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There are different structureand sequenced y G KS pQ ! ¢w 27F thélewelsaf § K|
translation, such as-Guadruplexesupstreamopen reading frames, hairpins or Internal

Ribosome Entry Sites (IRESs). Anadingf them, IRESs are particularly interesting as they have

the ability to increase translation initiation. IRESs were first discovered in viruses and years later
their existence in cellular mMRNAs was verifitkeseelements have the ability to startanslation

when capmediated translation is compromisesiichas in hypoxia, heat shock or nutrient
depravation. These conditions are usuglhgsentin tumors, and it is not surprising IRES activity
canbeincreased in cancer cells.

Researchers have tridd target both viral and cellular IRESs as a possible treatment for different
viral infections and cancer. In this sense, antisense therapy could be of particular interest.
Antisense therapy uses antisense oligonucleotides to control gene expressiorubinm&NA
degradation, changes in splicing or blocking the translation machinery. Since antisense therapy
was developed, oligonucleotides have been modified in different ways to make them more stable
in cellular environmentand to increase their targetingr cell penetration abilities.

In this project we havdesignedoligonucleotides with different modifications to modify the
secondary structure of thBAGIRES and in this way to control the expression of the IRES by
either decreasing or increasing itstizity. BAGlis an antiapoptotic gene implicated in the
regulation of many cellular processesid hasbeenshown to be dysregulated in different
cancers.

Being aware of the controversy surrounding the existence of cellular IRESs, wiedtaezified

the presence o&nIRESn the p36BAGIp Q uysihgnastricter criteria than existed duriitg initial
characterisationWe then designedligonucleotides based on the proposed structure of the
BAGIRES as well aspool of oligonucleotides targeting flifent regions of theBAGIRES and
generated a luciferasbased methodo quickly assay the effect of different oligonucleotiades

IRES activity. The most promising oligonucleotides were modifiedi K [ 2 01 SR -8-dz0f S
Methyl RNAs and phosphottibate bondsn an attemptto increase their activity and stability in

cells.

We have shown to be abte increasehe BAGIRES activity in a cell free system using different
oligonucleotides and have different oligonucleotides that have shown promissts in cells.

Controlling translation initiation has a direct result on the efficiency of protein synthesis.
Understanding the events in this process could lead to the discovery of new therapeutic targets,
and thereby, the development of new therapiés.this waythese oligonucleotidesould prove

to bea treatment for diseases associateith an inappropriate amount of functional proteins

andin this sense targeting cellular IRESs could be the key.
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Chapter 1

Chapterl Lb¢whb5,; / ¢LhbD

1.1 OVERVIEW

The control of gene expression using modified oligonucleotidegvolved to create potential
therapies for incurable diseases. The introductory chapter of this thesis will cover the basics of
gene «pression including nucleic acid structuaadthe process of eukaryotic transcription and
translation with an emphasisn IRESnediated translationThe chapter will then discusise IRES
containingBAG1gene, covering topics such as its structure, ttamsn and implication in

different diseases. Antisense therapy will alsadisussedwith special interest on the different

oligonucleotide chemistriedevelopedfor therapyand FDA approved antisense oligonucleotides.

1.2 GENE EXPRESSION

Gene expressiorsithe process by which the information in genes is used to synthesise functional
products someof which are proteinshowever they could also be functional RNAs such as tRNAs
or snRNAsThis process is also known as the Central Dogma of Molecular Biedegygurel.1,

A), which was properly defined by Francis Crick in 1@¥@wever the concept was first

mentioned by Francis Crick in a public lecture in 196&ne expression is dividedartwo main

steps: transcription and translation, where nucleic acids jinportant roles.

1.2.1 Nucleic acids

The main classes of nucleic acids @exyribonucleic acid (DNA) and ribonucleic acid (RNA).
Nucleic acids are long polymers composédn array of nucleotides. A common characteristic of
nucleic acids is their solultyliin water. Nucleotides are compose€la nitrogen heterocyclic base,
a pentose sugar (hydrophobic) and a phosphate residue (hydrophilicligel.1, B. The

bases can be monocyclic (pyrimidines), as cytosineR@hime (T) and uracil (U) or bicyclic
(purines) as adenine (A) and guanine (G) Bgarel.l, Q. The base joins the carbdnof the
pentose sugar through a ring nitrogen (N1 in pyrimidines and N9 in purines) by ddvaiels (\-
glycosidic linkage).

582E&@NAO62YydzOf SA O | -Geoiyribdnbetedtides, vhkeread BbdideRk adidé H Q
(RNA) is formed by ribonucleotidgseeFigurel.1, D). Both riboseand deoxyribose sugars are
non-planar moleales, they have a 3D structure, neverthelaseference pla8 2 NJ & a dz3a | NJ

is defined The location of the atoms above or below the sugar pucker will determine the
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conformation of the nucleotides and thereltiye conformation of DNA or RNA molecules. Sugars
with atoms puckered above the referenpane will be in theendoform while theexoform will

take place when the puckered atoms are locabesheaththe plan€ (seeFigurel.1, E).

A. CENTRAL DOGMA OF MOLECULAR BIOLOGY B. NUCLEOTIDE

DNA RNA PROTEIN Phosphate

Transcription Translation

) ( E——

Nitrogenous
Base

5-Carbon
C. BASES NH, o] NH; sHear
D. DNA VS RNA
(T30 T U
Adenine Thymine Cytosine

0]
i OH H
N NH
</ | NH ‘ )\ DNA RNA
N )\ N o
H N NH, H

E. SUGAR PUCKERING

Uracil

Guanine Q z ; 9

® C-5
2'-exo ® o4 3'-exo

Figurel.l Nuclet acids.A) Central dogma of Molecular Biology. DNA is transcribed in RNA and RNA is
translated into proteins. B) Structure of a nucleotide formed by a 5 Carbon sugar, a
nitrogenous base and a phosphate. C) Structure of the bases that can be found on

nucleotides. D) Structure of DNA and RNA sugars. E) DNA sugar puckering.
DNA structure:

DNA § the material where the genetic information is stored. UsingXtay diffraction

photographs of DNA fibres obtained by Maurice Wilkins and Rosalind Ffadalimes Watson

and Francis Crick discovered some of the most important aspects in the structure of B DNA. DNA
molecules have a double helical nature, where two DNA chains are coiled around a common axis
in a righthanded screw sense and in antiparallel directi¢geeFigurel.2, A) which gives

polarity to the molecule. The bases lie on the inside of the helix, while the phosphate backbones
are on the outside. The bases are l@mhtlmost perpendicularly to thieelicalaxis, where

adjacent bases are separated by 3.4 A. There are 10.5 bases per turn in the double helix and the

2
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helical structure repeats every 34 A. Each base has a rotatiohdg@ees from the one below.

The helixhas a diameter of 20%4seeFigurel.2, A).

The dominant bae pairing in nucleic acids is thesalled WatsorCrick pairing, where adenine

binds to thymidine with two hydrogen bonds, whilst cytosine binds to guanine with three

hydrogen bonds, in this way all the base pairs have the same sizEi¢geel.2). However, other

base pairings do also existjchas Hoogsteen paité (seeFigurel.2). In anydouble stranded

DNA molecule there sl:m NJ G A2 2F LJzZNAYySa yR LEBNAYARAYS

rule.

The nitrogen an@xygen atoms present in the bases help form the hydrogen bonding that holds
the two DNA strands in a duplekhe interactions between the bases forming the nucleotides are
also important in determining the structure of the DNA. Among these interactibiese are
repulsive steric interactions between proximate bases and sugars -amtacking interactions

(non-covalentinteractions given between aromatic molecules).

The primary DNA structure consistnucleosides joined by a phosphate diester from & 5
hydroxyl3 NB dzLJ ¢hpdroxylg®up @f@e neighbour nucleoside, forming a chain. A DNA
molecule is formed by two of these chains located in antiparallel fashion where the bases are
joined together by hydrogen bonds, forming a helix. In the helixetlvan be distinguished the

major groove (parts of the helix where the backbones are far apnt) the minor groove (parts

of the helix where the backbones are close together). This is known as the secondary structure of

the DNA(seeFigurel.2, A).

The two strands forming the DNA molecule can be unwounded by helicases in the cells, or by high
temperatures, allowing the processes of replication and transcription to take place. When these
processes are complete, the corapientary strands can anneal again. The DNA sequence
determines the RNA sequence and protein sequence that will carry out most of the activities in

the cells.
DNA molecules can adopt different structures under different circumstafsees-igurel.2, C)
A DNA

Righthanded antiparallel double helices, forming a cylinder of around 24 A diameter. Sugar rings
are located parallel to the helix axis, whereas the phosphate backbone is on the outside. There

are 11 bases in eachrm of 28 A. The major gove is very deep, whereas the minoogve is

GSNE &aKlff26d ¢KS KStAE Ad G6ARSNIFYR &K2NISN

some RNADNA duplexes adopt alike structuré. At low humidity and high salt concentration,
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the favouredstructure is ADNA. A DNA usually shows @0 Sy R2 O2y Te2hB®3F A2y S & KSNJ

lies out of the plane, which is formed by the other four atoms of the®ring
B DNA

This is the DNA struate defined by Watson and Crick. The B DNA is-lightled, where the base

pairs sit on the helix axis, which makes the major and minor groove have a similar depth. Bases on

the same strand are predominantly stacked above their neighbours perpendiculdhly teelix

axis. At high humidity and low salt, under physiological conditions, the dominant secondary

structure of the DNA is-BNAB DNA usually takesGH Q Sy R2 O2y F2 NMlidsA 2y S 6 KSNB
out of the plané.

Z DNA

This structure was discovered by Alexander Rjemd consists of &ft-handedanti-parallel
duplex. This conformation is common in sequences with alternating ppsmenidine sequences
(dCGCGCG). This DNA conformation has a stroag@igattern in the phosphodiester backbone
Backbone phosphatesre closer together in Z DNA than in A or B DNA, hence a high salt

concentration is required to minimize the electrostatic repulston
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A Diameter 20 A

= sygar phosphate
backbone

Major

} Minor groove
groove

One
complete
turn

A-DNA B-DNA Z-DNA

Figurel.2 DNA molecule structureA) DNA double helix structure showing the major and minor greove
and nucleotide base pairing in the BMnolecule. B) Watse@rick base pairing versus
Hoogsteen base pairing forRand GC base pairs.)Side and top view of-ANA, BDNA ad

Z-DNA conformation. Image credit: CG®A 4.0 Mauroesguerroto/Wikimedia Commons.

1.2.2 Transcription: RNA

DNA is transdped into RNA in the nucleus of the cells by an RNA polymerase with the help of
different transcription factors RNA polymerases use a DNA strand as a template for RNA

0N YAONRLIGAZ2Y o0& | RRAY 3 oyidgBRNASwhickreR@npleniedtaryitcK S o
the template DNA strarfdseeFigurel.3).

The process of transcription consists of three stages: initiation, elongation and termination.
During the initiaion step, transcription factors bind to the promoter region in the DNA and recruit
the RNApolymerase. Transcription factors also help separating the DNA strands in the double

helix to provide access to the RNA polymerase to a single strandetl DNA

In prokaryotes there is only one RNA polymerase with five subunits, whereas in eukaryotes three
different RNA polymerases can be found with over 10 subunits each. Each of the eukaryotic RNA
polymerases will also require different trseription factors. RNA polymerase | transcribes

ribosomal RNA, RNA polymerase Il transcribes protein coding nuclearRiAs and RNA
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polymerase lll transcribes different structural RNAs as the 58X, transfer prd&RNAs and
small nuclear preRNAS.

The RNA polymerase is released from the transcription factors to proceed with RNA synthesis in a

PQ 2 0Q RANBOGAZ2Y® ¢ KS(fatiliGiéschtonatid tra@sdriptiondisS LINR G SAY RA-
required to disassemble nucleoses (DNAhistone complexes) upstream of the RNA polymerase

transcription. RNA polymerases have the ability to unwind the double stranded DNA, allowing the

RNA synthesis to occur in a region of single stranded DNA of around 25 nuclésgeléigure

1.3). The RNA falls off the DNA template as it is synthesised allowing the DNA to rewirtd again

Termination is different for the three different RNA polymerases, but overall it takes place in
respong to termination sequences and signals. In the case of RNA polymerase |, the protéin TTF
is required, which will recognize a specific sequence in the DNA and bind to it, blocking RNA
polymerase | from continuing with transcription. RNA polymerase Isladly sequence or signal

to terminate transcription. The prenRNA is cleaved while the RNA polymerase is still transcribing
and this is where the process of transcription terminag@seFigurel.3). It is still not verlear

how RNA polymerase Il terminates transcriptitiowever it is known that the poly(grminal

signal causes catalytic inactivation and backtracking of the enzyme, which commits polymerase llI

to termination'2
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Transcription start site GENE Transcription stop site
5 v \ 4 3¢
3¢ L ’ | 5¢
Promoter Terminator
] /\ y

5 3

3[

5' 3’

3! 5

Figurel.3 Process of transcriptionRNA polymerase has the abilitydawind the double stranded DNA and start transcription from the transcription start site until the transcription

end site. The prenRNA is cleaved when the transcription is finished.
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Post-transcriptional processes

In eukaryotes, pre mMRNAs that code for proteins will still be subject to some modificatides in
F2NY 2F pQ OFLIWAYy3Is LRterRSyeftlraAR2y YR wb! ALJX AOA

Capping:
G GKS pQ SyR 2F (GKS Ywb! | 3dz2 yAyS NBaARdzS Aa | RR:

Figurel.4). This guanine residue is bound to the RNA by three phosphate moleculesviaked p Q

G2 pQ 02yRS AYy&ailGSIR 2F o6& | dzyAljdzS LIK2ALKIGS Y2t SO
the nucleotides forming the RNA molecule. The addition of thdextA dzl YA Y ® 02 YyIR p @

done by the enzyme guanylate transferase. Following this addition, the enzyme guanine

methyltransferase adds a methyl group in the position 7 of the purine ring producifgettw/|

guanine (sed-igurel.4). This cap structure enhances the proasss¥ mRNA export from the

nucleusand mRNAtranslation andalsoprotects the mRNA from degradation by exonucleases,

AAAAAA

GKAOK g2dzZ R RSGSOG I FNBS pQ SyR FyR RA3ISaldl GKS wb

Polyadcenylation:

This process consistéil KS | RRAGA2Y 2F 2@0SNI unn FRSy2aiAyS NBAARC
as the transcription process is finished ($égurel.4). The polyadenylation site is flanked by two

sequencesan AAUAAA sequence upstream and a sequence rich in G and U residues downstream

of the polyadenylation site. These two sites are recognized by two protein complexes that will

bind to the RNA and cleave the RNA sequence between them. Subsequently the @atyfe

LR2f&@YSNIasS oAttt IRR 20SNIHnn FRSYyAyS NBaARdzSa Ay G

the RNA protects the RNA from degradation by exonucleases and enhances RNA translation.

RNA splicing

RNA splicing is the process by which intron sequeace removed from an RNA and exons are
joined together (seé-igurel.4). The transcribed RNA molecule is formed by introns (RNA
sequences that do not code for a protein) and exons (the actual RNA sequences that code for
proteins | & ¢St | &) Th&ibtrons feed ty'tR remdyed bdforedthe RNA is
transported to the cytoplasm for further translation. The process of splicing is carried out by an
assembly of proteins and small RNA molecules known as spliceosBpiegosomes can

recognise specific splice signals in the-pri@NA: in most cases introns begin with a GU and end
with an AG followed by a pyrimidine rich tract. During the process of splicing the phosphodiester
bonds that separate the introns from thexens are cleaved, arekons are joined. Most of the

eukaryotic premRNAs can be spliced in different ways givisgto different proteins.
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RNA methylation:

Different RNA types can be methylatpdsttranscriptionally, in most of the cases ahacleosie
leveland not that much in the suggrhosphate backborté. RNA methylation is a gene expression
control system, allowing the activation of protetoding genes and cellular process#se most
common RNA methylation modificatigeN®-methyladenosine (m6A), which is a dynamic and
reversible modificationln mammalian cells the m6A modification sites are conserved and
regulated by m6A methylatransferases and demethyleses®6A modifications are more

abundant near the stop codon dik y (i KySRU®BEEXWhich suggests the ability of m6A to
affect RNA translation and metaboli&mn this instance, ®A modification is kown to facilitate

translation initiation through the interaction with elF3 and elF4E
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RNA STRUCTURE

RNA molecules require the correct thrdamensional structure to function correctly. Even more,
some RNAs require that specific regions have the ability toifjtiakir conformation or to have

structural flexibility?®.

RNA shows a greater structural versatility than DNAims of its chemical reactivity and
conformationg and different RNAs can show different structures. They could be long and double
stranded or have a globular shape with short duplex domains and single stranded segments

double stranded RNA molecules Wats0rick base pairing is the most common one.

There are many different types of RNAs, each found in different kingdoms and species, with
different structures and functions. The most known onesr&®A, mRNA, tRNA, however others
are less commorsuchas noncoding RNAs (ncRNAsall nucleolar RNAs (snoRNAS),
extracellular RNA@XRNAJ drcular RNAs (circRNAS)

RNA has the ability to fold forming three dimensional structures that modulate the ability of the
RNA to regulate different functions as translation, gene silencing, RNA splicing and protein
trafficking®2%. RNA functions relgonsiderablyon secondary and tertiary structus®. RNA folding
can happen at different levels, it usually starts acquiring a defatedtture during

transcriptiorf?2 although that structure will be modulated by different factors such as the
cellular environment, the process of transcription itself and RNA chapeftfieBvery RNA
molecule in each cell has a unique structure that could differ from the native RNA structure, that
is why the conformation of an RNA in a cell could beafit from that of a refoldedr in vitro
madeRNA?,

There are different techniques to study the secondary and tertiary structure of RMR:
spectroscopy, Xay crystallography ancryo-electron microscopgan be used to study the three
dimensional structure of RNA molecules. Depending on the RNA length different techniques are
accessible to determine the secondary structure of an RNA mielefor short RNAs of up to 200

nt, getbased enzymatic and chemical probing could be used. For RNAs of up to 400 MCEHAPE
could be used. For bigger RNA molecules SHARESHAREaP or DMSViap could be used. In
genera)sS f S O thyd@$/laaylation analysed byrimer extension SHAPE) is the most useful
technique to study the structure of a given RNA. This techniqueNisesthylisotoic anhydride

(NMIA) and dmethyl7-nitroisatoic anhydride (1M7p randomlymodify then Q h |1 3 NP dzLJ 7
RNA backbone, followed by a reverse primer extension that will be stopped when the reverse
transcriptase comes across a modified nucleotide. The cDNA is then sequenced and analysed to

determine single and double stranded regions in thAR.

11
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GENETIC STRUCTURE OF A EUKARYOTIC mRNA

¢KS YIFGdz2NBE Sdzl F NB2GAO Ywb! O2yairaita 2F GKS pQ dzyd N
YR O KNIo/@G fdzyi SR NBFHarelyy). Norecarling ot wnthanstai@ds &yions

mediate the majority ofjene expression regulatioas they play important roles in the regulation

of posttranscriptional processes. Theyeamplicated in the mRNA transport to the cytopl&ém

translation efficienc¥, subcellular localization of the mR¥And mRNA stabili#y. RNA binding

proteins can interact with different nucleotide patterns or motifs located in the UTRs to regulate

different post transcriptional processas, this case the secondary structure of the RNA plays an

important role®.

pQ | ¢w

¢ K SUTRSXhe regiorof the mRNA flanked by the@cap and the start codarThe length of

GKS pQ '¢w A& NRdAKft& O2yadlyd | Y2y 20RAFFSNBY(G (I E:
nucleotides®. However, mRNAs codjror proteins involved in cell regulation, which need a high

level of regulation, such as transcription factors, growth factors or pastcogenes usually have

f2y3aASNI pQ | EwhherdisKalgyar G &h8 Cldomedt in the nucleotide sequence of

0KS pQ !¢wX dzad¥te 2F | NRdzyyR | ¢ E:

Posttranscriptional control 8mRNA translation is known to be mediateddiyactingelements
f 20F 0§ SR AY, suéhka§upstré@am logemvraading frames (UORFS), hairpins or stem loops,

internal ribosome entry s (IRESs) or-@uadruplexes.
uORF

Open reading frames (ORFs) are the parts of the mRNA that have the ability to be translated.

PLJAGNBLFY 2Ly NBIFRAY3I FNIYS&A o60dzhwCux FNB hwca 20k
codon and they will contain a staft2 R2 Y A ghd lac&tiGnATNG 4pxibosomal subunit can

detect this AUG in the uORF and start translation from that gbint

UORFs have the ability to control translation in different wHfysanslation of the uORF is

terminated alongside the CRSihen an N-terminal exension will be generated in the translated

protein (seeFigurel.5, A) If the uORFs are located near the CDS and their translation is

GSNXYAYLFGSR 0SF2NBE GKS /5{Qa (NI yaft lbylircreagingh da AYyAGAl G
the levels of translationf the CD$seeFigurel.5, B) If the uORF is locatemlit of frame from the

CDS and their translation finishes after the translation start point of the CDS, then the translation

of the CDS will be reducext inhibitec?* (seeFigurel.5, C)

12
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Figurel.5 Control of translation of the coding sequence depending on the position of the UORFs and
their termination codon.If the uORF and the CDS share the same termination codon, most of
the proteins will contain an extended®S NIY Ay | £ 06! 0 ® tibrifis filigh&l dzh wC Q:
0STF2NB (KS /5{ Q& ibbsbryescduld ieihigaté(if theirighidorddEionsiageY S
gveng AYONBIlI aAy3a GKS GNryatlrdiazy 2F GKS /5{
I 5{Qa AYAGAIFIGAZ2Y OdtReGDS willibk Bhybiteid & SedutedXCY. & t | G A 2

Hairpins or stem loops

Haipins or stem loops are formed when two regions of nucleotides forming a DNA or RNA
molecule form base pairs with each other. It is one of the secondary structures more commonly
foundAy GKS pQ !'¢wad 5SLISYRAY3I 2y GKS GKSN¥Y2ReE
in respect to the start codon, they could have different effects in the translation efficiency. In
general, the further the stem loop is locatédom i K S p @ st@hgedkhe siekn structure

needs to beo inhibit ribosome scannirig

IRES

Some of these elements present in the UTRé$ntesnal Ribosome Entry SitdRESdor example,
can drive translatiomvenwhen the translation machinery is repressedt needs to be noted
GKFG S@Sy GK2dzZaK Yz2aid Lw9{ a Ihayhave dsdbednSdrndiny

the ORF'38, IRESs will be explained in detail in a further section.
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G-quadruplexes

G-quadruplexes (G4) are naranonicé, very stable secondary structures that appear iric@
sequences of DNA or RNA. For a G4 to be formhthst four runs of multipleonsecutive
guanines, separated by short linker regimeed to be present, where each G of the tract could
then base paiwith a G of the next tract through Hoogsteen hydrogen bonds, formingjas@et
or a ceplanar array. When two or more of thesedbartets stack, a G4 is formed. Theg@artets
are linked to each otherialoops formed by random nucleotides. G4s arebgized by a

monovalent cation, which is usually potassiim

RNA G4 (rG4) are involved in different ptrainscripional regulatory mechanisms such as

polyadenylation, alternative splicing and mRNA localiz&tbn NDna 201 GSR Ay (KS pQ |
inhibit translation by steric blocking of the translation initiation or the ribosomal scafifitig

However, the G4s IMEGRndFGFZan activate translation, as they are part of the secondary

structure of their IRE'S*,

CODING REGION

The coding region of a mature mRNA is the sequence flanked by theadari (usually an AUG)
and stopcodon(UGA, UAA, and UAGNd is formed by triplet codons, each encoding an amino
acid which makes it the region of the mRNA that codes for a prétebifferent codons can code
for the sameamino acid however different organisms use some oadmore regularly than
others. Common codons are found in highhypesssed genes, are translated more quickly, with a

higher fidelity and provide a higher regulatory contitedin rare codoné.

0Q | ¢w
¢KS 0Q J¢w A& GUKS &aS1ljdsSyO0S RSTAYSR 0SbegSSy GKS aidzl
length2 ¥ GKS 0Q ! ¢w akKz2ga | INBI G QOdsesfandacduldbeli e 0SG oSSy

between 206800 nucleotide¥.

wb! GdzNYy2@0SNJ A& Yzadfte O2yiNRffSR o0& StSySydaa t20I
can find Alrich elements (ARES), which in response to different signals can promote mRNA

decay?®. On the other hand, Glich elements (GREs) cause rapid mRNzaylin shordived

MRNA¥.
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G-quadruplex

5 ﬁ y
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Figurel.6 Genetic structure of a mature eukaryotimRNA.! Y I G4 dzZNE Ywb! A& F2NXSR
(limited by thep @’G-cap and the start codon, where-@uadruplexes, hairpins, uUORFs and
Lwo{a Oly 068 ¥2dzy R0 (KS O2RAy3 aSljdsSy0OS of
UTR limited by the stop codand poly(A) tail.

1.2.3 Translationin eukaryotes

Translation is the process by which proteame synthesised based on mRNA templated it is

the process thatonsumesip to 50% of cellular enerffy Mature mRNAs are transported through
nuclear pore complexes from the deus of the cells to the cytoplagfwhere the process of
translation takes place. As mentioned beforiee tsynthesis of proteins is a complex process that
is divided into three phases: initiation, elongation and terminatiéh It is believed that initiation

is the most complex among the three phases

In most eukaryotic mRAs, translation is initiated by a process known asaspendent
translation initiation or canonical translation. This is a wefjulated process that requires various
stepsandthe presence of at least ten initiation factors (elFs), the roles of whilthevdiscussed

in detail below™.
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The firststep is the formation of th@re-initiation complexPICY¥ormed by the ribosomal 40S

subunit andthe ternary complex(TC) formed by the initiator methionryiRNA Met-tRNA) and

elF2 bound to GTRIF] elF1A, elF5 and the elF3 complex promote the binding of the TC to the

40S ribosomal subuniE{gurel.7, A) This complex will attach to the’G-capon (i K Sendofhe

mRNA? This process is facilitated by elF3, the poly(A) binding protein (PABP), elF4B, elF4H and

the elF4F complex (formed by the scaffold protein elF4G, théirajing protein elF4E and the

RNA helicase elF4A). elF4AG is a scaffold prbtaircontains binding sites for elF4E, elF4A, elF3

and PABP, with the ability to bind all these components together. elF4G has the ability to interact

with the mRNAviathe cap and poly(A) tail to form a circular messenger ribonucleoprotein

(MRNP), alsoyk2 6y | & GiKeR LAEOfR0aNIROG dzNS® 2 KSy SLCnD FyR S
bridge is established between the mRNP and the PIC, which stimulates the attachment @$the 4

to the mRNAelF4Bwill bind to them’G-cap, whichpromotes ribosome bindirfg (Figurel.7, B).

¢KS dGFOKYSyld 2F GKS NAoz2az2Ylft nn{ &adzodzyAldG G2
PQ GSNXYAYIFf aSO02yRINE &l NHzOheizAtRIBAANTOSe activdgyiss A Y RA y 3
enhancedby elF4B and elF4kdenerating a singistranded landing path in the mRNA for the PIC

Once the ribosome is bound to the’@ and the mRNA is unwound, the ribosome 40S subunit will
GKSy ao0ly GKS Ywb! oAy GKS p QinasitablexonRisNSE Ol A 2y 0
recognizedThe most common start codon is AUG, however in the late 1980s it was discovered

that the ribosome could also take CUG, GUG or UUG as possible startéStaWEP, elF4A,

elFAG and elF4B are required for the scanning process; the requiremdrééf and ATP is

proportional to the level of secondary structure in the K5’

The start codoris recognized when the base pairing between the AUG imiRé&lAand the
anticodon of MettRNAtakes place. The start codon recognition stops the scanning of the PIC.
elF5 and elF5B will promote hydrolysis of éb2nd GTP, so that all the elFs are displaced and
the 60S subunit can join the 40S subufotming the 80S ribosoméit this point the initiation
complex is formed containing the 80S and the WRNAbase paired to the AUGigurel.7, C)
andprotein synthesis will statt. While MettRNAis located in the P site of the 80S ribosome, on
the A site an aminoacyRNA with an anticodon complementary to the nertdon will be located.
Theintrinsic peptidyHransferaseactivity of the large ribosomal subuniill form a peptide bond
between the methionine and the next aminoad¢iRNA. The tRNA located in the P site leaves the
ribosome and this translocates alongetmRNA to the next codon, the next aminoatMNA will
bind to the A sitgseeFigurel.7, D) this process is GTP dependehihe polypeptide chain will be
built in this way iran N-terminal to Gterminal direction. Whermone of the possible three stop
codons UAG, UAA, and UGAnters the A site, the tRNA in the P site becomes hydrolysed and the
polypeptide is released into the cytoplagfigurel.7, E) The two subunits of thebosome
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dissociate and are ready to start the process of translation dggigurel.7, B. However in some
cases, the 40S ribosomal subunit can remain attached to the mRNA and staihgcagain,

which is known as ribosomal reinitiation. If another ORF was found downstétra original

ORF (as inpolycistronicmRNA), those 40S ribosohsabunits could start translatioagain Even
though at thatpoint the 40S ribosomal subunits cannot effectively start translation because they
lack elF2 ternary complex (eHFZ), new elFZCcouldbe acquiredto initiate translationt?. The
reinitiation ability depends on the ability of elHZ to bind to the 40S ribosomal subunit, the
length of the first ORF and the secondary structures present on it (the longer and marte/sr

in the first ORF, the lower are the chances for ribosomal reinitiation to take pfate)

17
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Figurel.7 Eukaryotic translation initiation.A) Representation of the preinitiation complex (PIC), formed by thei#0Somal subunitthe elF2GTP/MettRNA complex, elF3, elF1,
elF1A and elF5. B) The mRNénisoundthanks to elF4A, elF4B and elF4H. The PIC can now bind to the mRNA cap through elF4E. elF4G is a protein scaffotiénvolved in
recruitment of the 40Sd the mRNA. C) When the start codon is recognized, usually an AUG, the 60S ribosomal subunit is recruited forming durmtipheteribosome.
Protein synthesis will start at this poiri2) Onthe A site an aminoacyRNA with an anticodon complementaty the next codon will be located. Peptide bonds are formed

between adjacenamino acidsuntil a stop codon is found (E). At this point translation terminates, the ribosomal subunits are dissociated (F).
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The process of translation can be regulatedliffierent levels.In order for translation to initiate,
elF2 musbind to the 40S ribosomal subunit. However, whiah subunit ofelF2 is
phosphorylatedusually by different kinases which are activated in response to cellular stress)
elF2 is unable to couple with GTP and deliveriniteator Met-tRNAto ribosomes for the
appropriate start codon recognition, and theby mRNA translation is repress@ét . elFAE

binding proteins (48BFs) can also control translation initiation throughT®@RC1. When mTORC1
phosphorylates 4BPs, theyissociatefrom elF4E allowing elF4E to bindglF-4Gand thereby

initiate translatiorf2.

The Kozak consensus plays an important role in the translation of eukaryotic mRIgAgtimal
sequence in mammals for a ribosome to start the translatimtpss is GCCRCCaugG, also known
asthe Kozak sequence or consen8u#t has been demonstratethat the efficiency in translation
can vary if the Kozak sequenisenot optimal The A in the AUG codon is considered position
number 1(seeFigurel.8). Changes in positionr8 and +4 of the sequence are the mosticet

ones for the translation efficiency, a purine (usually A) in posi8os essential for efficient
translation initiation and in its absence a G is required in positiéh Ribosomes tend to initiate
translaion at the first AUG, but when theatch to the optimaKozak sequence is very weak,
some ribosomes can bypass the first AUG and start translation from a start codon positioned

further downstream. This process is known as leaky ribosomal sc&hning

-6 -5 -4 -3 -2 -1 +1 +2 +3 +4
G C C \/( C C A u G

3’ UTR

Figurel.8 Kozak consensus representing the optimal sequence surrounding the initiation codon (in red)

to start translation, where positions3 and +4 (in blue) play an important role.

Although translaibn of mMRNAs is normally mediated by the scanning mechanism, an alternative

initiation pathwayinvolves the use of internal ribosomal entry sites (IRESs)
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1.2.4 IRESnediated translation initiation

What are IRESs?

IRESs are a segment of MRNA, they are lon@fea highly structured, with complex secondary
and tertiary structures and are usually located near the start c8#6nThey are particularly

special as they can mediate translation initiation by recruiting the ribosome into an internal
position of the mRNA. In this way, the ribosome does not neexbsociate viai K Sengafthe
mRNAZ2 When IRES8riventranslation takes place, the ribosomal 40S subunit binds directly to the
IRES (Figurel.9, right hand panel).

