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Resumo

A expressdo génica € um processo a partir do qual a informacdo genética contida no &cido
desoxirribonucleico (DNA, do inglés deoxyribonucleic acid) é descodificada em proteinas que serdo
usadas pelos sistemas bioldgicos, para a sua sobrevivéncia, manutencdo ou desenvolvimento. Esta é
dividida em varias etapas, sendo que tudo se inicia no nucleo com a transcri¢do da informag&o contida no
DNA em moléculas de &cido ribonucleico mensageiro (MRNA, do inglés messenger ribonucleic acid). A
medida que vado sendo sintetizadas, as moléculas de MRNA sofrem um processamento, em que serdo
introduzidas modificacGes que serdo importantes para estabilidade do transcrito e para as etapas a jusante.
Entre estas modificacdes estdo a introducdo da estrutura cap m’G na extremidade 5 do transcrito, a
poliadenilacao da extremidade 3" e o splicing do mRNA. Uma vez processado, 0 mMRNA maduro sera
transportado do ndcleo para o citoplasma, onde sera traduzido para proteina.

Em condicdes normais, 0 mRNA de eucariotas é traduzido de uma forma canonica, em que
inicialmente é necessario que exista o reconhecimento da estrutura cap na extremidade 5° do transcrito.
Desta forma, a traducdo inicia-se com o recrutamento da subunidade ribossomal 40S e de fatores de
iniciacdo (elF, do inglés eukaryotic initiation factor) para a extremidade 5 do mRNA, sendo que sera
este complexo, pela acdo do elF4E que reconhecera o cap. Uma vez ligados, a subunidade ribossomal
inicia o scan da regido 5 ndo codificante (UTR, do inglés untranslated region) até encontrar um codao
de iniciacdo em contexto favoravel. De seguida, dar-se-a a sintese da proteina que, terminada, a traducédo
sera utilizada para o funcionamento celular.

Contudo durante alguns processos energeticamente dispendiosos para a célula, como a mitose, ou
em condi¢des de stress, como a hipoxia, a traducdo canonica é afetada. Isto ocorre porque muitas vezes
estes estimulos provocam a inibicdo do reconhecimento da estrutura cap, comprometendo assim a
iniciacdo da traducdo. No entanto, existem mMRNAS eucariotas cuja expressao ndo é comprometida
aquando destes eventos, sendo que estes transcritos normalmente codificam para proteinas fundamentais
para a célula ou de resposta a stress. Desta forma em condicdes de inibi¢do da tradugdo canonica, existem
proteinas cuja sintese ndo é afetada, sendo mantida por mecanismos alternativos. Entre estes estdo
incluidos agqueles em que ocorre o recrutamento ribossomal para 0 MRNA sem que haja o reconhecimento
do cap e/ou scan da 5’UTR. Nestes casos, o recrutamento ribossomal ocorre através de estruturas
secundarias presentes na 5"UTR do mRNA, que interagem com o ribossoma, e com o auxilio ou ndo de
fatores proteicos, posicionam este junto do coddo de inicia¢cdo. Em eucariotas j& foram descritos varios
mRNAs cuja traducdo é mantida em condic¢des de inibi¢do da tradugdo candnica, sendo 0s mecanismos
alternativos ativados por varios tipos de stress como a hipoxia, a limitagdo de nutrientes ou a apoptose.
Assim, 0s mecanismos alternativos de iniciacdo da traducdo tém um papel importante para a manutengéo
da homeostasia celular durante situagdes de stress. Em sentido contrario estes também podem ter um papel
negativo, nomeadamente na promocao do processo de tumorigénese. Geralmente os ambientes tumorais
apresentam hipoxia e limitacdo de nutrientes, que sdo condi¢cdes que inibem a traducdo candnica e
promovem mecanismos alternativos de sintese proteica. Deste modo, as células cancerigenas tém uma
vantagem, pois podem manter a sintese de varios oncogenes de uma maneira ndo-canonica.

No nosso trabalho, colocou-se a hipdtese de que as proteinas Argonaute, mais propriamente a AGO1
(do inglés human Argonaute RNA-induced silencing complex catalytic component 1) poderiam ser
traduzidas por mecanismos ndo-canonicos em condic¢des de inibicdo da iniciacdo da traducdo dependente
do reconhecimento do cap. Estas proteinas estdo envolvidas na sintese dos miRNAs e no silenciamento
génico, que por sua vez participam na resposta a alguns stresses e na manutencdo do funcionamento
celular. Assim, devido a sua importancia propds-se que a sintese da AGO1 possa ser mantida durante
condigdes de stress celular por um mecanismo ndo-candnico. Resultados anteriores obtidos no nosso
laboratorio utilizando um vetor bicistronico, demonstraram que a sequéncia correspondente a 5"UTR do
mRNA da AGO1 é capaz de mediar a traducdo independente da estrutura cap de um gene reporter.
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Também se verificou que esta atividade da 5"UTR da AGO1 é mantida tanto em condi¢6es normais, como
em condicBes de stress celular que inibem a traducéo candnica, como o stress do reticulo endoplasmatico
ou a hipoxia.

Assim o propdsito deste trabalho foi prosseguir nesta linha de investigacdo, continuando a estudar a
traducdo independente da estrutura cap mediada pela 5"UTR da AGO1. Desta forma, o primeiro objetivo
foi reforcar os resultados obtidos anteriormente, pretendendo-se mostrar que a 5’UTR da AGO1 medeia
um mecanismo de iniciacdo de traducdo alternativo, num vetor bicistrénico diferente do utilizado
anteriormente. Para isso o sistema bicistrénico utilizado contem dois genes repdrteres, um correspondente
a proteina fluorescente verde (EGFP, do inglés enhanced green fluorescent protein) e outro
correspondente a uma proteina fluorescente vermelha (mCherry). A caracteristica deste sistema é que no
primeiro cistrdo esta a sequéncia da EGFP, que é traduzida de uma forma dependente da estrutura cap, ou
seja, traducdo canonica, enguanto que no segundo cistrdo esta a sequéncia do mCherry, que a ser
traduzida, serd duma forma independente da estrutura cap. Entre os dois cistrdes esta clonado um hairpin,
de modo a prevenir a reiniciacdo da traducdo. Tendo isto em mente, a estratégia foi clonar a sequencia
correspondente a 5"UTR da AGO1 a montante do mCherry e verificar se esta conseguia potenciar a
iniciacdo da traducdo independente da estrutura cap. Nesta tese apresentamos a estratégia de clonagem
desenvolvida para obter este constructo, ainda que sem sucesso aquando do término dos trabalhos.
Contudo apresentamos algumas possiveis solucdes para completar estas clonagens.

Outro objetivo desta tese foi avaliar como varia a expressdo das proteinas Argonaute, mais
propriamente da AGO1 enddgena, durante um stress que inibe a traducdo candnica. A abordagem
experimental foi tratar células HCT116 (linha celular derivada de cancro colorretal) com tapsigargina,
gue é uma droga que induz o stress do reticulo endoplasmatico e, por consequéncia, a inibicéo da traducéo
canonica. Posteriormente foram analisados os efeitos do tratamento com esta droga nos niveis de mRNA
das quatro Argonautes (AGO1, AGO2, AGO3 e AGO4), no nivel de proteina do pool total de AGOs e no
nivel de proteina de AGOL. Os resultados obtidos demonstram que o tratamento com a tapsigargina induz
uma diminuigdo nos niveis de MRNA da AGO1 e AGO2 para 54% e 62%, respetivamente. Um resultado
que nés acreditamos ser uma consequéncia indireta da inibi¢do da tradugdo induzida pela droga. Isto €,
ao bloquear-se um processo tdo determinante como a tradugéo, poderdo ser afetados indiretamente outros
processos celulares. Neste caso, parece indicar que a inibi¢do da tradugdo canonica afeta a disponibilidade
de dois transcritos, o da AGOL1 e o da AGO2. Adicionalmente, verificou-se que o tratamento com esta
droga afeta a quantidade total de proteinas Argonaute, uma vez que se observa a diminuicdo do pool de
AGOs. Neste caso este resultado dever-se-4 ao facto do tratamento com a tapsigargina induzir a
diminuigdo dos niveis de mMRNA da AGO1 e AGO2, fazendo com que haja menos transcrito disponivel
para a sintese destas proteinas. Com a expectavel diminuicdo da quantidade de proteina AGO1 e AGO2,
a consequéncia é a diminuicao do pool de todas as AGOs. Finalmente, verificamos que o tratamento com
a tapsigargina provoca a diminuicdo dos niveis proteicos de AGO1 enddgena. De certa forma, este é um
resultado inconclusivo para o estudo da traducéo ndo-canonico desta proteina durante condigdes de stress.
No entanto, pensamos que este resultado se deve principalmente a dois fatores. Um tem a ver com facto
de o tratamento com a droga fazer diminuir o mRNA da AGO1, havendo por isso menos transcrito
disponivel para a traducéo, o que podera levar a uma menor sintese de proteina, mesmo que de uma forma
alternativa. O outro fator esta relacionado com a possibilidade de que o mecanismo de tradugcdo néo-
candnico ndo ser tdo eficiente como a via candnica, o que explica o decréscimo observado. Assim, em
experiéncias futuras sera importante testar outros tipos de stresses que inibam a traducdo candnica, mas
que ndo provoquem alteragdes na quantidade de mRNA e testar outras linhas celulares. Para além disso
dever-se-4 testar alguns stresses, que induzam maior atividade da 5"UTR da AGO1, em termos de sintese
proteica.

Por fim, o terceiro objetivo deste trabalho foi tentar prever quais as caracteristicas estruturais que
fazem com que a 5’"UTR da AGOL1 consiga promover um mecanismo ndo-canénico de iniciagdo da
traducdo. Desta forma tentar-se-ia aproximar a estrutura secundaria adotada por esta regido. Para isso fez-
se uma analise in silico a sequéncia correspondente a 5"UTR da AGOL. Verificou-se que esta tem um
comprimento de 213 nucleétidos, apresenta uma upstream ORF (do inglés open reading frame) e tem
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uma percentagem de guaninas/citosinas correspondente a 72.3%. Especialmente devido a este tltimo fator
a 5’UTR da AGO1 tem tendéncia a organizar-se numa estrutura secundaria estavel, que possui quatro
stem loops. Como perspetiva futura, temos como objetivo validar experimentalmente esta previsao
estrutural, através de dicroismo circular. Posteriormente, fizemos uma analise delecional in silico, de
modo a prever a dindmica estrutural e verificar se havia alguma sequéncia/estrutura minima necessaria
para manter a conformacdo espacial da 5"UTR da AGO1 estavel. Para isso removeu-se, sequencialmente
nucleétidos da 5'UTR da AGOL, tanto no sentido 5 para 3" como no sentido 3" para 5, e verificou-se
qual o impacto que isso teria na estrutura da regido comparativamente a estrutura com todo o
comprimento. Pela nossa andlise verificou-se que quando € removido o stem loop | ou o stem loop 1V, a
estrutura ndo parece alterar-se muito em relagdo a original, indicado que a conformacéo se mantém estavel
guando ocorrem pequenas delecBes. Para complementar esta analise in silico, pretende-se no futuro
validar experimentalmente estas previsfes. Isto é verificar se a estrutura real adotada pela 5"UTR da
AGOL é semelhante a prevista computacionalmente, e analisar quais os efeitos de dele¢des na atividade
desta sequéncia para mediar um mecanismo de tradugdo ndo-canonico, utilizando um vetor bicistrénico.
Uma vez concluidas todas estas linhas de investigagdo pretender-se-& perceber de que forma é que o
mecanismo de traducdo alternativa de AGO1 pode estar envolvido no processo de tumorigénese.

Palavras-chave: traducdo do mRNA, iniciagdo da tradug&o, traducédo independente da estrutura cap,
AGOL1, stress do reticulo endoplasmatico

vii



Abstract

Translation of mMRNA into protein is one of the most important and costly processes of the cell,
since it supports and regulates several cellular events. Under normal conditions, translation initiation takes
place through the canonical mechanism, in which first occurs the recognition of the cap structure at the
5'end of the transcript, followed by the scan of the 5’'UTR (untranslated region) until the identification of
the initiation codon in a favourable context. However, during high energy cost cell events, such as mitosis,
or during some stresses such as hypoxia, mechanisms are activated that decrease canonical translation.
Thus, under conditions of inhibition of canonical translation, there are proteins whose synthesis is not
affected and is maintained by alternative mechanisms. These include those in which ribosomal
recruitment occurs without cap recognition and/or 5'UTR scanning. In these cases, ribosomal recruitment
occurs through secondary structures present in mRNA 5'UTR, which interact with the 40S ribosomal
subunit, and with or without the help of initiation factors, position it near to the initiation codon. Therefore,
it was hypothesized that Argonaute proteins, more properly AGO1 (human Argonaute RNA-induced
silencing complex catalytic component 1) could be translated by non-canonical mechanisms due to its
importance in the biogenesis of the microRNAs and in the gene silencing. Previous results obtained in
our laboratory using a bicistronic system, demonstrated that AGO1 5'UTR is able to mediate cap-
independent translation of a reporter gene, even under stress conditions that inhibit canonical translation.
Thus, the purpose of this work was to complete this research project, continuing to study the cap-
independent translation mediated by the 5'UTR of AGOL. In this way, the first objective was to reinforce
the previously obtained results. For this it was intended to show that the AGO1 5"UTR can mediate an
alternative initiation mechanism in a bicistronic vector different from the one previously used. For this,
the proposed bicistronic system contains two reporter genes, one corresponding to enhanced green
fluorescent protein (EGFP) and another corresponding to a red fluorescent protein (mCherry). The
characteristic of this system is that in the first cistron is the sequence of EGFP, which is translated by the
canonical mechanism. The second cistron is the mCherry sequence that can only be translated in cap-
independent manner. With this in mind, the strategy was to clone the sequence corresponding to AGO1
5°UTR, upstream of the mCherry and to verify if it was able to potentiate cap-independent translation of
this fluorophore. In this thesis we present the cloning strategy developed to obtain this construct, although
we were not able to complete this task. However, we present some possible solutions to complete these
clonings. Other objective was to evaluate how the expression of Argonaute proteins, more properly the
endogenous AGOL, varies during endoplasmic reticulum stress, which inhibits the canonical translation.
For this purpose, we treated HCT116 cells (colorectal cancer-derived cell line) with thapsigargin, which
is a drug that induces the stress of the endoplasmic reticulum and, consequently, the inhibition of the
canonical translation. Our results demonstrated that treatment with the drug induces a decrease in the
AGO1 and AGO2 mRNA levels, a decrease in the total protein amount of Argonautes (AGO1, AGO2,
AGO3 and AGO4) and a decrease in the AGOL1 protein. In a way, this is an inconclusive result for the
study of non-canonical translation of this protein during stress conditions. However, we think that this
result is mainly due to two factors. One has to do with the fact that the treatment with the drug decreases
the AGO1 mRNA level, thus having less transcript available for translation, which may lead to less protein
synthesis, albeit in an alternative way. The other factor is related to the possibility that the non-canonical
translation mechanism is not as efficient in as the canonical way, which explains the observed decrease.
Thus, in future experiments it will be important to test other stresses that inhibit canonical translation, but
that do not induce changes in the amount of mMRNA and test this experiment in other cell lines. Finally,
we aim to predict what structural features make the AGO1 5"UTR succeed in promoting a non-canonical
translation initiation mechanism and thus try to estimate the secondary structure adopted by this sequence.
For this we submited AGO1 5'UTR sequence to an in silico analysis. Among other characteristics, we
found that it has a percentage of guanines/cytosines of 72.3% and it is organized into a stable secondary
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structure, which has four stem loops. As a future perspective, we aim to experimentally validate this
structural prediction through circular dichroism. Next was performed an in silico deletion analysis in
which nucleotides were removed from the sequence in order to predict the structural dynamics and to
check if there was any minimal sequence/structure required to maintain stable the spatial conformation of
AGO1 5'UTR. By our analysis it was verified that when stem loop | or stem loop IV is removed, the
structure does not seem to change much in relation to the original, indicating that the conformation
remains stable when small deletions occur. To complement this in silico deletion analysis it is intended
in the future to validate experimentally, in a bicistronic vector, the effect of this deletions. We believe that
once these research lines have been completed, we will better understand the relevance of alternative
translation mechanisms in the maintenance of synthesis of several proteins, including AGO1, during stress
situations, and even during the tumorigenesis process.

