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Abstract

Research has demonstrated that a significant part of gene expression control is
taking place at the post-transcriptional level, determining the stability and translation
efficiency of mRNA molecules. These regulatory switches are under the control of
RNA-binding proteins and microRNAs that associate predominantly with the 5* and 3’
UTRs.

The prospect for development of effective therapies for Spinal Muscular Atrophy
is enhanced by the existence of an almost identical copy of the SMN1 gene-mutated in
SMA. The SMN2 gene can produce the functional protein at low levels; however
variations in its copy number and thus, protein expression output have been shown to
modulate disease severity in affected individuals.

Although it is clear that the control of mRNA translation and stability can
influence dramatically the protein output of a given gene, and in spite of the advantages
that increased SMN2 expression may provide to patients, no systematic study has thus
far been performed on the post-transcriptional control mechanisms acting on the SMN2
mRNA. Therefore, the identification of these mechanisms is of great interest, as it may
provide the basis for new therapies for SMA.

To identify and characterize the SMN2 post-transcriptional mechanisms
regulating the SMN2 mRNA we established a Luciferase reporter system for monitoring
UTR-dependent regulatory events. We verified that the SMN2 3’UTR region has a
regulatory role in the mRNA stability, which results from a balance of positive and
negative cis-acting elements. We also identified key conserved nucleotides in the
3’UTR, whose mutation resulted in increased mRNA expression levels. Analysis of the
SMN2 5°UTR region indicates that this region has a negative regulatory effect on the
SMN2 expression due to presence of a uORF.

We additionally performed systematic validation of novel predicted alternative
SMN2 5° and 3°UTR sequences. We were able to validate the expression of an
alternative 5°UTR isoform and obtained preliminary evidence for the regulation of

SMN transcripts by the Nonsense Mediated Decay pathway.

Keywords: Gene expression; Post-Transcriptional Regulation; Untranslated Regions
(UTR); Spinal Muscular Atrophy (SMA); SMN2 mRNA
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Resumo

A quantidade de proteina produzida a partir de determinado gene resulta de um
complexo balango entre mecanismos de sintese, de modificagfio e de degradacfo. Estes
mecanismos actuam em diversos niveis de regulagio da expressio génica. Ao longo dos
ultimos anos de investigagfio tem-se tornado cada vez mais claro que todos os niveis
envolvidos nesta regulagdo, desde a transcricdo, processamento da molécula pré-
mRNA, degradagiio do RNA mensageiro (mRNA), tradugfo, até a estabilidade da
proteina, estdo sujeitos a um apertado controlo, todos eles podendo ter um impacto
comparavel nos niveis finais de proteina.

Apesar de o controlo ao nivel da transcrigfo ser visto como o principal nivel de
regulagdo, tem-se verificado, no entanto, que a regulagdo pos-transcricional tem uma
profunda influéncia nos niveis de sintese de proteina, em particular através de
mecanismos que regulam a estabilidade da molécula de mRNA e a eficiéncia de
tradugdio da mesma. Envolvidos nestes mecanismos estio varios factores que sdo
designados como efectores que, consoante os sinais celulares, actuam positiva ou
negativamente na expressfio de um gene. H4 j4 algum tempo que se identificou a familia
das proteinas de ligagdo ao RNA (RNA Binding Proteins ou RBPs) como principal
efectora do controlo pds-transcricional. Estas proteinas reguladoras normalmente ligam-
se a sequéncias degeneradas, geralmente localizadas nas regides ndo traduzidas (UTR) a
5’ e 3’ da molécula de mRNA, que funcionam como plataformas para a interacgfio da
molécula de mRNA com a maquinaria de degradagfo ou de tradugfo. Recentemente
foram identificadas pequenas moléculas de RNA ndo codificantes, microRNAs, que
também actuam como efectores dos mecanismos de regulagdo ao nivel do controlo pos-
transcricional.

Viérios anos de pesquisa permitiram reunir evidéncias que demonstram que uma
parte significativa do controlo da expressdo génica ocorre a nivel pds-transcricional. A
compreensdo deste nivel de regulacio sera uma ferramenta poderosa no esclarecimento
da complexidade do controlo da expressfio de determinado gene. Este esforgo de
investigagfio serd ndio sO importante para o conhecimento geral, mas particularmente
crucial na investigacdo de doencas, onde a caracterizacdo dos mecanismos regulatérios
pode permitir a criacio de métodos para a modulag@io terapéutica expressio da molécula

envolvida na doenca.
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A Atrofia Muscular Espinhal (SMA), uma das principais doengas hereditérias
causadora de morte infantil, ¢ uma doenga neuromuscular causada pela perda de fungdo
do gene Survival of Motor Neuroﬁ 1 (SMN1). Tal como acontece noutras doencas
hereditérias, grandes esforgos tém sido desenvolvidos para a descoberta de uma terapia
eficaz de forma a aliviar os sintomas nos pacientes.

Em comparagdo com outras doengas causadas por perda de fungfo de um gene, a
desenvolvimento de terapias moleculares dirigidas tem sido, em parte, facilitada na
doenca SMA uma vez que um “alvo” principal foi ja identificado. Estudos moleculares
do gene envolvido na doenga permitiram a identificagdo de uma segunda cdpia, em
quase tudo semelhante ao gene SMNI. Este gene SMN2 foi originado por uma
duplicagfo invertida da porgio terminal do cromossoma 3.

Os genes SMN1 e SMN2 diferem em apenas 5 nucledtidos, sendo que a regido
codificante nfio é afectada. A grande diferenca entre os dois genes € uma transi¢do
silenciosa no exfio 7, de um C por um T, que induz a exclusfio deste exfio em 75% dos
transcritos produzidos a partir do gene SMN2. Este evento resulta na produgio de uma
versdo truncada da proteina SMN que néo € funcional.

Estudos efectuados apontam para que a SMA seja causada pela baixa quantidade
de proteina completa e funcional, afectando principalmente as células neuronais
motoras. Contudo ja se verificou que hd uma variabilidade natural na severidade dos
sintomas, devido h4 presenca de muiltiplas copias do gene SMN2, tendo-se verificado
que quanto maior o nimero de copias deste gene, maior ¢ a compensagéo, nas células
neuronais, da perda de fungfo do gene principal. Estes estudos sugerem que um possivel
tratamento para alivio dos sintomas nos pacientes poderd passar pela inducdo de
aumento da expressdo do gene SMN2.