Viral IRESs

IRESs were first discover@dgoliovirus and in the encephalomyocarditis picornavtéfs It was

in the early 70s when it was discovered thize viral MRNAs had a different structure from the

OStftdzZ  NJ Ywb! &3 | & @NOkALS® !R2I {yERRIAtYEmNaKiISItyp G KS p Q
was seen that this was extremely long, with multiple upstream AUG codons and multiple

secondary struatres, thus it was hypothesised that the ribosomes could bind the mRNA in an

internal position. This was confirmed by using a bicistronic &gaplained in detail in the next

section) Viral IRESs are autonomous elements in the RNA, meaning that they can be active

outside their natural RNA context. However, viral IRESs function as a single entity, the whole

sequence is needed for theHR to be activé

After the discovery of the existence of IRESpicornavirusthe existence of IRESs in many other
viral families was revealed. Nowadays there are a wide range of different IRESs known, all with
different qualities in terms of structure, sequenand length.Viral IRESs camitiate translation in

two different ways. One of the ways consisfghe direct interaction of the 40S ribosomal

subunit with the IRES. For the other mechanism, elFs and RNA binding proteins (RBPs) need to
bind to the IRES, which will help with the 40S ribosomal subunit teeent’®. These RBPs are

also known as IRE@&ns-acting factors (ITAFS)

ViralIRESs are classified in four different classes according to their ribosome recruitment mode

and their secondary/tertiary structure. Type | and Il IRESs are found in picornaviruses. They are

long (400500 nt) and show some conserved sequengilin each @ the classesPicornavirus

IRESs are classifieddrfive different types, each of them requiring the activity of different &lFs

¢KS YLAY RAFFSNBYOS 0680688y Galis ¢ FyR tf Lw9{a Aa
example PV IRES) are located far upstreathe initiation codon, thus after thd0Sribosomal

subunt recruitment a process of scanning is required to find the start codon. Type Il IRESs (as

EMVC IRES for example) are located just upsti@ahre initiation codon, and thereby no
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scanning process is required to start translatioype Il IRESs (HCV IRES) are shorter than type |
and Il IRESs and have the abilitydtectly recruit the 40S ribosomal subunit to the start codon.
They work byreseninga pseudoknot upstrearaf the AUG start codon and they require the first
30 nt of the ORF to be actit?¢®. ThesdRESs require the presence of elF3 to initiate transl&tion
TypelV IRESs (Intergenic region, IGR IRES) are conserve®inistr@viridagamily, wrere they
presentasa bicistronic mRNA and the translation of each ORF takes place by ditlREESs.

These IRESs have the ability to function in the absence of a start codon and can also form 80S

ribosomes in the absence of MERNA®.

Eventhoughthe existence of IRESs was found long ago and despite the research done, it still
remains unknown the exact mechanisms each IRESasecruit ribosome&. Overall it needs to
be kept in mind that different IRESs show different activities and that their activity depends both

on the hostcel type and on the cellular environmefit
Cellular IRESs

The discovery of IFES in viruses suggested the possible existence of these elements in eukaryotic
MmRNAsFurthermore, the hypothesis of the existence of IRESs could explain two unknowns in the
field of translation in eukaryotes. First, it could explain why some mRNAs ViithN& Y St & f 2y
UTRs, containing various stem loops and with out of frame start cochorise translated

efficiently, despite the fact that it has been demonstrated that all those features significantly
reduce translationnitiation®’’, The existence afellularlRESs could also explain why some

MRNAs can still be efficiently translated under stress conditions, even whedepapdent

initiation has been inhibited by cleaving elF4& The first cellular IRES was discovered in 1991 in
the immunoglobulin heavghain bindng protein (BiP). Even though the presence of IRESs in
cellular mRNAs has been proven, HRiesliated translation in cells is not as effectivevaal IRES

mediated translatiof.

It has been suggested that IREB8diated translation in eukaryotes could skip the regulatory
mechanisms required by cafependent translation iniation®®. Nevertheless, IRESediated
translationis still a regulated processl'AFs are proteins that bind to the RNAjrapas RNA
chaperonesvhose role ig0 maintain or to keep the appropriate thredimensional structure of
the IRES for a successdigkembly of the @S comple®®. The involvement of these ITAFs varies
in the IRESs of different mRN2and they irclude autoantigen 184, hnRNPE, death-associated
protein 5% members of the poly(rC) protein fanfilland PTBP1soform$®. Some of these ITAFs
are nuclear proteins gable of moving from the nucleus to the cytoplasm, othgase known
roles in other aspects of RNA metabolism such as spliciage associated with the translation

machinery®. Different ITAFs could act in different IRESs, in the same way an IRES could need the
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presence of different ITAFs for its activity. An intéiresfact is that the same ITAFs could control
the activity for both viral and cellular IRESs, whiichldsuggest that the ITAFs could have the
samemodeof action in both types of IREGsthat one ITAF could act in different wayShe
presence and activity of ITAFs is generally more important in cellular IRESs Hiral IRESs.

Nevertheless, cellular IRESs show a stronger tispaeificity than viral IRESs

Much research has still to be done to understand hicamslation is initiated with IRES elements.

It is believed that IRE8ediated translation requires elFs, ITAFs and the 40S ribosomal subunit,
but it is still not known how the 40S ribosomal subunit binds to the IRES and how important is the
activity of the elFsStudies have been done to analyse the need of different elFs in the IRES
mediated translation of different genes, which led to the conclusion that different IRESs require
different elFs to be active. In most cases elF4E (théiajng protein) ad full-length elF4Gthe
scaffold protein) are not required for IREfdiated translatiof’. Gmycand NmycIRESso not
require elF4E or elF4G, but they become inactive in the absence of elF4A aneheyERESSs
however requires both elF4E and elF4G to be atti@®me IRESs are more sensitive to the
phosphorylation of elF2 than others; the phosphorylation of elF2 inhibits protein synthesis, as it
reduces the activity of the elFATP MetRNAternary complex and thereby reduces the

canonical system of proteisynthesi§. All this information suggests that cellular IRESs might

initiate translation in different ways and thereby require different factors.

There are no large similarities in the structurfetlee IRES in differemfenes most IRESs do not
share similaritiesvith one another in terms of structure, sequence and lengthichmakes

difficult the possibility to classify cellular IRES%SIn general, cellular IRESs show a wide range of
structures and are less stable than the folded mRNA in terms of the Gibbs free ¥n€adlular
IRESs show cell tropism, meaning the grade of activity they have varies from one cell fiv.to o

This suggests that the levels of ITAFs present in different cells lines is d¥fferent

IRESs can have different levels of activity at different cell st2ESLREp58 kinasanycand
UnrIRESs are more active during mités@rnithine decarboxylase (OD@s an IRES that is
active exclusively in the G2/M phase of the cell cycle, wherenoagliated translation ibelieved
to be blocked’. However Coldwelt al. showed that capmediated translation is still active
during G2/M phas¥, which could create some discrepancies in the activity of the ODCTIRES.
this day there is no cellular RNA that, under normal circumstances, can only be traviedad

IRES, all the IRES containing mRNAs can also be tramslteadanonical way.

It is believed that cellular IRESs could carry out two major physiological functions, one being to
support the low levels of translation in MRNAs with highly strter pQ | ¢wa FyR (GKS 20KS|

support translatiorin cells under certain physiological conditions when-oagdiated translation
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is compromised such as in apoptdgigypoxid®, mitosis®, cell differentiation, nutrient

limitation and endoplasmic reticulum strédsBecause most of these situations suclaasno

acid or serundeprivationand hypoxiaare observed in tumours, IRESs are believed to be more
active in tumour celf$2 In these situations MRNAs with IRES elementsewitlit most of the
ribosomes, elFs and ITAE$ypoxia is also observeddardiovascular diseases as ischemia, and
thereby IRESs will also plaly important role irthese kind of diseases. THeHSs dfGF1, FGF2,
VEFGA, VEGERAdVEGFPclassified as angiogenic genes, are activated in early hypoxia while
EMCVandc-mycIRES, known as non angiogenic, are activated in late hypd%aln this case,
IRESnediated translation allows a quick angiogenic response in an ischemic myocard,

contributing with the survival of cardiomyocytés

It is believed that IRESediated translation is important in cdtite decisions, as most of the
proteins translatedsia IRESs are involved inagosis or protection of cells from stréésMost of
the mRNAs that contain IRESs, sucAR&E, cmyc XIAP, FGF, paBdVEGHave functions

implicated in cell proliferation, survival or death.

Due to the lack of similarities among the different cellular IRESs, the existence of an IRES in a
particular mRNA needs to be determined individudRES elements have been discovered and
studied using bicistronieporter assay Figurel.10). In the case of eukaryotic mMRNAs with more
than one in frame start codon, ribosomes will efficiently translate the first initiation codon, but
they would not efficiently start translation through any of the initiation codons located
downstreamof the first one, unless any of these start codons were preceded by anliRES
presence of an IRES translation of a secondary ORF could be as efficient as the translation of the
main ORP (Figurel.10, A and B)However bicistronic assaysould lead to misunderstandings

due to the presence of cryptic promotefapigenetically silenced and normally inactive promoters
that can be activated under certain circumstances and give rise to aberrant peptiddsyplice
sitespresent in the bicistronic vecto(gigurel.10, C) That is why before assuming that a gene
contains an IRES, an exhaustwalysis needs to be donsuchas the one proposed by Tereréh
al.* (this will be explained in more detail in ChapterMpst of the cellular IRESs which have
been cloned in bicistronic mMRNAs are inactive when they are transfected directly into the
cytoplasm of the cells (RNA transfection). This suggests that there muastital step taking

place in the nucleus of the cell to activate the IRES

A high throughput study was done to study cellular cap independent translation, which showed
that around 10% of the mRNAs could translate proteins using |REiSs/ery same study also
aK2gSR GKIFG Lw9{a 6SNB LINBaSyid yz244 2yfteée Ay

MRNA%”, In addition, even if the proper analis is done to verify the existence of an IRES, it still
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should not be assumed that the presence of an IRES indicates tieatain protein is translated

via an IRES.

Mutations in different IRESs can lead to uncontrolled translation: a mutation intigcdRES
leads to emyc overexpression in multiple myelofia The IRES activity obnnexin32 has proven
to be essential for the translation of this protein in nerve cells, mutations in diffenestssof the
connexin32 IRES lead to a loss or increase of funétioMore recently it has been reported an
increase in the IRES activity of different cancer related genesws, IGF1R, FGF1, FGRQ
VEGFRE,

Eventhougha significant amount of research has been done in the field of cellular IRESs and
numerous peer reviewed papers can be found verifying their existence, there has been much
debate on this topic, mainly led BrofMarilyn Kozak.ProfKozak published several papers (over
fifteen years ago) explaining her attitude towards cellular IRES$%113, Her reticence to accept

the existence of cellular IRESs was mainly basdtie methods used to determine the presence

of an IRES in a cellular mRNA, as she argued that a positive result in a bicistronic assay was not
enough evidence to determine the presence of andREShe also argued that the structure of

the IRESs should be determined to explain how the IRESs fufttitmfKozak also suggested

that IRESs in bicistronic mMRNAs should be functional when lgliteamisfected in cells, and that

the nuclear experien®required could simply be splicing or activation of a cryptic pronéter

Her disbelief continued due to the lack of similarity found among the sequences of all the putative
cellular IRESs found and the lack of knowledge on thede of action''’. ProfKozak brought up

some weHldocumerted concerns about the existence of IRESs, however some of her arguments

have also been discussadd confrontedoy William CMerrick!'4 a cellular IRESupporter.
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Cap-dependent translation initiation IRES mediated translation initiation
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Figurel.9 Capdependent initiation versus IRE®ediated translation.In the capmediated translation initiation, the preinitiation complex formed by the ribosomal 40S subunit and the
elF2GTP/Metii wb !  O2 YLIX SE 0 AlatRdirclejiadd stialisShe mRNA@MtiLIA fikdthe first start codon (AUG). In that moment the 60S ribosomal subunittends to
initiation complex forming a full functioning ribosome. After this step protein synthesis starts. In theniiz8ed transléion, the IRES element (located nearby the start codon)
can directly recruit the preinitiation complex with the 40S ribosome subunit. The ribosome can then scan the mRNA thitqugjhtthatil it finds the first start codon. At that

point, the 60S ribosmal subunit will bind to the 40S and protein synthesis will start.
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Figurel.10 The bicistronic assay syster®nthe left hand side circular plasmids are represented, on the
right hand side schematic mRN&® representedA) In the bicistronic vector system, first
OAA0GNRBY o6Aff 0SS (NI yatlIiSRed 5dz28 (2 GKS LINBaSyoOS 27
sequence, the second cistron will only be translated by a small number of ribosomes by read
through reinitiation.B)In the presence of an IRES between both cistrons, an increase in the
4S02yR OAAaGNRYy Q& S EQiNBeipidetcy of yptt prondterd ard SNIISR ©
alternative splice sites upstreaofii K S & S O 2 ys&quebck, amoréd@sifoRitnRNAS can
be formed with the sequence of the second cistron on them. When doing a luciferase assay, a
strong signal of the second cistron would be detected, which could lead to an erroneous

declaration of an IRES present in the mRNA.

TARGETING IRES ATHERAPEUTIC APPROACH

Since IRESs were discovered in viruses, several researchers have tried to use drugs and small
molecules to inhibit the IRES activity. Most of the research has been focused on the disruption of
the IRES structure or preventing interacts of the IRES with the ribosome or ITAFs, in most
occasions by targeting the ITAFs themséfveSince IRESs were discovered in cellular mRNAs and
their implication in cancer development was obsertfédargeting IRESs has been considered an

attractive possibility for anticancer therady:

Viral IRESs have beardeted on various occasions for therapeutic purposes, and HCV IRES is the
one that has been studietthe most!®%”. One of the reasons for the research done on targeting

the HCV IRES is the relationship between HCV infection and hepatocellular catéinthea
approaches taken have been to disrupt the stune of the IRES by antagonists or drugs or the
disruption of the interaction between the IRES and the ITAFs or canonical initiation factors

required for successful IRIE&diated translation. For this purpose antisense oligonucleotides
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with different modifcations as PNAZ, LNA%!and morplolinos'?’ have been used, as well as

ShRNAS® or siRNASC.

Different cellular IRESs have also been targeted as a possible cancer treatment using different
approaches. Skt al. screened approximately 145 000 compounds by y#aste hybrid to

inhibit the interactions between the-mycIRES and one of its ITAFS, and guegessfully found a
compound that inhibitedhe translation ofc-mycunder ER stress conditions (when the IRES was
more active)®’. Duet al. discovered that the P/@ype voltagegated C& channel (VGCC) gene
CACNAZlANncodes two subunitdt 1A and' 1ACT, and the translation of the last one takes place
through an IRE®. Whenh 1ACT is mutated it gives rise to spinocerebellar ataxia type 6 (SCAG).
Pastoret al. performed a higkthroughput screen of FDapproved small molecules and identified
10 that inhibited the IRES actiVity; They also found a human miRNA that bound to@ARCNA1A
IRES and inhibited the translation"dfACT, showing that IRES targeting could be used to treat
SCAG. Vaklavas al. screened 135 000 compounds capabfénhibiting thel GF1IRRES*, which

is also known to be implicated in different cancers.

1.3 BAGIGENE

BAGwas first found in 1995 byakayamat al.®5, who termed this gen8AG1 for BCL2-
associated athanogene 1. It was then discovered that this gene was identical to the already
discoveredRAP4&ene by Biner and Geghrirtd®. BAGIcodes for a cechaperone protein anés
implicated in the regulation of different cellular processes as apoptosis, gnaiiibn, signalling,
protein refolding, cell survival, transcription and cell motility. It interacts with diverse molecular
targets, including the 78Da heat shock proteitf®¥, HspD and Hsc78’, the RAFKkinasé®®,

nuclear hormone receptot?’, components of theibiquitination/proteasome machinery®,

different growth factor*®andthe BCI2 apoptosis regulatdf’. The activity oBAGIis directly
dependent o the proteins it interacts witi?2. EventhoughBAGbinds to ECL2, it does not share

any sequence similarity witBCI2 or any of the proteins related tBCI12%°,

1.3.1 BAG1lisoforms

TheBAGIprotein encoded by th8AGIgeneis expressed agp to four different isoforms. All
these isoforms are generated from the same mRNA, using different translation initiation sites
(start cadons) caused by leaky scannifif Coldwellet al. already showed that the formation of
these isoforms is not due to the presence of cryptic promoters or alternative splicing &fents
andaccordingo GenBak, the first exon otthe gene contains all the foumitiation codong*.

These isoforms are known as the 50 kDa isoform, pBAgs1, the 46 kDa isoform, p46 or
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BAGM andthe 36 kDa isoform, p36 @AGE“® (Figurel.11). Thefourth isoformis not avery
common form oBAGlknown as the p29 isoform that is not detected consistéeffitlyThe

translation of p50 is initiateffom a noncanonical CUG start codon. This isof@ontains a

nuclear localisation signal diis therebymainly localised in thaucleus. The translation of the

rest of the isoforms is initiated in different AUG start codons. These isoforms are localized in the
cytoplasm. The major form is p36, followed by @60l p46'45147. All the BAGlisoforms have the
same @erminus(containing the BAG domain and the ubiquitin binding ligand (UBL), required for
protein-protein interactions with the proteins named befdfg but different Nterminus. A DNA
binding motif formed by a cluster of arginine and lysine residues in present on p50 and p46, but
absent in p36 and p2&14. It is thought that the different isoforms could play different roles in
apoptosis, transcription regulatioand tumorigenesis, as they are localized in different cell
compartments and it has been demonstrated that different isoforms interact with different
protein$?149, In this instance, p50 has shown to activate gene transcription in the absence of
thermostress$®, whereas p46 has shown to activate it in the absence of the Edridenet al.
showed that thedifferent BAG1 isoforms showed different levels apoptdticibition in the

presence of different apoptosiinducing agentim C33A cell§’. In this way, p46 was the isoform
with the highest ability to suppress apoptosis, followed by p50 and p36. p29 did not show the
ability to suppress apoptosiBifferent BAGL1 isofins do also have a different effect on hormone
receptors: p46 and p26 negatively regulate the transactivation and DNA binding of glucocorticoid

receptor and retinoic acid receptor, p50 enhances the activity of androgen reéeptor

BAGL1 can control DNA synthesis by interacting with RAF1 anegheeilt protein Hsp 70. BAG1
has the ability to activatRAF1a serine/threonine protein kinase essential for the transmission of
cell growth control signals from the iksurface to the nucleod®. However, when Hsp70 levels

are high, as in heat shock, RAF1 is displaced and Hsp70 binds to the BAG1 domain in BAG1,
arresting DNA synthesf$.

28



Chapter 1

838 301 433 502
[ AuG | [LAus | [LAuG |
5 3
Ly AAAAN
p50 NH, [ s | [ usL | [ Bac | COOH
p46 NHy | [usL | [ Bae_ | ] coon
p36 NH, [ usL ] [ Ba6 | | coow
p29 NH, [ ueL | [ a6 | | coow

Figurel.11 Molecular organization oBAG1showing the major isoformsRepresentation of the major
BAG1lisoforms (p50, p46, p36), their initiation codon and the position of the sarhe.
translation of p50 is initiated from a CUG codon in position 88. The translation ppp@6

and p29is initiated fom AUG codosiin positiors 301, 433and 502respectively

1.3.2 BAGland apoptosis

BAGis an antiapoptotic gene, thereby inhibits apoptogjsrogrammed cell death}. Apoptosis

is a mechanism to regulatbe cell population in tissues and it usually occurs during development
and aging. It is also a defence mechanisms that cells have againsineaneactions or cell
damage by disease or noxious agents. There are different conditions and stimwalathiegger
apoptosis, however not all cells would undergo apoptosis in response to the same stimuli or
conditions®. The knowledge we have about apoptosis has been used in drug development to
increasethe levels of this procesa cancer celldvlitochondria play an important role in
apoptosis. In stress conditions, cytochrome c (a very potent apoptosis activator) leaves the
mitochondria and interacts with apoptotic peptidaaetivation factor 1 APAR) forming the
apoptosome. The apoptosome camen recruit and activateaspase 9 (a proteolytic enzyme) that
activates a cascade of other caspasekich then cleave target protein@jsually proteins that are

vital for cell surviva?.

Proteins of the BL2 family control mitochondrial apoptosis, where papoptotic and ant
apoptotic proteins can be foun@®AG linteracts, binds and enhances the activity 6flB
supressing apoptosit®. BCLaas ahydrophobic membrane insertion region in darboxyt
terminal. This region localiz&CL2n the outer mitochondrial membrane and it is believed to be
involved in the mitochondrial pore formatioBAG1is believed to acby inhibiting the release of

pro-apoptotic factors from the mitochondria, such as cytochrortfé c
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It has also been diswered thatBAGlhas the ability to bind to the plasma membraassociated
tyrosine kinase growth factor receptors and enhance their antiapoptotic acti¥ity this way,

dysregulation of apoptosis could be implicated in carcinogetésis

The overexpression @AG1lhas shown to delay or inhibit cell death caused by heat shock, growth
factor deprivation and p53 in some cell lireeswell as radi&@n andanti-cancerdrugs such as

etoposide and cisplati{>137155 156,

1.3.3 BAGland cancer

The expression @AGlappears to be altered in malignant céffs and there is a clear association
between the deregulation ofBAG1and tumorigenesi$’, however there is some controversy in
the literature related to this topicYanget al. were the first oneso showthat BAGlisoforms can
be expessed at different levels vivoandin vitroand that the p46 and p36 isoforms are
overexpressed in breast carcinoma cell lines and tiséudhe overexpression of p46 prevents

cells from entering apoptosis and makes the cells resistant to the effects of chemotoxi€®8irugs

It is also known thaBAG1delays cell death and promotes lotgrm growth incells®® BAGIcan
promote cancer progression by avoiding apoptosiswever, m some breast cancer patients,
BAGlexpressionas well as the expression BCL2has been associated with improved prognosis.
This could be because the tumour faenhin the presence of high levelsBAGland/or BCL2s

less aggressivé. The overexpression &AG1lhas shown to increase the metastatic activity of

different tumour celldn vivd®S.

In breast cancer celBAGIhas the ability to inhibit the apoptosis caused by chemotherapy,
radiation and stresg$®1% In this way, Kilbast al'®* showed that the downregulation 3AG1
increased the efficacy of chemotherapeutic drugs in M@e€lls Liuet al.'®?also showed that
downregulation oBAGlexpression was associated with an increase in timsisigity to

tamoxifen in MCH cells.Recentlyit has been discovered that it is possible to stop the growth of

breast cancer cells by targetiBAGlinteractions using small moleculé$

BAG1has also been associated with colorectal cancer (€RE) An overexpression GAGlis
observed in thdate stages of CR€and the overexpression of p50 is associatéth a poor
prognosis®’ 18 Silencing oBAG1using gold nanopartictdelivered siRNA plasmids can increase

apoptosisin vivoandin vitro®®, showingthat BAGIcould be a good therapeutic target for cancer.
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1.34 BAGlexpression in different tissues and cell lines

Yanget al. studied the expression AG1in different breast cancer cell lines and normal breast
epithelium. They show thaBAGIMRNA and proteitevels were increased in most of the breast

cancer cell linéé3.

Takayamaet al. created three differenBAGlantibodies to study the expression BAG1in

different human tissues. They showed that not all cell lines containedabheknownBAG1

isoforms (p50, p4@36and p29. Ovary and testis expressed the three isoforms, however
peripheral blood mononuclear cells only expressed p36. Colon, liver, uterine myometrium and
breast contained small amounts of p3hey also showed that p36 was tBAGlisoform with

the hichest expression in tumor cell lines, and colon, breast and leukemia cell lines were the ones

showing the highest p36 expresstéh

Yanget al. showed that human cervical cancer cell lines expressedoimeBAGlisoforms,
whereas human lung cancer cell lines did express p29. They also showed that the expression
of BAGlwashigherin cervical carcinoma, lung cancer and breast cacektines when compared

to normal cervical, lung and breast céifs

135 BAGI1RES

Previous work determined thdhe translation of the p36 isoform &AG1lis mediated by both an
IRES and by cafependent translation initiatiol“. To translate p36 in a cagependent manner,
aribosome would have tbypassseveral possible start codons, somdrame and ina good
Kozak consensugsigurel.12). This is a very uncommon event according to thedspendent

translation initiation theory*.
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Figurel.12 Sequence oBAGIp Q !ThewsD, p46 and p36 start cod@n the first frame)are
highlighted with an arrow and with red letters. The rest of the AUG and CUG start codons are
also highligked, with green and blue colour letters respectively. The Kozak sequence is
surrounded by a box. Green, blue and orange boxes are used for start codons in good,
medium and bad Kozak consensus respectively. Start codons marked by an asterisk are in

frame wth the start codons of p50, p46 and p36.

Figurel.12showsii K S p (BAGIdwith the 3tart codons of the threBAGlisoforms
highlighted by arrows. It can be observit there isone more AUG start coddi) and 7 CUG
start codons (AB, C, D, E, G and H) before the start codon of p36, not considering the start
codons for p50 and p46. Some of the other AUG and CUtCcetdons are in a relatiyggood

Kozak corensus (marked with a blue boX; B, E and)thers are in a bad Kozak consensus
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(marked with @ orangebox C, D and G) and only one is maptimalKozak consensus (marked
with a green boxH). Three of the CUG codons are in frame (marked with an astBri€k G),
while the rest are not. Beforthe ribosomes arrive to the start codon of p36, thtegrefore need

to bypass 10 possible start codons

Stewartet al. showed the translation efficienayf different AUG start codons when a different
nucleotidewas located in the +4 an@ position (beig the A in AUG position1y. Wegryzret al.

showed that translation efficiency is reduced by 80% when it is initiated from a CUG instead of
from an AUGL. 20% of the ribosomes would initiate translation from a CUG start codon veithin
good Kozak consensus, that number would be reduced if the Kozak consensus was not ideal.
Based on the calculations of Stewattal. and Wegryzret al, the p36 start codon would only
capturearound 10%of scanning ribosomegd@ablel.1). This strongly suggests that there must be
a2YSOUKAY3a Ay (GKS pQ ! ¢w SyKFEyOAy3a G(GN¥ryatl GA?2

Tablellt 2aaA0fS GNFyat !l A2y R aBAGIaddithéiktranglatiGhzRcegecgve A y G K
have shown theaumber of ribosomes that would initiate translation from each of the

possible start codonbased on their Kozak consensus

40S

VANE SEQUENC (SO TRANSLATIONEERCIONGY 06 " raT

CONTINUE

SCANNING

Starting withthe suggested number of 000 ribosomes.

A UCEUGs MEDIUM 10% 900
p50 GGQCUGS GOOD 20% 720
B GCUGs MEDIUM 20% 576
C GCUE POOR 0 576
D CACCU® POOR 0 576
E GUACUG MEDIUM 10% 518
F GGQAAUCGA MEDIUM 40% 311
p46 CGAUGA POOR 20% 249
G ACCUR POOR 0 249
H GACUG GOOD 20% 199
p36 GARUGA MEDIUM 40% 119

Pickeringet al®? suggestedhat the BAGIRES adopts a very complex structure with 4 stem loops

and a RNA pseudokhFigurel.13). They used a process of chemical structorebingto
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determine it, using Dimethylsulfate (DM&gthoxal and RNase V1. DMS methylates unpaired
cytosine and adenine residudssthoxal can react and modiingle stranded guanine, whereas
RNaseVtleaves the RNA prior to a residue forming a baaie. The process followed to

determine theBAGIRES structure was the followi@AGUIRES RNA was synthesigedlitro

and renatured byheating it at 80°C anslowly cooling it to 4C It was then treated individually

with DMS, kethoxal anBNaseVand a primer extension reaction was carried out. The generated
cDNA was then run in agarose gels to determine the single stranded or double stranded regions in
the BAG1RES.

Pickeringet al® also demonstrated that the ribosome bindstotB&AGIp Q ! ¢w 06Si6SSy
308 and 326They showed this by introducing AUG codons at different points dB&B1LRES by
site-directed mutagenesis. They hypasised that those AUG codons would only affect

translation if located downstrearof the ribosome landing site, but their effect would be minimal

if located upstreanof the ribosome landing sitdBAG1linternal translation happens by a land and

scan type ofmechanism, as thBAGlinitiation codon is situated 100 nucleotidafter the

ribosome entry windowW?. To start translation, the 40S subunit of the ribosome needs to bind to

the mRNA and this requires a tract of 26 to 31 unpaired nticles. To get a tract of such an

amount of unpaired nucleotides, the mRNA needs to undergo a structural remo&elling

The activity of theBAGIURES is stimulated by the binding of proteins polypyrimidine tract binding
protein 1 (PTB1) (57kDa and poly (rC) binding protein 1(PCBP1) (38 R@urel.13). It is

known thatPTBPDlays a role in mRNA splicifigT BPbinds from nucleotide 328 to 351, the
binding isespecially strong from 332 to 335 and from 346 to 351. PCBP1 binds from nucleotide
320 to nucleotide34 72 This was shown by carrying celectrophoretic mobilityshift assays
(EMSAwhere BAGIRES RNA&ontaining mutations in different sitewas incubated with PCBP1
or PTI1 Both proteins bind to the IRES in a region not far fromribosome landing site. When
PTBPDr PCBP1 bind to the mRNA of BAGURES, they create a singleanded region of

around 40 nucleotides. This conformational change located near the ribosome entry window in
the IRES stimulates the binding of the sBbané&? Modifications in the binding sites 8TBPAand
PCBPL1 that open the structure of loop lll and avoid the bindirigjl@&Pkand PCBP1 reduce the
internal ribosome entry, as the ability BiTBPlnd PCBP1 to bind the IRES and adiitas

lower. PCBP1 acts as a RNA chaperone, it binds BABIRES mRNA and opens stiop Il to
help PTBPbinding the mRNA. The bindingleTBP 1o the mRNA is a vital step for tlEBAGIRES
functionf?. The presence of both preins doubles the activitgf the IRES compared to the IRES
activity when only one of these proteins is present. In this way, the activity of the IRES will vary

according to the amount d#TBP&nd PCBP1 preséhtBoth PCBP1 aRiTBPtan act in the
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nucleus and the cytoplasm, this suggests that the binding of the ITAFs to the BRESlobuld

also happen in the nucletfs

Pickeringet al. studied the activity of thdBAG1RES in different cells lines (HeLa (humanicairv
epithelioid carcinoma cell line), COS7 (monkey epithelial cell line), HEK293 (human embryonic
kidney cell line), MCF7 (breast cancer derived cell line), CAL51 (breast cancer derived cell line),
CALU1 (human lung cancer derived cell line) and CAMAAsticancer derived cell line)). They
showed that theBAGIURES exhibits differetgvels of activityn each cell line. ThBAG1URES has

a very high activity in CAMAcells, a high activity in HeLa, COS7 and HEK293 cells and it is quite
inactive in MCG7CAL51 and CALU1 célIFhese results differ from the ones obtained when

doing the same experiments in tiemycIRES?and APAE!?IRES. This clearly states that each
cellular IRES requires different ITAFs.
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Figurel.13IRES of the genBAG1 Model of theBAG1RES proposed by Pickeritgal. The binding of
PCBP1 anBTBP1o0 the IRES opens the IRES facilitating the 40S ribosome subunit to bind to
the mRNA. FrorRickering, B. Met al. Molecular and Cellular Biolo@y#, 5595605 (2004%.

1.3.6 BAG1G-quadruplex

Ly (KS BA®] upsteamolitie IREQNnd all the isoform initiation codons, very close to the
p Q'GYhe presence of a G4 has been discovéfédodoinet al. studied theeffect of theBAG1

G4 in colorectal cancer céflsThis G4 can control the capediated translation initiation and
IRESnediated translation initiation of the differerBAGlisoforms by maintaining the secondary
& 0 NYzO G dzNB 18 this vinyK Segpfediatédwanslatiorof the BAG1 isoforms can be
repressedoy small molecule ligands targeting tBAG1G4 On the other hand even if theBAG1

G4 is not part of th@AGIRESIHt is required for the correct IRESediated translation of p38.
Jodoinet al. believe that theBAG1G4 can modify the conformation of tRAGIp Q! ¢ w | Y R

thereby modulate different types and levels of translation.
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1.4  ANTISENSE THERAPY

The use of oligonucleotides to supress gene expressiknown as antisese therapy.

Suppressing the expression of genes that are therapeutically relevant has become a big goal in the
treatment of different diseases in the past years and oligonucleotides have shown to have the
potential to do so. Antisense oligonucleotidgs3)s)have the potential to treat a wide range of

diseasesuchasneurodegenerative ocardiovascular disease, viral infections or cancer.

One of themain goasin therapy, particularly in cancer therapy, is to stop using untargeted
cytotoxic therapy andd start using selective molecular targeted therapies. This is a difficult,
costy andatime-consumingprocess. In this field, RNA therapeutics provides the characteristics
to selectivelytarget specific types of mRN#at have been unable tbe targetedusing more

conventional methodssuchas premRNAs, noncoding RNAs and microRNAs

In 1977 Patersoet al. wrote about the use of nucleic acids to control gene expres&ioBut it

was not till 1978 when Zamecnik and Stephenson used oligonucleotides asttotsrespect’”.