Key-words: mRNA translation, translation initiation, cap-independent translation, AGO1,
endoplasmic reticulum stress
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1. Introduction
1.1. Translation in Eukaryotic Gene Expression

Gene expression is the process by which the genetic information contained in the DNA
(deoxyribonucleic acid) is converted in proteins that will be used by biological systems for their survival,
maintenance or development. Experiments done by Francis Crick and his contemporaries in the late
1950’s demonstrated that the information encoded in the genome is transcribed into MRNA (messenger
ribonucleic acid) molecules, which are then translated into proteins that will be vital for cellular
functioning [1]. This is the central dogma of molecular biology, which served as the basis for later
scientific work. Since then, many experiments and researches were made in the sense of understand, in
detail, how protein synthesis works and how it is regulated. Nowadays the genetic expression can be
divided into these steps: transcription of DNA in mRNA; mRNA processing; mMRNA transport from
nucleus to cytoplasm,; translation of mMRNA into protein; and processing of the protein.

Translation is one of the most conserved processes midst organisms and the most expensive for a cell,
energetically. Translation has a vital role in the cell, namely in its maintenance, development, resistance,
among others and it is regulated by the coordinated action of all its intervening agents (MRNA, protein
factors, ribosome and tRNA). In eukaryotes, it is divided in four steps: initiation, elongation, termination
and recycling [2, 3]. In the first stage, occurs the recognition of initiation codon by the 40S ribosomal
subunit and the eukaryotic initiation factors (elFs). In elongation, the amino acids are added by the
ribosome to the nascent polypeptide chain, according to the sequence encoded in the mRNA. The
termination begins when the stop codon is found, in which there is the release of the polypeptide chain.
Recycling is the final step, in which the ribosomal subunits are dissociated and the mRNA and the
deacylated tRNA are released, being available for further translation rounds [4].

In eukaryotes, the initiation of translation of most mMRNASs occurs through a mechanism that requires
recognition of the cap m’G structure at the 5'end of the transcript and the scan of the 5' untranslated region
(5"UTR). Hence, this process is known as cap-dependent translation or canonical translation (because it
is the most frequent and occurs under normal conditions) [5].

1.1.1. Initiation

The starting point for translation is a rather complex process requiring ribosomal recruitment,
participation of various initiation factors, formation of ribonucleoprotein complexes and selection of the
initiation codon. This makes it a primary target of a strict regulation and a limiting step in protein synthesis
(Fig.1) [4].

The first step of translation initiation is the formation of the ternary complex. This step involves
the assembly of eukaryotic initiation factor 2 (elF2) to a guanosine triphosphate (GTP) molecule and a
methionyl initiator tRNA (Met-tRNA;). The formation of this complex is a process promoted by guanine
nucleotide exchange factor (GEF) elF2B. After each round of translation this protein catalyzes the
exchange of GDP to GTP. This is a fundamental step in the assembly of the ternary complex since GDP
has an ~100-fold higher affinity for elF2 compared to GTP, making the action of elF2B fundamental at
this stage. In turn, the elF2-GTP complex will establish a positive interaction with Met-tRNA; [4, 6].
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Figure 1. Scheme of canonical initiation of translation: Step 1: Formation of the ternary complex. Step 2: Binding of the
ternary complex to the 40S ribosomal subunit, mediated by elF1, elF1A, elF3 and elF5, forming the pre-initiation complex 43S.
Step 3: Assembly of the elF4F complex and recognition of the m’G cap at the 5'end of the mRNA. Step 4: Scan of MRNA
5°UTR by 43S pre-initiation complex to find the initiation codon. Step 5: Recognition of the initiation codon in optimal context.
Step 6: Joining of 60S subunit with the aid of elF5 and elF5B, thus forming the complex 80S. Step 7: Recycling of elF2-GDP
to elF2-GTP, catalysed by elF2B. Step 8: Reassembly of elF4F complex after each round of translation. (Adapted from [7]).

After assembly of the ternary complex, it will bind to the 40S ribosomal subunit in a process
assisted by elF1, elF1A, elF3 and elF5 forming the 43S complex or pre-initiation complex (PIC). During
this process, elF3 alters the conformation of the 40S subunit, which then enables the interaction between
the ternary complex and the ribosomal subunit [7, 8].

Once the 43S complex is formed it must bind to the mMRNA molecule. However, often enough
transcripts have secondary structure in their 5"UTR, which hinders ribosome and initiation factors
binding. In order to facilitate this process the elF4F complex - composed by elF4A, elF4E and elF4G -
binds to the m’G cap structure at the 5'end of the mRNA, through the cap-binding factor elF4E.
Simultaneously, the same elF4F complex, through the elF4G component, interacts directly with the elF3
of the PIC and with the poly (A) binding protein (PAB), attached to the 3'poly(A) tail, guiding the mRNA
to the complex 43S [4, 9, 10].

Upon binding to the 5'end, the 43S complex begins the scan of the 5'UTR in the search for an
initiation codon. The scanning mechanism for the initiation of translation postulates that the 43S complex
binds to the 5'end of the mMRNA and migrates linearly through the 5'UTR, stopping when it encounters
the AUG codon in favourable context, i.e. with a purine in the -3 position and a guanine at the +4 position
(where A of AUG corresponds to position +1) [11, 12]. When the 5’'UTR is scanned, some of the initiation

factors will play an important role, namely, elF4A which is a DEAD-box helicase (ATP-dependent) that
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allows the unwind of secondary structures present in 5’UTR. For this elF4A helicase activity it will be
essential the stimulation of elF4G and of elF4B, an independent factor that also stimulates the action of
the elF4F complex [13, 14]. elF1 and elF1A will also be important in scanning and detecting of the correct
(or cognate) initiation codon, as they can distinguish between cognate and non-cognate AUG codons [9,
15]. Upon recognition of the initiation codon the scanning stops. Immediately, the AUG codon is
positioned at the P (peptidyl) site of the ribosome and there is a pairing between the bases of the AUG
codon and the anticodon in the tRNA initiator of the ternary complex. In this process, elF5 plays an
important role, as it guarantees the stop of scanning when initiation codon is detected [5, 12]. The
recognition triggers the hydrolysis of GTP of ternary complex by elF2, in a reaction facilitated by the
GTPase-activating protein (GAP) elF5. This results in the release of elF2-GDP, since the complex in this
state has ~10-fold less affinity for Met-tRNA,, leaving it at the P site of the 40S ribosomal subunit. At the
same time elF1 and elF5 are also dissociated [4, 16].

After detection of the AUG codon, the elIF5B-GTP complex binds to the 48S complex and promotes,
in conjunction with other factors, the assembly of the large ribosomal subunit 60S, forming the 80S
initiation complex. The elF5B will also be important for stabilizing codon-anticodon pairing [4, 17]. The
subsequent association of the ribosomal subunits leads to the hydrolysis of GTP by elF5B and to
dissociation of the elF5B-GDP complex, due to its low affinity to the ribosome [16]. Once the 80S
initiation complex is formed and the Met-tRNA is located on the P site, the ribosome is ready to receive
the appropriate aminoacyl-tRNA (aa-tRNA) on the A (aminoacyl) site and form the first peptide bond [9].

Next the translation initiation step, some of the components need to be recycled so that they are
available for another translation round. One such case is the elF2-GDP complex that is released from the
ribosome and has to be reconverted into elF2-GTP to reform the ternary complex. Since elF2 has a high
affinity for GDP, it is elF2B that promotes the GDP:GTP change. On the other hand, the elF2-GTP
complex is not very stable, having to associate with the Met-tRNA;, thus forming the ternary complex.
As this step depends on a nucleotide exchanger and the availability of the components, translation
initiation is limited by it [5].

Another of the interveners that must be recycled is the elF4F complex, which has to be reassembled
before each translation round. As already mentioned, this factor is crucial for the canonical initiation of
the translation because it recognizes the cap structure and participates in the scan of the 5UTR. The
availability of elF4F for translation is regulated by the mTOR (mammalian target of rapamycin) via. This
pathway, when downregulated, decreases the degree of phosphorylation of various proteins, including
4E-BP (elF4E-binding protein), which in their hypophosphorylated forms will bind to elF4E. Once elF4E
is bound to 4E-BP, the reassembly of the elF4F complex is inhibited. Consequently, this step is also a
point of regulation, as the availability of elF4F is dependent on a phosphorylation pathway [9].

In conclusion, there are two limiting steps in initiating translation: the recycling of the ternary
complex and the reassembly of elF4F complex [7, 14].

1.1.2. Elongation

As previously stated, elongation begins when Met-tRNA; is positioned at the ribosomal P site,
and the A site is available to accept an aa-tRNA. Thus, the ternary complex composed by eukaryotic
elongation factor 1A (eEF1A), a GTP molecule and an aa-tRNA can bind to the second codon of the open
reading frame (ORF) located on the ribosomal A site. The linkage between aa-tRNA and mRNA is
dependent on the hydrolysis of GTP and conformational changes in the small ribosomal subunit. This step
will be quite important as it ensures that the cognate tRNA is selected and that there is a correct pairing
between the codon and the anticodon. If the match between them is perfect, distortions occur in the
ribosome to stabilize the interaction, and eEF1A-GDP frees itself from the complex leaving the aa-tRNA
in the A site [18, 19]. The ribosomal peptidyl transferase center (PTC) then catalyzes the formation of a
peptide bond between the aminoacyl-tRNA of the A site and the peptidyl tRNA of the P site. This reaction
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causes a deacylated tRNA to remain in the P site, and therefore, the ribosomal complex must be
translocated. The translocation of tRNAs is guaranteed by eEF2, which in an ATP-dependent manner
promotes the passage of the deacylated tRNA to the E (Exit) site, the peptidyl tRNA to the P site and that
the A site is free to accept the following aa-tRNA [6]. As in the translation initiation, the complexes
containing GDP must be recycled to their active form by a guanine nucleotide exchange factor to be
available for subsequent rounds of elongation. In the case of eEF1A-GDP, it is known that the guanine
nucleotide exchange reaction is catalyzed by eEF1B. All these mechanisms repeat cyclically until the stop
codon is found, which triggers the termination [6, 18].

1.1.3. Termination

Translation termination begins when a stop codon is recognized on the ribosomal A site. When
this occurs, the binding between the nascent polypeptide chain and the tRNA of the P site is hydrolysed
leading to the release of the polypeptide. In eukaryotes, this process is mediated by a termination ternary
complex formed by eukaryotic release factor 1 (eRF1), eRF3 and a GTP molecule. Among these, it is the
eRF1 that can decode any of the three stop codons - UAA, UAG or UGA. This factor will be important
throughout the process because it promotes the stopping of translation and the hydrolysis reaction,
catalyzed by the peptidyl transferase center of the ribosome [4, 20]. The eRF3, in a GTP hydrolysis
dependent process, accelerates the release of the nascent peptide as it promotes conformational changes
in the ribosomal complex [18].

1.1.4. Recycling

When the entire protein synthesis process is over, it is necessary to recycle the various components
of the translation machinery, for them to be available for subsequent translation rounds. At this point in
the process, the ribosomal 80S complex and the deacylated tRNAs remain linked to the mMRNA [4]. In
eukaryotes, one of the central proteins of the recycling is the ATP-binding cassette protein ABCE1, which
is a highly conserved cytosolic ATPase that has already been observed to promote ribosomal recycling
[21]. This protein belongs to the ABC-family ATPases, and it is proposed that it converts chemical energy
from the ATP hydrolysis into mechanical energy that causes dissociation of the 80S ribosomal complex
[18, 20, 22]. However, ABCE1 does not act alone and there are other proteins that aid in the process and
stabilize the products of the dissociation. For example, elF3 participates in the dissociation of the
ribosomal 80S complex in 60S and 40S subunits and elF1A stabilizes the ribosomal subunits, preventing
the reassociation between the 40S and 60S subunits and/or the dimerization of the 40S subunit. In this
way elF1A also influences translation efficiency, since it regulates the availability of ribosomal subunits
for the protein synthesis (Fig. 1) [21, 23]. Subsequent dissociation of deacylated tRNA and 40S subunit
of MRNA is mediated by elF2D, density-regulated protein (DENR) or initiation factors, such as elF1,
elF1A and elF3, which rescue the 40S subunit from another translation round [20].

1.2. Non-Canonical Translation Initiation Mechanisms

As already explained above, the canonical mechanism of translation initiation is that often occurs in
the cell. However, under conditions that inhibit canonical translation initiation, there are proteins whose
synthesis is maintained by alternative mechanisms, thus ensuring cell survival and stress response. Many
of these MRNAs that are translated in a non-canonical way often encode for stress response proteins,
growth factors or oncogenes, since their production must be maintained, either under stress conditions or
disease states. Thus, non-canonical translation initiation mechanisms occur when there is ribosomal
recruitment for the mRNA, with no recognition of the cap m’G and/or scanning of the 5'UTR [5].



1.2.1. Cap-independent Translation Initiation Mechanism

Under any conditions all mRNAs in humans have a cap m’G structure at their 5'end. However, in
situations of high energy expenditure, such as mitosis, or during cellular stress, such as hypoxia,
starvation, apoptosis, among others, recognition of cap m’G may not occur during translation initiation.
This inhibition can occur in two ways: via the mTOR pathway, whose downregulation results in
hypophosphorylation of 4E-BP, which binds to elF4E and prevents recognition of cap by this factor [24];
or by the a-subunit phosphorylation of elF2, that inhibits the activity of its GEF elF2B and causes the
reduction of ternary complex levels available for translation initiation [25].

Thus, the initiation mechanisms of cap-independent translation occur when either one or both
inhibitions occur. Among the mechanisms of cap-independent translation initiation, the most common
and best described, is that in which there is a recruitment of the 40S ribosomal subunit to the mRNA,
without the recognition of the cap structure, and in some cases scanning. This is guaranteed by specific
sequences present in the 5'UTR of the transcript which are called Internal Ribosomal Entry Sites (IRESS).
These IRESs can functionally replace the cap and (in some cases) proteins needed to recruit the ribosome
to the start codon [5, 26].

For many years, it was thought that IRES-mediated translation was the only cap-independent
initiation translation mechanism, yet two more have recently been described. Translation mediated by
"cap-independent translation enhancers™ (CITES) or by Né-methyladenosine (mfA) [5]. The first case was
described when it was found that there are structures in 5'UTR able to promote translation of this protein
in the absence of m’G-cap recognition, but also without the involvement of an IRES [27, 28, 29]. The
other mechanism was observed in mMRNAs containing Né-methyladenosine (m®A) residues in their 5'UTR,
which apparently can bind to elF3, which is sufficient for recruitment of the 43S initiation complex, in
cases of suppression of the cap-binding factor elF4E [30]. This shows that even under conditions of
inhibition of the cap-dependent translation, some mRNAs have in their sequence the necessary tools to
maintain the synthesis of the proteins that they codify, either through IRESs, CITEs or m°A at 5'UTR.