Embora seja cada vez mais claro que o controlo da estabilidade e eficiéncia de
traducfio da molécula de mRNA tem um grande impacto na quantidade de proteina
produzida e apesar das vantagens em aumentar a expressdo do gene SMN2 nos
pacientes, até ao momento, nenhum estudo sistemdtico foi realizado no sentido de
caracterizar 0s mecanismos pés-transcricionais que actuam sobre o mRNA do SMNZ. A
identificagio de motivos regulatrios que possam ser utilizados para a modulagiio da
expressio do gene SMN2, ao nivel de reguladores pds-transcricionais, podera ser vista
como uma ferramenta util para o desenvolvimento de futuras abordagens terapéuticas.
Por exemplo, a caracterizagio de elementos na sequéncia que induzem a

desestabilizacdo do mRNA do SMN2 pode permitir o desenho de pequenos
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oligonucleotidos especificos que bloqueiem a ligagéo de reguladores negativos e assim
modular significativamente a quantidade de proteina SMN produzida.

Para a caracterizago dos efeitos regulatérios das regides nfo traduzidas do
mRNA (UTRs) do SMN2 procedeu-se & identificaciio de elementos na sequéncia que
possam estar envolvidos na regulagfio pos-transcricional. Com este objectivo, procedeu-
se ao estabelecimento de um modelo experimental para estudo de efeitos regulatérios
mediados pelos UTRs, envolvendo a criagio de um gene repérter em que se fundiu a
sequéncia codificante da luciferase com as regides 5’ ¢ 3’UTR do SMN2.

Quando testadas as diferentes constru¢des do gene repérter com as regides UTR
verificou-se que estas tém um papel na regulagiio pos-transcricional do mRNA do
SMN2, uma vez que a quantidade de proteina produzida por cada uma € diferente em
relagdo 4 obtida a partir de um vector que apenas contém a sequéncia da luciferase.

Em particular para o 3’UTR do gene SMN2, os resultados obtidos permitiram
identificar trés grandes regides reguladoras, sendo que as extremidades t€m um efeito
negativo sobre a expressio do mRNA. Também se verificou que o controlo pos-
transcricional promovido por esta regifio ocorre ao nivel da regulagdo da estabilidade do
mRNA, uma vez que para cada construgdio testada os niveis de mRNA sdo semelhantes
aos de proteina. Através da andlise bioinformatica, identificou-se na regido 3’'UTR a
presenca de nucledtidos conservados, normalmente associados a motivos reguladores
funcionais. A mutacio pontual de alguns desses nucleotidos resultou em aumento dos
niveis de expressio de luciferase acima dos 20%, o que pode ser explicado pela
destrui¢iio de um motivo de ligagiio de um factor de regulagdio negativa ou de uma
estrutura secundaria desestabilizadora.

Com a clonagem da regido 5’UTR do gene SMN2 no sistema repdrter verificou-
se uma grande redugio dos niveis de expressdo de luciferase. Através da andlise
bioinformética identificou-se a presen¢a de uma uORF, um elemento cis descrito como
sendo uma barreira de regulacfio negativa na expressdio de determinados genes. Quando
perturbado o reconhecimento desta uORF pela maquinaria de tradugfo, através da
mutacdio pontual do uATG, verificou-se um aumento da expresséo de luciferase de 50%
em relagdo ao UTR normal.

Para além da analise dos UTRs do mRNA codificado pelo gene SMN2, tentdmos
proceder a validagdio experimental de isoformas alternativas destas sequéncias descritas
em diversas bases de dados, uma vez que se sabe que contribuir para criar variabilidade

nos mecanismos de regulagio pés-transcricionais. Este estudo permitiu confirmar a
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existéncia de uma isoforma alternativa do 5 UTR do gene SMN2, cuja fungfio celular é
desconhecida, e obter evidéncias preliminares para a existéncia de outras isoformas
deste mRNA que sdo alvo de regulacio pela via do “non-sense mediated decay”,

Os resultados apresentados nesta tese permitiram demonstrar a existéncia de
mecanismos de controlo pds-transcricional que regulam a expressdo do mRNA do gene
SMN2 através dos seus UTRs e ainda identificar algumas das sequéncias reguladoras
envolvidas. Estes elementos identificados podem ser considerados como potenciais
alvos terapéuticos para promover um aumento da produgdo da proteina SMN funcional

nos pacientes SMA e assim aliviar a severidade da doenga.

Palavras-chave: Expressio génica, regulacio pds-transcricional, Regibes ndo
traduzidas (Untranslated regions - UTR), Atrofia Muscular Espinhal (Spinal Muscular
Atrophy - SMA), RNA mensageiro SMN2 (mRNA)
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1. Introduction

“Scientists are trying to unravel the complexity they pose [organisms], hoping to
understand how a surprisingly small constellation of molecules can produce such

varie ty of structure and funct ion” in Lodish H. et al, “Molecular Cell Biology ", Third edition

1. Introduction

The interest of Science in understanding Life and its complexity has proven to be
a hard yet fascinating task.

One interesting and important part of this complexity is the study of Gene
Expression. For a long time it has already understood that gene expression is regulated
at many levels, requiring tight integration and coordination, to bring the genome to life
(1 When the dynamic interplay between DNA, RNA, the whole regulatory apparatus
and the integration of intrinsic or environmental signals is mis-regulated, a disease can
emerge.

Although the existence of several levels of gene expression regulation in
eukaryots have been recognized, historically considerable relevance has been attributed
to transcriptional control and little emphasis has been placed on the importance of other
levels of regulation. The first level of regulation is considered to be crucial and
considerable research effort has been placed in identifying DNA cis-elements, as
promoters, enhancers, in identifying chromatin remodeling effects and its modifiers and
also identifying trans-factors, as transcriptions factors " ® 2] However more and
more data have revealed that control of mRNA stability and translation supports the
maintenance of homeostasis through rapid influence in protein synthesis levels. This
regulatory level contrasts with transcriptional regulation, as it does not induce a
permanent change in cell physiology or fate B3.4],

The so-called Central Dogma of Biology — DNA specifies RNA, which in turn
specifies protein — has contributed to the focus on DNA, leaving for the RNA molecule
a secondary role in cell biology, of a messenger that acts only as template for synthesis
of specific proteins. This thought lead to simplistic descriptions of a complex pathway

that do not define the history of “the even most mundane mRNA” 51,

a. Post-transcriptional regulatory mechanisms:

The amount of protein produced from a given gene results from a complex
balance of synthesis, modification and degradation acting at distinct levels in gene

expression. Study of post-transcriptional regulatory mechanisms has shed light into the
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complexity of gene expression control. Genetic and biochemical analysis have revealed
that, rather than being independent, the different levels of regulation are intrinsically
linked ?!. 1t has been suggested that several, if not the majority, of cellular transcripts
are subject to diverse regulatory activities through their half-life. This regulation is
exercised in different points of the RNA metabolism pathway, such as RNA processing
(including splicing, editing, capping and 3’end processing), export, localization,
turnover and translation initiation of mRNAs.