They proposed that oligonucleotides could be desijto selectively bind the target RNA based

on WatsonCrick basepairing rulesand inhibit or modulate the mRNA functifh These
oligonucleotides are known as antisense oligonucleotides (ASO). Thanks to all the improvements
that took place since the late seventies, nowadays it is possible to design oligonucleotides that
behave like drugs by modulating the RNA splicing, degrading the takifebiRthe recruitment of
RNaseH andinhibiting translation or disrupting the RNA structures needed for the regulation of
the RNA.

There are two different mechanisms that antisensgafiucleotides use to inhibit translation: a

degradative pathway or a netlegradative pathway also known as steric hindrance. The first one

implies the activation of the RNast The enzyme RNas¢ cleaves RNBNA hybrids. When DNA

oligonucleotides bind tthe target mMRNARNaseH is activated and it degrades the mRIRALAse

H has a RNA binding domain in thédxminus covering around-I0 nucleotides, which allows

GKS 0AYRAY3I | yR Of S gI7aster MRNATEgdatioh, the TNRY (KS pQ Syl
oligonucleotides are free again to binddther copiesof the target mRNA. Ithis way, they can

inhibit gene expression in a more efficient way. Not all the oligonucleotides can recruit RNase

but they can still be used as antisense agents.

Steric hindrance or steric block consists on the formation of anBNA duplex to physidly
block mRNA translation in different ways. Antisense oligonucleotides are designed to block the
ribosomal machinery at different levels of the proces§ dJ y a f | {4 A 2-cad°ottheS pQ YT D

translation initiation sité*® could be blocked preventing the binding of the PIC to the mRNA and
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thereby inhibiting translation. {@onucleotides could also be designed to bldosribosomal
subunitscanning to find the start codon, as well as the assembling of the 40S and 60S ribosomal
subunitsrequiredto initiate translation or elongation. mRNA polyadenylatficould also be

blocked using oligonucleotides. ASOs have also been used to regulate splicing. As previously
explained, splicing is one of the processes in thataa of a mature mMRNA. Via alternative

splicing different proteins could be formed from the same mRNA. Increasing or decreasing the
quantity of some of those proteins could have a therapeutic interest. ASOs targeting sequences
near intron/exon junctionshlocking the binding of splicing factoruld be used for this

purpose. In this case as well, AS@sild act through the steric block systéfi'®3 Antisense

therapy can also be used as antiviral therapy by designing oligonucleotides capable of blocking

protein binding sites in the viral RNA required for viral gene regufation
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oligonucleotides can inhibit translation by twoeethods the degradative pathway, where
oligonucleotides are designed tecruit RNaseH, which will degrade any DNANA duplex, or
the steric hindrancélock method, where oligonucleotides will be designed to physically

block the ribosomal seming.

37



Chapter 1

Gene expression could also be upregulated with the use of hovel antisense mechdriems.
A0NXdS3e Ay (GKA&A OFrasS ¢2dAZR 6S G2 GFNBSG yI GdzNI f £ &
with oligonucleotides and disrupt their structursuchas ugstreamopen reading frames, stem

loops or Gguadruplexe&418s,

One of the most interesting characteristics of ASOs is that only the sequetiee of
oligonucleotide will change from one target drug to another. The chemistry of the
oligonucleotides will not change from one oligonucleotide to the other, this means that many of
the properties of the drugs can be predictablreRNADNA duplexes generally are less stable than
DNADNA or RNARNA duplges due to the differences in sugar puckering, but they can have a
greater stability than DNB®NA duplexes if suitable modifications are used (see below), and they
usually show A structufein general the higher the content pfrimidines in the DNA strand the

more stable the RNANAduplex is.

However not everything istraightforwardin the field of antisense therapy. Unlike traditional

drugs, oligonucleotides are relatively big amphipathic conmatsuthat have the ability to interact

with different molecules forming electrostatic interactions with positively charged proteins as

well as sequence specific interaction with proteins. Nevertheless, oligonucleotides could also form
WatsonCrick and noftanonical basepairing with themselves and other nepecific

oligonucleotide&”.

It has been argued that antisense oligonucleotides could not be effective systematically ds they
not meet the Lipinski rules. Lipinski formulated five characteristics to differentiateldeig
molecules from nordruglike molecles, these rules help predicting the probability of success of
different molecule$®. A good drug molecule should have these 5 characteristics: a molecular
mass smaller than 500 Dalton, high lipophilicity, less than five hydrogen bond donors, les§Gha
hydrogen bond acceptors and a molar refractivity betweerad0130.However, monoclonal

antibodies do not meet Lipinski rules either, yet they are used for therapeutic applic&tions

The first ASOs used intesense therapy were unmodifiedhese ASOs faced many biological
difficulties, as difficultabsorption by the cells and a high degradation rate by nucleases in
plasma, tissues and the cells itself. The release of deoxyribonuclgogitiesphates (ANMPS)

and in particular dGMRyhen the oligonucleotides are enzymaticallggraded when introduced

in the cells induce cytotoxicity and asmtioliferative effects in different cell liné¥51°2 These toxic
effects could be correlated with the dephosphorylation of nucleotides by the cell surface enzyme
ecto-p -Qucleotidasé®™. This enzyme can dephosphorylate dNMPs to their corresponding
nucleosides, which could inhibit the function of critical proteins such as thymidine kihase

overcomeallthese issues, the scalled fir$ generation ASOs were evolved.
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1.4.1 First generation ASOSs

This first generation ASOs are also knowRlagsphorothioates (PSJormed by the substitution

of sulphur forone of the norbridgingoxygen in the phosphodiester bonBigurel.15). That

sulphur atom provides the molecule with more chirality, but the overall charge is still preserved
they are also more soluble the membraneshan unmodified oligonucleotidé¥’. These

modified oligonucleotides are one of the most efficient ones to inhibit the degjrad by
nuclease¥®. On the other handPS are not the most efficient ones when targeting the mRNA, as
the meltingtemperature of the duplex P®RNA decreases around 0.5°C per nucledttdeSs

can activate RNade¢ and have a good antisense activipwever, when RaseH activation is not
NBIljdzA NER>: t{ 2fAd2YdRAGS2E6RREA EE OGRSYdA 6ead
modifications will be explained in the next sectitih)PS oligonucleotides can be synthesised on a
polymer support, in the same ways as unmodified oligonucleott@bat including an oxidation

step that will add a sulphur instead of an oxygen. Several different reagents are commercially

available.

PS linkages have two stereoisomers dundng the chemical synthesis of the PS oligonucleotides a
1:1 mixture of the two diastomers (Rp and Sp) is obtained. However, if only one of the isomers
was of interest, this could be obtained by the use of stereodefined Rp or Sp diastereomers of
either nucleoside oxathiaphospholanes or nucleoside oxazaphospholidines as monomer units
instead of nucleoside phosphoramidites for solid phase synt&€l$ The two configurations

have diferent properties: Rp configuration binds in a stronger way to RNA (has a higher melting
temperature) than Sp analo$f$and they can stimulate RNaskmore stronglythan Sp ones,
however Sp analogues show a higher resistance to nucl&adesr an antisense approach it is
required to generate oligonucleotides with both diastomers, to have a combination of each ones

propertieg®,

The substitution of PO for PS increases the hydrophobicity of tleaule, increasing its

capability to bind to proteins. They can easily bind to serum proteins like albumin, which increases
their circulation time in plasma and decreases the clearance by the kidney. Thespeific

protein binding properties can indacsequencendependent effectsPhosphorothioates are
polyanions, as well as phosphodiesters, which have the ability to bind to proteins containing
polyanion binding sites such as the heparin binding proteins bFGF, PDGF, VEG&GaBB&
others?®. The affinity of the PS oligonucleotidesth@seproteins is sequencadependant?®,

Thereby to increase the specificity of PS oligonucleotides the length needs to be optimized and

the concentration reduced®. Naked PS oligonucleotides (oligonucleotides transfected without
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transfection reagent) can also interact with different cell surface proteins, which could cause a

physiological response in the cell unrelated to the antisense activity of the obitgotides®.

PS containing ASOs can be delivered into cells naked, without the use of any transfection reagent,
which is also known as gymnotic dely®’. This would avoid any possible toxicity producgd b

the transfection reagent, it could make possible the transfection of difficuttansfect cells and

it would decrease the time required for an antisense experiment. However, this method requires

a very high concentration of oligonucleotide, which cdo#dover ten times higher than with the

use of a transfection reagent, whigould extremely increase the price of the experiments.

PSsare easily degradenh vivo,whichis the main reason why they were not very useful clinically.
Nevertheless some PS ASi@ave made it to clinical trials and hebeen approved by the FDA.
Fomivirsen (Vitravene) was the first antisense drug approved and marketed. It is a 21 nucleotide
phosphorothioate oligonucleotide capable of inhibiting CMV retinitis when injectedlireo

human eyé. There are other FDA approved oligonucleotides or oligonucleotides in clinical trials

composed of PSs in combination with other modificatidmet twill be covered later.

\\ BAS E AR BAS E

Phosphorothioate Bond Phosphodiester Bond

Figurel.15 Representation of phosphorothioate bond and a phosphodiestietkkage

1.4.2 Secondgeneration ASOs

Seconegeneration ASOs were designed torgase the nuclease resance and the binding

affinity to the target mRNA. The tissue distribution of these ASOs is similar to the first generation
ASOs, they concentrate in the liver and kidneys but the intracellular intake is Bfgge®-
methoxyethyl @ MOE)or H -Q-methyl (H QME madifications form the second generation ASO.
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Inthesemodifiednucleotideg G KS K@ RNR ISy kgbosé K @plaged bylad2 & A (1 A 2
methoxyethyl or a methylRigure1.16) group.¢ KS Y2 RAFAOF GA2with Ay G KS /
St SOGNRBYSAI GADS adz aidA i deSdésugar pickeringfivBichNbuid?2 4 S F
favour the Aform conformation of the oligonucleotide increasing its binding affifiityDue to

their structural similarity to RNAhéseoligonucleotides do not recruit RiSeH. However, b

increase their antisense activity and recruitd®BH, gapmers composaafH BOE2Z NJ HQ h a9
Y2RAFASR ydzOf S2GARSa A ofided With a qertral Hegxigribas€xhanFani K S
be usedMOE or OME oligonucleotides could also have PS linkages to help recruitHRNase

activity?102L,

They form heteroduplexewith a high meltingtemperaturewhen bound to the targeting

mRNA2 Theyshow a higher stabiit | 3 Ay ad ydzO0f SasSa |a GKS yd:
blocked*®. This als@onfers highestakhility and a longer tissue hadlife. They also show smaller
non-specific protein binding capabilif.H Q ah9 ! { ha KI @S akKz2g¢y (2 0o
OME ASOs in gene knockdown stutlies

Theseoligonucleotides can be formulated in saline solutiatedjvered to cells and these will
introduce them by endocytosis or other mechanismsjolilwill lead to the drugs being relead
intact in the cytoplasm or nucleus of the céltsH -Q-methyl oligonucleotides have proméo be
useful not only as antisense elements, but also to increase protein Jevieds used to target
UORF&S.

TheseASOslsohave less proinflamatory capacityan first gerration ASOsmaking them safer

to be used as therapeutic agehts Mipomersen was approved in 2012 by tHeA-for the

treatment of familiarhypercholesterolemia. is a20Y SNJ LIK2 A LIK2 NP G KA 2-DGS 2
(2-methoxyethyl) nucleosidés.
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MORPHOLINO

N3 PHOSPHORAMIDATE

Figurel.16/ KSYA OF t & (i NYzO (i dzZNBVMER TMOE PNAMorphblinand N8 !  H Q

phosphoramidateshucleosides

1.4.3 2.5 or third generation ASOs include

2.5 or third generation ASOs include PNA, morpholino and LNAgotbars.

Peptide nucleic acids (PNAPMNs are nucleic acid analoguesngposedof a flexible and
uncharged polyamide backbone formed by the repetition gPMiminoethyl) glycineinits (Figure
1.16). The nucleobases aredh attached to those units using methylene carbonyl linkers. PNAs
can attach in a strong way to singiedouble stranded RNA oM\, which gives them the ability
to inhibit not only the process of translation but also transcription. In fact PNAs wergneelsio

use where very high binding affinities were requif&dPNA oligomers are not negatively charged,
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thereby theyare not electrostatically repelled by the DNA or RNARNxseH does not cleave
PNADNA or PNARNA duplexes oriplexes,and their antisense mechanisms depends on steric
hindrance (nedegradative pathway). They are also very stable in serum, as they are resistant to
nuclease and protease mediated degradation. BhE#ve shown to inhibit translation im vitro
studies’’®. PNAs have not been used as therapeutic agents mainly due to their inadeowate

pharmacokinetic properties and their poor cellular penetratidn

Morpholino. On thesenucleotidesthe deoxyribose is replaced by a morpholino rik@g(re

1.16). To make thseASOs even more efficient, tiehargedphosphodiester linkagesreplaced by
anuncharged phosphoraite linkage, making phosphorodiamidate morpholinos. Morphalino
DNAsare very stable in cellas they show high resistance to nucleases and proteases.dthey
not activate Ridse H. However, hey aredifficult to transfect into cells, as they do not form
complexes with commonly used lipid delivery ageMsrpholino-DNAs were generated for
applications where a high target specificity is required such as in developing emftydhey

bind to the target RNA with a higher affinity than DNA or PS ASOs bind to tR¥.RiNbApholinos
do not show high interactions wittellular proteins, showing low toxicity levels compared to
other ASOs chemistriés.

N3 phosphoramidatesL y (1 KSa$S 2t A32ydz0f S2G4ARS 'yl f23dzs54
i KS2 & Sy -@axyribokeSingf? (GeeFigurel.16). These oligonucleotides are

characterised by their high stability to target sSRNA and even dsidtll#&eirhigh nuclease
resistanceThey do not activate RNaseH gmuk£ssa low nonspecific protein binding activitgs

well as a high specificithanks to their good mismatched discrimination propertfésThese
oligonucleotides have shown to be potential antisense agents in cell sy&tefitey have the

ability to increase the melting temperature in arountiCivhen bound toDNA and 2Cwhen

bound to RNA™

Locked Nucleic Acid (LNA).Y (G KS [ b! y-8208 88 A RgrbBon of GSribasd
are connected by a mhylene bridgeFigurel.160 ® ¢ KA a o6 NRA R3 Sendb(-maO S &
(seeFigurel.17) conformation on the ribosgwhich is the preferred conformation found in RNA
(compared to K S -exo€bnformation in DNAand the ideal one for binding complementary
sequencesThis conformation increases the local organization of the phosphate backbone and
reduces the conformational flexibility of the ribd$g This increases the thermodynamic
stabilisation of the RNANA duplexlt has been suggested that the high stability of
oligonucleotides containing LNA nucleotides could be due to the conformatibaabes from

| neQdol 2 -géndoef the LNAnucleotide and the neighbouring DNA nucleotides combined
with a bigger stacking of the basés
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As the link between LN#odificationsis the same as that of the DNA or RiNA&leotides LNA
oligomers can be synthesised usingauated synthesisers and standard reagéfitsAs LNA
oligomers and DNA or RNA are synthesised by a similar process, it is possible to make chimeric
oligonucleotides of NA and DNA or LNA and REKo known as mixmerENAs are as soluble as
DNA and RNA, which facilitates working with théta.theyhave a charged phosphate backbone,

it is possible to deliver LNA into cells using standard transfection protocols witlisénef cationic

lipids or other transfection agents.

LNAs have a high affinity for complementary DNA and RNA sequences. The addition of just one
LNAnucleotideinto an oligonucleotide sequence can increase Tmeby 9.6°C. When introducing
more than one LNA into an oligonucleotide sequence, the increase ifinthieduced by each LNA

is reduced. The biggest increasdmwill bein LNADNAmixmerswherethe LNAmModifications
aredistributed over the length of the oligonucleotit’®@ LNARNA duplexes show a higher
aGF0oAf Al &RNAEPIER. H Qh a9

The introduction of LNAodificationsto a DNA strand induces a conformational change towards
the Atype helix, which is found in RNANA or RNADNA duplexes. In LNANAmixmers the

structural effects of the LNA only affect the DNA nucleotides that are next to the LNA
modificationg?®. Oligonucleotides formed exclusively by LNAs are not very efficient as they have a
smaller ability to form a stable complex with therget gene than LNRANA mixmer&’. These
oligonucleotides would have a very higimthat would increase the autformation of stem

loops.LNA has a very rigid conformation and it is the nucleotide analogue @bierease the

stability with RNA or DNA strands the most, by increasing the melting tempef&ture

DNA containingnaturalnucleotides activate RNas¢more efficiently than those oligonucleotides
made wth LNAshowever LNADNA mixmes forming gapmers can easily activate RNdsk

these gapmers, LNAs confer stability to the oligonucleotides inside the cells, while the DNA when
binding to the RNA makes the perfect substrate foasiNH?°, LNADNA gapmers with-8 DNA

nucleotidescan easily activate RNasg>.

LNA is resistant to nuclease degradation and theldidxDNAmixmersare more resistant to

degradation by nucleases than the analogous DNA oligonucleotides. The degree of resistance to
nucleases varies dependinghere the LNAnodificationsare placed in the oligonucleotide. To

effectively avoid degradation of the oligonucleotides by nucleasesnhdtificationsshould be
f20F0SR | ( k&mig) RIS dligoouclédtideHoR ¢KWNE S [by Rend @& (KS
are sufficient to increase the hdife of themixmersin human serum from 1.5 hosiin

unmodified DNA to 15 hours in theixmer<?, increasing their halfives 10 fol@. It has been
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shown that intravenous injection of oligonucleotides containing LNA in mice can be successfully

done with a high antisense efficiency and with no toxicity shié%n

LNA containing ASOs have a lower capacity to stimulate an immune response than PS ASOs,

however they have a high potential for hepatotoxiéiy

LNA C3’- endo

Figurel.17 LNA nucleotidesugar puckering

1.4.4 mMiRNA and siRNA

Gene expression is naturally altered in cellshgrt noncoding RNA moleculsschas microRNA
(miRNA) and small interfering RNAs (siRNAs). miRNAs and siRNAs play an important role in gene
regulation,andthis ability makes them good candidates for therdfA?*>. miRNAs and siRNAs are

small RNA molecules that target mRNA and thereby inhibit gene expression, although they differ

in their mechanism of actiG.

siRNAs are fragments of RNA that occur naturally in ediish promote mRNA degradatideee
Figurel.18). The enzyme Dicer cleaves recursor RNAmto siRNAs, leaving a 2 nucleotide
2PSNKI y3I 2ngs SyitBetiocosi@Nsdihé dlies used in antisense thesgmre short

(around 20nucleotided doubled 1 N} Y RSR wb! &8> gKAOK 2F0Sy KI @S
end. They have a guide or active strand and a complementary inactive strand known as the
passenger strand.

When siRNAs enter the cells, they amihd by a multiprotein component calléde RNA

induced silencing complex (RISEAL this point the siRNA strands are separated and the

antisense strand (the one with tHessthermodynamiallya (i I o-dnd is mt@grated in the RISC
complex. The antisense siRNA strand guides the RISC complex to the target mMRNA, once the RIS(
complex is aligned with the target mMRNA, the Ago2 protein, which is part of the RISC complex,
cleaves the mRNA %, The activity of SiRNAs is mainly in the cytoplasm and in smaller cases in

the nucleus.
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siRNAs can be produced by chemical synthesis or through gene expression, by cell transfection of
an expression vector expressing the sHoairpin RNA precursor of the siRA
siRNAs show a high level of specificity and low toxicity, however they can also shaweiff

effects.

In the cells, miRNA genes code for miRNAs, which will be processed in the nucleus and exported
to the cytoplasm where they will be further processed by Dicer. At this point miRNAs consist of
two strands: the active or mature strand, which is incorporated into RISC to initiate gene silencing,

and the inactive or passenger strafft{seeFigurel.18).

miRNAsised in antisense theraphow twomodesof action they could act as replacement for
pre-existng miRNAsr asmiRNAsnhibitory elementsWhen the goal is miRNA inhibition,

MiRNAs are used in a similar way as ASOs: a single stranded RNA is designed aoraRiSAs
antagonist, inhibiting the action of target miRNA. When the target miRNA is datsctior

repressed, the miRNA replacement scope is employed. In this case, double stranded miRNAs are
used that mimic the activity of the target miRNA, producing target mRNA siléfféihg

Two of he biggest difference between miRNAs and siRNAs is that SiRNAs act on a specific target
MRNA, whereas miRNAs can regulate the expression of multiple RAfhat siRNAs result in

mRNA degradation, whereas miRNAs do not neccesSarily

The fact that siRNAs and miRNAs are double stranded RNA molecules whereas ASOs are single
stranded confers some differences to the antisense experiments, apart from theagein the

price that synthesising two strands instead of one means. The cellular uptake of double stranded
nucleic acids is lower than the one of single stranded ones. In addition, double stranded RNAs
require some help for a successful delivery suctihasise of nanopatrticles or other targeting

agents as Mcetylgalactosamine (GalNac) (GalNac has the ability to bind to asialoglycoprotein
receptor in hepatocytes, which increases the internalization of the dsRRA3) the other hand,
dsRNAs do not need to be chemically modified to be effective, whereas ASOs need to bedmodif

and in some cases the required modifications can be expensive or commercially unaffailable
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Figurel.18 Representation of themode of action ofsSiRNA and miRNAicer can process RNAi into siRNA

and a premiRNA into a miRNA. The siRNA and miRNA will then be loaded into the RISC,

where AGO (a component of RISC) will cleave the passenger strand of both the siRNA and

mMiRNA. The siRNA and miRNA guide strand will guide the RISC to the target mRNA. siRNA will

be 100% complementary to the target mMRNA and it will cleave the mRNA. rod&RNgo

bind to the mRNA even if they are not fully complementary and inhibit it via degradation,

cleavage or translational repression.

1.45 Design of antisense oligonucleotides

The ASOs designed to be used in antisense therapy need to have some characteiistiense

their activity. They need to be able of forming a stable duplex with the target RNAR@tE3Tplex

stability can be increased by increasing the G:C content and the length of the oligonucleotide as

well as with the use of modified nucleoside argles that could increase the binding affinity by

forming a more compact-Aelix. In this contexthe accessibility of the RNA sequence to target

also needs to be considerghighly structurd RNA sequences could be harderatxesdy the

oligonucleotides The oligonucleotides need to be specific for the target sequence, which could

again be achieved by increasing the length of the oligonucleotide. However, increasing the

oligonucleotide length also increases the chances to bindspatifically to randonRNA regions



Chapter 1

as well as the possibilities of formation of secondary structures that could inhibit the activity of

the oligonucleotides. The usual length of the oligonucleotides251&sidue®®.

One of the biggest challenges of antisenser#ipy is the cellular uptake of the ASOs. In most of

the in celluloexperiments ASOs are delivered using transfection reagents based on cationic lipids,
that can form complexes with the negatively charged oligonucleotides, the cell will uptake the
lipids with the ASOs through the endosomal pathway and the ASOs will be released into the
cytosol by endosome destabilisation. Once in the cytosol oligonucleotides are able to enter in the
nucleus if required. However, the availability of carriersifiorivostudies is limited. ASOs need to

be stable in the presence of nucleases, minimizing the intra or extra cellular degradation, the only

effective way of doing this is by the used of modified nucleositfés

Even if nowadays there are multiple computsased approaches that could be useful when
designing antisense oligonucleotides, it is still required to analyse a nuvhldédferent
oligonucleotides to verify the antisense activity instead of focussingtudying the activity of the

oligonucleotide that showed thbestcomputerbased result€§%244,

1.4.6 Toxicology of antisense oligonucleotides

ASOs can show different toxic effects that depend mostly on the ASO@dreckhemistry and

lesson the specific sequence of the ASO itself. Nevertheless, ASOs could also show some toxicity
if they bound to nortarget RNAs by full or partial complementarity. This type of toxicity is
particular to individual ASOs and could beided by a proper ASO desih

Thetoxicity generated by ASOs is usually due to their ability tospetifically bind to proteins
and to plasma proteins in particular, which is facilitated by the negative charge of the ASOs. In this
sense, PS ASOs are the ones that show the highest yo¥icit

Another common toxic effect of the ASOs is immune stimulation. Cytgiosphorusguanine

(CpG) maotifs in ASOs can be recognized bylik®ltecepbr-9 in immune cells, which results in B

cell proliferation, the release of cytokines, antibody production and the activation of natural killer
cells and T lymphocyt&8. However, the introduction of LNA modifications in the ASOs has shown

to reduce and even eliminate the effect of the CpG méfifs

ASOs do also generate cell toxigitywivowhen accumulated in the cytoplasm. This has been
particularly observed in epithelial cells and in kidney Bwel most notably*’. The level of toxicity

in this case will dependn the accumulated ASO concentration as well as the inherent potency of
the ASO itself*,
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In the clinical aspect, thrombocytopenia could be considered as one of the most worrying toxic
effects ASOs. Thrombocytopenia is a condition characterized by low levelsebétglan the cells,

which can decrease clot formation and increase the risk of ble&ditig

1.4.7 Antisense oligonucleotides in clinical trials difrDA approved oligonucleotide

therapies

In 2017 there were 6 approved oligonucleotide therapies by the?##DA

Vitraveneor Fomivirsenas explained previously, is aicleotidelong phosphorthioate
oligodeoxynucleotidewith a CpG motif near thp f2rminus, used to treat patients with
cytomegalovirus retinitidt was directlyadministered by intravitreal injection into the eye. It was

discontinueddue tolow demand.

~ A

Macugenor Pegabtaniha 27nucleotidef 2 y 3 LIK 2 & LIK®RNPRIK2A 28 CApSAINGIER A v
LB NARYARAYS NADRd&azSENIK WAL SR | \WE #H@Smethidatéd. FoShe NA 6 2
p Q S HXMKYadzdlyethylene glycol substituent vimsed This drug was approved as

treatment for agerelated macular degeneration of thretina.

Kynamroor Mipomersen(lonis Pharmaceutical® a 20nucleotidelonggapmer

LIK 2 & LIK 2 N2 (i KGngethdxgthaxyk (MEBEnhedificationslocated in positions b and 15
20. This drug iased as a treatment for homozygetamilial hypercholesteremia, administered
once per week by injection. It was the first ASO that proved @bfevean effect on protein
expression. Since its approval in 208pomerserhas not shown a big commercial success,

which is believed to be due to its way of admirasiton®2,

Exondys 5br Eteplirsen(Sarepta)s a 30nucleotidelong phosphomorphadlate oligonucleotide.
With amode of actionviamodifying splicingtiis used as a treatment for Duchammuscular
dystrophy(DMD) It was approved in 2016 by the FDA, however it isistidhase lll clinical trials

hoping to get favourable statisticedsults on its efficacy.

Defitelioor Defibrotide,indicated for severe hepatic verarclusive disease, is a polydisperse
mixture of double stranded (10%) and single stranded (90%) phosphodiester oligonucleotides,

with a length of 980 nucleotides.

Nusinesen(Spiraza, lonis Pharmaceuticals and Biogéna 19ucleotideLJK 2 & LIK 2 NR (G KA 2 |
O-methoxyethoxy, indicated for the treatment of type 1, 2 and 3 spinal muscular atrophy.
Administered by intrathecal injection into the central nervous system. Thibdes the most

successful ASO for both patients dmaim acommercialpoint of view
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Other key clinical ASO candidates wéte

Oblimerseror GenesenséGenta), a 1&ucleotidePS DNA, targeting the initiation cmdof mRNA
with the objective to downregulat8CLZxpression and make cancer cells sensible to
chemotherapy*. The ASO reached phase |l clinical trials, however efficacy remained unproven

and it was never comercialsed®®.

GRN163Imetelstat, Geron) is a Iucleotidephosphoramidate oligonucleotide conjugated with

I p QLI f YA (itBedRNAPcorhpbnerit of th@riBandcleoprotein telomerase, biogkhe
telomerase activity and thereby decreasing cell proliferation. The particularity of this ASO is that
as it targets telomerase, it could be used in the treatment of different cancers. However, its

difficulty relies on the poor efficiency of cancesocell uptake. Actually in clinical tri&fs?>1:252

DriasperseriBioMarin), &'-O-methyl phosphorothioateligonucleotide, with anode of action of
modifying splicing. Used in treatment of DMD. It reached phase lll clinical trials, but it never
showed signifiant evidence of success and some patients showed thrombocytopenia, hence it

was never pproveds,

The key message to take home here is that, e@henghantisense therapy started over thirty

years ago, there have not been many successful approved ASOs. This is mainly due to the delivery
system and toxicity of the ASOs. Antisense thetapys very promising in the treatment of

neurological disorders and cancer principally, but much research needs to be done to reach its full

potential.
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1.5 OBJECTIVE AND AIMS

Antisense therapyas evolved asrainnovative therapy for diseases that could nottbeated

using more convational techniques and it has been of special interest to treat neurodegenerative
diseasess well as cancefhis technique consistd the use of antisense oligonucleotides that
specifically target the mRNA and inhibit its traatigin by indwingmRNAdegradation or inhibiting

the translation machineryfurthermore, they could also be used to modify splicigen if most
oligonucleotides are designed to d@ease protein expressioantisense oligonucleotides could

also be used tincrease protein expressioklowever this last approach is harder to achieve and it
has shown to be successhut only afew occasions, where researchers used oligonucleotides to

target regions in the mRNA inhibiting translatiéfe6.21°

Onmost occasios eukaryatic translation takes plawiaa very well regulated method known as
capmediated translation. However, when this process is compromised, some mRNASs can initiate
translation via IRESsIRESare often highly structired RNA sequencés2 OF G SR Ay (G KS
usually close to the start codon and they have the ability to directly recruit the 40S ribosomal
subunit and start translation from that poit¥®. It is known that cancer cells tend to initiate
translation via IRES4 thereby targeting IRESs could be an intergstipproach in cancer

treatment.

In this project we propose the use affitisenseoligonucleotides to control IRESediated
translation, not only to decreadg but also to increase iAntisense oligonucleotides will be

specifically designed to targetélBAGIRES and modified to increase thefficiency

The specific objectives of the project are:

=

To verify the presence of an IRES inBA&GIp Q | ¢ wd

1 To study theBAGIURES activitin vitroandin cellulo

I To generate a dual luciferase reporter asgagtudy the IRES activity BAG1post cell
transfection with the oligonucleotides.

1 To design antisense oligonucleotid@sodified and unmodifiedjargeting theBAGIRES
with the aim to either decrease or increase protein expression.

1 To develop an effente transfection protocol for the oligonucleotides.

1 To study the effect of the oligonucleotidesvitroandin cellulo
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Chapter2 a! ¢9wL! [ { ' b5 a9¢l h5{

2.1 MOLECULAR BIOLOGY

2.1.1 General techniques
2111 Polymerase chain reaction: PCR

PCRs were carried out using the Q5 Hot StaghFidelity DNA Polymerase (NEB). The reaction
was set up as indicated irable2.1. The reactions were transferred s&thermal cycleland they

were cycledasexplained inTable2.2.

Table2.1 PCR master mix composition.

5X Q5 Reaction Buffg 10 pl

10 mM dNTP 1l

10 puM Forward prime 2.5 pl

10 pM Reverse prime 2.5 pl

DNA template 10 ng
Q5 enzyme 1 unit
Enhancer 10
H.O To a fhal volume of 50 pl

Table2.2 PCRhermocycling conditions.

Initial Denaturation [98°C 30 seconds
98°C 10 seconds
25¢35 Cycles 55-72°C* 20 seconds
72°C 30 seconds/kb
Final Extension 72°C 5 minutes
Hold 4¢l10°C

*NEB Tm Calculator was used to calculate the right temperature for the different primers used.
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PRIMERS USED FOR CLONING:

Name Primer sequencep © Q

NanoLuc R CTTATCATGTCTGCTCGAAGC

T7-afterSV40 F TAATACGACTCACTATAGGGGAAGTAGTGAGE

AfterSVv40 GAAGTAGTGAGGAGGCTT

T7Pphi2.5afterSV4( TAATACGACTCACTAIEGRAAGTAGTGAGGAGACQ

FBAGHindlll TTTTTAAGCTEGAGGCCTAGGCTTTTGC

R-NanoBamHI TTTTTEGGATCARTCTTATCATGTCTGCTCG

FCM\iMfel TTTTTCAATTGTCGCG ATGTACGGGC

RCMVPACIal TTTTTATCGAAGAGCCIAGCTGGTT

21.1.2 Restriction enzyme digestion

Restriction enzyme digestion was performed in two different occasions: 1) in the cloning process
to digestthe insert and the vector, prior to the ligation and 2) in the verification process of the
cloning. The enzyes used were purchased from New England Biolabs.
The reaction conditions in the cloning process were:

1 Cloning:

Table2.3 Digestion master mix for the cloning step.

Digestion master mix

DNA 2 Uug

Enzyme 1 15 units

Enzyme 2 (optiona] 15 units

10XBuffer 5ul
H.O
Total volume 50 pl
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9 Verification of the cloning:

Table2.4 Digestion master mix for the verification of the minipreps.