1.2.1.1. Internal Ribosomal Entry Sites (IRESSs)

In 1988, Pelletier and Sonenberg were among the first to describe a translation initiation
mechanism mediated by IRES (Fig. 2). This process was observed in poliovirus mRNA, which is naturally
uncapped, and is therefore translated via a cap-independent mechanism. Translation initiation was
promoted by internal sequences within the 5'UTR, which were able to bind to the ribosome. This was
shown by deletion mutagenesis of an internal sequence in the 5'UTR of poliovirus RNA that is required
for cap-independent translation, which can also confer cap-independent translation to eukaryotic mMRNAs
[31]. These findings suggested that translation of this viral mMRNA does not need the elF4E cap-binding
protein of elF4F complex that normally recruits 40S subunits to capped 5'ends.

Since then, several viral mMRNAs have been described as having IRES in their 5UTR, many of
them functionally different from each other. In the case of hepatitis C virus (HCV), the 40S ribosomal
subunit together with elF3 and the ternary complex binds directly to the IRES, without the action of the
elF4F complex. In this case, translation initiation is promoted by the secondary structure of IRES HCV,
which, having high affinity for the ribosome, positions it near the initiation codon [16, 32, 33]. The IRES
of picornavirus mRNA can bind to a conserved HEAT domain of elF4G, which belongs to the complex
to elF4F, in the absence of cap recognition. In turn, this binding stimulates the linkage between elF4F and
elF3, which promotes ribosomal recruitment [34, 35]. Another different example is found in
Encephalomyocarditis virus (EMCV), in which non-canonical initiation factors alter the conformation of
IRES and promote its binding to elF4A/elF4G. In turn, these factors will promote the binding of the 43S
complex near the initiation codon. This type of IRES-mediated translation in EMCV means that there is
no scanning or participation of elF1, elF1A and elF4E [16].
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Figure 2. Model of translation initiation mediated by Internal Ribosomal Entry Site. IRES are structures located on the
5'UTR of the mRNA which can recruit the 40S ribosomal subunit into the vicinity of the start codon without recognition of the
m’G cap by elF4E. This recruitment is often mediated by canonical elFs and/or ITAFs. (Adapted from [5])

As IRES-driven translation is mediated by RNA itself, the structure of the IRES RNA is one of
the main focuses for functional studies. In 2009, Lukavsky et al. demonstrated that HCV IRES folds into
four major structural domains, with Domains II, 111 and IV assuming an essential role in translation
initiation. Domain 1l promoted IRES activity, whereas Domain Il (with its various a-f subdomains) was
determinant in the interaction and recruitment of the 40S ribosomal subunit. The IV domain contained the
AUG initiation codon [10, 33]. Therefore, more studies have been done with other viral IRES (reviewed
in Kieft, 2008) but what was verified was that the majority of IRES have a complex secondary and tertiary
structure, which influences the action of this to ensure an efficient interaction with the ribosome and/or
protein factors [10, 26].

Yet, in most cases, the IRES sequence/structure alone does not guarantee ribosomal recruitment.
Often it is necessary direct or indirect participation of canonical initiation factors or other auxiliary
proteins - the IRES trans-acting factors (ITAFs). Depending on the IRES involved, the function of the
ITAFs may change, seeing that they may stabilize a functional conformation of the IRES or act as a
"bridge" between the IRES and the ribosome [36]. One of the ITAFs already described is the La protein
that in situations of infection activate translation by IRES of the poliomyelitis virus. The majority of
ITAFs are RNA-binding proteins which play a variety of functions in noninfected cells. For example, in
the case of La, it is an autoantigen which induces antibody production in several autoimmune disorders.
The mechanism by which La mediates IRES-translation is not known, however it has already been
observed that this protein can bind to mRNA, and that the cap-independent translation of the poliomyelitis
virus is La-dependent [37]. Another very common ITAF is polypyrimidine tract-binding protein (PTB),
that in non-infected cells is usually associated with pre-mRNAs participating in the processing of these.
It has been shown that PTB activates the IRES-mediated translation of various viruses, such as EMCV,
poliovirus or hepatitis A virus [37]. More proteins have been described as mediators of viral IRES such
as poly(rC)-binding protein 2 (PCBP2) for Coxsackie virus, Unr for rhinovirus or ITAF45 for foot and
mouth disease virus (FMDV) [37]. Although the mechanism by which ITAFs potentiate the activity of
viral IRES is still unknown, it has already been found that many of these proteins possess several RNA-
binding domains or show a tendency for oligomerization. Owing to these properties, ITAFs are potentially
capable of stabilizing or modifying the IRES fold, which can be considered as an RNA-chaperone activity
[37].



Naturally, the identification of IRES elements in virus posed the question, whether there would
be eukaryotic mMRNAs that could be translated via a similar mechanism. In 1991, Macejak described that
MRNA encoding immunoglobulin heavy-chain binding protein (BiP) can be translated via a cap-
independent mechanism. In this work, it has been demonstrated, with the use of a bicistronic vector, that
the 5'UTR of BiP can mediate the initiation of translation by an internal ribosome-binding mechanism in
mammalian cells. In addition, it has also been found that the 5'UTR of the poliovirus can mediate a cap-
independent translation in both infected and non-infected cells, suggesting that the cell itself has
endogenous machinery to promote a non-canonical translation [38]. Since then, several mRNAs have
been described as containing IRES in their 5" UTRs. It has even been estimated that about 10% of the
cellular mRNAs can be translated through this cap-independent mechanism [39, 40].

In humans, one of the first IRES examples to be described and which functions as a model was mRNA
encoding the X-linked inhibitor of apoptosis (XIAP), whose synthesis is maintained under apoptosis
conditions by an IRES-dependent translation mechanism. In this specific case, it has been observed that
the XIAP IRES supports translation during stress conditions, caused by the phosphorylation of elF20 and
consequent reduction in the levels of available ternary complex. Here, IRES-mediated translation
initiation switches to an elF5B-dependent mode to avoid attenuation due to elF2a phosphorylation. Thus,
the translation of XIAP under stress conditions is elF2a-independent, but it is elF5B-dependent, by a
mechanism that is not yet understood [41]. Other mMRNAs were identified, whose translation was
maintained through IRES, such as Bcl2 (apoptosis inhibitor) [42], p53 (transcription factor/tumour
suppressor) [43], CAT-1 (cationic amino acid transporter) [44] or c-Myc (transcription factor/oncogene)
[45, 46]. These cellular mMRNAs can maintain protein synthesis even when inhibition of translation
initiation occurs due to the phosphorylation of elF2a, which can be triggered by different stress
conditions, such as starvation, heat shock, UV irradiation, hypoxia, endoplasmic reticulum stress, and
virus infection. Interestingly, in the case of CAT-1 IRES, there is a need for eIF2a phosphorylation to
occur a cap-independent translation [47]. This has demonstrated that there are different cellular mMRNAs
that can promote the initiation of translation through internal sequences even under conditions of low
concentration of the ternary complex. However, in many cases the mechanism involved in ribosomal
recruitment through IRES is still unknown.

As in many viral IRES, non-canonical translation in eukaryotes often requires the action of some
canonical elFs. For example, under hypoxia the synthesis of hypoxia-inducible factor-1a (HIF-1a) and
vascular endothelial growth factor A (VEGF-A) is maintained by cap-independent translation in an
elF4G-dependent manner. In these cases, during hypoxia, the activity of the mTOR pathway is reduced,
which conducts to hypophosphorylation of 4E-BP. As previously mentioned, the 4E-BP in this state,
sequesters the elF4E, suppressing cap-dependent mRNA translation. In its free form, elF4G can bind HIF-
lo or VEGF-A IRES and promote ribosomal recruitment through a mechanism not fully understood [48].
These observations suggest that different IRES-containing mRNAs might differ in their requirements for
the active ternary complex and/or for some canonical factors, which cause them to use different
pathway(s) to deliver the ribosome [36].

Although the list of cellular MRNAs containing IRES elements is growing, little is known about the
mechanism by which cellular IRES elements capture 40S subunits [49]. Like the viral homologues, the
cellular IRES present secondary and tertiary structure that allow an efficient interaction with the
translating machinery (canonical initiation factors, ITAFs and 40S ribosomal subunit). Eukaryotic IRES
are normally located at the 5'UTR immediately upstream of the initiation codon; they are relatively long
and structured sequences, rich in GC, and which may contain upstream initiation codons. There are also
cases where IRES extend to the coding region and contain the initiation codon itself. Cellular IRES also
have stem loops and domains like viral IRES [36].

Little is known about the three-dimensional conformation that the eukaryotic IRES adopts for their
activity, only realizing that there is a structure-function relationship, and there is no obvious conservation
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of secondary structure among the various IRES. Currently, several studies have been done to determine
the structure of several cellular IRES, often using chemical and enzymatic probing, coupled with
computer predictions [50]. In one case, Le Quesne et al. determined by chemical probing the structural
model for the human c-Myc IRES. Their results suggest that the IRES is divided into two structural
domains linked by a long unstructured region. It was verified that the presence of the two domains is
necessary for the full functioning of the IRES, however it was verified that specific deletions do not affect
its action, but only diminish its activity. Similar structures and modes of action have been described for
N-myc and L-myc IRES [51, 52]. In addition, was determined/approximated IRES structures of insulin-
like growth factor Il (IGF-11) [53], VEGF [54] or mTOR [55], among others.

It is interesting to note that small deletions and point mutations have a more toxic effect on the
structure and function of viral IRES than on cellular IRES. These observations imply that the structure-
function relationship is not rigid in these cellular IRES as in the viral IRES [50]. In this way, eukaryotic
IRES appear to be less structured and have more plasticity than viral IRES, which presupposes that
translation through this mechanism needs more action from ITAFs that "aid" the canonical elFs [47].
Already several proteins have been described as functioning as ITAFs. Some are proteins that are already
associated with mRNA, since they participate in cellular processes upstream (ex: splicing, export), others
only bind to the MRNA at the time of translation [49].

Very little is understood about the exact mechanism of ITAFs, knowing only that they function as
RNA chaperones. As previously mentioned, the most common and most studied ITAF in both viruses and
eukaryotes is PTB. This protein in addition to its role in IRES-dependent translation, it also influences the
splicing, stability and localization of mMRNA [56]. It is ITAF of a large heterogeneity of IRES, however it
is curious to verify that PTB is ITAF of most IRES that are active during apoptosis, such as c-Myc, PDGF
(growth factor) or TNFa-R (receptor) [57]. In addition to this condition, PTB was described as the ITAF
of CAT-1 mRNA under conditions of amino acid starvation [58], early growth response 2 (EGR2) mRNA
under conditions of inflammation [59], insulin MRNA under conditions of nitrosative stress [60] or p53
under DNA damage conditions [61]. In this way it is possible to verify that PTB is a prominent ITAF in
many cellular IRES in various stress conditions, however without realizing its mechanism of action in
many of them [62].

Other proteins have already been identified as ITAFs of cellular IRES such as, La autoantigen, which
has been shown to be necessary for XIAP cap-independent translation [63], the Unr which has been
described as the ITAF of the IRES of PITSLRE kinase [64] or DAP5 which is ITAF for Bcl2 IRES and
for IRES of its own mRNA [65].

However, ITAFs may also be translation inhibitory elements and may act as negative mediators of
IRES functioning [56]. It has been demonstrated that PTB functions as a negative regulator of Bip IRES-
dependent translation. It was found that the inhibition of endogenous PTB enhanced the translational
initiation directed by Bip IRES happening the opposite when this protein is overexpressed. It is unclear
how PTB inhibits the translation of the Bip mRNA, only knowing that the inhibition is promoted by the
interaction between the PTB and the central region of the 5'UTR of the Bip mRNA [66]. This shows that
some ITAFs, depending on the mRNA in question, may function as a positive or negative regulator of an
IRES-dependent translation.

PTB, like many of the ITAFs already described, belongs to the group of heterogeneous nuclear
ribonucleoproteins (hnRNP A1, C1/C2, |, E1/E2, K and L) known to shuttle between the nucleus and the
cytoplasm. Therefore, it is proposed that these proteins regulate the functioning of IRES by their
availability. Several studies of overexpression and/or depletion of specific ITAFs have demonstrated that
cellular IRES activity is modulated by the intracellular concentration of these proteins. Thus, it is
suggested that the subcellular location of the ITAFs (nucleus or cytoplasm) influences the functioning of
IRES and that this is also a form of regulation of this process [36, 47, 67].



For example, the translation via IRES of the transcription factor SREBP-1 (sterol regulatory element-
binding protein 1) is mediated by the ITAF hnRNP Al. It has been shown that under stress conditions in
liver cells the hnRNP Al mediates the activity of IRES and allows maintenance of the protein levels of
SREBP-1. In addition, it has been found that in normal conditions SREBP-1 is translated in a cap-
dependent manner and the hnRNP Al is in the nucleus unbound to the SREBP-1 5'UTR. However, the
induced endoplasmic reticulum stress triggers the cytosolic relocation of hnRNP Al and causes the
increase in hnRNP Al bound to the SREBP-1 5'UTR [68].

Other reports have also emphasized the importance of subcellular relocation for ITAF and IRES
function, which demonstrates a putative mechanism of regulation utilized in IRES-dependent translation
mechanism. Still, there are other proposed mechanisms for ITAFs that are not delocalized during cap-
independent translation. Some exist in the cytoplasm and only bind to the mRNA at the time of translation
or others that are already linked to the MRNA because they also participate in processes upstream of the
translation [67].

Alternative translation initiation mechanisms play a key role in some cellular processes when cap-
dependent translation is compromised, allowing the cell to maintain its viability regardless of
environmental changes. Several cellular mMRNAS can be translated in a cap-independent manner, however
it is curious to verify the heterogeneity of proteins that can be synthesized through this mechanism.
Therefore, Lacerda et al. (2017) compiled by functional classes the proteins whose transcripts possess
IRES in order to realize which can be synthesized by this cap-independent mechanism. It has been shown
that among mRNAs that have IRES, 21% encodes for transcription factors, 15% for growth factors or
22% for transporters, receptors or channels. This shows that IRES-containing mRNAs often code for
proteins that play an important role in maintaining cellular homeostasis and stress response by
participating in various regulatory, cell growth, proliferation or differentiation processes [5, 69].

In contrast the deregulation of IRES-mediated translation leads to the development and progression
of disease, since these gene families have pivotal roles in cellular processes that demand fine-tuned
regulation. Additionally, changes in expression patterns may lead to the synthesis of oncoproteins in
various types of cancer. Since the production of many of these oncoproteins is maintained by an IRES-
mediated translation this leads to the conclusion that this mechanism operates in conditions such as
mitosis, hypoxia, DNA damage, osmotic shock, starvation and apoptosis, which are characteristics of a
tumorigenic situation [5, 70].