Post-transcriptional regulation of gene expression at the level of the mRNA
molecule seems to be mainly mediated by the UnTranslated Regions, or UTRs (fig.1).
The eukaryotic mRNA molecule is composed by three functional regions. The central
coding region is flanked by two untranslated regions, characterized by their regulatory
functions, located at the 5° and 3° ends of the molecule. At the 5’end of the mRNA
molecule the cap structure is found, which is critical for recognition by the ribosome
and translation initiation. Additionally this structure has the function of protecting the
mRNA from degradation by RNases, and can enhance mRNA export. The poly(A) tail
is added at the 3’ end of the mRNA during its synthesis and promotes the integrity of
the molecule by protecting against exonucleolytic degradation. This structure also has
sequence information for mRNA exportation from the nucleus and is functionally

involved in transcription termination [s],

Transiahunalcomroi Subesllular localization Stability Fig. 1 - The generic
structure of a eukaryotic
mRNA, illustrating some

( Hairpin REs Polyadenylation post-transcriptional

]n \ regulatory elements that
s 0]

affect gene expression
Ji [ uORF | CEE AAUAAA—AQ%
&
[ @
i Interacting
| protein

5 UIR YUTR &

mRNA molecules are mainly regulated by the combinatorial effect of RNA-

Anhsehse RNA

é

Binding Proteins (RBPs) and micro-RNAs networks (microRNAs) (L. 21 RBPs have
been known for a long time to be effectors of post-transcriptional control events. These
multifunctional regulatory proteins are highly expressed in cells and act through binding
to degenerate sequences often located in the untranslated region of the mRNA molecule
[L. 31 They are also key regulators of alternative splicing events. More recently,

microRNAs have been identified as negative post-transcriptional regulatory factors.
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Interaction of these molecules with the target mRNA can promote its degradation or
translation repression . Together these post-transcriptional factors act in a
combinatory-manner as regulatory switches that control the translation and decay
machinery.

The agile cellular response to environmental changes has been proposed to occur
through the coordinate binding of trans acting-factors involved in RNA regulation to
cis-sequence elements that secem to be organized into RNA-operons LRViewed B 31,
“Ribonucleoprotein structures” in which multiple mRNA encoding functionally related
proteins are co-regulated because they share common RBP and microRNA target
sequence elements. This leads to similar post-transcriptional regulation of related
mRNAs, especially at the level of stability and translation, allowing the dynamical flow
of information during cell growth, or differentiation and in response to environmental
changes. Additionally, if an mRNA is involved in more than one cellular function then
it would be grouped into different RNA-operons leading to differential co-regulation

achieved by a coordinated combinatorial association with specific RBPs and/or
microRNAs 1,

Some trans-acting factors remain stably associated with the target mRNA while
others exchange during the RNA life-time in a dynamic way. The complex formed by
the association of a mRNA molecule with its regulatory trans-acting factors is called a
messenger ribonucleoprotein particle (mRNP) and its fate in the cell is dictated by
which factors are associated as well as their binding position on the mRNA molecule.
Motifs (sequence or structure) involved in trans-acting factors association are most
often localized on the UTRs of the mRNA molecule (Fig. 1). Positive and negative
regulatory-factors that regulate interactions with other cellular factors, or influence sub-
cellular localization and/or stability of the target mRNA molecule have been already
identified. Considering the Post-Transcriptional operon theory, when transacting-factor
levels and activity are altered through changes in cellular conditions, different sub-
groups of mRNAs would be affected and different RNA regulatory pathways would be
activated, allowing, in this way, a great cellular plasticity 5] Recent data is increasingly
revealing the relevance of this regulatory level supporting the view that it may have a
similar impact on gene expression outputs as the initial control at the level of mRNA
synthesis.

As mentioned before, post-transcriptional regulation can be achieved through

different levels of control that intercommunicate and overlap with one another. One of
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these levels is the regulation of mRNA stability. Regulation of mRNA turn-over is
accomplished by the presence of specific control elements, usually localized in the
mRNA 3’UTR regions, which are recognized by several RBPs and microRNAs (131 To
promote a correct flow of the genetic information it is important that the half-life of a
specific mRNA is correctly regulated. This regulation can be modulated according to
changes in intra- and extra-cellular conditions. To enable this fine regulation, an
efficient degradation machinery acts in the degradation of the mRNA molecule from the
3’end, by removal of the poly-A tail. This process has been proven to be crucial for
controlling mRNA stability. After this event, degradation can occur from both ends.
Endonucleolytic degradation can also promote mRNA degradation, without the need for
the step of deadenylation, by the recognition of sequence-specific elements in the
mRNA through microRNA molecules that activate the RNA-induced silencing complex
RISC) 131,

mRNAs encoding proteins that participate in the same macromolecular complex
or belong to the same functional class tend to have a similar half-life. This might be
explained, once again, by the post-transcriptional operons model and specifically at the
level of mRNA turn-over regulation the existence of mRNA-decay regulons, formed by
cooperative binding of specific RBP and microRNA complexes [L.3. 8] These similar
turn-over patterns are found in related genes as for example, genes involved in biologic
clocks ! and seem to be conserved through-out evolution .

In addition to the mechanisms described above, there are others pathways that
regulate mMRNA decay but with a purpose of verifying the quality of the molecules and
to ensure that faulty transcripts are destroyed. In order to avoid the existence of
transcripts that codify for a truncated protein due to the presence of a premature stop
codon, a surveillance mechanism — Nonsense-mediated Decay — is activated 1 This
surveillance mechanism is normally distinct from the pathways that control the mRNA
turnover, but overlaps between components of both pathways have been found.
Additionally, several lines of evidence suggest a regulatory role for NMD as a general
mechanism to down-regulate gene expression and as suppressor of transposons i,

Control at the level of translation is another important step in the post-
transcriptional regulation of gene expression. Translational regulation is of great
relevance as it can promote a rapid response to alterations in cellular conditions, as
cellular response to stress and apoptosis or to promote growth and coordinated division.

