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Somewhere,

something incredible is waiting to be known.
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Resumo

Num mRNA maduro, diversas sequéncias reguladoras estdo presentes nas regides
ndo traduzidas (UTRs), nomeadamente no 3'UTR. Esta regulagdo pode ser
conseguida através de sequéncias trans-reguladoras, como 0s microRNA (miRNAS)
ou proteinas que se ligam ao RNA (RBPs), que atuam em coordenagcdo com
sequéncias cis-reguladoras, como por exemplo os upstream sequence elements
(USEs), importantes no processamento do 3’. O nosso grupo descobriu um USE com
fungbes fisioldgicas importantes em Drosophila melanogaster, com um papel na
modulacéo da poliadenilagdo alternativa e afetando a produgéo dos niveis necessarios
da proteina Polo, essencial para a viabilidade das moscas da fruta. Adicionalmente, foi
demonstrado que esta sequéncia de 28 nucleoétidos, rica em uracilos, que foi depois
denominada iPLUS (increase Protein Levels Universal Sequence), promove um
aumento na producdo de proteinas recombinantes, quando subclonada a jusante de
um gene-reporter. Isto foi comprovado em varios modelos para além de Drosophila,
nomeadamente em peixe-zebra, levedura e linhas celulares de mamiferos.

Dadas as caracteristicas reguladoras do iPLUS, foi proposto que esta sequéncia podia
ser aplicada a tecnologia das vacinas de mRNA, de forma a aumentar a producao
proteica do antigénio e a respetiva estabilidade do mMRNA, ambos aspetos importantes
em vacinas de mRNA. O nosso objetivo era avaliar se o iPLUS e uma das suas
variantes (a regido mais conservada do iPLUS repetida trés vezes — iPLUS seq3 3X)
podiam melhorar as vacinas de mRNA, pondo a hip6tese de que a subclonagem
destas sequéncias a jusante do cDNA do respetivo antigénio, poderia levar a um
aumento da producdo proteica e na estabilidade do mRNA. Com esse propdésito,
subclonamos o iPLUS e o iPLUS seg3 3X a jusante do cDNA da proteina Spike do
virus SARS-CoV-2. Planeamos avaliar o efeito destas sequéncias em duas variantes
do SARS-CoV-2, a variante original de Wuhan, e a variante ja dominante, Omicron.
Ensaios de transfecdo de linhas celulares, especificamente HelLa e ExpiCHO-S,
revelaram que o iPLUS seq3 3X, quando subclonado a jusante do cDNA da Spike de
Wuhan, promove um aumento na sua producdo proteica e nos niveis de mMRNA,
quando comparado com o controlo que ndo possui esta sequéncia. Este aumento
chega mesmo as 2.5-vezes, para a producgdo proteica da Spike em ExpiCHO-S. A
sequéncia iPLUS néo altera ou leva mesmo a uma reduc¢@o nos niveis proteicos e de
mRNA. Para a variante Omicron, também n&o foi observado nenhum aumento com

ambas as sequéncias iPLUS testadas, contrastando com os resultados obtidos para a
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variante de Wuhan. Posteriormente, realizamos também ensaios in vitro, que
consistiram na produgcdo de mRNA contendo o cDNA da Spike de Wuhan, ou na
presenca do iPLUS seg3 3X, ou sem esta sequéncia. A transfecdo de células com
estas moléculas de mRNA revelou que a presenca do IPLUS seq3 3X leva a uma
diminuicdo da estabilidade do mRNA, o que foi reforcado por dados obtidos por
ensaios com Actinomicina D. Estes resultados s&o algo contraditdrios, uma vez que o
iPLUS seg3 3X leva, por um lado a um aumento na producéo da proteina Spike e nos
seus niveis de mMRNA, e por outro lado a uma diminuicdo da estabilidade desse
mesmo MRNA, o que sugere que esta sequéncia pode estar a aumentar a transcricdo
ou a eficiéncia da traducéo, e ndo a estabilidade do mRNA.

Em suma, ao longo desta tese demonstramos que estas sequéncias curtas, nao
codificantes, presentes no 3'UTR, s&do capazes de afetar consideravelmente diferentes
aspetos relacionados com a regulagdo dos mRNAs, desde a transcricdo a traducao.
Adicionalmente, apresentamos dados que apontam para o facto de a regido
codificante poder afetar a respetiva transcricdo e traducdo, e constatamos que o
iIPLUS e o iPLUS seq3 3X tém funcdes diferentes, nalguns casos mesmo contrarios.
Assim, muitas questbes levantadas permanecem por responder, abrindo novos
caminhos para investigacdo, ainda que tenhamos provado claramente que o iPLUS
seq3 3X pode ser um 6timo recurso para a producédo proteica e de mRNA da Spike de
Wuhan.

Palavras-chave: RNA mensageiro, upstream sequence elements (USE), 3'UTR,
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), iPLUS, producédo

proteica, estabilidade de mMRNA



FCUP | ICBAS
Regulation of gene expression by noncoding sequences in health and disease

Abstract

In a mature mMRNA several expression regulatory sequences are present in the
untranslated regions (UTRs), namely in the 3UTR. Regulation can be achieved by
trans-acting sequences, such as microRNAs (miRNAs) and RNA-binding proteins
(RBPs), which act in coordination with cis-regulatory sequences, such as the upstream
sequence elements (USESs), crucial for the pre-mRNA 3’end processing. Our group has
discovered an USE with essential physiological roles in Drosophila melanogaster,
modulating alternative polyadenylation and the production of the required levels of the
Polo protein, crucial for the fly viability. It was further demonstrated that this non-coding
28-nuclectide long, U-rich sequence that was later named iIPLUS (increase Protein
Levels Universal Sequence), promotes an increase in recombinant protein production,
when subcloned downstream of a reporter gene. This effect was observed in several
models besides Drosophila, namely zebrafish, yeast and mammalian cell lines.

Given the regulatory characteristics of iPLUS, it was hypothesized that this sequence
could be applied to mRNA vaccine’s technology, in order to improve the antigen’s
protein production and the respective mRNA stability, both important aspects of an
MRNA molecule. We aimed to evaluate if iPLUS and one of its variants (iPLUS most
conserved region in tandem three times — iPLUS seq3 3X) could improve mRNA
vaccines, hypothesizing that the subcloning of these sequences downstream of the
antigen’s cDNA could lead to an increase in protein production and mRNA stability.
With that purpose, we subcloned iPLUS and iPLUS seq3 3X downstream of the Spike’s
protein cDNA from the SARS-CoV-2 virus. We intended to evaluate the effect of these
sequences on two SARS-CoV-2 variants, the original Wuhan variant, and the now
dominant Omicron.

Cell transfection assays, consisting in the transfection of both HeLa and ExpiCHO-S
cell lines with plasmids with or without the iPLUS sequences, revealed that iPLUS seq3
3X, when subcloned downstream of Spike’s cDNA from the Wuhan variant, leads to an
increase in both Spike protein and mRNA levels, when compared to the control that
lacks this sequence. This increase reaches even 2.5-fold for Spike’s protein production
in ExpiCHO-S cells, which are commonly used in the Pharma industry. The iPLUS
sequence either does not impact or leads to a decrease in both protein and mRNA. For
the Omicron variant, no increase was observed with both iPLUS sequences tested,
contrasting with the results obtained with the Wuhan variant. Afterwards, in vitro assays
were carried out to evaluate the role of IPLUS seq3 3X in mRNA stability. Cell

transfections with in vitro transcribed mRNAs containing Wuhan'’s Spike cDNA either in
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the presence of iIPLUS seq3 3X or lacking this sequence demonstrated that iPLUS
seq3 3X led to a decrease in mRNA stability, which was also reinforced by data
obtained with Actinomycin D assays. These results seem contradictory, with iPLUS
seq3 3X leading both to an increase in Spike’s protein production and mRNA levels,
but to a decrease in the respective mRNA stability, which may suggest that this
sequence may be increasing transcription or translation efficiency, rather than mRNA
stability.

In short, throughout this thesis we showed that these short, non-coding sequences
present in the 3UTR can strongly impact several aspects of an mRNA fate and
regulation, from transcription to translation. Additionally, we observed that iPLUS and
iPLUS seg3 3X have different functions, sometimes even contrary. As so, many
questions were raised and remain unanswered opening new avenues for research,
even though we clearly prove that iPLUS seq3 3X can be an asset for Wuhan Spike’s

protein and mRNA production.

Keywords: messenger RNA, upstream sequence elements (USE), 3'UTR, severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2), iPLUS, protein production,
MRNA stability.
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From transcription to translation: the importance of the
MRNA

Our genetic information is stored as DNA, a molecule that consists in nitrogenous
bases (adenine, thymine, cytosine, and guanidine), attached to a backbone of sugars
(deoxyribose) and phosphate groups. Two chains of this polymer are linked through
hydrogen bonds between complementary bases, providing the well-known double-helix
pattern of DNA discovered by Watson and Crick in 1970 (1, 2). DNA can then be
transcribed into RNA molecules, also constituted by sugars (in this case, ribose),
phosphate groups and nitrogenous bases (adenine, uracil, cytosine, and guanidine).
RNA has the particularity of being, for the most part, a single-stranded molecule and
several types exist, including: messenger RNA (mRNA), ribosomal RNA (rRNA) and
transfer RNA (tRNA) (3). rRNA, as the name implies, is the primary component of
ribosomes; tRNAs are responsible for carrying the corresponding amino acids to the
ribosome, depending on the expressed codon, (3); and mRNAs provide the information
for ribosomes to produce proteins in the cytoplasm (4).

DNA will serve as a template for the RNA to be formed and the process of gene
transcription comprises a series of events, as illustrated in Figure 1. First, RNA
polymerase must be assembled onto the promoter of the gene to be transcribed (5). In
eukaryotes, RNA polymerase Il (Pol 1) is a crucial enzyme for mRNA transcription,
being responsible for the transcription of all protein-coding genes as well as some non-
coding RNAs. Pol Il activity leads to the formation of a precursor messenger RNA (pre-
MRNA), through a process that involves three main steps: initiation, elongation and
termination (6). Pre-mRNA molecules must go through a process of maturation, to
become able of migrating to the cytosol, where ribosomes are present and proteins are
produced (5). In fact, if alterations or dysregulations in the pre-mRNA processing occur,
the cell can be compromised, and different pathological conditions may appear (7).
RNA processing to form a mature mRNA includes the introduction of a 7-
methylguanosine cap in the &’ end, the steps related to splicing — intron excision and
consequent exon ligation, and the addition of a long tail of adenines in the 3’ end of the
pre-mRNA, the polyadenylation (polyA) tail. All these processing events are very
important for the fate of the newly transcribed mRNA. Moreover, transcription of the
pre-mRNA molecule takes place at the same time as the RNA processing events, so,
maturation of the mRNA is mostly co-transcriptional, as these two processes also seem
to be mechanistically interdependent (5).

Concerning the pre-mRNA processing steps, the capping at the 5’end occurs after the

first 25 to 30 nucleotides are added to the nascent transcript. This cap will be important
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for the recruitment of proteins associated with the other steps of mMRNA maturation and
export from the nucleus, but will also protect the transcripts from degradation (8).

Splicing is the process through which non-coding regions, present in the genomic
sequence as introns, are removed from the pre-mRNA (intron excision), leaving only
the exons, that are then joined together (exon ligation) (9). In some cases, different
splicing events can occur for one given gene, with alternative exon inclusions and
exclusions, resulting in a high diversity of possible transcripts through alternative
splicing. In fact, a single gene can provide several thousands of mMRNA isoforms, due
to these alternative splicing events, translating into transcript and protein diversity (10).
PolyA tails, which are added by the 3’end cleavage and polyadenylation machinery
(CPA), are present, with the exception of histone mRNAs, in all mature eukaryotic
MRNAs (11). PolyA tails contain 150-200 adenosines in complex organisms, although
this number can vary (12). As a matter of fact, variation in the length of the polyA tail
can impact the fate of the mRNA transcript in the cytoplasm, with short polyA tails
being associated with degradation pathways, while long polyA tails are more prone to
promote mRNA stabilization (13). Besides mRNA stabilization, the pre-mRNA 3’end
processing will also impact the export of the mature transcript from the nucleus to the
cytoplasm and the translation efficiency of the mRNA (14). Interestingly, when the
polyA site, which is the place where the polyA tail is added, of a mRNA is substituted
with the polyA site of a rRNA (not polyadenylated), the rate of transport to the
cytoplasm suffers a large decrease, impacting also the protein levels (15). When the
cleavage of the nascent transcript and subsequent polyadenylation occurs in different
locations for the same gene, due to the selection of alternative polyA sites, this also
increases transcriptome diversity by originating isoforms with different 3’end lengths by

alternative polyadenylation (APA) (16), as it will be discussed with more detail ahead.
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Figure 1 — Molecular steps from DNA to proteins. RNA polymerase Il (Pol Il) will transcribe a determined gene,
producing a pre-mRNA molecule. Pre-mRNA processing steps (5’capping, splicing and 3’polyadenylation) must occur to
produce a mature mRNA, capable of exiting the nucleus to the cytosol, where translation into the corresponding protein
will take place. Adapted from Alberts et al., 2015.

Alternative splicing and alternative polyadenylation impact gene expression regulation
and can be seen as modulators of this process, since they can originate numerous
transcripts from a single gene (17). Gene expression regulation is crucial, since it will
guarantee that at a given time, the cell possesses the correct proteins, at a proper
abundance, to maintain its normal function. Transcription of defined genes allows cells
to develop a determined phenotype, a phenomenon essential for multicellular
organisms. MRNA is a key component for the fine balance required in a cell, and as so,
it is also highly regulated regarding its levels of production and its presence in different
parts of the organism and the cell, in critical time points (18). Therefore, gene
expression regulation is of extreme importance and in cases where dysregulation

occur, some diseases may appear, such as cancer (18, 19).
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3’end Processing: Polyadenylation

To terminate transcription of a determined pre-mRNA, an endonucleolytic cleavage at
the 3’end must occur, being this the first step of polyadenylation. A signal in the pre-
MRNA molecule is needed for the CPA machinery to recognize where the cleavage
should occur, and this signal is known as the polyadenylation signal (PAS) (20). The
most conserved signal and the stronger in polyadenylation efficiency is the AAUAAA
hexanucleotide sequence, known as the canonical PAS (21), but several variations to
this sequence have also been described, although less efficient in polyadenylation (22).
The PAS is located around 15 to 30 nucleotides upstream of the cleavage and polyA
site, usually a CA dinucleotide, being then followed by the polymerization of a tail of
polyadenosines by the polyA polymerase (PAP). This addition corresponds to the
second step of polyadenylation (21).

Besides the PAS, other cis-regulatory elements are important for the efficiency and
usage of the polyA site, especially in assisting weaker PAS (23, 24). These regulatory
elements can be found both upstream or downstream of the PAS and are, respectively,
named upstream sequence elements (USE) or downstream sequence elements (DSE).
DSEs appear approximately 20 nucleotides downstream of the polyA site and are
commonly U/GU-rich, although they present some sequence variability (25). Cleavage
and polyadenylation will occur somewhere between the PAS and the DSE, as
represented in Figure 2 (14, 26).

3UTR
CDS # USE s AAUAAA s CA ' DSE =
Upstream Or other non- f Downstream
Sequence canonical Cleavage and Sequence

Elements polyA signals Elements

polyA site

Figure 2 — Cis-regulatory sequences relevant for CPA. Representation of the consensus sequences for cleavage
and polyadenylation. Adapted from Proudfoot, 2011.

Notably, over 80 proteins are associated with the multi-subunit complex responsible for
pre-mRNAs 3’end formation (27). Nevertheless, there are 4 main protein complexes
that compose the cleavage and polyadenylation core factors, accounting for
approximately 20 proteins (23). These protein complexes are the cleavage and
polyadenylation specificity factor (CPSF) complex, the cleavage factor | (CFIm),
cleavage factor Il (CFlim) and the cleavage stimulation factor (CstF) complex (27).

The CPSF complex is composed by six subunits (23), namely CPSF-73, the

endonuclease responsible for pre-mRNA cleavage, CPSF-30 and WD repeat domain
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33 (WDRS33), that recognize and bind the PAS, and factor interacting with PAPOLA and
CPSF1 (FIPL1), that bind U-rich sequences, such as the USEs (23, 28). This complex
is recruited as soon as Pol Il starts transcribing the nascent transcript (29). The
cleavage stimulation factor (CstF) is comprised by three subunits, with CstF64 being
crucial for the recognition of DSEs (30). The CFIm complex is also important for the
selection of the PAS and includes three subunits: CFIm 25, CFIm 59 and CFIm 68 (31,
32), while the CFlIm complex comprises two subunits: CLP1 and PCF11 (33). When all
these complexes are in place, PAP is recruited and the addition of adenosines by this
enzyme will, in turn, stimulate the activity of the poly(A) binding protein nuclear 1
(PABPN1), important for the polyA tail length definition (13, 14).

Given the complexity and the numerous components involved in the pre-mRNA 3’end
processing, small alterations in this equilibrium, namely in the concentration of
individual proteins required for this process or by mutations in important cis-regulatory
sequences, can translate into differential gene expression and polyadenylation and this
can significantly impact the normal functioning of the cell (23, 29, 34).

