LB- agar: 10 g/L peptone, 5 g/L yeast extract, 10 g/L Sodium Chloride, 15 g/L agar.
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Lysis Buffer: 20 mM Tris-HCl pH 7.5, 120mM KCI, 1mM EDTA pH 8, 2% NP-40, 1mM Dithiothreitol
(DTT) and protease inhibitors - 1 pug/ml aprotinin, 1 pg/ml pepstatin, 1 ug/ml leupeptin, 1 mM
PMSF-and 1 mM NasVOa.

PBS 1X: Final volume 1L, adjust 100ml 10X PBS oe ~900ml ddH20. Adjust the pH to 7.4 value by
slowly adding HCL.

PBS-Tween 0,1%: Final volume 50ml: Add 50ml 1X PBS and 0.05 ml Tween-20.

Phosphate-buffered saline (PBS) (10x): 137mM NaCl, 2.2 mM KCI, 10mM NaH2PO4, 2mM
KH2PO4. pH=7.4 (Adjustment with HCl).

Transfer blotting buffer (1x): 2.5 mM Tris, 0.192 M glycine, 20% methanol.

Tris Buffered Saline (TBS) (10x): 24.2 g Tris-base, 80 g NaCl; adjust pH to 7.6 with HCI (use at 1X).

Tris- HCI pH 6.8 0.5M-0,4% SDS: Buffer for acrylamide gel.

Tris- HCI pH 8.8 1.5M-0,4% SDS: Buffer for acrylamide gel.

Tris/glycine/SDS buffer (1x): 25 mM Tris, 250 mM glycine, 0.1% SDS.

Tris-acetate-EDTA (TAE) (50x): 242 gr/L Tris, 57.1 ml/L acetic acid and 100mI/L EDTA 0.5M pH 8.

Wash Buffer for Western: 1X TBS or PBS, 0.1% Tween-20.

Stripping solution: 62.5 mM Tris-HCl 1M pH 6.8, 2% SDS, 100 mM 2-mercaptoethanol

3.4. Bacteria strains

DH5a: E. coli strain used for general cloning and sub-cloning applications, [genotype: E. coli F-
$80lacZAM15 A(lacZT A-argF) U169 deoR recAl endAl hsdR17(rk-, mk+) phoA supE44 thi-1
gyrA96 relal A-] (INVITROGEN)

BL21 (DE3) Rosetta: This strain is designed to enhance the expression of eukaryotic proteins that
contain codons rarely used in E. coli. It express T7 RNA polymerase that is under the control of a
lacUV5 promoter and induced by IPTG. [genotype: E. coli F- ompT hsdSB (rB-, mB-) gal dcm
PRARE2 (Camr)] (INVITROGEN)
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Stbi3: E. coli strain used for cloning unstable inserts such as lentiviral DNA containing direct
repeats [genotype: F-mcrB mrr hsdS20(rB—, mB-) recA13 supE44 ara-14 galK2 lacY1l proA2
rpsL20(StrR) xyl-5 A— leumtl-1] (Invitrogen).

3.5. Bacterial Vector

pcDNA3.1: Eukaryotic expression vector containing 5428 bp. It is used for transient expression of
genes. It contains a CMV promoter and an ampicillin/neomycin resistance gene for bacterial and

eukaryotic expression respectively.

pcDNA3.1-GFP: This is the vector mentioned above which is contains an enhanced green
fluorescent protein (GFP) gene that is used for fusing EGFP to the C-terminus of a partner protein.

The EGFP cloned into pcDNA3.1 vector using BamHI and EcoRI enzymes.

pPET-20b(+): A 3716 bp bacterial vector that encodes a signal sequence (pelB) for expression of
proteins in the periplasm. It is used for transient expression of genes. It contains a T7 promoter
and an ampicillin resistance gene. It is designed for prokaryotic expression of proteins as fusion
products with a C-terminal HiseTag sequence. The recombinant protein with hexahistidine binds
to immobilized metal ions with high affinity and can be easily purified by chromatography using

Ni-NTA beads (NOVAGEN).

pET-28b(+) (NOVAGEN): A 5369 bp bp bacterial vector. It is used for transient expression of
genes. It contains a T7 promoter, kanamycin resistance gene and an IPTG regulated lactose
operon. It is designed for prokaryotic expression of proteins as fusion products with N-terminally
6xHis-tagged proteins with a thrombin site. The recombinant protein with hexahistidine binds to
immobilized metal ions with high affinity and can be easily purified by chromatography using Ni-

NTA beads (NOVAGEN).

pUC57: The pUC57 vector, containing a codon optimized gene sequence of La for expression in

E. coli, was purchased from GenScript and was used for cloning of La protein. (GENSCRIPT)
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pSpCas9(BB)-2A-Puro (PX459) V2.0: This vector consists of 9200 bp which is used for genome
editing in mammalian cells. It encodes the wild-type Cas9 nuclease (with a NLS sequence for
nuclear localization) from Streptococcus pyogenes along with a sgRNA. The vector can be
digested using Bbsl enzyme, and a pair of 20bp oligos can be cloned into the vector before the
sgRNA scaffold. The transcription of sgRNA is controlled by RNA Pol Il U6 promoter. It carries an
ampicillin/puromycin resistance gene for bacterial and eukaryotic expression respectively.

PSpCas9 (BB) -2A-Puro (PX459) V2.0 is provided by Feng Zhang's lab (Figure 3.1).

(9169) AfIIIL - Poil hUS-F (1 .21
(9014 .. 9033) pBR322o0ri-F \ / LKD.1 S (172..1
\ f Xbal (42s)
Acc65I (434)
4 - KpnI (438)
L L 2 SnaBI (701)

(8058) Fspl

Aarl [1218)

{7912) Pwul Agel (1238)

\ U6 promoter -
) qRNA scaffoly E / 4

_BII {1617

pSpCas9(BB)-2A-Purc (PX459) V2.0
9174 bp

Flori-R —fp

\
(6575) SbIT ~ 'I.I |
(5430) NotI Jf —— PspOMI (2722)
Apal (2726)
(6215 .. 6232) BGH-rev _
(6155) SexAl *

4 .. 6104) Puro-F —

(s062) Bsal
[5919) Stul

(5722) BstEIL )
(5704) RsrIl ——
(5644) BsIWI

(se20) PAIFL - Tth1111

EcoRV (3220}

07) Puro-R

(5499) Fsel

PmiIl (s158)

(soo07) Bsml
{4855) BsaBI * KNI (4744)

Figure 3.1. pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid vector used for CRISPR/Cas9 methods.
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3.6. Plasmids Constructs

Table 3.3. All constructs that are used in this thesis

Materials and Methods

Vectors Antibiotic resistance in bacteria Enzyme (insertion)
pcDNA3.1 (empty vector) Ampicillin
pcDNA3.1+gfp Ampicillin BamHI-EcoRl
pcDNA3.1+La Ampicillin Nhel-kpnl
pcDNA3.1-RPP25 Ampicillin Nhel-kpnl
pcDNA3.1-RPP25L Ampicillin Nhel-HindllI
pET28 Kanamycin -
pET28-RPP25 Kanamycin Nhel-kpnl
pET28-RPP25L Kanamycin Ndel-HindllI
3.7. Antibodies
Table 3.4. List of antibodies used for the study
Antibody Catalog # Supplier
B-Actin 4967 Cell Signaling
p-mTOR (52448) 5536 Cell Signaling
mTOR 2983 Cell Signaling
elF4E 2067 Cell Signaling
4E-BP1 9644 Cell Signaling
phospho-4E-BP1 (T70) 9455 Cell Signaling
Fibrillarin 2639 Cell Signaling
elF3 p110 sc-74507 Santa Cruz Biotechnology
La sc-80656 Santa Cruz Biotechnology
PCNA sc-56 Santa Cruz Biotechnology
c-Myc sc-40 Santa Cruz Biotechnology
puromycin MABE343 EMD Millipore Corp
GAPDH 2118 Cell Signaling
POP1 12029-1-AP Proteintech
RPP25 15461-1-AP Proteintech
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RPP20/Pop7 14964-1-AP Proteintech
RPP38 sc-398112 Santa Cruz biotechnology
RPP40 sc-515079 Santa Cruz biotechnology
Coilin 14168 Cell signaling
Anti-Rabbit IgG HRP-linked Santa Cruz biotechnology
Anti-Mouse 1gG HRP-linked Santa Cruz biotechnology
3.8. Primers

All primers were designed by using NCBI and were purchased by Macrogen.

Table 3.5. List of primers used for genes expression analysis and cloning

Gene Forward Reverse

ACTB AGCGAGCATCCCCCAAAGTT GGGCACGAAGGCTCATCATT
ANG TGGGCGTTTTGTTGTTGGTCTTC CGTTTCTGAACCCCGCTGTGG
BDP1 AGTGCAGACAGATTTGGGGG AGCCTTCATCCTTCATCATCTCC
CCNA2 CTGGTGGTCTGTGTTCTGTGA TCTTGGATGCCAGTCTTACTC
CCNB1 TGTGATTGCTGCCATAATTCTAAGT ACACAAAACCAAAATGAAAACTGGC
CCND1 CAATGACCCCGCACGATTTC CATGGAGGGCGGATTGGAA
CCNE1 GCTGCCCTCTCCACATTATCA ATAGCAGCACTTACAAAACAGTTCA
CDKN1A TCTGACCCCAAACACCTTCCAG GACACATGGGGAGCCGAGA
DICER GTACGACTACCACAAGTACTTC ATAGTACACCTGCCAGACTGT
EI4EBP TCCTTGTGCCTCCACTGATG CTAAGGAAGGGGTGGTTGCG
EIF1 TGTCCAAGGGATCGCTGATG TTCAGTGAGCCACAAGCACT
EIF1A CGCTACCCGGAAAGAAGTCA TAGCCGTCCATTTCCCAACA
EIF2A GGCCCCATTTATGATGTAGTTTGG TCCGGGCACCAAGCAAAATA
EIF2B1 AGGGCGAATCTCACCAGTGCC CGTTGAGGTGGCAGAGGGCTT
EIF2S51 AATAGGCGCTTGACCCCAC TGTTCTCTCCAGGGTTGTCG
EIF3A GCAAAGGAGGGGTTATACCAGT TGTCAGTACGATCCTGAGTGTC
EIF3C GCGCTGGCCTCAAGATTTC AGTTCCCTTCTTGCCTCGTG
EIF4A1 TATGACCTTCCCACCAACAGG CCTCAGATGAGGTCAGCAACA
EIF4B AGGGGAAGACTATCTCCCTAACA TCATCCGTTTCATCAGCCCAG
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EIFAE
EIF4G1

EIF5

EIF5B

ELAC2

HIF1A
GTF3A
KAT2A/GCN5
MAF1
MDM2
MMP2
mTOR

MYC

Outer Primer
RICTOR
RNU6

POP1
POP4/RPP29
POP5
POP7/RPP20
RPP14
RPP21
RPP25
RPP30
RPP38
RPP40
RPPH1
RMRP
RPTOR

SSB

TBP

AGGACTGAAACCACCCTCCAGCA
TTTGAGACTCCCCTCCGAGT
GCTCCGTATCCAGCAGTGAG

GGGTGTTGAAGTGCCATCAAA
GCTCACCAGTTTCCGCTGTA
TCAAAGTCGGACAGCCTCAC
AGCAAGCTGAAACGACATGC
TCACTTCCCCAAATTCCTGTCC
ATGGCAGGAGACGACAAACA
CAGCAGGAATCATCGGACTCA
TGATGGCATCGCTCAGATCC
AGCTGCCAAGTGCCGAGCAT
TTTCCTGTTGCAAGGGTCTGA

TTTTCGGGGATTTCTGGATGC
GCTCGCTTCGGCAGCACATA
TGCCTTGGGGAGAGGCCAACA
GCGAATGACTCCGATGTCCAGCC
AGCTTGTGTGGTCAGCTCTTCCCT
GGAAGCCGGGAAGGCGATTCA

TGCGCCTTGGGTAGCTTGTCCT

TCGTCTTGCGGCGACCACTATC
TGACCGCGCACTAGCTGTCCT

CTGAAAGTGACGCCAAGGCTGC
ACCACGGATTCGCCATCGTGAG
CCGCGGCACTTACTGGTTTGC
AGCTTGGAACAGACTCACGG
CTCTGTTCCTCCCCTTTCCG
ATTCCCACCGCTCACTCATC
AGTCGTTGCTGTTGCTGTTTG
GTGGGGAGCTGTGATGTGAA

Materials and Methods

TCGGGGGATTAGGAGTAGGGGTGG
CCTCGTCATACAGTGCGTCA
CATTCGACGCCTTTGAGCTT

CCAATCATCCAATCCAGCATCC
GACACAAACACAGCAGCCAG
TAGCTGCATGATCGTCTGGC
CCTTCTCTTGGACAGCGACA
ATGTCACCCATCACACGGAG
ATGGCAGGAGACGACAAACA
AAGATCCGGATTCGATGGCG
GGCCTCGTATACCGCATCAA

AGCAGCCATCCGGGCCATCTT

AGAAGATGTCCCAGAAGGCAA

GCGAGCACAGAATTAATACGACT

GACAGCAAATGGGAAACCTCA

AACGCTTCACGAATTTGCGTGT

GGTTCCACACACTGGCACGCT

ATCTGTGGCTGCGTGTCTGGC

AAGTGGGCCTGAAGCCTGAGCA
TGTCATTGGGTCTCCGGGGCA
GCGGCATCAACCTCCCCAAACA

TGGGCTGTGTTTGGCAAGGGTT
GCCAACCCTCACAAACCGGCA

AAGTGACTCTCATCAGCCCAGGACA
GCTCCAGCGGATGATGTATGGGT
TCCCATTTGGTAGCAGGGCAACAG
AATGGGCGGAGGAGAGTAGT
CTCAGCGGGATACGCTTCTT
TTGACGCTCACACTCACGAT
AGGTAGGGGTTTGCTTGGAG
GGGAGGCAAGGGTACATGAG
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TP53
tRF-1001
tRNASerUGA
TRRAP
VEGFA

XPOT

hLaNhel-Kpnl

hLaXhol-
BamHI

Nhel-
Kpnl_RPP25
Nhel_hindlll -
RPP25L
Nhel_hindlll
RPP25L_STOP
Ndel_Hindlll
RPP25L

tRNAGly (CCA)

tRNAGlIy (5’
leader)
tRNAGly
(3’trailer)
tRNA_Agr_Dicty
ssDNA (70nt)

CTGCATTTTCACCCCACCCTT
GAAGCGGGTGCTCTTATTTTAAAAA
CAGCGATGGCCGAGTGGTTAAG
CAGCGACTGCGATTGCTTAC
TGCAGATTATGCGGATCAAACC
TGTTCATGCCCCTGCTTCAT

GATAGCGGCTAGCATGGCGGAAAA CGGCGATAACG

ACTAGCGGCTCGAGATGGCGGAAAA
CGGCGATAACGAGAAGATGGCG
GTGACAGCTAGCATGGAGAACTTC
CGTAAGGTG
CGGTACCGCTAGCATGGAG-
CACTACCGGAAAGCTGG
CGGTACCGCTAGCATGGAGCAC-
TACCGGAAAGCTGG
CGGTACCCATATGGAGCA
CTACCGGAAAGCTGG
GAATTCCTAATACGACTCACTATA
GCATGGGTGGTTCAGTGGTAG
GAATTCCTAATACGACTCAC
TATAGTTGGCGTTTGCCATCGG
GAATTCCTAATACGACTCACTATAGC
ATGGGTGGTTCAGTGGTAG

AGCTTAATACGACTCACTATAGTTGAA

Materials and Methods

CACACAGGTGGCAGCAAAGTT

CGCAGCGAGCAGGGTTCGAA
GAGGTAGGGGTTGATGTGGC
TGCATTCACATTTGTTGTGCTGTAG
TCAGCAAATCCCACTGGTCC
GACAGATGGTACCCTG
ATCGCCCGCACCATTTTCG
TATGTGGGATCCCTGATCGCC
CGCACCATTTTCGGTTTTCTGTTGC
GACTCGGGTACCCGCCGT
CTGATCCTCGTCCG
CAAGCTAAGCTTTACG-
ATCGGGTGCTCGAG
CAAGCTGAAGCTTCG-
ATGGGGTCTCGAGC
CAAGCTGAAGCTTCG-
ATGGGGTCTCGAGC

TGGTGCATGGGCCGGGAATC

TGCATGGGCCGGGAATC

AAAATGGGAGGGCGTGCTGCATG

TTTAAAAAAATATGTCATGGGCA

ACTCGGGATCCTAAAAACTCTCGTCTCTAGTATGCTGATTTAAAGCATATAGGGACGAGAGTTAGCTCGCG
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Name

Sequence (5’ 3’)

Targeted exon

POP1_CRISPR g1 F
POP1_CRISPR_gl_R
POP1_CRISPR_g2_F
POP1_CRISPR_g2_R
POP5_CRISPR_g1_F
POP5_CRISPR_gl1_R
POP5_CRISPR_g2_F
POP5_CRISPR_g2_R
RPP20_CRISPR g1 _F
RPP20_CRISPR_g1_R

RPP20_ CRISPR_g2_F

RPP20_ CRISPR_g2_R
RPP25_CRISPR g1 _F
RPP25_CRISPR g1 R
RPP25_CRISPR_g2_F
RPP25_CRISPR_g2_R
RPP40_CRISPR g1 _F
RPP40_CRISPR g1 R
RPP40_CRISPR_g2_F
RPP40_CRISPR_g2_R

RPP38_ CRISPR g1 F

RPP38_ CRISPR g1 R

RPP38_ CRISPR_g2_F

RPP38_ CRISPR_g2_R
RPP14_CRISPR g2 _F
RPP14_CRISPR_g2_R
RPP14_CRISPR_g3_R
RPP14_CRISPR_g3_R
RPP21_CRISPR_g1_F

CACCGATCCTGGAACTTCACGACAG
AAACCTGTCGTGAAGTTCCAGGATC
CACCGAGGTCCCGAGGGCACGTCTC
AAACGAGACGTGCCCTCGGGACCTC
CACCGTGGCGATCGTGTCCCGTACG
AAACCGTACGGGACACGATCGCCAC
CACCGCGTACGGGACACGATCGCCA
AAACTGGCGATCGTGTCCCGTACGC
CACCGTTCCTAAGGGTGTATTCCAC
AAACGTGGAATACACCCTTAGGAAC
CACCGTAAATGTCATTGGGTCTCCG
AAACCGGAGACCCAATGACATTTAC
CACCGCCCGGCGCCAGGTCTGCGAA
AAACTTCGCAGACCTGGCGCCGGGC
CACCGCGCCGGGCGCGGTGCACATG
AAACCATGTGCACCGCGCCCGGCGC
CACCGATGCCGGTGGCGCGACTTG
AAACCAAGTCGCGCCACCGGCATC
CACCGCAACCACAAGTCGCGCCAC
AAACGTGGCGCGACTTGTGGTTGC
CACCGCGCTCCAGCGGATGATGTAT
AAACATACATCATCCGCTGGAGCGC
CACCGCCTGTCCTCAAGCGTCTGT
AAACACAGACGCTTGAGGACAGGC
CACCGTCATGTAGTGGTACTCGGAA
AAACTTCCGAGTACCACTACATGAC
CACCGACTTTCATGTAGTGGTACT
AAACAGTACCACTACATGAAAGTC
CACCGCAAGACGAGCCGCTTCGCAA

Exon 3
Exon 3
Exon 3
Exon 3
Exon 2
Exon 2
Exon 2
Exon 2
Exon 2
Exon 2
Exon 2
Exon 2
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 2
Exon 2
Exon 2
Exon 2

Exon 2
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RPP21_CRISPR_g1_R AAACTTGCGAAGCGGCTCGTCTTGC Exon 2
RPP21_CRISPR_g2_F CACCGTCGCCAGCGCCTGGTTCTCG Exon 2
RPP21_CRISPR_g2_R AAACCGAGAACCAGGCGCTGGCGAC Exon 2
RPP29_CRISPR_g1_F CACCGTGTGGCGGGTGAAGTACTCC Exon 3
RPP29_CRISPR_g1_R AAACGGAGTACTTCACCCGCCACAC Exon 3
RPP29_CRISPR_g2_F CACCGCGGGCCGAGGCCTTCGTGA Exon 3
RPP29_CRISPR_g2_R AAACTCACGAAGGCCTCGGCCCGC Exon 3
RPP30_CRISPR_g1_F CACCGTTGCATCAAATTGAGGGCAC Exon 7
RPP30_CRISPR_g1_R AAACGTGCCCTCAATTTGATGCAAC Exon 7
RPP30_CRISPR_g2_F CACCGATTGTGGAGTCTTTGATAGC Exon 7
RPP30_CRISPR_g2_R AAACGCTATCAAAGACTCCACAATC Exon 7

Table 3.7. List of primers used for the validation during CRISPR/Cas9 genome editing

Size of amplified

Name Primers for Validation Tm used in pcr
product
POP1 F: TGGTCAATGTTGCCACCCAA
414 64
vd R CAAAGTCCAGGCTAGAGGCG
POP5S F: ATTCACATCCGGTTTGCACG
680 63
vd R GGGCTTTCCCGGAGTACTTT
RPP14 F: | AGCTGGGTGCTCATAAGGAAAAT
1000 64
vd R: CACAGCCGAAATAAGCAGCTG
RPP20 F: GGAAGGAAACAGGGACATCG
788 62
vd R GTTGCGGATCCGAGTCAGT
RPP21 F: GCCTTCCAGAGGCTCAACTT
623 62
vd R TGCAAGTGGCGTTAGGAACT
RPP25 F: GCCGAGAGCGCTGAGTAGAG
791 65
vd R GTCTGATCCTCGTCCGCAAC
F: TCAGAAAAGCAGGGCCAGAG 544 64
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RPP29
R: CCAAGAAGGGTAAGCACCGC
vd
RPP30 F: GCTTCCCCACAGCCAAGTTA
636 62
vd R: TCAACTCAGTGAGGACCATTG
RPP38 F: CAGGGCTCTGGTAACTTCGTT
851 62
vd R: ACAAGCGTATGCTCACCTAAT
RPP40 F: TCAGACATCCACCAAAGAGCG
793 64
vd R: GGTGAGATCCACAGGTACGC
B. Methods

3.9. CRISPR/Cas9 genome editing protocol
3.9.1. Single-guide RNA (sgRNA or gRNA) oligo design

sgRNA oligos were designed with the CRISPR Guide RNA design tool in Benchling

(https://www.benchling.com/crispr/). This tool allows to visualize, optimize, and annotate

multiple gRNA sequences. It designs a 20nt guides directly upstream of the PAM (Protospacer
adjacent motif) sequence of our intended target site. PAM type was set to 5 NGG as it is required
for Cas9 cleavage. In a first step, the genomic region of interest (fully annotated) was identified,
and the tool found which exons are present in all transcript variants of our targeted gene.
Benchling’s tool designed a number of sgRNAs based on latest algorithms to instantly assess off-
target effects and on-target efficiency for guides (Hsu et al., 2013; Doench et al., 2014, 2016).
The human genome (assembly homo sapiens GRCh38/hg38) was used as a reference genome.
gRNA sequences with the higher off-target and on-target score were selected for each gene. We
also exclude the possibility that all potential off-target sequences to be part of important genes
in cell. Additionally, due to the fact that the U6 promoter that transcribes the sgRNAs prefers a
G sequence as a starting nucleotide, we add one in guides that didn’t begin with a 5’G. Oligos

were designed according to the specific configuration that was necessary for cloning into pX459
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(Figure 3.2). The forward and reverse strands pair with each other and additional 5’-CACC and 5’-

AAAC overhangs added for subsequent ligation into plasmid.