Digestion master mix:

DNA 1 pl (usually corresponding to 14X50 ng of miniprep DNA

Enzyme 1 5 units

Enzyme 2 (optiona) 5 units

10XBuffer 1l
H.O 7.5u
Total Volume 10 pl

The digestions werearried outusing the appropriate buffer indicated for each enzyme according

to New England Biolabs. The reactions were incubated for 90 minutes@t 37

2.1.1.3 Phosphatase treatment

Phosphatase treatment was done straight after digestion, addingidits of Shrimp Alkaline
Phosphatase (rSAP, New England Biolabs). Mixture was keptGib830 minutes.

2114 Oligonucleotides resuspending and annealing procedure

The oligonucleotides were annealed following the protocol suggested by Sitgiriah

The oligonucleotides were resuspended in milliQ water to a final concentration of 100 uM.
Followingthe resuspension, 45 pul of forward oligacleotidewere diluted with 45 pul of the

reverse oligoucleotideand 10 ul of annealing buffer. The dilution was placed in a thermal cycler
at 95°C for 5 minutes and was ramp cooled to 25°C over a period of 4%minu

Annealing Buffer10 mM Tris, 50 mM NaCl, 1 mM EDpA 7.5
Table2.5 Annealing buffer recipe.

Annealing Buffer recipe

H,O 380 pl
NacCl 500l
EDTA 20l
Tris 100 pl
Total volume |1 ml
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2.1.15 PolynucleotideKinaseReaction

After annealing the oligonucleotides, polynucleotide kinase (PNK) was used to add a phosphate
on.

Table2.6 Polynucleotide kinase reaction conditions.

Polynucleotide kinase reaction

Buffer A 2ul
1 mMATP 16.5ul
PNK 10 units|

Annealed Oligonucleotidg 0.5l

Total volume 20 ul

ThePNKreaction wadncubatedat 37°C for 20 minutef®llowed by a further incubation at5°C
for 10 minutes. Once this was done, the annealed oligonucleotides aleanedup as explained
in section2.1.1.14on pageb9.

2.1.1.6 Ligation

The ligation processes (vector insert ligation oigaion of the digested vector after the removal

of the desirel sequence) was done using T4 DNA ligase (New England Biolabs).

The ligation reaction was done in different insert:veatwaissratio when necessaryollowing the

equation (for a 3:1 insert:vector ratio):

£ '@ "0 Q0 ma RENEDEN (‘)(I)r‘](bo 0 e {01 o
a QEQ0 Q w Ous N p

As controls, ligation of the vector without insert in the presence and absence of T4 ligase were
used. The ligation reaction was incubated for 1 hour at room temperaisirey 1pl of 10X Lig
Buffer, 0.5ul of T4 DNA ligase (400 000 units/mfixh the required amount of vector and insert in

a final volume of 1Qul.

When the ligation reaction was done to religate a digested vector, the ligation reaction was done

for an hour attoom temperature under thesame conditions, without the addition of the insert.

2.1.1.7 Blund end fill in reaction

2 KSYy GKS LINRPOSaa 2F RAISadGA2y STl AyO2YLI (A

needed to be removed or filled in to promote theubt-end ligation.
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Blunt end reaction was carried out using the Klenow fragment of DNA polymerase | (New England
Biolabs). The fill in reaction was incubated for 30 minutes at 37°C. The fill in reaction was usually

done straight after the 90 minutes of diggon, without any cleaning step in between.

Table2.7 Blunt end fill in reaction master mix conditions.

Blunt end fill in reaction master mix

DNA 1-3 pg
Klenow enzyme 10 units
10X Buffer 3ul

dNTRfinal concentration 0.5 mM each dNTP) 1 pl

H,0 14 pl

Total volume 30 ul

2.1.1.8 Bacteria transformation

To get good yields of the constructs formed, we transformed compdiectlibacteria with the

ligated products. The bacteria used for the purpose were NE&@h& Competenk. coli

(Subcloning Efficiency) (C2988). 5 ul of ligation mixture were mixed with 50qrhpktent

bacterig and kept on ice for 30 minutes. After the incubatitre mixture was placed in a 42°C

water bath for 30 seconds and back on iceZanore minutes. 150 ul of SOC outgrowth medium
(New England Biolabs) were added and put in a shaking incubator at 37°C for an hour. The
mixture was spread on LB Agar plates with ampicillin (100 pg/ml). Plates were incubated at 37°C

overnight.

Multiple colmies were picked and put in 5 ml of LB broth with ampicillin and grown overnight (no

more than 16 hours) in a 37°C shaker (200 rpm).

SOC outgrowth mediun%(w/v) Vegetable Peptone, 0.58/v) Yeast Extract, 10 mM NaCl, 2.5
mM KCI, 10 mM Mg&I110 mM MgS@ 20 mM Glucose.

LB Agarl% (w/v) Bactdryptone, 0.5% (w/v) bactgeast extract, 1% (w/v) NaCl and 1.5% (w/v)

agar in deionised water.

LB Broth(for 1 L):10 g Tryptone, 10 g NaCl, 5 g Yeast extract, 950 mQidtdjust pH to 7.0,
make up to 1 L withdH,O.
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2119 Miniprep

To carry out a smaficale plasmid DNA purification, the NucleoSpin® Plasmid kit (Maeherey
Nagel) was used. The 5 mL of bacterial culture that had been grown overnigat 1se& page

56) were pelleted by centrifuging at@0 xg for 10 minutes and the supernatant was discarded.
Cells were lysed by the addition of 250of Buffer A1, containing RiSe A to digest bacterial RNA
after lysis. To liberate the DNA plasrfidm the E.colicells, 25Qul of SDS/alkaline Buffer A2
(containing NaOH) were added to each sample and they were gently mixed by inversion, no
mechanical mix was used to avoid shearing of genomic DNA. To reeuthalilysate, precipitate
genomic DNA angroteins and create the appropriate high salt conditions required by the
plasmid DNA to bind to the silica membrane, 200f Buffer A3 (containing sodium acetate)
were added and samples were gently mixed again. Samples were centrifuged for 5 minutes at
11,000 xg and a clear supernatant was obtained, genomic DNA, proteins and cell debris are
pelleted. The supernatant was decanted in a NucleoSpin® Plasmid/Plasmid @otlimn
centrifuged for 1 min at 1,000 xg. Flowthrough was removed and the membrane waashed

with 500ul of Buffer AW (centrifuged at JA00 xg for one minute). 60Qul of Buffer A4
(supplemented with ethanol) were added to get rid of possible contaminants as metabolites, salts
and soluble cellular components and centrifuged for 1 min €@ xg, flow-through was
discarded. The silica membrane was dried by centrifuging it for 2 minutesGiQlgg. The DNA

was eluted in 5Qul of Buffer AE (slightly alkaline buffer, containing low ionic strength conditions).
The obtained DNA was quargifl using the NanoDrop 2000c W6 spectrophotometer.

2.1.1.10 Midiprep

To carry out darge-scale plasmid DNA purification, ttHAGEN PlasmRlusMidi Kit was used.
Colonies were picked and put in 5 ml of LB broth with ampicillin and grown for around 8 hours.
100l of that broth was taken and grown in 100 ml of LB broth with ampicillin overnight. 25 ml of
the bacterial culture was pelleted by centrifugation éd®0 xg for 15 minutes at 4°C. The pellet

was resuspended in 4 ml of Buffer P1 containing RNaseho#iP2 buffer were added and the
solution was mixed by inverting and incubated at room temperature for 3 minutes. 4 ml of Buffer
S3 (which precipitates proteins, genomic DNA and cell debris) were added to the lysate and it was
mixed by inverting. The $pte was transferred to a QlAfilter Cartridge, incubated at room
temperature for 10 minutes and filtered. 2 ml of Buffer BB were added to the cleared lysate and it
was mixed by inverting-8 times and filtered through the QIAGEN Plasmid Plus spin column by
applying vacuum. DNA was washed with 0.7 ml of Buffer ETR and vacuum was applied, this

process was repeated with Buffer PE. The column was centrifuged0ftQldg for 1 minute to
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completely remove the residual wash buffer. DNA was eluted inu00Bfer EB. The obtained
DNA was quantified using the NanoDrop 2000eMiB/spectrophotometer

2.1.1.11 DNA quantification by NanoDrop

To determine the concentration and purity of the DNA extracted, the NanoDrop 20804V
spectrophotometer (Thermo Scientific) waseds The DNA was read at a wavelength of 260
and the concentration was calculated usingrigfO Y kas extinction coefficient. The purity ratios
were calculated at 260/280 nm and 260/230 nm using the NanoDrop 2000/2000c software
(Thermo Scientific). PUNA was considered to have a ratio of around 1.8 of absorbance at
260/280 nm and a ratio of absorbance between 1.8 and 2.2 at 260/230 nm.

2.1.1.12 Agarose getlectrophoresis

Agarose gels were used for the analysis of the correct size of the DNA prdi@#tsan®%
agarose gels were used. The most commonly used gels were the 0.8% ones, whereas the 2%

agarose ones were only used when the interest was in very small DNA fragments.

The appropriate amount of agarose was mixed with 100 mXafAE buffer. Agarose waselted

in the microwave. Gel casting tray was assembled on a flat surface.

Agarose solution was cooled and 4 pl of Gel Red were added. Solution was mixed and poured into
the tray, and comb was placed. Once the gel had set, comb and gel casting gatesm@red

and placed in a horizontal electrophoresis tank. The tank was filled WiltAE buffer.

The required amount of6loading dye was added to the DNA solutions. The samples were loaded

into the gel. GeneRuler miXtiermo Fisher Scientifizvas used as a ladder.

1 pg ofGeneRiler mix was mixed with 10 pl of water and 2 pl of loading dye. The ladder was also

loaded.
Gel was run at 120 V for at least 45 minutes.
Gel was visualisedasing the image analysis system Syngene PXi or using a UV transilluminator.

TAE Buffer (pH 8XXsolution containing 4nM Tris base (Fisher Scientific), 20 mM NaOAc
(Sigma), 26.9 mM acetic acid (Sigma) and 2 mM EDTA (Sigma).

2.1.1.13 Agarose gel cleanp

For the purification of the DNA from an agarose gel the NucleoSpel@&nd PCEeanup

(MachereyNagel) kit was used.
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The band corresponding to the DNA of interest was excised from the gel using a scalpel and the
weight of the gel slice was determined. Forled®©0 mg of agarose gel, 200 pl of Buffer NTI
(containing a chaotropic salt, providing the right conditions for the binding of the DNA to the silica
membrane) were added. Sample was incubated f&05minutes at 50°C to dissolve the agarose.
Once the agaree was totally dissolved, the sample was loaded in a NucleoSpia®ZCR

cleanrup column and centrifuged for 1 minute at 11,00@xThe silica membrane was washed

with 700 pl of buffer NT3 (containing ethanol) and centrifuged at 11,09fbx 1 minute The

silica membrane was dried by centrifugation for 1 minute at 11,000The DNA was eluted in 30

I of buffer NE (slightly alkaline buffer).
The obtained DNA was quantified using the NanoDrop 2000¢is/$pectrophotometer.

2.1.1.14 DNA clearup

To get rid othe undesired reagents after a digestion process, phosphatase treatment or blunt
end fill in reaction, and get clean DNA, a DNA clgaprocess was required. For the DNA clean

up the NucleoSpin®el and PC&eanup (MachereyNagel) kit was used.

Reactdns of less than 50 ul were adjusted to a final volume of 50 ul with waterlume of

sample was mixed with 2 volumes of buffer NTI (containing a chaotropic salt, providing the right
conditions for the binding of the DNA to the silica membrane). Théiailuwvas loaded in a
NucleoSpin@eland PCRleanup column and centrifuged for 1 minute at 11,00@ xFlow

through was discarded. 700 pl of buffer NT3 (containing ethanol) were added and sample was
centrifuged at 11,000 g for 1 minute. Flowthrough was discarded. The silica membrane was
dried by centrifugation at 11,000g<for 1 minute. DNA was eluted in 30 pl of buffer NE.

The obtained DNA was quantified using the NanoDrop 2000¢is/$pectrophotometer.

2.2 CELL ASSAYS

All the cell experiments were dorie HeLa (human cervical epithelioid carcinoma) cEIEK293
(human embryonic kidney) cell€AL51kreast cancer derivedtells and hpBRIEK cells (a stable
cell line generated form HEK293 cells expressing hpBN. This cell line will be covered m detail i

future sections of this thesis)

Cells were maintained in gamnséerilised, tissue culturgreated 75 crdflasks, in a 37TC
incubator (5% C£.
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2.2.1 Cell maintenance

Cells were maintained by passaging themeveoy 2RI 8 & A GK 5dzZ 65002Q48 a2RATFAS
gAGK Dfdzil YFIEux 65a9a0 oDA06O2t o6& [AFS ¢SOKyz2f23AS8a:
inactivated fetal bovine serum (FBS). Old medium was removed and cells were washed with 7 ml

of Mg?*and Cé&'free PBS. Cells were detached from the culture flasks with 2emL[r Express

O0DA0O21t o0& [AFTS ¢SOKy2f23ASand yR AyOdzoml G64SR Fd ot
detached. 3 ml of supplemented medium was used to stop the cell detachment. For the

maintenance of the cells, 1 ml of the detached cells were kept iflis&. Cells were transferred

to a new flask once a week.

2.2.2 Cell counting

Cells were counted the day before transfection. As explained before, the old growth medium was
removed from the cells and cells were washed with 7 mI-®E3. 2 ml of TrypLE were addnd

cells were put at 37°C until they were detacheanl8f growth media were added to the cells. 10

ul of the diluted cells were pipetted into one of the sides of a Neubauer Chamber. Cells in the four
corners were counted. The amount of cells per mbwalculated using the following equation:

HQa & E G G QIABI0E @i 1 ¢ Q1 |
aa T wp T

A master mix was made containing the right amount of cells and growth medium.

2.2.3 Cell transfection

Transfectios were done in the different plate or well typeSeeding conditions were also done

depending on cell line. General seeding conditions for HEK293 cells:

1 96 well plate: 200 cells per well in 200 pl of growth medium.
1 60 mm plates: 200 000 cells per plates ml of growth medium.

Cell transfection was done using different transfection reagents for each diffayg@ of

transfection

1 GenelJduice (Novagen) for plasmid transfection.

1 RiboJuice (Novagen) for oligonucleotide transfection.

1 Lipofectamine 2000 (Thero Fisher Scientificjor RNA, RNA & oligonucleotide and
oligonucleotide transfections. The use of Lipofectamine 2000 will be covered in s2dtébn

on page’9.
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GENEJUICE

GeneJuice was used to trdast plasmids on their owrto study their expression with a luciferase
assay All the plasmid transfections were carried out in 96 well platasiplicate (three wells with

the same transfection). All the procedure shown is based on a single welldctinst

20 ng of plasmid was transfected per well. 0.06 pl of GeneJuice were mixed with 1.94 ul of serum
free DMEM(this was done as a master mix, where the total GeneJuice required for the whole set
of transfections was mixed with the required serum fi2IEM) Mixture was incubated for 5
minutes. 20 ng of plasmid were added to the mixture and it was incubated I&rrainutes. All

the volume was added to the well.
RIBOJUICE

RiboJuice was used on its own to transfect the cells with the oligonucleotid®scm plates for
the purposeof harvesting for avestern blotand gPCRr in combination with GeneJuice to-co

transfect oligonucleotides and plasmid.

Cotransfection of plasmid and oligonucleotides:

Plasmid and oligonucleotide ¢mnsfections were carrigtout in 96 well platefn
triplicate, seeding D00 cells per well in 200 ul BMEM The final volume per well after

the transfection was 250 .
Oligonucleotides were diluted towsorkingsolution of 1 pM.

To transfeci final concentration 025 nM ofoligonucleotides in a final volume of 250 pl,

6.25 pl of the stock solution are required.

In a tube, 17.75 pl of serum free DMEM was mixed with 1 pl of RiboJuice. In a separate
tube, 0.06 pl of GeneJuice was mixed with 1.94 pl of serum free DfifEsMmater mix

for all the transfections requiredAfter five minutes, the 2.56 pl of oligonucleotides and
the 20 ng of plasmid DNA were added to the RiboJuice and the GeneJuice tubes
respectively. The tubes with GeneJuice were topped up with serum free DME&¥intal
volume of 25 pl. Mixtures were incubated forl5 minutes, and the total volume (50 pl)

were added to the cells.
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Transfection of oligonucleotides:

Oligonucleotides were only transfected on their own with the purpose to do western
blotsand gPCR$0 mm plates were used and 200 000 cells were seeded per plate in 5 ml

of growth medium.

Prior to the transfection, the 5 ml of media were removed from each plate and 3.5 ml of
fresh media were added. 683 ul of DMEM without serum were mixed with 17 pl of
RiboJuiceThey were incubated at room temperatuf@ 5 minutes and final

concentration o25 nM (62.5 pl of the 1 uM stock) of oligonucleotatided

2.3 LUCIFERASE ASS¥aho-Glo® Dualuciferase® Reporter Assay
System

To study gene expression a lucidse assay was donklost of the constructs for the luciferase

assay contained Firefly (Fluc) and/or Nanoluciferase (Nluc) reporter genes.

The kit Nano-Glo® DualLuciferase® Reporter Assay Sys(Enomega)vas used to detedducand

Nluc activities.In this kit, ONEDf 2 9. [ dzOA TSN} asS ! aal e whkd I3Syd I O

andb I Yy 2 5%top&Glo reagent stops the luminescence emission offheand acts as a

substrate for theNluc.

For the luciferase assays cells were seeded in white or @&aell plategwhere cells could be

monitored and the reagent requirement was five times smaller)

Cells seeded in white plates:

2 days after transfection, growth medium was removed from the wells, and 50 ul of fresh media
were added to each well. 50 i ONEDf 2 9 - [ dzOAFSNI &S ! aale wSI3aSyi
andthe plate was placed on an orbital shaker for 5 minutes at room temperaitre.activity of

Flucwas measured using GloMax® 96 Luminometer.

50kt 27F bl y&Glq reagentiwvére ddiledteach well and plate was placed on an
orbital shaker for 10 minutes. The luminescence emittedNlae was measured on the

luminometer.

Cells seeded in clear plates (protocol to reduce the volume of reagents used):

2 days after transfection, growth mediuwas removed from the welland cells were washed

with 1XPBS. Cells were lysed inid®f 1X Passive Lysis Buff@?LB)YPromega) and put in a
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rocker for at least 20 minutes. 10 of the PLB with the cells were transferred tavhite 96 well

plate, 10ulof ONEDf 21 9 - [ dzZOAFSNI aS ! dal & wiepldsSwdi ¢ a
placed on an orbital shaker for 5 minutes at room temperatiitee activity of Flueras measured

using GloMax® 96 Luminomet&he Linear Dynamic Range of the luminometgrésater than 8

decade$>®and an error message is displayed when saturated.

10kt 27F bl y&Gldreagentiwéreddiled to each well ahe plate was placed on an
orbital shaker for 10 minutes. Thenhinescence emitted billucwas measured on the

luminometer.

Data were analysed using Instinct software (Promega).

2.4  DATA ANALYSIS OF LUCIFERASE ASSAYS

One of the ways used to study IRES activity was the use of a luciferase assay. Cells were
transfected witha bicistronic plasmid expressing two reporter gerfdsi¢ and Nluz 6 K S NB K
UTR oBAG1was located between both of them, or with two monocistronic plasmids, one
expressingluck Y R G KS 2 KSNJ 2 yBAGlvds diihad ugstkeSrof heNIus ¢ w2 F
sequenceEach transfection was done in triplicate, where n=1 means a unique assay done in
triplicate and n=3 is considered when the same assay is repeated three individual times, each

done in triplicate.

The luciferase assay data analysis was adapted the model proposed by J. L. Jacebal. on
0KS LI LISN a{@adSYFraAO lylrte®ia 2F oAOAAGNRYA

Once theFluc(HucrL) and NlucNlucri) values were measured for each sample, the NiUeloo
ratios were calculated:

086
Od 6 w

Wherew is the ratio obtained from eackample

Satistical analysis were carried out to analyse if the oligonucleotides had significantly modified

the IRES activitythe normality or Gaussian distribution of the results was analysed using a
ShapireWilk normality test on GraphPad (normal distributionsaaccepted iP>0.05). To

determine the significant difference between the different oligonucleotide treatmerda@away
ANOVAS A K | ¢dzl SeQa YdzZ GALX S O2YLI NRaz2y (Sad ¢
the significant difference between the adigucleotide treated cells and the control cells (no

oligonucleotide treated cellsr Scramble transfected cellaoneway ANOVA A 0 K | 5dzyy S
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multiple comparison test was carried out using GraphHa&e. statistical analysis showed more

reliable resultsas the sample number increased.

2.5 PROTEIN EXTRACTION AND QUANTIFICATION

251 Protein extraction

48 hours after transfection, growth media was removed from the plates and the plates were
chilled on ice. Inl of cold PBS was added. Cells were scraped with thieo PBS and transferred
into an Eppendorf tube. Cells were kept on ice all the time. Samples were centrifuged at@500 x

and 4°C for 5 minutes.

After the centrifugation, the supernatant was removed. 80 pl of RIPA buffez added. Tubes
were vortexed evey minute during 5 minutes. After the 5 minutes, the samples were centrifuged
at 14,000x g and 4°C for 15 minutes. The supernatant was taken to another tube and the pellet

was discarded.

Table2.8 RIPA buffecomposition.

RIPA Buffer component Stock concentration Vol to add pl
150 mM NacCl 2M 225

1% igepal/NRIO 10% 300

1% DOC 10% 300

0.1% SDS 10% 30

50 mM Tris HCI, pH 7.6 1M 150

1 mMEDTA 0.5M, pH 8.0 6

1 mM EGTA 100 mM, pH 8.0 30

HO (adjusting foaddition of Halt*) 0 1929

*Supplemented with 30 ul Halt protease and phosphatase inhibitor cocktail (100 x stock)

immediately before use.

2.5.2 Protein quantification

A Bradford assay was done to calculate protein quantity in the samples. The assay wasidgne

an appropriate 96 well plate, each read was done in triplicate Rgid Protein Assay Dye Reagent
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Concentrate (BidRad) was diluted to axXlconcentration. A standard curve was prepared using a
stock solution of 0.5 pg/ul of BSA. The standard curve deane with 0 pg, 0.5 ug, 1 ug, 2 ug, 3 ug
and 4 ug of BSA.

The standard curve preparation was done adding the necessary amount of BSA to 200 ! of Bio

Rad Protein Assay Dye Reagent Concentrate.
150pl of each tube were added to a well of the 96 well plate

1 pl of protein extract were added to 200 pl oKBio-Rad Protein Assay Dye Reagent
Concentrate. Tubes were mixed and 150 pl of the mixture were added to a well of the 96 well

plate.

Absorbance was read in a spectrophotometer set to 380 nm and at 599 he values from the
standard curve were used to generate a formula used to determine the concentration of protein

in each sample.

26 WESTERN BLOT

The detection of the expression BAGIin cells treated with the oligonucleotides was done by
western blot ugng Trisglycine SD®olyacrylamide Gel Electrophoresis in a 10% gel. The resolving
gel was done in a total volume of 10 ml composé& ml of HO, 1.7 ml of protogel, 1.25 ml of

1.5 M TrisHCI (pH 8.8), 50 pl of 1084/v) SDS, 25 pl of 1084/v) ammoniumpersulfate and 5 pl

of TEMED. The stacking gel was done in a total volumenbtdmposed byl.2 ml of HO,260ul

of protogel,0.5ml of 0.5 M TrigHCI (pH 6.8%0 pl 0f10%(w/v) SDS20 ul of 10%4w/v)

ammonium persulfate an8 ul of TEMED.

Using tke known concentration of lysate samples, the volume of lysate required for 16 ug of
protein was calculated. To this, 8 pl of sample buffer (containih@ tolume -Mercaptoethanol)
wasadded and made up to a total volume of 40 ul adding RIPA buffer. faiwte proteins,
samples werdeated at 70°Cfor 10 minutes.

The gel was set in the tanks such that the wells faced into the central chamber. The central
chamber was filled withXLaemmli Running Buffe20 ul of the denatured lysate were loaded

per well Gel was run at 120 V until the djrent reached the bottom.

Proteins were transferred from the gel to a 0.4% pitrocellulose membran&iasemi dry

transfer.For this purpose The Transt 2 1t ¢ dzNB2u GNI yAFSNI a2aiaSy
6 pieces of 3 mrilter paper and the membrane were soaked i Tris Glycine buffer. In the tray
oftheTrans f 201 ¢dzNB2un GNI YAFSNI Y OKAYS o 2F GKS
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membrane, the gel and the other 3 wet papers. The tray was closed with the ligtardard

minidry protocol was run.

After the transfer, the membrane was blocked in IB&en(TBST) containing 3% (w/v) Bovine

Serum Albumin (BSA) for 30 minutes.

The membrane was incubatea primary antibodyn the require dilution (sed able2.9) on 3%

BSA in TB¥ overnight at 4C The following morning, the membrane was washed with-TBS

three washe®f 10 minutes eachand was incubated with the require@sondary antibodysee

Table2.9) protectedfrom light, for one hour at roontemperaturewhile on the rocker

The membrane was washadice for 10 minutes each time with TBSfollowed by a last wash
with PBS.

The detection was done by a Near Infrared fluorescence detection rdettith Licor Odyssey

using both 700 nm and 800 nm channdt&sults were analysaudth the software Image Studio

Lite (LFCOR)wherethe bands corresponding to each of the protein signals were selected and the

signal intensity was quantifiedhe expresion of the gene of interest was quantified relative to a

housekeeping gene (actin) using densitometry.

Laemmli buffer:200 ml of Laemmli buffer 10X diluted in 1800 mb@Hgjiving a final

concentration ofH p ol / fuvZX

1X Tris Glycine buffel00 ml 1XTris Glycine (Bio Rad@Q0 ml water and 200 ml ethanol.

>a ¢ NAa

n oMz

{5{=z

TBST:50 mM Tris (HCI), 150 mM NaCl, 0.1% (v/v) TvagpH 7.58.0.

Table2.9 Antibody dilutions.

Company Antibody Raised ir Dilution
Cell Signaling Technology, #34Anti-BAG1 Mouse |1:1000
2 Sigma AG40 Anti-h | O {|Rabbit |1:5000
'§_ Abcam ab8227 Antii | O {Mouse |1:5000
Promega Anti-Nluc Rabbit |1:1000
Invitrogen, a32734 Rabbit 680 nn Goat 1:15000
_§ Invitrogen, a32735 Rabbit 800 nn| Goat 1:15000
c
g Invitrogen, a21050 Mouse 680 nn{ Goat 1:15000
Invitrogen, a32730 Mouse 800 nn|{ Goat 1:15000
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2.7 SEQUENCING

All the constructs made were sefor sequencing tdeurofins Genomicgn most of the cases the
constructs were sequence in forward and reverse directions to get more robust re$hks.

software Serial Cloner was used to analyse the eaqing results.

Table2.10 Primers used for sequencing.

Primer name { S1j dzSy @S p Q

RvV3 PRIMER p -QTAGCAAAATAGGCTGICQC

0Q[ dzOH & §| p-GGTTACAACCGCCAAGAAL

SV40 pAseq R p-OQTTATCATGTCTGCTCGAAGC

pcDNA3_for p-GGC TAA CTA GAG AAC CCA CIG
pcDNA3_rev p-GGC AAC TAG AAG GCA CAGOC
AfterSV40 F p -GAAGTAGTGAGGAGGATTI

2.8 RNA EXTRACTION AND QUANTIFICATION

48 hours after transfection, growth media was removed from the plates and the plates withegl ch
on ice. Cells were scraped with the 1 ml of PBS, transferred into a clean tube and centrifuged at

2500 xg and 4°C for 5 minutes. Supernatant was removed.
For RNA extractionthe kita | OK SNBE B dzbf 98{ WWAAyun wb! / 2f dzYyaé

350ul of Buffe RA1 and 3.5 [ -Mercaptoethanol were added to the cell pellet and it was

vortexed vigorously. Viscosity was reduced and the lysate was cleared by filtration through the
NucleoSpin® Filter (violet ring) by centrifugation at 11,092 NJ M YA Yy dzi Sdandp n >
were added to the homogerssl lysate and it was placed in a NucleoSpin® RNA Column (light blue
ring) and centrifuged for 1 minute at 11,00¢x350ul of Membrane Desalting Buffer were added
and sample was centrifuged at 11,000 for one minute. To et rid of the DNA, 9%l of DNase

reaction mixture were applied to the centre of the silica membrane and it was incubated at room
temperature for 15 minutes. The first wash and d3Blinactivationwas done by the addition of

Hnan >t 2F . dZFFSNI w!2uHd ¢KS aSO2y RarddgsRulol KA NR
Buffer RA3 respectively and bgntrifugationat 11,000 >g for 1 minute each time. The RNA was

St dzi SR Ay -free watet an@ehtrifugbd-atil$,000 g for 1 minute.
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2.8.1 RNA quantification byNanoDrop

To determine the concentration and purity of the RNA extracted, the NanoDrop 2000sUV

spectrophotometer (Thermo Scientific) was used. The RNA was read at a wavelengtimof. 260

Thepurity ratios were calculated at 260/280 nm using the NanoDrop 2000/2000c software

(Thermo Scientific). Pure RNA was considered to have a ratio between 1.9 and 2.1 of absorbance

at 260/280 nm.

2.8.2 Reverse transcription

To carry out a reverse transcriptiond(®  { K S -LALLX®Y t WNRXYS NE& S

Promega was used.

All the work was done on ice unless othise stated.

CNI YAONRLIGAZY {&:

Up to 1 pg of RNA was combined wiitlcleasefree water andrandomprimer (0.5 pg/reaction)

to a final volume of 5 pl. Tubes weheated at 70°C for 5 minutes and immediately chilled in ice

water for 5 minutes.

The reverse transcription reaction mix was prepared in the following way:

Table2.11 Mastermix for the reverse transcription w@action.

Experimental Reaction

1 sample

NucleaseFree Water (to a final volume of 15 pl)

Xul

ImPromLLu p- wSFOUA2Y . dZF FSNJ

4.0 ul

MgC# (final concentration 1.68.0 mM)

4 ul

dNTP Mix (final concentration 0.5 mM each dNTP)

1.0 pl

Recombinant RNasghRibonuclease Inhibitor

0.5ul

ImPromL L u wSO@SNBS ¢NIyYAONRLIGFAS

1.0 pl

Final volume

15.0 ul

The 5ul or the RNA samples were mixed withdl%f RT reaction mix. A thermocycler was used

to reversetranscribe the RNA into cDNA. The following condgiwere used:
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Table2.12 Conditions to reverse transcribe the RNA into cDNA.

Process Temperature Time
Anneal 25°C 5 minutes
Extend 42°C 60 minutes
Inactivate Reverse Transcriptase |70°C 15 minutes

2.8.3 Real ime PCR

RNA levels were measured using real time PCR or quantitative PCR &fP&Rnhternal control
B2MmMRNA levels were measur@d B2Mhad previously Isown to have stable RNA expression in
HEK293 cef¢. By comparing the BAG1 expression to the B2M expression we could ensure that

any effect in the BAGL1 levels is due to a translational effect.

The primes used were:

Table2.13BAGIlandB2MgPCR primers sequence.

Primer name { S1jdzSy@S pQ
BAGIlafter 5SUTR F CTTGGATGGAGCCTGTGGTT
BAGIlafter SUTR R CCACCTGCCTGCTTTACTCA
B2M F TTCATCCATCCGACATTGAAG
B2M R ATCCARCCAAATGCGGC

Prior to testing any of the samples, a standard curve was done to calculate the efficiency of the
primers. One of the cDNA samples was used as a template for the standard curve. From that
sample a series of serial dilutionexe created. Theserial dilutions had 5 points of 1:10 dilutions
(undiluted, 1:10, 1:100, 1:1000, 1:10 000). A no template control (NTC) was also used. Each

sample or dilution was done in triplicate.

gPCRmnastermix was prepared in the following way:
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Table2.14 gPCRnastermix composition.

Volume in pl
HO 6.2
2XLuna gPCR Master Mix 7.5
Primer forward (1@QuM) 0.15
Reverse primer (10M) 0.15
Template DNA 1 (of the RT reaction)

The gPCR was run on a PCRmax Ecodé the following conditions:

Table2.15gPCR conditions.

Stage Temperature| Duration | Cycles
UDG Incubation 50°C 2 min 1
Polymerase Activatiol 95°C 10 min |1

PCR Cycling 95°C 10sec |40
PCR Cycling 60°C 30sec |40
Melt Curve 95°C 15sec |1

Melt Curve 55°C 15sec |1

Melt Curve 95°C 15sec |1
Total Cycle Count 40

The software Eco Study was used to do all the gPCR ana$y/ie calculation of the efficiency of
the primers and the relative amplification. For teHiciency of the primers, values between 95%

and 105% were considered appropriate.