The impact of the 3’UTR in gene expression regulation

Human genes present several PASs in their sequence, so, for a given gene, different
PAS can be chosen, resulting in different mRNA isoforms. This phenomenon is known
as APA and occurs in approximately 70% of our genes (35). If more than one PAS is
present in the 3'UTR, the resulting transcripts will differ in their 3’UTR length, but their
coding region may remain the same, therefore, a similar protein is produced. This type
of APA is commonly denominated as 3'UTR-APA and is present in more than 50% of
the human genes (35, 36). If, on the other hand, an alternative PAS appears in the
coding region, either in an intron or in an exon, then this event will result in different
proteins once transcription occurs, as represented in Figure 3.A. These types of APA
are known as coding-region APA (CR-APA), when the PAS is located on an exon, or
intronic APA (or IPA), when the PAS is located on an intron (37).

APA has been related to different states of the cell, meaning that a certain 3'UTR
profile can be characteristic of a cellular state or disease, due to its ability to modulate
gene expression regulation and the outcome of the mRNA (17). It has been
demonstrated that cells in a proliferative state will tend to use more frequently a
proximal PAS, producing shorter 3’'UTRs and mRNA isoforms (38, 39), which has also
been described for cancer cells (40, 41), activated T cells (38) or during cellular stress

(42). On the contrary, in some cases, cells tend to favor the use of distal PAS, resulting
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in 3'UTR lengthening. This is true for cells during differentiation (43) or senescence
(44), as well as for some specific cell types, namely central nervous system cells (45).
A great example of the importance of APA for the normal physiological functioning of
our immune system is the shift between the membrane bound and the soluble form of
immunoglobulin M (IgM). The IgM heavy chain gene has two possible PAS, one
located in an intron and another one in the 3'UTR, consequently resulting in the
production of two different proteins. For plasma cells, the use of the PAS located in an
intron leads to the production of a shorter protein with the loss of the transmembrane
domain of the IgM, leading to its secretion (46). This is an example that shows that
APA in an intronic region can alter the proteome in a qualitative manner, affecting
proteome diversity due to the generation of different protein isoforms, even though, for
this to happen, the resulting mRNA needs to meet the necessary requirements to reach
to translation (7, 12). This is also an excellent example of the tight regulation of the
3’end machinery, since for this APA event to occur in plasma cells, the levels of CstF64
must increase upon B cell activation (47).

On the other hand, 3'UTR-APA can impact gene expression in a more quantitative
manner, as represented in Figure 3.B (7, 12). It is known that the 3'UTR is a vital
location for gene expression regulation, since it harbors various cis-regulating
elements, such as binding sites for microRNAs (miRNA) and RNA-binding proteins
(RBPs), in addition to the presence of several regulatory sequences, namely AU-rich
elements (AREs), USEs and DSEs (23, 37). miRNAs are crucial for gene regulation,
due to their ability to impact mRNA stability and subsequent translation (23). RBPs can
bind to cis-acting elements in the 3'UTR, functioning as trans-regulatory factors.
Binding of RBPs can result in the recruitment of other effector proteins, promoting a
wide range of events, also impacting gene expression (48). With these facts in mind,
longer 3’'UTRs resulting from the selection of distal PASs may possess more of these
regulatory elements, becoming more susceptible to regulation. On the contrary, mRNA
isoforms with shorter 3'UTRs will be able to avoid much of that regulation, culminating
in higher protein expression (37, 40).

CD5, a transmembrane glycoprotein that can be found on the surface of T-cells, is an
example of this type of regulation. CD5 can be produced by selection of three different
PAS, resulting in three different mMRNA isoforms that only vary in their 3UTR length
(49). It has been demonstrated through genome wide studies that when T-cells
became activated, a shift occurs, and these cells start to produce mRNA isoforms with
shorter 3’'UTRs, due to the selection of proximal PAS (50). This is also the case of

CD5, the shorter mRNA isoform is the most transcribed when T-cells became
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activated, which associated with the binding of an RBP (polypyrimidine tract binding
protein (PTBP1)) and the loss of the binding site for miR-204, will lead to an increase in
the expression of the corresponding protein (49).

QUALITATIVE EFFECT

« PAS1 — Protein 1 @

CDS 3'UTR ’ 3'UTR-APA

PAS4 PAS3 PAS2 PAS1 . PAS2 - Protein 1 @

 Tmoleo] || |
* PAS3 - Protein 2 ﬁz CR-APA

* PAS4 — Protein 3 IPA

B FUTR
RBP
REP PAS ~ QUANTITATIVE EFFECT
| CDS | I . l Protein
k levels
o Binding of RBPs and
PAS miRNAs impact
| cDS | ReP 4 Protein gene expression
I levels

Figure 3 — Alternative polyadenylation (APA) can affect the proteome in a qualitative and/or quantitative
manner. A) When different polyadenylation signal (PAS) are present alongside a transcript sequence, different
phenomena can occur. If the two PAS are located on the 3’ untranslated region (3’'UTR), then the different mRNA
isoforms will only vary in their 3'UTR length, leading to the production of a similar protein (3’UTR-APA). On the other
hand, if a PAS is present on the coding or the intronic sequence, either on an exon or an intron, the resulting protein will
be different (CR-APA and IPA). This impacts the proteome on a qualitative manner, affecting the proteins present. B)
APA can also impact the proteome in a quantitative manner, since different cis-acting elements, such as binding sites
for microRNAs (miRNAs) or RNA-binding proteins (RBPs) can be present in two different mRNA isoforms, resulting
from 3'UTR-APA. The decrease in 3'UTR length leads to a decrease in the number of cis-acting elements present,
aiding the shorter mRNA isoform in being less susceptible to regulation. These, in some cases, leads to a higher levels
of protein production resulting from the shorter mMRNA isoforms. Adapted from Hollerer et al., 2014.

However, it is worth mentioning that this relation may not be a universal truth since
some studies did not find this relation between shortening of the 3’UTR and protein
production increase (50). For example, in Drosophila melanogaster’s polo gene, that
will be discussed in more detail ahead, the distal mMRNA isoform is more efficiently
translated into protein and is responsible for most of the protein production (51).

The 3'UTR length will not only affect the protein expression levels, but also other
important factors for the fate of the transcript, namely its stability, subcellular
localization, translation efficiency and the function of the resulting protein (48, 52).
Taken together, all these mechanisms show the potential of gene expression regulation
by the 3'UTR and APA, as well as the critical effects that their dysregulation may have
on our physiological functioning.
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Role of cis-regulatory sequences on gene expression
regulation

As previously described, cis-regulatory sequences play a key role in pre-mRNA 3’end
processing (23). There is a huge variety of cis-regulatory elements that are present in
the untranslated regions, either in the 5’ or the 3’ (53). The DSEs and USEs were
already mentioned, but many others exist. On the 3’'UTR, for example, we can find AU-
rich elements (AREs) that promote a decrease in mRNA stability and translation
progress (54), or GU-rich elements (GRE), with related functions to ARES, also capable
of impacting mRNA decay, among other post-transcriptional events (55). In the case of
iron responsive elements (IREs), for example, these can be found either in the 3’UTR
or in the 5UTR and play important roles in the regulation of iron metabolism. Countless
others cis-regulatory elements could be named (53), but throughout this thesis we will
focus on one specific type of cis-regulatory element, the USE.

USEs are the auxiliary upstream elements that were found not only in cellular mMRNAs
but also in viral ones. These sequences lack a clear consensus motif, with their only
similarity being the characteristic U-rich sequence (25, 56). These cis-regulatory
sequences can harbor several binding sites to different RBPs, namely proteins of the
CPA machinery, and as so, these are important for the efficiency of the mRNA 3’end
formation and PAS selection, as illustrated in Figure 4 (23, 34, 57-59). In fact, RBPs
play an important role in gene expression regulation, through their binding not only to
specific sequences, but also in a structural dependent manner, impacting the fate of
the transcripts, as it will be described in the following examples (34, 48, 59-61).

USEs were initially found in viral genomes, where they are widely present (62-64). The
simian virus 40 (SV40) is an example of this. Two different PAS exist on its genome,
termed early and late PAS, with the late PAS being considerably more efficient than the
early one. Carswell et al. found that an USE is present upstream of the late PAS, being
essential for its efficiency, since deletion of this USE leads to a drastic reduction of the
late mMRNA levels (62). In fact, this USE allows the binding of Ul small nuclear
ribonucleoprotein-A protein (UL snRNP-A; U1A) (58), an important protein for PAS
selection, that acts by inhibiting the selection of premature PAS in nascent transcripts
(65). In turn, U1lA interacts with CPSF160, which increases the polyadenylation
efficiency and 3’end formation (58).

The Human Immunodeficiency Virus 1 (HIV-1) viral genome presents another example
containing an USE. This virus has an inherent termination redundancy given that it

possesses different termination sites. In order to produce the correct pre-mRNA, one of
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these canonical PAS in the 5end has to be disregarded, and a similar one present in
the 3’end is recognized and used by the CPA machinery. An USE with important
functions for the efficient processing of the later mRNA transcript was found in the
3’end, having a role in the stabilization of CPA protein complexes in the PAS. In fact,
CPSF160 also interacts directly with this USE (66). Interestingly, the mechanism
behind HIV-1 USE involves the formation of an RNA stem-lop structure that brings
together the USE and the PAS. Therefore, another layer of complexity to the USE’s

function is related to spatial requirements (61).

$UTR PAS
s cps | B i =
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Figure 4 — Upstream sequence elements (USEs) can impact 3’end formation. USE’s can function as a binding site
for RNA-binding proteins (RBPs), namely the cleavage and polyadenylation machinery (CPA), promote the formation of
specific MRNA secondary structures, in addition to its effect in polyadenylation signal (PAS) selection. All of these
factors impact the 3'end processing efficiency.

In the case of adenovirus, five different mMRNA transcripts can arise from five different
PAS present at the major late transcription unit (MLTU), being these named L1 to L5
(67). USEs can be found in L1 (63), L3 (68), and L4 (69). For L3, it was demonstrated
that the USE present is important also to increase the processing efficiency, through
the formation of a stable CPA complex. Interestingly, this can explain the differences in
the PAS choice between L1, a closer PAS, and L3. L1 USE’s does not impact PAS
strength, but when the upstream sequence from the L1 is substituted to the upstream
sequence from L3, maintaining the remaining elements of L1, the processing efficiency
is increased (70). For adenovirus-2 L4, the USE is important due to the formation of a
hairpin in a region that involves both the USE and the PAS. In fact, the deletion of the
USE'’s sequence or the disruption of this secondary structure, can lead to a 50%
reduction the in cleavage and polyadenylation efficiency (60).

The Epstein—Barr virus (EBV) DNA polymerase (pol) mMRNA possesses two different
PAS in its sequence. The longer isoform contains an unusual and low in efficiency
PAS, UAUAAA, that is still used for CPA. Analysis of the sequences flanking the PAS
led to the discovery of an USE, whose mutation culminated in a decrease of the 3’end
processing efficiency by three-fold (71). Remarkably, the sequence of this USE can

also be found in tandem repeats in the Figwort mosaic virus, a plant virus, that
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possesses the same unusual PAS. In this case, the presence of the USE upstream of
the UAUAAA PAS, strikingly, leads to the disregard of a more proximal canonical PAS,
with cleavage and polyadenylation occurring at that distal site (64).

An interesting application for these sequences explored by Schambach et al., consists
in the subcloning of the USEs in viral vectors, enhancing its 3’end processing, in order
to improve the vector’s efficiency, avoiding readthrough (72). Notably, an increase in
viral biosafety may also be achieved. Upon a possible integration of the viral DNA into
the hosts genome, readthrough of cellular genes can lead to the accumulation of proto-
oncogenes, triggering malignant transformation. Curiously, this study evaluated various
USEs from both viral and cellular origin, such as the adenovirus L3 USE or the C2
complement discussed ahead, but the authors found that the SV40 USE in tandem two
times was the one that gave better results regarding the titer levels and gene
expression (72). In fact, USEs are interchangeable as they present functional
similarities. To give an example, it was demonstrated that the HIV USE is able to
replace the USE from the SV40 late PAS (73), but others examples exist (72, 74).

As referred before, some examples of USEs with important functions in eukaryotic
genes were also identified. Regarding the example of the human ciclooxygenase-2
(COX-2), whose expression is induced in response to specific external cues, its
sequence encodes two different, but commonly used PAS, one more proximal and
other more distal. The proximal PAS is not the canonical one, but a weaker variation,
AUUAAA, however, is still highly used in comparison with the distal stronger canonical
PAS. Of note, upstream of this proximal PAS, several USEs are present and if these
are mutated, the expression levels of this shorter mRNA isoform decreases (75). This
reinforces the importance of the USEs in the selection of weaker PAS.

Several other examples where USEs have been identified can be named, such as the
Complement C2 (76), prothrombin (77) or Lamin B2 (78, 79). Complement C2 has an
USE of little over 50 nucleotides, that when mutated, affects the full efficiency of PAS
selection. In fact, this sequence is crucial for both cleavage and polyadenylation
reactions, with different mechanisms and RBPs involved (59). PTBP1 binds to C2
USE’s increasing the efficiency of cleavage. Additionally, this USE increases the
efficiency of binding of CstF64 to the PAS, enhancing polyA tail addition (59).
Interestingly, C2 USE is highly conserved across five different mammals (76).

The human prothrombin also possesses an USE in the 3’'UTR. This gene is associated
with gain-of-function mutations of its 3’ end cleavage site, increasing the chances of
suffering a venous thrombosis in carriers. The A containing 3’cleavage site CA (the

most common) is more efficient for cleavage and polyadenylation than the usually
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found in prothrombin, CG. Besides this, the DSE found in this gene is weak. To counter
this, prothrombin possesses a USE that compensates the low activity of the other cis-
regulatory elements present (57). The physiological mechanism behind this USE
involves inhibitory proteins (FBP2 and FBP3), that while bound repress transcription of
prothrombin’s mRNA, but upon stimuli detach and allow the USE to increase 3’end
formation, by binding of stimulatory factors (80).

For Lamin B2, an USE present in the 3'UTR was also found. In this case, the USE is
important due to its ability to stabilize the binding to CPSF, therefore promoting mRNA
3’end formation, even at the level of PAP’s polyA tail addition (78).

Other example where USEs have a function in polyadenylation and gene expression
regulation is polo, a Drosophila’s gene coding for a serine-threonine cell cycle kinase
(81). This protein produces two different mRNA isoforms, varying on their 3UTR
length. The usage of the distal PAS seems to be essential for Drosophila’s viability, as
transgenic flies that lack the distal PAS present an inefficient proliferation of histoblasts,
the precursor cells of the abdomen, leading to high fly lethality (51). This happens
because the polo longer mRNA isoform, originated by APA, is more efficiently
translated than the shorter mRNA isoform. Therefore, when the longer mRNA isoform
is missing, Polo’s protein levels are insufficient and flies present a strong abdominal
phenotype, associated with increase lethality (51).

The Gene Regulation group discovered that polo possesses a USE in the 3'UTR,
upstream of the proximal PAS being this 28-nucleotide, pyrimidine-rich sequence,
highly conserved among Drosophila genomes (34). Additionally, a recent bioinformatic
analysis done by our group showed that the most conserved region of the USE
(TTGTTTT), present in a maximum distance of 450 nucleotides upstream the polo’s
non-canonical proximal PAS (ATTAAA), appears in 31 genes shared by mouse,
zebrafish and human (unpublished data). This points to a possible role of the USE in
the regulation of a subset of genes, conserved in the 3'UTR of different species.
Generation of transgenic flies lacking the USE leads to the appearance of phenotypes
related to low polo protein levels, pointing to an involvement of this sequence in the
modulation of PAS selection, as represented in Figure 5. Besides that, the lack of this
sequence also affects the cell cycle kinases Aurora B and Mspl, Polo’s targets,
culminating in mitotic abnormalities, such as aneuploidies. This clearly shows that this
USE has an important physiological role in the regulation of polo protein levels (34).
Furthermore, upon an RNA-protein pulldown assay, the Hephaestus (Heph) protein, an
orthologue of the human PTBP1, was identified as binding the USE, being essential for

distal PAS selection. These findings were reinforced by the evidence that heph mutants
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present lower levels of the distal polo mRNA isoform as well as lower polo protein
levels. In fact, heph mutants also present mitotic abnormalities, due to low activity
levels of polo in the kinetochores of dividing neuroblasts (34).
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Figure 5 — Drosophila’s polo protein levels are regulated by the cis-acting element USE present in the 3’UTR.
The USE has a crucial role in polo’s distal PAS selection, which is more efficiently translated, allowing the production
of the correct amount of Polo protein. When the USE sequence is not present, polo’s protein levels decrease, leading
to the appearance of abdominal defects. Furthermore, heph, the RBP that binds to the USE is represented, as well as
the sequence that corresponds to polo’s USE, with the most conserved regions in bold. Adapted from Oliveira et al.,
2019.