PX459 Distal Sticky End

5'-GTTT NNNNNNN
sgRNA NNNN|NNN
5’—CA CC G NNNNNNNNNNNNNNNNNNNN
& CAAA-5
NNN| NNNN |
\’—\
NNN|NNNN GTGG 75‘/'
PX459 Proximal Sticky End
Bbs1
Digestion

-

PX459

(spCas9-2A-Puro)

Figure 3.2. Cloning site of single guide RNA in pX459 vector

3.9.2. Single-guide RNA cloning protocol

To clone the sgRNAs into plasmids the following steps were performed:

i Vector digestion

pX459 plasmid digestion

plasmid lug
(10,000 units/ml) Bbsl 10U
10x Cutsmart Buffer 1x

ddH,0 up to 20 pL

Incubation for 1 hour at 37°C

The digested plasmid run on an agarose gel (1%) to determine the relative sizes and were purified
from gel using NucleoSpin® PCR clean-up & Gel extraction-MACHEREY-NAGEL, according to the

manufacturers’ recommendations.
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ii. Oligo annealing

The designed oligos were resuspended in ddH,0 (100uM). For phosphorylation and annealing

of each pair of oligos, the following reaction was performed:

Reagents Concentration
oligo 1 (100uM) 1 pL (100pM)
oligo 2 (100uM) 1 pL (100pM)

10X T4 Ligation Buffer (NEB) 1x

(10,000 units/ml) T4 PNK enzyme (NEB)  5U (0.5 plL)
ddH,0 up to 10 L

The temperature of annealing used in a thermocycler was according to the following: 37°C for 30

min and after 95°C for 5 min and then ramp down to 25°C at 5°C/min.
iii.  Ligation

For ligation reaction the phosphorylated and annealed oligo duplex were diluted in 1/200 and

the following reaction was performed:

Reagents Concentration

Oligos (phosphorylated and annealled)

1ul
(1/200)
Digested plasmid 50ng
10x T4 Ligation Buffer (NEB) 1x
(400,000 units/ml) T4 DNA ligase enzyme
400U

(NEB)
ddH,0 up to 10 uL

The reaction was incubated O/N at 16°C. A control ligation reaction, containing only the vector

and the ligation mix, was also performed, in order to determine the re-circularization frequency

of the vector.
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iv.  Transformation

The transformation was performed using chemically competent Stbl3 cells (see paragraph

3.10- for chemical competent protocol) as follows:

e 50 uL of competent cells (stored at -80°C) was gradually thawed on ice.

e 5 uL of ligation reaction was added in each transformation and was incubated on ice for
20 minutes.

e Each reaction was heat-shocked at 42°C for 45 seconds and then immediately placed on
ice for 2 minutes.

e 500 uL of LB medium was added to each reaction and the cells were incubated at 37°C for
1 hour to recover.

e 300 pL of cells were plated on LB-agar, containing the appropriate antibiotic (ampicillin)

and the plates are incubated at 37°C for 16 hours.

V. Small-scale plasmid preparation (mini prep)

A 5 ml of LB culture, containing the appropriate antibiotic, was inoculated with a single bacterial
colony, and was incubated overnight at 37°C, under shaking. A glycerol stock solution was
prepared with 700 uL of bacteria culture and 700 uL of 50% glycerol solution, were mixed and
then was freezed directly into -80°C. The glycerol allows to reduce the harmful effect of ice
crystals which can damage bacterial cells thus allowing them to be stored safely.

The rest of bacteria culture used for plasmid isolation. The plasmids were purified using the
NucleoSpin® Plasmid - MACHEREY-NAYGEL kit according to the manufacturer's instructions. The
concentration of eluted DNA was determined with the MultiScan spectrophotometer

(ThermoScientific). The plasmid was sequenced before the experimental procedure.

3.9.3. Transfection of vector in cell lines

A transient transfection was performed for CRISPR/Cas9 genome editing. These protocols are

described below in paragraph 3.11.2 and 3.11.3. After transient transfection, the cells were
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selected with 2pg/ml puromycin antibiotic for two days. Of note, we used as positive control
sgRNAs targeting AAVS1 (adeno-associated virus integration site 1). The AAVS1 locus is located
in position 19g13.42 and is considered as epigenetically open for efficient cleavage, thus cutting

or modification at this site results in no phenotypic changes (Yada et al., 2017).

3.9.4. Selection and Expansion of Clones

After transfection and antibiotic selections of cells, a single colony formation was performed
with limiting dilution. More specific, 96-well plates were used for an array dilution method and
an initial inoculation of 4000 cells (2x 10* cells/ml) in first well (A1) was performed. As shown in
Figure 3.3, 200 pL of cell was added in Al-well with proper concentration and then, 100 uL of
medium was transferred from the first well to well B1 by gently mixing. The same procedure was
repeated from B1 to C1 etc., until the H1 well. Complete culture medium was added to wells A—
Hin Column 1 to reach a final volume of 200 uL/well. Using a multichannel pipette, 100 uL of cell

was transferred across the plate horizontally and across the rows as second dilution (Figure 3.3).

Initial cell inoculum

C
First D
dilution
series E

F

G

H (@

1 2 3 4 5 6 7 8 9 10 11 12

Figure 3.3: Plate setup for array dilution method.

A final volume of 200uL complete culture media was added to all wells. The plates were

incubated at 37°C in a CO2 incubator. The cell growth was checked after 4-5 days, and wells
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containing just 1 single colony were marked. The colonies were subcultured from the wells into
larger wells. When cells reached at 90% of confluency, a number of cells used for storage
according to the cryopreservation procedure (§3.11.1), whereas the rest of cells used for DNA

extraction, as described below.
3.9.5. Verification of clones

i.  DNA extraction

To verify the isolated clones, DNA extraction was performed with TRIzol (Invitrogen) following
the manufecturer’s protocol. Briefly, 500 puL TRIzol reagent was added directly to the culture dish
(108 cells) and was incubated for 5 minutes to lyse the cells and to permit the solubilization of all
contents including the nucleoproteins complex. The lysate was transferred to a new tube and
was added 100 pL of chloroform used for lysis. The tubes were incubated for 2—3 minutes
followed by a centrifugation at 12,000 x g for 15 minutes at 4°C. After centrifugation the mixture
separates into three phases, a lower red phenol-chloroform or organic phase which contains
proteins, an interphase which contains DNA, and a colorless upper aqueous phase containing the
RNA. To isolate DNA, the aqueous phase was removed, 150 pL of 100% ethanol was added and
was mixed by inverting the tube. The tubes were incubated for 3 minutes followed by a
centrifugation at 7,000 x g for 15 minutes at 4°C to pellet the DNA. The supernatant, which
contains the proteins, was removed and the pellet was resuspended in 500 pL of 0.1 M sodium
citrate in 10% ethanol, pH 8.5 for 30 min by inverting the tube several times (the sodium citrate
chelates the metal ions which activate the DNases and also the sodium ions will bind to and
neutralize the (-) charge on the phospho backbone of DNA. This reduces hydrogen bonding sites
for water, which then results in less solubility). The pellet of DNA was centrifuged for 5 minutes
at 5000 x g at 4°C and the supernatant was discarded. The pellet was washed with 500 pL of 75%
ethanol to remove some of the salt and then was centrifuged for 5 minutes at 5000 x g at 4°C.
The supernatant was discarded, and the DNA pellet was allowed to air dry for 5 min. The DNA
was dissolved in 200 uL of 8 mM NaOH. To remove insoluble materials, a centrifuge for 10
minutes at 12,000 x g at 4°C was followed. The DNA was transferred to a new tube and their

concentration was determined with the MultiScan spectrophotometer (Thermo Scientific). The
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DNA solution was adjusted to pH 8.4 using HEPES (add 86 pL of 0.1 M HEPES, free acid/ml of DNA

solution) in order to amplified by PCR.

ii.  Amplification of Targeted Region by PCR
The genomic DNA from each clone was amplified by PCR. Specific primers were designed in
order to span the target region of predicted Cas9 cut site (table 3.7). The sgRNA is located inside
the amplified pcr product which size is about ~400-1000 bp. All targeted amplicons were
amplified by high-fidelity PCR (polymerase chain reaction) according to the manufacturer's

protocol using the KAPA HiFi kit (Roche-KAPA BIOSYSTEMS):

Reagents Final concentration
5x KAPA HiFi Fidelity buffer 1X
10 mM dNTPs mix 0,3 mM
10uM FW primer 0,3 uM
10pM RV primer 0,3 uM
Template DNA 50-100ng
KAPA Hifi DNA polymerase 0,5U

The amplicons were analyzed by agarose gel electrophoresis. The % w/v concentration of the
agarose gel prepared depends on the size of the DNA fragments to be analyzed. Each desired
product was extracted from gel using NucleoSpin Gel and PCR Clean-up from Macherey-Nagel
according to the manufecturer’s protocol. To validate the sequence direct sequencing of PCR

products was performed.

iii.  Analysis of CRISPR Editing Results
For identifying CRISPR induced indels by direct Sanger sequencing, the CRISP-ID analysis tool
was used (Dehairs et al., 2016). Moreover, as an alternative tool, the Inference of CRISPR Edits

(ICE) was used (https://ice.synthego.com/#/). ICE compared chromatograms and calculated

probable allele sequences and InDel distributions.
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3.10. Basic cloning procedures

The steps followed for the construction of each plasmid during this study are briefly described

below:
Polymerase chain reaction (PCR)

Specific primers were designed for each gene of interest and were amplified by high-fidelity
PCR (polymerase chain reaction) according to the manufacturer's protocol using the KAPA HiFi

kit (Roche-KAPA BIOSYSTEMS):

Reagents Final concentration
5x KAPA HiFi Fidelity buffer 1X
10 mM dNTPs mix 0,3 mM
10uM FW primer 0,3 uM
10pM RV primer 0,3 uM
Template DNA 5ng (for plasmids) or
KAPA Hifi DNA polymerase 0,5U

Each desired DNA fragments were analyzed by agarose gel electrophoresis. The % w/v
concentration of the agarose gel prepared depends on the size of the DNA fragments to be
analyzed. To visualize the DNA a GelRed® Nucleic Acid Gel Stain, 10,000X was used (Biotium). The
desired PCR products were extracted from gel using NucleoSpin PCR Clean-up from Macherey-

Nagel according to the manufecturer’s protocol.
Digestions, purification and ligation of digested DNA fragments

PCR products and plasmids were digested using restriction enzymes from NEB (Table 3.2)
according to manufacturer instructions. Insert and vector DNA (500ng) were digested for 1 h with
1 U of the corresponding restriction enzyme. The linearized DNA fragments were analyzed by
agarose gel electrophoresis and were purified either by NucleoSpin PCR Clean-up kit or if
necessary, by NucleoSpin Gel extraction kit. The purified vector and insert were enzymatically

joined together through a ligase reaction. The ligation of insert and vector DNA in a molar ratio
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1:5 was performed using T4 DNA Ligase from NEB according to the instructions of the
manufacturer. The reaction was incubated O/N at 16°C. A control ligation reaction, containing
only the vector and the ligation mix, was also performed, in order to determine the re-

circularization frequency of the vector.
Transformation

An aliquot of 50 pL chemically competent (cc) E. coli cells (cc preparation described below)
was thawed gently on ice. The ligation reaction (5 pL) was mixed with the cells and bacteria was
incubated for 20 min on ice. After the incubation, the cells were heat shocked 42°C for 45sec and
were immediately transferred on ice for 2 min. 500 uL of pre-warmed at 37°C liquid LB medium
was added in tubes and the cells were incubated at 37°C for 1h under shaking conditions. After
growing in LB medium, the transformed cells are plated on LB-agar, containing the appropriate
antibiotic for the selection of transformed cells. The plates were incubated overnight (O/N) at

37°C.

Preparation of competent E. coli cells

E. coli cells (Dh5a, Rosetta or Stbl3) were used in order to prepare chemically competent cells.
A fresh colony of desired strain were inoculated into LB medium for a starter culture. 200uL of
the pre-culture were subsequently transferred into a larger culture (12mL) and were incubated
to slowly growth at 30°C until ODeoo =0.4-0.6. After incubation, harvested cells were incubated
with calcium chloride (CaCl2) to make the cell membrane permeable. Cells were transferred on
ice for 5min and then were centrifuged at 5.000 rpm for 5 min. The supernatant was discarded,
the cells were resuspended into 2 mL of TFB1 buffer and were incubated on ice for 5 minutes. A
centrifuge at 5.000 rpm for 5 minutes 4°C was followed. The supernatant was discarded, and cells
were resuspended into 1 mL of TFB2 buffer and then were incubated on ice for 15 minutes.
Aliquots of 50 pL of chemically competent cells were finally prepared.
TFB1: KCL: 30 mM, RbCl: 100 mM, CaCl2: 10 mM, MnCI2: 50 mM, Glygerol: 5% pH:5.8 (adjusted
by acetic acid)
TFB2: MOPS: 10 mM, RbCI2: 10 mM, CaCl2: 75 mM, Glycerol: 15% pH:6.5 (adjusted by KOH)
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Colony PCR

In order to identify the clones that bear the desired recombinant plasmid, a screening colony
PCR was prepared. A number of colonies were transferred into tubes containing 50 uL liquid LB.
A DreamTaq DNA Polymerase (Thermo Scientific) were used according to the manufacturer's

protocol. The PCR products were analyzed by agarose gel electrophoresis.

Reagents Final concentration
10x dreamtaq buffer 1X
2mM each dNTPs mix 0,3 mM
10puM FW primer 0,3 uMm
10uM RV primer 0,3 uMm
Template DNA 5uL
Dreamtaq DNA polymerase 0,1U

Small-scale plasmid preparation (mini prep)

The positive clones were transferred in 5 ml of LB culture containing the appropriate antibiotic
and were incubated O/N at 37°C, under shaking. After incubation, a glycerol stock solution was prepared
and 3ml of the culture was used for plasmid purification using the NucleoSpin® Plasmid - MACHEREY-

NAYGEL kit according to the manufacturer's instructions.

DNA sequencing

To check accuracy of plasmids, all of them were sequenced before being used for the

experimental procedure.

3.11. Maintenance of cell lines and cell culture

This study encompass a broad range of cancerous cell lines that are described below:
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Cell line Description origin Cell culture media conditions
Immortal human cells derived
from a cervical carcinoma isolated.
They were isolated from 31-year- Dulbecco’s modified Eagle’s
old patient. They contain 76 to 80 medium (DMEM)- high
Hela total chromosomes. These cells glucose stable glutamine at37°Cina
cells proliferate abnormally rapidly as ATCC supplemented with 10% 5% CO3
Hela cells have an active version heat-inactivated fetal bovine
of telomerase during cell division, serum (FBS)
which copies telomeres over and
over again.
Dulbecco’s modified Eagle’s
Human lung adenocarcinoma medium (DMEM)- high
cells. They are isolated from the glucose stable glutamine at37°Cina
A549 ATCC
lung tissue of a 58-year-old supplemented with 10% 5% CO,

Caucasian male with lung cancer.

heat-inactivated fetal bovine

serum (FBS)

3.11.1. Thawing, cryopreservation and passaging of cells

To thaw cells, cryovials were transferred from liquid nitrogen into a 37°C waterbath. Warm
cell culture medium was added into vials and cells were transferred into 15 ml conical tube for
centrifugation at 1000x g for 5 min. The supernatant was discarded carefully, cells were
resuspended in 10 ml culture medium and placed into cell culture dishes (100mm).

For cryopreservation, the growth medium was removed, and cells were washed twice with
5ml PBS. 1x trypsin enzyme was added and plates was incubated for 10 min in incubator (37°Cin
a 5% COy). Trypsin is a protease which hydrolyzes protein at carboxyl side of the lysine or arginine
residues and enables the cells to be detached from the plate. Two volume of pre-warmed
medium was added to inactivate trypsin. The medium was gently dispersed by pipetting to

unstick the cells. Cells were transferred into 15 ml tubes for centrifugation at 1000x g for 5 min.

107



Materials and Methods

The supernatant was discarded, and pellet of cells were resuspended in 1 ml freezing medium
(90 % FBS, 10 % Dimethyl sulfoxide-DMSO). Cells were transferred in cryovials and placed into
freezing container (Mr. Frosty) for storage at -80°C overnight. The freezing container is filled with
isopropanol to allow the samples to achieve a slow cooling rate of -1°C/minute which is the
optimal rate for cell preservation. For long-term storage, cryovials were transferred in liquid
nitrogen.

To split cells, the above procedure was performed, when cells reach at 80-90% confluent with
the difference that pellet of cells was resuspended in growth media and part of them were

transferred to a new culture dishes or plate according to experimental procedure.
3.11.2. Transient transfection of cells

Cells were seeded on cell culture 6-well dishes and grown until they reached about 60% of
confluency. Prior to transient transfection, the growth media was replaced with complete growth
medium without P/S. The transfection was performed with Lipofectamine 2000 (Invitrogen) and
the OPTI-MEM media is used. It contains insulin, transferrin, hypoxanthine, thymidine, and trace
elements, which allow the reduction in serum supplementation by at least 50%. For each well of
cells, 3 uL of Lipofectamine 2000 Reagent was added into the above diluted OptiMEM:DNA
solution, was mix gently and was incubated for 30 minutes at room temperature to form DNA-
Lipofectamine 2000 Reagent complexes. After incubation, 100 pL of the DNA- Lipofectamine
2000 Reagent complexes were added directly to each well containing cells and were mixed gently
by rocking the plate back and forth. The cells were incubated at 37°C in a CO; incubator for 18-

24 hours post-transfection before assaying for transgene expression.