1.3. Translation Regulation

Gene expression is regulated at multiple levels, including the translation of MRNAs into proteins, that
it is subjected to extensive points of regulation. In bacteria, control of gene expression occurs mostly at
the level of transcription, while in eukaryotic systems about 30% of the proteins produced are
predominantly regulated at the translational level [10]. Regulation at this stage has the advantage of
producing a faster response of the cell, i.e. conversion of an "inactive" mMRNA into an "active" mRNA
without the need for transcription, splicing or transport. This type of control is very useful in various
conditions of cellular stress - heat shock, hypoxia, nutrient, deprivation - as it guarantees immediate
changes in protein levels [10, 71]. In fact, during various cellular events (ex: mitosis, apoptosis) or in
response to most cellular stresses the overall translation is reduced. This action allows to prevent the
synthesis of proteins unnecessary for the survival of the cell or that interfere in the response to stress.
Effectively, the regulation of protein synthesis occurs at the level of initiation, elongation, termination
and recycling, however it is commonly considered that the initial step is the most controlled and the
limiting step of the whole process [7, 9, 71].

One of the control mechanisms of translation initiation is the availability of the ternary complex,
making the recycling of elF2-GDP into elF2-GTP a limiting step in this process. Several types of stress

can inhibit this step by inducing the phosphorylation of elF2 on Ser51 of a-subunit. This causes elF2a-
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Ph function as a competitive inhibitor of elF2B, which as previously stated is a guanine nucleotide
exchange factor, which catalyzes the passage of elF2-GDP to elF2-GTP. Consequently, the assembly of
the ternary complex and the initiation of the translation will be inhibited [7, 72]. In mammals there are
four different kinases capable of phosphorylating elF2a, which are activated by different stresses. They
are PKR (double stranded RNA in virus infection), PERK (unfolded proteins in the endoplasmic
reticulum), HRI (heme deprivation), and GCN2 (amino acid starvation), which phosphorylate the same
residue in elF2a and, hence, elicit the same "integrated stress response" involving downregulation of
general translation [3, 9].

The second mechanism in eukaryotes that occurs to control the initiation of translation involves the
recognition of the 5'cap by the elF4F complex, more specifically elFAE. As previously stated, the elF4F
assembly is inhibited by 4E-BP because it competes with elF4G for the elF4E binding site. In turn, the
binding of 4E-BP to elF4E is regulated by the degree of phosphorylation of the first. If
hypophosphorylated, 4E-BP binds strongly to elF4E, whereas phosphorylation of 4E-BP weakens their
interaction with elF4E. The phosphorylation of 4E-BP is controlled by the mTOR protein, which is the
downstream Ser/Thr kinase in the PI3K/AKkt signaling pathway, which senses and integrates signals from
extracellular stimuli, amino acid and oxygen availability, and energy status of the cells [7, 9]. mTOR may
also indirectly inhibit the assembly of elF4F by suppressing elF4A activity. In this case the mTOR
phosphorylates the S6 kinase (S6K), which in turn phosphorylate PDCD4, which is a tumor suppressor
that binds elF4A inhibiting it [9, 73].

In these situations, translation initiation is controlled by trans-elements, which is much better
characterized than that which is made by functional cis-regulatory elements [9]. However, there are
structural aspects in eukaryotic mMRNAs that are important for the regulation of translation initiation. Some
of them are the presence of cap m’G, the context around the start codon and the position of this in the
transcript, the existence of upstream ORFs (UORFs) or the structural composition of 5’UTR [12, 72, 74,
75, 76].

1.3.1. IRES-mediated translation in health and disease

The discovery of IRES in cell transcripts has introduced a new character to understand the
expression of some proteins in certain environmental conditions. IRES elements have emerged as
important regulators of selective mRNA translation, under conditions of reduced cap-dependent
translation. The question of the biological relevance of IRES is answered by the conditions by which this
mechanism occurs as starvation, mitosis, hypoxia, endoplasmic reticulum stress, among others. Thus,
internal initiation represents a cellular backup plan for survival under these conditions [47]. However,
such conditions are also frequently experienced by cancer cells whose survival relies on IRES-dependent
translation of key pro-angiogenic, hypoxia-response and survival mMRNAs [36]. The complex nature of
regulation of cellular mMRNA translation under different pathophysiological conditions suggests that there
may be several diverse pathways leading to cellular IRES-mediated initiation.

One example occurs during angiogenesis, in which hypoxic stress is induced in endothelial cells
to activate certain signalling pathways, to reduce levels of canonical translation. During this process the
IRES-mediated translation plays a key role since it maintains the expression levels of VEGF which is the
main character of this process as it stimulates the proliferation and migration of endothelial cells. It has
been described that during angiogenesis the VEGF mRNA translation is cap-independent and is mediated
by two independent internal ribosome entry sites that are present in 5UTR (IRES A and IRES B). In
addition, hypoxia results in rapid inhibition of translation by elF2a phosphorylation by PERK and the
dephosphorylation of 4E-BP, inhibiting elF4E. This will cause the increase of free elF4G, which in turn
mediates the cap-independent translation of VEGF. This demonstrates that IRES-mediated translation can
maintain VEGF levels under hypoxia conditions, functioning as a compensatory mechanism during

10



angiogenesis. In this process the PTB will function as positive ITAF, interacting with the VEGF IRES
[54, 77, 78].

In contrast, IRES-mediated translation also occurs in angiogenesis during tumour development
and progression, which is characterized by low oxygen concentration environments. Although VEGF
itself is not an oncogene, it is upregulated in tumorigenesis and is important in blood vessel formation in
solid tumours. In breast cancer is induced an inflammatory state that causes in the tumour cells a hypoxic-
stress response. This will lead to the downregulation of the mTOR pathway and, consequently, to
increased levels of hypophosphorylated 4E-BP which sequesters elF4E, inhibiting cap-dependent
translation. Thus, levels of free elFAG increase what induces translation through IRES of VEGF mRNA,
which as previously seen is an elF4G-dependent mechanism [36, 48, 71]. Notably, the VEGF IRES
activity was higher in metastasizing tumor cells in lymph nodes than in primary tumors, most likely
because lymph vessels in these lymph nodes were severely hypoxic [79]. Other mMRNAS are translated via
IRES during hypoxic stress, such as HIF-1a [80] or ATF4 [81], and it has already been demonstrated that
PTB plays a stimulatory role in the IRES-mediated translation of HIF-1a when oxygen supply is limited
[82].

Regulated IRES-mediated translation events have also been shown to play important roles in
controlling the progression of cells through mitosis. During the cell cycle, more specifically, in the G./M
transition often the cap-dependent translation is inhibited, causing the synthesis of many proteins required
for this process to be maintained from IRES-mediated events. One such case is PITSLREp58, which is
involved in spindle formation. In this case, the inhibition of cap-dependent translation by mitosis causes
the cytoplasmic relocation of the ITAF hnRNP C1/C2, which stimulates IRES-mediated translation of
another ITAF, Unr. Unr, in turn, is required for enhanced IRES-mediated translation of PITSLREp58.
Therefore, progression through mitosis occurs via regulation of IRES-mediated translation involving
changes in the relative cytoplasmic levels activities of positive regulatory ITAFs. The exact mechanism
leading to these changes is unknown [83]. Other IRES elements have been described as present in the
MRNASs of proteins of different phases of the cell cycle, such as LEF-1 (lymphoid enhancer-binding factor
1), which is involved in cell growth during mitosis [77] or ODC (ornithine decarboxylase), that affect
chromatin organization [84]. These findings support the possibility that cell cycle progression signalling
events influence ITAF/IRES activity and function [36].

The nutrient availability can also be regulated by cap-independent translation initiation
mechanisms, there being some examples such as the insulin receptor mMRNA and some amino acid
transporters which have IRES. Spriggs et al. (2009) demonstrated that insulin receptor mMRNA contains
IRES in its 5'UTR, and that it can be translated through this pathway. The authors observed that IRES
activity was stimulated by insulin, suggesting that IRES-mediated translation in vivo might be regulated
in a manner dependent on blood glucose levels. In addition, IRES-mediated insulin receptor synthesis has
been shown to be more prominent in the brain and in neuronal cell lines compared to other tissues and
cell lines. This may indicate that IRES translation is important for maintaining INR expression, and other
MRNASs containing IRES in tissues with reduced cap-dependent translation, such as a brain. In addition
to these results it has been demonstrated that the PTB is required for the function of the human INR IRES
both in vitro and in vivo [85]. The nutritional control modulated by IRES activity also occurs at the level
of regulation of amino acid availability. Amino acid depletion induces GCN2 kinase-mediated
phosphorylation of elF2a, leading to a global decrease in canonical protein synthesis. This will lead to
IRES-mediated translation of various amino acid transporters mRNAs, such as CAT-1 or SNAT2, which
are required to promote recovery of amino acid balance [36, 86, 87, 88].

Many other cellular events and/or stresses induce cap-independent translation, such as HIAP2,
that has an ER-stress-inducible IRES, c-Myc, whose IRES translation is activated following the induction
of apoptosis or mitosis, or NRF2, whose synthesis is promoted by an IRES element during oxidative stress
[71, 77,89, 90, 91, 92, 93].
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However as seen from some previous examples, the abnormal functioning of IRES-mediated
translation may play an important role in tumorigenesis. Many transcripts with relevance in cancer, such
oncogenes, growth factors and proteins involved in the regulation of programmed cell death are translated
via IRES elements, under stress situations induced within the tumour microenvironment.

It has been shown that under hypoxic conditions, IRES-mediated translation promotes cell
survival and formation of tumour emboli in inflammatory breast cancer (IBC). Very high levels of
hypophosphorylated 4E-BP and free elF4G were observed in these tumour cells. On the other hand, excess
elF4G promoted cancer cell survival and formation of IBC tumour emboli by enhancing translation by
IRES of VEGF and p120 catenin which are responsible for maintaining high rates of angiogenesis and
membrane associated E-cadherin during emboli formation, respectively [48, 94].

Another study demonstrated that ovarian cancer cells and ovarian cancer xenografts can survive
through IRES-mediated translation, being resistant to inhibition of PISBK/mTOR-pathway. In this work,
drug treatment has been shown to induce resistance in these cells, causing upregulation and/or activation
of multiple prosurvival proteins, including several receptors (EGFR, HER2, c-Kit, and IGF1R),
cytoplasmic kinases (p-p90RSK, p-SrcY), antiapoptotic proteins (Bcl-2, XIAP1), and transcription factors
(p-STATS3, p-STATS6, pc-Jun, p-SMAD3) [95].

One of the proteins that is most deregulated in tumour cells is the p53 tumour suppressor [96].
This is a transcription factor that controls the expression of protein coding genes as well as micro-RNAs
(miRNAs). It plays a critical role in cellular responses to DNA damage and other stresses by inducing
cell-cycle arrest and programmed cell death. In the opposite field, p53 mutations contribute to
tumorigenesis [70]. The p53 transcript has two IRESs that control the translation of two isoforms of the
protein, the full-length p53 and an N-terminally truncated isoform (A40p53), both of which are enhanced
in different stress conditions that induce DNA damage, endoplasmic reticulum stress or cancer. A
mechanism that links IRES-mediated p53 translation with tumorigenesis has recently been described. For
this, two novel p53 ITAFs were identified, the translational control protein 80 (TCP80) and RNA helicase
A (RHA), which positively regulate p53 IRES activity. In addition, it has been shown that in two breast
cancer cell lines the levels of TCP80 and RHA are extremely low, causing the reduction of IRES-
dependent translation of p53 and a defective response following DNA damage. These findings reveal a
mechanism of p53 inactivation that links deregulation of IRES-mediated p53 translation with tumoral
cells [97, 98].

c-Jun is an oncoprotein whose cap-independent translation is required for tumor progression. c-
Jun is a component of activator protein 1 (AP-1), which is a transcription factor involved in regulation of
proliferation, differentiation, growth, apoptosis, cell-migration and transformation. Among others, c-Jun
stimulates transcription of components of the cell cycle, repress transcription of tumor suppressor genes
such as p53, and induces expression of metalloproteinases, which are proteolytic enzymes that promote
growth, invasion, and metastasis of cancer cells [99, 100]. IRES-mediated translation of c-Jun can be
induced by loss of cell-cell contacts, such as when there is a loss of E-cadherin, which causes disruption
or restructuring of the cytoskeletal network. Disruption of the cytoskeletal network activates a signalling
pathway that upregulates IRES-mediated translation of c-Jun and induces an invasive program. Thus,
IRES-mediated translation of c-Jun likely plays an important role in tumour progression [70, 101, 102].
In this way, high c-Jun protein levels have been observed in glioblastoma, malignant melanoma, invasive
breast cancer, and colorectal cancers [103, 104].

Other proteins have been described as upregulated during tumour maintenance and progression,
through IRES-mediated translation which allows to conclude that cap-independent translation has an
important role for the survival and proliferation of cancer cells under stress conditions, thus contributing
to the process of tumorigenesis. Thus, the biological implications of the different initiation mechanisms
are clearly important. The stress conditions that cells must respond to - such as hypoxia, starvation, toxins
or drug exposure - are often an underlying cause of human diseases, including cancer. Understanding how
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translational control is involved in cellular response to stress will provide insight into many human
disorders and ultimately lead to the development of new therapeutic modalities.

1.4. Role of Argonaute proteins, more specifically AGOL1 in the cell

Argonaute (AGO) proteins are key elements in gene silencing processes by small-RNAs. These
proteins interact mainly with microRNAs (miRNASs) or short interfering RNAs (SiRNAs) that guide
Argonaute proteins to target mRNA molecules for silencing or degradation. These proteins are then
involved in post-transcriptional gene silencing [105]. Argonaute family proteins are highly conserved and
their members are found in all eukaryotes, being phylogenetically and functionally very close to the family
of Piwi proteins [106].

The Argonaute family was first identified in plants, being highly conserved between organisms and
species [105, 107]. In humans there are eight Argonaute genes, four that encode for four Piwi proteins
(HIWI1, HIWI2, HIWI3 and HILI), and four others that encode for four Argonaute (1-4) proteins, with
the AGO1, AGO3 and AGO4 genes being clustered on chromosome 1, whereas the AGO2 gene is located
on chromosome 8 [105].
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Figure 3. Structure of Argonaute protein. X-ray crystal structure of the Argonaute protein from the archaeon Aquifex aeolicus.
Argonaute is divided in two lobes, one containing the amino-terminal domain (N, magenta) and the PAZ domain (blue), and the
other containing the MID domain (magenta) and the Piwi domain (blue). Linker 1 (L1, green) bind N domain to PAZ domain
and Linker 2 (L2, yellow) connects the PAZ domain with the MID domain. The various domains play different roles during
Argonaute action. PAZ and MID domain anchor, respectively, the 3' and 5'end of the miRNA. The N domain is responsible by
the unwind of the small RNA duplex during the RNA-induced silencing complex (RISC) assembly. The domain Piwi adopts an
RNase H fold indicating that Argonaute proteins are responsible for the ‘slicer' activity of the RISC. However, only AGO2 has
catalytic activity. (Adapted from [105])

In humans, the Argonautes are preferentially involved in post-transcriptional gene silencing by
destabilizing the mRNA or repressing the translation, highlighting its role in embryonic development, cell
differentiation and tumorigenesis [105]. Of this family only AGO2 has endonucleolytic activity, whereas
AGO1, AGO3 and AGO4 are non-catalytic proteins [108].

These proteins are characterized by having four domains: amino-terminal (N), PAZ, MID (middle)
and Piwi (Fig. 3). Most of these structural studies were done on bacteria and archeas, however there is
evidence that there are similarities with higher organism due to the high conservation of these proteins
and the basic principles of small RNA pathways [109]. Recently, crystal structures of human AGO2 have
been reported, being that it was verified that there are elevated appearances between this one and the
homologous ones of bacterium and archea [110]. Each one of the domains of Argonautes has different
functions, highlighting the Piwi domain which adopts an RNaseH fold suggesting that Argonaute proteins
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are responsible for the 'slicer’ activity of the RNA-induced silencing complex (RISC). Yet, only AGO2
has catalytic activity [111, 112].