Increased Protein Levels Universal Sequence (iPLUS) —
an USE with practical applications

After the discovery that this 28-nucleotide pyrimidine-rich sequence located upstream
of the proximal PAS in Drosophila’s polo was able to increase the corresponding
protein levels, the group focused on investigating polo’s USE mechanism of action, and
if it could impact additional genes and organisms. With that purpose, proof-of-concept
experiments were carried out in other genes and organisms. Concretely, in Danio rerio,
the microinjection of a plasmid containing this USE downstream of the coding
sequence of the green fluorescent protein (GFP) was used as a reporter. The
experiment demonstrated that, when in comparison to a mutated USE, this 28-
nucleotide sequence was able to increase GFP expression levels (82). In HelLa cells, it
was also demonstrated that the USE can increase luciferase activity (82). Moreover,
experiments in yeast (Pichia pastoris), and in other mammalian models, such as the
adapted Chinese hamster ovary (ExpiCHO-S) cells, also support the role of USE in the
increase of protein levels in different biological models (unpublished data), as

represented in Figure 6.
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All the results involving different biological systems had a consistent increase in protein
levels when this USE was present and led to the patent of this sequence, that was
named iPLUS, which stands for increase Protein Levels Universal Sequence (82).

More recently, the iPLUS sequence was subcloned downstream of a monoclonal
antibody used in cancer immunotherapy. iPLUS doubled the protein levels of this
antibody, when compared to a plasmid lacking iPLUS (unpublished results and Figure
6). In these assays, the iPLUS sequence was also associated with an increase in
MRNA levels of the monoclonal antibody, when compared to plasmids without the

iPLUS (unpublished results) indicating a possible role in mRNA stabilization.
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Figure 6 — iPLUS promotes an increase in protein levels, in several model organisms. iPLUS lead to an increase
in GFP’s expression in Drosophila melanogaster, Danio rerio and Pichia pastoris, and also to an increase in the
production of a monoclonal antibody, in ExpiCHO-S cells. Adapted from (82) and unpublished results.

In addition, some variations of the iPLUS sequence have also been tested with good
results, such as the 28-nucleotide long sequence repeated three times, or the most
conserved region, UUGUUUU, in tandem three times, that was named iPLUS seq3 3X.
The IPLUS and sequence variants can be of extreme value, due to a wide group of
advantages: a) it is a noncoding sequence present in the 3'UTR, so it will not affect the
coding region of the resulting protein; b) it can be easily inserted in different vectors,
without difficult techniques or procedures; c) it is compatible with different expression
systems demonstrating its versatility; and d) it will allow an increase in the yield of
protein production, resulting in a decrease of the costs for the production of a desired
protein (82). These are all advantages that can be extremely valuable in an industrial
environment, namely for pharmaceutic or biotechnological companies, since a bigger
yield associated with reduced costs is always a desirable outcome.

iPLUS discovery and its biological relevancy gives even more emphasis to the critical
role that mRNA non-coding cis-regulatory sequences can exert, in the regulation of

gene expression.
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MRNA and Health

Virus and pandemics: the COVID-19 outbreak

Several pandemic outbreaks have marked history over the years, with virus being
responsible for some of those, namely the Spanish flu between 1918 and 1919, and
the new coronavirus disease 2019 (COVID-19) outbreak, among others (83). COVID-
19 is the disease caused by a recently discovered coronavirus, called severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) (84). SARS-CoV-2 is an RNA virus
with a single-stranded positive RNA genome, being these the viruses with the largest
genomes known (85). SARS-CoV-2 first appeared in the city of Wuhan, in China, but
rapidly spread to all over the globe. Symptoms are very broad, with the more typical
being fever, headaches, cough, and in some cases, the infection can culminate in
acute respiratory distress syndrome (ARDS). Older people or with co-morbidities are
more susceptible to develop worse complications (86). To this day, around 600 million
cases of SARS-CoV-2 infection have been reported worldwide, with almost 6.5 million
of deaths related (87). This brings a huge burden to the health care systems, with
higher expenses, but mostly, culminates in lower quality of life and higher mortality (83,
88).

SARS-CoV-2 is an enveloped virus, containing four major structural proteins:
membrane (M) , nucleocapsid (N), envelope (E) and the spike protein (85). The Spike
protein is responsible for the binding of SARS-CoV-2 to the host cells and subsequent
fusion, being present at the surface envelope of the virus. This homotrimer
glycosylated protein has an N-terminal part, called S1, which forms an external globular
domain where the receptor-binding domain (RBD) is located, and a C-terminal part, or
S2, which functions as a transmembrane anchor and contains the membrane fusion
peptide (89). A subdomain present in the RBD is responsible for the binding to the
angiotensin converting enzyme-2 (ACE2) receptor, which then allows the viral entry
into cells. On the viral envelope, Spike may exhibit two different conformations, either a
closed one that is unable to bind to ACE2, or an open conformation, where RBD is
exposed for binding (90). The Spike-ACE2 binding leads to a proteolytic cleavage on
S2, still maintaining the Spike protein together by non-covalent bonds. Normally, the
cleavage is performed by a cellular serine protease, the transmembrane serine
protease-2 (TMPRSS2), which activates the Spike protein, by exposing the fusion
peptide and promoting a more favorable conformation for viral entry (89). Being a

single-strand positive virus, its genome can act as mRNA, bind to ribosomes and start
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protein production immediately, in order to produce virions for further release (91). The
Spike protein, more specifically its N-terminal domain, is the target of almost all the
antibodies elicited by infection or vaccination (92, 93).

Since the beginning of the pandemic, several variants of concern (VOC) have emerged
from the originally discovered Wuhan-Hu-1 variant. Mutations are the cause of this, and
the higher the transmission rate, the higher is the probability of mutations to occurs,
affecting the biology of infection. By order of appearance, five major variants have been
identified: Alpha (B.1.1.7), Beta (B.1.351), Gamma (P1), Delta (B.1.617.2) and Omicron
(B.1.1.529) variants (94). The Omicron variant firstly appeared in November 2021, and
rapidly spread, leading to an increase in infections worldwide, with already described
sublineages (95). Interestingly, the Omicron variant presents a total of 37 mutations in
Spike when compared to the original Wuhan variant, as represented in Figure 7, a few
coincident with the ones found in the other VOCs, but others were newly described.
Remarkably, 15 of these mutations are on the RBD, impacting the binding to ACE2
(96). The appearance of these mutations confers to Omicron a higher strength of
binding to the ACE2 receptors (97). Furthermore, the antigenicity is also altered with
Omicron, which is able to escape most antibodies produced following vaccination and
after infection with other SARS-Cov-2 variants. Different conformations of the Spike
protein trimer result from these mutations, further explaining the immune evasion (98,
99). In short, Omicron has a higher capability of infecting host cells, with higher
transmissibility, even though the severity of disease is lower (98).

Insertions Mutations

v v

111

S1 S2

Figure 7 — Mutations present in Omicron’s Spike protein. Schematic representation of the full-length sequence of
the Omicron’s Spike protein. Deletions are represented as yellow bars; insertions are in grey and mutations in brown.
NTD — N-terminal domain. RBD — Receptor-binding domain. Adapted from Cui et al., 2022.
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IPLUS as an asset in COVID-19 mRNA vaccines -
iCoV2PLUS

With all the results regarding the value of iPLUS in mind, it was hypothesized that this
sequence could be an important tool to be applied in the mRNA vaccines industry,
which had an enormous expansion with the SARS-CoV-2 pandemic.

MRNA as a therapeutic agent has been on the table for a long time, but due to the
instability of this molecule and the costs associated with it, the idea stayed mainly in
paper until the emergence of this pandemic (100). In 1987, Malone et al. first realized
that when mRNA molecules were mixed with fat droplets, they gained the ability of
being delivered inside of the cell, actually leading to the synthesis of the respective
protein (101). This was a huge milestone for the mRNA vaccine technology.

MRNA as a drug has the advantage of delivering the specific sequence of a known
antigen, instructing our cells to manufacture the protein, which then culminates in an
immunologic response specific for that immunogen (102). As so, it has several safety
advantages, namely the non-infectious nature of the mRNA molecule, that will be
naturally degraded by our cells, and its inability to integrate the genome (comparing to
both attenuated virus vaccines and DNA vaccines) (103). Besides that, it offers the
possibility of adapting the sequence in a quicker and simpler way, if a new strain of
virus appears, also offering the possibility of immunization with more than one mRNA-
encoding antigens (104). Indeed, mMRNA vaccines are believed to be a useful resource
in a vast group of applications, from therapeutic vaccination regarding multiple cancers,
to a preventive immunization towards a variety of pathogens, including new pandemics
and outbreaks that can once again affect the whole world (104, 105). In fact, Moderna
and Pfizer/BioNtech developed their vaccines against SARS-CoV-2 in record time,
within less than a year from the time that the virus genome was sequenced (106).

For the SARS-CoV-2 virus, most of the mRNA vaccines are currently using the full-
length Spike protein sequence, providing further epitopes, than a minority that is using
a shorter sequence corresponding to the RBD (107). Additionally, two mutations for
proline residues are present in the most widely used vaccines, in order to maintain
Spike’s in its pre-fusion conformation. After immunization, a Spike protein,
glycosylated, homotrimeric, membrane-anchored and exposed at the surface of cells,
that resembles the native conformation of Spike from SARS-CoV-2, will elicit the
production of protective antibodies (106).

The basic components of an mRNA construct are the coding region of the transcript of

interest with an open-reading frame (ORF), a 5UTR and a 3UTR, a 5cap and a 3
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polyA tail, as illustrated in Figure 8. The first step is to generate a plasmid for in vitro
transcription, containing the coding region of the antigen and a promoter, such as the
T7 RNA polymerase promoter, so that transcription can be carried out by an RNA
polymerase (108). The addition of the S’cap is of extreme importance for a mature
MRNA, as discussed previously, and it can be achieved enzymatically, usually by the
recombinant enzyme Vaccinia Virus, or during the in vitro transcription process,
utilizing synthetic cap analogues. Cap analogues enable a simpler reaction setup but
present a few limitations when in comparison to the enzymatic capping, nhamely these
can be incorporated in the reverse orientation, leading to a decrease in translation.
Moreover, cap analogues compete with guanosine triphosphate (GTP), the initiator
nucleotide, resulting in some uncapped mRNA molecules (109). Regarding the addition
of the 3’polyA tail, the same is true, it can be added by recombinant PAP, or it can be
encoded in the plasmid DNA, being the latter preferable, since it allows for more
reproductible lengths (110). The resulting MRNA molecule needs to be purified, being
this a crucial step for the efficacy of mMRNA as a therapeutic agent (102).

The use of modified nucleotides during transcription, such as pseudouridine, is also
being employed, since this alteration can decrease the immune response in our body
towards the mRNA molecule that is being injected. This strategy is used in Pfizer and
Moderna’s COVID-19 vaccines, for example (100, 111). Another approach that can be
employed to increase the translation is the use of optimized codons. Synonymous
codons can lead to the addition of the same amino acid, but the substitution of some of
these less common codons for the more frequent ones, can increase the efficiency of
protein production (102, 110).

The path from the injection site to the interior of our cells, where mRNA will be
translated, can also be critical for its fate. Strategies must be employed for this
intrinsically instable molecule to reach the cells in a viable state, and this is also a field
with intense research (102). Nowadays, the most used system are the lipid
nanoparticles (LNP) formulations. LNPs provide protection to the mRNA from
nucleases highly present in our blood stream, improving its stability. LNPs are also
important for efficient delivery to the cytoplasm of cells, when in comparison to naked
MRNA molecules, and additionally aid in the escape from the endosomal pathway, that
would also lead to mRNA degradation (107, 112).
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Figure 8 — Representative scheme illustrating the basic components of an mRNA molecule used for in vitro
transcription, with the possible mechanisms employed to increase the effectiveness of transcription and mRNA
stability. First, a plasmid template needs to be linearized, in order to process for the in vitro transcription. A 5’cap and a
3’polyA tail, a 5 and 3UTRs and an ORF containing the coding sequence of the desired antigen are the basic
components of an mRNA construct. Four factors regarding the mRNA construct can be improved to increase the
performance of the construct: 5'Cap efficiency, UTRs length, secondary structure and regulatory elements, modifications
of the coding sequence (CDS) and polyA tail length. Adapted from Gomez-Aguado et al., 2020, and Jackson et al.,
2020.

As stated in the previous sections, UTR’s can be of extreme importance for improving
gene expression, and even though it is not a coding region, its sequence is designed
with great care. 5UTR secondary structures, 3'UTR length, and different regulatory
elements present in both the 3’'UTR and 5’'UTR, can impact translation effectiveness
(110, 113). Regarding the 5’UTR, the presence of the internal ribosomal entry sites
(IRES) sequence, that promotes the binding of the ribosome, can improve translation
initiation (114). The presence of specific sequences in the 3'UTR can impact, as
referred before, mRNA stability and the consequent protein expression, but these
sequences have been poorly investigated (110). Sequences from the a-globin and B-
globin are commonly added in these contexts, since it is known that in a physiological
context, their mRNAs are highly stable, due to sequences present in its 3UTR (115).
Likewise, the regulatory element of woodchuck hepatitis virus (WPRE) is a commonly
used sequence in plasmids that works in a posttranscriptional manner. The presence of
this element in the sense orientation of the 3'UTR promotes an increase in the
expression of different proteins, such as GFP and luciferase (116).

iIPLUS fits perfectly in this necessity for non-coding regulatory regions that can improve

effectiveness of gene expression (82). Biotech and Pharma industries are constantly
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searching for ways to improve their formulations, and iPLUS can be a way of ensuring
that. The experimental results regarding this sequence point to its ability to improve not
only the levels of protein expression, but also mRNA stability. Both aspects are
important for the vaccine companies, since it would allow a more effective vaccine,
aiding in the problems related to mRNA stability. It would also promote a more effective
immunization, due to improved levels of protein transcription, triggering a more robust
immune response. As so, it was hypothesized that iPLUS can provide an improvement
in the field of MRNA vaccines.
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The 3'UTR is a vital location for gene expression regulation, due to the presence of cis-
acting elements, and the respective binding of trans-acting factors. In Drosophila’s polo
gene, a USE cis-acting element located upstream of the proximal polyA site was found
by our group with an essential role for the fruit fly development, impacting PAS
selection and polo’s protein production (34, 51). Several proof-of-concept experiments
carried out revealed that the USE, later patented as iPLUS, was able to increase
protein production levels of a reporter gene, in several models besides Drosophila,
such as mammalian cell lines, yeast and zebrafish (82). Furthermore, the USE has also

been related to an increase in MRNA levels (unpublished data).

With the known properties of iPLUS in mind, we hypothesized that the iPLUS and
variant sequences could be applied to the mRNA vaccines industry by providing an
improvement in Spike mRNA stability and yield of protein production, both of extreme
importance for the Pharma industry. For that, Spike from two different SARS-CoV-2
variants were studied, the original Wuhan variant still being used in mRNA vaccines,
and the more recent and now dominant Omicron variant. The iPLUS and one of the
iPLUS variants, iPLUS seq3 3X were tested by subcloning these sequences
downstream Spike’s cDNA.

Our main aim was to evaluate if iPLUS can in fact be an asset for the mRNA vaccines
technology, by increasing Spike mRNA stability and/or enhancing protein production,
and also to understand its mode of action. For that, two different types of assays were

designed (Figure 9) with the purpose of studying two specific objectives:

1) To unravel if iPLUS and/or one of its variants promotes an increase in Spike’s
protein production and the corresponding mRNA levels, by performing
transfection studies in HeLa and ExpiCHO-S cell lines.

2) To evaluate if the iPLUS and/or one of its variants are able to increase Spike’s

MRNA stability, by using in vitro transcription and Actinomycin D assays.
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Figure 9 — Study workflow. Two different types of assays were designed. First, with the transfection assays, we
wanted to evaluate the effect of iPLUS and one of its variants on Spike’s protein and mRNA levels. For this, the
iPLUS sequences were subcloned downstream of Spike’s cDNA, and ExpiCHO-S and HelLa cell lines were
transfected with the respective plasmids. RNA and protein were extracted for the required analyses. Secondly, we
wanted to evaluate the respective effect of these sequences on mRNA stability. For this, mRNA was in vitro
transcribed, and then also transfected in HeLa cells. This allowed us to evaluate Spike’s mRNA levels after interaction
with the normal cellular components, and by doing so, calculate its stability. Additionally, cells were transfected,
followed by the addition of Actinomycin D, in order to evaluate mRNA half-lives, by which we can infer its stability.
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Materials and Methods

38



FCUP | ICBAS
Regulation of gene expression by noncoding sequences in health and disease

1. Plasmid construction
1.1. DNA preparation
1.1.1. Polymerase Chain Reaction (PCR)

PCR reactions were set up by combining 15 ng of the correspondent DNA template
(Table 1), 1x HF Phusion Buffer (Thermo Fisher Scientifics), 0.5 uM of both forward
and reverse primers, 200 uM of dNTPs (Thermo Fisher Scientifics), 0.02 U/uL of the
polymerase Phusion (Thermo Fisher Scientifics), and nuclease-free water (HyClone™
HyPure Molecular Biology Grade Water; GE Healthcare Life Sciences), to a final
volume of 20 pL. Manufactures standard protocol was followed for the PCR programs

choice, and primers and plasmid templates used are listed in Table 1.

Table 1. List of primers used to construct the plasmids.