3.12. Total RNA isolation and cDNA synthesis

Total RNA was extracted from cell cultures using Trizol (Invitrogen) according to the
manufecturer’s protocol. TRIzol reagent was added directly to the culture dish and was incubated
for 5 min to lyse the cells and to permit the solubilization of all contents. The lysate was
transferred to a new tube and was added 200pL of chloroform used for lysis. The tubes were

incubated for 2—3 min followed by a centrifugation at 12,000 x g for 15 minutes at 4°C. After
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centrifugation the mixture separates into three phases, a lower red phenol-chloroform or organic
phase which contains proteins, an interphase which contains DNA, and a colorless upper aqueous
phase containing the RNA. The upper phase was transferred to a new tube and 500 puL of
isopropanol was added to precipitate the RNA. An incubation for 10 min and a centrifugation for
10 min at 12,000 x g at 4°C was followed. The supernatant was discarded, and the pellet was
resuspended in ImL 75% ethanol. The samples then were centrifuged for 5 minutes at 7500 x g
at 4°C and the supernatant was discarded. The RNA pellet was allowed to air dry for 10 min and
was dissolved in 35uL of RNase-free water. For small RNA isolation (<200nt), the mirVana
Isolation Kit (Invitrogen) was used according to the manufacturer’s instructions. In both cases,
RNA samples were treated with DNase | (New England Biolabs) to ensure no contamination by
genomic DNA according to the manufacturing protocol. A cleanup with phenol/chloroform
extraction was performed and an ethanol precipitation was followed. tRNA-derived fragments
(tRFs) (<40nt) were separated on a 10% UREA-PAGE. The quantity and yield of each RNA sample
was evaluated by Multiskan Sky Microplate Spectrophotometer. Subsequently, the samples were
used for cDNA synthesis using SuperScript™ Il Reverse Transcriptase Kit (Invitrogen) following the
manufacturer’s protocol. Typically, 3 pg of total RNA was used for cDNA reaction (20uL final
volume), and the large fractions (>200nt) was reversed transcribed using oligo-dT primer while
small RNAs (<200nt) were initially polyadenylated using E. coli Poly(A) Polymerase (New England

Biolabs) and then reverse transcribed using an oligo-dT adapter primer.

3.13. Quantitative polymerase chain reaction (QRT-PCR)

50 ng cDNA was used as template to perform gPCR reactions using KAPA SYBR FAST gPCR Kit
(Kapa biosystems) following the manufacturer’s protocol. Three segment was constructed in
thermal profile including one segment 3 min of initial denaturation at 95°C, second segment with
forty cycles, followed by segment amplification step: 3s at 95°C for denaturation, 30s at
respective annealing temperature and the third dissociation or melting segment followed by 1
min at 95°C, 30 sec at 55°C and 30 sec at 95°C. Reactions were set up in 96-well plates and

performed on an MX3000P real-time thermocycler (Agilent). Reference genes used for
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normalizing was ACTB and RNUG6 to measure the mRNA and small-RNA expression, respectively.

The Ct values were analyzed using the 2-AACT method.

3.14. SDS-PAGE and Western Blot analysis

For protein analysis, 100mm dishes with cells that had reached 80% confluence were twice
washed with 1X PBS containing 1mM EDTA pH 8.0 and incubated on ice. The cells were scratched
(with rubber policeman) onice in 5 mL ice cold PBS-EDTA and transferred in a 15 mL falcon tube.
The cells were collected by centrifugation (6500 rpm, 5 min at 4°C). Cell pellets were suspended
in RIPA buffer [150 mM NaCl, 50 mM Tris-Cl, pH 7.5, 1% NP-40, 0,5% Triton X-100, 1 mM EDTA
pH 8.0, 0.5% Sodium Deoxycholate, 1ImM Dithiothreitol (DTT) and protease inhibitors (1 pg/ mL
aprotinin, 1 ug/ mL pepstatin, 1 pg/ mL leupeptin, 1 mM PMSF kat 1 mM NasVOs)] and incubated
for 20 min on ice. During the 20 min period the samples were suspended with vortex for 1 min
every 5 min. After the incubation the samples was centrifuged at 13.000 rpm for 20 min at 4°C
and the supernatant was transferred into new tubes. Protein concentrations were determined
by the Bradford assay.

Proteins were separated by gel electrophoresis on SDS-polyacrylamide gels as described in
Table 3.8. Samples were prepared for running by adding an equal amount of 2x Laemmli Buffer
(25% v/v glycerol, 5% B-mercaptoethanol, 2% w/v SDS, 0.01% w/v bromophenol blue and 65mM
Tris pH 6.8) and were further heated to 95°C for 10 min. Gels were run using Mini-Protean gel
electrophoresis tank (Bio-Rad Labs, USA) at 120V using Tris/glycine/SDS running buffer (1x): 25
mM Tris, 250 mM glycine, 0.1% (w/v) SDS.

After running proteins were subsequently electrophoretically transferred from gel to
polyvinylidene difluoride (PVDF) membrane (Millipore). Before use, PVDF membranes were
activated by wetting the membrane in 100% methanol for a 10 sec, 2 min in ddH;0 and then
equilibrating in 1x transfer blotting buffer (2.5 mM Tris, 0.192 M glycine, 20% methanol) for 5
min. The sandwich of blotting was prepared and was run for 3h 42V in a cold room. After transfer,
membranes were blocked for 3h at room temperature with 5% nonfat milk in TBS (10 mM Tris,
150 mM NaCl, pH 7.5) in order to minimize any unspecific interaction of the antibody. An

incubation with primary antibodies was followed (diluted in 3% Nonfat Dry Milk-TBS buffer) for
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3 h at room temperature or overnight at 4°C under rotation. The concentration of the primary
antibodies ranged depending on the antibody used. After incubation, membranes were washed
with TBS three times for 5 min. Further, the membranes were incubated with secondary
antibodies (diluted in 2,5% Nonfat Dry Milk-TBS buffer) at room temperature for 1 h followed by
washing with 1X TBS three times. Where it is necessary, the removal of primary and secondary
antibodies from membranes was performed using stripping buffer (20 mL SDS 10%, 12.5 mL Tris
HCI, pH 6.8, 0.5 M, 67.5 mL ddH,0, add 0.8 mL R-mercaptoethanol). The stripping solution was
firs incubated at 65°C for 30 min and then was added in membrane for 30min at RT. After
incubation, the membrane was rinsed 3 times with TBS buffer. The protein bands were detected
by means of the ECL kit Western Blotting detection (Bio-Rad). The secondary antibody is directly
coupled to horseradish peroxidase and the band was visualized by UltraCruz® Autoradiography
Film (Sant Cruz Biotechnology). To scan the X-Ray films, a flatbed scanner capable of digitizing
transparencies was used. The calculation of band intensity was performed using ImageJ analysis
software. The protein levels were normalized against B-actin and GAPDH levels in each separate
set of experiments.

For non-radioactive measurement of translation rates, cells were treated with 1uM
puromycin for 10 min at 37°C and after incubation total protein extracts were isolated. The levels
of puromycylated nascent peptides were measured by immunoblotting according to the above-

described procedure.

Table 3.8: Recipe for SDS-polyacrylamide gel

Stock Solution Stacking Buffer Separating Buffer

Final Concentration

30 % (w/v) acrylamide 5% 8% -15%
1.5 M Tris-HCI pH 6.8 0.125 M -
1 M Tris-HCI pH 8.8 0.375M
10 % (w/v) SDS 0.1% 0.1%
10 % (w/v) APS 0.1% 0.1%
Temed 0.1% 0.04%
H20 up to final volume up to final volume
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3.15. Immunofluorescence microscopy and immunostaining

Cells were seeded in 12-well plates containing 13mm coverslips. If required, transfection was
performed, and cells was incubated for 24h or in different times points according to the
experiment procedure. After treatment, cells were washed twice and were fixed in 4%
paraformaldehyde (PFA) for 10min in RT, followed by rinse twice with 1x PBS in order to remove
the remaining PFA. The permeabilization with 0.3% Triton X-100 for 5min was followed. For
blocking, 10% FBS and 3% BSA in PBS (blocking solution) was incubated for 60min followed by
overnight incubation at 4°C with specific primaries antibodies (Table 3.4). If required, a co-
staining of two antibodies diluted together in blocking solution. Anti-mouse IgG secondary
antibody conjugated to Alexafluor dyes (Invitrogen) was used to 1:400 dilution in blocking
solution. The secondary antibodies were incubated for 60min at room temperature. The samples
were washed twice in 1x PBS, and the nuclei were stained with Hoechst (5ug/ml) in PBS for 2min.
The cover slips were washed again and were embedded on a microscope slide using Mowiol as
mounting medium. Fluorescence cell imaging was performed on a Nikon Eclipse TE 2000-U. The

images were analyzed using Image J.

3.16. Cell cycle

For cell cycle analysis, to synchronized cell cultures, cells were seeded on 6-well plates and
were harvested for 24h with serum deprivation. After starvation, the cells were passaged and
released into cell cycle by addition of serum for 24h and 48h. In the case of overexpression
experiments, cells were transiently transfected with the recombinant plasmids and with empty
vector as control and were harvested at 24 h post-transfection. For FACS analysis, cell samples
were fixed with 70% pre-cooled ethanol for 24h. After incubation, cells were centrifuged and
were washed using 1x PBS. Then, cells were incubated with 10 ug/ml Propidium lodide (PI)
staining and 100 pg/ml RNase A (both diluted in PBS) in a 37°C warm water bath for 30 min. The

stained cells were analyzed using a BD Accuri C6 Plus Flow Cytometer.
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3.17. Cell proliferation assay

For proliferation assay, 20.000 cells were seeded per well on 12-well plates in DMEM/10%
FBS. If necessary, prior to further experimentation, cells were transiently transfected with
suitable plasmids and cells were measured 24h after transfection. After incubation, cells were
washed twice with 1x PBS and were stained with 1ml 0.2% crystal violet in 20% methanol for
10min. Crystal violet binds to proteins and also DNA molecules and its amount is reduced when
cells that undergo cell death. Then the cells were washed three times with ddH,O and were
solubilized with 500ul of 10% acetic acid for 20 minutes. The solubilized crystal violet was

measured at 590nm.

3.18. Resazurin assay

This method detects the cell metabolic by converting the nonfluorescent dye, resazurin, to
the highly red fluorescent dye, resorufin, in response to chemical reduction of growth medium
resulting from cell growth. Cells were seeded in 96-well plates in DMEM/10% FBS in a series of
dilutions (2x103, 4x103 cells/well) and were harvested for 24h, 48h and 72h. Cells were incubated
for 2h with ready resazurin solution (Biotium) at 37°C followed by fluorescence-based detection
at 570nm and 600nm Excitation/Emission respectively, according to the manufacturer's
instructions at FLUOSTAR. For experiments needed transfection, cells were transiently
transfected with the recombinant plasmids or empty vector as control using Lipofectamine 2000
(Invitrogen) according to manufacturer's instructions. 6h post-transfection, the cells were
treated with trypsin (0.25%) and were seeded in 96-wells in a series of dilutions followed by the

same procedure.

3.19. Wound healing assay

For the wound healing assays, cells were seeded in a 6-well plate at a density of 7x10° cell per
well. After 24h incubation, wounds were made by scratching the monolayer using a sterile
pipette tip and the detached cells were washed away with PBS. For experiments needed

transfection, cells were transiently transfected with the recombinant plasmids or empty vector
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as control using Lipofectamine 2000 (Invitrogen) according to manufacturer's instructions and 6h
post-transfection the scratch were made. Images was captured following the wound procedure
at different time points using a KERN OCM-161 inverted microscope at 10X magnification and the

scratched area was quantified at each time point using ImageJ MRI tool.

3.20. Mitochondria measuring

For measurements of mitochondrial dyes using flow cytometry the following procedure was
performed. Cells were seeded in 6-well plates at 0.5x10° density. For experiments needed
transfection, cells were transiently transfected with the recombinant plasmids or empty vector
as control using Lipofectamine 2000 (Invitrogen) according to manufacturer's instructions and
24h post-transfection, cell were stained using the dyes (Invitrogen) for 40 min at 37°C.
Subsequently, the cells were washed three times with prewarmed complete PBS (CPBS). The
stained cells were analyzed using a BD Accuri C6 Plus Flow Cytometer. The results are expressed
as a histogram presenting cell fluorescence emission and were quantified using the mean
fluorescence intensity (MFI). For measurement of ROS production, the MitoSOX red (Thermo
Fisher) was used at 2.5 uM final concentration. MitoSOX Red reagent is permeable to live cells
and is selectively targeted to mitochondria. It is oxidized by the superoxide and exhibits a red
fluorescence. For measurement of mitochondrial membrane potential or mass the MitoTracker
Red CMXRos and MitoTracker Green were used at 150nM and 100nM final concentration,
respectively. For fluorescence detection of mitochondria, the Mitotracker Deep Red (thermo
Fisher) dye was used. Cells were seeded in 12-well plates containing 13mm coverslips and 24h
after incubation, the media was removed and was replaced with fresh containing 150nM of the
dye. Cells were incubated for 30 minutes at 37°C. After incubation the cell were fixed according
to the procedure at §3.14 and were visualized at Nikon Microscopy and the images were analyzed

using Image J software.

3.21. Polysome profiling

For polysome profiling the mRNAs are separated on a sucrose gradient based on the number

of ribosomes bound. Cells were seeded on 150 mm dishes and grown until they reached about
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70% of confluency in order to not distort the translation process. Further, cells were incubated
at 37°C with 100 pg/ml cycloheximide (CHX) for 10 min and then were washed twice with cold 1x
PBS containing 100 pg/ml CHX. Cells were collected using cell scraper into eppendorfs and were
centrifuged for 5 min, 1500 x g at 4°C. The supernatant was discarded, and the cells were lysed
with 1 ml of lysis buffer [20mM Tris-HCl pH 7.4, 150mM KCI, 7mM MgCl2, 1mM DTT, 1% NP-40,
1% (v/v) Protease Inhibitor Cocktail (Sigma), 40U/uL RNase Inhibitor Murine (New England
Biolabs) and 100ug/m CHX]. An incubation with rotation for 30min at 4°C was followed. After
incubation, cells were centrifuged at 20.000 x g for 30 min at 4°C and 20 ODze0 units from
supernatant were loaded onto a 15-50% sucrose density gradient. Ultracentrifuge in an SW41
rotor at 39,000 x rpm for 2h and 30 min at 4°C was followed. The samples were analyzed by
optical scanning at 254 nm using continuous flow cytometer (Figure 3.4).

For step gradient, 5 standard sucrose solutions (55%, 45%, 35%, 25% and 15% (w/v)) were
used. For 2 SW41 Beckman tubes, 25ml of Buffer G [20mM Tris-HCI pH 7.4, 100mM KCI, 3 mM
MgClz, 100ug/ml CHX (added fresh) and 1mM DTT (added fresh)] and 20ml 55% (w/v) sucrose

solution (11 g sucrose for 20 ml) were prepared, and the sucrose solutions were performed.

Sucrose solutions 50% (w/v) sucrose solution  Buffer G
yta 50% (w/v) sucrose 6.00ml -
yta 45% (w/v) sucrose 5.40ml 0.60ml
yla 40% (w/v) sucrose 4.80ml 1.20ml
yla 35% (w/v) sucrose 4.20ml 1.80ml
vl 30% (w/v) sucrose 3.60ml 2.40ml|
yla 25% (w/v) sucrose 3.00 ml 3.00ml
yla 20% (w/v) sucrose 2.4ml 3.6ml
ywa 15% (w/v) sucrose 1.8ml 4.2ml

Total Volume 6ml for each solution

For each ultracentrifuge tubes with 12ml total volume the following procedure was performed:
e 2.2 ml sucrose solution 55% (w/v) was added
e Freeze for 15 min at -80°C (cover top with parafilm to avoid contamination).
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e Repeat steps 1-2 using the rest 4 sucrose solutions.

e Leave Beckman tubes at 4°C O/N to become linear.
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Figure 3.4: An overview of polysome prolife procedure.

3.22. Protein expression and purification

The LAM domain of human La protein (hLAM; residues 1-103) was cloned into a pET20.b(+)
vector and expressed in E. coli BL21 (DE3) Rosetta2 pLysS cells. A single colony of BL21 cells was
inoculated into 5ml LB medium and 50ug/ml Kanamycin overnight at 37°C for a starter culture.
The inoculation was added to 1000 ml LB broth and were incubated at 37° C on a shaking table
until ODeoo reached 0.4-0.5. Protein expression was induced by addition of 0.5mM IPTG (Isopropyl
B-D-1-thiogalactopyranoside; Sigma) for 16 hours at 16° C. After induction, the culture was
centrifuged at 4500 x g for 10 min at 4°C and the supernatant was discarded. The pellet was
resuspended in 5 ml NP10 buffer/Wash buffer (50mM Tris-HCl pH 7.5, 100mM KCl, 5% Glycerol,
10mM imidazole) by vortexed. In order to facilitate the lysis of bacteria cell walls, 1 mg/ml of
lysozyme was added followed by incubation on ice for 30 minutes and stirring at several times.
The homogenization of the cells was performed using sonication with 5 bursts at a power of 25-
50 W for 10 sec each, on ice. Cell debris was removed by ultracentrifugation at 4°C for 1:30 h at
10000 x g and the supernatant containing the protein was collected into Falcon tubes. 500 pl
fraction of the supernatant (Input) was aliquoted. The supernatant was mixed with Ni-NTA
agarose beads (Thermo Scientific) and was incubated for 30 min in a rotor at 4°C. The

recombinant protein containing 6xHis tag bound to the nickel-coated beads. After incubation,

116



Materials and Methods

the solution (supernatant-beads) is slowly loaded onto the syringe and the column was packed.
The flow-through solution which contains the unbound proteins was collected in a falcon. After
the packaging, the column was washed with 50ml of NP-20 buffer/Wash Buffer (50mM Tris-HCI
pH 7.5, 100mM KCI, 5% Glycerol, 20mM imidazole), thus decreasing the unspecific interactions.
To elute the recombinant protein, the column was wash with a high concentration of imidazole
(50mM Tris-HCl pH 7.5, 100mM KClI, 5% Glycerol, 20.mM imidazole). During elution, 500ul of
fractions were collected. The protein concertation of each fraction was determined by the
Bradford Protein Assay. The fractions with higher concertation were separated by gel
electrophoresis on SDS-polyacrylamide gels (as described in §3.14). After electrophoresis, the gel
was stained with Coomassie Brilliant Blue staining solution. Firstly, the solution was pre-warmed
for 5 sec and then was incubated for 20 min at room temperature. The gel was destained with
the de-staining solution (45% methanol, 10% acetic acid) for 1h. The fractions containing the
recombinant protein were purified using size exclusion chromatography in Superdex 200 10/300

GL (GE Healthcare).

3.23. Invitro transcription and radiolabeling

For pre-tRNA*8ccy, a pUC57 vector containing pre-tRNA*ccy from Dictyostelium discoideum
downstream of a T7 RNA polymerase promoter was linearized using the Dral restriction enzyme
from NEB. The reaction was incubated for 3h at 37°C. The digested plasmid was checked for
accurate linearization by 1% agarose gel electrophoresis and was purified by gel extraction prior
to in vitro transcription. For tRNA®Yscc, a pcDNA3.1 vector containing pre-tRNA®Yscc from Homo
sapiens was used as template for High-fidelity DNA polymerase (§3.10). Different set of primers

were designed and were used for PCR depending to desired transcript.

Reagents Concentration

10x CutSmart Buffer  1x
Plasmid construct 10ug
(10,000 units/ml) Dral
50U (0.5 pL)
enzyme (NEB)

ddH,0 up to 50 pL
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The amplified product and the linearized plasmid were used for run-off transcription as follows.

The in vitro transcription reaction was carried out at 37°C for 16h.

Reagents Concentration
10X T7 RNAP buffer 1x
DTT 5mM
uTpP 1mM
GTP 2mM
CTP 2mM
ATP 2mM
Linear Plasmid 10ug
RRI 10U
pyrophosphatase (PPase) 0.2U
T7 RNA Polymerase 250U

DEPC treated-H,0 up to 100 uL

The reaction was treated with DNase | (New England Biolabs) followed by phenol/chloroform
extraction. Transcripts were PAGE purified (10% polyacrylamide, 8M urea, 1x TBE). Briefly, the
transcript was visualized by UV shadowing and the bands corresponding to tRNAs were excised
and eluted by i.v.t elution buffer (1x i.v.t. elution buffer: 10 mM Tris-HCl, pH 7.5, 300 mM KCl, 1
mM EDTA) for 16h in room temperature. The eluted transcript was collected in new eppendorf,
was precipitated with ethanol and was resuspended in DEPC treated-H;0. For the radiolabeling,
10pmol of pre-tRNA was dephosphorylated using Antarctic phosphatase (5U/uL, NEB) at 37°C for
1h. After reaction, the transcript was purified by phenol/chloroform and was precipitated with
ethanol. Subsequently the 5’ ends of the pre-tRNA and a synthetic 10-mer oligo(U) (Eurofins)
were labeled used [y-32P]-ATP in the presence of 10U T4 PNK (NEB) and 10U RRI (NEB).