All of these situations require a fast and precise change in protein levels. On one hand
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this regulation can occur at a general level, affecting simultaneously the translation of
all mRNA molecules. Although it is thought that the majority of mRNAs are actively
translated immediately after the export to the cytoplasm [31 translation initiation is very
complex and requires assembly of multiple proteins that are present in limited amounts
in the cell M. Phosphorylation state of the translation initiation factors and the
adjustment of available ribosome in the cell are the major points of control at this level
[ On the other hand, translation regulation can be directed to a particular group of
mRNAs through specific mechanisms that are activated through differential association
of RBPs and microRNAs to specific structures or control elements usually present in the
UTR U3, Formation of these specific RNA-protein complexes is thought to occur after
the first passage of the ribosome along the mRNA by dissociation of the nuclear RBPs.
After each round of translation, deposition of specific frans-acting factors occurs
depending on the cellular conditions, allowing for a fine control of time and rate of
translation and/or a proper subcellular localization of the mRNA molecule 51, Some of
these protein-RNA complexes are thought to promote the interaction between the 5’cap
and the poly(A) tail resulting in the circularization of the mRNA molecule. This
circularization enables an efficient translation reinitiation by the ribosome and also
enables protection of both mRNA extremities from the degradation machinery (2. 4. 3]
This close functional link connecting the 5° and 3’UTRs is an important aspect since it
enables communication between the different cis- and frans-acting factors from both
unstranslated regions, promoting in this way a greater range of regulatory functions,
since it can enhance, inhibit or even neutralize certain regulatory signals L

In the past years great efforts have been made in the identification and
characterization of mRNA regulatory elements and in the identification of binding
proteins and their target motifs. Available data suggests a crucial role for the
unstranslated regions of the mRNA (5° and 3’UTR regions) at the level of post-
transcriptional regulation (Fig. 1), although additional features of the mRNA can
contribute to it. In particular, additional importance has been added to the UTR regions
since mutations that alter these sequences have been correlated with the appearance of
discases &',

Unlike what has been described for DNA, RNA regulatory motifs result from a
combination of primary and secondary structures 61 Structural features of the 5"UTR

have a major role in controlling translation initiation rates, such as 5’UTR sequence

length, presence of stable secondary structures, as hair-pin structures, presence of
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Internal Ribosome Entry Sites (IRES), presence of structural elements that act as
platforms for interaction with translation repressors and existence of an upstream AUG
(uAUG) and a upstream Open Reading Frame (uORF) (46,101,

Eukaryotic translation initiation involves binding of the translation apparatus to
the 5’cap, followed by scanning for the closest AUG codon, which will be recognized
as the initiation codon. Several data suggest the existence of a consensus sequence
flanking the AUG initiation codon that in part can modulate the efficiency of its
recognition. A preference of the 40S ribosomal subunit for the conserved
GCC(A/G)CCaugG sequence, which can be observed in animals, plants and fungi has
been described. However large fraction of the 5°UTR regions contain uAUGs followed
by termination codons, defining uORFs upstream of the main coding sequence (ranging
between 15-50% of transcripts, depending on the organism) 181 These are particularly
frequent in transcripts of oncogenes, growth factors and cellular receptors (2] When
these upstream elements are present in the 5°UTR, this region is usually described as
5°Leader, given the fact that it is not really an unstranslated region. The presence of this
uAUG and uORFs is thought to allow for the fine regulation of translation. This feature
inhibits the production of the main protein product 112! and is suggested to have a role in

(191 " Since not all protein

keeping the expression of specific genes at low levels
production from the main ORF is inhibited, two mechanisms have been proposed. The
first suggests that sometimes the 40S ribosome subunit can bypass the uAUG, because
it is in a poor consensus context, allowing the recognition of a distal AUG more often
than expected, in a mechanism called “leaky scanning” [6.12] The second one proposes
that the ribosome remains attached to the mRNA and resumes scanning, with translation
reinitiation, at a downstream AUG codon 6 121 Thys, these uAUG/UORFs are
characterized as translation barriers, by preventing ribosome access to the downstream
AUG. This mechanism seems to be relevant for the regulation of protein products
known to be harmful when abundant '],

The structures present in the 3°UTR can participate in translation control but are
mainly involved in monitoring mRNA stability and sub-cellular localization. As
mentioned earlier, mRNA turnover is a crucial step in post-transcriptional regulation,
profoundly influencing the mRNA abundance in the cell. A well studied example is the
mRNA AU-rich element, a pentanucleotide AUUUA motive recognized by specific
RBPs, which promotes mRNA decay in response to specific signals. The sub-cellular

localization can also be an important post-transcriptional control event, in particular
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during early development. Indeed, confining a mRNA to a specific place may be more
efficient than to asymmetrically localize proteins in the cell. Instead of distributing and
maintaining several protein molecules inactive, all efforts can be focused in only one
molecule that will serve as a template for multiple rounds of translation 6],

Existence of alternative UTRs can be considered as another post-transcriptional
control, since it can represent an efficient system to modulate post-transcriptional
control mechanisms by changing the inherent stability or translation efficiency
properties of specific mRNA molecules. These alternative sequences are formed from
the use of different transcription-start sites, polyadenylation sites or splice donor and /or
accepter sites (131,

Over several years of research, an impressive body of evidence has demonstrated
that a significant part of gene expression control takes place at the post-transcriptional
level, in particular by determining the stability and translation efficiency of mRNA
molecules. Understanding the regulatory mechanisms underlying these control events
would be a powerful tool to shed light into the processes underlying coordinate
regulation of gene expression in eukaryotes. This research effort would not only be
important as general knowledge but it would be particularly central in disease research,
where the characterization of these regulatory mechanisms could lead to the

establishment of methods for therapeutic modulation of the molecule involved in the

disease.

b. Spinal Muscular Atrophy and SMN 1 and 2 gene:

Spinal Muscular Atrophy (SMA) is an autossomal recessive neurodegenerative
disease characterized by a progressive loss of alpha motor neurons in the spinal cord,
leading to muscle weakness and atrophy (41 Depending on the SMA type, it can
manifest early in human development, representing the leading inherited cause of infant
and childhood mortality ['*). SMA has an incidence of approximately of 1 in 10.000
births and a carrier frequency of 1 in 35 ''°.