Primer name

Sequence (5'-3")

Application

pGem-F | AGGTGACACTATAGAATACACG Amplification of iPLUS and iPLUS seq3 3X
pGem-R CTGCAGGTCGACTCTAGA sequences cloned in pGEM4 plasmids
Spike_Notl | AATCGCGGCCGCTAACTAGAGAACCCACTGCTTA | Amplification of theT7 promoter, Spike coding region,
and the iPLUS sequences (when present), from the
BGH-R TAGAAGGCACAGTCGAGG pcDNA3.1 plasmids

1.1.2. Agarose Gel Electrophoresis

Agarose gels were made using TAE 1x (Tris Acetate-EDTA) running buffer to dilute the
proper amount of agarose, according to the percentage required, and 4 uL of SYBR
Safe DNA Gel Stain (Invitrogen) for each 100 mL of TAE 1x was added. As a molecular
weight ladder, 10 puL of GeneRuler™ DNA Ladder Mix (Thermo Fisher Scientific) was
used. When needed, loading buffer (LB) 6x was included in the samples, to a
concentration of 1x, to allow the observation of the nucleic acids. Electrophoresis was
performed according to the specificities of each experiment and the results were

analyzed in a Gel Doc™ XR+ System (Bio-rad).

1.1.3. Restriction enzyme digestion and DNA modification

Manufacturer’s instructions were followed regarding the restriction enzyme digestions
and the DNA modifications, with minor alterations. Briefly, all restriction enzymes (NEB)
reactions were carried using 5-10 U of enzyme for each pg of DNA, in a final volume of
50 pL, with 1x restriction enzyme Buffer (NEB). Reaction mixtures were incubated for

at least 1h30min, at 37° C. When sequential digestions in different buffers were
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required, a purification step with the Macherey-Nagel™ NucleoSpin™ Gel and PCR
clean-up kit (Thermo Fisher Scientific) was performed.

DNA Polymerase |, Large (Klenow) Fragment (NEB) was used for blunting DNA ends,
either by filling in the 5§ overhangs or by degradation of the 3’ overhangs. For this
enzyme, the reaction mixture was supplemented with dNTPs to a final concentration of
33 UM each, in 1x enzyme restriction Buffer and at least 1 U of Klenow per g of DNA.
Samples were incubated for a minimum of 30 min at 25° C.

The Quick calf intestinal alkaline phosphatase (QuickCIP) was used for
dephosphorylation of most of the digested backbones, and it acts by removing the &’
and the 3’phosphate groups, as a mean to increase cloning efficiency. A uL of enzyme
(5000 U/uL) was used for each pmol of DNA ends, with the respective Buffer at 1x.

Samples were incubated for at least 30 min, at 37° C.

1.1.4. Sephadex DNA purification

To extract DNA from an agarose gel, bands were cut in the Gel DocTM XR+ System
using UV light, and then were placed at -80° C for at least 20 min. To prepare the
column for purification, 800 uL of Sephadex G-50 resin solution (6,67% wi/v) were
packed into each column, followed by a centrifugation of 4 min at 2220 g. The packed
Sephadex columns were then placed in a clean Eppendorf. At the same time, bands
were exposed to a heat shock, to help separate the DNA from the agarose gel, by
going from the freezer to a thermoblock at 42° C, for at least 4 min, followed by vortex
and spin down. The liquid and remaining solid part of the agarose bands were placed
on top of the Sephadex-packed columns. Next, Eppendorfs were centrifuge for 10 min,
at 4400 g, and the volume extracted was used to carry out the rest of the protocol. To
the liquid fraction, 1/3 volumes of ammonium acetate (10M), 10/3 volumes of absolute
ethanol and 1 pL of glycogen (20 mg/mL, Life Technologies) were added. This mixture
was vortexed for about 10 s and then centrifuged for 5 min, at 14000 g. Supernatant
was discarded, and the pellet, where the DNA is present, was washed twice with 1 mL
of 70% ethanol, by centrifugation for 5 min at 14000 g. Once again, the supernatant
was discarded, and the pellet was left to air dry. DNA pellet was eluted with a proper
amount of nuclease-free water, depending on the strongness of the initial bands.
Finally, concentrations were measured at a Nanodrop 1000 Spectrometer (Thermo

Fisher Scientifics).
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1.2. Subcloning

1.2.1. Ligation reactions

T4 DNA Ligase (Thermo Fisher Scientific) was used to perform ligations between the
prepared backbones and inserts. For sticky-ends ligation and re-circularization
reactions, 4 U of T4 DNA ligase (5 U/uL) was added to a mixture containing 2 uL of T4
DNA Ligase Buffer (Thermo Fisher Scientific), plasmid backbone (normally 100 ng for
reaction) and insert (backbone/insert ratio was 1:5 for the majority of the reactions),
plus nuclease-free water to a final volume of 20 uL. For blunt-end ligation reactions, the
reaction setup is similar, except 5 U of T4 DNA Ligase (5 U/uL) were used, plus 2 uL of
50% PEG 4000 Solution were added (Thermo Fisher Scientific), increasing the
viscosity of the solution, to promote the probability of ligation.

In parallel, two controls were prepared: one containing the backbone and the T4 DNA
ligase, and one containing the backbone without the T4 DNA Ligase. These controls
allowed us to understand if the backbone had more tendency to re-circularize than to
allow the entry of the insert (backbone plus ligase) and also to understand if there was
uncut plasmid present (backbone minus ligase). The ligation reaction mixtures were

incubated overnight at room temperature.

1.2.2. Transformation of competent bacteria

Ligation reactions were added in a 1:10 (v/v) ratio to chemically competent bacteria
(TOP10 and DH5a E. caoli strains). Cells were incubated on ice for 15 min, followed by
a heat-shock of 1 min at 42° C, after which the samples were placed again on ice for 5
min. Then, 4 volumes of Luria Broth (LB) were carefully added to the competent
bacteria, followed by an incubation of 1 h at 37° C, with 220 rpm of agitation. The
resultant bacteria were plated in LB agar plates, with Ampicillin (100 pg/L). For plasmid
transformation, 100 uL of the bacterial suspension were plated directly in LB agar,
while for ligation reaction, all volume was centrifuged for 2 min at 400 g, the
supernatant was discarded, and bacteria were plated. LB agar petri dishes were
incubated overnight at 37° C, and in the next day the results were analyzed, to decide if

a colony PCR should be performed or follow for direct inoculation.

1.2.3. Colony PCR

To screen individual colonies, especially in the case of blunt end reactions, colony PCR
was performed using GoTaq Flexi DNA Polymerase (Promega). A master mix was

prepared containing 2 pL of 5x Green GoTaq Flexi Buffer (Promega), 0.75 pL of MgCl>
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(25 mM), 0.5 pL of dNTPs mix (10 mM each), 0.5 pL of the forward and 0.5 pL of the
reverse primer (10 uM), plus 0.15 pL (0.75 U) of GoTaq Flexi DNA Polymerase, adding
nuclease-free water until a final volume of 10 pL for each sample. A pipette tip was
used to select the desired colony from the LB agar plate, and this tip was then dipped
into the PCR mix. A 96-well plate was prepared as a mirror for the performed PCR,
containing 100 pL of LB supplemented with ampicillin (100 pg/ mL). The pipette tip was
retrieved from the PCR mix and dipped in the well containing LB plus antibiotic, and
this plate was then incubated at 37° C. As a negative control, a clean pipette from the
same box was dipped in a PCR tube containing the master mix, being then dipped in
the 96-well mirror plate.

The PCR was carried in a thermocycler according with the following program: initial cell
lysis at 95° C for 5 min; 35 cycles of 1 min at 95° C, 30 s at the corresponding
annealing temperature, followed by extension at 72° C for a period depending on the
expected amplicon size (1 min/1 kb); the final extension was performed at 72° C for 7
min. PCR products were then loaded in an agarose gel and run, normally, for 30 min at
120 V. After analyzing the electrophoretic results, the positive colonies were
reinoculated using the bacteria grown in the mirror 96-well plate, in 5 mL of LB
supplemented with ampicillin (100 pg/ mL). The colonies were incubated overnight at
37° C, with an agitation of 220 rpm. The following day, plasmid DNA was extracted by
using the ZR Plasmid Miniprep kit (ZYMO RESEARCH), accordingly to the

manufacturer’s protocol.

1.2.4. Sanger Sequencing

The Sanger Sequencing procedure was performed at the i3S Genomic Core Facility to
ensure that all plasmids used in this work had the correct sequence. Succinctly, the
reaction mixture contained 5 pL of the plasmid (100 ng/uL), the desired primer (10 uM),
BigDye Terminator v3.1 Cycle Sequencing Kit and 5x Sequencing Buffer (Applied
Biosystems), plus nuclease-free water. The sequencing products are then purified
using illustra™ Sephadex™ G50 Fine DNA Grade (GE Healthcare) and sequencing

was performed by 3500 Genetic Analyzer sequencer (Applied Biosystems).

1.3. SpikeHU/Om_iPLUSes plasmid construction

A plasmid containing Spike’s cDNA sequence from the Wuhan original variant of
SARS-Cov-2 was acquired from Addgene, with the original name pcDNA3.1-SARS2-

Spike (117), but hereafter, it will be renamed as SpikeHu. Likewise, a plasmid
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containing Spike’s cDNA sequence from the Omicron variant was acquired from
GenScript Biotech (pcDNA3.1-SARS-CoV-2 Omicron Strain) and renamed SpikeOm.
These plasmids were used to subclone our sequences of interest, iPLUS and iPLUS
seq3 3X, downstream of the Spike’s coding regions. Given that the plasmid backbones
were the same (pcDNA3.1), the cloning plan fitted both SpikeHu and SpikeOm
plasmids, and consisted of a digestion with Xhol, followed by the blunting of the
restriction sites with Klenow. After a purification step, digestion with Xbal was
performed, leaving this cohesive end. Finally, plasmids were dephosphorylated using
QuickCIP, leaving the backbone ready for cloning. For the inserts, the in-house
plasmids, pGEM4_iPLUS and pGEM4 _seq3 3x were used as templates, in order to
amplify by PCR the iPLUS sequence, and its variant, iPLUS seq3 3X. PCR products
were purified and subjected to a sequential digestion, initially with EcoRlI followed by
blunting with Klenow, and then with Xbal, matching to the cohesive end present in the
backbones. The respective backbones and inserts were ligated using the T4 DNA
ligase and competent bacteria were transformed as previously described.

1.4. Wuhan/Omicron_iPLUSes and Wuhan/Omicron plasmid construction

For the construction of the plasmids with the pcDNA3.4 backbone containing both
Spike’s cDNA from the Wuhan or Omicron variant and iPLUS or iPLUS seq3 3X, the in-
house pcDNA3.4_LC_WPRE_iPLUS was digested with the restriction enzymes EcoRV
and Xbal, followed by blunting with Klenow, to remove the LC sequence. Ultimately,
the plasmid was dephosphorylated with QuickCIP. SpikeHu and SpikeOm plasmids
were used for the preparation of the Spike’s cDNA as an insert, by being doubly
digested with Sacl and Xhol, followed by the blunting of the restriction sites using
Klenow. T4 DNA ligase was used for the ligation of the backbone and inserts, and
competent bacteria were transformed. This way, the pcDNA3.4 plasmids containing
iPLUS and the two different cDNA variants were obtained, and these plasmids were
named Wuhan_iPLUS and Omicron_iPLUS.

These plasmids were then used as backbones for the preparation of the plasmids
containing the seq3 3X variant of the iPLUS. Once again, a sequential digestion was
required, with the plasmids being digested with EcoRI, and after a purification step,
with Kpnl. The DNA was then dephosphorylated using QuickCIP. Once again, a PCR
amplification as described above, using pGEM4 seq3 3X as a template, was
performed to obtain the iPLUS seg3 3X sequence, that was then digested with the
same enzymes as these backbones (EcoRI and Kpnl), allowing for a cohesive end

ligation on both sides. The plasmids obtained upon this cloning procedure were named
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Wuhan_seg3 3X and Omicron_seq3 3X. T4 DNA ligase was used for ligation and
competent bacteria were then transformed.

For the construction of the pcDNA3.4 plasmids lacking the iIPLUS sequences, to be
used as controls, Wuhan_iPLUS and Omicron_iPLUS were sequentially digested using
EcoRl, followed by Kpnl and blunt-end formation using Klenow. The backbones were
then allowed to re-circularize in the presence of T4 DNA Ligase, and competent

bacteria were transformed as previously described.

1.5. SpikeHu_polyA and SpikeHu_seq3 3X_polyA plasmid construction

pUC57-Mini, the plasmid bought to GenScript containing a polyA tail with a short linker,
was digested with Notl High Fidelity (HF) and Hpal. Additionally, SpikeHu and
SpikeHu_seg3 3X (pcDNA3.1 backbone) were used as PCR templates for the
amplification of the T7 promoter, Wuhan Spike’s cDNA and, in the case of
SpikeHu_seq3 3X, iIPLUS seq3 3X. For this, the primers SpikeHu_Notl and BGH-R
were used. PCR products were digested with Notl-HF, to match the cohesive end in
pUC57-Mini. The respective backbones and inserts were ligated using the T4 DNA

ligase and competent bacteria were transformed.

2. Cell culture and transfection

2.1. Hela cells culture

HelLa cells were grown and maintained with Dulbecco’s Modified Eagle Medium
(DMEM) with GlutaMAX (Gibco, Thermo Fisher Scientific), supplemented with 10%
fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific) and 1% penicillin-
streptomycin solution (Gibco, Thermo Fisher Scientific). Cells were maintained in an
incubator at 37° C, with 5% CO.. Every 3 to 4 days, depending on the confluency of the
cells, the medium was removed, cells were washed with 2 mL of 1x PBS (Gibco,
Thermo Fisher Scientific), then were trypsinized at 37° C, with 500 pyL TrypLE™
Express reagent (Gibco, Thermo Fisher Scientific). After that, cells were resuspended
in fresh medium and moved to a new, sterile T25, with the appropriate dilution.

Cells were tested for Mycoplasma contamination, using a species-specific PCR, and no

contamination was detected.

2.2. ExpiCHO-S cells culture

ExpiCHO-S suspension cell line (Thermo Fisher Scientific) was maintained in 30 mL of
ExpiCHO™ Expression Medium (Gibco, Thermo Fisher Scientific), in 125 mL
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Nalgene™ Single-Use PETG Erlenmeyer Flasks with Plain Bottom (Thermo Fisher
Scientific). Cells were kept in an incubator at 37° C, with 8% CO, and 80% of relative
humidity, with agitation at 125 rpm. When cells reached a concentration between 4x10°
to 6x10° viable cells/mL, routine splitting to the desired dilution was performed,
following the manufactures procedure.

An inverted light microscope (Zeiss Axiovert 25) was used to observe cell morphology.
Cells were diluted in a 1:10 (v/v) ratio in Trypan Blue (Gibco, Thermo Fisher Scientific)
and placed in a Neubauer chamber (Marienfeld Superior), to assess cell density and

cell viability.

2.3. Hela cells plasmid transfection

Hela cells transfection with the pcDNA3.1 and pcDNA3.4 plasmids was performed
using Lipofectamine 2000 reagent (Thermo Fisher Scientific), accordingly to the
manufactures standard protocol. First, HeLa cells were seeded the day before
transfection in 24-well plates, in a concentration that allowed them to reach 70 to 90%
confluency, at the time of transfection. Usually, 18 x 10* cells were plated in complete
DMEM, for each experimental condition. To transfect cells, 500 ng of each plasmid was
used. For the co-transfection with the pCS2_eGFP plasmid, 100 ng of this plasmid was
used, plus 400 ng of each pcDNA3.4 plasmid (Wuhan/Omicron,
Wuhan/Omicron_iPLUS and Wuhan/Omicron_seq3 3x). Briefly, the respective 500 ng
of each plasmid were diluted in 25 yL of Opti-MEM (Thermo Fisher Scientific). In
parallel, 1 pL of Lipofectamine 2000 was also diluted in 25 pL of Opti-MEM, followed by
an incubation of 5 min at room temperature. Both mixes were combined, followed by
another 5 min incubation at room temperature. After this, the whole volume was added
to the respective well, drop wise, where the medium was previously changed to 500 pL
of DMEM without antibiotics. Cells were allowed to grow at 37° C for 48 h, after which
they were collected and processed, either for total RNA or protein extraction.

In the co-transfection experiments, to evaluate the efficiency of transfection, eGFP
expression was also evaluated using a ZOE inverted fluorescence microscope (Bio-
Rad).

2.4. Hela cells mRNA transfections

Three different protocols from three different companies were tested regarding mRNA
transfection, always following the manufacturer’s instructions. HelLa cells were seeded

in complete DMEM the day prior to transfection and were allowed to grow until 70%
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confluency was reached, a confluency in the recommended range for all three
protocols.

iLipoP® (Adjuvartis) required the preparation of an mRNA formulation the day prior to
transfection. mMRNA was first diluted to a final concentration of 40 ng/uL in nuclease-
free water. From the mRNA dilution, 5 uL were mixed with 5 L of iLipoP® solution, at
room temperature, and the mixture was vortexed for 2 s. Two volumes of cell-
penetrating peptide (CPP; Adjuvartis) were added, at room temperature, and once
again the mixture was vortexed for 2 s. The mRNA formulation was stored for
approximately 24 h, at 4° C, to stabilize the mRNA complexes. On the day of
transfection, this mRNA formulation was equilibrated at room temperature prior to
transfection, and then diluted 10 times with Opti-MEM. The medium from each well was
removed, and the mRNA formulation diluted in Opti-MEM was added. After 2h of
incubation at 37° C with 5% CO,, this formulation was removed, and media changed to
complete DMEM.