The Argonautes are just one element within a large process that is the biogenesis of small RNAs,
being an integral part of the RISC. These proteins come into play when a mature miRNA duplex is already
present in the cytoplasm. In the next step, the duplex is unwound in a reaction mediated by Argonaute N
domain, and the passenger strand of the miRNA is degraded. One important determinant for guide strand
selection by AGO lies in the small RNA duplex itself, whereupon the strand with the less stably paired
5'end is preferentially loaded into AGO proteins. The mature miRNA strand is subsequently incorporated
into the RNA-induced silencing complex, where it binds directly to a member of the AGO protein family
[108]. Next, the miRNAs conduct the RISC, to the target MRNAS, serving Argonaute as a platform that
facilitates the binding between the miRNA and the mRNA. When base complementarity binding between
the miRNA and the target occurs, the mMRNA is silented or cleaved (Fig. 4) [105].

Often in research work "takes advantage" of the RNA interference (RNAIi) mechanism to silence
genes of interest. In this case SiRNAs (short double stranded RNAS) are introduced into the cell by
transfection and are soon processed by the Dicer without nuclear processing, linking directly to the RISC.

It is not clear whether there is a preference for binding of the different miRNAs to the different
Argonaute proteins, since several miRNAs bind to different Argonautes. However, it has already been
found that several small RNA classes possess specific sequence at the 5'end, and it has become clear that
Argonaute proteins are able to sense the 5'terminal nucleotide of the small RNA. It has recently been
shown that the rigid loop in the MID domain of human AGO2 allows specific contacts with a 5'terminal
uridine or adenine, while small RNAs with Gs or Cs at the 5' end bind to human AGO2 with low affinities
[113]. Recently, Werfel et al. demonstrated by immunoprecipitation and in vivo competitive binding
assays that miRNAs-21, -199-3p and let-7 bind preferentially to AGO2 [114]. Another example is the
case of let-7a-3p which is normally activated by AGO3 [115].

In recent years, novel cellular Argonaute functions are emerging, including roles for Argonaute
in transcription, alternative splicing and even DNA repair. In several organisms it has been observed that
the AGO proteins are involved in epigenetic alterations and that they cause modifications in the
chromatin. In plants it was established that AGO proteins, such as AGO4, are associated with nascent
transcripts and mediate DNA methylation and heterochromatin silencing [108, 116]. In mammals there is
still little data to show that Argonautes mediate the transcriptional gene silencing. RNAi machinery has
also been implicated in alternative splicing in human cells. In this study in HeLa and hepatoma cells it
was shown that siRNAs targeting intronic or exonic sequences close to an alternative exon, which regulate
the splicing of that exon. Additionally, the authors verified that this effect is dependent on AGO1 [117].
Finally, AGO proteins have also been observed in double-strand break repair mechanisms. As for this
process very little is known, however, it has already been observed in human HelLa cells, that small RNAs
are produced from the vicinity of the double strand breaks. These then associate with Dicer and AGO2,
which mediates double-strand break repair, suggesting an active role of these factors in this process [118].
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Figure 4. Schematic representation of the biogenesis of microRNAs and short interfering RNAs. The precursors of the
miRNAs are synthesized in the nucleus and processed by the Drosha complex and are subsequently exported to the cytoplasm
where they are associated with the Dicer complex, which cleaves the hairpin and generates a mature miRNA. This is associated
to the RISC, through the Argonaute protein, and guides this complex to the target mMRNA. If AGO?2 is in question the mRNA is
cleaved, otherwise the RISC may recruit exonucleases or otherwise block translation, transiently. The processing of the sSiRNAs
is similar, however they do not undergo a nuclear experiment, linking to the Dicer that delivers them to the RISC. (Adapted from
[119])

Argonaute family proteins are ubiquitously expressed and are mostly located in the cytoplasm
often associated with P-bodies or stress granules [105, 120, 121]. Argonaute (1-4) proteins are expressed
in many tissues and have also been identified in several cell lines. Voller et al. have demonstrated that in
many tissues, such as the kidney, urinary tract, thymus or fetal kidney, AGO1 and AGO2 are the most
expressed proteins within argonaute family, whereas AGO4 is generally expressed in low amounts in
most tissues. AGO3 has a more variable expression between tissues. Interestingly, AGO2 is the protein
of this family, whose expression is more constant between tissues and cell lines, which points out its
importance in the cell, since it is the only one with catalytic activity [122].

Argonaute-mediated gene silencing has an impact on several cellular and physiological processes.
It has been described in several organisms that argonaute proteins participate in the development of
several tissues, and it is therefore proposed that they have a role in the stem cell fate. Several Argonaute
proteins appear to be involved in stem cell fate decisions, and mutations in these genes cause stem cells
to lose their character and differentiate instead of undergoing self-renewing division. For example,
drosophila Argonaute 1 is essential for normal development, particularly in the nervous system. Mutations
in AGOL1 cause embryonic lethality marked by a severe decrease in all types of neurons and glial cells, a
phenotype that suggests may arise from a defect in cell cycle progression or cell survival [123]. A mouse
study showed that the depletion of AGO1 and AGO2 of the global expression of microRNAs is
significantly compromising and causes severe defects in skin morphogenesis [124].

Particularly in relation to Argonaute 1, it is present in humans on chromosome 1, being encoded
by the EIF2C1 gene. This protein has a similar function to the other Argonautes in post-transcriptional
gene silencing, showing no catalytic activity to cleave the target mMRNAs. Structural comparisons between
AGO1 and AGO2 from human demonstrated that there is 84% identity as to the primary sequence of
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proteins. Faehnle et al. found that the lack of AGOL1 slicer activity is due to structural changes in Piwi
domain loops compared to AGO2, once Piwi domain is the main responsible for the catalytic activity of
Argonaute [125]. Little is yet known about the specific function of AGOL1 in relation to the other
Argonautes, it seems often that the four proteins have redundant functions. However, some studies have
been done to understand if AGOL1 is involved in the biogenesis of specific mMiIRNAs [126].

Notably, AGOL1 is expressed at low levels in most tissues, but its expression is particularly high
in embryonic kidney and lung. Protein levels are also increased in tumours that lack the Wilm's tumour
suppressor gene WT1 [106].

Additionally, it has been described that AGOL is overexpressed in colorectal cancer when
compared to adjacent non-cancer tissue. It has also been found that AGO1 in neuroblastoma cells may
play a role of tumour suppressor, since its overexpression causes the cell cycle to slow down, decrease in
cellular motility and stronger apoptotic response upon UV irradiation [127, 128]. Thus, these studies
support the hypothesis that Argonaut deregulation may lead to defects in the RNA interference machinery,
which in some cases may play an important role in tumour progression.
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2. Previous Results

The research developed in this master's thesis was based on the results obtained by Rafaela Lacerda
Santos in her PhD thesis — Non-canonical translation initiation of proteins with potential relevance in
colorectal cancer (2016).

In this work, it was hypothesized that the Argonaute proteins, more specifically AGO1, can be
translated through mechanisms of cap-independent initiation under conditions of inhibition of canonical
translation. Argonaute are involved in the synthesis of miRNAs, which in turn are involved in the
pathways of stress response and maintenance of cell viability. Thus, it was proposed that the synthesis of
these proteins can be maintained under conditions of cellular stress by a cap-independent mechanism.

To test the initial hypothesis, Lacerda Santos first did an in silico analysis to understand if the AGO1
MRNA had characteristics that favour the existence of a non-canonical translation initiation. A thorough
analysis of AGO1 5’UTR revealed an overall GC content of 72.3%. This high GC content indicates that
it is likely to fold into elaborate RNA secondary structures, which in several cases promote the cap-
independent translation.

To prove this experimentally it was used a bicistronic reporter vector with dual-luciferases, which
constitutes the most common method to test cap-independent translation activity [129]. The particularity
of this system is that he first cistron, the Renilla Luciferase (RLuc) ORF, is translated by a cap-dependent
mechanism, and the second cistron, the Firefly Luciferase (FLuc), if translated, will be by a cap-
independent mechanism. To prevent translation reinitiation, a stable hairpin was inserted downstream of
RLuc [130]. It was subsequently cloned the 5'UTR of the AGO1 upstream of the FLuc ORF to mediate
cap-independent translation of this reporter. The positive controls were the cellular c-Myc and the EMCV
IRES sequences cloned in the same plasmid [45, 131]. As negative controls, it is used the empty plasmid
(pR_F) and the human B-globin (HBB) 5’ UTR cloned in the same plasmid (Fig. 5).

SV40 J_m E FLuc L pRF

SV40 RLu

HBB 5UTR N }_ pR_HBB_F

V40 %im Flue [~ pRMYCF
V40 %im Flue [~ pREMCYF

SV40 LU

JESENE FLuc  — pR_AGO1F

Figure 5. Schematic representation of the constructs used to check whether AGO1 5°UTR is able to drive cap-independent
translation initiation. RLuc is the Renilla luciferase cap-dependent translated cistron (grey box) and FLuc the firefly luciferase
cap-independent translated cistron (white box). SV40 box represents the promoter. Black boxes represent the different sequences
cloned upstream FLuc ATG: empty vector (pR_F); human B-globin 5’UTR (HBB) is the negative control for cap-independent
translation initiation activity (pR_HBB_F); c-Myc IRES is the cellular positive control for cap-independent translation initiation
activity (pR_MYC F); EMCV IRES is the viral positive control for IRES activity (pR_EMCV_F); AGO1 5°UTR
(pPR_AGO1_F). All constructs contain a stable hairpin (represented by a stem loop) downstream RLuc of the cistron to prevent
translation reinitiation.
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Then, HeLa cells were transfected with each one of the plasmids shown in Fig. 5 and luminometry
assays were performed to measure the relative FLuc/RLuc ratio from each construct. The obtained results
show that relative FLuc/RLuc luciferase expression levels from pR_AGOL1_F are 2.8 fold those from the
empty plasmid, pR_F. As for the relative FLuc/RLuc luciferase expression levels from pR_HBB_F, they
are similar to those from pR_F, whereas those from pR_MYC_F and pR_EMCV_F are significantly
greater than those from the empty plasmid: 5.8 and 13.4 fold the expression levels from the empty plasmid,
respectively (Fig. 6). These results show both positive controls are driving FLuc expression via a cap-
independent mechanism, which is in concordance with previously published data [45, 131]. From this
experiment, we can also conclude that AGO1 5°UTR is able to drive FLuc expression in a bicistronic
context, which suggests a non-canonical mechanism of internal translation initiation may be responsible
for such expression. Such activity is, however, lower than that measured from c-Myc IRES-containing
plasmid (Fig. 6), indicating that the mechanism by which AGO1 5’UTR is driving cap-independent
translation is less efficient than that used by cellular c-Myc IRES [89].
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Figure 6. AGO1 5°UTR in a bicistronic context is able to mediate cap-independent translation of FLuc reporter protein.
HeLa cells were transfected with pR_F, pR_HBB_F, pR_MYC_F, pPR_EMCV_F and pR_AGO1_F plasmids. Relative luciferase
activity is shown as the luminescence ratio between FLuc and RLuc normalized to that obtained from the pR_F, arbitrarily set to
1. Presented data are the result of, at least, three independent experiments. Statistical analysis was performed using the Student’s
t test (unpaired, two-tailed). *P<0.05, **P<0.01, ***P<0.001.

It was also important to understand whether AGO1 5'UTR could mediate FLuc cap-independent
translation under stress conditions. With this goal in mind, HeLa cells were transfected with either
pR_AGO1_F or the controls (pR_F, pR_HBB_F, pR_MYC_F and pR_EMCV _F) and treated with 1 uM
of thapsigargin, which is a drug that induces the stress of the reticulum, or the corresponding vehicle
(DMSO0), and then was measured relative luciferase activity (Fig. 7). In transfected cells treated with 1
uM of thapsigargin, Western blot analysis shows an increased amount of phosphorylated elF2a protein,
indicating that there was an inhibition of cap-dependent translation (Fig. 7a). In these conditions, relative
FLuc/RLuc luciferase expression levels from pR_AGO1_F in the same conditions were also maintained
and were significantly greater than those from the negative controls (Fig 7b). Altogether, these results
show that AGO1 5’UTR is able to maintain protein synthesis under conditions impairing cap-dependent
translation initiation.
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Figure 7. FLuc expression mediated by AGO1 5°UTR after treatment with 1uM of thapsigargin that suppresses global
protein synthesis. HeLa cells were transfected with pR_F, pR_HBB_F, pR_MYC_F, pR_EMCV_F or pR_AGO1_F plasmids
and treated with 1 pM of thapsigargin. a) Western blot analysis against phosphorylated and non-phosphorylated eIF2a proteins.
a-tubulin is the sample loading control. b) Relative luciferase activity, which is represented as the luminescence ratio between
FLuc and RLuc compared to that obtained from the pR_F construct in each control condition, arbitrarily set to 1. Black bars
indicate cells in control conditions (DMSQO) and grey bars represent cells treated with 1uM of thapsigargin. Presented data are
the result of, at least, three independent experiments. Statistical analysis was performed using the Student’s t test (unpaired, two-

tailed). *P<0.05, **P<0.01.
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3. Aims

Argonaute proteins play an important role in the cell, since they participate in the biogenesis of
microRNAs, whose function is essential for the regulation of several biological events. Given its
importance, it is natural that its synthesis is maintained under conditions that are inhibitory to the
canonical translation initiation. The alternative mechanisms of translation initiation guarantee an
adaptation when the environment changes, being able to maintain the translation of essential proteins in
response to stress.

Previous results show that the 5’UTR of human AGOL is able to mediate a cap-independent translation
in a bicistronic reporter vector. The purpose of this thesis is to continue this work and continue to study
cap-independent translation of AGO1. Thus, our specifics aims are:

i.  Support the previous results using a different bicistronic system;

ii.  Evaluate how the expression levels of endogenous Argonaute proteins, especially AGO1,
vary during inhibition of cap-dependent translation;

iii.  Simulate the secondary structure adopted by the 5'UTR of Argonaute 1;
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4. Material and Methods
4.1. Plasmid Constructs

The pEGFP_mCherry bicistronic plasmid was a gift from Dr Marco Candeias (Kyoto University)
[130]. It contains two reporter genes, enhanced green fluorescent protein (EGFP), which is translated from
a cap-dependent manner, and mCherry which is translated from a cap-independent manner. A stable
hairpin was cloned downstream of EGFP stop codon to prevent translation reinitiation. Upstream of
mCherry AUG is cloned A133p53 that is an isoform of p53.

The pEGFP_mCherry was digested with two restriction enzymes, EcoRI/Xhol, to remove A133p53,
generating the vector to ligate the inserts (HBB 5"UTR and AGO1 5"UTR) For that, the human B-globin
5’UTR (HBB; NM_000518), negative control for cap-independent translation, was PCR amplified, using
primers #1 and #2 with linker for EcoRI in primer forward and linker for Xhol in primer reverse,
respectively (Table 1). The Argonaute 1 5"UTR (AGO1; NM_012199) was PCR amplified, using primers
#3 and #4 with linker for EcoRlI in primer forward and linker for Xhol in primer reverse, respectively
(Table 1). The ligation reaction between the vector and the inserts was performed using T4 DNA Ligase
(NZYTech), according to manufacturer’s instructions, to generate the vectors pEGFP_HBB_mCherry and
pEGFP_AGO1_mCherry.