3.24. Electrophoretic mobility shift assay (EMSA)

The binding assay was performed with the addition of increasing concentrations of LAM (5-
100uM) in the presence of binding buffer (50mM Tris-HCl; pH 7.5, 10mM NHa4Cl, and 5mM MgCl,,
1U RNase Inhibitor (NEB) and 1mM EGTA. Each labeled RNA transcript (1nM) was supplemented
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with cold to a final concentration of 0.2uM. The pre-tRNA transcript was denatured for 5min at
65°C in presence of 10mM MgCl, and slowly cooled down to 37°C. The ligands were incubated
with hLAM at 37°C for 15min and for 15min at RT and the mixtures after the addition of 1x loading
buffer (50mM Tris-HCl; pH 7.0, 10% glycerol, 0.012% bromophenol blue, 0.012% xylene cyanol in
DEPC-treated H,0) remained on ice for 10min. The samples were funrther analyzed on a 10% v/v
native PAGE. The gel was pre-run at 10mA for 15min and then at 8mA for 10h at 4°C. The gels
were visualized using Fujifilm FLA-3000 phosphoimager scanning and the bound and free labeled
RNA was was analyzed by band intensity measurement using AIDA image analyzer software
(Raytest version 5.0). GraphPad Prism Software (version 8.00) was used to plot and analyze
binding affinities by nonlinear regression. The calculated values were used for the corresponding
Scatchard plots (Bound/free versus Bound) to calculate binding constants (Kg) according to the

equation: slope = -1/Kg.

3.25. In vitro pre-tRNA processing assay

The 5’ end radiolabeled pre-tRNA transcript (§3.20) was used for pre-tRNA processing assay.
Wild type and knockout cells were harvested and were resuspended in lysis buffer (30mM HEPES-
KOH pH 7.4, 100mM KCI, 5mM MgCl,, 10% glycerol, 1% NP-40, 0.1mM PMSF, 1mM DTT). Cells
extracts were incubated for 20 min on ice and during this period the samples were suspended
with vortex for 1 min every 5 min. After the incubation the samples was centrifuged at 13.000 x
g for 20 min at 4°C and the supernatant were transferred in new tubes. The samples were flash
frozen in liquid nitrogen and stored at -80°C. To evaluate the leader removal by RNase P, the
radiolabeled pre-tRNA”8ccy (up to 0.3 uM in the presence of unlabeled transcript) was mixed
with 1x reaction buffer (10mM HEPES-KOH pH 7.4, 100mM KCI, 5mM MgCl2, 2mM DTT, 3.5Mm
ATP, 4.5Mm Spermidine and 60U/ml RRI) and was denatured for 1 min at 95°C. After refolding
for 10 min at RT, the transcript was incubated with cells extracts (final concentration 0.3mg/ml)
for 30min at 30°C. pre-tRNA transcript were used as a negative control while the RNase Z*
enzyme used as positive control. All reactions were performed in a final volume of 20 uL and after
incubation was followed phenol/chloroform extraction. Samples were mixed with equal volumes

of F-EDTA loading buffer (90% formamide, 10mM EDTA, 0.025% bromophenol blue, 0.025%
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xylene cyanol) and were loaded on 10% denaturating polyacrylamide gel. After electrophoresis,

gels were autoradiographed on a phosphoimager (Fujifilm FLA 3000 platform).

3.26. Next generation sequencing and bioinformatics analysis

RNA sequencing technology provides a powerful approach for studying the transcriptome
profile of large or small RNA molecules. For our experiments, total and small RNAs were isolated
usinf the Trizol Reagent (§3.12). The first step for next-generation sequencing (NGS analysis) is
the ribosomal RNA depletion. In order to avoid deep read alignment at rRNA repeat loci, as these
molecules are the most abundant, it is necessary to remove them before the sequencing. The
depletion was performed using the Ribominus kit (Ambion) which contains beads carrying
oligonucleotides complementary to rRNAs. High-quality total RNA (1-5ug) was added to each
reaction. The hybridization solution is pre-heated to 50°C to solubilize the salts and then was

added in the reaction according to the following table:

Reagent Concentration
2X Hybridization Buffer 1x
RiboMinus™ Eukaryote Probe Mix v2 4ul
Total RNA Sug
ddH,0 Up to 100ul

The reaction was gently mixed and incubated at 70°C for 10 min for denaturation and the 20
minutes at 37°C for hybridization. After hybridization step, the reaction was left at 37°C until to

preparation of the magnetic beads.

e The magnetic beads are resuspended thoroughly by vortexing and 500uL is transferred to
clear eppendorf for each sample.

e The eppendorfs are placed on a magnetic separation stand for 1 min or until the solution
becomes clear and then the supernatant was discarded.

e The beads were dissolved in 500 uL of sterile ddH,0 and placed back on the magnetic

separation stand for 1 minute. The wash procedure was repeated one more.
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e The beads were then resuspended in 200 pyL of 1x Hybridization Buffer and were

incubated at 37°C for 5 min.

After incubation, the RNA-containing samples were briefly centrifuged and transferred to the
eppendorf with the magnetic beads. The sample were incubated for 15 minutes at 37°C and then
were centrifuged and placed on the magnetic base for 1 minute or until the solution becomes
clear. The supernatant, containing the RNA without the rRNAs was transferred to a new
eppendorf. Finally, the sample is further purified and concentrated after precipitation according

to the manufacturer’s protocol.

Library preparation using the lon Total RNA-Seq Kit v2

Next-generation sequencing using both ION Torrent and other similar technologies has the
limitation that it cannot sequence fragments larger than 200 bases. It can therefore be
understood that in order to sequence larger molecules, such as mRNA, the RNA should be
fragmented into smaller fragments (up to 200nt). The fragmentation was performed with the
RNase Il enzyme, according to the manufacturer's instructions. Before adaptor ligation, the RNA

fragments should be purified with magnetic beads according to the manufacturer's instructions.

ION TORRENT cDNA library preparation

The first step in the preparation of a cDNA library for the whole cell transcriptome is the
hybridization and binding of RNA molecules with appropriate primers. More specifically, and
based on the instructions provided by the manufacturer, the hybridization mixture should be

prepared as follow:

Reagent volume
lon Adaptor Mix v2 2ul
Hybridization Solution 3ul
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The hybridization mixture is added to 3uL of the fragmented RNA (or up to 100ng) and the mix
are incubated as follow: 10 minutes at 65°C and 5 minutes at 30°C. Reagents are then added to

hybridize and bind the RNA molecules with the appropriate primers.

Reagent volume
Hybridization reaction 8ul
2X Ligation Buffer 10ul
Ligation Enzyme Mix 2ul

The mix is incubated for 1 hour at 30°C while preparing the reverse transcription reaction as

follow:
Reagent volume
10X RT Buffer 4l
2.5mM dNTP Mix 2ul
lon RT Primer v2 8ul
ddH,0 up to 16pl

The reactions are combined and 4puL of 10X SuperScript Ill Enzyme Mix is added to the mix. The
reaction is then incubated for 30 minutes at 42°C. The same procedure is followed for the
construction of libraries for the sequencing of small RNA molecules, provided that the original
sample has undergone an enrichment procedure for these molecules. In the present work this
was achieved after Urea Page electrophoresis and isolation of RNA molecules of the desired size
(<40 nucleotides). Before the cDNA library preparation, the cDNAs were purified according to

the manufacturer's instructions.

cDNA preparation

The cDNA preparation was performed as follow:

Reagent volume
Platinum® PCR SuperMix High Fidelity 45ul
lon Xpress™ RNA 3’ Barcode Primer 1l
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6 uL of each cDNA was added to the above mixture and the following incubations were
performed as follow: 94°C for 2 min (Hold), 94°C for 30 sec, 50°C for 30 sec, 68°C for 30 sec (2
cycles), 94°C for 30 sec, 62°C for 30 sec, 68°C for 30 sec (2cycles) and 68°C for 5 min (Hold). After
incubation, the cDNA libraries were purified according to the manufacturer's instructions. At the
end of the procedure, 1 pl of each sample is analyzed in the Bioanalyzer using the Agilent® DNA
1000 Kit. The data is analyzed using 2100 Expert software to calculate the concentration of
molecules in the range 50-160nt.

For small RNA library preparation prior to kit protocol, the enrichment for small RNAs was
performed using 15% UREA-Page. 10ug of total RNA samples were runned in a 15% Urea-
Polyacrylamide Gel with 1x TBE. A mix of Low Range ssRNA and miRNA ladder (NEB) was used.
After the run stain the gel in 10ml 1X SYBR Gold in TE Buffer. After the SYBR Gold staining, the

gel was excised from 150kDa of the RNA marker (Figure 3.5).
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Figure 3.5: The Low Range ssRNA and miRNA ladder (NEB).

Template preparation and chip loading prior to sequencing was performed on the lon Chef
system using the lon 540™ Chef kit and an lon 540™ chip. The loaded chip was then sequenced
on an lon GeneStudio S5 sequencer. The facility of lon Torrent Next Generation Sequencing
platform is located in School of Medicine of the University of Patras. At the end of sequencing

the results are retrieved as Fastq files from the corresponding server containing all the sequences
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which are then analyzed on this website. For downstream analysis, the sequencing data were
uploaded to the Galaxy web platform through the usegalaxy.eu public server (Figure 3.6).

(Blankenberg et al., 2010).

<Library Quality ControD (Data Quality Contro|>

RNA libraries . e Bioinformatics
Preparation Sequencing Analysis
Small RNA-seq Platform 1. Reads alignment on
1. Total RNA isolation with Trizol lon Torrent Gene Studio S5 reference genome
2. sRNAs (15-150nt) isolated from paired with the lon Chef + STAR + Bowtie2
12% PAGE denatured gel System. + Bowtie2
For valuable samples: Purelink RNA
mini kit (Invitrogen) with mirVana Kits: 2. Counting of the aligned
miRNA Isolation Kit (Invitrogen) lon 540™ Kit-Chef (Invitrogen) reads
3. cDNA reverse transcription with lon 540™ Chip Kit (Invitrogen) + Feature counts
Superscript IV (Invitrogen)

4. RNA library preparation (lon Total 3. Differential expression
RNA-seq kit v2) analysis

* Limma voom
mRNA-seq

1. Total RNA isolation

2. rRNA depletion with Ribominus
(Invitrogen)

3. RNA Fragmentation and library
preparation

(lon Total RNA-seq kit v2)

Figure 3.6: Total and small RNA sequencing pipeline.

Reads from total RNA-seq libraries were initially mapped to hg38 with the STAR aligner
(v2.7.8a) with default parameters except the following (--sjdbOverhang 75--outSAMmapqUnique
255--chimSegmentMin 18--chimScoreMin 12--outFilterType BySJout) (Dobin et al., 2013). The
unmapped reads were subsequently aligned to hg38 using bowtie2 (v2.4.5) using the --very-
sensitive-local preset (Langmead and Salzberg, 2012a). The generated alignment files were then
merged using picard MergeSamFiles (v2.18.2.1) and the unmapped reads were filtered out using
samtools view (v1.15.1) (Broad Institute, 2009; Li et al., 2009). Read counts and differential gene
expression analysis was performed with featureCounts (v2.0.1) and limma-voom (v3.50.1)
respectively, with genes with CPM>0.5 in at least one sample only considered (Liao et al., 2014a;

Liu et al., 2015a) Fastq files from small RNA libraries were quality trimmed with fastp (v0.23.2)
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with default options(Chen et al., 2018). The reads were then mapped to hg38 with Bowtie2
(v2.4.5) with the —very-sensitive-local preset (Langmead and Salzberg, 2012b). The read counts
for ncRNAs and miRNAs were generated with featureCounts (v2.0.1) using annotation files from
ENSEMBL and miRbase respectively(Liao et al., 2014b). The differential gene expression analysis
was performed with limma-voom (v3.50.1) (for genes with CPM>0.5 in at least one samples) (Liu
et al., 2015b). In contrast, the expression levels of tRF (tRNA-derived Fragments) molecules were
determined based on their exact sequences which were measured unaltered in the trimmed

Fastq files (Figure 3.6).

3.27. Statistic data analysis

All experiments were performed in three independent experiments and data were presented
as mean * SD. P-values were determined by GraphPad Prism software v.6.0.1 using one-way

ANOVA with multiple comparisons. * P<0.005, *** p<0.0005, **** p<0.0001.
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4.1. Interactions of ncRNAs and La Protein

4.1.1. La overexpression leads to increased proliferation

Previous studies have been shown that La is overexpressed in human malignant cell lines and
tissues (Al-Ejeh et al., 2007). Of note, it has been reported that La is translocated to the cytoplasm
where is bound to IRES elements facilitating translation of oncogenic mRNAs. To study the role
of La in lung cancer, A549 NSCLC cells were transiently transfected with the pcDNA3.1-SSB
plasmid encoding La protein and with empty pCDNA3.1 which used as control. The expression
levels of La protein were further verified by immunoblot analysis over the endogenous protein

and an increased expression up to 12-fold was observed (Figure 4.1a).
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Figure 4.1: (a) Immunoblot analysis of La protein levels in transfected-A549 cells compared to control
(left panel) and relative quantitation of La protein level after normalization to b-actin (right panel). (b)
Resorufin fluorescence intensity measured during resazurin reduction of cells overexpressing La protein
compared to control at different time points (c¢) Immunoblot analysis of PCNA (left panel) and
guantification of its protein level (right panel) in A549 cells overexpressing La compared to control cells.
The relative quantitation of PCNA level was measured after normalization to B-actin levels. (*p<0.05, **
p<0.01, *** p<0.001).
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After confirming the successful overexpression, the cell viability and consequently the
proliferation rates of transfected cells using the resazurin cell viability assay were measured.
After 24h and 48h of cell growth, a higher proliferation of cells, almost 20% compared to control
was observed (Figure 4.1b). The proliferation was further verified by the upregulation (>2.6-fold)
of PCNA (Proliferating Cell Nuclear Antigen) using immunoblotting analysis (Figure 4.1c). PCNA
acts as a processivity factor for DNA polymerase 6 in eukaryotic cells and is essential for

replication, DNA repair and chromatin remodeling.

4.1.2. La overexpression leads to increased cell motility

To determine the functional consequences of La overexpression, the cell cycle analysis
though propidium iodide (Pl) staining assay was performed. After a synchronization of cells with
serum starvation (GO synchronized) for 1 day, the cells were trypsinized, re-seeded to sub-
confluent density in fresh media, allowed to re-enter the cell cycle and were transiently
transfected for 24 h. The results showed that the transfected cells didn’t exhibit any significant
changes in their cell cycle phases, however it is observed a slightly higher S-phase (Figure 4.2a).
Moreover, the cells overexpressing La were used for RT-qPCR analysis of major cyclins expression
levels (Cyclin A; CCNA, Cyclin B; CCNB1, Cyclin D; CCND1 and Cyclin E; CCNE1). It is observed that
the cyclins were found moderately affected with no significant alterations. However, the Cyclin
D was found significantly upregulated (>2-fold relative expression). Moreover, the expression of
cyclin dependent kinase inhibitor 1A (P21; CDKN1A), the tumor suppressor p53 (TP53) and its
inhibitor MDM2 were tested. P21 and TP53 mRNA expression levels were unaffected while a
significant increase of MDM2 (>2-fold relative expression) (Figure 4.2b). The upregulation of
MDM2 and the cyclin D is possibly upon the binding of La (Trotta et al., 2003, 2; Sommer et al.,
2011a, 1; Nakatake et al., 2012, 2).

Since the proliferation rates of cells are affected, the cell migration of cells was examined
using the wound healing assays at different time points. Remarkably, cells overexpressing La
exhibited increased motility within the first 24h (Figure 4.2c). Interestingly, gPCR experiments

confirmed this observation as the expression levels of MMP2 and VEGFA (>1.2-fold and >1.5-fold
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respectively) were elevated. Both factors consist important migration and angiogenesis related

markers in cancer (Claesson-Welsh and Welsh, 2013; Gong et al., 2014) (Figure 4.2d).
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Figure 4.2: (a) A549 cells were transfected with a plasmid encoding hLa protein and DNA content was analyzed
after Pl-staining by flow cytometry after 24h. (b) mRNA expression levels by RT-gPCR of CCNA2, CCNB1,
CCND1, CCNE1, TP53, CDKN1A, MDM2. (c) Representative images of scratch migration assay in La-transfected
A549 cells compared to control. An open furrow was generated by scratching confluent cells. The distance
between furrow edges in the control and La-transfected cells was measured and is presented graphically (right
panel). (d) mRNA expression pattern of MMP2 and VEGFA analyzed by RT-qPCR. (*p<0.05, ** p<0.01, ***

p<0.001).

4.1.3. NGS analysis of La-overexpressing cells suggests important gene expression

alterations participating in translation and RNA metabolism

To better understand the biological role after La overexpression, total RNA was isolated from

control and La-overexpressing cells and the gene expression profile was generated using an RNA-

sequencing technique on the ION TORRENT platform. The Fastq files were further analyzed on

the website https://galaxyproject.org using the STAR aligner (v2.7.8a). The differential gene

expression was determined between control and La-overexpressing cells. Almost 3700 genes

were differentially expressed (p-value <0.01). Among these 1900 were upregulated while 1800

were downregulated (Figure 4.3a). Moreover, bioinformatics analysis using Panther database

and Reactome pathways category showed that La overexpression affects the regulation of
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translation, RNA metabolism, ribosomes and proliferation or migration pathways (Figure 4.3b).
More specifically, it was observed that the translation initiation, the formation of ribosomal
subunits, the PTEN regulation, the mRNA splicing, the reorganization of the cytoskeleton, and
G1/S transition of cell cycle were also affected. In addition, La is also implicated in rRNA

processing, miRNA biogenesis, tRNA processing and in ATP formation (Figure 4.3b).
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Figure 4.3. (a) Volcano plot of all genes assessed after RNA-sequencing. Red dots represent the statistically
significant genes that differentially expressed. The volcano plot shows the relationship between fold change and
significance using a scatter plot view. The y-axis illustrates the greater significance (higher value) while the x-axis
illustrates the difference in expression levels of genes. (b) GO enrichment analysis for Reactome pathway
category using panther database.

Furthermore, the molecular functions and biological process categories of GO analysis were
analyzed after La overexpression. The results of both categories showed that the ribosome
biogenesis and the translation activity consist of the significant molecular functions (Figure 4.4a).
Additionally, the cell cycle, the cell communication, the cytoskeleton but also the transcription is

among the significant processes that are affected in La-overexpressing cells (Figure 4.4b).
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Figure 4.4. Gene ontology enrichment analysis for (a) molecular function and (b) Biological process categories
after La overexpression in A549 cells.

4.1.4. Laoverexpression enhances the Pol lll transcription

Based on GO enrichment analysis and also the involvement of La in RNA pol Il transcription,
the expression levels of transcription initiation factors were studied. In La-overexpressing cells
the expression levels of TFIIIA, TBP and BDP1 which are required for accurate initiation
transcription were upregulated almost ~2-fold, with the latest (BDP1) to exhibit the most
significant increase (>2.5-fold relative expression), as it is specific to Pol lll transcription. Of note,
the GCN5 which consist of a histone acetyltransferase and acts as transcription activator, was
also found significantly upregulated (>1.5 fold) while the TRRAP, a GCN5 adaptor protein, was
increased 2.3-fold. At the same time, the mRNA expression levels of MYC were found without
significant fluctuations, while MAF1, a repressor of RNA pol lll transcription, was upregulated 1.3-
fold (Figure 4.5a). Thus, it is observed that La stimulates the expression of important RNA pol IlI
transcription initiation factors that could lead to increased tRNA production, as it has been shown
in many cancers. It has been reported that tRNA overexpression compensates for the demand of

elevated translation rates in highly proliferative cells (Goodarzi et al., 2016; Skeparnias et al.,
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2020). Thus, the expression of tRF-1001, a tRNA-derived fragment from tRF-1 category, which is
known for its oncogenic capacity, together with its parental tRNASerUGA were found
upregulated 2.8-fold and 3.4-fold respectively (Schimmel, 2018). Moreover, the mRNA
expression levels of RNase ZL, an endonuclease responsible for the cleavage of 3’ trailer of pre-
tRNAs that are protected by La and yield the tRF-1 type of tRNA fragment was analyzed. RNase
ZL had the most significant upregulation (~3-fold) compared to angiogenin and DICER which are
also involved in the formation of stress-induced tRFs (termed tRNA-halves; 2 and 1.6-fold

respectively; Figure 4.5b).
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Figure 4.5: RT-qPCR analysis of (a) genes involved in transcription initiation factors of RNA polymerase
Il (b) ELAC2, ANG, DICER, XPOT, tRNA%"sa and tRF-1001. (c) Graphical presentation of significant
differentially expressed tRNAs in La-overexpressing cells. (d) Heatmap showing the scaled expression
of upregulated and downregulated tRNAs. (*p<0.05, **p<0.01, ***p<0.001)
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Moreover, along with observed changes of transcription factors, the tRNA expression levels
were further analyzed after RNA-seq experiments. The tRNA sequences were mapped to an
artificial tRNA genome consisting of unique sequences of hg38 tRNAs using Bowtie (v.1.2.3) and
further counted with featureCounts (v2.0.1). It is observed that 80 nuclear tRNAs were
statistically differentially expressed with the majority to be downregulated (Figure 4.5c).

However, specific tRNAs are upregulated like tRNAAla and tRNAArg (Figure 4.5d).