To analyse th8 AGIMRNA levels of the samples, they wak@malisedto the B2M (reference
gene)mRNA levels. The method chosen was the Livak métha@n this method, the expression
of a targeted geneBRAG) isnormalisedto a reference geneB2M) and expressed relative to a

reference sample (usually mock transfected cells). The calculations done were the following ones:
Yo GOEN6 060 UL &A6cH

V6 R Y6 RE & Q0 E 6 Da DEDADS §aé HQ
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The RQ values of the different oligonucleotide treatments were then compared to study

variations in the RNfevels.

29 MICROSCOPY

Fluorescent microscopy techniques were used to check the presence of the oligonucleotides in
the cells. For this purpodée fluorescent oligonucleotidB6FAM, purchased from Sigmddrich

was usedcheck appendiB.2 on page271for the sequence)B6FAM was modified with & 6

FAMM (fluoresceinn i K Sendp Te excitation maximum ofBAM™Mis 495 nm, the emission

maximum 520 nm and the fluorescent colour is green.

One coversti was placed in each well of a 24 well plate. 20 000 HEK293 cells were seeded per
well. The following dag final concentration 025 nM of B6FAM were transfected, using fil2of

RiboJuice.

48 hours after transfection cells were fixed

2.9.1 Cell fixation

Asthe fluorescent oligonucleotid86FAMwas usedyork was carried outn the darklow light as

much as possible to avoid photo bleaching of the samples.

The medium was removed from the wells and the cells were washed with 1 ml of PBS. Cells were
incubated vith 1 ml of 4% paraformaldehyde during 15 minutes, in darkens. Cells were quickly
washed with ammonium chloride (MEb) followed by three PBS washasd a final wash of

water. A blob of ProLong mounting medium (with DARilear staii (Invitrogen) was plced in a
microscope slide. Coverslips were removed from the well. Excess water was removed. The
coverslip was laid on top of the mounting mediums (cell side down) and air bubbles were pushed

out. Mounted coverslis were stored in the dark af@.

29.2 Microscqpy analysis

Mounted coverslips were imagexh a DeltaVision Elite system (GE Life Sciences) with an SSI
7-band lightemitting diode (LED) for illuminatioifhe objective used was X60/1.42 numerical
aperture (NA) Oil Plan Apo objective a@hd camera useé wasa monochrome sCMOS camera
running SoftWoRks software (version B)TC, G§, TRITG Qdiamidinc-2-phenylindole (DAPI)
and differential interference contrast (DIC) channels were used. The data from mulstaleks

were compressed into single imagthrough obtaining the maximum projection of the stack and
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combining it into one image. Brightfield images of cells in culture were taken on an EVOS XL Core

Imaging System (Thermo Fisher).

Autostitch software (University of British Columbiggs used taeconstitute composite overview
images from multiple single imagdmages were deconvolvaging SoftWoRks software (version
6) iterative deconvolutiomndwere analysed using the Fiji image processing package. Plot profiles

were generated using FI1JI Bgalysis of the pixel intensity for the corresponding regions.

2.10 IN VITRARNA SYNTHESIS

2.10.1 DNA template preparation

Forward and reverse primers were designed to amplify the desired regions in the plasmids pFBN,

pFN, pBN, pN and pGL4.13SV40. Primers werendektg amplify the region including the coding

sequence foFlucandNlucin pFBN (With th&AGIp Q | ¢w 06SG6SSy 0620K LINBY2{3GSNJI
PFN;BAGIp Q | ¢Niucih pBR;Nlucin pN andFlucin pGL4.13SV40. The forward primer
contained the T7 promoterregiy 2y AdGa pQ SEGNBYS FyR (g2 3AdzZd yAySa
sequence to increase transcription yieldA@ TAC GAC TCA CTAGBG

Primers used to insert the T7 promoter in pFBN, pFN, pBN and pN:

bl y2[ dzO R|TTARATEYCTEQICGAAGC

T7-afterSV40 ¥ -TAATACGACTCACTATAGGGGAAGTAGTGAGGAGECTTT

Primers used to amplify pFBN, pFN, pBN, pN lacking the T7 promoter:

AfterSV40C Y-GAAGTAGTGAGGAGGEITr

bl y2[ dz0 WTTARATSYCTBEOICGAAGC

Primers used to amplifgAGIlp Q | ¢wY

BAGIC Y-TAATACGATACTATAGGGAAGCCTAGCCTCGASQAAT

BAGIw Y -COAACGAAATCTTCGA@TIQT

5b! gl & | YL ATAGHGhORR $ ¢ Wi &zasly'3 taxPp@ YSNI 4S¢ 0bSg 9y-

The reactions were assembled on ice:
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25 ul REACTION 50 ul REACTION FINAL
CONCENTRATIQ

5X Q5 Reaction Buffer|5 pl 10 pl 1X
10 mM dNTPs 0.5 ul 1pl 200 uM
10uM Forward Primer | 1.25 pl 2.5 ul 0.5 uM
10uM Reverse Primer | 1.25 pl 2.5 ul 0.5 uM
Template DNA 10 ng 10 ng 10 ng
Q5 HighFidelity DNA |0.25 pl 0.5 pl 0.02 U/l
Polymerase
5X Q5 High GC Enhan(5 p 10 pl 1X
NucleaseFree Water |to 25 pl to 50 pl

The DNA was amplified ortlzermal cyclemunder the following condions:

Table2.17 Thermocycling conditions for the PCR.

Initial Denaturation {98°C 30 seconds
35 Cycles 98°C 10 seconds
62°C 30 seconds
72°C 70 seconds
Final Extension 72°C 2 minutes
Hold 10°C

The DNAwas purified as specified ih1.1.13on pageb8or 2.1.1.14page59.

2.10.2

For theinvitoa @ y 1 KSa A a

England Biolabs) was used.

In vitro RNA synthesis

2 iBerivebd! T GvkdB QA (I AGA K

.ASER

The necessary kit components were mixed and pgtasn prior to their use. The components

were kept on ice at all times, but the reaction was assembled at room temperatuogviog the

instructionson Table2.18.
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Table2.18 RNA synthesis reaction assembly.

Nucleasefree water Xl

NTP Buffer Mix (20 mM each NTP) 10l 20mM each NTP final
Temphte DNA 0.5ug of the purified PCR product
T7 RNA Polymerase Mix 2

Total reaction volume 20 ul

The reaction was incubated for 2 hours3at°C.

After two hours, a DBke treatment was carried out to remove the DNA templatepBOf
nucleasefree waterwere added to the reaction followed by 4 units of DNase bdeiftee), the

reaction was incubated for 15 more minutes3t°C.

2.10.3 In vitro capped RNA synthesis

3-O-Me-m’G(5")ppp(5')G RNA Cap Structure Analog, also known askamérse Cap Analog
(ARCA) (NB) was used tim vitro synthesise the RNAs with @@cap and G(5')ppp(3)RNA Cap
Structure Analog (NEB) was usednwitro synthesise the RNAs with arcAp.

Primers used to insert the T7 promoter in pFBN, pFN, pBN and pN, required fofGrmpped
RNAs:

bl y2[ dzO WTTARAFRSTCTBEQICGAAGC
T F 4G S NJ AAATACGKCTEACTATAGGGGAAGTAGTGAGGAGECTTT

Primers used to insert the T7 phi2.5 promoter pFBN, pFN, pBN and pN, required fecapped
RNAs:

T7Pphi2.8 F (i S NJ AAATACGXCTEATTAGGGAAGTAGTGAGGAGGCHTT

bl y2[ dzO WTTAR2AFSYCTEQICGAAGC
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Table2.19 Capped RNA synthesis reaction assembly.

Nucleasefree water Xul

NTP Buffer Mix (20 mM each NTP) 2 2 mM each NTP final

Cap Analog (40 mM) 4 ul 8mM final

Template DNA 0.5ug of the purified PCR product

T7 RNA Polymerase Mix 2ul

Total reaction volume 20 ul

The reaction was incubated for 2 hours3at°C.

After two hours, a DNase treatment was carried out to remove thé Bivnplate. 3Qul of
nucleasefree water were added to the reaction followed by 4 units of DNase | (RKéskg the

reaction was incubated for 15 more minutes3t°C.

2.104 In vitro RNA Poly(A) tailing

E.coliPoly(A) Polymerase (NEB) was used to introducdygAgotail in then vitrotranscribed
RNA.

The following components were mixed:

Table2.20 Poly(A) addition reaction master mix.

RNA 1-10 g in 15ul nuclease free water
10XE.coliPoly(A) Polymerase ReamtiBuffer |2 ul (1X)

ATP (10 mM) 2l

E.coliPoly(A) Polymerase 1ul

Total 20l

The reaction was incubated at 37 for 30 minutes.

The reaction was stopped by proceeding directly to¢heanup step.

2.10.5

LiCl precipitation of the RNA is an effective technique to remove the enzymes and most of the

unincorporated NTPs from the reaction.

Purification of synthesisd RNA by LiCl precipitatn
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25l of LiCl solution (7.5 M LiCl, 10 mM EDTA) were added to each reaction tube. Reactions were
incubated at-20°C for30 minutes and then centrifuged at 4°C for 15 minutes a®Q@ rpm to

pellet the RNA. Supernatant was removed and the pellet was rinsed withl5fiGce cold 70%

ethanol. The RNA was resuspended in 50 pl of 0.1 mM EDTA. The RNA concentration was
measural using the Nanbrop (see2.1.1.11on page58). The RNA was stored-20°C.

2.10.6 RNA agarose gel electrophoresis

Transcript length and integrity was evaluated on 0.8% agaroseOg@lg.of agarose wermixed
with 100 ml of X TBE buffer. Agarose was melted in the microwave. Gel casting tray was

assembled on a flat surface.

Agarose solution was cooled and 6 ul of Gel Red were added. Solution was mixed and poured into
the tray, and comb was placed. Ortbe gel had set, comb and gel casting gates were removed and

placed in a horizontal electrophoresis tank. The tank was filled WRBE buffer.

0.2-1 pg orin vitrosynthesisedRNAwere mixed with 2KRNA Loading Dye (NEBingle strand
RNA ladde(NEB)vas used a ladder. |2 of the ladder were mixed with fil of loading dyeRNA
was denatured by heating it at 70 for 10 minutes. The gel was run at 12for at least 45

minutes.
Gel was visualised using the image analysis system Syngene PXi or Osimgreiluminator.

1X TBE CompositioB9 mM Tris, 89 mM boric acid, 2 mM EDTA.

2.11 TnT®UICK COUPLED TRANSCRIPTION/TRANSLATION SYSTEMS

TnT® Quick Coupled Transcription/Translation Systems (Promega) was used to study IRES activity
in vitro. The T7 pFBN, pFpBN, pN and pGL4.13SV40 DNA templates were prepared as in section
2.10.1on page72. The it NB I OlA2ya 6SNBE OF NNASR 2dzi F2tft2¢6Ay3
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Table2.21TnT reaction master mix for the T7 DNA samples.

TnT® T7 Quick Master Mix 40pl
Methionine (1mM) 1yl
PCRyenerated DNA template 4ul
T7 TnT® PCR Enhancer 1ul
NucleaseFree Water 4ul
Final volume 50ul

The kit contains a Luciferasentrol plasmid, to verify that the transcription and translation work

correctly:

Table2.22 TnT reaction master mix for the luciferase control.

TnT® T7 Quick Master Mix 40pl
Methionine (1ImM) 1yl
Lucifemse Control DNA (Op5g/pl) 2ul
NucleaseFree Water 7 Wl
Final volume 50ul

Reactions were incubate at 30°C for 90 minutes.

Fluc and Nluc activities were measured doing a Nala® Dual uciferase® Reporter Assay. The
TnT reactions were diluted 1:108 PBS and the Fluc and Nluc activities were measured as

explained in sectio2.3on page62.

2.12 IN VITRORANSLATIORETIC LYSATEAIT

To study the translation rates of treynthesisedRNA, we usithe RETIC LYSATBEAKIT

(Invitrogem). This kit has been optingd to generate high level of proteins from both capped

and uncapped mMRNAs. The Rabbit Reticulocyte Lysate (RRL) is prepared from reticulocytes
isolated from rabbits treated with acetylphglmydrazine, the isolation processsults in asystem

that can translate mRNA in a very active way. The endogenous mRNA present in the reticulocytes

is degraded with micrococcal nuclease.

In vitrotranscribed uncapped RNA was prepared as explained iloeex0.2page73, capped

RNA as explained in secti@ril0.3on page74 and a poly(A) tail was added when required as
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explained in sectio.10.40n page7s. In vitrogenerated RNAs were purified by LiCl precipitation
as explained in sectiah 10.50n page75 before programming the RRL. Tiadlowing amounts of

the indicated reagents were added per RRL reaction:

Table2.23 RRL reaction mix.

Just RNA RNA & oligonucleotide
20X Translation Mig met 0.136ul 0.136pl
20X Translation Mig leu 0.136ul 0.136ul
Retic Lysate 3.7u 3.7u
RNA template (500 ngl) 1ul gV
Oligonucleotide (1(uM) - 0.53ul
Final volume 5.45ul

Reactions were incubated at 30°C for 90 minutespyP@ RNase A (1 mg/ml) were added to the
reaction and this wagcubated for 10 minutes at 30°C. Samples were placed on ice for 5 minutes

to stop the reaction.

Fluc and Nluc activities were measured doing a Nala® Dual uciferase® Reporter Assay. The
RRL reactions were diluted 1:50 in PBS and the Fluc and Nhitexctvere measured as

explained in sectio2.3on page62.

2.13 RNA TRANSFECTION IN HEK293 CELLS

On day 1, 3000 HEK293 cells were seeded in a 96 well plate. The following day transfections were
done. 1% ng of RNA were transfected per well using Lipofectamine 2000 (Thermo Fisher
Scientific). 150 ng of RNA were mixed withul©f serum free DMEM in a tube. In another tube

0.3yl of Lipofectamine 2000 were mixed with {ilDof serum free DMEMthis was doe as a

master mix for all the reactions requiredjhe contents in both tubes were mixed, incubated for 5

minutes at room temperature and added to the cells.

Translation levels of the RNA were measured 6 and 24 hours after transfection by a luciferase

assay as explained in sectiéh3on page62.
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2.14 RNA AND OLIGONUCLEOTIRENSFECIN IN CELLS

For this experimenin vitrotranscribed FBN RNA was us&dth an niG-cap and a poly(A), the

RNA wasynthessedas explained in sectich 10 On day 15000 CAR1 cells were plated out in

a 96 well plate. The following déransfecions were done. In each 96 well plate 150 ng of FBN
RNA were transfected with final concentration ot uM of oligonucleotide (0.15fl of a 10uM
oligonucleotide)Before the trasfection, the RNA and oligonucleotide were mixed and incubated
at 37°Cfor 10 minutes. The RNA and oligeleotidemixture were mixed with 1@l of serum free
DMEM. In a differentube, 10pul of serum free DMEM were mixed with 0.3 pl of Lipofectamine
2000 (Thermo Fisher Scientific). Both tubes were mixed, incubated at room temperature for 5

minutes and added to the cells.

2.15 SOFTWARHESE

For the analysis of the sequencing results #me genetic engineering experiments, the software

Serial Clonegversion 2.6.1and pDraw3Zversion 1.1.141yvere used.

A LA o u

For the analysis of the luciferase assays GloMaxizf G Ab 5SGSOGA2Yy {@alGSY

Softwarewas used.

The western blot analysigere carried out using Licémage Studio (version 5.8pftware.
The analysis of the agarose gels was done using$eseftware.

The analysis of the gPCR results was done using the software Ec@v@nsibyn 5.0)

The statistical analysis was donengs(Grapiad Prism 8
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3.1 INTRODUCTION

The first aim of theorojectwas to verify the presence of an IRE8AG1 Coldwellet al***
showed in 2001 the existence of an IRES irBAG&IMRNA, thaencourageshe translation of
the p36 isoform. However, since then, the existence of cellular IRESs has been questioned
multiple times and ew assays have been developed to show their existemaee definitively In

this chapter we have usatiesedifferent experiments to verify the presence of an IREHSAG1

One of the main reasons whige existence of cellular IRESs has been questiasdue to the

difficulty in generatinga method to determinghe unequivocabresence of an IRESan

eukaryotic mRNA. The first step when it comes to determine if certain mRNA has an IRES is the
atdzRe 2F GKS pQ | ¢wY f <adonrhoyl iR mRNIASWKtH IRESA G NHzO ( d.
elements. TheplA Y G SNY I £ AY A GA L ( tapyediatddyhlaBidiSHoRIEwei T N2 Y

assessed.

The most common technique to study IREDendent translation igiaa dual luciferase reporter
assay system. Many studies relatedthe IRES activity have been published using a bicistronic
vector containing Firefly luciferase (Fluc) &ehilla(Renilla reniformisr sea pansytommonly
referred to aspRF from the Willis laborator§?°>144.257 A bicistronic vector has both reporter

genes transcribed on the same RNA, with at least one stop codon at the eral foktitistron,

which will be translated by the usual cdppendent mechanism. The suspected IRES sequence is
inserted between the cistrong-{gure3.1). If the downstream cistron has increased expression
relative to the ugtream cistron, it is assumed that an IRES is present, although further
experiments are necessary to definitively prove this. The explanation to this is based in the fact
that when in the same mRNA there are two GRIke efficiency of the eukaryotic riboses to
reinitiate translation of the downstream ORF is smaller unless an IRES is present between the two
ORE™. We will also use a bicistronic luciferase assay afirgtestep to determine the presence

of an IRES iBAG1
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Ao = -
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Figure3.1 The bicistronic assay system. /) the bicistronic vector system, the first cistron will be
translated. Due to the presence of astopgod | & GKS SyR 2F (KS FTANRG OA&d!
second cistron will only be translated by a small number of ribosomes by read through
reinitiation. B) In the presence of an IRES between both cistrons, an increase in the second
OAaldNRY Qa Shohstidarzy OFy o
More recently, the reporter gene Nanoluc (Nluc) has been developed from the stpigphorus
gracilirostrisNanoluc® Luciferase is a small enzyme (19 kDa), and in the presence of the substrate
furimazine, light is produced. This bioluminesteapability of Nluc is very useful for dual
reporter assays, as it provides clear and quantitative signal, and a low level of background signal.
The halflife of the luminescence signal of Nluc is greater ttvam hours and the activity of Nluc is
150fold greater than that of eitheRenillaor Fluc luciferase€®. Therefore we wished to

determine if Nluc could be employed in assayingsIR&ivity.

Furthermore, the luciferases used in pRF correspond to the respective wild type cDNAs from
Renilla reniformisind Photinus pyralisbut since then, Promega has codoptimised these for
mammalian expression and also to remove potential cryptiznoters, creating hRluc and luc2

for Renillaand Fluc respectively. The vector used for the generation of the rest of the vectors was
pGL4.13 [luc2/SV40] (Promega), ségure3.2. This vector was designed have a high

expression and was optisgd for mammalian expression. It encoded the luciferase reporter gene
luc2 Photinus pyraljsand contained the SV40 early enhancer/promoter. The qualities of the

vector made it ideal to be used as an expressionmbr a cereporter vector®®.
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e Synthetic poly(A)
signalftranscriptional
pause site (for

Amp' :
L background reduction)

ori

pGL4.13[/uc2/SV40]

Vector
(4641bp)
2425 |Sall
2419 [BamHlI
SV40 late svrao early
poly(A) signal kaos enhancer/promoter

4724MA

Figure3.2 Representation of the pGL4.13SV40 vector

pGL4.13 [luc2/SV40] was modified to generate all the constructs needed for the purposes of the

project.

When working with bicistronic assays ditfat problems could be found that would produce
misleading results. If silert or inactivepromoter sequence (a cryptic promoter) was inserted
between both cistrons or a potential spdisite was present between both cistrons, the reporter
activity of thesecond cistron would be activated. In this case, instead of measuring the activity of
a bicistronic plasmid, the activity of two independent monocistronic mMRNAs would be measured
(as illustrated irFigurel.10 on page26). That is why a positive bicistronic assay is not evidence
enough to argue thaa certain mMRNA has an IRES. To check for the presence of cryptic promoters
promoterless plasmids should be constructed and tested in cellsoAgstrairpin could also be

used to inhibit or at least strongly reduce ea@diated translationin vitrosynthesised RNA

could also be transfected in cells and study its effect.
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2425
2419 (BamHl

V40 late
poly(A) signal

1. The MCS from pGL4.135V40
was removed by digesting it
with Nhel and Bgll. This was
done to facilitate future
cloning.

2. The MCS of interest was
inserted on the Xbal site of
pGL4.135V40.

3. Nluc from pNL1.1 was
extracted and inserted in
pGL4.135V40 between the Bsal
and Xbal sites to form pFN.

4.BAG1 5’ UTR was cloned
from pRBF between the EcoRl
and Bsal sites in pFN to form
pFBN.

pGLA.13[/uc2/SV40]
Vector

V40 early
enhancer/promoter

el - QG G _C
Xhol TCGA_ G
EcoR Y GATATC
5 QEATC_T
= Bglll

s -craca = g
L Ry
B o s

PGL4.13[luc2/SV40]

4641 bp

Figure3.3 Diagram of the abning process to construct the bicistronic plasmidsach of the steps will be

MCS of interest

Bsal - 2211 - GGTCTCa'nann_
Xbal - 2217- TCTAG_A

EcoRI - 2193 - G'AATT_C
Bsal - 2211 - GGTCTCn'nnnn_

fully explained in the next sections.
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3.2 BICISTRONIC PLASMID CONSTRUCTION

3.21 Modifications of the pGL4.13SV40 vector:

As previously mentioned the plasmid pGL4.13S¥l(e3.2) was used to determine the

presence of an IRESBAG1 To this plasmid containing Fluc, Nluc andB#G1p Q ! ¢w y SSR
be inserted (this will be explained in detail) ($&gure3.3). The plasmid was originally designed

with the multiple cloning siteM|ICS upstreamof the Fluc open reading frame (ORRpwever, or

the purpose of our experiments, we had to eliminate that MCS and introduce a different MCS
downstreamof the Fluc ORF before cloning in the Nluc ORFBA@Ip Q | ¢ wd

3.21.1 Deletion of the MCS, making pGL4.13SV40 no MCS

The first modification done to the vector was the removal of the multiple cloning (MCS) site
flanked by Nhel and Bglll (NREhotEcoRW(glll) betweemositions 27 and 49-{gure3.4). The
removal of all those restriction sitdeom that areawas required to facilitate future cloning
experimentsdownstream the Fluc ORRat would require the presence of the restrictionest
present in that MCS.

Niel - 27 - G'CTAG_C
RV3 primer - 4590 Bgill - 45 - A'GATC_T

Xbal - 2156 - T'"CTAG_A

Figure3.4 Representation of the pGL4.13SV40 vectdhe Nhel and Bglll restriction sites are also
represented, showing the localization of the remowd@S RV3 primer was used for

sequencing. Xbal was used to check the minipreps for the correct removal of the MCS

The vector was digested with Nhel and BgllKlenow fill in reaction was doaadit was
religated. One of the minipreps was picked and sent for sequencing, RVprimeu3edfor the
sequencingcheck for primer sequence in secti@ry on page67). The sequencing results showed

that the deletion was successful.

The pGL4.13SV40 without that MCS will be called pGE¥4A@no MCS.
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3.2.1.2 Introduction of the desired MCS

We introduced a multiple cloning site of interest in pGL4.13SV40 no MCS straight after the Fluc
ORFThis multiple cloningite would be used tallow convenient introduction of selected
sequences in a futurewio oligonucleotides were designed to clotiem in the Xal restriction

site (after the Fluc ORBj pGL4.135V40 no MCS, to create a new gBre3.5).

pGL4.13 no MCS

4623 bp

3'Luc? seq F - [1995-2013]
Xbal - 2138 - T'CTAG_A
SV40 pA seq R (Revers) - [2160-2180]

Figure3.5 lllustration of the pGL4.13 no MCShe restriction site Xbal shows the place where the MCS
gl & Ay idNERRdzOS R d0-pA SdqrRIzDimeisSvgre usédyoRthe{seqnencing.
The oligonucleotides were designed to contain restriction sites for multiple restrictinynees

that would be useful for future cloning experiments as Ncol, EglhRI an&hol Table3.1).

Table3.1 Oligonucleotides used for the construction of the MCS of interest

F|p Q/ ¢ICDICGAGACRGATCE CTCGAD/ ¢! D/ ! D/ ¢D! / ¢! D¢D! ¢¢/ D! DD
Balll Xhol

RipQ /¢! DD/ ¢¢! ¢/ D! ¢!/ / D¢/ D!/ | ¢COTOGAGAA TAGATCDBGTCTCOATC® /
Xhol Bglll

The oligonucleotides were annealed followihg protocol in sectior2.1.1.4on page54 and

phosphorylated using PNK as explained in se@iari.5on pagebb.

pGL4.13 no MCS was digested with Xbal and treatedphitisphataseas explained in section
2.1.1.3on pageb4. The digested vector was cleaned as described in sectidhl1.1.14on page
59.

The Xl digestedpGL4.13 no MCS vector and the annegledsphorylated oligonucleotides
were ligatedovernight at 4Cas explained i2.1.1.60n pageb5.
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¢ KS aSljdzSyOAy 3 NBA&dz §e§ F andBVAQDA se@icsk fIpdIndTS NB 0 Q
sequence in sectiol.7 on page67)) suggested that the construct generated had the insert in the

correct orientation, and so this was renamed as pGL4.138@S.

3.2.2 Construction of pFN

At this point the plasmid pGL4.$¥40was ready to create the bicistronic plasmid pFN containing
both Fluc and Nluc reporter genes. The next step was to clone the Nluc ORF in the pGL4.13SV40
MCS vector, from the vector pNL1.14b] (Promega)Rigure3.6, B).

Synthetic poly(A) signal/

B transcriptional pause site
Amp’ (for background reduction)
Bgll/sfil | 9
Acc65l |15
Kpnl 19
EcolCRI | 24
pNL1.1[Nluc] Sacl 26
Vector Nhel 28
3,110b Bmtl 32
¢ P) Xhol 34
EcoRV |42
Bglll 47
Bgll/sfil| 60
ori Niue  \Hindlll | 66

3'Luc2 seq F - 1995

Bsal - 2211 - GGTCTCn'nnnn_ 888 [BamHll /sS40 late
Xbal - 2217 - T'CTAG_A poly(A) signal
Sv40 pA seq R (Revers) - 2239

C
Bsal NcolIl Bsal + Ncol
5’ ...GGTCTCN.....3’ 57 “ATC 57 ..GGTCTCNCATGG..3'
37 ..CCAGAGNNNNN..5’ 37 3’ ..CCAGAGNNNNNC...5"

Figure3.6 A) lllustration of the pGL4.13V40MCS The restriction sites Bsal and Xbal were marked to
show where the Nluc was inserted. Thectggs used to send pFN sequencing were also
marked.B) lllustration of pNL1.1Nluc was excised from the vector pNL1.1 and introduced in
pGL4.13V4OMCSC) Restriction map of &l and Ncal and the consensus sequence after
the ligation.

pGL4.13SV40 MCS wdigested with Bsal and Xbal. The restriction enzyme Bsal is a type IS

restriction enzyme, which digests the DNA outside its recognition paatgure3.6, Q. This

would open the vector and allow the further ligan of the Nluc insert. The Nluc vector was
digested with Ncol and Xbal, this would separate the Nluc sequence from the rest of the vector.

The sticky ends created by the digests were compafg#eFigure3.6, Q and ® following

ligation and transformation, the miniprepped DNA was digested with Xbal and Bsal

Quccessful subclongwas found for all the miniprepsy agarose gel electrophoresis and thereby

one of the minipreps was sent for sequencig A Y 3 i K Sucd ShiFaRki 40 pAseq R
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(seeprimer sequences in sectiol.7 page67), and the results showed the successful insertion of

the Nluc in the vector.

Therefore the pGL4.13SV40 MCS vector with thee Was called pFN, meaning that our novel

bicistronic vector had been constructed, with the Fluc and Nluc reporter genes on it.

3.23 pFBN: insertionoBAGIlp Q | ¢w Ay LIChb

The next step was to introduce a region of cDNA encodin®f®Ilp Q ! ¢w 06SD®sSSy (KS (5

promoter genes in the pFN vector, and this was obtained from the vector'ff/RBF

Neol - 41 - C'CATG_G
Neol - 337 - C'CATG_G
Neol - 479 - C'CATG_G

EcoRI - 1502 - G'AATT_C

6852 bp

Neol - 1874 - C'CATG_G

3'Luc2 seq F - [1995-2013]
EcoRI-2193 - G'AATT_C
Bsal - 2211 - GGTCTCn'nnnn_
Neol - 2211 - C'CATG_G

Figure3.7 A) lllustration of the pRBF vectopRBF was digested with EcoRI and Ncol to extradB&k@1p Q
UTRB) lllustration of pFNThe restriction sites EcoRI and Bsal were marked to show where
the BAGIp Q $eguence was inserted. The Ncestriction sites were also marked as they
were used to check the minipreps.
pRBF was digested with Ncol and EcoRl to separate t@AGIp Q ! ¢w &S1jdzSyO0S FTNRBY (KS
of the vector. pFN was digested with Bsal and EcoRI to open the vector between theptvter
genes and to allow the insertion of tBAGIp Q | ¢ Rigre3{7.S S

The sticky ends created by the digests were compatible and so following ligation and
transformation, the miniprepped DNasdigested with EcoRiInd Ncol to check for the
successful introduction of thBAGIp Q ! ¢w Ay GKS LICb @SO02NW

Restriction digests of plasmids extracted obsertret theBAGIp Q | ¢w gl & adz0O0S&aaFdA t @&
in all the minipreps testeddne of the minipreps was sent for sequémg,usingl KS LINA YSNJ o0 Q[ dzOH
aSlf Co ¢KS aSljdzSyOAy3 NBEAGIRNA s D&eEFMNIF@IRedinK I G G KS p.

the pFN vectarSequencing results can be seeppendix CThe new vector was named pFBN.
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At this pint the main vector was made, with ti2AGIp Q ¢outaining thelRES cloned
between the two reporter genes Fluc and Nluc, with the p36 AUG initiation codon positioned as

the AUG initiation codon of the Nluc ORF.

3.3 BICISTRONIC VECTOR TRANSFEOJCIRERASASSAY

The constructed bicistronic plasmids (pFN and pFBN) were transfected in cells to study their
activity. In these experiments HelLa cells were transfected with the different vectors using
GeneJuice (Gdr explained in sectich2.30n page60. A luciferase assay was carried out 48
hours post transfectionwhere the Fluc activity was measured first, followed by the activity of
Nluc (see sectioA.3on page62 for more detail) The transfections were done in triplicate.

Luminescence was measured in Relative Light Units (RLUS).

In this bicistronic assay, the upstream cistron (Fluc) in pFBN indicatetepapdent translation

and the downstreantistron (Nluc) measured the IRES activity Gigere3.8).

| Fluc BAGLIRES | Nluc — AAAA

+++ +++
- -

Figure3.8 FBN translation representationf-luc was translatedia capmediated translation (segrey40S
ribosomal subunit), whereas Nluc was translatea|RESnediated translation (see red 40S

ribosomal subunit).

331 The presence of th8AGIlp Q ' ¢w RSONBI&aSa GKS cCcftdz®O SE

Nluc expression

In white 96 well plate® 000 HelLa cells per well weeseeded and the following day 20 ng of
plasmid were transfected. Luciferase assays were caougd8 hours after the transfectiompFN
and pFBN were transfected in HelLa cells under the same conditioinge different occasions
(each of them in tripliate), the results irFigure3.9 Ashow the averageaw RLUWalues of the five
independentexperiments At this point the results were not normalised to account for
transfection efficiency or transcription levefSellswere seeded in white 96 well plates, which

made impossible to monitor the cell§heobjective of the experiment was to measure how the
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presence of thdBAGIp Q ! ¢wX HKAOK A& &dzllJll2asSR G2 O2yGlAy +y L

expression of both Fluc anduxl

When comparing the Fluc activity @ells transfected witlpFN and pFBN it could be observed that

the presence of th®AGIp Q sighificantlydecreased the Fluc activigver four timeg(Figure

3.9, A). This couldédue to the complicated structure sequence of B&8Glp Q ! ¢w YIF { Ay 3 A
difficult for the ribosome to bind the mRNA. It is known that adding a structure between the

cistrons can disrupt the expression of the upstream one, and this had been observed in the

equivalent pRF vectors when eithlBAGIorAPAEPp Q | ¢ wa 6SNB AyRedINI SR 0SG6SSy
and Fluc cistrorié*173 In the case of the Nluc activitFigure3.9, A), the presence of thBAGIp Q
UTRslightlyincreased the activity of Nlun a 70% This must be related to the presence of the

BAGIpQ !¢w FyR GKS Lw9{ GKI (G Khekffect StBe\BAGING!OSWR (2 0S5 f

was bigger in the Fluc activity than in the Nluc activity.

On a second data analysis, Nluc to Fluc ratios were calcukigpat€3.9, B).The average of the
Nluc to Fluc ratio obtained in all the experimienvas calculated for both pFN and pFBN and the

results were compared.