Type I SMA is the most severe form of the disease, in which patients show
generalized muscle weakness very early in development, within the first 6 months after
birth and have a life expectancy below 2 years of age. Type Il SMA is characterized by
the manifestation of symptoms after 6 months of age and these children can survive

beyond their 2nd year. Type III SMA is less severe and usually patients have the first
symptoms around the age of 3 and have the ability to sit and walk, showing a light form

7
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of the disease. Type IV SMA patients are mildly affected and can have a normal motor
development 1'%,

As with many neurodegenerative disorders, SMA affects the voluntary movement
used for activities such as crawling, walking, head and neck control, and swallowing
and can also compromise the respiratory muscles, leading to an increased tendency for
pneumonia and lung problems, which are the main cause of early mortality. At present
there is no cure for SMA and all treatment consists only of managing these symptoms
and preventing further complications.

Lefebvre et al [!7 reported large-scale deletions in the Survival of Motor Neuronl
(SMN1) gene as causing the SMA disorder. SMN1 is mapped in the telomeric region of
the chromosome 5 and is responsible for production of the Smn protein. This 38KDa
Smn protein is ubiquitously expressed and is known to have a relevant role in RNA
metabolism "'¥, The best characterized SMN complex is known to be involved in the
biosyntheses of small nuclear ribonucleoproteins (snRNPs) complexes, crucial for the
recognition of splice sites and catalytic removal of introns from the pre-mRNAs [18; 19
201 The reason why low levels of this protein have such dramatic effects on motor
neurons it is still unknown, since the Smn protein is present in all cells types. One
hypothesis is that these cells could be more sensitive to deregulation of splicing
mechanisms. Another more likely hypothesis is that this protein has an additional
function in alpha motor neurons. Indeed, as suggested by some authors, SMN may be
involved in mRNA trafficking along the axon !'®). This is supported by the identification
of Smn in dendrits and axons through immunocytochemical studies (19211 When the
SMN gene is knocked-out in zebrafish embryos, a significant axonal dysmorphology is
observed, suggesting an important role for Smn in formation of nerve connections

(221 Accordingly, high levels of SMN expression have been

during development
reported in embryos, which decrease rapidly after birth [181 Taking together these data,
it has been suggested that SMA symptoms begin when Smn levels fall below a critical
threshold and that severity of symptoms partly depends on the moment when this
decrease occurs during development 1,

As it is the case for other neurodegenerative disorders, research efforts are being
made in search for effective therapies for SMA. In this particular disease, this research
effort is encouraged by an interesting molecular aspect: in 1995 a second, almost

identical copy of the SMN1 gene was identified in humans, the SMN2 gene, which has

originated from an event of inverted duplication (201 A1l SMA patients have at least, one
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copy of the SMN2 gene 151 which is located in the centromeric region of the

chromosome 5 ). The crucial difference between these two genes is a silent mutation
transition (C=> T) in exon 7. Although it doesn’t affect the amino acid sequence, this
silent mutation severely affects the correct splicing of exon 7, by disrupting a splicing
enhancer within the SMN2 gene "1 As a result of this mutation, skipping of exon 7
occurs in 75% of the SMN2-derived transcripts, leading to the production of a truncated
and non-functional protein that is thought to be rapidly degraded (fig.2) feal,

It has been reported that regulation of inclusion of exon 7 in the SMN mRNA
depends on a large number of positive-acting cis elements — splicing enhancers — and on

negative-acting cis elements — splicing silencers. These cis elements are recognized by

several frans-acting splicing proteins.
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Several researchers have described one of these splicing enhancers as being

recognized by the SF2/ASF splicing factor. With the C to T silent transition this

enhancer sequence is lost and SF2/ASF is no longer recruited, making exon 7
unrecognizable to the splicing machinery, resulting in the skipping of this exon pesel, X

purine rich splicing enhancer that promotes exon inclusion was identified in the central
part of exon 7, to be recognized by the Htra2-B1 splicing factor. Hofmann et al.
discovered that the interaction between this cis enhancer sequence and Htra2-B1 is one
of several factors responsible for 25% of correctly spliced full-length SMIN2 transcripts
produced *,

The copy number of the SMN2 gene varies in the population and in patients with
SMA this variation modulates disease severity and the age of disease onset defining the
four types of the SMA 1161 Thus, gene expression from the SMN2 gene seems to be able
to rescue the SMA phenotype when sufficient levels of Smn protein synthesis are
achieved. This correlation of disease symptoms and severity with SMN2 copy number
is also observed in SMA mice models. When the single endogenous murine SMN gene

is knocked-out, early embryonic lethally occurs, demonstrating the important role of
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this gene for cell function and development. These mice can be rescued by introduction
of human SMN2 in the SMN” background, and they present the SMA phenotype.
Monani et al demonstrated that when only two copies of the human SMN2 gene are
expressed in SMN™" mice, a severe form of the disease is observed and death occurs
within a week after birth. But when the number of copies is increased, rescue of the
SMA symptoms is observed [20. 261 [f we take into account that 25% of the transcripts
produced by the SMN2 gene are full-length (include exon 7) and that those transcripts
are capable of producing a functional protein, the increase of the SMIN2 gene number
may alleviate the symptoms by compensating the low levels of Smn protein in motor
neuron cells ), even though a considerable amount of the delta exon 7-SMN2 mRNA
is being produced. These mRNAs give rise to a truncated protein that hasn’t been found
to have a dominant negative effect on the functional protein. Instead, it was observed by
Le et al. that high levels of the truncated protein can retain some functionality and do

ameliorate disease symptoms in the SMA mouse model 271,
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The prospect of developing effective therapies for Spinal Muscular Atrophy is in
part enhanced by the existence of this second, almost identical copy of the gene disease.
Because of that, urgent understanding of the mechanisms that regulate the expression of
SMN2 is needed. So far most research has been directed to understanding and
characterizing mechanisms at the level of transcription, protein stability and regulation

of alternative splicing (fig. 3) (14, 16, 20, 24, 23] However, in therapeutic approaches,
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targeting of the mRNA molecule seems to be more advantageous and reliable than
targeting and manipulating the genome itself, since a higher number of copies of these
molecules is present in cells [Revieved by 281

At the level of post-transcriptional regulation few studies have been developed on
the SMN2 mRNA with most of the research effort focusing on the understanding of the
mechanisms that regulate the alternative splicing of SMN2 transcripts, seemingly one of
the most promising therapeutic approaches to the disease [Reviewed bv 14 and 181 Recent
characterization of the turn-over rate of SMNI1 and 2 transcripts suggests that both
mRNAs have a half-life of 4-5 hours, which is significantly smaller than the half-lives
of very stable cellular mRNAs, like GAPDH or beta-actin (>12h) (151 This observation
suggests that SMN mRNAs are subject to post-transcriptional control at the level of
stability. Thus, finding regulatory motifs that may be used to modulate SMN2 gene
expression at the post-transcriptional level could be an important basis for the
development of novel therapeutic approaches. Information about sequence elements
acting on mRNA regulation, which serve as binding-motifs for regulatory factors, can
be used for the design of highly modified small oligonucleotides that can block these

binding-sites and promote significant changes in mRNA levels, thus offering new

opportunities to modulate SMN protein synthesis in SMA patients.
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2. Objectives and Specific aims

The main goal of this work is to characterize the regulatory mechanisms involved
in the control of SMN2 mRNA stability and translation efficiency, within the context of
a long term project aiming at the development of novel approaches to increase SMN

protein levels in SMA patients.