Table 1. Sequences of primers used in this work

Primer Sequence (5" —=3")
#1 CCGGAATTCACATTTGCTTCTGAC
#2 CCGCTCGAGGGTGTCTGTTTGAGG
#3 CCGGAATTCACTGGCAGCTGGCCG
#4 CCGCTCGAGCCCATATACCCGTGC

4.2. Cell Culture, Drug Treatments and Cell Lysis

Human HCT116 cells were cultured in Dulbecco's modified Eagle's medium (DMEM),
supplemented with 10% (v/v) fetal bovine serum. Cells were kept at 37°C in a humidified atmosphere
containing 5% CO,. Cells were seeded in 35 mm plates and 24 hours after they were treated with DMSO
(vehicle) or 4 uM of thapsigargin (Sigma-Aldrich) for other 24 hours. After treatment, cells were
harvested with 100 pl of 1x (v/v) passive lysis buffer (PLB) (Promega). Lysates were stored at -80 °C
until needed.

4.3. RNA Isolation and Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total RNA from treated cells was extracted using Nucleospin RNA extraction 1l (Macherey-Nagel),
according to the manufacturer’s instructions. cDNA was synthesized from 1ug RNA using NZY Reverse
Transcriptase (NZYTech) and random hexamers (Invitrogen), according to manufacturer’s instructions.

4.4. Reverse Transcription-quantitative PCR (RT-gPCR)

For analysis of relative mRNA levels, RT-gPCR was performed on an ABI 7500 Real-Time PCR
System (Applied Biosystems® by Life TechnologiesTM), using SybrGreen Master Mix (Applied
Biosystems® by Life TechnologiesTM), cDNA as a template and 1uM of specific primers for the genes
of interest (Table 2). The PCR program was performed as described in Table 3. GAPDH was used as
internal control, serving as a marker of cytoplasmatic gene expression. The relative mRNA expression of
each gene was calculated using the AACt method.
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Table 2. Sequence of the primers used in RT-gPCR to measure the relative mRNA levels of GAPDH, AGO1, AGO2, AGO3

and AGO4.
Gene Primer sequence (5" —3")
Forward: CCATGAGAAGTATGACAACAGCC
GAPDH
Reverse: GGGTGCTAAGCAGTTGGTG
Forward: GCACTGCCCATTGGCAACGAA
AGOL Reverse: CATTCGCCAGCTCACAATGGCT
Forward: CGCGTCCGAAGGCTGCTCTA
AGO2 Reverse: TGGCTGTGCCTTGTAAAACGCT
Forward: GGAATTAGACAAGCCAATCAGCA
AGO3 Reverse: AGGGTGGTCATATCCTTCTGGA
Forward: CTAACAGACTCCCAGCGTGTCA
AGOA Reverse: GACTGGCTGGCCGTCTAGTCA
Table 3. PCR programme used in RT-gPCR
Stage Temperature (°C) Time
Holding stage 95 10 m
Cycling stage 95 15s
(40 cycles) 62 30s

4.5. Quantification of the Total Protein by the Bradford Method

The Bradford method was used for the quantification of the total protein, and thus to predict the effect
of thapsigargin treatment on protein synthesis and on protein level. Standard calibration curve and
quantification of total protein amount was made using NZY Bradford reagent (NZY Tech) according to
manufacturer’s instructions. Absorbance was measured at 595nm in a NanoDrop 1000 Spectrophotometer
(Thermo Fisher Scientific).

4.6. SDS-PAGE and Western Blot

Cell lysates were denatured with SDS sample buffer 5x (v/v) at 95°C for 20 minutes. Samples are
resolved in a 10% polyacrylamide gel by SDS-PAGE and transferred to PVDF membrane (Bio-Rad),
previously activated with methanol. The membranes were blocked according to the proteins to be
identified, as will be described further below. Thus the blocking was done with: 5% (w/v) bovine serum
albumin (BSA, Sigma-Aldrich), 1x (v/v) tris-buffered saline (TBS) and 0,05% (v/v) Tween 20 (Sigma-
Aldrich); 5% (w/v) non-fat dry milk, 1x (v/v) TBS and 0,1% (v/v) Tween 20 (Sigma-Aldrich); 5% (w/v)
non-fat dry milk, 1x (v/v) TBS and 0,05% (v/v) Trinton x-100 (Sigma-Aldrich); 5% (w/v) non-fat dry
milk, 1x (v/v) tris-buffered saline (TBS) and 0,05% (v/v) Tween 20 (Sigma-Aldrich). Membranes were
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probed using the following antibodies: rabbit polyclonal anti-Phospho-elF2a (Ser52) (Invitrogen) at 1:250
dilution in 5% (w/v) BSA (Sigma-Aldrich), 1x (v/v) tris-buffered saline (TBS) and 0,05% (v/v) Tween
20 (Sigma-Aldrich); rabbit polyclonal anti-elF2a (Cell Signaling) at 1:500 dilution 5% (w/v) non-fat dry
milk, 1x (v/v) TBS and 0,1% (v/v) Tween 20 (Sigma-Aldrich); mouse monoclonal anti-a-tubulin (Sigma-
Aldrich) at 1:50,000 dilution in 5% (w/v) non-fat dry milk, 1x (v/v) TBS and 0,05% (v/v) Trinton x-100
(Sigma-Aldrich); mouse monoclonal anti-elF2C (Argonautel-4) (Santa Cruz Biotechnology) at 1:250
dilution in 5% (w/v) non-fat dry milk, 1x (v/v) tris-buffered saline (TBS) and 0,05% (v/v) Tween 20
(Sigma-Aldrich); rabbit polyclonal anti-Agol (Abcam) at 1:250 dilution in 5% (w/v) non-fat dry milk, 1x
(v/v) tris-buffered saline (TBS) and 0,05% (v/v) Tween 20 (Sigma-Aldrich). Detection was carried out
by incubating the membranes with the secondary antibodies, peroxidase-conjugated anti-mouse IgG (Bio-
Rad) or anti-rabbit IgG (Bio-Rad) antibodies, followed by enhanced chemiluminescence (ECL).

4.7. In silico Analysis

Human  AGOIl (NM_012199) 5°’UTR  sequences were curated in  NCBI
(http://www.ncbi.nlm.nih.gov/) database as the most common variant. GC content (%) of AGO1 5UTR
was calculated with Endmemo software (http://www.endmemo.com/). mFold software
(http://mfold.rna.albany.edu/?g=mfold) was used to predict the secondary structure of human AGO1
5’UTR, applying the standard parameters defined by the software.

4.8. Data Analysis and Statistics

In order to evaluate mMRNA expression of Argonautes under stress conditions, the relative levels of
Argonaute mRNA and protein under drug treatment was normalized to the relative levels of Argonaute
MRNA and protein treated only with DMSO, which is the vehicle.

Results are expressed as mean * standard deviation resulting from at least three independent
experiments. Unpaired two-tailed Student’s t-test was used for estimation of statistical significance.
Significance for statistical analysis was defined as p<0.05.
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5. Results
5.1. Construction of pEGFP_AGO1_mCherry bicistronic reporter vector

To support the results presented in section 2 it was thought to test whether AGO1 5'UTR promotes
cap-independent translation in a different bicistronic system. For this purpose, a bicistronic vector was
used, in which the first cistron is the enhanced green fluorescent protein (EGFP) and in the second cistron
is the mCherry, a red fluorescent protein. In this system, the EGFP is translated in a cap-dependent manner
and represents an internal control and mCherry is translated in a cap-independent manner. Similar to the
bicistronic vector with the luciferases a stable hairpin was cloned downstream of EGFP ORF to prevent
translation reinitiation, that has already been shown to efficiently inhibit ribosome scanning [130].
Transcription of the bicistronic plasmid is under the control of CMV promoter.

In this way we attempted to clone the AGO1 5'UTR upstream of mCherry ORF, forming the vector
pPEGFP_AGO1_mCherry to analyse its cap-independent translation (Fig. 8). As negative controls, we
used the empty plasmid (pEGFP_mCherry) and the human B-globin 5’'UTR cloned in the same plasmid
(PEGFP_HBB_mCherry), which has already been demonstrated does not mediate the cap-independent

translation (Fig. 6 and 7).
cMV ﬁ E m PEGFP_mCherry

EGFP

pEGFP_HBB_mCherry
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H
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Figure 8. Schematic representation of the vectors that will be used to check whether AGO1 5°UTR is able to drive cap-
independent translation initiation. EGFP is the enhanced green fluorescent protein cap-dependent translated cistron (green
box) and mCherry the protein cap-independent translated cistron (red box). CMV box represents the promoter. Black boxes
represent the different sequences cloned upstream mCherry ATG: empty vector (pEGFP_mCherry); human B-globin 5’UTR
(HBB) is the negative control for cap-independent translation initiation activity (pEGFP_HBB_mCherry); AGO1 5’UTR
(pEGFP_AGO1_mCherry); the vector containing A133p53 (pEGFP_A133p53 mCherry) was used as the base to generate the
other plasmids. All constructs contain a stable hairpin (represented by a stem loop) downstream EGFP cistron to prevent
translation reinitiation.

To generate the plasmids to be tested the base plasmid was the bicistronic vector with reporters EGFP
and mCherry, with A133p53, which is an isoform of p53, cloned upstream of mCherry
(PEGFP_A133p53_mCherry) (Fig. 8). Next, the cloning strategy was to remove by enzymatic digestion
the A133p53 of the bicistronic plasmid and clone our sequences of interest upstream of mCherry ATG.

Thus, as already mentioned in Materials and Methods (Section 4.1), the vector
pEGFP_A133p53 mCherry was digested with EcoRI and Xhol (Fig. 9a), which results in two plasmid
DNA fragments. One corresponding to A133p53 (810 bp) and another corresponding to the
pPEGFP_mCherry vector (6871 bp) (Fig. 9b — lane pD). Subsequently, the vector band were extracted
from the gel and purified (using NZY Gelpure kit, NZYTech). In parallel, the AGO1 5'UTR (213 bp) and
HBB 5'UTR (50 bp) were amplified by PCR, using the primers showed in Table 1, extracted and purified
(using NZY Gelpure kit, NZYTech) (Fig. 9c).
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Figure 9. Cloning strategy to construct the vectors pEGFP_AGO1_mCherry and pEGFP_HBB_mCherry. a) Schematic
representation of pEGFP_A133p53_mCherry vector. In green is represented the EGFP, orange the A133p53 and red the mCherry. On the
right side are represented the position of the EcoRI and Xhol restriction sites. b) Agarose gel corresponding to the digestion of vector the
pEGFP_A133p53 mCherry with EcoRlI and Xhol. Mi — DNA marker (NZYDNA Ladder IlI); pND - non-digested
pEGFP_A133p53 _mCherry; pD — pPEGFP_A133p53 mCherry digested with EcoRI/Xhol. ¢) PCR amplification of inserts. My — DNA marker
(NZYDNA Ladder VI); AGO1 — Amplification of AGO1 5"UTR; HBB — Amplification of HBB 5"UTR

These inserts were then cloned into a commercial vector of known sequence (NZY-A PCR cloning
kit, NZYTech) and was sequenced to confirm if the sequence of our fragments corresponded to AGO1
5'UTR and HBB 5'UTR. Effectively when comparing the reference sequences of AGO1 5'UTR and HBB
5'UTR to the sequences present in the plasmids obtained, it is verified that exist a match (Annex, Fig. 1
and Fig. 2). Then, the inserts were digested using EcoRI and Xhol, and ligated to the the vector
(PEGFP_mCherry) using a T4 DNA ligase (NZYTech) and a 1:5 molar ratio of vector:insert. The ligation
product was amplified using bacterial competent cells. Subsequently, the colonies were submitted to a
screening by a colony PCR using the primers of Table 1. Effectively, the amplified fragments appeared
to have a size corresponding to the respective 5'UTRs, 213 bp for AGO1 and 50 bp for HBB (Fig. 10a
and b).

Finally, to verify if the cloning of AGO1 5'UTR and HBB 5'UTR in pEGFP_mCherry was successful,
the respective plasmids were sequenced. However, the results obtained from sequencing for the two cases
are inconclusive, which may indicate that cloning was not done (Fig. 10c). Indeed the results of the
chromatogram indicate that there was no sequence reaction, most likely because the primers did not
hybridize in the sequence analysed. Unfortunately, we were not able to confirm these results by Sanger
sequencing (Fig. 10c), probably because these clones were false positive.

In order to solve this problem, it was tried to optimize the ligation protocol between the vector and
the inserts. For this, several conditions were tested for the ligation reaction, such the reaction temperature,
reaction time, the amount of vector used or the vector:insert molar ratio. The effect of the temperature
was tested by attempting to make the reactions at 18 °C and at 23 °C. As for the reaction time, a ligation
was tested for 3h or overnight (~16h). Furthermore, we performed a ligation between the vector and
inserts, in which we used different amounts of vector, being tested 50 ng or 100 ng vector. We also tried
to potentiate the binding by changing the vector:insert molar ratio, where we tested 1:5, 1.7, 1:10 and
1:25.

In some of these optimization attempts, we had growth of transformant colonies and an apparent
positive result in PCR screening. However, when sequencing the plasmids obtained, the results were not
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confirmed by Sanger sequencing (similar to the results observed in Figure 10). Unfortunately, until the
end of this thesis we have not been able to complete the cloning of the vectors pEGFP_AGO1_mCherry

and pEGFP_HBB_mCherry, however, we will present ahead some hypotheses on how these cloning can
be done in the future.
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Figure 10. Analysis of pEGFP_AGO1_mCherry and pEGFP_HBB_mCherry cloning. a) Screening PCR of
PEGFP_AGO1_mCherry. B — blank; Lanes 1, 2 and 3 — plasmid samples purified from transformant colonies; M — DNA marker
(NZYDNA Ladder VI). b) Screening PCR of pEGFP_HBB_mCherry. B — blank; Lanes 1, 2, 3, 4, 5, and 6 — plasmid samples
purified from transformant colonies; M — DNA marker (NZYDNA Ladder V1). ¢) Sequencing results of pEGFP_AGO1_mCherry
and pEGFP_HBB_mCherry. At the top of the figure are represented some N's (pink), which means that the sequencing analysis
program, ape (http://en.bio-soft.net/plasmid/ApE.html), cannot identify the nucleotides present. This indicates that the primers
did not hybridize with the sequence during the sequencing reaction.
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5.2. Expression levels of endogenous Argonaute proteins during stress conditions

Previously it has been shown that Argonaute 1 5'UTR can drive cap-independent translation of a
reporter gene, in a bicistronic context, under normal and stress conditions. Now, we want to understand
how the expression of endogenous Argonautes (AGO1, AGO2, AGO3 and AGO4) varies during stress
conditions that inhibit cap-independent translation. For this purpose, we treated HCT116 cells with
thapsigargin, which inhibits the canonical initiation of translation. This drug promotes endoplasmic
reticulum stress, which activates the unfolded protein response (UPR), and consequently, the PERK
pathway. In turn, this protein phosphorylates elF2a leading to the inhibition of cap-dependent translation,
as shown previously [3, 9].