The presence of thBAGIp Q sighificantlyincreased the Nluc to Fluc ratio more than seven

times, as can be seenkigure3.9, B. These resultsiggest that thehigherNIuc emission

200GFAYSR Ay LIC.b ¢Fa RdzS (2 az2vYSiaatheA LINBaSyid Ay G
possibility could be that after termination, some ribosomes could reinitiate downstream if there is

plenty of ternary complex andn®ugh sequence between the cistrons; in this case, the presence

oftheBAGIp Q ! ¢w ¢2dzf R LINR @A RS liltcantot b Brodtiatter SEG NI &S|
increase in the Nlut Fluc ratio in pFBN is also due to both the increase of the Nluc expression

and the decrease of the Fluc expression, as shoviaigiure3.9, A.In fact, the decrease in the Fluc

activity was stronger than the increase in the Nluc activity.
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A Fluc and Nluc of Hela cells transfected with pFN B Nluc/Fluc of Hela cells transfected with pFN and
and pFBN (n=5) pFBN (n=5)

5.0E+45 * % 25
4545 — * & *
4.0E+5 2
3.5E+5
3.0E+5 ns 515

2 2565 5

o« 3
2.0E+5 Z 1
15E+5 )
1.0E+5 [ ’7—‘ 05
5.0E+H | T
0.0E+0 ’__| |——| 0

PFN pFBN pFN pFBN

O Fluc ONluc

Figure3.9 Luciferase assay results of HeLa cells transfected with pFN and p&BBbmparison of the Fluc
and Nluc activity in HeLa cells transfected with pFN and pFBNsfections were done five
times, each transfection was done in triplicatg.N\Beasuremenbf the Nlucto Fluc ratio in
Hela cells transfected with pFN and with pFBRBN showed a higher Nluc to Fluc ratio than
pFN. Error bars show the standard deviatiStatistical analysis done with an unpairetkst
(two-tailed). (P<0.05)

When pFN is tnasfected, only translation of Fluc should be observed. This is due to the presence

of three stop codons at the end of the FIDRFE Everso, there areafew situations where Nluc

could be translated at low levels. One possibility is that ribosomes dicenwinate translation at

the stop codon after the Fluc and, as the Fluc and Nluc are in frame, kept translating the Nluc

sequenceviaribosomalreadthrough. Ribosomateadthroughtakes place whethe ribosomes

do not recognize the stop codons and tranglatcontinueslt is known that not all stop codons

have the same efficiency to end the process of transldtfand that different factors such as the

expression levels of the gerféscould affect thereadthroughability. Anotherpossibility could be

the presence of cryptic promoters upstream of the Nluc sequehi@so needs to be kept in

mind that raw RLU values can vary hugely depending on the freskamestemperature of

reagents and the ambient light levels (observations by members of the laboratory). It also needs

to be acknowledged that there is always an RLU signal in untransfected cells (significantly smaller

than the one found in transfected cg)| which suggests sonmherentinstability of the

furimazine substrate. Moreover, it cannot be forgotten thiaé furimazine substrate was

specifically developed to Harighter thanluciferin substrates of Fluc

The fact that pFN showed Nluc sign&g(re3.9) suggested the presence of a cryptic promoter

in the Fluc sequencajthough as many of these as possible had supposedly been engineered out
during the development of the pGL4 vect®fsin the case of pFN, the reads for Fluc were over
four times higher than the reads for Nluc. This suggestetlttieacryptic promoter enabling the

expression of Nluc was weak.
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To check if the Nluc signal in pFN was due to the presence of a cryptic promoter, pFN no SV40 was
constructed, as well as pFBN no SV40. The removal of the SV40 promoter should inhibit the
expression of both Fluc and Nluc. After the removal of the SV40 promoter, transcription of the

RNA cannot start, making it impossible to translate the protein. Only in the presence of cryptic

promoters Nluc would be expressed.

3.4 PROMOTERLESS AND MONOCISTREBRIORS

341 Removal of the SV40 promoter from pFN and pFBN

It is known that when cells are transfected with a bicistronic vector, aberrant RNA cleavage or
RNA splicing can occur. There is also the possibility of the appearance of cryptic promoters. This
couldlead to the formation of monocistronic transcripts that could be translated independently

to the IRES! (seeFigurel.10 on page26).

In order to ensure that the increased expression of the downstream cistron (Nluc) is due to the
activity of tre IRES and not due to the presence of cryptic promoters upstream of the Nluc
sequence, the SV40 promoter was removed from pFN and pFBN. The removal of the SV40
promoter, in the absence of cryptic promoters, would decreasa toinimum theluminescence

emitted by both Fluc and Nluc.

pFN and pFBN were digested with Sacl and HindllIKggee3.10). The digestedectorswere
run in an agarose gel, the band corresponding to the vectors without the SV40 promoter (over
5000 bp)was excised from the gel and DNA was extracted. A Klenow fill in reaction was carried

out. pFN without the SV40 and pFBN without the SV40 were religated.

Sacl - 25 - G_AGCT'C Sacl - 25 - G_AGCT'C

Ncol - 41 - C'CATG_G RV3 - [5525-5544] Ncol - 41 - C'CATG_G

Ncol - 337 - C'CATG_G Neol - 337 - C'CATG_G
HindIII - 446 - A'AGCT_T HindIII - 446 - .-\'.-_\G('T_T
Ncol - 479 - C'CATG_G B Necol - 479 - C'CATG_G

pFBN
5576 bp

Ncol - 2211 - C'CATG_G
Neol - 2564 - C'CATG_G

Figure3.10 lllustration of pFN (A) and pFBN (Bhe vectors were digested with Sacl and Hindlll to remove

the SV40 promoter. Ncol was used to check the subsequent minipreps.
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The minipreps were checked for the correct removal of the SV40 promoter by digesting them with
Ncol. There were two Ncol restricticites in the SV40 promoter and another in the vector. The

cloning worked in all the checked minipreps.

One miniprep for pFBN no SV40 and another one for pFN no SV40 wefersaguencing. RV3
primer was used for sequencirfgeeprimer sequencen sedion 2.7 on page67). The sequencing

results confirmed the removal of the SV40 promoter.

3.4.2 Construction of pN, pBN, pN no SV40 and pBN no SV40

Sacl -25-G_AGCT'C

Neol - 41 - C'CATG_G

Neol - 337 - C'CATG_G
Necol - 479 - C'CATG_G

Ncol - 41 - C'CATG_G

Neol - 337 - C'CATG_G
HindIII - 446 - A'AGCT_T B
Neol - 479 - C'CATG_G

Niel - 2181 - G'CTAG_C Nhel - 2181 - G'CTAG_C

Neol - 2564 - C'CATG_G Ncol - 2564 - C'CATG_G

Ncol -41 - C'CATG_G Sacl -25- G_AGCT'C

Necol - 337 - C'CATG_G Necol - 41 - C'CATG_G
HindIlI - 446 - A'AGCT_T D Neol - 337 - C'CATG_G
Neol - 479 - C'CATG_G Necol - 479 - C'CATG_G

Nhel - 2181 - G'CTAG_C Nhel - 2181 - G'CTAG_C
Neol - 2211 - C'CATG_G Neol - 2211 - C'CATG_G

Figure3.11pFBN and pFN with the restriction sites used to make pFBN no SV40, pFN no SV40, pBN and
pN marked.

As well as doing the experiments with bicistronic vectors, monocistronic vectors based on the

bicistronic vectors were made. This approach would soleeptioblems related to the bicistronic

vectors mentioned before, as the presence of cryptic promoters and ribosome reinitiation.
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Besides, the expression of monocistronic vectors is more effective than the expression of the

bicistronic vectors.

The originapGL4.13SV40 with the Fluc reporter gene integrated would be used as a co
transfection control, and our intent was to create monocistronic vectors containing the Nluc
reporter. Therefore, the Fluc sequence was removed from all the vectors constructedoBN,

pFN no SV40 and pFBN no SV40): pFBN and pFN were digested with Hindlll and Nhel to get pBN
and pN, whereas pFBN and pFN were digested with Sacl and Nhel to get pBN no SV40 and pN no
SV40Figure3.11). A fill in readbn was done in both vectors. The digested samples were run in

an agarose gel, and the bands corresponding to pBN, pN, pBN no SV40 and pN no SV40 were
excised from the gel. DNA was extracted from theagel \vectors were religated. Minipreps

showed the expcted band pattern after digestion with Ncol.

3.4.3 No SV40 promoter plasmid analysis in cells

In clear 96 well plates, @00 HelLa cells were seeded per well, the following day 20 ng of plasmid
were transfected per wellThe new constructs were transfected inltdecells, and 4Boursafter
transfection a luciferase assay was done. The experiment was done three individuahtimes

triplicate.

In the case otells transfected withhe bicistronic constructs, both Fluc and Nluc activities were
undetectable in the ppmoterless constructs when compared to their SV40 analodtigsire

3.12, A).Cells transfected witpFN no SV40 and pFBN no SV40 did not give any Fluc signal, as
expected but both of them gave some Nluc sighédre3.12, A and B)Cells transfected with
pFBN no SV40 showatimost double theNluc expression thacells transfected witlpFN no SV40
(Figure3.12, B). This could be explained with diffat hypothesis. One of them would be the
presence of more than one cryptic promoters, one of them being withiBAG&Ip Q | ¢ w
sequence. This promoter would be absent in pFN no SV40. The other hypothesis widt be
there isa cryptic promoter locatedpstreamofthe BAGIp Q | ¢w aS1jdzSy OS> ¢KAOK ¢ 2 dzf
amonocistronionRNA including thBAGIp Q | ¢ w forg, Rny striicBiéBresent in that
UTR (an IRES, for example) could alter the Nluc expressieltsitransfected witipFBN no SV40.

The fat that the Nluc expression aklls transfected witipFN no SV40 and pFBN no SV40 were
over ten times smallecompared to theNluc expression afells transfected witlpFN and pFBN

(Figure3.12, C and D) suggested thduet cryptic promoters present were weak.

The fact that in the absence of tlBAGIp Q | €als transfgtted witipFN and in pFN no SV40)

there was also a signal for Nluc suggested the presence of a promoter in the Fluc sequence and
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not in theBAGIlsequerte. To check if the promoter could be present in the Fluc sequence, pN no

SV40 and pBN no SV40 were constructed.

In the case of the monocistronic constructs, the Nluc activity ot#iks transfected with

promoterless constructs was undetectable when camga tocells transfected withheir SV40
analoguesKigure3.13, A). Incells transfected witlpN no SV40 and pBN no SV40, no Fluc signal

was detected, as expected, but Nluc signal was detected in both dagess3.13, B). The Nluc

signal emitted bycells transfected witlpBN no SV4@iasover seven timestrongerthan the one

emitted bycells transfected witlpN no SV40. These results suggested the presence of a cryptic
promoter within theBAGIp Q ! ¢ w & Slj dzS yodlS sansteéteti witipBNXDrio SV |-
showed ahigherNluc expression could indicate that the cryptic promoter is located upstream the
BAGIpQ ! ¢w &SIdsSyO0Sed LF GKS ONRBLIIAO LINKRRPWOHAG S NJ |
be transcribed and any structure present there (an IRES for example) could modify the expression

of the Nluc.

When compared the Nluactivity of cells transfected witlpN no SV40 and pBN no SV4@étis
transfected withpBN Figure3.13, C and D), the Nluc signal of thells transfected with the
promoterless plasmids was undetectable. This suggested that the putative cryptic promoters

were weak.
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A Fluc and Nluc expression in Hela cells B Fluc and Nluc expression in Hela cells PFN Flue i Ll |
transfected with pFN, pFBN, pFN no SV40 and transfected with pFN no Sv40 vs pFBN no SV40
PFBN no SV40 (n=3) (n=3) PFBN - Flue [oaam e ]
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c Nluc expression in Hela cells transfected with D Nluc expressionin Hela cells transfected with
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Figure3.12 Luciferase assay results of HeLa cells transfected with pFN, pFBN, pFN no SV40 and pFBN A) Bd@nd Nluc expression in Hela cells transfected with pFN, pFBN,
pFN no SV40 and pFBN no S\B)(Fluc and Nluc expression in HelLa cells transfected withne SV40 vs pFBN no SV40. C) Nluc expression in HelLa cells transfected pFN v
pFN no SV4M) Nluc expression pFBN vs pFBN no S#46x. bars represent standard dation values
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A Nluc expression in Hela cells transfected with B Nluc expression in Hela cells transfected with pN ] NLuc }—
pN, pBN, pN no SV40 and pBN no SvV40 (n=3) pN no SV40 and pBN no SV40 (n=3)
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Figure3.13 A) Nluc expession in HeLa cells transfected with pN, pBN, pN no SV40 and pBN no BM4llic expression pN no SV40 and pBN no SZ¥Rluc expression in HelLa cells

transfected with pN and pN no SV4D) Nluc expression in HelLa cells transfected with pBN and pBSWO Error bars represent standard deviation values
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3.5 COMPARISON OF FANDNIuc ACTIVITY

At this point we had pGL4.13SVéXpressind-luc and pN (which came from the removal el Fluc in
pGL4.13SV40 and the introduction of Nluc in its place), which allowédo study the activity of

both Fluc and Nludn 96 well plates 2000 HEK293 cells were seeded and the followirRpday

of each plasmid were transfecteBluc and Nluc activities were measured 2 days after

transfection. Transfections were done onoetiiplicate.

As it can be seen Figure3.14, in the case of pGL4.13S\M4dénsfection only the activity of Fluc

O2dzZ R 6S YSI&adaNBR FYyR Ay (GKS OFaS 2 FGloRDuae yt & bt dz0Q
Lucferase® Reporter Assay Systierapecific for the reporter genes of interest and that there is

no crosscontamination between them. The results also show that Nluc is around 37 fold brighter

than Flug these results are in the limits to the ones alreadyplshed>8253

Fluc and Nluc activity of pGL4.13SV40 and pN in
HEK?293 cells (n=1)

4.5 E+8
4.0 E+8

3.5E+8 -[
3.0 E+8 l
2.5E+8
2.0 E+8
1.5E+8
1.0 E+8
5.0 E+7
0.0 E+0

RLU

pGL4.13SV40 pN

O Fluc @Nluc

Figure3.14 Fluc and Nic activity of HEK293 cells transfected with 20 ng of pGL4.13SV40 and pN

for 2 days.The experiment was done once in triplicate (n=1). Error bars indic&fe.

3.6 INTRODUCTION OF A HAIRPIN

LG Aa 1y2eéy GKFG aSO2yRINE aithetwinglzN®Bod LINBASYyd Ay G
scanning of the preinitiation complex. The activity of stem loops to do so depends on their

thermodynamic stability and positiéH. Hairpins are particularly efficieat inhibiting translation

6KSY (KS& |+ NB L2 aWGca@lofdng theyibddams entheLiatight 4215p Q

showed that when a hairpin of moderate strengtB( kcal/mol) was located at position +12

NBf I A D&p, the asdriktidn wittthe PIC was inhibited, but this did not happen when the
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same hairpin was located in position +52. When a stronger hairpildfcal/mol was located at
position +72, the PIC stopped scanning at that same point. A model has$tablished
NBIIFINRAY3I GKS AYKAOAG2NER FOGAGAGE (KIFIG aSozy
2F I KFANLIAY yYSINIGKS pQ OFLI Oy AYyKAOAG GKS
GKS pQ OFL) aK2dzZ R y2i lemRNAOThe sidaiirfing codid/bR dtoppkd i2 T

the thermodynamic stability of the secondary structure is too stfo#g

3.6.1 Constuction of phpBN and phpN

In the pBN and pN vectors, a palindromic sequence that formed a hairpin was cloned just before
0KS pQ ! ¢w BAGarbNIUO @speciivelyitdki@m phpBN and phiseieFigure3.16

for the hairpin structure) The objective of the hairpin was to compromise -cagdiated

translation by blocking the scanning process of the ribosomes before they reached the IRES (see
Figure3.15). We chose a very stable hairpjn D50 kcal/mol), as it had already been shown to

be a good system to completely block ribosome scarifing

The hairpin we introduced on pBN and pN waB--78 kcal/mol. The hairpin structure was very
similar to the one used by Stoneleyal 2°to study the presence of themycIRES using a
luciferase assay based on the pRF vector, where-thgcIRES was cloned between the two

reporter genes.

Thepresence of a hairpin would inhibit the calependent translation of the downstream cistron,
in this case Nluc. If any Nluc expression was detected in the phpBN vector, this would have
200dzNNBR YIAyfteé RdzS (2 SBAGIdSheprésentddiaa IBESIThd y

hairpin introduction is a reliable way to study IRE&diated translation.

A - B -
, BAG1 é BAG1
pBN @— — | I phpBN @—¢ —— ] I
5'UTR NanolLuc 5'UTR NanolLuc

Figure3.15pBN and phpBN translation representatiolVhen ribosomes bind to the Q , théy Istart
scannng the mRNA looking for the first start codon. In pBN, the ribosomes woaltlse
Ywb! dzyGAf GKS& F2dzyR GKS &G NI O2R2ya 20l
representative of the efficiency of theapmediated and IRE®ediated translation RES
mediated translation is usually less efficient than -tapdiated translation). If a stem loop is
introduced just before thdAGIp Q | ¢w |a Ay LIKLL bX NAO62az2YSa
the stem loop and cannot continue the scanning process. If 88 iRfresent in thBAGIp Q
UTR, the IRES could recruit the ribosomes and start translation from that point. Any Nluc

signal detected from phpBN would be due to the HRie8liated translation.
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Figure3.16 lllustration of the palindromic sequenced introduced in pBN to form a hairpin generating

phpBN.

Xhol and Bglll restriction enzyme sites were introduced in the haifpgufe3.16) to facilitate

future cloning experimentsThe hairpin was synthesised by Eurofins.

The oligonucleotides forming the hairpin were anneadsdexplained in sectioh1.1.4on pageb4

anddigested with Xhol, as it would then be cloned in Xi®ol site of pBN and pN .
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Neol - 45 - C'CATG_G

RV3 - [3857-3876] Neol - 45 - C'CATG_G RV3 - [3491-3510] Neol - 341 - C'CATG_G
Xhol - 459 - C'TCGA_G

Simal - 485 - CCC'GGG

Psil - 493 - C_TGCA'G
//,s ,,,,, I-497 - CCC'GGG
£ Xiol - 519 - C'TCGA_G

Ncol - 530 - C'CATG_G

Neol - 341 - C'CATG_G
/" Xhol - 459 - C'TCGA_G
/" Xhol -519 - C'TCGA_G

Psiel - 2419 - C_TGCA'G

Figure3.17 lllustration of the phpBN and phpN vector§hephpBN vector had a hairpin just before the
sequence of thd8AGIp Q | ¢ phgN véckoShad a hairpin just before thecgience of
Nluc. The hairpin localisation is limited by the Xhol restriction sites. Ncol was used to check
the minipreps for the presence of the hairpin in phpBN. Ncol, Pstl and Smal were used to
check the minipreps for the presence of the hairpin in phpN.
pBN and pN were digested with Xhmior to the insertion of this hairpifseeFigure3.17). Six
phpBN and two phpMolonieswere screened with Bglib check for the insertion of the hairpin.
Bglll had two cutting siteim phpBN in position 465 and 513. Bglll did not have any cutting site in
pBN.phpN minipreps were digested with Ncol, Smal and Pstl individually. Xhol, Smal and Pstl had
two restriction sites in phpN in positions 460 and 520, 486 and 498 and 494 and 2433
respectivelyNcol had three cutting sites in pN in positions 45, 341 and 484 and sl ir@que

cutting point in position 2373, Smal did not have any cutting point.

Ncol Ncol Smal Pstl

-
- ~

=z

a =z =z

[=% [=% [=%

£ £ <

o Q =3

pBN
pN
phpN 1
phpN 2
pN
phpN 1
phpN 2
pN

5000 bp
3000 bp
2000 bp

3000 bp 3000 bp

1500 bp|
1000 bp|

500 bp 500 bp)

300 bp 100b
p

Figure3.18 A) phpBN minipreps digestewith Bglll to check for the insertion of the hairpin in a 0.8%
agarose gel. B) phpBN1 and pBN digested with Ncol. C) phpBN minipreps digested with Ncol, Smal and
Pstl.

As seen irrigure3.18 A, only phpBN1 had a differepattern to the rest of the minipreps and the
control pBN. It did not show the expected pattern, though. phpBN 1 was digested with Ncol along
with pBN to double check if the hairpin was inserted and the digested vectors were run in an
agarose gelRigure3.18, B). After the digestion with Ncol, the band pattern expectedp®N was

three bands of 3057 bp, 495 bp and 296rbppectively Whereas in phpBN the expected pattern
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was three bands of 3057 bp, 555 bp and 296lbigure3.18 A and B it can be observed that

phpBN1 showed the pattern expected for the correct insertion of the hairpin.

In the case of phpN minipreps, phpN2 showed the expected band pategare3.18, C). Both
minipreps were digested alongside with pN with Ncol, Smal and Pstl. The expected band pattern
showing the successful insertion of the hairpin in the pN vector was the following: Ncol digestion
should show three bands of 30Bp, 29 bp and 210 hPstl should show two bands of 1946 bp

and 1616 bp and Smal should show two bands of 3550 bp and 12 Eiguhe3.18 C it can be
observed that phpN2 showed the expected pattern.

phpBN1 and phpN®ere sent for sequencing using RV3 and SV40pAseR2 p(seemimer

sequencesn section2.7 on page67). Both forward and reverse sequencing stopped just at the

beginning of the hairpin. phpBNvas sentfor sequencing again with thefi@rSV40 primer (see

primer sequences in sectich7onpages70 = ' yR (GKS aSljdzSyOAy3 aSNBAOS 41 a
wSI RéZ gKSNB aLISOA tohllovixBeysdijiienicing of iard ko NdguehceJLIE A S R

sequences such as hairpins. However, this upgrade also failed on showing the full sequence of the

hairpin. An experimental approach was taken to verify the presence of the harplmpBN and

phpN Sequencingasults can be seen #ppendix C

Nluc expression dfells transfected witiphpN and phpBN plasmids will be measuredtudy the
activity of theputative IRES present in tlBAGIp Q .JInduture experiments, cells will be
transfected with phpBN and pGL4.13SV40 and the oligonucleotides. phpN will be used as a

control.

3.6.2 Transfecting phpBN and phpN to measure IR&&diated translation

To reduce cajmediated translation initiation and measure the activity of the IRES, a hairgn wa

inserted in the vectors pBN and pN, forming phpBN and phpue3.17). In phpBN the hairpin

was located just before thBAGIp Q ! ¢w aSljdzSyO0S FyR Ay LKLb 2dzald dzLJal
The role of the hairpin was tohibit capmediated translation by blocking the scanning of the

ribosomes from the cap through the mRNA. Thereby, any Nluc signal obtained from phpBN would

0S RdzS (2 aidNXzO( dzZNIBAG] idbaly dlue yolhe preSenderofSan IREB e ¢ w 2 F

3.15). Any Nluc signal obtained from phpN would be indicative of the presence of cryptic

promoters or would be evidence of the weakness of the introduced hairpin.

pBN, phpBN, pN and phpN wereftansfected in HEK292lts along with pGL4.13SV40,
transfecting a total of 20 ng (10 ng of each plasmid) p@d@cells. Transfections were done one

day after seeding the cells and the luciferéseels were assaye2ldays after transfection. In each

102



Chapter 3

experiment the transfectins were done in triplicate. These results show the data obtained from a
single experimentAll the experiments done until this moment were done in HeLa cells, however
after this experiment HEK293 cells were used. It is known that both HEK293 and Helavedls
very similaBAG1RES activity, while HEK293 showed to have a ligtransfection efficiency.

As was previously mentioned, the sequencing of phpBN and phpN stopped at the point where the
hairpin was introduced, so the only way to check the presence of the haapantfrom the
restriction enzyme analys{seeFigure3.18), was by transfecting the vector in cells and studying

its expression.

The Fluc values shad the levels of cagmediated translation in cells as well as the transfection
efficiency of the plasmidseeFigure3.19). Most of the Fluc levels were similar, however, in the
case of pN, this was over three times smaller than in the rest of the cases. This could be due to
transfection issues, however we could not discard the fact thatqaNdchave an inhibitory effect

of pGL4.13SV4@s can be seen Figure3.19 B, the presence of the hairpin strongly decreased
the Nluc expression icells transfected witlboth phpBN(over 10 timesand phpN(over 5 tines)
However, to study more efficiently the IRES activity the Nluc to Fluc ratios were calctigee (
3.19, Q. Cells transfected witphpBN hadan Nluc to Fluc ratio 9 times smaller thaalls

transfected withpBN, ad cells transfected witlphpN 34 times smaller thatells transfected with
pN. Cells transfected witbhpBN showed a higher Nluc to Fluc ratio tlcalis transfected with

phpN, as well as a higher Nluc activity, this shows that there is somethingBA@®& Q | ¢w o |
IRES) increasing the Nluc activity.
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A

RLU

Nluc/Fluc

Figure3.19 Luciferase assay results of HEK293 cells transfected with pGL4.13SV40 and pBN, phpBN, pN ardysh@Y.and Nluc (B) activipd ©) Nlucto Fluc ratio in HEK293 cells
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cotransfected withpGL4.13SV40 and pBN, phpBN, pN and pEpfdr bars show SD.
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The efficiency of the hairpin plasmids was also analysed by western blot. HEK293 cells were
transfected with pN, phpN, pBN and phpBN and thpression was measured using an anti Nluc
antibody (Promega). The size of Nluc is of around 19 kDa, therefore p36 should show a band of
that size. p46 and p50 should show bands of around 20 kDa and 36 kDa respectively. As seen in
Figure3.20, the introduction of a hairpin in phpN reduced to undetectable levels the Nluc
expression. In the case célls transfected witlphpBN it could clearly be noticeable that there

was a decrease in the Nluc expression when the hairpinwgasted. The fact that inells

transfected withphpN no Nluc signal was detected, butgills transfected witiphpBN some was

could be explained by the presence of BAGIp Q ! ¢wd ¢ KS LIl2&aaAirof S LINB
UTR oBAGIcould have drivetthe translation of the weak signal of Nluc detected in phpBN.

HEK 293

>

< Q

Q < Q

§ § 8§ 3§

34 kDa a NanoLuc

26 kDa

15 kDa | g o O ax

43 kDa Actin
-‘-—‘—

Figure3.20 Nluc expression of HEK293 cells transfected with pN, phpN, pBN and phpiEN.

introduction of a hairpin reduced the Nluc expressinrboth cases.

3.7 PROGRAMMINGTT AND RRL

The activity of the IRES was also studieithéncell freein vitrotranscription and translation

systems asfT and Rabbit Reticulocyte Lysate (RRL).

For the AT assays, the TnT® Quick Coupled Transcription/Trans&tstems (Promega) was
used. In this system a coupled transcription/translation reaction is created for eukaryotfoeeell

protein expression, in our case from templates containing a T7 phage promoter
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To study the IRES activity in RRL, the ReticiyS L frvitoger)wids usedvhere mRNAs

had been synthesised separatefhe kit contains RRL that had been opgédifor efficient

translation by the addition of calf liver tRNA, hemin and an-fefl@nerating system. The

reticulocytes are isolateftom rabbits that have been treated with acetylphenylhydrazine to

increase immature red blood cells (reticulocytes). The endogenous mRNA from the reticulocytes is
degraded with micrococal nuclease, to ensure that exogenous RNA is the onlyinge be

transhted. In vitroRNAs were first generated and IRES activity was then studied by programming
the RRL.

Few people have studied the IRES activity in thesenwitro systems (T and RRL) and there is
some controversy in the use of them to study IRES agtiRihinovirus and enterovirus IRESs are
not efficient in RRL, unless HeLa cell proteins are added to the 5téhOn the other hand,

the IRES elements of cardiaydrand aphthovirus picornaviruses,asxcephalomyocarditis virus
(EMCV) and foeind-mouth disease virus (FMDWinction very efficiently in RRE. ShikTing
Kanget al.?%° showed inTrT the acivity of the IRES located in the vp31/cp39b coding region of
the genome of the white stop syndrome virus. Christina L. Taplf studied the IRES activity of
eightBovine viral diarrhea viruBYDV?2) field isolates in RRL and in different cell lavessaw a
variability in the expression levels in each of the systems, explained by the different secondary
structures the RNA could take in the systems. It has also been shown that the XIAP cellular IRES is
functional in RR¥°. Tereninet al.*® do not support the idea of usirig vitrosystems to study the
presence of an IRES, as they suggest that some IRESs have a weak activityértdretime

inexplicableproperty of the cell free system.

3.7.1 TnT experimental design

Primers were designed to introduce the T7 promoter in the constructs of interest (pFBN, pFN,

pBN, pN and pGL4.13SV40) to facilitate the transcription of a single strahdetyRhe T7 RNA

polymerase (seeection2.1.1.1on page52 for NanoLuc RAfterSV40 Rnd T7-afterSV40 primer
4S1jdzSy0Save Ly GKS LINATASGECICAGTRBAGS T ¢ LIAR ¥R i SERB B8RP O
Gs to increase transcription yields, as recommended by NEB. As a control, primers lacking that T7
promoter were also designed, to verify that the presence of the promoter was crucial for

translation to take place. Primers were designed to amplifynftbe end of the SV40 promoter to

the end of the NIUORF as shown ifrigure3.21.
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T7 aftrSV40 - [403-421]

NanoLuc R (Revers) - [3113-3133]

Figure3.21 Representation of the primers used to amplify the sequence containing FBAGIp Q | ¢ w
and Nluc in pFBN for the synthesis iofvitro transcribed RNAThe same primers were used

to amplify the sequences of interest in pFN, pBN and pN.

The amplification of DNA containing the T7 promoter for the correct translation of the cotsstruc

of interest was done as specified in sectiht0.1on page72. After the PCR amplification, the

amplicons were run in an agarose gel and the bands corresponding to the DNA of interest were

excisedrom the gel and cleanedp. Amplicons were also checked for the right size, to verify that

the amplified DNA was the expected one.

When T lysates wergrogrammed, only th&nT programmed witfi 7 promoter containing
DNA showed Fluc activifrigure3.22, A) No Fluc activity was detected in any of theT
programmed withDNAs lacking the T7 promotdmT programmed witpBN and pN did not show
any Fluc activity either, as expected. In the case of NlucTtAeprogramme with no T7
constructs showed Nluc levels higher than background vdlresind ten times higher)butover
25 timessmaller than the ones showed by th@T programmed witlkonstructs with the T7
promoter Figure3.22, B).TnT programmed withhie monocistronic constructs pBN and pN
showed a higher Nluc activifpver 30 timestrongel than the TnT programmed witbicistronic
constructs.TnT programmed witpN showedver athreefold increase in its Nluc activity
compaed toTnT programmed witpBN, suggesting that the presence of 88GIlp Q | ¢ w
compromises the levels of translation inTl In the case of thkicistronic constructsTnT
programmed withpFN showe@ 20% increase in itdluc activitycompared toTnT progammed

with pFBN, which again suggested that the presence oBh&lp Q | ¢w | TFSOUSR

translation in a negative wayAs controls pGL4.13SV40 dnet control (a luciferase control
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included in the TnT kityere used, both showing high Fluc activstend no Nluc activity (see

Figure3.22, A).

TnT programmed witpFBNonly showed al0% increase in the Nluc to Fluc ratio when compared

to TnT programmed witpFN Figure3.22, C), vhich suggested that the activity of the presence of

the BAGIp Q | dinet aff@ck the Nluc activity inflT as much as it did in cells, this would also

mean that theBAGURES infIT was not very strong. This could be due to the lack of ITAFs

required (PTB1F YR t/ .t M0 F2NInfKS Lwo9{Q OGA@GAGE Ay ¢
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Figure3.22 Luciferase assay results of TnT programmed witk different PCR productsd) Fluc B) Nluc activity @ T programmed witthe PCR productwith and without T7 C)

Nluc/Fluc ofTnT programmed with thECR products
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3.7.2 RRL experimental design

Using the same amplicons as for thelJin vitro RNA was synthesised using the HiScribe T7 Quick
High Yield RNA Synthesis Kit (NEB) (see s&fiorRon page73). All the constructs with the T7
promoter were transcribed successfully and showed the expected size. The constructs lacking the

T7 promoter did not transcribe, as expectétgure3.23).

T7-GLSV40
Luc control
No T7-FBN

No T7-FN

No T7-BN

No T7-N

No T7-GLSV40

=2
o
Y
~
|_

T7-FN
T7-BN
T7-N

2500 b

1000 b
500 b

Figure3.23 Agarose gel showing vitro synthesised RNAThe no T7 DNA did not transcribe into RNA, as
expected. The T7 amplicons were all successfully transcribed. Expected sizBNZI'B1 b,
T7-FN 2398 b, TBN 1019 b, N 667 b, T®GL4.13SV40 1777 b.