For this purpose, we propose to achieve the following aims:
1. Verify if the UTR regions of the SMN2 mRNA have any crucial role in the
regulation of SMIN2 gene expression.
2. Identify SMN2 UTR sequence elements relevant for mRNA stability and

translation control.

3. Confirm if there are alternative sequences to the canonical SMN2 UTR

regions.
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3. Methods and Materials

a. Plasmid vector construction

The pCMV5-luciferase reporter vector for cloning of UTR segments was
generated as follows: the Firefly luciferase CDS derived from the pGL3 vector
(Promega) was introduced into the pCMVS5 eukaryotic expression vector MCS by
ligation into HindIIIl/Xbal restriction sites (Appendix, Fig. 1A), allowing for easy
upstream and downstream cloning of the desired UTR sequences. The SMN2 5° and
3’UTR full-length and truncated sequences were obtained either by RT-PCR from Type
I SMA B Cells or by PCR amplification of HEK 293 genomic DNA using the primer
pairs described in the Appendix (Table 1). 5S’UTR sequence were introduced into
pCMV5-Firefly Luciferase vector by ligation into Mlul/HindIIl restriction sites
(Appendix, Fig. 2A). 3°UTR sequence were introduced into pCMV5-Firefly Luciferase
vector by ligation into Xbal/BamHI restriction sites (Appendix, Fig. 2B).

The control pPCDNA3-renilla reporter vector was generated as follows: the renilla
luciferase CDS originally derived from the pRL-TK vector (Promega) was introduced
into the pCMV5 eukaryotic expression vector pPCDNA3 by ligation into Xhol/Xbal
restriction sites (Appendix, Fig. 1B).

Recombinant vectors were identified by restriction digested and the insert

confirmed by sequencing.

b. Purification of nucleic acids

Small scale plasmid DNA isolations were performed with the GeneJet™ Plasmid
Miniprep Kit (Fermentas, Burlington, Canada). Large scale plasmid DNA purifications
were performed with the PureLinkTM HiPure Plasmid DNA Purifications Kits
(Invitrogen, Carlsbad, CA, USA).

Total RNA was isolated using the TRI Reagent® Solution (Applied Biosystems —
Ambion, Austin, USA) according to the manufacturer's instructions.

Genomic DNA from cultured HEK 293 cells was isolated using the Wizard®
Genomic DNA Purification Kit (Promega, Madison, USA) according to the
manufacturer's instructions.

Nucleic acid concentration was determined by measurement in the Nanodrop

Spectrophotometer ND-1000.
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¢. Site directed mutagenesis

Point mutations were introduced into the Luciferase-SMN 5°UTR or Luciferase-
SMN 3°UTR, using the KOD1 HotStart Taqg DNA polymerase (Novagene, Darmstadt,
Germany) with complementary pairs of custom designed HPLC-purified mutagenic
primers (Stabvida, Portugal) (Appendix, Table 1). Primers were designed according to
guidelines of the QuickChange® Site-Directed Mutagenesis Kit (Stratagene). PCR
amplification conditions were as follows: 95°C, 2min; [95°C, 20sec; 55°C, 10sec; 72°C,
3min] X 23 cycles. Mutagenic PCR amplification was confirmed by agarose gel
electrophoresis and the resulting plasmid was digested with Dpnl (Fermentas,
Burlington, Canada) for removal of parental bacterial DNA. After bacterial
transformation and plasmid DNA isolation, the presence of each mutation was verified

by DNA sequencing.

d. Reverse Transcription and PCR

Before reverse transcription, RNA samples were treated with DNAse I
(Fermentas) according to the manufacturer’s instructions. The first strand cDNA
synthesis from total RNA samples was performed using the RevertAidTM H Minus
First Strand ¢cDNA Synthesis Kit (Fermentas) according to the manufacturer’s
instructions using 1pg of RNA and oligo dT priming. PCR reactions were performed
with the DreamTaqTM DNA Polymerase (Fermentas) according to the manufacturer’s
procedure. Standart thermal cycler conditions for PCR reaction were as follows: 95°C,
2min; [95°C, 30sec; 60°C, 30sec; 72°C, 1min] X 40 cycles; 72°C, Smin.

To confirm the existence of alternative isoforms of the SMN2 UTR regions,
previously predicted by bioinformatic analysis, isoform specific sets of primers were

designed (Appendix, Fig. 5 and Table 1).

e. Cell culture and transfection assays
HEK 293 cells were grown in Minimum Essential Medium (MEM) + Glutamax-I
supplemented with 10% (v/v) Fetal Bovine Serum (FBS), 1% (v/v) PenStrep and with
1% (v/v) Non-Essential Amino Acids and subcultured every 3/4 days until a maximum
of X passages.
HEK 293 cells were transiently transfected, using TurboFect™ in vitro
Transfection Reagent (Fermentas, Burlington, Canada), following the manufacturer’s

instructions.
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Transfection conditions (reporter and DNA concentration, cell density and amount
of transfection reagent) were optimized for the specific experimental conditions. For
transient transfection assays, HEK 293 cells were seeded 24h before at a cell density of
2X10*cells/well (for 96-well plates) or 5X10°cells/well in 6-well plates.

For luminescent reporter assays, the Firefly and Renilla reporter vectors were
premixed in a ratio of 1:1 using the pSK plasmid as a filling vector in the following
proportion/96 well transfection: 10ng of Firefly Luciferase vector, 10ng of Renilla
Luciferase vector and 180ng of pSK.