Cells were treated with 4 pM of thapsigargin, while controls were only exposed to the thapsigargin
vehicle, DMSO. For both cases the phosphorylation of elF2a was followed by Western blot analysis, that
showes an increased amount of phosphorylated elF2a protein in cells treated with thapsigargin, compared
to DMSO treated cells (Fig. 11a). In this way, it is possible to ensure that the cap-dependent translation
of these cells is inhibited by the drug effect.

The effects of the thapsigargin were also confirmed by the decrease in total protein content, after
24h of drug treatment (Fig. 11b)
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Figure 11. Effect of cellular thapsigargin treatment on cap-dependent translation in HCT116 cells. a) Consequence of
treatment with 4 uM of thapsigargin on phosphorylated and non-phosphorylated elF2a proteins of HCT116 cells. In lane 1 is
represented the Western blot analysis of protein extracted from cells without treatment (NT — lane 1); In lane 2 is represented
Western blot analysis of protein extracted from cells treated with DMSO (vehicle — lane 2); In lane 3 is represented Western blot
analysis of protein extracted from cells treated with 4 pM of thapsigargin (lane 3). a-tubulin is the sample loading control. The
Western blots shown are a representative of at least three independent experiments. b) Variation of the cellular protein
concentration (mg/ml) between control conditions (DMSO) and treatment with 4 uM of thapsigargin, indicating global cap-
dependent translation inhibition in the thapsigargin treated cells. Presented data are the result of at least three independent
experiments. Statistical analysis was performed using the Student's t test (unpaired, two-tailed), * P <0.05

Next, we evaluated the effect of cap-dependent translation inhibition, in the expression of
Argonaute mRNA, using a Real Time PCR. This method will allow us to determine how the levels of
expression and the relative amount of Argonaute mRNA vary under conditions of canonical translation
inhibition. As shown in Figure 12, treatment with 4 uM of thapsigargin appears to affect the mRNA levels
of Argonaute 1 and Argonaute 2 and have no effect on the mRNA levels of Argonaute 3 and Argonaute
4. In fact, treatment with the drug decreases the mMRNA levels of AGO1 (54%) and AGO2 (62%) for
almost half, when compared to control (DMSO treatment). As for the levels of AGO3 and AGO4 mRNA,
they appear to be stable (Fig. 12).
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These results suggest that although this drug acts at the level of translation, the stress caused also
indirectly affects other cellular processes. In this case the cellular stress inherent to inhibition of translation
affect the availability of two transcripts, the AGO1 and the AGO2. So, it is possible to infer that the
treatment with thapsigargin and, consequently, the inhibition of cap-dependent translation promotes
changes in the turnover or transcription rate of AGO1 and AGO2 mRNAs, in which case these changes
lead to a decrease in the amount of AGO1 and AGO2 transcript. In this case, the stimulus with the drug
may be promoting, indirectly, an increase in the degradation rate of mMRNA or limiting the synthesis de
novo mRNA, which leads to a decrease in AGO1 and AGO?2 transcript levels.
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Figure 12. Effect of cellular thapsigargin treatment on Argonaute mMRNA levels. AGO1, AGO2, AGO3 and AGO4 mRNA
levels expressed in cells treated with 4 uM of thapsigargin were normalized to AGO1, AGO2, AGO3 and AGO4 mRNA levels
expressed in DMSO treated cells. Treatment with DMSO represents the control situation, thus having a value of 1. Presented
data are the result of at least three independent experiments. Statistical analysis was performed using the Student's t test (unpaired,
two-tailed), * P <0.05

Subsequently, we wanted to understand how the inhibition of cap-dependent translation, induced
by thapsigargin, influences the synthesis of Argonaute proteins and whether cap-independent translation
can maintain the protein levels of AGO1 under stress conditions of the endoplasmic reticulum. To this
end we reanalysed by Western blot the lysates of the first experiment, whose thapsigargin induced
phosphorylation of elF2a. At this stage we intend to analyse how the treatment with the drug affects the
synthesis of Argonaute proteins, and for that we use a specific antibody that recognizes all proteins of this
family. This particularity of the antibody is that it recognizes the C-terminal of Argonaute proteins, which
has a high identity among the four proteins. It should be noted that all Argonautes have a similar molecular
weight (~97 kDa), so it is impossible to distinguish them by Western blot using this antibody.

By Western blot results, we observe that treatment with thapsigargin induces a decrease in the
amount of Argonaute proteins (Fig. 13). Treatment with this drug decreases the levels of AGO1 and
AGO2 mRNA, which will mean that there is less transcription available for translation and may lead to a
lower level of synthesis of these proteins (Fig. 12 and 13). Thus, the decrease of AGO1 and AGQO?2 levels
due to treatment with thapsigargin, will result in a decrease in the total pool of of AGOs.

However, it is important to note that this result has limitations, since it is not possible to determine
whether treatment with the drug affects all AGOs, or only a few, and this is what decreases the Argonaute
protein levels.
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Figure 13. Effects of cellular thapsigargin treatment on Argonaute protein levels in HCT116 cells. Consequence of
treatment with 4 uM of thapsigargin on Argonaute, phosphorylated and non-phosphorylated eIF2a protein levels of HCT116
cells. In lane 1 is represented the Western blot analysis of protein extracted from cells without treatment (NT — lane 1); In lane 2
is represented Western blot analysis of protein extracted from cells treated with DMSO (vehicle) — lane 2; In lane 3 is represented
Western blot analysis of protein extracted from cells treated with 4 uM of thapsigargin — lane 3. a-tubulin is the sample loading
control. The Western blots shown are a representative of at least three independent experiments.

Our next goal was to understand if the treatment with thapsigargin induced the decrease of all the
Argonautes or if the protein levels of AGOL could be maintained by a cap-independent translation under
stress conditions. For this, we did a Western blot analysis that evaluated the inhibition of canonical
translation on AGO1 protein levels, using an antibody that specifically recognizes human AGOL, since
its immunogen is located at the N-terminal, which is the most heterogeneous zone between the
Argonautes.

The results in Figure 14 a), show that treatment with 4 uM of thapsigargin decreases the protein
levels of Argonaute 1, as compared to the DMSO control. To further understand how drug treatment
affects AGOL1 protein levels, we performed an analysis by Image J software (https://imagej.nih.gov/ij/),
where we measured the intensity of the Western Blot bands corresponding to AGO1, with DMSO and
drug (Fig. 14b). In order to do this, we used the Western Blot in which we have the four independent
experiments that we did, and we calculated by the software the mean densitometry of AGOL1 in a control
and drug situation (Annex, Fig. 3). Altogether, these results suggest that treatment with thapsigargin
affects the relative protein levels of Argonaute 1.

However, it has already been observed that the 5'UTR of AGOL1 is able to mediate a cap-
independent translation under stress conditions. So, we believe, that the explanation for decrease of
proteins levels is derived from different factors. One of our hypotheses has to do with the fact that
alternative translation mechanisms, namely cap-independent translation, may not have the same efficiency
as the canonical via, in the case of AGOL. If we look at the results in Figure 7, it is found that cap-
independent translation mediated by AGO1 5'UTR under stress conditions is less efficient than that
mediated by c-Myc IRES, which is also a cellular transcript with an alternative translation mechanism.
Thus, we believe that cap-independent translation mediated AGO1 5"UTR under stress conditions be less
efficient in terms of protein level than the canonical way, which may explain the decrease of protein levels
observed (Fig. 14).
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Figure 14. Effect of cellular thapsigargin treatment on Argonaute 1 protein levels in HCT116 cells. a) Consequence of
treatment with 4 uM of thapsigargin on Argonautes, phosphorylated and non-phosphorylated elF2a. protein levels of HCT116
cells. In lane 1 is represented Western blot analysis of protein extracted from cells treated with DMSO (vehicle) — lane 1; In lane
2 is represented Western blot analysis of protein extracted from cells treated with 4 uM of thapsigargin — lane 2. a-tubulin is the
sample loading control. The Western blots shown are a representative of at least three independent experiments. b) Analysis by
image J software of the intensities of the AGO1 bands, corresponding to the treatment with DMSO and with 4 pM of thapsigargin.
Treatment with DMSO represents the control situation, thus having a value of 1. Presented data are the result of at least three
independent experiments. Statistical analysis was performed using the Student's t test (unpaired, two-tailed), * P <0.05.

Another factor that may be contributing to these results is related to the fact that treatment with 4
uM of thapsigargin, which inhibits cap-dependent translation, leads to the decrease of AGO1 mRNA
levels (Fig. 12). In this case there would be less transcript available for translation and possibly less protein
synthesis. Therefore, we thought that the decrease in the AGOL protein levels due to thapsigargin
treatment may also be a consequence of a smaller amount of mMRNA available for translation.

Finally, it is important to bear in mind that there are other regulatory mechanisms to which
endogenous mMRNAs are subjected during translation, unlike reporter genes, and these processes may alter
the expected results. For example, Chen and colleagues reported that AGO1 mRNA is silenced under
hypoxia, and this leads to a decrease in protein levels. In this case during this stress are activated miRNAs
that act on the 3'UTR of AGO1 mRNA and cause their silencing, and consequently, the decrease in the
AGOL1 synthesis [132]. Thus, making a parallel with our results, the stress with thapsigargin lead to less
available AGOL transcript which will probable lead to decreased AGOL1 protein synthesis.
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5.3. Secondary structure adopted by the 5'UTR of Argonaute 1

Cap-independent translation is often reliant on the presence of a 5’UTR rich in secondary and tertiary
structures that facilitates in most situations, the ribosomal recruitment to the vicinity of the main AUG,
possible via internal entry of the ribosome. On the other hand, these structures may impair the regular
scanning of the 5’UTR and, hence, promote the mechanism of ribosome shunting that forces the ribosome
to bypass them and reach the AUG in a non-canonical way.

In this way, we aim to understand the structure adopted by AGO1 5'UTR that allows it to mediate
cap-independent translation. We submitted the human AGO1 5'UTR sequence (NM_012199) to an in
silico analysis to predict the structure and the characteristics that favour non-canonical translation
initiation.

The 5'UTR of AGOL has a length of 213 nts, with an upstream AUG within the untranslated region,
located at position -5 compared to the main AUG. Interestingly, this suggests the possibility of a UORF
regulating AGO1 protein expression. AGO1 5'UTR contains on average a GC content of 72.3%, and the
areas with more GC content (up to 87.5%) are located in the regions adjacent to the 5'end, whereas the
areas with lower GC content (53.8% minimum) are located in the regions adjacent to 3'end (Fig. 15 a).
This high GC content indicates that the 5'UTR fold is likely to form stable RNA secondary structures.

We also used the mFold software (http://unafold.rna.albany.edu/) to predict the spatial conformation
adopted by this region. According to mFold, AGO1 5"UTR tends to fold in a relatively stable structure —
with @ minimum free energy of AG = -111.95 kcal/mol (Fig. 15b).

a) b)

GC content (%)

538 SLI
0 120 213

Position on 5’UTR (nts)

Figure 15. Structural analysis of human Argonaute 1 5" untranslated region (AGO1 5'UTR). a) Calculation of the GC
content (%) of AGO1 5’UTR (data obtained from http://www.endmemo.com). The GC content (average 72.3%) ranges from
87.5% to 53.8%, while the highest GC percentage is localized along the first 120 nucleotides (nts). b) Most stable secondary
structure of AGO1 5’UTR, predicted by mFold software (http://unafold.rna.albany.edu/) reveals the formation of four stem loops
(SLI, SLII, SLIII and SLIV), with a minimum free energy of AG = -111.95 kcal/mol.

AGOL1 5'UTR is organized into a secondary structure formed by four stem loops (SL) — I, I, 111
and IV. (Fig. 15 b). The SL1I is located between nucleotides 12-51 and corresponds to the richest GC
region, suggesting a structure with great stability. The SLII is located between 88-119 nts which is also a
region with a high GC content, about 80%. SLII1 and SLIV are located between 120-129 nts and 140-163
nts, respectively, the regions with lowest GC content of the 5UTR AGO1, which may reflect a more
dynamic structure during translation. In the future, we intend to experimentally confirm these predictions
and see if the AGO1 5"UTR folds into these four stem loops.
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Subsequently, we tried to understand the structural dynamics of AGO1 5'UTR, and for this we
checked by in silico analysis if there were minimal sequences necessary to maintain the structure of AGO1
5'UTR stable. For this, we performed a deletional in silico analysis of 5"UTR sequence that consisted of
sequentially removing 50 nucleotides at a time, both ina 5’ to 3’ direction or in a 3’ to 5’ direction. Using
mFold software, we performed an in silico analysis of the predicted secondary structures formed in the
absence of each deleted sequence and compared it to the secondary structure predicted to the full-length
sequence. It should be noted that in this analysis, we selected the predicted structures with lower free
energy, assuming that these will be the most stable. Therefore, we evaluated how the original structure
was affected by the deletions and, specifically whether the stem loops predicted to be formed by the full-
length sequence were maintained or disrupted (Fig. 16 and 17)

By making the deletions in the 5' to 3' direction it appears that the removal of the first 50
nucleotides completely eliminates the SLI, maintaining the SLII, SLIII and SLIV with a spatial
conformation similar to the full length structure (Fig. 16a and b). The deletion of 1-100 nts disrupts SLI
and SLII, however SLIII remains with a conformation identical to the original that is a short stem loop
(Fig. 16¢). On the other hand, SLIV, seems to change its original structure. Deletion of the first 150 nts
of 5'UTR completely abolishes SLI, SLII, and SLIII, however it appears that SLIV tends to form a
structure similar to the previous deletion, although very different from the original SLIV (Fig. 16d). Of
note, that even after the deletion of 1-150 nts, the sequence is able to form another stem loop, most likely
as a reflection of the high GC content of the AGO1 5'UTR. These predictions show that the disruption of
some loops, especially when deleting the first 50 or 100 nts, tends not to cause major changes in the
following loops, this being especially observable when SLI removal does not affect the spatial
conformation of the SLII, SLIII and SLIV (Fig. 16a). This may indicate some independence of these
structures within the 5UTR AGOL.

As for the deletions in the 3' to 5' direction, we verified that the deletion of 51-213 nts causes the
disruption of the entire original structure, only two small stem loops are formed, which are not identifiable
in the full length conformation (Fig. 17b). The spontaneous formation of these structures should be
derived from the high GC content in this region of the 5UTR. By removing 101-213 nts, occurs SLI
formation, with a spatial conformation comparable to the predicted full-length structure (Fig. 17c). The
deletion of the last 63 nts and analysis of the sequence between 1-150 nts shows that SLIV is disrupted,
while there is a maintenance of the structure of SLI, SLII and SLIII with respect to the original
conformation (Fig. 17a and d).