4.1.5. Effects on translation factors after La overexpression

In addition to transcription, it has been found that the translation pathway was affects after
La overexpression thus the signaling upstream of translation initiation and also translation
initiation factors were tested. It is observed that, although, MYC didn’t exhibit alterations in
MRNA expression levels, its protein level was upregulated ~1.3-fold, suggesting that translation
of MYC is stimulated in the presence of La excess (Figure 4.6 a and b). Moreover, the
transcriptional level of mTOR kinase was found unaltered while the phosphorylated protein (p-
mTOR, S2448) was found significantly upregulated (1.5-fold; Figure 4.6 a,b and c). Interestingly,
a 2.5-fold upregulation of RICTOR which is the mTORC2-specific subunit was observed, while the
RPTOR, the mTORC1-specific subunit was found unaltered, an observation that could suggest
that La overexpression affects translation initiation, through activation of the PI3K/AKT/mTORC2
axis (Figure 4.6c).

In addition, the elF4E and 4E-BPs factors which participate in cap-dependent translation were
analyzed by gRCR and WB. Although, the mRNA expression levels of elF4E and 4E-BPs were
unaffected, it is observed a lower phosphorylation level of p-4EBP1(S65) and p-4E-BP1 (T70)
while a slight upregulation of 4E-BPs (Figure 4.6 a, b, c). It is known that the non-phosphorylated
4E-BPs bind on elF4E preventing from interacting with 5’-cap of mRNAs and thus blocking cap-
dependent translation. This observation may indicate that cap-dependent translation is
attenuated and possible La overexpression affects the translation initiation through another
pathway. In addition, almost all translation initiation factors were upregulated, however, the

elF3C exhibited the most prominent difference (~2-fold; Figure 4.6c). It has been found the
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translation initiation factor elF3 is central to the assembly of translation preinitiation complexes
and important for cell homeostasis, since binding to cell-proliferation mRNAs can either activate

or repress translation in cancer (Lee et al., 2015).
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Figure 4.6: (a) Immunoblot analysis of translation initiation factors and (b) quantitation of protein levels.
The quantitation was calculated after normalization to B-actin levels. (c) Relative mRNA expression levels
of translation initiation genes were examined via RT-qPCR analysis. (*p < 0.05,**p < 0.01, ***p < 0.001).

To measure the global translation rates, a puromycin incorporation assay was performed. A
minor decrease (~30%) in the production of newly synthesized peptides in La-transfected was
found (Figure 4.7a). As a positive control for the assay, non-transfected A549 cells treated with
CHX (a known inhibitor of translation elongation) and puromycin were used (Figure 4.7b). On the
other hand, to determine whether the abundance of La promotes IRES-mediated translation, a
vector bearing a bicistronic reporter system including both a cap-dependent (LucR) and an IRES-
dependent (LucF) cistrons was used. This vector is used to indicate the ability of specific factors
to induce IRES-dependent translation (Poulin et al., 1998). A549 cells were co-transfected with

the vector bearing a bicistronic system and the pcDNA3.1-La vector for La overexpression and a
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significant increase of the LucF:LucR ratio was observed. In addition to A549 cells, the same
experiments were further verified in HEK293 cells which exhibit better co-transfection efficiency
compared to A549 cells. Similarly, an increase of the LucF:LucR ratio was found (Figure 4.7c). This
observation could suggest that the excess of La enhances the IRES-mediated translation that

could account for the reduced cap-dependent translation.
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Figure 4.7: (a) An anti-puromycin immunoblot of whole cell lysate from A549 treated with 1uM
puromycin (left) and a quantification of protein synthesis rates by measuring the signal intensity in each
lane, using Imagel, normalizing the values to that of the control lane (right). (b) A549 cells treated in
presence of puromycin and different concentration of cycloheximide (CHX) and a representative image
of the SUnSET-WB assay was presented. (c) Ratio of LucF to LucR activity, as inferred by the measured
luminescence signals, in A549 and HEK293 cells co-transfected with a vector expressing La and vector
bearing a bicistronic reporter system that allows detection of Renilla (cap-dependent) or Firefly (IRES-
dependent) expression (AU, arbitrary units) (*p < 0.05,**p < 0.01, ***p < 0.001).
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4.1.6. La overexpression affects miRNA levels

To examine the role of small RNA transcriptome in La-overexpressing cells, the preparation
of small RNA molecules libraries was performed. Regarding the analysis the read counts for
miRNAs were generated with featureCounts (v2.0.1) using annotation files from ENSEMBL and
miRbase respectively (Liao et al., 2014b). It is observed that 340 miRNAs were identified however
50 miRNAs were differentially expressed with p-value <0.05. Among them, 11 were
downregulated while the 22 miRNAs were upregulated (Figure 4.8a). The miR-4467, miR-4522
and miR-138-1 had the lower expression levels while miR-3164, miR-4744, miR-940, miR-1285-1,
miR-3170 and miR-632 had the higher expression levels (Figure 4.8b).
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Figure 4.8 (a) Volcano plot of all identified miRNAs. The red dots show the significantly differentially
expressed miRNAs. (b) Heatmap showing the scaled expression of upregulated and downregulated

miRNAs with p>0.01.

Subsequently, in order to find the pathways that miRNAs are involved, the predicted targets

for each differentially expressed miRNA molecule were found using TarBase v8.0 database. The

predicted targets were further analyzed by GO enrichment analysis using Panther database. It
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was observed that the target genes from downregulated miRNAs, were mainly involved in gene
silencing, in G1/S transition of cell cycle, in RNA polymerase Il transcription and in translation,
while the main molecular functions include chromatin, mRNA and tRNA binding as well as
regulation of kinases (Figure 4.9a and b). On the other hand, GO enrichment analysis from
upregulated miRNAs showed that predicted target genes of both biological and molecular
categories are mainly involved in regulation of autophagy, proliferation, histone modifications,
apoptotic signaling, translation regulator activity, signal transduction as well as in dsRNA binding.
The latest molecular function could include the regulation of important ribonucleases like DICER
which binds to dsRNA. Altogether, the results showed that miRNAs could function as modulators

of protein synthesis and cell proliferation.
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Figure 4.9. GO enrichment analysis for (a) molecular function and (b) biological process of predicted target
genes from downregulated miRNAs and (c) molecular function and (d) biological process of predicted target
genes from upregulated miRNAs.
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4.1.7. LAM has RNA binding properties

Recent reports have been showed that that La can bind not only RNA sequence-specific but
also sequence-independent binding modes, including poly(A) tails which hint on the repertoire
of RNA interactors. A number of studies have been carried out to elucidate the structural and
biochemical basis of the separate domains of La protein, however, the conserved LAM, although
important, has been reported as incapable of interacting with model RNA ligands. The in vitro
binding ability of the recombinant hLAM (1-103aa) was tested performing EMSA experiments in
the presence of pre-tRNAArgCCU (from D. discoideum) and tRNAGIyGCC variants (from human),
including pre-tRNAs transcripts, either bearing only 3’ trailer sequence, or bearing only 5’ leader
sequence or mature tRNA molecules. Interestingly, a strong formation shifts of the LAM in
complex with either pre-tRNAArgCCU or pre-tRNAGIyGCC bearing only 3’ trailer sequence was
observed, a result that coincides with the binding specificity of La protein (Figure 4.10a and b).
The calculated apparent Kd values, for the pre-tRNAArgCCU and pre-tRNAGIyGCC bearing only 3’
leader sequence, were found 0.96 £ 0.173 uM and 0.12 +0.06 uM, respectively under the
conditions tested. In addition, when a mature tRNAGIyGCC or a pre-tRNAGIyGCC bearing only 5’
leader sequence was used as ligand, the binding was not observed (Figure 4.10c and d). Finally,
a negative control of 70nt synthetic ssDNA which failed to produce any complex with LAM, was
tested. The results indicated that LAM exhibits RNA binding capacity and specificity for binding

3’ trailers of pre-tRNAs, which are among the most important ligands of La protein.
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Figure 4.10: Electrophoretic Mobility Shift Assay between increasing amounts of hLAM and (a) 150 nM pre-
tRNAArgCCU (top) and binding curve of bound pre-tRNAArgCCU fraction against LaM concentration. The
estimated Kd value is listed in the box (bottom). (b) 150 nM pre-tRNAGIyGCC bearing only 3’ trailer sequence
and binding curve of bound pre-tRNAGIyGCC bearing 3’ trailer fraction against LaM concentration. The
estimated Kd value is listed in the box. (c) 150 nM pre-tRNAGIly GCC bearing only 5’ leader sequence and (d)
150nM mature pre-tRNAGIyGCC. (e) Electrophoretic Mobility Shift Assay of increasing amounts of hLAM in

the presence of 150nM of 70-mer synthetic ssDNA.
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4.2. Interactions of ncRNAs and RNP RNase P protein subunits

Results

4.2.1. Generation of CRISPR-Cas9 genome editing screening in RNP RNase P subunits

Several attempts have been performed to study the role of individual protein subunit beyond

the holoenzyme of RNase P. The genome editing tool could provide an opportunity to produce

gene mutants with deletions or insertions that could destroy the protein function. To evaluate

the role of RNase P protein subunits, the CRISPR/Cas9 genome editing tool was used to knock-

out each individual protein subunit of RNase P holoenzyme in Hela cell line.

After the cloning of specific gRNAs into pX459 vector were completed, the plasmids were

transiently transfected into Hela cells. Two gRNAs for each subunit were used, and almost 10

clones for each guide were isolated. The targeted locus was amplified, sequenced and was

further analyzed using CRISP-ID and Synthego tools (Figure 4.11). The sanger sequencing results

showed the mutations which were introduced by CRISP/Cas9 tool and further confirmed the

Transfection

Antibiotic selection

Clonal

Clonal

(puromycin) S selection Seissioine isolation o ) DNA extraction
= . o p A -0~
CRISPR-Cas9 ,, § " ) ,\
plasmids Guide HelLa cell line X _—
Cas9-expressing cells Screen for single Clonal expansion
W colonies _4‘
\k //, i %‘.
Chromosomal CRISPR-Cas®
Copy Number p Repr ive mutations Amplification of
Subunit kDa Chromosome HeLa cells editing (Deletion (Del) / Insertion targeted locus
(Modal number .
=82/ range =70 screening (in) prlmerF
to 164) (Hela cells)
c|°n|ng Mutation p?!her
quides POP1 115 8(q22.2) 3 mutant 3bp In/ 13bp del /Obp
POP5 19  12(q24.31) 3 mutant 1bp In/ 3bp In/ 4bp del i
RPP14/
4, | | Gel and Excision
Pop8 14 3(p14.3) 3 mutant 1bp del/ 3bp del/ Obp e oo
RPP20/ 19bp del/3bp del/1bp ;@w p o
Pop7 20 7 (q22.1) 3 mutant del - § é‘q &
8bp del/3bp del/3bp del ==
RPP21 21 6(p22.1) 3 mutant & 1bpIn =
In silico design RPP25/
guldes for protein
buns Pop6 25 15(q24.2) 2 knockout  2bp del & 1bp In / 20 del
RPP29/
Popd 29 19 (q12) 2 mutant 16bp del/3 del Sequencing
and data
RPP30 30 10(qg23.31) 3 mutant  3bp del/5bp del/0bp del analysis l
GACTAGTCT G
RPP38/ 35 10(p13) 2 mutant 12bp del/0bp
Pop3
‘\—? RPP40 40 6(p25.1) 2 mutant 9bp del/2bp del &MM

Nucleotide

hRNase P

Figure 4.11. Schematic representation of genome editing experimental procedure using CRISPR/Cas9
system in Hela cells and representative results about RNase P protein subunits.

142



Results

existing genome data from Hela cells regarding the number of alleles. The majority of isolated
clones had deletion of an intervening segment while in some cases it was observed one or two
nucleotides to be inserted (Figure 4.11).

In addition, total RNA was extracted from the isolated clones and further mRNA expression
levels was analyzed after qPCR compared to wild type cells (WT). In the cases of available
antibodies was existed, immunoblot analysis was performed in order to test protein expression
levels. Firstly, the clones of RPP21, RPP29, RPP38 subunits were studied and it was observed that
both RPP21 and RPP29 CRISPR-edited clones had low mRNA expression levels (Figure 4.12a, b),
while the RPP38 clones had elevated mRNA expression levels (Figure 4.12c). However, the
CRISPR-edited clones 1 and 2 of RPP38 which had the lower mRNA expression levels, was further
analyzed with immunoblot analysis. The RPP38 protein was detected in both clones but the

protein level of clone 2 was downregulated (0.5-fold) (Figure 4.12d).
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Figure 4.12. mRNA expression levels of (a) RPP21 (b) RPP29 and (c) RPP38 in CRISPR-edited clones
compared to WT cells (d) immunoblot analysis of RPP38 CRISPR-edited clones (up) and their
guantification of RPP38 protein level (down). (*p < 0.05,**p < 0.01, ***p < 0.001)
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In addition, the clones of POP5, RPP30, RPP40, RPP14 were further analyzed. It was observed
that the mRNA expression levels of CRISPR-edited clones were found with significant fluctuations
(Figure 4.13a, b, c, d). Moreover, the RPP40 CRISPR-edited clones, although had lower mRNA
expression levels (Figure 4.13d), the immunoblot analysis showed that the RPP40 protein was
produced in all clones tested. However, the protein levels of clone 2 and 4 was reduced (0.5-fold

and 0.3-fold, respectively) (Figure 4.13e).
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Finally, the isolated CRISPR-edited clones of POP1, RPP20, and RPP425 were further analyzed.
The number of isolated POP1 CRISPR-edited clones had mutations in two from three alleles (like

+3bp/0bp/-13bp) and showed downregulation of mRNA expression level (Figure 4.14a).
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However, the protein was detected in all clones tested (Figure 4.14a). In addition, both RPP20
and RPP25 CRISPR-edited clones was shown a downregulation of both mRNA and protein
expression levels, however, it was observed that the protein was not detected in clone 1 of
RPP25, indicating the successful ablation of RPP25 (Figure 4.14 b, c).

Of note, regarding the POP1 and RPP30 protein subunits, it was noticed that some of the
clones had mutations resulted in a premature stop codon while one from the alleles hadn’t
mutations. Therefore, a second transfection with px459 plasmid was performed to target the one
allele without mutations. The results showed that the isolated clones had not changes in the
targeted allele. So, it was hypothesized that POP1 and RPP30 proteins are essential for viability.
POP1 and RPP30 have been also characterized as essential subunit in yeast and S. cerevisae or

Drosophila, respectively, which in good agreement with the results (Xiao et al., 2002).
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Figure 4.14. (a) mRNA expression levels of POP1 gene (up) and immunoblot analysis of POP1 CRISPR-
edited clones (down) (b) mRNA expression levels of RPP20 gene (up) and immunoblot analysis of RPP20
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RPP25 CRISPR-edited clones (down). (*p < 0.05,**p < 0.01, ***p < 0.001)
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4.2.2. RPP25-deficient cells are viable with altered expression of RNase P protein

subunits

The CRISPR/Cas9 screening analysis showed that RPP25 is dispensable for cells and thus the
RPP25-deficient clone was used for further analysis. The RPP25 knockout clone was picked, was
expanded and genomic DNA was isolated. The targeted locus was amplified by PCR and the
product was sequenced. The sanger sequencing results confirmed the mutations after
CRISP/Cas9 genome editing and also showed that RPP25 has two alleles as shown from the
existing genomic data from Hela cells. The analysis of mutations was performed using CRISP-ID
and Synthego tools which showed that the RPP25K0O has 2 bp deletion and 1 Insertion in one of
the alleles while 20 bp depletion in the second allele resulted in the production of 117aa protein

and in a premature stop codon, respectively (Figure 4.15a).
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Figure 4.15. (a) Schematic representation of RPP25KO edited clone and analysis of the resulting amino
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The analysis of protein sequence was performed using the ApE program and the alignment using
ClustalX2 program. Furthermore, the knockout cells were observed and bright field images of
HelLa WT and RPP25KO showed no obvious morphological differences (Figure 4.15b). Moreover,
the mRNA expression levels of the other RNase P/MRP subunits were measured. It was observed
that although the subunits did not exhibit significant changes, the POP1 and RPP40 was
downregulated (0.7-fold and 1.3-fold respectively) while the RPP21 was significant upregulated
(3.8-fold). Finally, the levels of RPP25L and the RPPH1 were slightly upregulated (Figure 4.15c).
These alterations may affect the reconstitution of two holoenzymes but also the additional role
that subunits participate like the recruitment of RPP21 to double stranded DNA breaks (Abu-
Zhayia et al., 2017).

4.2.3. Ablation of RPP25 leads to increased proliferation

After the successful ablation of RPP25 protein subunit, further characterization of knockout
cell was performed. As first assessment, the cell viability was measured at different time points
(24h-72h) using resazurin assay which shown that knockout cells exhibited a higher growth,
almost 2-fold compared to WT (Figure 4.16a). In addition, an increased proliferation rate (1.3-
fold) was observed in knockout cells compared to WT (Figure 4.16b) which was further confirmed
by measuring the levels of PCNA (Proliferating Cell Nuclear Antigen) using western blot (1.5-fold)
(Figure 4.16¢). PCNA acts as a processivity factor for DNA polymerase & in eukaryotic cells and is
essential for replication, DNA repair and chromatin remodeling (Bologna-Molina et al., 2013).
Moreover, the protein expression level of the anti-apoptotic marker protein Bcl-2 were
upregulated (1.6-fold) (Figure 4.16c). All the above showed that RPP25KO cells exhibited
significant higher proliferation compared to WT. To further investigate the effects of RPP25
ablation, rescue experiments were performed in knockout cells. RPP25KO Hela cells were
transiently transfected with the pcDNA3.1-RPP25 plasmid encoding RPP25 protein (Rescue). As
control the pcDNA3.1-empty vector (Control) was used. Total protein extracts were isolated from
cells and the expression levels of RPP25 protein were further verified by Western blot (Figure
4.16d). In addition, after rescuing RPP25, the cell viability and the proliferation rates was also

measured, showing the restored levels in both experiments (Figure 4.16 b and c). Moreover, the
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PCNA and Bcl2 factors were also found to be downregulated almost 0.8-fold and 0.6-fold

respectively (Figure 4.16d). Overall, rescue experiments showed regain of the knockout effects.
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Figure 4.16. (a) Resorufin fluorescence intensity measured during resazurin reduction of cells (b) Cell
proliferation assay using 0.2% crystal violet in 20% methanol and absorbance measurement. The levels
are shown as a percentage (%) of relative proliferation compared to WT (c) Immunoblot analysis for
proliferating (PCNA) and anti-apoptotic (Bcl-2) factors in RPP25KO cells compared WT (left panel) and
guantification of protein level (right panel). (d) Western blot assay for proliferating (PCNA) and anti-
apoptotic (Bcl-2) factors in rescue experiments and quantification of protein level (right panel). (*p< 0.05,
**p <0.01, ***p <0.001).

4.2.4. The RPP25-KO cells exhibit a prolonged S-phase

Several studies have been shown that RNase P protein subunits are recruited to chromatin in
a cell cycle-dependent manner and could affect the progression of cell cycle (Reiner et al., 2016).
To further determine the consequences of RPP25 ablation in the rate of cell cycle progression a
propidium iodide (PI) staining assay was performed. At first, a synchronization of cells with serum
starvation (GO synchronized) for 1 day was performed and then the cells were trypsinized, re-
seeded to sub-confluent density in fresh media, and allowed to re-enter the cell cycle for 24 h.