Lipofectamine 2000 reagent was used following the same protocol as for plasmid
transfection, this time using 500 ng of the in vitro transcribed mRNAs.

For JetMESSENGER™ reagent (Polyplus transfection), 500 ng of mRNA were diluted
with 50 pL of mRNA buffer (Polyplus transfection), the mixture was vortexed and spun
down. Following that, 1 puL of JetMESSENGER™ reagent was added, samples were
vortexed and spun down. An incubation period of 15 min at room temperature was
carried out, and the mixture was added drop wise to the respective well, where
previously the medium had been changed to DMEM without antibiotics.

With the iLipoP® protocol, cells were incubated for 24 h at 37° C with 5% CO,, while for
Lipofectamine 2000 and JetMESSENGER™, transfected cells were incubated for 48 h

under the same conditions, after which cells were collected for total RNA extraction.

2.5. ExpiCHO-S cells transfection

The ExpiFectamine™ CHO reagent (Gibco, Thermo Fisher Scientific) was used for
ExpiCHO-S cells transfection, according to the manufactures protocol. Briefly, in the
day prior to transfection, cells were split to a concentration of 4x10° viable cells/mL and
were allowed to grow until a cell density of 7x108-10x10° viable cells/mL. Before
transfection, cell viability was checked, and cells were split to a concentration of 6x10°
viable cells/mL. Cells were transfected with 18 ug of each pcDNA3.4 plasmid, and for
the co-transfection experiments, an additional 5 pg of pCS2_eGFP was added. Briefly,
plasmid DNA was diluted in 1 mL of OptiPRO™ SFM, while 80 uL ExpiFectamine™
CHO reagent was diluted in 920 pL of OptiPRO™ SFM. All reagents were cold, but the
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setup was performed at room temperature. Both mixtures were combined, allowed to
incubate for approximately 1 min, after which the whole volume was added to the
flasks, drop by drop, while swirling the flask. On the day after transfection, 150 pL of
ExpiFectamine™ CHO Enhancer (Thermo Fisher Scientific) and 6 mL of ExpiCHO™
Feed (Thermo Fisher Scientific) were added, and cells were kept in the incubator at 37°
C, with CO; at 8% and agitation of 125 rpm, for the next 8 days.

Nine days post-transfection, at the time of cell harvest, cell viability should be at least
75% and that was assed using Tripan Blue and an inverted light microscope (Zeiss

Axiovert 25), before proceeding to total RNA or protein extraction.

3. Protein extraction and Western Blot

3.1. Whole-cell protein extraction

For HeLa cells grown in 24-well plates, medium was first removed, cells were washed
with 500 pL of 1x PBS, and 60 pL of NP-40 lysis buffer (50 mM Tris-HCI pH 8.0, 150
mM NaCl, 1% NP-40) supplemented with 1x protease inhibitors (Sigma) was added to
each well. The plate was incubated for 20 min on ice, cells were then lysed, and the
liquid was retrieved to an Eppendorf. For ExpiCHO-S cells, 1 mL of each culture was
centrifuge for 5 min at 300 g, the supernatant was discarded and 50 pL of NP-40
supplemented with 1x protease inhibitor was added. Cells were incubated for 20 min
on ice. For both cell lines, samples were centrifuge at 4° C, for 5 min at 14000 g to
remove any cell debris, the supernatant was retrieved to a hew Eppendorf and then
store at -80° C.

3.2. Protein quantification

Whole-cell protein extracts were quantified using the Quick Bradford reagent (Bio-rad).
Samples were first diluted in lysis buffer, and 5 yL were loaded in duplicates into a 96-
well flat-bottom plate. In addition, 5 pL of eight Bovine Serum Albumin (BSA) standards
of known concentration (0.000, 0.125, 0.250, 0.500, 0.750, 1.000, 1.500 and 2.000
mg/mL) were added in duplicate, in order to plot a standard curve for protein
quantification. Afterwards, 250 uL of the Quick Bradford reagent were added to each
well, and the mixture was incubated for 5 min at room temperature. Finally, absorbance

at 595 nm was measure in a microplate reader (Synergy 2).
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3.3. Western Blot

After calculating the protein concentration of each sample, a constant amount of
protein was prepared for the Western Blot analyses (normally 30 pg of the whole-cell
protein extracts). Laemmli Buffer 2x (Bio-Rad) with 5% of B-mercaptoethanol was
added to the samples in a 1:1 ratio, that were then boiled for 5 min at 95° C.

Samples were run in a 3% stacking and 10% resolving Tris-glycine SDS-
polyacrylamide gel for 80 V for approximately 15 min, until samples entered the running
gel and were aligned. Afterwards, the voltage was altered to 180 V for approximately
1h15min. The gel was then transferred into a nitrocellulose membrane, using a dry
transfer method with the iBlot Gel Transfer Device (Thermo Fisher Scientific).
Afterwards, the membrane was blocked with 5% non-fat dried milk, prepared with a
mixture of 1x Tris-Buffered saline with 0.1% of Tween 20 detergent (TBS-T), for 45
min. Secondly, the membrane was incubated for 1h15min with the respective primary
antibody diluted in TBS-T containing 5% non-fat dried milk, followed by four washes
with TBS-T. Next, the membranes were incubated for 1 h with the secondary antibody,
also diluted in 5% non-fat dried milk with TBS-T. Finally, four washes with TBS-T were
performed, after which a chemiluminescent agent (ECL Prime, GE Healthcare) was
added on top of the membranes and incubated for 5 min, to allow protein detection.
Immunoblots were then visualized on the ChemiDoc XRS+System (Bio-Rad), and
protein quantification was performed on Image lab Software (Bio-rad).

The antibodies used in this study were: anti-SARS-CoV-2 Spike mouse monoclonal
antibody (1A9; GeneTex; 1:2000 dilution), anti-a-tubulin mouse monoclonal antibody
(B-5-1-2; Sigma, 1:150000 dilution), anti-GAPDH mouse monoclonal antibody (ab8245;
Abcam; 1:1500000), anti-GFP mouse monoclonal antibody (B-2; Santa Cruz
Biotechnologies; 1:5000 dilution) and goat anti-mouse IgG-HRP secondary antibody

(Santa Cruz Biotechnologies).

4. RNA extraction, cDNA synthesis and RT-qPCR

4.1. RNA extraction

Total RNA extraction was performed using TRIzol (Ambion® by Life Technologies™),
according to the manufacturer protocol. For HelLa cells grown in 24-well plates,
medium was first removed, cells were washed with 500 pL of 1x PBS, and 500 pL of
TRIzol was added. For ExpiCHO-S cells, 500 pL of culture were retrieved to a
nuclease-free Eppendorf and centrifuge for 5 min, at 300 g. Supernatant was discard,
and 500 pL of TRIzol was added.
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Cells were incubated for 5 min and were then lysed. Following this, samples were
either transfer to a nuclease-free Eppendorf and then frozen at -80° C, or were directly
transfer to the PhaseMaker tubes (Thermo Fisher Scientifics), to proceed with RNA
extraction. The PhaseMaker tubes were initially centrifuge for 30 s, at 16000 g.
Samples were added to PhaseMaker tubes at room temperature, followed by the
addition of 100 uL of chloroform (Merck), and tubes were vigorously shaken for about
15 s. Samples were incubated for 5 min at room temperature, and then centrifuge at
16000 g for 5 min, at 4° C. This step allows the physical separation of the organic and
agueous phases, by a resin present in the PhaseMaker tubes, with the aqueous phase
remaining on top of this resin. The aqueous phase was collected to a new nuclease-
free Eppendorf and kept on ice and 1 pL of nuclease-free glycogen (20 mg/mL) and
one volume (v/v) of isopropanol was added to the sample. Samples were vortexed and
incubated at -80° C for at least 2 h, to promote total RNA precipitation.

Samples were later thawed at room temperature and centrifuge at 4° C, for 20 min at
12000 g, supernatant was removed, and two washes with 500 pyL of 75% ice cold
ethanol were performed for 10 min, 12000 g, at 4° C. Lastly, pellet was air dried at
room temperature, followed by resuspension on the appropriate amount of nuclease-
free water, usually 15 pL for HeLa cells and 50 pL for ExpiCHO-S cells.

Quantification and quality check of the RNA was performed using the Nanodrop 1000
Spectrophotometer, being the quality analyses based on the ratios of absorbance at
280 nm and 260 nm. Samples were then stored at -80° C.

4.2. DNase | treatment and cDNA synthesis

Since genomic and/or plasmid DNA can be present in these samples, a treatment with
DNase | was performed, to eliminate any possible contaminates for the next
experiments. In the plasmid transfection experiments, 250 ng of total RNA was used for
DNase | treatment followed by cDNA synthesis. For the mRNA transfection
experiments, 1000 ng of total RNA was used.

Briefly, total RNA was first diluted in nuclease-free water, to a final volume of 9.8 pL.
For DNase | treatment, 1.2 pL of 10x DNase | recombinant RNase-free incubation
buffer (Roche) and 1 pL of Recombinant DNase | (Roche) were added, reaching a final
volume of 12 pL. Samples were incubated for 2h30min (for plasmid transfection
experiments) or 45 min (for mRNA transfection experiments) at 37° C, followed by 10
min at 75° C, to inactivate the enzyme. This procedure was followed by cDNA
synthesis. For that, 1 uL of Random Hexamers (50 uM) and 1 pL of dNTPs mix (10nM

each) were added to the previous DNase | treated samples. Mixtures were incubated 5
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min at 65° C, followed by 5 min at 4° C. After, 4 pL of 5x SSIV Buffer (Invitrogen), 1 uL
of dithiothreitol (DTT; 100 mM; Invitrogen), 0.5 pL of Ribolock Recombinant RNase
Inhibitor (40 U/pL; Thermo Fisher Scientific) and 0.5 pL of Superscript IV (SSIV)
Reverse Transcriptase (200 U/uL; Invitrogen) were added to each sample. As a control
for possible genomic or plasmid DNA contaminations, samples were prepared in
double and the same mixtures were added, only substituting SSIV RT for water (minus
RT samples). Samples were incubated for 10 min at 23° C, 10 min at 55° C, and finally,

10 min at 80° C to inactivate the enzyme. Samples were stored at -20° C.

4.3. Quantitative reverse transcription PCR (RT-gPCR)

To quantify mMRNA levels, several primers, represented in Table 2, were designed with
the help of the online platforms Ensembl and NCBI Primer Blast.

We started by analyzing primer efficiency to ensure that each primer pair had good
amplification efficiencies. This was done by performing RT-gPCR with several
sequential dilutions of cDNA (1 or undiluted, 1:10, 1:100 and 1:1000), to obtain a
standard curve. For a primer to be considered efficient, the slope of this standard curve
should be around -3.3, which would reflect that the primer amplifies in the same
manner independently of the different cDNA concentrations. We used the slope of the
standard curve to calculate the primer pair amplification efficiency (E) as following:

E=—1+ 10 (siore)
Next, we calculated the efficiency percentage (% E):
% E = (E —1) x 100

We considered a primer efficient at the respective temperature if the % E was between
90 and 110%.

For each RT-gPCR, a master mix was prepared, each well containing 5 pL of SYBR
Select Master Mix (Applied Biosystems, Life Technologies), 0.125 pL of the specific
forward and 0.125 pL of the specific reverse primer (10 uM) and 3.75 pL of water,
reaching a total of 9 pL. Then, 1 uL of cDNA was added per well, or 1 pL of water in the
non-template controls. The 7500 Fast Real-Time PCR System thermocycler (Applied
Biosystems) was used for all the reactions, and the program was the following: 2 min at
50° C, 2 min at 95° C; 40 cycles at 95° C for 15 s, 60° C for 1 min; the melt curve stage
occurs at 95° C for 15 s, 60° C for 1 min, 95° C for 30 s and 60° C for 15 s.
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Table 2. Primers used for RT-qPCR.

Primer name Sequence (5'-3")
SpikeHu_F ATGACTCGAGTCTAGAACAAAA
SpikeHu_R | AGCTCGAGTCTAGAACAA
SpikeOm_F | GGTGTTCGCCCAAGTGAAAC
SpikeOm_R |CGA ATT CCTCGAGTTT

GAPDH-F TGGAGTCTACTGGCGTCTT
GAPDH-R TGTCATATTTCTCGTGGTTCA
18SF GCAGAATCCACGCCAGTACAAGA
18S R CCCTCTATGGGCCCGAATCTT
eGFP_F GAGCTGAAGGGCATCGACTT
eGFP_R TTCTGCTTGTCGGCCATGAT
MCL1_F ACCGGCGCCAAGGACACAA
MCL1_R AAGGCCGTCTCGTGGTTGC

5. Actinomycin D treatment

In order to study Spike’s mMRNA stability, transcription inhibition with Actinomycin D
(Sigma) was performed. Firstly, HeLa cells were cultured in complete DMEM, in 24-well
plates, and transfected with the Wuhan and Wuhan_seq3 3X plasmids, following the
same protocol described in section 2.3. with Lipofectamine 2000, being incubated at
37° C, with 5% CO- overnight. In the next morning, the medium was changed to
complete DMEM with Actinomycin D, at a final concentration of 5 pg/mL, and cells
were treated for 2, 4, 6, 8, 24, 48 and 72 h. During the time course of each experiment,
cells were kept in the incubator. In the 0 h timepoint, no Actinomycin D was added. To
stop the experiment at the defined timepoint, the plates were removed from the
incubator and total RNA extraction was performed, as described in section 4.1. mRNA
levels were measured by RT-qPCR, using primers to amplify Wuhan Spike’s and
GAPDH mRNAs (Table 2). GAPDH was used as a negative control, due to its constant
levels upon Actinomycin D treatment. MCL1 was also used as a control since its mRNA
half-life is already known (118), and it was tested to ensure that the protocol was

effective.

6. In vitro transcription

6.1. Phenol/chloroform purification
To purify nucleic acids throughout the several steps of in vitro transcription, samples
were firstly diluted to a final volume of 200 pL, with nuclease-free water.
Phenol/chloroform with isoamyl alcohol (25:24:1) was added to the samples in a 1:1

ratio, that were then vortexed and centrifuge for 5 min at 13000 g. The aqueous phase,
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where nucleic acids are present, was then retrieved to a nuclease-free Eppendorf, and
200 pL of chloroform was added. Samples were vortexed, and centrifuge for 5 min at
13000 g, after which this new aqueous phase was again retrieved to a new Eppendorf.
To this, sodium acetate (AcNa, 3 M, pH 5.2) was added in a 1:10 ratio, plus 2 volumes
of cold absolute ethanol and 1 pL of glycogen. Samples were allowed to precipitate
overnight, at -20° C in the case of the linearized plasmids for in vitro transcription, or at
-80° C in the case of the obtained mRNA (for mRNA, all the centrifugations mentioned
above were performed at 4° C). After this, samples were centrifuge at 4° C for 15 min,
at 13000 g, the supernatant was discarded, and the pellet was washed with 500 pL of
70% cold ethanol, by centrifugation at 4° C, for 5 min, at 13000g. Supernatant was
discarded, the pellet was air-dried for around 5 to 10 min and then eluted in the desired
volume of nuclease-free water. Nucleic acid concentration was once again measured
using the NanoDrop 1000 Spectrophotometer, also used to evaluate the quality of the
obtained mRNA.

6.2. T7 in vitro transcription

The HighYield T7 mRNA Synthesis Kit (me'W-UTP; Jena Bioscience), was used for
synthesis of N1-Methylpseudouridine-modified mRNA, accordingly to the
manufacturer’s procedure, with minor alterations. To produce a mature mRNA, a
m’G(5")ppp(5)G Cap Analog (Ambion®, Applied Biosystems) was added in the same
concentration recommended for the nucleotides. For the mRNA to incorporate the Cap
analog efficiently, GTP is added in a 1:4 ratio of the Cap Analog.

Initially, 3 pg of Wuhan_polyA and Wuhan_seq3 3X_polyA plasmids were linearized
with the restriction enzyme EcoRI (NEB), in 1x EcoRI Buffer (NEB), for 2 h at 37° C. A
small amount of the reaction was ran in an agarose gel to confirm that the plasmid had
been completely linearized, followed by template purification with phenol/chloroform as
in section 6.1.

Briefly, all components were combined at room temperature, in a final volume of 20 pL,
with the following order: nuclease-free water, 2 pL of HighYield T7 Reaction Buffer, 2
uL of DTT (100 mM), CTP, ATP, N!-MethylpseudoUTP and Cap Analog to a final
concentration of 7.5 mM, GTP to a final concentration of 1.875 mM, 1 ug of template
DNA, and finally, 2 pL of HighYield T7 RNA Polymerase Mix. The mixture was vortexed
and spun down, and then incubated at 37° C for 2 h, in the dark. After this, a
purification with Illustra™ ProbeQuant™ G-50 Micro Columns (GE Healthcare) was
performed. Afterwards, 1 pL of Recombinant DNase | (Roche) was added to the

solution, in 1x DNase | recombinant RNase-free incubation buffer (Roche), and
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samples were incubated for 40 min at 37° C, followed by a phenol/chloroform
purification.