RRLprogrammed withFBN only showed a 9% increased Fluc activity when compaf@Lio

programmed withFN(Figure3.24, A). In the same way as inT,RRL ppgrammed with

monocistronic RNAs showedl laast a 24 times morBlluc activity tharRRL programmed witine

bicistronic onesKigure3.24, B). The presence of tBAGIp Q | ¢w KI R | yS3IFiA@S STFS
Nluc activity bothn RRL programmed withBN and BN when comparedR&L programmed with

FN and NRRL programmed withN showedlmost doubleNluc to Fluc ratio thaRRL

programmed withFBN Figure3.24, C). This indicated that the presencelw BAGIlp Q hadawv

strongeffect in the Nluc activity in RREthere was an IRES presenBAGREAQ | ¢wX AGa& | OGA QDA
would be limited. This could be due to the lack of the ITAFs required for the activity BAlB&

IRES®
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3.8 TRANSFECTION BF/ITRGYNTHESISED RNA IN HEK293 CELLS

IRES activity wadsae studied by transfecting thia vitro synthesised RNA in HEK293 cells. The
RNA transfected was the same used in the RRL experi@&n (pagell0). The RNA was

transfected as explained in secti@rl3on pager8.

Fluc and Nluc activity was measured 6 hours and 24 hours after RNA transfection. The Fluc and

Nluc values of untransfected cells was also measured, which showed no activity foro¢ithe

reporter genes. The Fluc activity was slightly smaller 24 hours after transfection rather than 6

hours after transfection and the presence of BAGIp Q ! ¢w Ay C. b RSONBI &4SR (KS
when compared to FNF{gure3.25, A).

Cells transfected with onocistronic RNAs showed laast a 20 timesigher Nluc activityRigure

3.25, B) than bicistronic RNABigure3.25, Q. In all the cases thiluc activity 24 hours after

transfectionwas at least double the Nluwctivitywhen the transfection was done for 6 houthis

could be due to the accumulation of Nluc in the cdlig toits long haHlife when compared to

Fluc. The presence of tBAGp Q | ¢ w RS ONXBS I a S BellsitrénSfected wditiiothr QG A @A G & A Y
the monocistronic BN RNA and the bicistronic FBN when compaieaisatransfected witiN and

FN.

6 hours after RNA transfectiooells transfected witl-BN showed 40%higher Nluc to Flc ratio

than cells transfected withirN, that difference increased 24 hours after transfectma 70%

(Figure3.25, D). The fact that the Nluc Fluc ratio wstsongerin cells transfected withrBN than in

cells transfeted with FN corroborated the presence of an IRESirBA€Ip Q | ¢wd ¢ KS T OG0 GKI
the Nluc to Fluc ratio increased from 6 hours to 24 hours after transfection could also be due to

the higherstability and haHife of Nluc compared to FI&C.
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Figure3.25 Luciferase assay results in HEK293 cells transfected within vitro synthesised RNAN, BN, FN, FBN, GL4.13SV40 and Luc control) for 6 and 24 A)urtsic, B an@)

Nluc andD) Nluc/Fluc activities in HEK293 celleor bars showt SD.
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3.9 THE ULTIMATE EXPERINIHO VERIFY THE PRESENCE OF AN IRES

To verify the presence of tRAGIL w9 { £ 6S OF NNASR 2dzi GKS adzZ GAYLl GSé

Tereninet al®*. They proposed to design a bicistronic construct containing the putative IRES
element between two reporter genes (pFBN in our case, where the puBt@1IRES is located
between Fuc and Nluc). Those constructs should then be transciitb@dro. The RNA should be
capped with a noffunctional cap (Acap) and a functional cap (@-cap). A poly(A) tail should

also be added to the RNAs. As contrtile process should be repeated Wwithe bicistronic

construct lacking the putative IRES (pFN in our case), and their monocistronic analogues (pBN and
pN). InFigure3.26it can be seen all the RNAs syrdlsed. The generated RNAs should then be
transfectal in cells and the expression of the reporter genes should be studied to verify the
presence of the IRES. In a standard-dapendent system, AG-capped RNAs should translate

more efficiently than Acapped RNAs. An’@-capped monocistronic RNA should also

translated more efficiently than the same sequence in dwapped bicistronic construct.

aran @H Fluc [ BAGL | NLuc F-arsaA w76 ran @H Fluc [ BAGL | NLuc |-AAAAA
IR AR Fluc H NLuc |-AAAAA m's- N (@H Fluc H NLuc |-AAARA
a-en @ CBAGL ] NLuc |—annaa m'c-en (@-TBAGL | NLuc }Aanna
a-n )R AAAAA me-n (- I —AAAAA
| : " f
Non-functional Functional

Figure3.26 Diagram of thein vitro synthesised RNASBN, FN, BN and N wémevitro transcribed and a
functional cap (mMG-cap) and norfunctional cap (O LJ0 ¢ SNB | GdF OKSR Ay (KS

We first designed primers to introduce the T7 promoter in the RNAs that would’Gecapped

and the T7 phi 2.5 promoter in the RNAs that would bzapped (se@rimer sequences on

section 2.10.1on page72). Primers were designed to amplify the DNA from the end of the SV40
promoter to the end of the Nluc sequence (including the full length Nluc ORFi(gee3.21)).

The primers used to introduce the T7 promoter in the constructs were the same ones used to

amplify the DNA for AT and RRL experiments (sect®id.l, pagel06). The primers degned to

pQd

synthesise RNAwithan@l LJ O2y il Ay SR ( KS-TRATAQGKGTCACTAFTABNE Y2 G SNJ 0 p

followed by two Gs to increase the synthesis yield @etion2.10.10n pager?2).

The DNA was amfikd as explained in sectich10.1on page72 andin vitro RNA was synthesised
dza A y 3 U K 7 QuikK HNXieddRMA SynthesigNEB)Rs explained in sectiorgs10.2
and2.10.3on page73. Thepoly(A) taiwas added as explained $ee sectior2.10on pager2.
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3.9.1 Verifying the correct insertion of the cap anagues and poly(A) tail in the RNA
We then did an assay to verify if the cap analogues and poly(A) had been integrated in the RNA

correctly. To do so, we made the followiimgvitro RNA: MG-FBNpoly(A), FBMboly(A), mMG-FBN,
FBN, MG-FNpoly(A), FNooly(A) m'G-FN and FN (sefeigure3.27).

m’G- FBN-poly(A) (&)1 Fluc [ BAGL | NLuc | AAAAA
FBN-poly(A) 1 Fluc | BAG1 ] NLuc -AAAAA

m’G- FBN @4 Fluc | BAG1 | NLuc =

FBN — Fluc | BAG1 | NLuc -
m’G- FN-poly(A) @—l Fluc H NLuc | -AAAAA
FN-poly(A) Fluc H NLuc | -AAAAA

m’G- FN @—l Fluc H NLuc I

FN Fluc H NLuc |

Figure3.27 Representation of the RNA synthesisaulvitro to verify the correct insertion of the mG-cap
and poly(A) tail.

As it can beseen inFigure3.28, all the constructs showed a unique band of the expected size. We
were unable to see differences in the gel between theaited and Atailed RNA. This was
expected as the maximum numbersaifenosine monophosphatdkat could be integrated in

the RNA with the method used (explained in secBatD.4on page75) was 150, and the total

size of the RNA was big enough (over 200€leotides to distinguish a difference of less than

150nucleotides
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m’G-FBN
m’G-FN

FBN poly(A)

FN poly(A)
m’G-FBN poly(A)
m’G-FN poly(A)

P
om P
(T (T

3000 b
2000 b

Figure3.28 Agarose gel showing thim vitro synthessed FBN, FN, AG-FBN, mMG-FN, FBMNoly(A), FN
poly(A), mMTG-FBNpoly(A) and mG-FN-poly(A).

We then transfected 150 ng of each of the RNAs in HEK293 cells as explained ir2sE@tan

page78and theFluc and Nluc activities were analysed 6 and 24 hours after transfection.

Cells transfected for 6 hours with uncapped FN and FBN RNAs showed antMityat least
80%strongerthan the Fluc activity (seleigure3.29, A) whereas when & RNAs were transfected
the Fluc activity was at least a 30% higher than the Nluc activityrjgeee3.29, B).Cells
transfected with the uncappeBN RNA with poly(4yr 6 hoursshowed a threefold iorease in

the Fluc activity when compared to the cells transfected with the uncapped FN RNA without
poly(A) (sed-igure3.29). Cells transfected with uncapped FBN with polyd@ybledthe Fluc
activity (sedrigure3.29). The differences were more obvious when capped RNAs were
transfected. In this caseells transfected with fG-capped FN RNA with poly(A) showeshédold
increase in their Fluc activity when compared to the cells trantetewith nTG-capped FN RNA
without poly(A andcells transfected with rG-capped FBN RNA with poly(A) showed a threefold
increase in their Fluc activity when compared to the cells transfected withaapped FBN RNA
without poly(A).In the case of Nluche addition of a poly(Ahil to both uncapped FN and FBN
increased the Nluc activity over three times ($8gure3.29, A) and in the case of cells
transfected with mG-capped FN and FBN, the addition of a poly@f)jncreased the Nluc activity
over ten times Figure3.29, B).The Nluc to Fluc ratio of cells transfected with uncapped FN was

the same in the presence or in the absence of a poly(A) tail, which was the same as the Nluc to
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Fluc ratio of cells transfected with uncapped FBN without a pglyi@wever the addition of a
poly(A) tail in FBN increased the Nluc to Fluc ratio over a(568fFigure3.29, C) In the case of
cells transfected wittm’G-capped RNAs, the addition of a poly(A) tail increased the Nluc to Fluc
ratio in over twofold for both FN and FBN (d&gure3.29, D). Cells transfected with uncapped
RNAs showed over double the Nluc to Fluc ratio ttells transfected with fG-capped

constructs (se€igure3.29, C and D). In the case of cells transfected witlsiTap, cells

transfected with FBN RNAs showed over a fourfold increase in the Nluc to Fluc ratio when
compaedto the cells transfected with FN RNAs indegently on the presence or the absence of
a poly(A) tail (se€igure3.29, D).

When cells were transfected for 24 houtise Nlucactivitywas highethan Flucactivityin the
presence or absence of both a poly(A) tail amin’G-cap (sedrigure3.29, E and F). The Fluc
signals of cells transfected with RNAs without a capalm®st at background leve{sinder600
RLU)seeFigure3.29, E). In the case of the Nlactivity, the additionof a poly(A) tail increased its
activity at least five times (seEBigure3.29, E). The addition of an’@-cap to the RNAs increased
both the Nluc and Fluc activity over ten times ($égure3.29 F). When a poly(A) tail was added
to the m'G-cap both the Fluc and the Nluc activity was increased, and istwasgerin the case

of FBN rather than in FN (sE&gure3.29, G).The Nluc to Fluc ratio was alwastsongerin the

cells transfected with FN and FBN with poly(A) Sgere3.29 G and H)The Nluc to Fluc ratio
was very similar for urapped FN and FBN withopoly(A), and in the case of the constructs with
poly(A) FBN only showed a 1@%rease in théNluc to Fluc ratieompared toFN (sed-igure3.29
G). In the case of f&-capped RNAsells transfeatd with FBN no poly(A) showed over a twofold
increase in the Nluc to Fluc ratio comparect#ils transfected withFN no poly(A), whereas in the
case of the constructs with poly(&glls transfected witl-BN showed over a fourfold increase

(seeFigure3.29 H).

Overallwe could say that both the poly(A) tail and thé@tap were successfully introduced in
the RNAs. All the RNAs containing a poly(A) or the-cap showed a higher level attivity than
the oneslackingthem. The presence of both the poly(A) tail and thé&Geap increased the
activity of the RNAs even mord/e thereby assumed that the-éap would also be successfully

integrated in the RNA.

¢ KS LINB & S yiiSincreaBed th& Ggepefdent translation, asxpected. We need to
keep in mind that Nluc iground 37brighter than Flut’* (seeFigure3.14), and the higher Nluc
activity observed in the uncapped RNA could be due to that. These results suggest that in the
presence of an fiG-cap there is some IRES activity in FBN. This will be adatyfurther detail in
section3.9.2 pagello.
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Figure3.29 Fluc and Nluc activities afells transfected within vitro synthessed BN and FN RNAsansfected for 6 hoursvithout m’G-cap (A) and in thepresence ofan m’G-cap B);

transfected for 24 hoursvithout m’G-cap (B and in thepresence ofan m'G-cap §).C D, Gand Hshow the Nluc/Fluc of the RNA 6 and 24 hours after transie in the

presence and absence of an’@cap.. Error bars show SD
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3.9.2 Transfection of Acapped and MG-capped RNA in cells.

The next step was to do the experiment proposedlieyeninet al.*®to verify the presence of the
BAGIRES. We first amplified the DidAdintroduced the T7 promoter and T7 phi 2.5 promoter
sequences regjred for thein vitrotranscription and insertion of the fis-cap and Acap(see
section2.10.1on pager2). We analysed the purified PCR product by agaroselgetrophoresis

to verify the presencefoa unique band of the right siz€igure3.30). We then transcribed thin
vitro RNAwith an A and MG capand added a poly(A) taibee section®.10.3and2.10.4on pag

74) and we checked the RNA in an agarose gel to verify the presence of a unique band of the

correct sizeigure3.31).

=2
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I w o
< < <

m’G- FBN
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Figure3.30 DNA ampicons with the T7 phi 2.5 promoter and the T7 promoter.

m’G- FBN- poly(A)
m’G- FN- poly(A)
m’G- BN- poly(A)
m’G- N- poly(A)
A- FBN
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A- BN
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Figure3.31 m’G-capped and Acappedin vitro synthessed RNA, with and without a poly(A) tail.
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RNA was transfected in HEK293 dellgiplicateand the activity of Fluc and Nluc was measured 6

hours and 24 hours after transfection. The translation levels were also measured in RRL.

Cells transfected with the monocistronic RNAs (N and BN) showed the same trend when the
transfections were done for 6 andihours, where cells transfected with N showed at least a
fivefoldincrease in the Nluc activity compared to BN transfected cells. In both cases@e m
RNAs showedn Nluc activity five times higher than thecapped RNAs. Doing the transfection
for 24 haurs increased the Nluc activity ovitiree times(seeFigure3.32, A and B). The results
obtained when RRL were programmed with N and BN were very similar, wihéreapped RNAs
showed a sevenfold increase in the Nludwtt compared to Acapped RNAs and N showed at

least a 12 times increased in the Nluc activity over BNFgp&e3.32, C).

In general, whemicistronic RNAs were transfected in cellé@Geapped RNAs showed at least a
fivefold increase in the activity of both Fluc and Nluc compared-tapgped RNAs (sdaégure

3.32, D and E). The Fluc activity when the transfections were done for 6 and 24 hours suffered
small variations between the #9and the 50%, however cells transfected for 24 hours shoaved
eightfold increase in their Nluc activity compared to cells transfected for 6 hourd-{geee3.32,

D and E). When cells were transfected for 6 hoursgged FN showed double the Fluc activity
than the Nluc activity, however when the transfection was done for 24 hours Nluc showed 3 times
more activity than Fluovhichcould be because Nluc has a higher tiggfthan Flué’®. In both
casescells transfected witl-FBN showed over double the Nluc activity than Faativity. Cells
transfected withRNAs containingn m’G-cap showed a higher Fluc activity than Nluc activity
when the transfection was done for 6 hours, however when it was done for 24 hours their Nluc
activity wasstronger. Cells transfected witin’G FNand FBN showed a very similar Fluc activity
when trarsfections were done for 6 hours, howewveslls transfected witfFrBN showed ovenve
times more Nluc activity (sdeigure3.32, D). When transfections were done for Bdurs,cells
transfected withFBN showed over five times more Nluc activity theells transfected with-N
(seeFigure3.32, E).

RRL programmed withicistronic Acapped RNAs showed at least four times more Nluc activity

than Fluc activity (seBigure3.32, F). The Fluc activity between FN and FBN programmed RRL only
differed in a 30% in favour of FBN, however FN programmed RRLs showed three times more Nluc
activity. RRL programmed with’G-FN RNA showed a 70% higher Fluc expression and a twofold
increase in the Nluc expression compared t&FBN programmed RRL. However lineelsof

Fluc and Nluc of RRL programmed with FN were very similar, and the same happened with RRL

programmed withFBN.
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In every cell transfection, FBN showed at least three times more Nluc to Fluc ratio and thereby
IRES activity than FN. The differebeéween theNluc to Fluc ratio of cells transfected wHBN

and FNwasdoublewhen transfections were done for ®hrs compared to when tragfections

were done for 24 hours, however the ratios were very similaxeiirs transfectedvith A-capped

or m’G-capped RNA&eeFigure3.33, A and B)RRL programmed with FN showed at leasd%5
higher Nluc to Fluc ratio than RRL programmed with FBNHigeee3.33, C). RRL programmed
with A-FN showedn Nluc to Fluc ratio 16 timestrongerthan RRL programmed with’@&FN and

A-FBN showed overfavefoldincrease in its Nluc to Fluc ratio compared téGiFBN.

Overallwe could say thain cellsm’G-cappped RNAs were translated more efficiently than the A
capped onesas expectedin the case of the monocistronic RNAs, the presence dB&®B1p Q

UTR reduced thblluc activity, wheream the case of théicistronicconstructsit increased it. This
O2dzZ R 6S 06S0OFdzasS GKS pQ !¢wx ¢gKSNB GKS Lidzil @
ribosomal scaning of ribosomes translatingathe canonical pathway could gstopped in the
presence of such a highly structured sequence, whereas ihitigtronic RNAs the IRES could
exercise its functiorRRL and cells showed the same trend in the preserf monocistronic and
A-cappedbicistronic RNAs, however no differenagsre observed in the Fluc and Nluc activities
where RRL were programmed witf@capped RNAs. In terms of the Nluc to Fluc ratio, which
corresponds to the IRES activity, FBN always showed a higher Nluc to Fluc ratio than FN, which
could be explained by thpresence of an IRESin®&Glp Q | ¢wd Ly ww[ C.b R
higher Nluc to Fluc ratio than FN, but this could be due to the lack of ITAFs present in the RRL
system that are required for the functioning of tBAG1RES.
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Figure3.32 Fluc and Nluc activity ofells transfected and RRL programmed wikcapped and mG-capped bicistronic mRNANIuc activity otells transfected witiA andm’G-

capped monocistronic RNAs measured 6 hours and 24 howrsthé transfection in HEK293 cells (A and B) and in RRL (C). Fluc and Nluc activity was measured 6 and 24

hours after RNA transfection in HEK293 cells (C and D) and in RRto(fars show SD
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3.10 DISCISSION

The firg aim of theresearchwas to verify the presence of an IRES inBA&Ip Q  |Sificer RESS

were discovered in virus&$8, the existence of cellular IRB&s beermuestioned®51:102113 |n
eukaryotes translation is usually started bgnathod known as cagependent translation

initiation, but in some cases, when this method is compromised, translation can be started from
anlREB® Lwo9{a I NB f 20 (iSA,clbsg toith& Sart pofion antl are éblgto i K S
bypass some of the control steps required in-clEgpendent translation initiation as they are able

to recruit 40S ribosomes and start translation from the point where they are loat€dere is a

lot of controversy in the world of cellular IRESs and discrepancies about how the presence of an
IRES should be demonstratédf>272273 That is why in 2016, Terengh al.*® suggested a step by

step method to demonstrate the existence of an IRES in a determined gene.

We have focused our searchon the BAGIgene. In 2001 Coldwaedt al.*** showed the presence
of an IRES in tiRAGIMRNA that could translate the3p isoform of this gene. It needs to be
specified that p36 is mainly translated via eapdiated translation. Coldwetit al. did rigorous
research to determine the presence of the IRE®e time, but they did not follow all the steps
proposed by Tereniat al.*%, whichwould be expected prior to publication at the currenng. In
this chapter, we havéherefore extended the earlier work and adoptéde approaches suggested
by Tereninet al*%, to validatethe presence of an IRESinfBAGlp Q | ¢ w®

DUAL LUCIFERASE REPORTER ASSAY

Once there is some evidence that a certain mMRNA could have arelgEs$¢g and highly

a0 NYzOG dzZNB R p Q ranstaiiva gattedzs),Gn2 fifst @gerinient to be done is a
bicistronicl & & I @ ¥ ¢ KTRN#htaiding $he pudtive IRES is located between two reporter
genes with the pRF dual luciferase vector commonly uséapmediated translation is measured
by the activity of the firstigron. At least one stop codon is located at the end of the first cistron,
in that way, any activity detectefilom expression of the reporter ithhe second cistron should be

due to the IRES activity.

We constructed the plasmid pRBwhere theBAG1p OTR containing the putative IRES was
located between the Fluc and Nluc reporter genes. All the experiments carried out were
compared to the plasmid pFN, containing the Fluc and Nluc reporter genes but ldekBgG1
pQ | twod

Both plasnids were transfected in HelLa cells five times and the Nluc and Fluc activities were

measured. pFBN showed a higher Nluc activity than pFN, as walgrsfacantlyhigher Nluc to
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Fluc ratio, showing that something in tBAG1p OTR had the ability ttacilitatetranslation of
Nluc. These results suggested that an IRES could be presenBAGip Q | ¢ wd

In this experiment pFN showed some Nluc actiwitigich was almost half of wha=BN showed.
pFN had three stop codons after the Fluc ORF, so anyNgha& detected could be due to the

presence of cryptic promoters or ribosome reinitiation.

In previous studies the presence of cryptic promoterd baen demonstrated in the plasmids

used in bicistronic assays to study IRES elerféatsd it has been previously shown that the Fluc
gene contains a cryptic promoté?, however this should have been removed in the pGL4.13SV40
vector as it was designed by Promegadduceanomalous transcriptiot¥2 To check the

presence of cryptic promoters in our vector, the SV40 promoter was removed from all the
constructs mad. Promoterless vectors (pN no SV40, pBN no SV40, pFN no SV40 and pFBN no
SV40) were transfected in HelLa cells and luminescence activity was measured for Fluc and Nluc. i
all the cases, the Fluc signal was lost, but it was still possible to detect samsigpial, this

suggested the presence of at least one cryptic promoter. In the presence BiGdp Q ! ¢ wX
detected Nlucsignal was almost doubtiat in the absence of th8AGlp Q | ¢wd ¢ KA A& a&c
that one of the cryptic promoters at least coldd located anywhere between the SV40 promoter
sequence and the start of tlBAGIp Q ! ¢w aS1jdzSyO0Se 28 O2dzZA R y2i
cryptic promoters within the sequence BAGIp Q ! ¢wd 2 S (y2¢6 AlG Aa y2i
promoter sequence, astifiat was the case we would get some Fluc expression. The presence of
that cryptic promoter would transcribe a monocistronic mMRNA with the Nluc present éithi¢. |

cryptic promoter was upstream of tBAGIp Q | ¢w & S1jdzSy 0SSz GKS Lidzit @
could also modify the levels of Nluc (deigure3.34). The Nluc expression in the promoterless

vectors was over 100 times smaller than in the vectors with the SV40, which sedjgesitic

promoterswere weak.
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A

Cryptic promoter A @——— | BAGL | Nanoluc —

) Cryptic promoter A

A cpticpromoters & INGROREII—

\ Cryptic promoter C @———| _ Firefly [ BAGL | Nanoluc I

Crypctic promoter B

Figure3.34 A) Representation of the possible locations of the cryptic promoters in the plasm@iyptic
promoter A represents any cryptic promoter located anywhere between the SV40 promoter
and theBAGIp Q | ¢ wceaClyptidaofmoters presentintlBAGIp Q ! ¢w & S1jdzSy O0S | NB
represented by cryptic promoter B. Cryptic promo@represents any cryptic promoter
present upstreanof the Fluc ORF. pFBN is represented, but the idea could be used for any of
the other constucts.B) Representation of the mRNA transcribectifyptic promoter A, B or

C were present.

phpBN was constructed to inhibit or drastically reduce-oagaliated translation and reduce the

effects of the cryptic promoters (it would not affect cryptic prorapB) by introducing a strong

stemoop sequence forming a hairpin just upstream 88GIlp Q | ¢wd LKL o+ a | faz 02y
as a control. The results obtained when transfecting HEK293 cells with both phpBN and phpN

showed that the hairpin strongly inhibilecapmediated translation. In phpBN there was

something that recovered the Nluc expression when compared to phpN. A strong suggestion is

that the sequenceecovering the Nluc expression is presentinBAGIp Q | ¢w> 'y R A G O2dzZ R
the IRES proposed byl@well et al 4,

The second aim of the construction of all these plasmids was to use them to study how the
oligonucleotidesiesigned could modify the IRES actiuitgubsequent chapterd he difference in
the Fluc and Nluc measurements in each experiment suggested that the transfection efficiency
was not consistent. The ratio Nlte Fluc also suffered some changes from ongeginent to
another, but the proportion was kept consistent, which meant that the assay was useful if all the

appropriatecontrols were used.

These results confirmed that the use of pFBN and phpBN in combination with pGL4.¥88%40
a good model to do soepreliminary studies about how the oligonucleotides beltwen
transfeced into cells. We need to keep in mind that those plasmids have some weak cryptic

promoters present and that the hairpin in phpBN is not 100% effective.
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IRES ACTIVITY@¥LL FREE VITRGYSTEMS: TNT AND RRL

IRES activity was also studiedsitro using acell freein vitrotranscription and translation system
(TnT) and by synthesising the RMAvitroand using &ell freein vitrotranscription system (RRL).

Not many people havstudied IRES activity in RRL of ,;Tand only few of them have proven in
repeated occasions to be active in thessl freesystems as the EMVC and FMDV IRESxhers

have shown to be against the use of RRL to study IRES activity, as these systems do not always

reproduce the behaviour of these IRESs in ells

TnT lysateswere programed with DNA sequences amplified from pFBN, pFN, pBN, pN and
pGL4.13SV40 containing the sequence of the two full reporter genes (Flucuamdabld theBAG1

PQ ! ¢w B KSYy O2 NNB a LRintdpbratadintb ea¢htof thelsERuerddsS NJ 4 | &
facilitate T7RNA polymerasdriventranscription. As a control, no T7 promoter constructs were
also made. RRL were programmed with the s@eguencs after in vitrotranscrption from

them, to determine if any components could give signals in the reporter assays

When the RNA was transcribed, the RNA transcribed from DNA lacking the T7 promoter did not
show any band in the agarose gel done to checkHerdorrect size of the RNA, whereas the RNA
transcribed from DNA containing the T7 promoter showed clear bands of the expected sizes.
These results showed thtie presence of the T7 promoter is vital for the correct transcription of

the RNA via the methodsed(T7 RNA polymerase)

Surprisingly, DNAs lacking the T7 promoter showed some Nluc activity Uk this was
relativelyundetectable when compared to the DNAs containing the T7 promoter). The DNA
sequences were studied to identify any possible fiofter or any sequence with high similarity

to the T7 promoter after the Fluc ORF, but no sequences were found. The sequences from pBN
and pN lacking the T7 promoter had a sequence of onlyugfeotidest N2 Y GKS pQ 27
dzy G A f (0 KS ORRwItE ro similkrBy tobtHe dequence of the T7 promoter and they also
showed some Nluc activitffhis coule due to an artefact of the AT system being a bit
dysregulated for transcription plus the ultsensitivity of the Nluc light signal due to the

breakdown of the furimazine the TnT lysate

pFN showed a high Nluc activity inTTand in RRL. We verified the presence of a unique band of
the correct size in thé vitrotranscribed FN RNA, proving that any Nluc activity detected was due
to ribosame reinitiation or to the fact that once the RNA was transfected, this could bagr

cleavedinto two monocistronicsequences containing the full Fluc ORF and Nluc ORF.

The Nluc activity did not show an increase in pFBN when compared to pRNan R,

suggesting there was rlAGIURES activity in either of the systems. This could be due to the lack
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of ITAFs required for the correct functioning of the IRES. These results corroborate the results
obtained by Pickeringt al®®, where they also showed that tHRAGIRES was not active in RRL
unless the RRL were stimulated witrBPTand PCBP1. The fact that no IRES activity was detected
could make mT and RRusefulsystems to studyhether the oligonucleotides could be used to

increase the IRES activity.

RNA TRANSFECTION IN CELLS

Thein vitrotranscribed RNA that was used to pragn RRL was also transfected in HEK293 cells

and the Fluc and Nluc activity was measured 6 and 24 hours after tcaiosfeCells transfected

with FBN showed a higher NlucRtucratio than cells transfected withN in both cases, but it

was more obviou24 hours after transfection. These results skealMthat there must be

somethingintheBAGIp Q ! ¢w GKIG AYyONBIlI&aSa GKS bfdzO GNIyafl GAz2

We looked for the last proof of evidence of tBAGIRES existence by doing the ultimate

experiment prgposed by Tereniet af®. Wein vitrotranscribed the sequences contaigithe Fluc
andNlucORFsaBAGIp Q ! ¢w 66KSY O02YLISiSydo 2F @AbX CbX .bxX
cap (nonfunctional) and MG-cap (functional) and a poly(A) tail was added to the capped RNAs.

We then transfected the RNAs in HEK293 cells to study tizeaRt Nluc activity.

We first verified that the cap analogues and poly(A) tails were correctly inserted by analysing the
activity of Fluc and Nluc tells transfected witi-BN and FN in the presence and absence of an
m’G-cap and a poly(A) tail. This exjpeent showed that the technique used to introduce the
m’G-cap and poly(A) tail in the RNAs was efficient. We also showed that the addition of both an
m’G-cap and a poly(A) tail increased the translatiomofitro synthesised RNAs and that the

presence ban n'G-cap increased the translation levels more than the presence of a poly(A) tail.

m’G-capped RNAs were translatetlleast five times morefficiently than Acapped RNAs, this
was expected as the-éap is nodunctional. There was notlaig difference in the Fluc activities of
cells transfected withFBN and FN when compared amongafped and rfG-capped RNAs, but
cells transfected witi-BN always showeat least three times mor&lluc activity. These results

suggested that there must be an IRES préesethe BAG1p OTR to increase the Nluc activity.

m’G-capped and Aapped RNAs were also used to program RRL. In this caseRighin,
programmed withFBN did not increase the Nluc activity when compareBRL programmed
with FN, which suggestl that the presence of a cap analogue and a poly(Adtidihot affect the
IRES activity and it kefite IRES inactive.
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The uncertainty about the presence of the IREBAG Iwastherefore examined bgloing some
exhaustive experiments. The steps suggested by Teerily® were followed (with some
modifications)in order for uso makea definitive conclusion about the existence of RAG1

IRES. p36 is the most expres&A&iG lisoform, but to be translated, the ribosomes need to bypass
several possible start codons, some ofrthim frame and in a good Kozak consensus. This fact
stronglyd dzZ33Sada GKIG GKSNB Ydzad 6S a42YSOKAYy3 Ay
structure, that increases translation through that point, and withladlseexperiments we have

successfully concluded the presence of BEG1URES.
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41 INTRODUCTION

The aim of the project was to use oligonucleotides to control gene expression at the level of
translation of genes with IRES elements, in particulaBAS1RES. To do so, we designed a
bicistronic plasmidpFBN)Figured.1, A), where thaBAG1p QTR containing the IRES was cloned
between Fluc and Nluc reporter genes. In this way, any Nluc signal detected would be mainly due
to the IRES activity. When using the oligonutities to control theBAG1LRES activity, Nluc

expression could easily be measured and oligonucleotide activity could be aksesse

To avoid problems caused bicistronic plasmids (the presence of cryptic promoters mainly), the
monocistronic plasmid phpBNas constructedKigure4.1, B), where a strong hairpin was

inserted just upstreanof the BAGIp Q [Thisheadpin strongly inhibited any camediated
translation which means thamost of the Nluc activity detected wasiel to the IRE8nore
information about the hairpin can be found in secti®®d on paged8). Oligonucleotides were

then cotransfected with phpBN and their activity was easily assessed by meathuging

expression oNluc.

e

« % +

BAG1 BAG1
— hpBN —H | I
pFBN — Fluc S'UTR Nluc php o— S'UTR Nluc

4+ +++

Figured.1 A) pFBN and B) phpBN representatidn.pFBNribosomeswill initiate translation of Fluc in a
capdependent way and translation will be finished after tieee stop codors present at the
end of the Fluc ORF. Due to the presence of an IRESBABE& Q | ¢ wX NA 06242 YS:
translation through that point and translate Nluc in an IREESendent way. In phpBN, the
presence of a hairpin upstream tlBAGIp Q | ¢ w énfedia@y tans@tiohIMost of the
Nluc activity detected will be due to the IRES activity.

We also tried to study the effect of the oligonucleotides in the naBwgslactivity. In this case
western blots were carried out and gPCRs to make sure any affdwe BAGL1 protein levels was

due tomodificationsin the level of translation.
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Following these initial results, we embarked on experiments to optinfiedrainsfection protocol
for each of the systems used, to get results in the most time and costigéagay. To optinge
the protocol all the possible variables in the protocol were modified in different ways. The

modified variables were the following ones:

Cell line used in the experiments.
Number of cells seeded.
Durationof the transfection.
Transfetion reagent used.

Concentration of oligonucleotide used.

= =4 =4 4 - -

Concentration of transfection reagent used.