The results showed a prolonged S phase in Hela RPP25-deficient cells suggesting that the
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knockout cells spend longer time in S phase of cell cycle compared to WT (Figure 4.17a). In
addition, the RPP25KO cells were also used for RT-qPCR analysis of major cyclins expression levels
(Cyclin A2; CCNA2, Cyclin B; CCNB1, Cyclin D; CCND1 and Cyclin E; CCNE1) as well as expression
of P21, P27, TP53 and its inhibitor MDMZ2. All cyclins were found moderately affected with no
significant alterations; however, it was observed an increased expression of p53 and p21 (1.3-
fold) (Figure 4.17b). On the other hand, following rescue experiments, a G1 phase arrest was

observed compared to knockout cells (Figure 4.17c).
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Figure 4.17. (a) The DNA content was analyzed after Pl-staining by flow cytometry after 24h. Analysis
of cell cycle progression (up) and graphical representation of the results (down). (b) RT-gPCR analysis
of genes involved in cell cycle phases. (c) Analysis of cell cycle progression (left) and graphical
representation of the results (right) after rescuing of RPP25 (*p <0.05,**p <0.01, ***p < 0.001)
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Several studies have been identified the regulatory role of RNase P to cell cycle phases and in
transcription of tRNA, 5S rRNA and rDNA transcription (Reiner, 2006; Reiner et al., 2008; Serruya
et al., 2015). Regarding the RPP25 protein, it has been found that is recruited in chromatin late
in G1/S phase where Pol | activity is increased. Knockdown of RPP25 showed low transcription of
5.85 rDNA (Reiner, 2006; Reiner et al., 2008). Thus, the differential expression of genes
participated in RNA pol | and Pol Il transcription but also the tRNA processing were tested. The
results showed that the subunit of RNA pol I, POLR1B, was greater downregulated (-2.2-fold) in
RPP25KO compared to rescue experiment (-0.5-fold) (Figure 4.18a). In addition, the region prior
to 5.8s rRNA termed as pre-rRNA ITS1 is upregulated with a greater increase in knockout cells
indicating a lower expression of 5.8s rRNA (Figure 4.18b). On the other hand, although the ELAC2
and SSB genes were downregulated in both knockout and rescue experiment, the expression of
POLR3B did not exhibit significant alterations, however, a slightly higher expression was observed
after rescuing RPP25. Moreover, the 55 rRNA and U6 RNAs which are transcribed by pol Ill was

slightly upregulated in knockout cells (Figure 4.18b).
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Figure 4.18. mRNA expression levels of (a) POLR1B, ELAC2, SSB, POLR3B, MAF1, (b) 5S rRNA, 18S rRNA,
pre-rRNA ITS1 and U6. (*p < 0.05,**p < 0.01, ***p <0.001)
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Moreover, cell extracts were isolated from knockout and WT cells and were incubated with
the radiolabed pre-tRNA”8ccy in different time points in order to test the RNase P activity. The
samples were incubated for 30min at 30°C and as positive control a his-tagged recombinant
hRNase ZL was used which were expressed in E.coli Rosetta cells and further purified from the
extract via affinity chromatography. RNase ZL cleaved the 3’ end of the tRNA after the
discriminator base. It was observed the in the absence of RPP25 RNase P activity is present,

however almost 10% of 5’ leader of pre-tRNA is not cleaved (Figure 4.19).
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Figure 4.19. In vitro RNase P activity assay. Cell extracts from RPP25 knockout clone and WT cells were
incubated with 5’32P-labeled substrate (pre-tRNA-tRNA*€.cy) for 30 minutes (lefts). Schematic
presentation of percentage of pre-tRNA processing by RNase P (right) (*p < 0.05,**p < 0.01, ***p < 0.001)

4.2.5. Ablation of RPP25 leads to increased cell motility

Since the ablation of RPP25 increase the proliferation of cells, it is possible to affect the
motility of cells thus, the cell migration was examined using the wound healing assays at different
time points (6h to 48h). The results showed that cells exhibited a significant increased motility
within the first 12h (Figure 4.20 a and b). The migration was increased almost 35%. Interestingly,
gPCR experiments confirmed the increased expression of important migration and angiogenesis
related markers in cancer like MMP2 (1.5-fold), VEGFA (0.5-fold), fibronectin (1.8-fold),
angiogenin (1.3-fold). However, it was observed an upregulation (1.3-fold) of hypoxia-inducible

factor 1a (HIF-1a), which has a major role in cell adaptation to hypoxia (Figure 4.20c). Of note,
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after rescuing RPP25, the gap was recovered similar to WT (Figure 4.20 a and b) and also all tested

factors were downregulated, with exception of HIF-1a (Figure 4.20c).
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Figure 4.20. Scratch migration assay in RPP25 knockout cells and in rescue experiments. (a)
Representative images of wound healing assay derived from three independent experiments using a
KERN OCM-161 inverted microscope at 10X magnification. An open furrow was generated by scratching
confluent cells. (b) The distance between furrow edges was measured and is presented graphically (c)
MRNA expression pattern of MMP2, VEGFA, VEGFB, ANG, HIF1A, FN1 analyzed by RT-qPCR. (*p<
0.05,**p < 0.01, ***p < 0.001)
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4.2.6. Ablation of RPP25 leads to low mitochondrial potential of membrane

It is known that the increased cell proliferation of tumor cells could be also accompanied with
ROS production, thus it was tested the levels of ROS production and the function of mitochondria
that can impact tumor proliferation, survival and metastasis. Mitochondrial selective probes were
used to measure the ROS production, the mitochondrial potential of membrane and also the
mitochondrial mass using flow cytometry. The measurement of intracellular ROS production was
performed by the fluorescent probe MitoSOX Red, while the mitochondrial membrane potential
was measured by MitoTracker Red CMXRos which stains mitochondria in live cells and its
accumulation is dependent upon membrane potential (AWm). The mean fluorescence intensity
(MFI) was used for the analysis, and the results showed an 10% increase in mitochondrial reactive
oxygen species (ROS) production (Figure 4.21a) while the mitochondrial membrane potential was

decreased almost 30% (Figure 4.21b).
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Figure 4.21. Analysis of (a) mitochondrial superoxide production (b) mitochondrial membrane potential
and (c) mitochondrial mass using flow cytometry probes in both knockout and rescue experiments. All
graphs represent the analysis using Mean Fluorescence intensity (MFI). (d) Representative fluorescent
microscopy images to visualize the mitochondrial morphology in RPP25KO cells compared to WT (scale
bar 20um) (*p < 0.05,**p < 0.01, ***p < 0.001)
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Moreover, the mitochondrial mass was measured using mitotracker green fluorescence dye
which showed that is reduced almost 20% in RPP25KO compared to WT (Figure 4.21c). In
addition, after rescuing RPP25, although the intracellular ROS production was not reduced
(Figure 4.21a), the mitochondrial potential of membrane but also the mitochondrial mass was
significant increased (Figure 4.21 a, b). Finally, the changes of mitochondria between RPP25KO
and WT cells, were further verified by visualization of mitochondria morphology using

mitrotracker deep red dye (Figure 4.21d).

4.2.7. NGS analysis of RPP25-KO cells suggests important gene expression alterations

To elucidate the effect of RPP25 ablation on the transcriptome of Hela cells, total RNA
molecules were isolated, and the gene expression profile was generated using the indicated RNA-
sequencing technique on an ION TORRENT Next Generation Sequencing platform (School of
Medicine, University of Patras). Then, the Fastq files were further analyzed on the website
https://galaxyproject.org using the STAR aligner (v2.7.8a). From the analysis, the differential gene
expression was determined between WT and knockout cell lines. It was observed that 445 genes
were differentially expressed (p-value <0.05) in knockout cells. Among them, 277 were
significantly upregulated while 168 were downregulated (Figure 4.22a). On the other hand, the
transcriptome of rescue experiments showed that among the 170 differentially expressed
mMRNAs (p-value <0.05), 90 were significantly upregulated while 80 were downregulated (Figure
4.22b). In addition, the genes were differentially expressed were used for further bioinformatic

gene ontology (GO) analysis using the Panther database (http://pantherdb.org/). Firstly, the

Reactome pathway category revealed that differentially expressed genes participate in pathway
regarding the ECM proteoglycans, the metabolism of steroids, the extracellular matrix as well as
the RNA metabolism (Figure 4.22c), while after rescuing RPP25, the analysis showed pathways
regarding regulation of cell surface at vascular wall, regulation of lipid metabolism, response to
Ca2+ and also nuclear receptor transcription pathway (Figure 4.22d). Subsequent GO analysis of
RPP25KO, regarding the molecular function and biological process categories showed that genes

are involved in signaling pathways, NADPH oxidases metabolic pathway, steroid or hormone
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metabolism as well as regulation of cell communication and general regulation of extracellular

matrix confirming the wound healing experiments (Figure 4.23a, b).
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Figure 4.22. Volcano plot of differentially expressed genes in (a) RPP25 Knockout compared to WT Hela
cells and (b) after rescuing RPP25. (c) Reactome pathway enrichment analysis for RPP25KO cells and (d)
after rescue experiments.

In contrast, after rescuing RPP25, the GO analysis for molecular function and biological
process categories didn’t show statistical significant results which may indicate that RPP25
restored the dyregulated pathways. Moreover, NGS analysis of RPP25KO cells, showed that the
most upregulated genes belongs to Aldo-keto reductases (ARKs) . This superfamily isan NADPH-
dependent oxidoreductases that are overexpressed under oxidative stress and in different type

of cancers (Figure 4.23c) (Penning et al., 2021).
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Figure 4.23. GO enrichment analysis for (a) molecular functions and (b) biological processes categories
affected by dysregulation of genes following ablation of Rpp25.

Moreover, it was also analyzed the differentially expressed of IncRNAs as a number of IncRNA
molecules has been correlated with cancer pathophysiology. The present analysis identified that
the differentially expressed IncRNAs belong to Long intergenic Non-Protein Coding RNAs
(lincRNAs) with unknown function. More specific, the LINC02747 and TCL6 which is known to
participate in cancer progression or cell proliferation, was found to be upregulated in RPP25KO
cells (Wu et al., 2019). On the other hand, the IncRNAs CCAT2, PCAT1, DSCAM-AS1a which was
found to participate in miRNA pathway or in energy metabolism, were found to be
downregulated. Finally, in rescue experiments, it was observed that RPP25 could regain the

expression levels of IncRNA (Figure 4.24) (Shang et al., 2019, 2019; Chen et al., 2020).
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Gene Name Fold Change Biological process Alternative name
ENSG00000233379 4.415739501 Unknown function Long Int\g;:\i’fﬁzipmtem ENSG00000288765
ENSG00000243144 3.939216926 Unknown function Coding RNA 293 DSCAM-AS1
ENSG00000269110 3.668065405 Unknown function Inc-ZNF626 ENSG00000286467
LINC02747 3624661366 Promote cell Proliferation L°”£’é‘:§ﬁ;%fg}‘:{°‘e'"
. . LINCO01429
LINC01303 3.387078107 Unknown function Longéﬁjﬁ;’;‘;?‘jg‘go‘e'" ENSG00000286058
. Long Intergenic Non-Protein
LINC00517 3.212528325 Unknown function Coding RNA 517 CCAT2
ENSG00000248898 3.137161356 Unknown function - PCAT1
ENSG00000236393 3.108264457 Unknown function -
ENSG00000232774 3.069498047 Unknown function L°”gc':r§§ﬁ; Ao P rotein ENSG00000225313
. i i CASC19
TCL6 3046302538 C-anglearKPf:\o}?{esSg:;i:gdp';"t:f;:;asIs Novel Transcripl, Sense ENSG00000258964
+ Regulation of PTEN
ENSG00000232110 2.961874468 Unknown function Novel T’a.?zci:‘;AA"t‘se"Se ENSG00000258927
Novel Transcript, Sense ENSG00000249815
ENSG00000261916 2.645171256 Unk functi Intronic To Readthrough
ninewn funetion SRRV ENSG00000229962
ENSG00000229962 2607562089 Unknown function Lnc-MRPL39-3 ENSG00000232110
ENSG00000265282 2.397063549 Unknown function Lnc-CYB561-1
ENSG00000289626 2.257565645 Unknown function - ENSG00000236393
ENSG00000288765 -7.51173 Unknown function - LINCO00517
DSCAM-AS1 -6.14923 Implicated in cancer biology DSCAM Antisense RNA 1 LINC01303
ENSGO00000286467 -5.62198 Unknown function Lnc-PABPC4L-6 ENSG00000269110
N Long Intergenic Non-
LINC01429 5.51828 Unknown function Protein Coding RNA 1429 ENSG00000233379
ENSG00000286058 -4.90911 Unknown function H19
Regulates microRNA pathway q . ;
CCAT2 456236 Regulates the expression levels of c-myc Fr';‘:gl 'gfg%e"gNr'mm LUCAT1
Modulates Energy Metabolism 9 LINCO00570
. Long Intergenic Non-
LINC02008 -3.34255 Unknown function Protein Coding RNA 2008 o e
ENSG00000273297 -3.07454 Unknown function r@b "0‘)
@
PCAT1 -3.00597 linked to chromosome instability in cancer P53 Inhibiting LncRNA QQ Q"

Figure 4.24. Presentation of the expression levels of long non-coding RNAs found to be upregulated (red
color) or downregulated (green color) (left panel) and the expression levels of long non-coding RNAs with
p<0.01 compared to rescue experiments.

4.2.8. Ablation of RPP25 affects miRNAs expression

To examine the effect of RPP25 knockout on small RNA transcriptome, RNA-seq was
performed using ION TORRENT platform. For the enrichment for small RNAs a 15% UREA-Page
was used and the RNAs was further separated by their size. The preparation of small RNA
molecules libraries was performed following the protocol (see Materials and Methods). The read
counts for miRNAs were generated with featureCounts (v2.0.1) using annotation files from
ENSEMBL and miRbase respectively (Liao et al., 2014b). At first, the results showed that although
350 miRNAs were identified, only 60 miRNAs were significantly differentially expressed (p-value

<0.05). Among them 24 miRNAs were significantly downregulated while 36 miRNAs were
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upregulated (Figure 4.25a). In contrast, in rescue experiments, 245 miRNAs were identified but
100 miRNAs differentially expressed (p<0.05) from which 24 miRNAs were significantly
downregulated while almost 3 were upregulated (Figure 4.25b). The top upregulated and

downregulated miRNAs from both knockout and rescue experiments (Figure 4.25 c and d) were

used for further analysis.
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Figure 4.25. Volcano plot of all identified miRNAs from both (a) knockout and (b) rescue experiments. The
upregulated miRNAs with p<0.05 are visualized with red while the downregulated with green. (c) Table of
representative upregulated and downregulated miRNAs in Rpp25KO0 and (d) after rescue experiments.

In addition, further analysis was performed to identify the role of differentially expressed
miRNAs. The predicted targets of miRNAs were found from TarBase v8.0 database and they used
for GO enrichment analysis using Panther database. The GO analysis for molecular function and

biological process categories from the predicted target genes of downregulated miRNAs, showed
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pathways related to mRNA binding, chromatin remodeling, signaling receptor activity,

transcription activity and ribonucleoprotein complex binding while the main biological pathways

include the G1/S transition of cell cycle, RNA polymerase Il transcription, regulation of gene

expression and metabolic process of RNA and other macromolecules (Figure 4.26a). On the other

hand, the GO analysis for molecular function and biological process categories from the predicted

target genes of upregulated miRNAs showed pathways related to chromatin regulation, in

translation and transcription activity and also in RNA splicing (Figure 4.26b).
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Figure 4.26. GO enrichment analysis on predicted target genes of the statistically significant altered
miRNAs. (a) Top pathways in molecular function and biological process of predicted target genes from
downregulated miRNAs (b) molecular function and biological process of predicted target genes from

upregulated miRNAs.

159



Results

Moreover, after rescuing RPP25, the predicted targets of miRNAs were also found from
TarBase v8.0 database and the GO analysis was performed. The top pathways found, include the
translation, chromatine organization, metabolic process, apoptosis but also signaling and RNA
binding (Figure 4.27a). In addition, the 3 mirRNAs that were upregulated, after rescuing RPP25,
has targets which are implicated in cell cycle progression, metastasis or translation. This
observation may indicate that these pathways are regulated restoring the effect of knockout

Figure 4.27b).
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Figure 4.27. (a) GO enrichment on predicted target of the statistically significant altered miRNAs after
rescue experiments (b) Table of three upregulated miRNA and their representative target with function
that are implicated

4.2.9. Ablation of RPP25 leads to altered expression of tRNAs and tRFs

Although tRFs are an established class of regulatory molecules and they were sporadically

mentioned over the last years, their function is still debatable, however, it has been reported
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that could act as important modulators of various processes, including translation, apoptosis and
response to nutrient starvation or oxidative stress (Schimmel, 2018). However, along with tRFs,
changes in tRNA abundance have been found in many cancers. Thus, to examine the effect of
RPP25 knockout on expression profile of tRNA and tRFs, NGS analysis were performed. The tRNA
sequences were mapped to an artificial tRNA genome consisting of unique sequences of hg38
tRNAs using Bowtie (v.1.2.3) and further counted with featureCounts (v2.0.1). In contrast the
read counts for the expression levels of tRFs molecules were determined based on their exact
sequences which were measured unaltered in the Fastq files. At first, in RPP25 knockout cells,
although 129 tRF sequences were detected, 18 of them were statistically significant with p-value
<0.05 (11 tRF-3, 4 tRF-1, 3 tRF-5). Among the differentially expressed tRFs, the expression levels
of tRF-3 and tRF-1 were found to be downregulated while only the 3 tRF-5 were upregulated (tRF-
5020b, tRF-5030b and tRF-5008b) (Figure 4.28a and b).
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Figure 4.28. (a) Volcano plot of all identified tRFs in RPP25KO cells. The upregulated tRFs with p<0.05 are
visualized with red while the downregulated with green. (b) Table of representative upregulated and

downregulated tRFs in Rpp25K0 and (c) after rescue experiments.
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In contrast, rescue experiments showed that although, 125 tRF sequences were detected, only 7

tRFs were statistically differentially expressed which are classified at tRF-5 category. All tRFs were

found to be downregulated (Figure 4.28c). Moreover, in rescue experiments, among the

downregulated tRFs also observed the 5008b (deriving from tRNAGIyTCC) which was also

upregulated in knockout cells. Moreover, it is also observed a decrease of 5004c and 5007a

derived from tRNAGIyCCC (Figure 4.28c). Of note, although different tRFs are affected in both

knockout and rescue experiments, the most abundant tRFs derived from tRNAGly, thus, the tRNA

expression profile was measured using next generation sequencing (Figure 4.29).
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Figure 4.29. (a) Graphical presentation of significant differentially expressed of both nuclear and
mitochondrial tRNAs in knockout and in rescue experiments. (b) Heatmap showing the scaled expression of
upregulated and downregulated nuclear tRNAs and (c) mitochondrial tRNAs in RPP25KO cells and after rescue

experiments.
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It was detected 95 nuclear tRNAs and 6 mitochondrial encoded tRNAs which the statistically
differentially expressed in RPP25KO cells, while 28 nuclear tRNAs and 9 mitochondrial encoded
tRNAs were identified after rescue experiments (Figure 4.29a). It was observed that, in knockout
cells, the nuclear tRNAs showed variations in expression profile with the abundance of them to
be upregulated (almost 60%) while in rescue experiments, almost the 90% of nuclear tRNAs are
downregulated. On the other hand, the mitochondrial tRNAs showed significant upregulation
after rescuing RPP25, an observation which may be correlated with the restoration of
mitochondria function (Figure 4.29a). In addition, the most deregulated tRNAs from both
knockout and rescue experiments are those of tRNAGIlu, tRNALys and tRNAGly (Figure 4.29b and
c). The upregulation of tRNA Gly may be correlated with the production of specific tRFs which
referred above.

Moreover, the potential targets of the tRFs were analyzed. Accumulating data allowed
the development of highly specialized bioinformatic platforms, such as tRF database (tRFdb)
tRFCluster, MINTmap, that can be used for the tRF identification. For GO analysis of present study
the tRFdb was used as is the first database reported and it has been the basis for the meta-
analysis of tRFs data from CLASH (Crosslinking, Ligation, and Sequencing of Hybrids) data
obtained from PAR-CLIP (Hotoactivatable Ribonucleoside-enhanced Crosslinking and
Immunoprecipitation) experiments. In RPP25KO cells, all differentially expressed tRFs had
specific targets with exception of tRF-1 class and tRF-5020b. The representative target genes of
tRFs that were found include ribosomal proteins, helicases, RNA pol Il subunits etc (Figure 4.30a).
The target genes were further analyzed using Panther database to find the biological and
molecular functions. Among the top pathway in biological process category include the
translation, gene expression regulation, RNA processing and the protein metabolic process
(Figure 4.30b) while the top pathway in molecular function category include the structural
constituent of ribosome, RNA binding, translation factor activity, chromatin binding, ATP binding
and the signaling receptor activity (Figure 4.30c). These observations may indicate that tRFs

affect the protein synthesis, RNA processing, metabolism and also cellular signaling pathways.
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(a)

tRF -

Name Representative Targets Genes

3003b TPI1, TPI1P2, ESRP2, IP6K1

30263 CTC1, ZNF711, ALDH2, RPS8, RPL17, DOCK4, YIPF4, CBXS5,
UQCRFS1, UBE2G

1007 Not found
NKX21,HIST1H2BL,USMG5,XRCC6,DHX33, AURKB, SAMD11,

3031a HIST2H3A,ARRDC1,AGPAT3,CCDC106, MRPS12 MYBL2,GPI,
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3026b PS23,EIF5A,DDX39,RPL27A,ACTN4,RPL5,ACTB,RPS8,PABP
C4,AGO1,RPS11,MRPS15,EIF5,EIF4EBP1,MRPS16,RPL8,RPL
29 RPL17. SNRPB2 ATP8B2 CDK2AP1

3008b EDEMZ2

1008 RPL13,SRCAP,ZEB2,LRRTM4,APOO,RAD21,SNRNP70

3005b HIST2H3A,C190rf12, ADAM11

3023b BCKDHA, FUS, RPL35A

1039 Not found
RPLP0,DAG1,HK1,CD9,TUBB,MAVS,CKB,VANGL2 DLAT,RPS

5030b 24 FOXM1,EIF4G3,ACTN4,CD2BP2,B3GALTL,CHST,TPP2,PD
CD5,TMUB1,SUMO2,
RPL15,EIF3K,HMGA2 FASN,HIST2H2AC HSPA1B

5020b Not found
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Figure 4.30. (a) Table of representative predicted target genes of statistically significant altered tRFs in
RPP25KO cells. (b) GO enrichment analysis on predicted targets of the statistically significant altered tRFs
in RPP25KO cells. Top pathways of molecular functions and (c) biological processes categories were
presented.