MRNA was quantified using NanoDrop 1000 Spectrophotometer and sent for the i3S
Genomic Core Facility for analyses with the 2100 BioAnalyzer (Agilent Technologies).
Shortly, the Agilent RNA 6000 Pico assay was performed, that consists in capillary gel
electrophoresis on a chip, separating samples by size. MRNA is heat denatured (2 min,
at 70° C), as well as an RNA ladder, and samples are run simultaneously. Bioanalyzer
allows the visualization of the molecules, to confirm the length of the mRNA, and

evaluation of the quality of the RNA, by analyses of the degraded products present.

7. Statistical analyses

In graphs containing more than one experiment, data is presented as mean +/-
standard deviation (SD). The analyses for statistical differences were performed either
with one-way ANOVA corrected for multiple comparisons using the Dunnett multiple
comparisons test, or with two-tailed unpaired t test. Only p-values < 0.05 were
considered statistically significant, where * p<0.05, ** p< 0.01, and ns stands for not
significant. All graphs were done using GraphPad Prism version 8.01.
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Results and Discussion
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1. Cell transfections studies

1.1. iPLUS seq3 3X leads to an increase in Spike’s production
in HelLa cells

The COVID-19 pandemic was a turning point for mRNA vaccines, opening the
possibility for these to be rapidly tested and placed on the market. In fact, until the end
of 2019, there were 15 mRNA vaccine candidates on clinical trials, even though none
of them had passed to Phase Il trials. The BNT162b2 mRNA vaccine from
Pfizer/BioNTech against SARS-CoV-2 was the first mRNA drug to ever be approved
(119). An mRNA vaccine has 5 main components, a 5'Cap, a 3’polyA tail, an UTR both
in the 3’ and the 5, in addition to the coding region of the desired antigen (113).
Several properties of these vaccines can still be improved, and further research is
needed to fully understand their effects on a long term. For example, to date, the most
widely vaccines used for immunization require a two-dose shot. It would be beneficial
to increase the vaccine’s efficiency in order to ensure that a single dose can be
administered.

With the problematic associated with the COVID-19 pandemic and the rising of the
MRNA vaccines in mind, we decided to evaluate if the subcloning of iPLUS
downstream of Spike’s cDNA, could lead to an improvement in important
characteristics in these constructs, namely their stability and subsequent protein
production. We also decided to test a variant of the iPLUS, iPLUS seq3 3X, that
corresponds to the most conserved region of iPLUS (TTGTTTT) in tandem three times.
As so, iPLUS and iPLUS seq3 3X were subcloned downstream of Spike’s cDNA, from
two different variants, the original and still used in most vaccines, Wuhan variant, but
also the more recent and already dominant Omicron variant. We intended to evaluate if
iPLUS could aid the improvement of the existing mRNA vaccines but also in the
development of new mRNA vaccines containing the Omicron variant, which are only
now starting to appear on the market, in order to increase people’s immunization

specifically directed to the variant that is now in circulation.

We started by constructing the plasmids necessary for the cell transfection assays
(Figure 9) that will allow us to evaluate the influence of both iPLUS sequences, in both
Spike mRNA levels and the corresponding protein expression.

For that, iPLUS and iPLUS seq3 3X were subcloned downstream of Spike’s cDNA from
both the Wuhan and the Omicron variant. The plasmids used had the pcDNA3.1

56



FCUP | ICBAS
Regulation of gene expression by noncoding sequences in health and disease

backbone and the cDNAs for Spike variants (SpikeHu and SpikeOm) and the iPLUS
and iPLUS seq3 3X sequences were inserted, obtaining 6 different plasmids:
SpikeHuU/Om, SpikeHu/Om_iPLUS and SpikeHu/Om_seg3 3X. The plasmids contain a
T7 RNA polymerase promoter, a cytomegalovirus (CMV) enhancer-promoter, the
cDNA, in this case, Spike’s cDNA from the Wuhan or the Omicron variant, and a PAS
from the bovine growth hormone (bGH), as illustrated in Figure 10.A.

These plasmids were then used for a preliminary experience in HelLa cells. Results
show that, for the Wuhan variant, the presence of iPLUS and iPLUS seq3 3X
downstream of Spike’s cDNA led to a slight decrease in the protein levels, while they
do not significantly impact the mRNA levels, as we can see in Figure 10.B. In fact,
regarding the mRNA levels, we observed a slight increase for iPLUS and a decrease
for iPLUS seg3 3X. For the Omicron variant, on the other hand, both our sequences led
to a marked decrease in both protein and mRNA levels, as we can see in Figure 10.C.
The mRNA levels decrease by 75% upon the presence of iPLUS, when in comparison
to the control, and decrease 50% in the presence of iPLUS seq3 3X, correlating with
the levels of protein. Notably, comparing only the Spike’s from the two variants without

iPLUS, SpikeOm seems to be more expressed than SpikeHu (Figures 10.B and 10.C).
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Figure 10 — iPLUS and iPLUS seq3 3X do not show an improvement in Spike’s protein production or mRNA
levels, after transfection of HelLa cells with the pcDNA™3.1 plasmids, in comparison to constructs lacking
these sequences. A) Schematic representation of the pcDNA3.1 constructs, containing either Spike’s cDNA from the
Wuhan or the Omicron variant, and iPLUS or its variant, iPLUS seg3 3X. Additionally, the plasmids contain a T7
promoter, a CMV enhancer/promoter, and the bGH PAS. These plasmids were used for HelLa cells transfection in
these preliminary experiments. B) Western Blot and Spike’s mRNA levels show that the presence of iPLUS or iPLUS
seq3 3X downstream of Spike from the Wuhan variant, does not improve Spike’s protein production neither the
corresponding mRNA levels. Wuhan Spike’s protein production was evaluated by Western Blot, with a-Tubulin as a
loading control. Quantification of the protein levels normalized to the loading control, were used to calculate the fold
change, represented below each image as ratio, being normalized to SpikeHu. mRNA levels were measured by RT-
gPCR, using the internal control 18S, and fold change was then calculated by normalization to SpikeHu, being
represented above each bar. n=1 C) For the Omicron variant, the presence of iPLUS and iPLUS seg3 3X leads to a
strong decrease in both Spike’s protein production and the corresponding mRNA levels. Omicron Spike’s protein
production was evaluated by Western Blot, also with a-Tubulin as a loading control. Quantification of the protein levels
normalized to a-Tubulin, was used to calculate the fold change, represented below each image as the ratio, being
normalized to SpikeOm. mRNA levels were measured by RT-gPCR, using the internal control 18S, and fold change
was then calculated using SpikeOm for normalization. The respective value is represented above each bar. n=1
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The results obtained using the pcDNA3.1 plasmids and the iPLUS sequences did not
seem promising in Hela cells, but a second strategy already planned was chosen to
continue the project. The pcDNA™3.4 TOPO™ had already been used in our lab, with
the presence of iPLUS with good results. This was the plasmid used as a backbone in
the experiments regarding the monoclonal antibody protein production, in ExpiCHO-S
cells, where iPLUS insertion doubled the recombinant antibody expression (Figure 6).
Besides that, pcDNA3.4 based vectors are normally used in the industry for
recombinant protein production, being this another advantage in the use of these
plasmid backbones.

As so, the next step was to subclone the cDNA from both Spike’s variants into the
pcDNA3.4 plasmids containing the iPLUS sequences by substituting the cDNA of the
monoclonal antibody by either the SpikeHu or SpikeOm variants. These plasmids were
named Wuhan/Omicron, Wuhan/Omicron_iPLUS and Wuhan/Omicron_iPLUS seq3
3X. The pcDNA3.4 constructs possess the full-length CMV immediate-early
promoter/enhancer, the PAS from the herpes simplex virus (HSV) type 1 thymidine
kinase (TK) and the already mentioned WPRE. The latter is present downstream of the
gene of interest, in the 3’'UTR, promoting the formation of a secondary structure, which
increases gene expression. Of note, WPRE is not present in the pcDNA3.1 plasmid
used in the previous experiments. iPLUS and iPLUS seq3 3X were thus subcloned
downstream of the WPRE sequence, and upstream of the existing HSV-TK PAS in the
pcDNAS3.4 backbones. The sequence components of these plasmids are represented
in Figure 11.A and Figure 12.A.

These plasmids were then used for the transfection of HelLa cells, in 4 independent
experiments. The results presented in Figure 11.B, C and D, show that, for the Wuhan
variant, the presence of iIPLUS seq3 3X downstream of Spike’s cDNA, leads to an
increase in both Spike’s protein production and mRNA levels, when in comparison to
the plasmid without the iIPLUS sequences. For the protein expression, this increase is
approximately 1.9-fold (Figure 11.C), while for the mRNA levels the increase is
approximately 1.4-fold (Figure 11.D). It is thus clear that iPLUS seq3 3X leads to a
significant increase in both the mRNA and protein levels of the Wuhan variant.

On the contrary, the presence of the iIPLUS sequence itself downstream of Spike’s
coding sequence, led to a decrease in both the protein and mRNA levels (Figure 11.C
and 11.D). This decrease was more accentuated on the mRNA levels, with a 40%
reduction when compared to the control, but it is also observed for the protein levels,

as shown in the Western Blot panel on Figure 11.B, although some variability in the
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results leads to lack of statistical significance, which could be because these are four
completely independent experiments (n=4). Nevertheless, the mean of the fold ratio
values for the protein expression is approximately 0.45, therefore the decrease we are
observing in both the mRNA and protein levels are correlated.
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Figure 11 — iPLUS seq3 3X increases Wuhan Spike’s protein production and mRNA levels in HelLa cells, in
comparison with the plasmid that lacks this sequence. A) Schematic representation of the pcDNA3.4 constructs,
named Wuhan for short, containing Wuhan Spike’s cDNA alone or with the iPLUS or its variant, iPLUS seq3 3X.
Additionally, these plasmids contain a full-length CMV promoter, WPRE and the HSV TK PAS. iPLUS sequences are
located between the WPRE and the PAS. B) Spike’s protein production was evaluated by Western Blot, represented in
the panel. Four independent experiments (n=4) were performed and used for Spike’s protein quantification. a-Tubulin
was used as a loading control. Protein quantification was calculated using the loading control for normalization,
followed by fold change analyses, normalized to the Wuhan plasmid. The fold change values are represented below
each image and plotted in C). C) Protein quantification levels are plotted for each condition, for four independent
experiments. D) mRNA levels were measured by RT-gPCR, also for four independent experiments (n=4). The mRNA
levels were normalized to the internal control 18S, and fold change was then calculated in relation to the Wuhan
sample. Data are shown as mean +/- standard deviation (SD) for four independent experiments, both for protein
quantification and mRNA levels. Statistical significancy was determined by one-way ANOVA corrected for multiple
comparisons using the Dunnett multiple comparisons test where: *=p<0.05 and ns means not significant.

60



FCUP | ICBAS
Regulation of gene expression by noncoding sequences in health and disease

For the Omicron variant, the results obtained are once again different from the ones
obtained with the Wuhan variant. In fact, as it can be observed in Figure 12.B, C and
D, iPLUS and iPLUS seq3 3X sequences, when subcloned downstream of Omicron
Spike’s cDNA, do not have an impact neither in the protein production, nor in the

MRNA levels, evidenced by the lack of statistical significance.
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Figure 12 — iPLUS and iPLUS seq3 3X, when subcloned downstream of Omicron’s Spike cDNA, do not impact
the respective protein production or mRNA levels. A) Schematic representation of the pcDNA3.4 constructs,
containing Omicron Spike’s cDNA and iPLUS or its variant, iPLUS seq3 3X. Additionally, these plasmids contain a full-
length CMV promoter, WPRE and the HSV TK PAS. B) Western Blots for Spike’s protein production evaluation. Four
independent experiments (n=4) were performed and used for Spike’s protein quantification. a-Tubulin was used as a
loading control. Protein quantification was calculated using the loading control for normalization, followed by fold
change analyses, normalized to the Omicron plasmid without iPLUS sequences. The fold change values are
represented below each image and plotted in C). C) Protein quantification levels plotted for each condition, for four
independent experiments. D) mRNA levels were measured by RT-qPCR, also for four different experiments (n=4).
mRNA levels were normalized to the internal control 18S, and fold change was then calculated in relation to the
Omicron’s condition. Data shown in C and D correspond to the mean +/- SD of n=4 for both protein quantification and
mRNA levels. Statistical significancy was determined by one-way ANOVA corrected for multiple comparisons using the
Dunnett multiple comparisons test where: ns means not significant.
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Curiously, the only difference between the Wuhan and Omicron plasmids is the Spike
cDNA (Figure 11.A and 12.A). Our results clearly show that the iPLUS sequence does
not produce the same effect for the Wuhan and Omicron Spike variants, and the same
holds true for iPLUS seq3 3X, since no increase is observed with the Omicron_iPLUS
seqg3 3X plasmid. The same results were obtained with the initial plasmids pcDNA3.1
(Figure 10), where we see that iPLUS and iPLUS seg3 3X do not impact Wuhan'’s
protein production or mRNA levels in comparison with the plasmid that lacks this
sequence (Figure 10.B), but for Omicron’s Spike there is a significant decrease
(Figure 10.C). This points to the hypothesis that the coding region plays a role in
controlling Spike mRNA and protein levels. We know that these sequences only differ
by 37 mutations, corresponding to the same protein only with slight changes specific to
its conformation, which makes these results even more surprising. Specifically, the two
Spike sequences used in this project share 84% of similarity (analysis done using
Needleman-Wunsch alignment of two sequences, in BLAST® from NCBI).

Although most research regarding cis-acting elements is focused on the UTRs, some
examples have also been described within the coding region. The coding sequence
does not simply code for the amino acids and several other vital features are present
(126). Binding sites for miRNAs and RBPs have been described within the coding
sequence of some mammalian genes, affecting the respective mRNA stability and
subsequent translation, in an interconnected way (120-122). As a matter of fact,
several in silico analysis have reported that within SARS-CoV-2 genome several
binding sites for some human miRNAs are present, providing an antiviral mechanism
(123, 124). These binding sites are not only predicted to be present in the 3’'UTR, but
also, specifically along the coding sequence of several viral proteins, including Spike
(125). We can speculate that maybe the sequence differences between Wuhan and
Omicron Spike’s cDNA can generate different binding sites for regulatory trans-acting
factors, which may explain the differences observed between Wuhan and Omicron with
iPLUS seq3 3X. In fact, a preliminary in silico analyses showed that there are different
mMiRNAs target sites in the cDNA of Wuhan and Omicron Spike’s used in this study.
Additionally, it is also known that RNA virus present RNA secondary and even tertiary
structures, important for their life cycle regulation, and SARS-Cov-2 is one of these
cases (88). Perchance, different secondary structures are present in these mRNAS,
leading to differences in mRNA stability and in the translation efficacy.

All these factors can be possible explanations for the differences we are seeing from
Wuhan and Omicron Spike’'s cDNA, but in order to clarify these results several

additional experiments would be required, such as an in silico analysis of possible
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MRNA secondary structures, binding sites for RBPs, miRNAs or mRNA regulatory
sequences, and subsequent in vitro characterization.

It is interesting that we are observing these contrasting results between Spike from the
Wuhan and Omicron variants, as they reveal that new mechanisms for Spike
expression are in place, which need to be further investigated to understand the
molecular mechanisms of disease and to produce improved mMRNA vaccines.
Additionally, we clearly demonstrated that in HelLa cells, iPLUS seq3 3X increases
Wuhan Spike’s protein expression, by 1.9-fold, and the mRNA levels, by 1.4-fold. The
effect observed for iPLUS seq3 3X in HelLa cells is extremely interesting from the point
of view of a possible application to the mRNA vaccines. This may allow for an increase

in the antigen production upon immunization, improving the efficacy of this process.

1.2. In ExpiCHO-S cells, iPLUS seq3 3X also increases Spike
production

It is important to guarantee that the results obtained in HeLa cells for iPLUS are also
maintained in other cellular models. As we are studying cis-regulatory sequences, and
even though we still do not fully understand its mechanism of action, we know that
RBPs, including Heph, bind to these sequences in Drosophila, leading to an increase in
MRNA levels (34). We cannot rule out the possibility that the concrete cellular
environment encountered in a specific cell line, regarding its proteome and
transcriptome, can impact the way that these sequences affect protein production and
MRNA stability.

As so, it was also our objective to evaluate the effect of these IPLUS sequences, on
Spike’s protein production and mRNA levels, in another cell line from a different
species. The ExpiCHO-S cell line was chosen as a model for this project due to its
common use in the industry for recombinant protein production (127). The ExpiCHO-
S™cell line is derived from the Chinese Hamster Ovarian CHO-S cell line, allowing for
a higher protein production, and is grown in a serum-, protein-, chemical- animal-origin-
free medium and can be maintained at high densities, in suspension. Possible partners
in the future may be interested in learning how our plasmids function in this mammalian
model, since CHO cells have become a widely used platform for the initial phases of
screening in protein production (128). In fact, besides our focus on mRNA vaccines, we
cannot exclude the possible application of our developed plasmids in Spike’s protein
production with higher yields. Recombinant Spike protein can be applied in the study of

the biology of this virus, for subsequent production of specific antibodies, that can be
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used in therapeutics, or to assemble clinical diagnostic tools, such as serological tests
(129-131).