Transfections were performed with a mix of 200ng of DNA, 20l Opti-MEM and
0,3l TurboFect™ per well for 96 well plates, or 1,5ug of DNA, 150ul Opti-MEM and
1,5ul TurboFect™ per well for 6 well plates.

f. Luminescence Assays
Luciferase activity was determined using the Dual-Glo® Luciferase Assay System
(Promega, Madison, USA) and the Glomax-96 microplate Luminometer after 24 hours

of transfection, following the manufacturer’s procedure.

g. Quantitative RT-PCR

Total RNA was extracted from HEK 293 cells transfected with the Luciferase
reporter vectors as described above. cDNA samples were diluted 5 times before PCR
and negative control (RT-) reactions were tested for genomic DNA contamination.

gPCR was performed with the Power SYBR® Green PCR Master Mix (Applied
Biosystems) in the CFX Real Time System C1000 Thermal Cycle (BioRad) following
manufacturer’s instructions. Firefly and renilla luciferase sequences were amplified
using specific primer pairs (Appendix, Table 1) and mRNA levels were determined
form a standard amplification curve made from serial 1:5 dilutions of the corresponding

plasmid DNA, from an initial concentration of 1pg/ul.

h. ¢cDNAs samples
cDNA samples from GMO03813B Fibroblasts and GM10684A B-Lymphocytes
SMA patients cell lines, from Coriell Institute, were used for amplification of the SMN2
UTR sequences. Commercial cDNA samples from Ambion were used for detection of

alternative UTR isoforms expression.
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4. Results
Post-transcriptional control events have proven, throughout the years, to play a

crucial role in the regulation of gene expression. Many of these control mechanisms are

achieved by sequence elements present in the non-coding regions of the transcripts.

The main goal of this project was to identify séquence elements in the SMN2
mRNA UTR regions that might be relevant for regulatory control of SMN2 gene
expression. To achieve that, we took advantage of a reporter system based on a vector
containing the Firefly Luciferase ORF and the SMN2 5’ or 3’UTR regions. Possible
effects of these regions in SMN2 expression will be inferred from monitoring their

effects on Luciferases expression levels.

1. Characterization of the 3’UTR region of the SMN2 mRNA

Our major interest is to identify and then characterize the effect of the SMN2
3’UTR motifs involved in the control of stability of the mRNA molecule. For this
purpose it was necessary to clone the 3°’UTR region in the pCMV-luciferase reporter
vector, which was built for easy subcloning of UTR segments upstream and
downstream of the luciferase coding sequence (Appendix, Fig. 1A and 2B).

Although according to nucleotide database there are no difference between the
SMN1 and SMN2 UTR sequences, we isolate cDNA from SMA patient-derived cell
lines, which do not express SMN1 transcripts.

For PCR amplification of this region it was necessary to design a specific set of
primers. The 3’UTR terminal region of the SMN2 mRNA is a U-rich motif sequence,
which difficults the design of a reverse primer for complete amplification of the UTR.
For this reason, a first set of primers was designed for SMN2 3’UTR amplification from
SMA fibroblast and B cell lines cDNA, upstream of this 60 nucleotide 3’end region.
After the cloning process, sequencing of our constructions revealed that the reverse
primer mis-hybridized with different motifs along the UTR, enabling the construction of
a panel of truncated forms of the 3°UTR. Additionally, we confirmed that the isolated
sequences were identical to the SMN1 and SMN2 UTR sequences present in nucleotide
databases. However complete sequence of the SMN2 3’UTR was still necessary to infer
correctly the regulatory effect of the downstream U-rich region. Sequence analysis of
the SMN2 genomic region allowed the identification of a downstream region from the

gene that was used for full-length amplification of the 3’°UTR from HEK293 genomic
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DNA. This panel of full-length and truncated 3’UTR constructs (Appendix, Fig. 3) was
used for the characterization of potential regulatory regions within the SMN 3°UTR.

1.1. The SMN2 3°’UTR has a regulatory effect on mRNA eipression
First of all, it is necessary to confirm that the 3°UTR region of the SMN2 gene has
any regulatory effect on controlling SMN2 gene expression. After transfection of HEK
293 with the different Luciferase-SMN 3°UTR constructions, Luciferases expression
levels were measured and normalized to Renilla expression levels. Similar Luciferase
protein level is observed in the empty, full-length and 512nt truncated 3’UTR
constructions. Compared to these constructions, the 296nt truncated 3’UTR shows the

highest protein levels and the 150nt truncated construction, the lowest (Fig. 4).
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Fig. 4 — Normalized luciferase expression for the panel of Luciferase-SMN-3’UTRs
constructions. Cloning of the 3’UTR region of the SMN2 into the pCMV-firefly luciferase
reporter vector was used for characterization of the SMN2 3’UTR regulatory effects. Using
Dual-Glo Luciferase Reagent®, Firefly Luciferase expression levels were measured and
normalized to a control Renilla Luciferase reporter. Compared to the empty and full-length
SMN2 3’UTR construction, the 296nt 3’UTR construction shows the highest expression levels
and the 150nt construction, the lowest. These results provide evidence for post-transcriptional
control events promoted by the SMN2 3°’UTR region.

Although, comparing to the empty construct a slight increase in luciferase
expression is observed for the full-length construct, the different levels of luciferase
protein production from the truncated constructions suggest that the 3’'UTR region has
some regulatory effect over the reporter gene expression. These preliminary results
suggest the existence of post-transcriptional regulatory events promoted by the SMN2
3°UTR region that control SMN2 gene expression.

Additionally, it can be observed that the truncated forms of the 3’UTR region
have different regulatory effects on the luciferase expression (Appendix, Fig. 4). The
296nt truncated construction has a positive effect on the luciferase protein production

since higher ratio is obtained between the firefly and renilla luciferase’s activity
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measurement. In contrast, the 150nt truncated construction has the lowest levels of
normalized luciferase activity, suggesting a negative effect from this portion of the UTR
region on reporter gene expression.

Through the evaluation of luciferase expression in the panel of Luciferase-SMN
3’UTR reporter vectors it is possible to identify three majors regions of regulation in the
UTR (Appendix, Fig. 4). When cloning the first portion (5’end) of the 3’UTR in the
reporter system — 150nt 3’UTR truncation — low levels of Luciferase protein is
observed, due to a negative regulatory effect by this portion. When the middle portion
of the 3°UTR is added — 296nt 3°UTR truncation — recovery of the Luciferase protein
production is observed, suggestion the presence of positive sequence elements in this
fragment. With the addition of the 3’end of the UTR region to the reporter vector — full-
length and 512nt 3°UTR truncation — reduction of luciferase expression levels is again
observed. This reduction, however is not as severe as the one observed for the first
portion of the 3’'UTR, suggesting the presence of negative-acting sequence elements in
this region.