Moreover, the GO analysis was also performed for the predicted targets of tRFs after rescuing

RPP25 (Figure 4.31a). The results showed that the top pathways of molecular function category

include translation, heat shock proteins, rRNA binding and the ribosome structure (Figure 4.31b)

whereas the pathways of biological process category include the RNA processing, RNPs complex,

ribosome biogenesis or rRNA metabolic process, translation and protein folding (Figure 4.31c).

Altogether, the results of sequencing of small non-coding RNA molecules (miRNAs and tRFs)

indicated that RPP25 is directly or indirectly involved in the regulation of the expression of RNA

molecules which in turn influence the gene expression of the cell.
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(a) Rescue
tRF Name Fold Change Codon Fold Change
5004c -0.0485 GlyGCC HIST1H2AG,ZNF53,RPL23,FBX018,GABARAPL1,CTC1
5009¢ -0.4849 ValCAC RPL31
5023a -0.53636 LeuCAG HIST1H4D
5008b -0.58812 GlyTCC RHOB, ILF3
5001b -0.64141 TyrGTA RRP1B
5007a -0.67229 Glycce N/A
HNRNPC, ATP5C1, EIF3, EEF1A, RPL27A, MRPL40,
-0.98882 LysCTT ZNF281,HIST2H2BF, RPL31,RPL24, ANKLE2, RPS7
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Figure 4.31. GO enrichment analysis on predicted targets of the statistically significant altered tRFs after
rescuing RPP25 (a) Table of representative predicted target genes (b) Top pathway of molecular functions
and (c) biological processes categories.

4.2.10. Ablation of RPP25 affects translational levels

Based on the transcriptomic profile of tRFs and their GO enrichment analysis, it was observed
that among the cellular functions that displayed significant changes are the translation
regulation. Thus, it was performed a first assessment of translation activity was obtained by the
puromycin incorporation assay in both knockout and WT cells. This method is based on
translation inhibition by puromycin. Puromycin enters into A-site of ribosome and is incorporated
into newly synthesized peptides (Enam et al., 2020). After treating cells with puromycin, its
detection was performed with an anti-puromycin antibody visualizing the nascent peptides. The
results showed that knockout cells have an increase (~60%) in the production of newly
synthesized peptides compared to WT (Figure 4.32a). In addition, to verify this observation,

polysome profile analysis was performed using sucrose density gradient. The samples were

165



Results

treated with cycloheximide (CHX) which is known to block translation elongation. The ribosomal
particles were evaluated by optical scanning at 254 nm using continuous flow cytometer. The
analysis showed an increased quantity of polysome formation in knockout cells compared to WT,
verifying the stimulation of translation rates. However, the difference between the 40S, 60S as
well as the 80S ribosomal peaks is possible due to the formation of polysomes. The percentage
of both polysome and free ribosomal subunit was calculated from the area of each region and
the results showed a 20% increase (Figure 4.32b). To verify this hypothesis, we performed a
second sucrose density gradient analysis using only EDTA treatment in samples. EDTA treatment
disrupts polysome association and increased peaks for monosomes and ribosomal subunits. The

EDTA-treated sample showed no significant alterations in ribosomal subunits in both cell lines
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Figure 4.32. Global analysis of translation in absence of RPP25. (a) SUnSET-WB assay. An anti-puromycin
immunoblot of whole cell lysates treated with 1uM puromycin (left) and a quantification of protein
synthesis rates by measuring the signal intensity in each lane, using ImagelJ, normalizing the values to that
of the WT lane (right). (b) Polysome profiling in both WT (black line) and RPP25KO (blue line) in the presence
of CHX (left) and the relative quantity (%) of each peak corresponding to polysomes or free ribosomal
subunits. (c) Ribosomal subunits analysis in both WT (black line) and RPP25KO (green line) in the presence
of EDTA (left) and measurements of 60S/40S ratio of each peak (right) (¥*p <0.05, **p <0.01, ***p <0.001).
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(Figure 4.32c). The polysome profiling is consistent with the above results showing an increased
cell proliferation and motility. Subsequently, it was studied the expression patterns of key
components participating in translation. The mTOR levels which participates in both mTORC1 and
mTORC2 complexes didn’t exhibit significant alterations in both transcriptional and translational
level (Figure 4.33 a and b), while a significant decrease of both RICTOR and RPTOR (1-fold and
2.2-fold, respectively) which participated in the mTORC2 and the mTORC1 complex was observed
(Figure 4.33a). This observation could suggest that translation is activated through another
pathway like MAPK pathway. MAPK/ERK signaling pathway, is related to cell proliferation and
differentiation (Zhang and Liu, 2002), thus, the phosphorylation of ERK, downstream of MAPK
kinase was tested and further observed an upregulation of the p-ERK in RPP25 knockout cells
compared to control. In addition, it was also tested the elF2a, an important initiation factor which
recruits the initiator Met-tRNAMet and binds the 40S ribosomal subunit to form the 43S pre-
initiation complex (Aitken et al., 2016). It was found that elF2a was upregulated while its
phosphorylated (Ser51) levels tended to be lower (Figure 4.33b and c). This observation
confirmed the increased rates of protein synthesis as it has been found that elF2a is
overexpressed in cancers stimulating the translation (Holcik, 2015). Furthermore, the elF4E and
4E-BPs factors which participate in cap-dependent translation were tested and it was observed
an increased phosphorylation levels of p-4EBP1(S65) and p-4E-BP1 (T37/46), while the levels of
4E-BP1 were unaffected. Moreover, although the protein levels of elF4E were found
downregulated, its phosphorylation levels (p-EIF4E) were significant increased indicating that 4E-
BPs is phosphorylated and elF4E is released leading to enhanced cap-dependent translation.
(Figure 4.34b, c). Finally, the expression levels of eEF1A and eEF2 were studied in order to find
possible alterations that are related to translation elongation. The results showed an

upregulation of eEF2 (2-fold; Figure 4.33a).
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Figure 4.33: (a) mRNA expression levels of translation initiation genes were examined via RT-qPCR
analysis. (b) Immunoblot analysis of translation initiation factors and binding proteins and (c) the
guantitation of protein levels. The quantitation of protein levels was calculated after normalization to B-
actin levels. (*p < 0.05,**p < 0.01, ***p < 0.001)

4.2.11.RPP25 is co-localized with coilin and possibly interacts with scaRNA molecules

A recent study has reported that human RPP20-RPP25 complex are likely bound to RNA
molecules with unknown cellular functions (Yin et al., 2021). To study this hypothesis and using
the NGS data and the matched whole-genome sequencing analysis, alterations in expression
levels of specific scaRNAs (Small Cajal body-specific RNAs) were detected. ScaRNAs are mainly
localizes in the Cajal bodies and guide post-transcriptional modifications on snRNAs (Meier,
2017). They have similar structure and function with snoRNAs that are involved in modification
of rRNAs. It was observed a downregulation of scaRNA23, scaRNA20, scaRNA1, scaRNA14 (Figure

4.34a). To monitor any possible participation of RPP25 in Cajal bodies (CB), immunofluorescent
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experiments were performed. Both WT and RPP25KO cells were transiently transfected with
pcDNA3.1 construct for expression of RPP25 tagged with EGFP in C-terminus (pcDNA3.1-RPP25-
GFP; green). Hoechst fluorescence dye was used for staining of nucleus while for staining of CB
or nucleolus the coilin and fibrillarin antibodies were used, respectively. It was observed that
RPP25 was detected in the nucleus and nucleoli of both cell lines and also it co-localized with
fibrillarin in nucleolus (Figure 4.35b). Moreover, RPP25 is co-localized with coilin, suggesting that
RPP25 could interact with coilin for RNA processing in CB (Figure 4.34b).
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Figure 4.34: (a) Heatmap analysis of specific altered scaRNAs in both RPP25KO and rescue experiments.
(b) Fluorescence microscopy images showing the subcellular localization of RPP25 tagged with EGFP. The
nuclei were stained with Hoechst (blue color) and anti-Fibrillarin (red color; up) and with (red; up) and
anti-coilin (red; down). The merge channels contain a 20 um scale bar.

The specificity of RPP25 localization signal was compared with cells bearing an empty vector
under the same conditions (Figure 4.35a). In addition, further immunoblot analysis showed that
in knockout cells the non-phosphorylated coilin is upregulated (1.8-fold) while in rescue

experiments the non-phosphorylated coilin are downregulated (0.8-fold) (Figure 4.35b). Based
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on this observation it could be hypothesized that RPP25 possible recognized snoRNA-like or

snRNA-like structure and may synergistically act with coilin for binding of scaRNAs.
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Figure 4.36: (a) Fluorescence microscopy images showing the subcellular distribution of empty pcDNA3.1
vector tagged with EGFP. The nuclei were stained with Hoechst (blue color) and anti-Fibrillarin (red color;
up) and with (red; up) and anti-coilin (red; down). The merge channels contain a 20 um scale bar. (b)
Immunoblot analysis of coilin in RPP25KO0 cells and after rescuing RPP25 (up) and quantitation of protein
levels (down). The quantitation of protein levels was calculated after normalization to B-actin levels (*p
<0.05,**p <0.01,***p < 0.001).

4.2.12. RPP25-Like is localized is nucleus and nucleolus

RPP25 protein is known as a protein component of RNase P/MRP holoenzyme. However, it
has been found that a paralogue gene exist that encode for RPP25L protein. RPP25L is an
uncharacterized protein with unknown function. Although, the predicted RPP25L showed 43%
identity (in amino acid sequence) to hRPP25 protein, a superposition of both proteins revealed
structural similarities that may imply that RPP25L serves as an alternative protein subunit of

RNase P. To characterize this protein, it was performed immunofluorescence experiments. Both
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WT and RPP25KO cells were transiently transfected with pcDNA3.1 construct for expression of
RPP25L tagged with EGFP in C-terminus (pcDNA3.1-RPP25L-GFP; green). Hoechst fluorescence
dye was used for staining of nucleus while for staining of CB or nucleolus the coilin and fibrillarin
antibodies were used, respectively. It was observed that RPP25L was mainly detected in the

nucleus and nucleoli where it is co-localized with fibrillarin and coilin (Figure 4.36).

Hoechst Rpp25L-EGFP Anti-fibrillarin Merge

Figure 4.36: Fluorescence microscopy images showing the subcellular localization of RPP25L tagged with
EGFP. The nuclei were stained with Hoechst (blue color) and anti-Fibrillarin (red color; up) and with (red; up)
and anti-coilin (red; down). The merge channels contain a 20 um scale bar.
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The milestone of the human genome draft complemented existing genomes from a variety
of model organisms and conformed that a vast amount of genomic content could be transcribed
in @ myriad of small and long noncoding RNA molecules (ncRNAs). The limited number of
annotated protein-coding genes, which neither correlates with the complexity of organisms nor
accounts for the selection pressure during evolutionary processes occupy less than 2% of the
total genome and more surprisingly, more than 80% of remaining genomic DNA corresponds to
transcripts of various sizes and sequence conservation. Today, the major classes of ncRNAs
include also RNA groups that were previously considered housekeeping like rRNAs, tRNAs,
snRNAs, snoRNAs and have enriched the known groups of more extensively characterized
ncRNAs like miRNAs and IncRNAs (Figure 5.1) (Amin et al., 2019). At the same time, the role of a
variety of ncRNAs like piRNAs, scaRNAs, vaultRNAs, YRNAs and many others remains essentially

uncharacterized.

rRNAs
Genome tRNAs Long ncRNAs
tRFs miRNAs
Transcriptome ! snoRNAs snR::ISAS
VIRNAs sca
) piRNAs
Non-coding RNAs
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C°d('fg;)NA5 mRNA > Protein

Figure 5.1. Coding and non-coding RNAs of human transcriptome.

The accumulated observations of thousands of noncoding RNAs which exist to regulate and
decode the information which is encrypted in a rather small number of mRNAs, is characteristic
of the contemporary RNA world. Moreover, the sensitivity of all RNA molecules to random
hydrolysis or degradation by hundreds of endo- and exo-ribonucleases, imposes the necessity for
all RNA molecules to be protected either by post-transcriptional modifications, or via interactions
with specific proteins. Therefore, it is critical not only to identify the expanding universe of
ncRNAs, but also to recognize the RNA-RNA and RNA-protein interactions that mediate events,

like RNA folding, RNA maturation, RNA post-transcriptional modifications, RNA intracellular
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transport and diffusion and RNA-protein-mediated formation of speckles or condensates that are
important for RNA processing or turnover (Figure 5.2) (Liao and Regev, 2021; Wiedner and

Giudice, 2021).
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Figure 5.2. Membraneless distinct speckles in cells and their proposed functions.

In addition, the fact that several paralogue genes exist that encode for putative ribonucleases
or protein components which participate in important RNPs (like the ribosome, RNase P, RNase
MRP etc), suggests alternative roles for the orthologue gene products. Considered, that ncRNAs
control more than 75% of the human transcriptional output and accomplish a remarkable variety
of biological functions including chromatin remodeling, cell cycle arrest, gene expression
regulation at both the transcriptional and translational level, highlights the importance of the

above-mentioned interactions ((Schimmel, 2018; Slack and Chinnaiyan, 2019; Kaliatsi et al., 2020;
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Pirola et al., 2021). Deregulation of expression, unstructured misfolding or aberrant processing
and metabolism of all ncRNAs and their related proteins has been correlated to many diseases
with mild to severe clinical phenotypes including cancer (Lekka and Hall, 2018; Li et al., 2020;
Bhatti et al., 2021; Pirola et al., 2021). Of note, a flawless and accurate processing of all ncRNA
transcripts requires multiple RNA-RNA and RNA-protein interactions that are crucial to produce
structured and functional RNAs. These interactions mediated by scaffold proteins like La protein
or by ribonucleoprotein complexes, many of which contain both ncRNAs and RNA-binding
proteins that act synergistically, like RNase P or RNase MRP (Kessler and Maraia, 2021). The RNA-
binding proteins which shape mode action of ncRNAs are found often deregulated in many
diseases like cancer, thus the characterization is critical for in-depth understanding of RNA

regulatory processes.

5.1. The possible role of La protein as gatekeeper of Pol lll ncRNAs

One of the most well-studied RNA-binding proteins is La (Lupus antigen). La is present across
eukaryotes and its function in RNA metabolism is highly conserved Its actual cellular role is to
facilitate RNA folding and maturation of 3’ end of pre-tRNAs (Maraia, 2001; Wolin and Cedervall,
2002). Interestingly, in mammals, La is essential for viability and previous studies showed that its
depletion results in defective pre-tRNA maturation (Bayfield and Maraia, 2009; Blewett et al.,
2017). However, La is an important RNA chaperone not only for tRNAs but also for a number of
ncRNAs, like miRNAs, 55 rRNA, YRNAs, vtRNAs, 7SK and 7SL RNAs (Figure 5.3) (Wolin and
Cedervall, 2002). Since La has also dual localization (nucleus/nucleolus or cytoplasm), current
knowledge expands its RNA binding repertoire, beyond pre-tRNAs, displayed its involvement in
IRES and poly(A) binding under specific cases (Sommer and Heise, 2021). Although La has an
important “gatekeeping” role, the interplay between the different ncRNA pools, is nodal and
could lead to aberrant translation rates.

Recently, several studies have highlighted the participation of La in malignancies and its role
in protein synthesis (Stavraka and Blagden, 2015; Sommer and Heise, 2021). Based on the
observation that La is significantly expressed in numerous cancers, including NSCLC, we examined

the effects of human La protein overexpression in A549 lung adenocarcinoma cell line. In this
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Figure 5.3: The RNA polymerase Il transcriptome that interact with La protein.

context, our results suggest that up-regulation of La protein in A549 cells is strongly correlated
with cancer progression. As we observed, ectopic expression of La lead to enhance the growth
rates which was confirmed by monitoring the cell viability using the resazurin assay and
measuring the expression levels of PCNA which is expressed in all phases of the cell cycle and is
used as a marker of mitotic activity (Bologna-Molina et al., 2013). Given the upregulation of La,
we also tested the cell cycle, but we didn’t notice significant alterations between the phases,
however, results from RT-gPCR analysis showed upregulation of all cyclins expression levels with
important increase of cyclin D1 (CCDN1). CCND1 has been reported to moonlight as a regulator
of migration and invasion of non-small cell lung cancer but also it has been correlated with La
(Gautschi et al., 2007; Sommer et al., 2011b). More specific, it has been found that AKT kinase
which is often overactivated in many cancers (including lung cancer) phosphorylates La at T389.
This modification directly affects La binding to an IRES responsible for translation of cyclin D1
(Kuehnert et al., 2015). In addition, we specifically analyzed the expression of MDM2, which were
also upregulated. MDM2 promotes cell motility in a p53-independent manner. More importantly,
La overexpression stabilizes the expression of p53-negative regulator MDM2, in BCR/ABL-
expressing myeloid precursor cell line, an observation which suggests that La-dependent
activation of MDM2 translation might represent a mechanism involved in carcinogenesis (Huang
et al., 2009; Chen et al., 2017). Interestingly, La also increased motility of cells as shown in wound
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healing assays (Figure 4.2), an important finding which are in agreement with previous reports
describing the role of La in cancer (Sommer and Heise, 2021). Increased cell motility, which is the
hallmark of aggressive malignant cells, requires a general increase the expression of tumor
marker like MMP2 and VEGF as we shown in present study, that both largely contribute to
growth, invasion and metastasis (Claesson-Welsh and Welsh, 2013; Gong et al., 2014).

Growing evidence support the participation of La in different cellular process, like miRNA
biogenesis, turnover by RISC, sorting of tRFs, in the promotion of IRES-dependent mRNA
translation but even more interesting is the observation that La can enhance mRNA stability or
consolidate interactions with translation factors and ribosomes (Liang et al., 2013; Hasler et al.,
2016; Vinayak et al., 2018). All the above cellular process was further confirmed after the analysis
of the transcriptomic profile in La overexpressing cells. Moreover, the genes found to be
dysregulated were analyzed and were found that La affects proliferation or migration pathways
confirming the previous observations (Figure 4.3). However, the translation process was among
of the function with the largest and statistically significant alterations, confirming the
subsequently observation regarding the translation initiation factors. Based on NGS analysis, it
was further analyzed the signaling upstream of translation initiation. La modulates important
components of the PI3K/AKT signaling and translation initiation axis. Interestingly, the
upregulation of both phosphorylated mTOR and RICTOR could suggest that signals are
transduced mainly through the mTORC2 complex (Figure 4.6). This observation is in the same line
with migration profile as the mTORC2 complex subunits could regulate cytoskeleton, probably by
activating one or more Rho-type guanine nucleotide exchange factors (Jacinto et al., 2004). In
addition, the results showed the elF4E expression was unaffected and the level of 4E-BPs
phosphorylation was very low, thus promoting an elF4E/4E-BPs stable complex formation that
prevents elF4E to initiate cap-dependent translation an observation which confirmed by the
decreased of global translation rates (Figure 4.7).

However, an upregulation expression level of all other initiation factors and especially of
elF3C was observed. The elF-3 complex could specifically targets and initiates translation of a
subset of mRNAs involved in cell proliferation through IRES-dependent translation (Lee et al.,

2015). The IRESs are recognized by components of the translation machinery, like initiation
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translation factors (elFs) and 40S ribosomal subunits and additional proteins, known as
transacting factors (ITAFs), which all are required for efficient IRES-translation initiation (Bera and
Lewis, 2020). So far, the literature highlights the role of La protein as an ITAF enhancing the
translation not only of viral RNAs but also of cellular mRNAs containing IRES-elements like XIAP.
Interestingly, XIAP IRES not only interacts with La, but also requires direct interaction with elF3
to recruit the ribosome (Holcik and Korneluk, 2000; Petz et al., 2012a. Moreover, overexpression
of La alters the protein levels of MYC which it has been reported that, in lymphoma, it can be
stimulated by IL-6 through enhancement of IRES-mediated translation and can upregulate VEGF
expression, as it was also observed also in the present study (Mezquita et al., 2005). This is good
agreement with the notion that La could possibly play a modulatory role in IRES dependent
translation of important oncogenes (like MYC), in a way similar to its ability to promote viral IRES-
mediated translation stimulation. Thus, our findings indicate that La overexpression possibly
results in an increased translation initiation in an IRES-dependent manner in these cells.
Furthermore, in concomitant with the translation, La could affect RNA processing suggesting
an indirect role of La in tRNA gene expression, rRNA processing, miRNA biogenesis, but also in
upregulation of important ribonucleases which participate in RNA processing. In fact, small RNA-
sequencing analysis showed that the La affected specific miRNA molecules which interact with
Argonaut proteins (AGO) to form RNA-induced silencing complexes (RISCs) repressing the
translation mRNA molecule (Wilczynska and Bushell, 2015; Hasler et al., 2016). The miRNA-
mediated regulation in the La-overexpressing cells affects, among others, gene silencing,
signaling, transcription and apoptosis suggesting that miRNAs upregulated or downregulated in
order to modulate the molecular function inside cells, promoting the cancer progression. In the
current study, an upregulation of the reports as oncogenic tRF-1001 and its parental tRNA
(tRNASerUGA) was observed (Figure 4.5). Since the production of type-1 tRNA-derived fragments
depends on the activity of RNAse Z (ELAC2), an increased expression level of RNase ZL (ELAC2)
was observed. Recently, it was reported that tRF-1 fragments sequester La and compete with

viral IRES for La binding, thus inhibiting viral RNA translation (Cho et al., 2019).
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It is established that La has the ability to interact with a large proportion of RNA molecules
due to its characteristic structural motifs. However, recent studies have shown that LAM and
RRM1 can bind mRNAs’ poly(A) tails in a non-specific binding mode, a novel and intriguing La
feature which seems to be more conserved among LARPs than it was previously thought (Vinayak
et al.,, 2018). This observation raised questions on the ability of La to recognize and bind
additional RNA ligands, but also regarding its modulatory role beyond the folding of Pol llI
transcripts. One of the most interesting and novel findings of this study, is the observation that
LAM (1-103 aa) alone has RNA binding properties. So far, the literature highlighted the
importance of the entirety of LAM-RRM1 (La module) in RNA recognition which has been
proposed to act as a functional unit (Stefano, 1984; Alfano et al., 2004; Dong et al., 2004; Teplova
et al., 2006; Kotik-Kogan et al., 2008). However, in the present study, it was identified that hLAM
alone has oligo(U) and pre-tRNA binding properties, independently of the RRM1 presence. This
result pinpoints the intrinsic property of LAM as an RNA binding module which could also
facilitate interactions with RNA domains that exhibit local tRNA mimicry, as in the case of

maturation of MALAT1 IncRNA for the production of mascRNA (Figure 5.4). It is known that both
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Figure 5.4: Schematic representation of processing of MALAT1 transcripts and a possible involvment La
protein in tRNA mimicry.
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ncRNAs are involved in carcinogenesis and therefore, could explain that modulatory role of La in
malignancies, beyond translation(Li, 2011; Xu et al., 2022).