In sum, this deletional in silico analysis leads us to believe that the spatial conformation adopted
by the various stem loops of the AGO1 5'UTR is relatively independent from each other. This is because
when small deletions occur, as in Figures 16 b) and 17 d), no significant changes happen in the
conformation of the other loops, maintaining a structure similar to the original. To couple this in silico
analysis, it will be important to carry out an experimental validation in order to understand which deletions
affect and if there is a minimum sequence/structure required for AGO1 5'UTR mediated cap-independent
translation.
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Figure 16. Secondary structures predicted for AGO1 5'UTR with successive deletions in the 5' to 3" direction. a) Full-length
AGO1 5°’UTR; b) nucleotides (nts) 50-213 of AGO1 5°UTR,; c¢) nts 100-213 of AGO1 5°’UTR; d) nts 150-213 of AGO1 5°UTR;
Stem loop (SL) I, 11, Il and 1V in each structure represent the predicted formation of stem loops, according to those identified in the
full length sequence. Predictions were obtained with mFold software (http://mfold.rna.albany.edu/?q=mfold) using default
parameters. Gray lines indicate the length of the sequence compared to full length.
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Figure 17. Secondary structures predicted for AGO1 5'UTR with successive deletions in the 3' to 5' direction. a) Full-length
AGO1 5’UTR,; b) nucleotides (nts) 1-50 of AGO1 5°UTR,; c) nts 1-100 of AGO1 5°UTR,; d) nts 1-150 of AGO1 5’UTR; Stem loop
(SL) I, 11, I 'and 1V in each structure represent the predicted formation of stem loops, according to those identified in the full length
sequence. Predictions were obtained with mFold software (http://mfold.rna.albany.edu/?qg=mfold) using default parameters. Gray

lines indicate the length of the sequence compared to full length.
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6. Discussion and Future Perspectives

The alternative mechanisms of translation initiation appear as a backup plan, under conditions of
inhibition of the canonical translation. Among the alternative mechanisms, one of the best described is
the one in which occurs ribosome recruitment to the vicinity of the initiation codon, without prior
recognition of the cap m’G at the 5'end of the mRNA. During cap-independent translation initiation the
recruitment of the 40S ribosomal subunit occurs, mostly, through specific cis-elements present on mRNA.
These are located on the 5'UTR of the transcript, and either by their sequence or structure, they are able
to mediate initiation of translation without the recognition of the cap by the elF4E. This non-canonical
mechanism of translation acts during high energy expenditure or stress conditions, which inhibit cap-
dependent translation. Thus, this alternative process maintains protein synthesis required for cell survival
and stress response [5]. In humans, several proteins have already been described as able to be translated
into stress conditions through cap-independent translation, namely through IRES. Some of these cases are
c-Myc [45, 46], VEGF-A under hypoxic conditions [48], XIAP under apoptosis [41], CAT-1 under amino
acid deprivation[44], mTOR under hypoxia [55], among others.

Previous work on this thesis done in our laboratory has demonstrated that also the human AGO1
5"UTR can mediate cap-independent translation, which is maintained under stress conditions including
hypoxia and endoplasmic reticulum stress. As previously stated, the aim of this work was to continue
studying the cap-independent translation of Argonaute 1, and by extension, to understand how the
expression levels of the other Argonautes vary under conditions of inhibition of cap-dependent translation.

In order to prove and reinforce the previous results, our first aim was to demonstrate that the human
AGO1 5'UTR can promote the cap-independent translation of a reporter gene, using a different bicistronic
system. However, until the end of this thesis it was not possible to finish the cloning of the
pPEGFP_AGO1_mCherry and pEGFP_HBB_mCherry vectors. We think that the problem in cloning the
AGO1 5'UTR and HBB 5'UTR in the pEGFP_mCherry vector, is related to the large size difference
between the inserts and the vector, which decreases the efficiency of the ligation reaction. In this way we
present some protocol solutions that can be conducted in future attempts, to perform this cloning. We first
propose that one way of enhancing the binding reaction is to use a larger amount of vector, namely, 100
ng, because when we use this amount of vector, we obtained a larger number of transforming colonies,
which may increase the probability of obtaining a positive colony. Another suggestion is to increase the
molar ratio vector:insert, so that there is a large amount of insert in relation to the vector, thus trying to
potentiate the ligation between them. In addition, we plan to use a different set of primers to perform the
colony PCR, in which the forward primer will be located in the insert and the reverse on the vector to
avoid false positive results.

In a future perspective, and once the plasmids pEGFP_AGO1 _mCherry and pEGFP_HBB_mCherry
are obtained, the strategy will be to transfect cells with these plasmids, and then, by confocal microscopy,
evaluate the fluorescence of the two reporter genes. Being that in this case we expect that AGO1 5’UTR
can drive cap-independent translation of mCherry.

In addition to our previous results that show AGO1 5'UTR is able to mediate the cap-independent
translation of a reporter gene under stress conditions, we wanted to understand how the endogenous
Argonautes mRNA and protein levels vary under this stress conditions. For this, we used a drug,
thapsigargin that induces stress in the endoplasmic reticulum, which consequently leads to the
phosphorylation of elF2a and to the inhibition of canonical translation initiation.

Altogether, our results demonstrate that treatment with 4 uM of thapsigargin induces a decrease in
AGO1 and AGO2 mRNA levels, a decrease in Argonaute protein level and a decrease in AGOL1 protein
level (Fig. 12, 13 and 14). As for the transcript levels it is possible to verify that the treatment with this
drug causes a decrease in AGO1 and AGO2 mRNA levels to 54% and 62%, respectively (Fig. 12).
Although thapsigargin is described as a translation inhibitor, the impairment consequences of such
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important step may affect other cellular processes, in which case it will affect the availability of two
transcripts, AGOL1 and AGO2. Thus, it is possible to infer that the inhibition of cap-dependent translation
induced by thapsigargin causes changes in the turnover or in transcription rate of AGO1 and AGO2
MRNAS. Although there are no described actions of this drug at the mRNA level, this treatment indirectly
may be promoting an increase in the degradation rate of mRNA or limiting the synthesis of new mRNA,
which leads to a decrease in AGO1 and AGO?2 transcript levels. Probably correlated with this, is the
decrease in the levels of the Argonaute protein, since with less AGO1 and AGO2 mRNA due to the
treatment with thapsigargin, we will have less available transcript and possibly less protein synthesis.
Consequently, when there is less AGO1 and AGO2 protein we will have a decrease of the pool of AGOs
(Fig. 13).

Finally, we observed that stress induced by thapsigargin leads to decreased levels of Argonaute 1
protein. This result for us was intriguing, since it had previously been observed that the AGO1 5'UTR
was able to promote cap-independent translation under stress conditions. So, we had the expectation that
even with thapsigargin, the protein synthesis of AGO1 was maintained by an alternative initiation
mechanism. However, we believe there are some reasons for this result. First, treatment with 4 uM of
thapsigargin decreases the levels of AGO1 mRNA. Thus, even though there may be occurring cap-
independent translation of AGO1, there will be less transcript available and less protein produced.

In addition, it should be noted that in these experiments we are measuring the expression of
endogenous AGOL, not a reporter gene. Therefore, when we induce stress, the mechanisms of regulation
will be more effective in controlling AGO1 than in the reporter gene. For example, it has been described
that under hypoxia conditions miRNAs are produced, whose target is 3'UTR of AGO1 mRNA, which
cause silencing of the transcript and, consequently, lead to a decrease in the protein levels of AGO1 [132].
Compared with our results, the stress induced by thapsigargin may activate some cellular process that is
not directly linked to the translation machinery but will affect the amount of protein synthesized.
Therefore, in future experiments it will be convenient to test for other stresses that inhibit cap-dependent
translation in HCT116 cells, but that do not cause changes in mMRNA levels. This will increase the
assurance that we are only measuring alterations in protein synthesis dependent on the translation process.
Also, in order to increase the robustness of our results, we also propose to replicate this experience with
thapsigargin in other cell lines, in order to see if the same trend is observed.

Furthermore, we believe that there is another factor contributing to the lower amount of AGO1 protein
when cells are treated with the drug compared to the control situation. This is because when we inhibit
canonical translation, the synthesis of AGOL1 is guaranteed by a cap-independent mechanism, and we
assume that this alternative pathway will not be as efficient as the canonical process. Our hypothesis is
based on the fact that some papers have found that for several cellular mRNAs containing IRES, cap-
independent translation is less efficient than cap-dependent translation. This was observed in some
research works, that was measured the translational activity of a reporter gene (FLuc) from a
monocistronic vector (cap-dependent translation) and a bicistronic vector (cap-independent translation),
in which upstream FLuc ORF were c-Myc IRES or Hsp70 IRES. Authors found that FLuc relative activity
is much smaller in the second case, suggesting that cap-independent translation is less efficient. Thus, in
parallel with our results, AGO1 cap-independent translation may be less efficient when compared to the
canonical pathway, which will explain the observed protein levels decrease [133, 134].

Finally, as a future perspective we are going to measure AGO1 cap-independent translation under
another type of stress that inhibits translation canonical initiation. In this thesis, we used thapsigargin,
which induces the stress of the reticulum and the phosphorylation of elF2a, however, as previously
mentioned, there are IRES whose activity is higher in certain types of stress, since they are present in
MRNAs that encode proteins that respond to this stress. For example, in situations of reticulum stress the
activity of HIAP2 IRES is increased, or when amino acid starvation occurs there is an increase in the
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activity of CAT-1 IRES [86, 90]. Thus, in later experiments it will be convenient to use specific stress
conditions that potentiate the cap-independent translation of AGOL.

Since AGO1 5'UTR is able to mediate cap-independent translation, our last task was to try to
understand the characteristics of its 5'UTR that enable it to promote this alternative translation initiation
and thus, also to try to predict what is the secondary structure adopted by this sequence. As it has been
seen, many of these 5'UTRs present complex secondary and tertiary structures that allow an efficient
interaction with the translation machinery, thus enabling internal recruitment of the ribosome and/or elFs
in situations of inhibition of cap-dependent translation. The 5'UTRs that contain IRESs are usually long
and structured, rich in GC content and may contain upstream initiation codons [36].

Thus, our in silico analysis showed that the AGO1 5'UTR has a complex secondary structure, which
is organized into four stem loops and which contain on average a GC content of 72.3%, which presumably
will confer great stability to this region (Fig. 15). In addition, our deletional in silico analysis of the AGO1
5'UTR showed that small deletions in the sequence (Fig. 16 and 17), both in the 5'to 3'and in the 3'to 5
'direction, do not appear to have a large impact on the remaining spatial conformation. In fact, when the
SLI (Fig. 16b) or SLIV (Fig.17d) are removed, the structure of the other stem loops does not appear to be
significantly affected, which may reflect some structural independence between the four SLs. However
with large deletions (more than 100 nts), it is verified that the spatial conformation of the various stem
loops changes considerably.

Nevertheless, this in silico analysis has its limitations, since it is only a structural prediction, so we
intend to do an experimental validation of these results. For this, our strategy would be to synthesize in
vitro the RNAs corresponding to the AGO1 5'UTR and to the various deleted sequences, and then to
evaluate by circular dichroism, a spectroscopic technique, the structure adopted by these fragments, in
order to compare to the predictions of the mFold. As well we aim to clone these fragments in our
bicistronic vector and measure FLuc activity, in order to identify which portion of AGO1 5” UTR is able
to promote cap-independent translation.

Similar structure/function analyzes have already been done on other sequences, which appear to be
able to promote cap-independent translation, namely c-Myc IRES, VEGF IRES and mTOR IRES [51, 54,
55]. For example, c-Myc IRES seems to be organized into two structural domains, the first of which is
more complex with a stem loop and an overlapping double pseudoknot motif, while domain 2 contains a
single stem loop. In this work, Le Quesne and colleagues did an in silico and experimental deletion
analysis, in which they removed the structural domains in turn, and verified the effect on the predicted
structure and functioning of the IRES. The authors observed computationally that removal of one of the
domains does not appear to alter the structure of the other. Experimentally it has been found that the
removal of domain 1 or domain 2 leads to a decrease in IRES activity to about 60% whereas the
simultaneous deletion of the two leads to a decrease in IRES activity to about 15%.

Overall, our results, indicate that the endoplasmic reticulum stress decreases the level of AGO1
MRNA, thus affecting the amount of protein synthesized. It is therefore necessary to continue studying
the cap-independent translation of AGO1, causing that more experiments will be necessary in the future,
especially in the sense of perceiving in which stress situations the activity of AGO1 5'UTR is greater and
if this alternative form of translation initiation is able to maintain the same level of AGO1 protein
synthesis.
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8. Appendix

Reference Sequence [[HEEEEA
Lrrrned
AGO1 5'UTR cloned on commercial vector caatTca

CTGGCAGCTGGCCGGGCGCT CGCAGTGGGAGCTGCTGCAGGCTCCGCGGLCGGCGGCARACGGAGGCTGCGGGGGCGGCGGCGCGAGCGGCCGGGCTTGGTA
PEERRR e e e e e e e e e e e e e e r e e r e e e n e e e e rrnnntl
CTGGCAGCTGGCCGGGCGCTCGCAGTGGGAGCTGCTGCAGGCTCCGCGGCGGCGGCAACGGAGGCTGCGGEGGGCGGCGGCGCGAGCGGCCGGGCTTIGGTA

GGGGAGCCGAGCCCGGCCCGGGATCCCGAGCAGCGAGAGTGTGGGGTACCTAGGCCCCTCACGCTGGACTTCACAGTICTCCGGGCCGCCTGACCTCCGCA

||||I|IIIIIIII[I|||[||ll||III|IIII!III[I||l|||l||[I|IlI|IllIIIIIIlI|[I||I||Imllllllllllllllllllllll
GGGGAGCCGAGCCCGGCCCGGGATCCCGAGCAGCGAGAGTGTGGGGTACCTAGGCCCCTCACGCTGGACTTCACAGNNTCCGGGCCGCCTGACCTCCGCA

CGGGTATATGCCHNNN
T
CGGGTATATGGGCTCGAG

Figure 1. Verification of AGO1 5'UTR cloning into the commercial vector of known sequence (NZY-A PCR cloning kit,
NZYTech). Comparison of the reference sequence of the AGO1 5'UTR with the sequencing obtained from the cloning of the
insert AGO1 5'UTR into a commercial plasmid of known sequence, made by the program ape (http://en.bio-
soft.net/plasmid/ApE.html). On top is described the reference sequence, in which yellow is the human AGO1l 5'UTR
(NM_012199) and in red the restriction sites of EcoRI (G*AATTC) and Xhol (C*TCGAG), respectively. Below is the sequencing
of the commercial plasmid in which the AGO1 5'UTR insert was cloned. Cardinals represented in red mean that the program
failed to decode which nucleotides are present. However, by the chromatogram analysis (data not shown) the most relevant peaks
appear to correspond to the nucleotides of the reference sequence.

" & e & & &

Reference Sequence IEBBBBACATTTGCTTCTGACACARCTGTGTTCACTAGCAACCTCARACAGACAC
RN RN RN RN NN N NN NN RN RN RN R NRNNnnnnnRRRARARRAAAAE
HBB 5°'UTR cloned on commercial vector  GAATTCACATTTIGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCCTCGAG

Figure 2. Verification of HBB 5'UTR cloning into the commercial vector of known sequence (NZY-A PCR cloning kit,
NZYTech). Comparison of the reference sequence of the HBB 5'UTR with the sequencing obtained from the cloning of the
insert HBB 5'UTR into a commercial plasmid of known sequence, made by the program ape (http://en.bio-
soft.net/plasmid/ApE.html). On top is described the reference sequence, in which blue is the human HBB 5'UTR (NM_000518)
and in red the restriction sites of EcoRl (G"AATTC) and Xhol (CA"TCGAG), respectively. Below is the sequencing of the
commercial plasmid in which the HBB 5'UTR insert was cloned.

4 M 4 M 4 pM 4 pM
DMSO thapsigargin pMSOQ thapsigargin DMSO thapsigargin  DMSO thapsigargin kDa
1 2 3 4 5 6 7 8
AGO1 e . .97

Figure 3. Effect of thapsigargin on Argonaute 1 protein synthesis in HCT116 cells. Western blot analysis of Argonaute 1
protein levels in untreated cells (DMSO, vehicle) — lanes 1, 3, 5 and 7 —and in cells treated with 4 uM of thapsigargin — lanes 2,
4,6 and 8.
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