With that purpose, we transfected the ExpiCHO-S™ cell line with the Wuhan and
Omicron plasmids used previously in the HelLa cells experiments (Figure 11.A and
12.A). As it can be observed in Figure 13.A, B and C, we obtained with the ExpiCHO-
S cell line the same results observed in HelLa cells, where iPLUS seg3 3X is able to
promote an increase in both Spike’s mMRNA levels and respective protein production.

It can also be observed that the two-band profile displayed in the Western Blots for the
Wuhan Spike protein in ExpiCHO-S cells, is very different from the single band
encountered in HelLa cells. This is probably due to the time course of the experiment.
For HelLa cells, the period between transfection and collection of the cells is 48 h, but
for ExpiCHO-S cells the transfection protocol requires 9 days in culture until collection.
It is known that Spike can be present on Western Blots as a full-length Spike band, of
180 kDa, or appears as a 90 kDa band, corresponding to its cleaved subunits (131,
132). As so, the 9 days period possibly allows for this cleavage to occur, resulting in
the appearance of two different Spike bands. Of note, we are evaluating two different
mammalian systems, the ExpiCHO-S cells derived from Chinese hamster and the
HelLa cells derived from human, which could also explain the differences in the Spike
protein profile.

For iPLUS seq3 3X, we observe a significant increase in Spike’s protein levels for the
full-length 180 kDa protein (Figure 13.A), where the increase is of ~2.5-fold (Figure
13.A; left), whereas this increase is not statistically significant for the cleaved band of
90 kDa (Figure 13.B; right). This is due to the variability between the three
independent experiments (n=3) and that this process of protein cleavage is probably
much more variable than the production of the full-length protein. Even though there is
no statistical significance, we can observe that all ratio values (ratio down) presented in
Figure 13.A point to an increase in the 90 kDa band in the iPLUS seg3 3X plasmid.
For the mRNA levels, we observe a 1.6-fold increase in Spike’s levels, when iPLUS
seq3 3X is present (Figure 13.C). As so, it is very clear that indeed iPLUS seq3 3X
induces an increase in both Spike’s protein and mRNA levels, when compared to the
Wuhan control. It is not uncommon that the protein levels present the stronger increase
in ExpiCHO-S cells, since these cells are specifically designed to produce recombinant
proteins.

On the other hand, the original iPLUS sequence has the opposite effect, promoting a
strong decrease in protein production (approximately 70% for both the full-length and

cleaved Spike; Figure 13.B), while not impacting the mRNA levels (Figure 13.C),
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when compared with the control, Wuhan. We can conclude that iPLUS is clearly not
promoting the same effects as iIPLUS seq3 3X, neither in HeLa or ExpiCHO-S cells,
and unexpectedly it does not increase Spike protein production or mRNA levels.
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Figure 13 — iPLUS seq3 3X increases Wuhan Spike’s protein production and mRNA levels, in comparison with
the Wuhan plasmid that lack this sequence, in ExpiCHO-S cells. A) Spike’s protein production was evaluated by
Western Blot, in three independent experiments (n=3). Two different molecular weight bands appear, one related to the
180 kDa full-length Spike protein, and another corresponding to a 90 kDa Spike’s cleaved subunit. a-Tubulin or GAPDH
were used as loading controls. Protein quantification was calculated using the respective loading control for
normalization, followed by fold change analyses, normalized to the Wuhan plasmid band of each molecular weight. The
fold change values are represented below each image and plotted in B), with ratio up referring to the 180 kDa band, and
ratio down referring to the 90 kDa band. B) Graphs represent protein quantification of Spike, where the left graph has
the ratio values corresponding to n=3 for the upper band, of 180 kDa, and the right graph has the ratio values for the
lower band, of 90 kDa. C) mRNA levels were measured by RT-qPCR (n=3). The internal control ACTB was used for
normalizing mRNA levels, and fold change was calculated in relation to the Wuhan sample. In all graphs, results are
plotted as mean +/- SD of the three experiments. Statistical analysis was performed using a two-tailed unpaired t test,
where: *=p<0.05, **=p<0.01 and ns corresponds to not significant. The analysis was done specifically between the
Wuhan and Wuhan_iPLUS samples, or Wuhan and Wuhan_seq3 3X, even though both results are plotted on the same
graph. The plasmids used in this experiments are represented in Figure 11.A.
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For the transfection of our set of plasmids containing the Omicron variant on ExpiCHO-
S cells, the results also showed a similar tendency to the ones found with HelLa cells,
thus only one experiment was performed in these cells. In fact, as it can be observed in
Figure 14.A and B, the presence of both iPLUS and iPLUS seqg3 3X leads to a
decrease in both Omicron Spike’s protein and mRNA levels. For the mRNA levels, a
decrease of 50% for iPLUS and 40% for iPLUS seq3 3X was observed (Figure 14.B).
Regarding Omicron Spike’s protein production, a decrease between 70 and 80% is
observed in all bands (Figure 14.A). For the full-length Omicron Spike (180 kDa band),
bands cannot be quantified since they appear very fade, however, we can visually
recognize that a decrease is present regarding both iPLUS and iPLUS seq3 3X, when
compared to the Omicron control sample. Here, another band appears with more
intensity than in the Western Blots regarding the Wuhan plasmids, with a molecular
weight of approximately 110 kDa. As a matter of fact, it is known that an important
difference between Spike from the Wuhan and the Omicron variant is related to their
conformation, with Omicron presenting a much more compact structure (97). Moreover,
Omicron presents mutations in the vicinity of the cleavage site, with an impact in its
cleavage by cellular proteases (133, 134). It can be the case here that these
differences are reflected in the distinct profiles visualized. Nevertheless, it is clear that
both these sequences are impacting negatively the production of the respective mRNA
and protein.
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Figure 14 — In Spike’s Omicron variant, both iPLUS and iPLUS seq3 3X lead to a decrease in Spike’s protein
production and the respective mRNA levels. A) Spike’s protein production was evaluated by Western Blot, in
ExpiCHO-S cells. GAPDH was used as a loading control. Protein quantification was calculated using the loading control
for normalization, for the different molecular weight bands. This was followed by fold change analyses, normalized to
the respective Omicron control sample band of each molecular weight. Fold change values are represented below each
image, with ratio middle corresponding to the 110 kDa band and ratio down referring to the 90 kDa band, both resulting
from Spike’s protein cleavage. B) Spike mRNA levels were measured by RT-gqPCR, for one experiment. mRNA levels
were normalized to the internal control ACTB, and fold change was calculated in relation to the Omicron sample.
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1.3. Efficiency of transfection remains constant, in both HelLa
and ExpiCHO-S cells, for the Wuhan variant

Although the transfection protocol used in each cell line, for all conditions, is kept the
same, a concern raised during the course of the experiments was the possibility that
different transfection efficiencies could be associated with the different plasmids. If this
was happening, the interesting results we were obtaining could be due to differences in
transfection efficiency and not to the primary effect of each sequence itself. Different
strategies could have been employed to solve this problem, such as a new cloning to
insert a reporter gene in our plasmids, providing us a bicistronic plasmid, with a readout
specific for each cell that was transfected. This could then be use for normalization of
the results. Another strategy, which was not done due to time constrains, is to select
transfected cells with Geneticin™. As a matter of fact, pcDNA3.4 expression vectors
contain the resistance gene (neo) for this antibiotic. By performing the selection of
cells, we would only be evaluating the ones that were in fact transfected with our
plasmids, giving more accurate results. The strategy followed in order to try to bypass
that issue, was the co-transfection of the Wuhan and Omicron sets of plasmids, with a
GFP reporter plasmid already used in the lab, named pCS2_eGFP, that contains the
coding sequence of eGFP under the control of a CMV promoter. By doing this, we
expected to see a constant level of eGFP between all conditions, demonstrating that
the transfection protocol is equally effective, having eGFP as a readout.

Due to time constrains, only a preliminary experiment was done for each cell line, but
as observed in Figure 15, eGFP protein levels remain relatively constant in most of our
experimental conditions. For HelLa cells, this experience was performed for both the
Wuhan and the Omicron set of plasmids, while for ExpiCHO-S, only the Wuhan
plasmids where used. For the Wuhan variant, in both HeLa and ExpiCHO-S, we can
visually see in the Western Blots, presented in Figure 15.A and C, that the levels of
eGFP protein are relatively constant between the three conditions, and this is also
reinforced by the protein quantification of eGFP (Ratio eGFP below the Western Blots).
Moreover, the tendency of iPLUS seq3 3X leading to an increase in Spike’s protein
production is maintained, as shown in the Western Blots (ratio Spike) in Figure 15.A
and C. The increase with iPLUS seg3 3X in Wuhan Spike’s protein production reaches
even two-fold for the 90 kDa band in ExpiCHO-S cells, as well as in HelLa, where the
increase is approximately 1.9-fold, as observed previously in the experiments without

co-transfection.
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However, when we look at the results of the Omicron set of plasmids co-transfected
with pCS2_eGFP, the values regarding protein expression of eGFP, presented in
Figure 15.B, are more variable, especially in the Omicron_seq3 3X condition. This can
indicate that we have lower transfection efficiencies in the Omicron_seq3 3X condition,
even though we do not think that if the efficiencies were similar, it would be sufficient to
observe an increase in Spike levels in comparison to the control. Nevertheless, further

experiments are required, especially for the Omicron plasmids.
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Figure 15 — eGFP protein expression is kept constant upon Wuhan Spike’s plasmids co-transfection with
pCS2_eGFP, whilst maintaining the iPLUS seq3 3X increase in protein production, in both HeLa and ExpiCHO-
S cell lines. A) Hela cells co-transfection with the Wuhan set of plasmids (control, iPLUS and iPLUS seg3 3X) and
pCS2_eGFP, showed that eGFP protein expression is maintained relatively constant. For the Western Blot analysis, a-
Tubulin was used as a loading control. Protein quantification, for both Spike and eGFP, was normalized to the loading
control, and fold change was then calculated in relation to the Wuhan sample. B) Hela cells co-transfection with the
Omicron plasmids (control, iPLUS and iPLUS seq3 3X) and pCS2_eGFP showed a higher variation regarding eGFP,
protein levels. For Western Blot analysis, a-Tubulin was used as a loading control and also for normalization of the
values upon the quantification of Spike’s and eGFP’s protein levels. Fold change was then calculated using the
Omicron control condition for normalization. C) ExpiCHO-S cells were co-transfected with the Wuhan plasmids and
pCS2_eGFP, showing a similar trend as HelLa, with eGFP protein expression remaining constant between all three
conditions. In here, GAPDH was used as a loading control for the Western Blot analyses and fold change was
calculated as above. In all Western blots, the fold change values are represented as the ratios below each image, and
in the case of ExpiCHO-S experiment, ratio up refers to the full-length Spike protein and ratio down refers to the 90 kDa
cleaved subunit of Spike. Results are shown for one single experiment (n=1).
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With all the results presented until this point, we have demonstrated that: 1) our
sequences, iPLUS and iPLUS seq3 3X, when subcloned downstream of Spike cDNA
from the Omicron variant, do not improve neither its protein production nor its mRNA
levels; 2) iPLUS, when subcloned downstream of the Wuhan Spike cDNA, also does
not impact Spike’s protein or mRNA levels, actually leading to a strong decrease in
protein production in ExpiCHO-S cells, reaching 80%; 3) on the contrary, iPLUS seq3
3X, that corresponds to the most conserved region of iPLUS in tandem three times,
leads to an increase, that can go up to 2-fold, in both mRNA levels and protein
production, when subcloned downstream of Spike’s cDNA from the Wuhan variant.
Obtaining this result in both HeLa and ExpiCHO-S cell lines reinforced the fact that this
iPLUS variant sequence can be a valuable asset for Spike’s recombinant protein
production or mRNA vaccines.

It is also interesting to compare the first results regarding iPLUS seq3 3X effect
obtained with the pcDNA3.1 plasmids (Figure 10), to the results obtained with the
pcDNA3.4 plasmids (Figures 11 and 13). For the Wuhan variant, iPLUS seq3 3X did
not cause any significant effect in our preliminary results with the pcDNA3.1 plasmids,
neither in the protein nor in the mMRNA levels (Figure 10.B). Contrastingly, for the
pcDNAS3.4 plasmids and in two different models, iPLUS seq3 3X leads to an increase in
both Spike’s protein expression and mRNA levels (Figure 11.C and D, and Figure
13.B and C). This can be explained in at least two ways, concerning the differences
between these plasmids:

1) the specific polyA signal (bGH for the pcDNA3.1’s and HSV TK for the pcDNA3.4’s)
is impacting mRNA processing and consequent mRNA and protein levels. In fact, it is
known that polyadenylation of an mRNA is crucial for its nuclear export, stability, and
consequent translation, as was discussed in the introduction. This will obviously impact
gene expression (135), so it can be reasonable to believe that this differences can be
impacting our results. Some studies have addressed these effects (136, 137), but
recently, Wang et al., compared the effect of five different PAS, including bGH and
HSV TK PASs, in transgene expression upon transfection of CHO cells. Interestingly,
here they found that transient expression of eGFP was significantly decrease when the
HSV TK PAS was presented, when compared to the bGH PAS (138). Nevertheless,
this does not exclude that in the context of our plasmids, iPLUS sequences together
with the PAS, have different effects.

2) the presence of the WPRE sequence is playing a role in the effect of iPLUS seq3
3X. The group had already data showing that iPLUS subcloned in the pcDNA3.4 vector

presented good results in what concerns an increase in monoclonal antibody protein
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production. Besides that, it is important to note that it has been shown that the WPRE
can act synergistically with USEs (72), which may be the case here.

Further experiments would be needed to unravel the molecular mechanism involved in
IPLUS-dependent regulation of Spike expression, starting with the removal of the
WPRE sequence from the pcDNA3.4 plasmids, to evaluate if the results obtained
would still be the same. The same goes for the PAS, which could be swapped in an

attempt to understand if it played a role in our findings.

Regarding the different results from iPLUS and iPLUS seq3 3X with the pcDNA3.4
plasmid, some explanations can be hypothesized. The two sequences present many
similarities, only differing in length by 7 nucleotides, with iPLUS being a 28-nucletide
long sequence, and iPLUS seq3 3X having a length of 21 nucleotides. Nevertheless,
iPLUS seqg3 3X present different binding sites for trans-acting factors, in particular
RBPs that typically need 6 nucleotides to bind to, created by the junction of the iPLUS
most conserved region three times. Additionally, this sequence as a higher U-richness
when compared to iPLUS. This may promote the binding of different RBPs, possibly
explaining the different effects we are obtaining. Additionally, we cannot rule out the
possibility of different mRNA secondary structures promoted by these sequences to
originate contrasting outcomes regarding mRNA 3’end formation, mRNA stability, or
translation efficiency. These are all known common regulatory effects from sequences
present in the 3'UTRs, as it was our aim to investigate. It is still striking how these
small, non-coding sequences, with many similarities, can impact so strongly and so

differently in the production of both the mRNA and the protein for Spike.
With all of this in mind, the next step in this project was to evaluate the effect that

iPLUS seq3 3X exerts in mRNA stability, giving its good results in the cell transfection

assays with the Wuhan variant.
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2. mRNA stability assays

2.1. iPLUS seq3 3X decreases the mRNA stability of an in vitro
transcribed Spike mRNA

As iIPLUS seq3 3X increases Spike’s protein production and mRNA levels, we wanted
to further understand the mechanism behind this observation. An increase in mRNA
stability could explain the increase in both Spike’s mMRNA and protein levels. Higher
stability would allow the mRNA to remain intact in the cell for longer periods, when
compared to the mRNA lacking this sequence, promoting higher levels of this
molecule, correlating with more protein translation. If this is the case, an increase in
MRNA stability associated with iPLUS seq3 3X, would be extremely beneficial for
MRNA vaccines. It is known that a crucial bottleneck of the mRNA vaccine industry is
the inherent instability of this molecule, which in truth was one the motives that
contributed to the delay in a more generalized use of this technology. Every component
that can improve this point will be an advantage. This will not only contribute to the
manufacturing point of view, but it will also be beneficial for people’s immunization. A
more stable mRNA will reach our cells more intact, also increasing the resulting
production of the antigen, culminating in a stronger immune response.

Therefore, to assess the iIPLUS seq3 3X effect on mRNA stability, we performed in
vitro transcription of our two constructs of interest: the control containing only the
Wuhan’s Spike cDNA and a construct containing iPLUS seq3 3X sequence subcloned
downstream of Wuhan’s Spike cDNA. For the in vitro transcription assays, we needed
a T7 RNA polymerase promoter, for the RNA polymerase to initiate transcription. For
this reason, we used the pcDNA3.1 plasmids, SpikeHu and SpikeHu_seg3 3X for
subsequent cloning steps, given they already contain the T7 promoter, Wuhan’s Spike
cDNA and iPLUS seq3 3X (Figure 10.A).