Collectively, our results highlight the important modulatory role of La in translation and they
provide new functional and structural information that show clearly that LAM has RNA binding
properties. Given the dynamic nature of La domains, the RNA binding ability of LAM provides a
new perspective regarding the ability of La to interact with diverse RNA molecules, an ability that

is reflected to La involvement in important cellular events linked to carcinogenesis (Figure 5.5).

e *. o
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/

Figure 5.5: Schematic representation of possible role of La protein in cancer

5.2. The dynamic roles of RNase P RNP protein subunits

RNase P represents a ubiquitous but unique ribonucleoprotein complex that resembles
ribosome and represents the evolutionary transition from the RNA to the protein world. It
endonucleolytically cleaves the pre-tRNAs to produce their mature 5" ends, but also, it recognizes
tRNA-lookalike structures, and it has been found to cleave also IncRNAs like MALAT1 and
MENB/NEAT1 (Sunwoo et al., 2008). RNase P occurs in representatives of all domains of life
(bacteria, archaea, eukarya), as well as in organelles like mitochondria and chloroplasts (Randau
et al., 2005). In almost every organism, RNase P is a ribonucleoprotein complex, with one RNA
subunit and a varying number of protein subunits. However, the human mitochondria and the
plastids from A. thaliana, are two exceptional cases, whose RNase P lacks the RNA subunit (Figure
5.6) (Holzmann et al., 2008; Gutmann et al., 2012). In human, the nuclear RNase P is consisted of

the RNA subunit termed as RPPH1 and eleven protein subunits: RPP14, RPP20, RPP21, RPP25,
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RPP29, two copies of RPP30, RPP38, RPP40, POP5 and POP1. The RNA subunit is responsible for
the main catalytic function of the RNase P holoenzyme while the protein subunits act as scaffold
to stabilize the RNA core to an optimal conformation for tRNA binding (Jarrous, 2002). Moreover,
eukaryotes possess an enzyme that is related to RNase P, called RNase MRP (mitochondrial RNA
processing). RNase MRP shares nine out of ten protein subunits (except for RPP21) with RNase P
and get involved in pre-rRNA and mRNA processing (Welting et al., 2006; Esakova and Krasilnikov,
2010). While RNase P shares three subunits with yeast telomerase (yeast homologs of RPP20,
RPP25 and POP1), playing a role in stability and the transportation of the telomerase RNA
component (TERC) from cytoplasm to nucleus (Garcia and Zakian, 2020; Garcia et al., 2020). This
observation strongly suggests a synchronized expression of the common protein subunits for all

three ribonucleoproteins but also the participation in other nodal biological processes.
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Figure 5.6. The evolution of RNase P holoenzymes.

In fact, several studies have shown that beyond the synthesis of the RNPs, some of the
subunits can dissociate from the holoenzyme to carry out alternative tasks in cellular process
such as transcription, DNA damage repair (DDR) and chromatin assembly (Reiner, 2006; Serruya
et al., 2015; Abu-Zhayia et al., 2017). For example, RNase P regulates the transcription of tRNA,
5S rRNA, 7SL RNA, U6 snRNA and as well as it is also required for efficient rDNA transcription by
RNA Polymerase (Pol) | (Jarrous, 2017). The possible proposed mechanism for transcription is

that either RNase P acts as auxiliary associated with the transcription factors of RNA polymerase
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[l (TFIIA, TFIIB, TFIIC), or possibly physical interacts with the polymerase (Jarrous and Reiner,
2007). In case of rDNA transcription, coimmunoprecipitation experiments showed that an active
RNase P copurified with the components of RNA Pol | (such as RPA194 and RPA43) and its
associated transcription factors (UBF and TBP-associated factor, TAF1110) (Reiner, 2006). In
addition, extensive work on RPP21 and RPP29 showed that they participate in DNA damage
response (DDR) or in nucleosome remodeling, while RPP30 the most well-studied protein, has
been found to affects piRNAs transcription or tRF biogenesis (Jarrous, 2017). Importantly, some
protein subunits, like POP1, RPP25, RPP38 and RPP30 have been identified as main component
of Th/To autoantigen present in the sera of patients suffer from systemic sclerosis (scleroderma
)(Van Eenennaam et al., 2002; Koenig et al., 2019).

In the present study, a combination of cutting-edge and conventional methodologies
(genome editing screening, NGS experiments, fluorescence microscopy etc.), was used to study
the contribution of each individual subunit in alternatives functions and to assess their
importance and their dispensability performing CRISPR/Cas9 genome editing tool in Hela cell
line. The screening showed that POP1 as well as RPP30 protein subunits is essential for cell
viability, as after CRISPR/cas9 genome editing tool, cells were not viable. On the other hand,
lower editing efficiencies were observed for the other subunits in Hela cell line possible due to
the polyploidy of Hela cell lines or due to tight conformation of chromatin around of the locus
and hence the limited access of Cas9 to each exon. The knockout efficiency could also assess in
Hapl cell line which is a near-haploid cells containing a single copy of each gene and the
characterization of knockout of our gene-of-interest will be more easily. It is noteworthy to
mention that, in yeast, depletion of each protein subunit led to dispensability of cells with
exception of RPP38 (Xiao et al., 2002). From structural analysis point of view, it is evident that
both in yeast and human RNase P, the protein subunits interlock and wrap around the RNA
subunit and loss of even one could weaken the inter-subunit interactions, suggesting the
possibility that all proteins could be essential for the cells.

However, the present study indicated that RPP25 is dispensable for Hela cells as a knockout
clone was successful generated through CRISPR/Cas9 genome editing tool (Figure 4.14 and 4.15)

Although, RPP25 is not well characterized in cancer, its expression levels are elevated in most
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type of tumors as has been referred from the Cancer Genome Atlas (Figure 5.7). A recent study
in glioblastoma showed that the RPP25 expression could be altered depending on the tumour
stages by acting either as an oncogene or as tumor suppressor (Huang et al., 2021; Xiao et al.,
2022) Our results indicated that ablation of RPP25 lead to enhanced growth rates as monitored
by cell viability assays using resazurin and proliferation assays. Also, the expression levels of the
proliferation marker PCNA and the anti-apoptotic marker Bcl2, which were both found

upregulated, confirm that RPP25 deficient cells exhibit higher proliferation rates (Figure 4.17).
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Figure 5.7. Expression levels of RPP25 in different cancer from Cancer Genome Atlas (TCGA).

Notably, the rescue experiments showed that the effect of knockout was restored, an
observation which suggests that indeed, RPP25 could play role in cell proliferation independently
of its association as a subunit of the RNase P RNP. In addition, RPP25 deficient cells exhibited a
prolonged S phase together with a slight decrease in the G2/M phase. Although no significant
alterations were observed in expression levels of cyclins, the Cyclin D1 was found slightly

upregulated, an observation which indicates possible induction of phosphorylation of the
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retinoblastoma protein (Rb) to promote the cell cycle transition from G1 to S phase (Hume et al.,
2020). In addition, it was observed that mediators of cell cycle like p53 and p21 were also
upregulated. Although both proteins have been correlated with apoptosis, senescence, or
autophagy, its expression may be correlated to stress response mechanisms. For example, p21
could regulate both G1/S transition and G2/M phases of cell cycle (P21 is also known to inhibit
the kinase activity of cyclin A/CDK1, 2, resulting in cell cycle inhibition through and into S phase
(Karimian et al.,, 2016; Manu et al., 2019) while p53 could be localized either inside the
mitochondrial inner membrane-matrix compartment playing a protective role on mitochondrial
function, or it could act as safeguard in response to nucleolar stress (Marcel et al.,, 2014).
Furthermore, rescue experiment was shown that RPP25 expression causes arrest in GO/G1 phase
of cells cycle, which is good agreement with the finding of recruitment of RPP25 in chromatin
late in G1/S phase. Therefore, it is highly likely that using either way, RPP25 is involved in the
deregulation of cell cycle and its association with tumorigenesis (Reiner, 2006; Reiner et al.,
2008).

It has been reported that knockdown of RPP25 resulted in low transcription of 5.8S rDNA
(Reiner, 2006; Jarrous, 2017) as it was also observed in our study. However, in the RPP25 deficient
cells, the processing of rRNA could occur through alternative pathways. In the absence of RPP25,
the RNase P activity is present, albeit lower and the NGS analysis showed that the levels of total
mature tRNAs measured do not significantly fluctuate. However, specific tRNA isoacceptors like
tRNAGIy, tRNAArg are overexpressed and may affect the translation rates of specific genes, as it
has been previously suggested (Skeparnias et al., 2020).

Interestingly, in RPP25KO0 cells also increased the cell motility as shown in wound healing
assays with further upregulation of important tumor marker like MMP2 and VEGF, that both
largely contribute to growth, invasion and metastasis (Claesson-Welsh and Welsh, 2013; Gong et
al., 2014). As shown in previous studies, the EMT process could enhanced after downregulation
of RPP25, which are in agreement with our results (Yang et al., 2020). Of note, an upregulation
of hypoxia-induced transcription factor 1a (HIF-1a) was observed. It is well established that HIF-
1la, under hypoxia or genetic alterations, enters to the nucleus and then induces the transcription

of genes involved in angiogenesis, metastasis or metabolism reprogramming like VEGF or GLUT1
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(Nagao et al., 2019; Rashid et al., 2021). Therefore, it could be suggested that RPP25 affects
indirectly through HIF-1a, the metabolic reprogramming that occurs in many cases where
translation is deregulated.

Under hypoxia, cancer cells are characterized by elevated ROS levels, as it is reported herein.
However, a reduction of both mitochondrial membrane potential (Aym) and mitochondrial mass
was also observed, which may lead to overall mitochondrial dysfunction. It has been reported
that the reduction of a3erobic oxidative respiration causes decrease in electron-transport rate in
the mitochondria leading to reduction of mitochondrial membrane potential (Aym) as a
consequent in mitochondrial dysfunction (Bell et al., 2007; Aggarwal et al., 2019). However,
cancer cells, in order to fulfill energy requirements and maintain high proliferation rates, alter
their metabolic pathways from OXPHOS to glycolysis to optimize cellular nutrient utilization
(Brillo et al., 2021; Luengo et al., 2021; Tang et al., 2022). The glycolysis pathway was further
accompanied by activation of downstream pathways like pentose phosphate pathway for NADPH
generation, nucleic acid synthesis and amino acid or fatty acid biosynthesis (Tran et al., 2021). In
the present study, Gene Ontology enrichment analysis revealed that knockout of RPP25 affects
the expression of gene networks that are involved in tumor metabolism. Important mediators in
this process seem to be the aldo-keto reductases (AKRs) that have been found to be increased in
the present NGS analysis. All AKR1C isoforms (AKR1C1-AKR1C4) catalyze the NADPH-dependent
reduction used for further metabolism of steroids. Finally, these enzymes have been found
implicated in prostate or breast cancer progression (Zeng et al., 2017; Penning et al., 2021).
Overexpression of AKR1C3 has been found to regulate the tumor suppressor PTEN and activate
the AKT signaling pathway in chemotherapy drug resistance in MCF7 cell line (Zhong et al., 2015)
while overexpression of both AKR1C1 and AKR1C3 could increase the ratio of 17pB-
estradiol:progesterone in estrogen-dependent malignancies (Hofman et al., 2014). Both NGS
results and the observed mitochondrial dysfunction may indicate that RPP25 is associated with
metabolic reprogramming through glycolysis or pyrimidine metabolism, an implication also
referred in gliobastoma (Xiao et al., 2022).

The function of RPP25 in cancer has been also linked with IncRNAs and miRNAs. In cervical

cancer LINC00319 IncRNAs could promote the EMT progression through regulating miR-3127-
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5p/RPP25 axis (Yang et al., 2020). More specifically, knockdown of RPP25 leads to higher
expression levels of miR-3127-5p, which binds to LINC00319 and stimulates the cancer
development. In the present study, changes of both large and small non-coding RNA expression
were observed like TCL6 which promote metastasis though PTEN/AKT signaling (Wu et al., 2019).
In addition, long intergenic non-protein coding RNAs like LINCO2747 or LINCO1303 that were
found to be upregulated may induce the metastatic phenotype though miRNA axis after RPP25
knockout. It is worth-mentioned that lincRNAs could be produced by alternative splicing and
based on the role of RPP25 in Drosophila, as protector by alternative splicing, one could
hypothesize that RPP25 retains this role in mammals, and its ablation induced alternative splicing
producing specific lincRNAs that function as sponge of miRNA molecular which has as target
oncogenic mRNAs (Figure 5.8). Regarding the GO enrichment analysis of miRNAs and the
biological processes which include transcriptional activity, GTPase activity, translation regulation
and chromatin organization, it could be hypothesized that miRNA-mediated mechanism

participate in cancer progression or metabolism.
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Figure 5.8. Hypothesized model of the additional role of RPP25 in cancer.

Even so, the deregulation of small RNAs was also observed inside the new class of RNA
molecules known as tRNA-derived fragments (tRFs). tRFs are an established class of small non-
coding RNAs that are produced by precise endonucleolytic cleavage of precursor or mature tRNAs
and are categorized in tRF-1s, tRF-5s, tRF-3s, 5’-tRNA halves, 3’ tRNA halves and itRFs (internal
tRFs), depending on their origin site from the tRNA molecule. tRFs could act as the miRNA
molecules in gene expression regulation and thus are characterized as either tumor promoters
or tumor suppressors (Li et al., 2021). In our study, it has been observed a significant increase of

specific tRF-5: 5030b, 5020b and 5008b which derived from tRNA-Glu-CTC, tRNA- Val-TAC and
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tRNA-GIly-TCC, respectively, while the tRF-3 and tRF-1 were decreased. This observation may
indicate the role of RPP25 in tRF-5 fragmentation as in rescue experiments the levels of tRF-5 is
downregulated. In fact, several tRF-5 fragments like tRF-5023a and tRF-5008b have been found
to be upregulated in lung cancer tissues promoting cell proliferation and cell cycle progression
(Shao et al., 2017; Skeparnias et al., 2020). In addition to tRFs, modulated expression of specific
tRNAs, including those of tRNA-Glu, tRNA-Gly and tRNA-Cys was observed in knockout cell, while
in rescue experiments, the levels of nuclear tRNAs were reduced. It is not surprising that
deregulation of specific tRNAs could lead to elevated protein synthesis rates of specific
transcripts that could contribute to carcinogenesis. Breast cancer was the first example showed
that the global upregulation of tRNAs but also upregulation of specific tRNAs like tRNA-Glu or
tRNA-Arg lead to enhance the cancer cell invasion and metastasis through a “codon-biased”
translation of specific transcripts (Kirchner and Ignatova, 2015; Goodarzi et al., 2016). Moreover,
the elevated levels of tRNAs along with the increase of translation rates as well as elevated
polysomes confirm our observations. However, the findings of reduced expression levels both
RICTOR and RAPTOR which participated in the mTORC2 and the mTORC1 complex and
upregulation of the p-ERK downstream of MAPK kinase may indicate that the elevated
translation, in RPP25KO cells, is mediated by MAPK pathway though inhibition of mTOR. In fact,
MAPK/ERK signaling pathway, is related to cell proliferation and differentiation (Zhang and Liu,
2002). Further analysis showed, lower phosphorylation of elF2a (Ser51) and upregulation of p-
EIFAE and p-4E-BPs confirming the availability of elF4E to interact with the 5’ cap and the
enhanced translation rates. In addition, the elongation factor eEF2 exhibited significant increase
that could explain the ribosomal profile analysis as previous shown in ovarian cancer (White-
Gilbertson et al., 2009). Moreover, phosphorylation of eEF2 is catalyzed by the eEF2-kinase
leading to inactivation of this factor, however, eEF2-kinase could be inhibited by p70S6 kinase,
or ERK and p38 MAPK-activated protein kinase, allowing the translation elongation to proceed
(Kenney et al., 2014).

From all the above, it is evident that ablation of RPP25 directly or indirectly affects the gene
expression of important RNA molecules that in turn, participate in the regulation of cell

proliferation and translation. Similar to RPP21, overexpressed RPP25 is localized in Cajal bodies
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and may be implicated in RNA processing. Cajal bodies (CB) are distinct sub-nuclear structures
that are enriched in RNPs complexes, including small nuclear RNPs (snRNPs), small Cajal body
specific RNPs (scaRNPs) as well as telomerase RNP complex which involved in splicing,
modifications and telomere maintenance, respectively (Meier, 2017). Interestingly, the NGS
analysis showed that some specific scaRNAs (Small Cajal body specific RNAs) are downregulated
after RPP25 ablation. ScaRNAs have similar structure and function with snoRNAs whereas the
main difference is the subcellular localization. ScaRNAs are localized in CB and guide post-
transcriptional modifications on snRNAs, while the snoRNAs are mainly localized in the nucleolus
and are involved in modification of rRNAs (Darzacq, 2002; Deryusheva and Gall, 2019). Although,
scaRNAs have not yet fully characterized, has been found that could be implicated in cancer
progression, however, their role remains elusive (Cao et al.,, 2018; Beneventi et al., 2021).
Moreover, the specific binding of RPP25 along with RPP20 in the P3 stem of both RPPH1 and
RMRP but also its binding of a P3-Like domain in the telomerase indicates that RPP25 could bind

additional RNAs with similar structure (Figure 5.9).
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Figure 5.9. Secondary structure of RMRP, snoRNAs, scaRNAs and snRNAs.
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Interestingly, snoRNAs, snRNAs but also scaRNAs share similar structure with P3 domain
including stems and internal loops that could recognized by RPP25. This observation could also
explain the localization of RPP25 in three compartments (nucleus/nucleolus/CB) (Perederina and
Krasilnikov, 2010; Dupuis-Sandoval et al., 2015; Deryusheva and Gall, 2019).

Of note, it is important to mention that in human cell lines also exist a paralogue gene that
encodes a protein similar to RPP25, termed as RPP25-like protein. The exact function of this
protein is not known. However, a comparison of the structure of RPP25 with the structure
expected for the RPP25-like protein has shown that there is a high structural similarity (Figure
5.10). Itis speculated that the RPP25-like protein functions as a substitute for RPP25 in the RNase
P holoenzyme under specific conditions (Koferle et al., 2022). Fluorescence microscopy analysis
showed that RPP25L has similar localization with RPP25 confirming the hypothesis that it could
be a potential RNase P/MRP subunits, however, a small amount of RPP25L is also localized in the
cytoplasm, indicating an additional role beyond of assembly in the holoenzymes. However, the

role of RPP25L should be further studied.

(a) (b)

Figure 5.10: Superposition of Rpp25-like structural prediction model obtained from the AlphaFold
database (red color; Uniprot ID: Q8N5L8) with (a) RNase P holoenzyme (PDB ID: 6AHU). The RppH1
and the tRNA are colored blue and green respectively, while all protein subunits are colored with
grey, except for Rpp25 (yellow) (b) RPP25 Cryo-EM structure (yellow, PDB ID: 6AHU). The
comparison was visualized using the Matchmaker tool in ChimeraX v1.2. Secondary structure of
eukaryotic RNase Ps RNA subunit.
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Overall, the existence of this paralogue gene may indicate its involvement as putative
mediators in biogenesis, folding and action of ncRNAs, through elusive so far RNA-protein
interactions that are crucial for cellular process. The elucidation of the role of this paralogue gene

is a future goal.
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