4.2 CHOOSING THE CELLS TO USE TO TRANSFECT THE
OLIGONUCLEOTIDES

When Coldwelét al.***discovered theBAGIRES, all the experiments were done in HelLa cells.
Later, Pickeringt al®® studied IRES activity in different cell lines. Both HeLa and HEK293 cells
showed similar IRES activity results (HEK293 cells had a slightly higher IRES activity). Previous
expeience in the lab group had shown that transfection efficiency of plasmids was higher in
HEK293 cells than in HeLa cells, and as the IRES activity was very similar in both cell lines, we

decided to start with the study of the activity of the oligonucleesdising HEK293 cells.

4.3 SEEDING DIFFERENT NUMBERS OF CELLS

The number of HEK293 cells seeded for the experiment was also modgia@nslation rates

have been shown to decrease once cells reach confldéndry a 96 well plate, 2 000 cells, 5 000
cells, 7 000 cells and 10 000 cells were plated out. Cells were treatsae hours after seeding
them andwere monitored every 24ours after transfection. 2 days after transfection the wells
where 7 000 cells and 10 000 cells had been transfected were over 90% confluent. 3 days after
the cells had been transfected only the wellsare 2 000 cells had been seeded presented

around an80% of confluency, while the rest of them were 100% confluent.

These experiments should be done when the cells present 60% to 80% of confluency. A high level

of confluency could stress the cells and show anomalous translation levels.
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With these resultstiwas concluded that the optimal seeding number of HEK293 cells in a 96 well
plate is 2 000. This amount was extrapolated accordingly when cells were seqdat:g;with

larger growth surface areas

4.4  DETERMININGRANSFECTION EFFICIENCY BY FLUORESCENT
MICROSCOPY

The firé experiment done was to verify that the transfection efficiency of the oligonucleotides in
HEK293 cells was good. We did an extensive literature research to decide the amount of
oligonucleotide to transfect and the length of the transfeatiexperimentBased on the
oligonucleotidedose used in the literature to achieve similar objectives,decided to transfeca

final concentration o25 nM of oligonucleotide for two days.

We designed a fluorescent oligonucleotide (B6FAM, purchased$igmaAldrich(see
oligonucleotide sequence ippendix B. B6FAM was modified with aFAM™M (fluorescein) in
iKS pQd ¢KS SE ORAMMiE 492 nm, thelemigsidrdmyaxirguin 520 nm and the
fluorescent colour is greemn a 24 well plate with coverslipBFAM was transfected in HEK293
cells using ul of RiboJuice as explained in material and metheee (sectior?.2.3on page60)

for two days

Most of the cellshowed fluorescent green dotEigure4.2), showing that B6FAM was

successfully transfected in the cells.

DAPI FITC (B6FAM) MERGE

Figure4.2 HEK293 cells transfected with B6FARlegions rich in DN@ucleus) are stained in blweith

DAP] green dots show where B6FAM in present.
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45 CONTROLS USED IN THE TRANSFECTION OPTIMISATION
PROTOCOL

451 Scrambleoligonucleotide

An oligonucleotide with the same chemical properties as the oligonucleotides used, that would
not target any geain the whole human genome was used as $seambleoligonucleotide The
Sramble oligonucleotides were used as a control to check iftbdificationsin the Nluc
expression being observedene due to the action of the oligonucleotidespecifically targeting

0 KS p BAGIoraue oFhe presence of oligonucleotides (not necessarily targ@Mg? in

the system.

The sequence chosen to act as Breambleoligonucleotidewas thesequence from thg@Silencer
NEG plasmid which gets trsaribed and then processed into a double stranded siRNA. The

sequence was run through Primer BLAST to verify it did not match any human mRNA targets.
Scrambleoligonucleotidesequence:

p-ACTACCGTTGTTATAG@IQT

452 BAG1siRNA as a negative control

A siRNA ws designed that would target tH@AGURESKigure4.3). As previously explained,
siRNAs are doublstranded RNA molecules that act by degrading the mRNA and thereby
inhibiting protein expression before translation occgrsore information on siRNAs can be found
in sectionl.4.4on page45). BAG1siRNA was designed to target the IRES downstream of the
putative 40S ribosome binding siéd containeverhanging TT dirleotides, as they have
shownto increase the efficiency of siRNAsThe aim oBAG1siRNA was to use it as a control of
BAGIdownregulatondA I G KS pQ ! ¢w
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Figure4.3 BAG1siRNA sequence (A) and representation of tBAG1IRES, th sequence targeted by the

siRNAis represented in fuchsia colour (B).

45.3 SMART poolONTARGET pludumanBAGL1 siRNA from Dharmacon (GE Healthcare)

SMART poolONTARGET plidumanBAG1 siRN@rom now on we will refer to it as siRNA pool),
is a commercialiRNA pool composeaf four different siRNAs targeting different points in the
BAGIORHsee theBAGltarget sequencein Table4.1). This siRNA pool was used as a more
reliable control than thaBAGIA A wb ! 0 I NHFSaBAG) Hesign€dby psib.2).

At this point it needs to be reminded that the aim of the oligonucleotidestwasodify the levels
of protein expressiomy modifying translation, therebieeping the mRN#vels constant. For
this reason we needed to avoid the recruitment ofdR8H with the oligonucleotides. Using
siRNAs (botlsiRNA pooand BAG1siRNA) would show the effects it wid have inBAG1

expression the intentional destruction of the mRNA.

Table4.1 Target sequences of the different siRNAs forming the Smart pool iIBAIGIORF.

Target sequence 1 p -QGAGUGAGGUGUAGCAGAA
Target sequence 2 p ACACUGAUCCUGCCAGAAA
Target sequence 3 p BAGCACGACCIALGGUUA Q

Target sequence 4 p -GAAUAAAGAGCUUACUGGA
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4.6 TESTING THEEFCIENCOFBAGISIRNA IN CELLS TRANSFECTED
WITH PLASMIDS

Inthis experiment theefficiencyof the BAG1siRNA to downregulate thBAGlexpression in
plasmids was tested with a luciferagssay (see sectidh3on page62 for the luciferase reporter

assay system protocol).

In a 96 well plate, 2 000 HEK293 cells were seeded per well. The following day 20 ng of plasmid
were transfectedper well. Some of the plasmid transfections were treated aitinal

concentration ofL0 nM ofBAGI1siRNA.
The following transfections were done in triplicate:

pN+ pGL4.13SV40

PBN + pGL4.13SV40

phpN + pGL4.13SV40

phpBN + pGL4.13SV40

PN+ pGL4.13SVABAGLSIRNA
PBN + pGL4.13SVABAGISIRNA
phpN + pGL4.13SVABAG1siRNA
phpBN + pGL4.13SVABAGISiRNA

= =4 4 A4 A A -a -2

Two days after transfections the luciferase assay was done.

For each of the transfections the NltFluc ratio was calculated and the average ofttigicate

was calculated. These results are showFRigured.4. As theBAG1siRNA targets thBAGIURES, it

should only inhibit the Nluc expression in the vectors whereBASIp Q ! ¢w g1 & Of 2y SR 06 LJ b
and phpBN). ThBAG1siRNA activity was calculated by comparing the Nluc to Fluc rat®&®G1

siRNA transfected cells with the Nluc to Fluc ratios of cells not transfected wiBGdsiRNA

with a two tailed Test (P<0.05)

BAG1siRNA did not have a significant effecpN+pGL4.13SV40, pBN+pGL4.13SV40 or
phpN+pGL4.13SVABAGIsiRNA should have had an effect in pBN+pGL4.13SV40, however the
high standard deviation values could have affected the statistical analysis and thereby the
significanceBAG1siRNAeduced the Nuc to Fluc ratio in cells transfected wiphpBN +
pGL4.13SV4D a significant wayas expected.

With this assay we showed thBIAG1siRNA could effectively decrease the expressiadhef

reporter containing theBAGlsequence
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Nluc/Fluc of HEK293 cells transfected with different plasmids and
BAG1 siRNA (n=1)

90

pGL4.135V40 ——

80

PN I,

pBN {BAG1 | NLuc — 60

50

phpN w

Nluc/Fluc

30

phpBN i} BAGL | NLuc -
20 *k
i ’+‘
: e M

PN +pGLA.135VA0  pBN+pGL4.135V40  phpN + pGLl4.135V40  phpBN + pGl4.135V40

O-siRNA O+ siRNA

Figured.4 Average Nluc to Fluc ratio of HEK293 cells transfected with the different constructs previously
made and theBAG1siRNA to check the efficiency of the siRN&ror bars showing standard
deviation values of the triplicatealues.Statistical analysis was done with an unpairete St

(two-tailed) (p<0.05).

The Fluc and Nluc activity of the results of this experiment can be fouAgpandix DFigure DL

on page288.

4.7  MODIFICATION OF THE OLIGONUCLEOTIDE CONCENTRATION A
THE TRANSFECTIOBRATION LUCIFERASE ASSAY

HEK293 cells were transfected with 10 ng of pGL4.13SV40 and 10 ng of phpBfihahd
concentration of 10hM or 50 nMof oligonucleotidesThe oligonucleotides transfected in this
occasion were BAG 1, BAG 2, BAG 3 and BAG 4 DNA ab8lANwixmers (see oligonucleotide
sequences ippendix B. The aim was to study the effect of tlidigonucleotides in th®8AG1
IRES expression when transfecting cells with different oligonucleotide concentrations during

different transfectiondurations Transfections were done for two and three days.

This experiment was done just once. For each ofiib#s the ratio Nlu¢o Fluc was calculated.

The Nludo Fluc ratios wer@ormalisedto the average of the Nlum Fluc ratio of the control
phpBN+pGL4.13SV4@o oligonucleotidejseeFigure4.5). Even dudhe lowsamplesize, a

multiple comparisons ANOVA with a Dunnett test was done to contpar&lluc to Fluc ratio of
oligonucleotide treated cells normalised to the Nluc to Fluc ratio of phpBN+pGL4.13SV40 cells to
phpBN+pGL4.13SV40 (no oligonucleotide) transfected éellanpaired fest (two-tailed) was

done to compare the Nluc to Fluc ratio of oligonucleotide transfected cells normalised to the Nluc

to Fluc ratio of phpBN+pGL4.13SV40 cells with a final concentration of 10 nM to cells transfected
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with a final concentréion of 50 nM as well as to compare cells transfected for 2 days with cells

transfected for 3 days. P<0.05.

When a final oligonucleotide concentration of 10 nM was transfected (for 2 or 3 days) and when a
final oligonucleotide concentration of 50 nM wemansfected for 2 days, there were no

significant differences among the Nluc to Fluc ratios of cells treated with different
oligonucleotides, however when a final oligonucleotide of 50 nM was transfected for 3 days, all
the oligonucleotide transfected cekhowed significantly different Nluc to Fluc ratio from the
phpBN+pGL4.13SV40 cells.

In most of the occasions there were no significant differences in the Nluc to Fluc ratio when the
transfection timing was increased from 2 to 3 days, however when aciimalentration of 10 nM

of BAG 1 DNA, BAG 1 LNA and BAG 4 LNA were transfected and when a 50 nM final concentration
of BAG 3 LNA were transfected significant differences were observed in the Nluc to Fluc ratio

alongside the increase in the transfection img.

An increase in the final oligonucleotide concentration from 10 nM to 50 nM strongly decreased
the Nluc to Fluc ratio of cells transfected with BAG 3 DNA, BAG 4 DNA and BAG 1 LNA for 2 days
and that of BAG 2 DNA and BAG 3 LNA for 3 days.

These prelimiary results suggested that the 10 r(ihal concentration}jreatment had a lower
effectonthe IRES expression than the 50 nM treatment adtdree day treatment. The
reduction in the Nlu¢o Fluc ratio wasnore pronouncedvhena final concentration 050 nMwas
transfected for 3 days. The smaller the Nluc to Fluc ratiostrengershould be the effect of the

oligonucleotides blocking IREB&diated translation.

It also needs to be considered that the confluency of the cells after a 3 day transfedeatisr

than after a 2 day transfection, and an increase in the amount of cells to be assayed could induce
some kind of stress in the cells making the resultsdessistent On the other hand, an increase

in the oligonucleotide concentration means tithaere is an increase in the volume of transfection
reagent, inducing more toxicity in the cells, which again could have an efigbe translation

levels.
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pGL4.135v40 | Fluc - phpBN —ﬁ—f BAGL | NLuc |

A HEK293 transfected with 10 nM oligo vs 50 nM
oligonucleotides, 2 day transfection (n=1)
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HEK293 transfected with 10 nM vs 50 nM oligonucleotides, 3
day transfection (n=1)
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Figure4.5 Nluc to Fluc ratio of HEK293 cells msfectedwith a final concentration 0fLl0 nM and 50 nM of
oligonucleotides for 2 (A) and 3 days (Byrmalisedto the Nluc to Fluc of
phpBN+pGL4.13SV40 transfected celisror bars showing standard deviation values of the
triplicate values Statistical aalysis was done with a multiple comparisons AN@NA a
Dunnett test to compare the Nluc to Fluc ratio of oligonucleotide treated cells normalised to
the Nluc to Fluc ratio of phpBN+pGL4.13SV40 cells to phpBN+pGL4.13SV40 (no
oligonucleotide) transfectedetls.(P<0.05).

The Fluc and Nluc activity of the results of this experiment can be foudgpendix DFigure 2
and Figure D8 on page289and290for 2 day and 3 day transfection respectively
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4.8 MODIFYING THE AMOUNT OF RIBOJUICE

To study how the modification of the amount of oligonucleotide transfection reagent (in our case
RiboJuice, Merk) could affettte transfection efficiency, a different amount of RiboJuice was used

to transfect different concentrations of oligonucleotides. The transfections were done for two and
three days. In this case, the oligonucleotide transfected was B1 (see oligonuckssdigence on

Appendix Band targeting site oifrigure4.6).
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Figure4.6 B1 targeting site on thdBAG1IRES.

Before this experiment, all the traresftions were done basesh the first protocol used: Ll of
RiboJuice was used to transfecfinal concentratiorof 25 nM ofoligonucleotidein a well of a 96
well plate The RiboJuice volume used was scaled up or down with the concentrations of

oligonuckotides used.

In this experiment, 10 nM, 25 nM and 50 r{fihal concentrationspf B1 were transfected using

0.4ul, 1pland 2ul of RiboJuicén a 96 well platé€Figure4.7).
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Increasein the RboJuice concentration >
10 nM B1 10 nM B1 10 nM B1
P 5’;’ 0.4yl RiboJuice 1l RiboJuice 2 ul RiboJuice
GE) § 25 nM B1 25 nM B1 25 nM B1
g % 0.4l RiboJuice 1 ul RiboJuice 2 ul RiboJuice
g g 50 nM B1 50 nM B1 50 nM B1
0.4 ul RiboJuice 1 pl RiboJuice 2 ul RiloJuice

Figured.7 Representation of the B1 transfections done in HEK293 cells using diffdieat
concentrations of B1 (10 nM, 25 nM and 50 nM) and different concentrations iboBuice
(0.4ul, 1 pland 2ul).

Cells transfected using| of RiboJuice showed a high toxicity level, independently of the amount

of B1 transfected. For this reason, the use @i 8f RiboJuice wagiscontinued

Each experiment was done three individual tinregriplicate. Foreach of theoligonucleotide
transfections the ratio between the Nluc and the Fluc values was calcudattthat value was

then normalised to the Nluc to Fluc values of phpBN+pGL4.13SV40 transfectetheeiissults
shown are an average result of the ¢gerexperimentsKigue 4.8). The results were analysed with

I Ydzf GALX S O2YLI NR&a2y !bhx! GgAGK | ¢dzl SeQa
ratio normalised to phpBN+pGL4.13SV40 of each condition among eaath oth

(@]

We compared the Nluc to Fluc ratios normalised to phpBN+pGL4.13SV40 of cells transfected for 2
days vs 3 days under the same conditidnghis case there were no significant differences
observed, meaning that an increase in the transfection timiidigndt have an effect on the

oligonucleotide activity.

We also compared the Nluc to Fluc ratio of cells normalised to phpBN+pGL4.13SV40 when the
RiboJuice volume was increased from @l.#b 1 ul (seeTable4.2). In thiscase all the transfection
reactions showed to be significantly different, showing that increasing the RiboJuice

concentration had an effect in the Nluc to Fluc ratio of the transfected cells.

We also compared the Nluc to Fluc ratio normalised to phpBN4AGEV40 of cells to compare
the Nluc to Fluc ratios when a final concentration of 10 nM, 25 nM or 50 nM of oligonucleotide
were transfectedIn this case the increase in the oligonucleotide concentration did not show a

significant effect in any case.

We also compared the Nluc to Fluc normalised to phpBN+pGL4.13SV40 to the Nluc to Fluc of
phpBN+pGL4.13SV40 transfected cells when transfections were done for 2 and 3 ddyb(see
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4.3). In both cases, all the Nluc to Flatios of cells transfected usingu of RiboJuice showed to

be significantly bigger than the Nluc to Fluc of cells transfected with phpBN+pGL4.13SV40.

The results suggested thtte volume of RiboJuice used was the factor that modified the Nluc to

Fluc raio of oligonucleotide transfected cells in a stronger way

The transfections whera final concentration o560 nM of B1 were used showed tkongest
variability and the highest amount of outliers, which is why transfedifigal concentration of

50 nMof oligonucleotide was discontinued.

After this experiment the conclusion was to transfect the oligonucleotides in HEK293 cells for 2
days, transfectin@ final concentration 025 nM of oligonucleotide usingil of RboJuice (in 96

well plates).

pGL4.135V40 Fluc |- phpBN ﬁ {BAGL | NLuc -

10 nM, 25 nM and 50 nM of B1 transfected with 0.4 pL and 1 pL of
Riboluice, for 2 and 3 days (n=3)

2.0
1.8
1.6
(=)
=
E 1.2
=Z 10
g
Z 08
1]
2 06
0.4
0.2
0.0
0.4ulRJ lplR 0.4ulRJ 1plR 0.4ulRJ lulR phpBN+pGL
10nM 25nM 50nM Ctr

02 days O3 days

Figue 4.8 Average Nluc to Fluc expression of HEK293 cells transfected avithal concentration ofl0
nM, 25 nM and 50 nM of B1 using O, 1 il and 2l of RiboJuiceError bars show standard

deviation valus of each of the three independent replicates, each of them done in triplicate.

The Fluc and Nluc activity of the results of this experiment can be foudgpandix DFigure D4

on page29l
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Tabled2AY dzf GALIX S O2YLI NRAazy ! b haralysisgesult Eomparing thed NSué @ &
Fluc ratio of cells transfected with the oligonucleotides normalisethe Nluc to Fluc ratio of
cells transfected with phpBN+pGL4.13SV40 when the RiboJuice volume was increased from

0.4l to 1l. P<0.05

STATISTICA
CONDITION 1 CONDITION 2
SIGNIFICAN(
Oligonucleotide Oligonucleotide
Ribaluice Ribaluice
Days of final Days of final
Volume Volume
transfection coneentration | transfection concentration
(Hl) (1)
(nM) (nM)
2 0.4 10 2 1 10 *
2 0.4 25 2 1 25 *k
2 0.4 50 2 1 50 *hk
3 0.4 10 3 1 10 *hk
3 0.4 25 3 1 25 *
3 0.4 50 3 1 50 *hk

Tabled3AYdzft GALX S O2YLI NR&z2y

I b hamalysisgesult Somparing the NSué @ &

Fluc ratio of cells transfected with the oligonucleotides normalised to the Nluc to Fluc ratio of

cells transfected with phpBN+pGL4.13SV4ih whe Nluc to Fluc ratio of cells transfected
with phpBN+pGL4.13SV40. P<0.05

Oligonucleotide
Ribaliice Volume
final concentration W) 2 days transfection 3 days transfection
(nM) "
10 0.4 ns ns
10 l ** **k%
phpBN+
PGL4.13SV40 25 0.4 ns ns
Vs 25 1 *kk *kkk
Oligonucleotide

50 0.4 ns ns

50 1 *kkk *kkk
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4.9 STUDYING ISOFORM EXPRESSION IN UNTRANSFECTED HEK293
CELLSVESTERN BLOT

The aim of the experiment was to study the level of expression of the diff@&a@lisoforms in
untransfected HEK293 cellsfferent number of cells were plated out (100 000 and 200 000 cells)

in 6 cm platesnd harvested 3 and 4 days after seeding them, as if they had been harvested 2 and
3 days after transfection. This was done in duplicates, to be able to compare the isoform
expression in identical conditions. Western blots were ddfigure4.9, A)andeach of the bands
expressing a differerBAGlisoform was quantified. The total amount BAGlwas also measured

andnormalisedto actin:
YEQH" ! PAU T AT @ NO @ NC W

The percentage of expression of each of the isoforms was megsutming any of thBAG1

isoforms

Looking at the totaBAGlexpression a big difference could be observed between identica
replicates(Figure4.9, B) It was only in the experiment where 250 000 cells were seeded and
harvested 3 days after the hypothetical transfection, that both duplicates showed the same
amount ofBAG1 In the rest of the case(100 000 cells seeded and harvested 2 and 3 days after
the hypothetical transfection and 250 000 cells seeded and harvested 2 days after the
hypothetical transfection), one of the duplicates showed an expressi@A&150%higherthan

the other.

When the expression of the individual isoforms was studied, differences werdalsd between
replicates(Figure4.9, C) Only he expression of p50 and p36 was analykserk, as the expression
of p46 and p29 was smaller in comgsa, and p50 and p36 would still give an indication of-cap
versus IRE&ependent translation efficiencyVhen 100 000 cells were seeded and harvested
after 2 days of the hypothetical transfection-{®0 A) and when 250 000 cells were seeded and
harvested 3days after the hypothetical transfection-g50 A), p50 and p36 were expressed at
very similar levels. When 250 000 cells were seeded and harvested after 2 days of the
hypothetical transfection (250 A) and when 250 000 cells were seeded and harvestiegs
after the hypothetical transfection (350 B), thdevels ofp36were higher than that op50.

However, m the rest of the conditions, the expression of p50 \wagher than the p36 isoform
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Our aim was to study the changes in expression of p36 (theisoformpartiallytranslated via

the BAGIRES) when oligonucleotides targeting the IRES were used. Unfortunately, western blot
is the only technique thatllows us to do so, as other techniques widely used to study protein
expression (ELISA, for examjplvould notbe able to detect differences expression of p50, p46
p36and 9. These resultemphasise the fact that western blot is a semi quantitative technique.
Therefore, b verify the activity of the oligonucleotides, western blots will need todpeated

several times and we should focus marethe trends ofBAGlisoform expressionmbserved

rather than finite amounts
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Total BAG1 in HEK293 cells seeded at different confluency and
harvested at different time points (n=1)

A HEK293 B
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Figure4.9 A) BAGlexpression of HEK293 cells after seeding 100 000 andd26Ccells and harvesting the cells 2 and 3 days after a hypothetical transfeclibe.seeding and
harvesting was done in duplicates for each of the individual condit®n$otalBAG1quantification and CBAGlisoform quantification of HEK293 cells sesdi at

different levels and harvested at different time®Difference inBAGlexpression were observed among duplicates.
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410 MODIFYING THE OLIGONUCLEOTIDE CONCENTRATION AND
DURATION

In this experimenHEK293 cells were transfected wittinal concentration 010 nM and 25 nM
of BAGL DNA,BAG1siRNA, BAG LNA, siRNA pool and tBerambleoligonucleotide(see section
4.5for more details abouBAG1siRNA, siRNA pool adrambleoligonucleotide seeAppendix B

for oliganucleotidesequences)Cells were harvested 2 and 3 days after transfection.

Looking at the blotsHigure4.10) it can be seen that thBAG1siRNA and the siRNvdolhad a
major effect wherafinal concentration o5 nM of each of them as transfected in the cells.

There was not a big difference when the transfectimmiodwas increased from 2 to 3 days.

The total expression @AGIwas quantified anchormalisedtio actin Figure4.11, A) and the
expression of each of the isoforms was quantified after the different oligonucleotides were
transfected, however only the expression of p50 and p36 was considered, as they were the most

relevant onesKigure4.11, B).

Looking at the total expression BAGI1(Figure4.11, A), there were ndig changes whe final
concentration ofLO nM of any of the oligonucleotides were transfected for 2 or 3 days. Vdhen
final concentration 025 nM ofBAG1siRNA and siRNA pool were transfected for 2 or 3 days a
significantdecreaseof over 50%of total BAGlexpression was observed. There was no difference

observed when any of the other oligonucleotides were transfected.

The&rambleoligonucleotidedid not change the expression of p50 independently of the
concentration transfected or the timing of the transfectidriqure4.11, B). BottBAG1siRNA and
siRNA pool decreased the expressidp®0 whena final concentration 025 nM were

transfected, increasing the transfection timing slightly increasedeffieiency BAG 1 DNA
increased the p50 expression whatfinal concentration 010 nM were transfected for 2 days, it
did not have any déct the rest of the occasions. BAG 1 LNA decreased the expression of p50
whena final concentration 010 nM were transfected for 3 days, and increased its expression
whena final concentration 025 nM were transfected for 3 days. It did not have angafthe

rest of theoccasions.

BothBAG1siRNA and siRN#ool decreased the expression of p36 in eveansfection but the
decrease was more significant when a highereduissiRNA was useéifure4.11, B).Harvesting

the transfeced cells afte2 days instead of 3 increased the effect wieeooncentration 0il0 nM
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wastransfected. When 25 nM were transfected increasing the transfection timing did not make a
The results provided by BAG 1 LNA and BAG Ivwi2ke'somehowcontradictory, transfecting 10

big difference.
nM or 25 nM(final concentrationpf oligonucleotide gave opposite resyltsowever this could

also be due t@xperimental error The results provided by both siRN#ere more stable, as they

decreased the exgssion oBAGIlin every occasion. Therefore, the results provided by both
siRNAs were used. In this way, it was concluded that transfecting Z&imaViconcentrationpf

oligonucleotide was more effective than transfecta@nal concentration 010 nM.In terms of

the transfection timing, as no big differenocesre observed when the timing was increased, it
was concluded that transfecting cells for 2 days was enough to show the effect of the

oligonucleotides.
A HEK 293 -2 days transfection- 10 nM B HEK 293 - 3 days transfection- 10 nM
Q Q
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Figure4.10 BAGlexpression of HEK293 cellatrsfected witha final concentration ofl0 and 25 nM BAG

1 LNA, BAG DNABAGIsIiRNA, siRNA pool andi@&mblefor 2 and 3 dayswhen 25 nM of
BAGIsiRNA and siRNA pool were transfected for 2 and 3 delesaadecrease iBAG1

expression was observed.
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BAG1 isoform expressionin HEK293 cells transfected with
the oligonucleotides
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Figure4.11 Quantification of the totalBAGlexpression (A) and the expression of p50, p46, p36 and p29 (B) after transfeldii(93 cells wita final cancentration of10and 25 nM

of BAG 1 LNA, BAGDNA BAG1siRNA, siRNA pool anatiamblefor 2 and 3 daysQuantified fromthe western blot inFigure4.10.
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4.11 CONSTRUCTION OF THE STABLE CELL LHNEKpBN

As seen in the previous experiments, transiently transfecting in two plasmids (pGL4.13SV50 and
phpBN) as well as the oligonucleotides can lead to variations in experimental replicates.

Therefore, with the idea to reduce this variabilitystable cell lia expressing Nluc was generated.

A stable HEK293 cell line was generated expressing the haearséctior8.50n paged8), BAG1

p OTR and Nluc ORF present in phpBN. To make this stable ¢ehditentivirus pLVTHV was

used (sed-igure4.13), alongsidghe packaging plasmigdsPAX2 (seEigure4.15A) and the

envelope plasmid pMD2G (s€tgure4.15B). The three plasmids were gift from Didier Trono
(Addgene plasmid # 1224# 12260 # 12259 http://n2t.net/addgene:12247 ;

RRID:Addgene 2247¥78, This lentivirus was chosen as it was the only one available in tha lab

the moment. pLVTHM is a second generation lentivector designed tieefficexpres shRNA

from H1 promoter and containing GFP., ldlbngsiddJ6 and 7SHKs one of the polymerase lll type

3 promotersandit is used for shRNA stable expression in cells. Polymerase Ill terminates
transcription when it finds a stretch of 4 orare thymidineg’. This characteristic of the H1
promoter makes it useless for our purpose as there are over fifteen 4T stretches in the phpBN
sequence, for that reason the H1 promoter had to be replag@ld an appropriatepromoter. The

use of the pGL4.13SV40 backbone was avoided, as its translation is driven by a SV40 promoter,
and this promoter is also present in the pLVTHM lentiviFigure4.13, marked in blue)For this
purpose the hpBN sequence (hairpiBAGIp Q ! ¢w YR bfdzO hwC0 g1 & Of 2ySR

vector, whose transcription is driven by a CMV promoter.

411.1 Construction of gpDNAhpBN

HindIII - 911 - A'AGCT_T
BamHI - 929 - G'GATC_C

peDNA3 for - [823-843]
. HindIll - 917 - A'AGCT_T
2\
t)
pcDNA-phpBN :
6470 bp |

Q
Wora

phpBN
3926 bp

/ ™= BamHI - 1961 - G'GATC _C
" pcDNA3_rev (Revers) - [2068-2087]

Figure4.12 Representation of the construon of pcDNAphpBN.A) pcDNA3.1 with the restriction sites
used for the cloning BamHI and Hindlll highlighted. B) phpBN with the primers used for the
cloninghighlighted. ¢ pcDNAphpBN with the BamHI and Hindlll restriction sites used to

verify the presace of the insert highlightecaswell as the primers used for the sequencing.

The aim of the experiment was to clone phpBN from the start of the hairpin to the end of the Nluc

ORF downstream the CMV promoter in pcDNA 3.1 to form peigBN Figured.12).
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Primers were designed to amplify phpBN from the start of the hairpin to the end of the Nluc ORF
(Figure4.12, B). To facilitate the insertion of the amplified products in the pcDNA vddiod]l|

and BamHlI restriction sites were introdwti the forward and reverse primers respectively. The
primers usedor the cloning werd~BAG1Hindllland RNanocBamHI(seeprimer sequences in

section2.1.1.1on pages2).

pcDNA3.1 wadigested firstwith BamHI and then with Hindlll. The fragment desired from phpBN
was amplified by PC& explained in sectioh1.1.1on page52.

The amplifiedoroduct was run in an agarose gel to verify the presence of a unique band of 1020
bp, cleanedup and digested with BamHI and Hindlll. The digested plasmid and digested amplified
product were ligated. Competent bacteria were transformed, colonies wer@giakd minipreps
were done. Minipreps were digested with BamHI| and Hindlll to check the correct cloning of the

desired products in the plasmid

One of the miniprepsvas senfor sequencing with the primenscDNA3_foandpcDNA3_reysee
primer sequences iisection2.7 on paget7). The sequencing results showed the phpBN insert

was successfully cloned in the pcDNA vector, generating pgDNBN.

4.11.2 Cloning of the insert of interest from pcDNphpBN in pLYHM

Once pcDNAhpBN was constructed, the sequence starting from the start of the CMV promoter
until the end of the polfA) tail (Figure4.14) were cloned in the pLVTHM lentiviral vector between
the Clal and EcoRl restitn sites(Figure4.13).

The primers used for the amplification of the desired sequence in the pgIDNBN plasmid were
FCMMMfel (with an Mfel restriction site) and-RMVPACIal (with a Clal restriction sitejigure
4.14) (for sequences go to sectiéhl.1l.1lon pages2).

a¥TSt IyR 902wt N8B O2YLI GAotS -Sgil eardE sOHy ads
ligatedtoaseqg8 Yy OS RA 353 0 SIRQ !4!AdIAKD d® O2K0E | OYph@BM pFotlstR  LJO 5
was introducedetweenthe EcoRl and Clal sites in pLVTHM Bgare4.13).
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Figure4.13 Repesentation of the pLVTHM lentiviral vecto6V40 promoter is highlighted in blu@lal and

EcoRl restriction sites, used to clone the CpM¥BN sequence, are also highlighted in red.

F-CMV-Mfel - [205-220]

Figure4.14 Representaion of the pcDNAphpBN vector with the primers used to clone it in the pLVTHM
lentivirus.
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The sequence of interest was amplified from the pcBIRABN vector by PG explained in
section2.1.1.1on page52. The correct amplification of the sequence was verifigcagarose gel

electrophoresis

pLVTHM was digested with EcoRI and Mfel (with this digestion the H1 promoter was removed),
and treated with rSAP (s&el.1.2and2.1.1.3on pagess3and54). The amplified PCR product

and the digested lentivirus were cleaneg (see?.1.1.14page59) andligated (see2.1.1.6page

55). Minipreps were checked by digestion with the restriction enzymes BamHI. The successful

results showed two bands of 10890 and 2078 bp respectively.

pLVTHMphpBN was serfor sequencing using the same primers that were used to amplify the
CMVphpBN insert EMVtMfel and RCMVPACIal(primer sequences can be found in sectii
on pageb7). Sequencing results verified the presence of the insert in the lentiv@eguencing

results can be seen ippendix C

pLVTHMphpBN was extracted by midiprep to get plasmid DNA of higher purity.
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Figure4.15psPAX2 (A) and pMDB& (B) plasmid representatian
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