As it was discussed before, the polyA tail is crucial to produce a mature mRNA,
suitable for transfection into cells or for use as a vaccine. Normally, for these
applications, the desired length should be higher than 100 nucleotides. This addition
could be done enzymatically, but the direct incorporation of the polyA sequence in the
template is more suitable since it allows for more reproducible additions. A problem
that arises from this is that long, repetitive sequences as this can destabilize the
plasmid where they are subcloned (119). We decided to follow the strategy used by
Pfizer/BioNTech in its COVID-19 mRNA vaccine, by adding a short linker in the polyA
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tail, producing a sequence Azp(10 bp UGC linker)Az (139), as represented in Figure
16.A. Besides this, we also apply modified nucleotides, specifically N?-
Methylpseudouridine, considered to be crucial in mRNA vaccines, since its usage
instead of uridine decreases the immune response to the mRNA molecule being inject
and is being employed in most of the COVID-19 vaccines already on the market (100,
111).

To include of the polyA tail downstream of Spike’s cDNA or downstream of iPLUS seq3
3X, we ordered a plasmid containing the polyA tail with the linker (pUC57-Mini) and
included, by PCR ampilification from the pcDNAS3.1 plasmids, the T7 promoter, Wuhan
Spike’s cDNA and the iPLUS seg3 3X (in one of the constructs). These plasmids were
named SpikeHu_polyA and SpikeHu _seg3 3X_polyA and are represented in Figure
16.A.

After the templates linearization and preparation was concluded, the in vitro
transcription protocol, using the HighYield T7 mRNA Synthesis Kit (me1W-UTP), was
performed, as represented in Figurel6.B. Following this, the capped and
polyadenylated mRNA obtained were evaluated recurring to the Bioanalyzer, to ensure
that the two in vitro mMRNAs produced were not degraded. In fact, as we can observe in
Figure 16.C both Wuhan and Wuhan_seq3 3X mRNAs present the expected profile,
with low degradation, and correct molecular weight (around 4000 bp for the Wuhan,
and an additional slight increase for Wuhan_seg3 3X, due to the presence of our
sequence). Since mRNA is so fragile and easily degraded, this quality check was very
important to guarantee that the next experiment could be performed, in the right

conditions.
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Figure 16 — In vitro transcription workflow. A) Schematic representation of the sequences present in the plasmids
used as templates for in vitro transcription. A T7 promoter is necessary for in vitro transcription using the T7 RNA
polymerase, upstream of Spike’'s cDNA. These plasmids have a polyA tail of defined length, subcloned downstream of
Spike, in the control, or downstream of iPLUS seq3 3X. The polyA tail sequence is also represented, with the linker
between adenosines indicated. The EcoRI restriction site indicated was used for plasmid linearization. B) In vitro
transcription protocol. First, the plasmids need to be linearized with the restriction enzyme EcoRIl. To remove any
possible contamination, a phenol/chloroform purification was performed. In RNase free conditions, in vitro transcription
was performed, using a T7 RNA polymerase and N-MethylpseudoUTP. A 5'cap was also added co-transcriptionally in
order to produce a mature mRNA, using a 5cap analog. A purification step, with G-50 columns was performed,
followed by a DNase | treatment, to remove the DNA template. A final phenol/chloroform purification was carried out,
and the concentrations of the obtained mMRNA were measured in NanoDrop 1000. The mRNA in vitro transcribed was
evaluated by Bioanalyser, and after those results, mRNA transfection experiments were carried out. C) Bioanalyser
analysis of the in vitro transcribed mRNAs. 13 corresponds to the mRNA containing only Spike’s coding region, while 14
corresponds to the mRNA containing Spike and iPLUS seq3 3X. The mRNA has the expected molecular size (around
4000 base pairs), that we can confirm by comparison to the RNA ladder ran alongside the samples, with 14 being
slightly bigger, also as expected.

In order to evaluate the behavior of our in vitro transcribed mRNA, that resembles an
MRNA vaccine inside a cellular environment we performed mRNA transfection assays
in HelLa cells. As we wanted to obtain good transfection efficiencies, we tested three

different transfection reagents from three different companies: iLipoP, Lipofectamine
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2000 and JetMESSENGER. All have in common the formation of cationic carriers
(either lipo- or polyplexes), containing the mRNA, for the following endocytosis by cells
(140). One experiment in HeLa cells was performed using the companies’ standard
protocols. Cells were transfected with the mRNA and were incubated for 24 h in the
case of iLipoP, and for 48 h in the case of Lipofectamine 2000 and JetMESSENGER.
After collection of the cells and RNA extraction, the mRNA levels of Spike were
evaluated by RT-gPCR. Since Spike mRNA does not exist basally on HelLa cells, we
confirmed that we are indeed transfecting with success the mRNAs with these three
reagents.

Unexpectedly, the results from all three transfections point to the same conclusion:
iPLUS seq3 3X leads to a decrease in the levels of the in vitro transcribed Spike mRNA
in comparison to the Wuhan control, suggesting that the iPLUS confers instability to the
MRNA (Figure 17). iPLUS seq3 3X seems to induce higher mRNA degradation, in
comparison to the control, even though it was also able to promote a significant
increase in Spike’s protein production and mRNA levels, comparing to the same
control, as observed in the previous plasmid transfections (Figure 11.C and 11.D and
Figure 13.B and C). iLipoP and Lipofectamine 2000 present more striking values than
JetMESSENGER, but the global tendency is the same.

HeLa cells mRNA transfection assays

gRT-PCR
Spike’s mRNA levels
iLipoP Lipofectamine 2000 JetMessenger
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Figure 17 — iPLUS seq3 3X decreases the mRNA stability of an in vitro transcribed Spike mRNA in HelLa cells.
The same amount of mMRNA was transfected in the Wuhan and Wuhan+seq3 3X conditions, in each protocol. After 24h,
for iLipoP, and 48h for Lipofectamine 2000 and JetMESSENGER, mRNA was extracted and then analyzed by RT-
gPCR. All three different reagents tested point the same tendency, mRNA corresponding to the Wuhan+seq3 3X is
present in lower quantities, when compared to the mRNA lacking this sequence, showing that iPLUS seq3 3X sequence
downstream of Wuhan Spike’s cDNA leads to a decrease in its mRNA stability. 18S was used as the internal control, to
normalize gene expression. Fold change was then calculated using the Wuhan condition for normalization.
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As it was described above, the two mRNAs are similar, only differing in the presence of
IPLUS seq3 3X, which apparently has an unexpected effect on mRNA stability. Next,
and to confirm the results obtained with the transfection of the in vitro transcribed
MRNA, Actinomycin D assays were performed, to further evaluate mRNA stability.

2.2. Actinomycin D assays reinforce the destabilizing effect that
IPLUS seq3 3X exerts in Spike’s mRNA

The use of Actinomycin D (ActD) to evaluate mRNA stability has been widely used,
since it allows the evaluation of mMRNA decay rates. This compound is able to inhibit
new transcription, due to its ability to bind to DNA, stopping the normal activity of the
RNA polymerases. With this, new mRNA cannot be transcribed, and we can evaluate
the outcome of the mRNA that remains in the cell or the mRNA half-life (141).

Since our gene of interest, Spike, is not normally present in cells, a first step of plasmid
transfection was required for this experiment. For this, we used the Wuhan and
Wuhan_seq3 3X plasmids (pcDNA3.4 backbone represented in Figure 11.A), since
these were the ones that provided good results in the cell transfection assays. Cells
were transfected with the plasmids and incubated overnight, and in the following day,
ActD was added. RNA was extracted and expression was evaluated by RT-gPCR in
the following timepoints of ActD incubation: 2, 4, 6, 8, 24, 48 and 72 hours, in addition
to a timepoint of 0 h, where no ActD was added, to assess the basal levels of Spike.
Schematic representation of this protocol is represented in Figure 18.A.

The results of the ActD treatment follow the same tendency as the previous mRNA
transfection assays. iPLUS seq3 3X leads to a decrease in mRNA stability, when
compared to the Spike mRNA that lacks this sequence (Figure 18.B). This assay
allows us to conclude this by the comparison of the half-lives of the mRNA, which is
assessed by the timepoint at which the mRNA levels decrease to half of the quantity
present in the beginning. This data is shown in Figure 18.B, where we can observe
that the Wuhan_seqg3 3X mRNA has a half-life around 7 hours (Bordeaux line),
presenting a strong decay already 2h after treatment with ActD, while the Wuhan
MRNA has a half-life of little less than 24 hours (blue line), which shows a substantial

difference.
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Figure 18 — mRNA stability assays using Actinomycin D show that the presence of iPLUS seq3 3X downstream
of Spike’s cDNA leads to a decrease in mRNA stability, when compared to the control that lacks this sequence.
A) Schematic representation of the protocol followed for this experiment. On day -2, HeLa cells were seeded in 24-well
plates, to guarantee approximately 70% confluency the next day. Cells were then transfected the day after with the
Wuhan and Wuhan iPLUS seq3 3X plasmids. After an overnight incubation, the medium was changed to DMEM
supplemented with Actinomycin D (5 pg/mL) in all conditions, except in the Oh timepoint, that serves as a control for the
amount of mRNA basally present at the beginning of the experiment. Cells were treated during the represented
timepoints, RNA was extracted using Trizol, and the samples were then analysed by RT-gPCR. B) mRNA containing
iPLUS seq3 3X downstream of Spike’s cDNA (bordeaux) has lower stability, when compared to the mRNA that lacks
this sequence (blue), which we can conclude by the difference in the mRNA profiles. The plot shows the mean +/-
standard deviation (SD) of the mRNA relative expression, normalized to GAPDH, that was used as a housekeeping
gene. Three different experiments are represented (n=3). The expression levels of the stable GAPDH are also
represented in grey (Wuhan) and pale pink (Wuhan+seg3 3X), for each timepoint. MCL1 levels were also measured as
a positive control with known mRNA half-life (not shown).

It is indeed surprising that iPLUS seg3 3X is able, on one hand, to increase Wuhan
Spike’s protein expression and the corresponding mRNA levels, and on the other hand,
decrease the stability of this mMRNA. These observations show that a different
mechanism either than an increase in mMRNAs stability is associated with the effect we

observe in the cell transfection assays. In fact, it is important to reinforce that these
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plasmids used for the Actinomycin D assays are the same used in the cell
transfections, where not only the levels of protein, but even the levels of Spike’s mMRNA
containing iPLUS seq3 3X were shown to be higher, in comparison to the control
Wuhan.

One possible explanation is that iPLUS seg3 3X is acting on or affecting transcription.
Maybe the Wuhan_seq3 3X plasmid is transcribed at higher levels than its control
plasmid, Wuhan, producing high quantities of this mRNA, sufficient to overcome the
higher rate of MRNA degradation, and still promoting the increase in protein levels. In
fact, we always observe a stronger increase in Spike’s protein levels in the presence of
iPLUS seg3 3X in comparison to the control Wuhan, than the increase found in the
MRNA levels. As so, it is possible that there is an increase in the efficiency of
translation, perhaps with ribosomes being more capable of binding to the mRNAs that
contain our sequence thus promoting their translation.

To our knowledge, these contrasting results regarding mRNA stability and protein and
MRNA levels, have not been documented in other studies and may reveal other layers
of gene expression regulation. Understandably, a decrease in mRNA stability is
normally associated with a decrease in the respective mMRNA levels and protein
production. As so, to further understand this point, more experiments are required. It
would be interesting to perform, for example, a nuclear run-on assay, where we could
evaluate the levels of nascent Spike transcripts, in both Wuhan and Wuhan_seq3 3X.
This is independent from the mRNA stability and would allow us to investigate if in fact
Wuhan_seq3 3X is being transcribed more efficiently than the Wuhan control. It would
also be interesting to test the efficiency of translation of both our mRNAs by, for

instance, polysome profiling.

In fact, when we compare the two mRNAs, the only difference is the presence of this
21-nucleotide, non-coding, U-rich sequence. It is truly interesting how this small, non-
coding sequence can impact so significantly several aspects of gene expression,
regarding both the mRNA and the resulting protein, with mechanisms that remain to be

elucidated, opening new avenues of research in the future.
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Conclusions and Future Perspectives

First, we discovered that, for the SARS-CoV-2 Wuhan Spike variant subcloned in the
pcDNA3.4 plasmid, the presence of iPLUS seq3 3X downstream of the cDNA, was
able to promote an increase in Spike’s protein production and mRNA levels. These
results are further reinforced by the fact that they were validated in two different
mammalian models, HeLa and ExpiCHO-S cells. The increase was always higher for
Spike protein expression than for its mRNA levels, reaching 1.9-fold for HelLa cells and
2.5-fold for ExpiCHO-S cells (full-length Spike). For the iPLUS sequence, the results
are not so interesting in the applicability point of view, since this sequence either does
not impact the protein and mRNA levels or leads to a decrease. For the SARS-CoV-2
Omicron variant, both iPLUS and iPLUS seg3 3X either had no impact on the protein
and mRNA levels of Spike (HelLa) or led to a decrease in both mRNA and protein
levels (ExpiCHO-S cells). From a fundamental knowledge perspective, the functions of
iPLUS and iPLUS variants in Spike’s expression here described are new.

Secondly, and with the promising results found for iPLUS seq3 3X in the presence of
the Wuhan variant, we evaluated the effect of this sequence in mRNA stability, when
compared to the control lacking iPLUS seq3 3X. Strikingly, iPLUS seq3 3X leads to a
decrease in Spike’s mRNA stability, proven both by HelLa cells transfection with in vitro
transcribed mMRNA and by ActD assays. Regarding mRNA transfection, with three
different protocols we observed that the levels of mMRNA are lower when iPLUS seq3
3X is present in the transfected mRNA. This was further reinforced by the results from
the ActD assays, where the half-life of the Wuhan_seg3 3X mRNA was determined as
approximately 7 h, while for the control Wuhan the half-life corresponds to
approximately 24 h.

The mechanism behind iPLUS seq3 3X increase in Spike’s protein expression and
MRNA levels remains to be elucidated, since our hypothesis that it could be related to
an increase in MRNA stability does not hold true. In fact, we are observing the
opposite, with a less stable mRNA giving rise to an increase in protein and mRNA
levels. This further proves the importance of keep studying the mechanisms of action
behind iPLUS and the factors that may be binding to these iPLUS sequences and
regulating Spike’s expression. It is truly remarkable that a 21-nucleotide long, non-
coding sequence can affect so significantly protein expression and mRNA levels and,

even in a negative way, mRNA stability.
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Our aims in this thesis were more focused on the specific biological function of these
sequences, and we have proved that iPLUS seq3 3X could be a valuable asset to
increase therapeutics for Pharma industries. Nevertheless, throughout this project
several related questions were raised. The different results obtained with iPLUS and
iPLUS seq3 3X, sequences that share many similarities, remain to be explained.
Additionally, we observed that the coding sequence is able to influence the results
obtained with both our sequences, since different results were obtained with the
Wuhan and Omicron variant. This also raised important questions regarding the mode

of action of iPLUS, which remains unknown.

Moreover, from the work developed in this thesis, some other new lines of investigation
can be followed:

e The production of a stable cell line expressing Spike from the Wuhan variant,
with IPLUS seg3 3X downstream of its sequence, can further solve our
concerns regarding the efficiency of transfection. Moreover, this could be an
important asset in the production of Spike’s protein with high yields, for several
biological applications.

¢ Evaluation of different iPLUS and iPLUS seq3 3X variants in this context. Could
the addition of more tandem repeats of the most conserved region of iIPLUS
increase even more the effects observed with iPLUS seq3 3X? iPLUS seq3 6X
or 12X could be tested, also to try to understand the role of this conserved
sequence.

e The DNA templates developed for the in vitro transcription can be further used
to test the effect of our mMRNAs in mouse’s immunization, both with the Wuhan
and Wuhan_seg3 3X. For the moment, we are working in collaboration with
other groups at i3S for the development of a LNP to encapsulate our mRNA, in
order to prepare a compound with all the characteristics of an mRNA vaccine.
We will then proceed with the immunization of a hACE2 mouse model already
in use by our collaborators at the i3S, followed by evaluation of the mouse’s
capacity to fight a SARS-CoV-2 infection, as schematized in Figure 19.
Additionally, we also intend to evaluate the immune response triggered after

immunization with our mRNAS.

In short, throughout this thesis, we demonstrate how small, non-coding sequences
present in the 3'UTR, can greatly affect the fate of an mRNA, regarding its levels,
stability, and subsequent translation. These sequences can be assets for several

applications, such as recombinant protein production or mRNA vaccines.
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Figure 19 — Schematic representation of the workflow for testing our templates in vivo. The first task, that is
already completed, was the preparation of the plasmid templates containing Spike’s cDNA, either in the presence or not
of IPLUS seq3 3X and their mRNA in vitro transcription. The second step, currently being developed, is the production
of a lipid-nanoparticle (LNP) with the correct formulation, in order to allow the delivery of our mRNA molecules (with or
without IPLUS seq3 3X) inside of cells. Finally, these molecules can be used for mouse immunization, giving us the
possibility of testing if our sequence can in fact improve the capacity of the mouse to fight an infection with SARS-CoV-
2.
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