With these observations, three regulatory boundaries can be identified in the
SMN?2 3’UTR region, where the terminal ends of the SMN 3°UTR have negative effects
on gene expression. The balance between these three regions, between the positive and
negative acting-sequence elements, dictates the overall expression rate of the luciferase-

SMN2 mRNA.

1.2. Post-transcriptional regulation by the SMIN2 3’UTR occurs at the level of
mRNA stability

After verification that the SMN2 3°UTR region is involved in post-transcriptional
regulatory events, it is essential to characterize the underlying mechanism. For this
purpose it is necessary to determine whether an increase or decrease in the luciferase
signals is due to differential stability of the mRNA molecule or to differential levels of
translation.

HEK 293 cell were transiently transfected with the full-length and truncated forms
of the firefly luciferase-3"UTR reporter vectors and the control renilla luciferase vector
and the mRNA levels produced from each construction was measured by qRT-PCR.

Data analysis from the normalized mRNA levels indicates that the empty vector,
the full-length and 512nt 3’UTR truncated constructions have very similar mRNA

levels. Additionally, in comparison to all constructions, the 296nt 3’UTR construction
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shows the highest Luciferase mRNA levels, while the 150nt 3°UTR construction shows
the lowest (Fig. 5). The distribution of the different luciferase-SMN 3’UTR mRNA
levels is thus very similar to the distribution observed for luciferase activity (Fig. 4).
This similarity between the mRNA and protein levels suggests that the post-
transcriptional events are taking place at the level of mRNA stability. If the post-
transcriptional control was occurring at the translation efficiency level, similar mRNA

levels would be observed for all of the Luciferase-SMN 3’UTR reporter vectors.
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Fig. 5 — Analysis of Luciferase-SMN 3’UTR mRNAs levels by qPCR. Transfection of HEK
293 cell line with the all Luciferase-SMN 3’UTR reporter vectors and the renilla control was
performed. After mRNA extraction with TRI Reagent™ Solution (Applied Biosystems),
quantitative RT-PCR was performed using specific primers for amplification of Firefly and
Renilla Luciferase mRNAs and the ratio between the two was determined. Normalized mRNA
levels for each luciferase reporter follow the same pattern as the distribution of protein levels
observed earlier (Fig. 4). These results suggest that the post-transcriptional event promoted by
the 3°UTR region is regulating the stability of the mRNA molecule.

1.3. Conserved nucleotides in the SMN2 3’UTR have a negative effect on

luciferase expression

After verification that the 3°UTR region of the SMN 2 gene is involved in post-
transcriptional regulation of gene expression by influencing mRNA stability, it would
be important to identify specific UTR sequence elements influencing SMN2 mRNA
expression. In particular, conserved nucleotides in this region and regions already
identified or predicted to be binding-sites for regulatory RBP or microRNAs are good
candidates for key regulatory elements (Appendix, Fig. 5).

Conservation of non-coding regions across species is a hallmark for the presence
of regulatory motifs. Although SMN2 is found only in humans, the fact that is almost
identical to SMN1 allows for a cross-species comparison of the UTR sequence.
Previous bioinformatic analysis performed in the lab across five mammalian species

revealed that the 3°UTR of the SMN1/2 mRNAs has several nucleotides with a high
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degree of conservation (Fig. 6), suggesting the presence of regulatory sequence

elements.

agcagcactaaatg: ?;E‘Eéﬁﬁﬁégééé.?&@f‘ﬁﬁ%éEE&QEQ%EQEE&E%%QEE&FE%‘QI
G ECTGGCEEIC ATTI'_aatatcaagtgttgggaaagaaaaaag
gaagtggaatgggtaactcttcttgatiaaagttatgtaataaccaaatgcaatgtgaaatattttactggacictattitgaaa

aaccatctgtaaaagactgaggtgegggteggaggecageacggtggtgaggcagttgagaaaatitgaatgtggatiaga
ttTTgaaTgAtAttggataAT TatTGgT tatgahctgtgagaagggtgttgtagtttataaaagactgt

cttaatttgcatacttaagcatttaggaatgaagtgttagagtGTcttAAaATgT TcAAALGgttTAacaaaatgtal
GTGAgeCetAtgtGgCAA/TAATG/ €T/ATacaG aactggtggacatgectgtTCALtTGTa
CtgTTTTTTTCTatcT TCTatATGTT Taaaagtatataataaaaatatttaattttttittaaatt... AAAAAA

Fig. 6 — Point mutations carried out in the conserved sequences in the SMN 3°UTR.
Conserved nucleotides in the SMN 3°UTR between human, cow, dog, elephant and armadillo
sequences are represented by capital letters. The color code depicts the panel of seven
mutagenized vectors derived from the Luciferase-SMN 3’UTR reporter vector. The mutations
introduced in each construct are superscripted.

To obtain evidence for a regulatory role of conserved nucleotides in the SMN 3’
UTR we attempted to disrupt conserved sequence stretches by introducing 2 or 3
purine-pyrimidine transitions by site directed mutagenesis (Fig. 6).

Seven mutagenized vectors derived from the Luciferase-SMN 3’UTR reporter
were tested for differential Luciferase expression ratio. Data from the different mutant
constructs was normalized to the expression levels of the wild-type 3’UTR reporter
(Fig. 7). Only relative changes in luciferase expression above 20% of the wild-type
reporter were considered as significant. Considering this threshold, we find that three
out of seven mutagenized regions induced an increase in luciferase expression, whereas
the others showed no significant effects. It is very striking to observe such changes in
reporter gene expression when, in each construction, only two or three conserved
residues were mutated. These results suggest that these residues may have an important
role as part of a regulatory sequence element. Mutagenesis of these conserved residues
can disrupt the target motif for RBP or microRNA binding involved in negative
regulation of the SMN2 expression. Indeed, a bioinformatic analysis of the SMN
3°UTR performed in our lab using algorithms for the prediction of such binding sites
identified several motifs overlapping with the introduced mutations (Appendix, Fig. 5).
Alternatively, the mutagenesis of the conserved nucleotides may disrupt a regulatory

secondary structure element.
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Fig. 7 — Regulatory effects of conserved nucleotides in the SMIN2 3’UTR - Luciferase
expression levels of the mutant reporters. Luciferase expression levels of the mutated
constructs were determined, using Dual-Glo Luciferase Reagent”. Data is normalized to the
wild-type reporter. Mutants 2, 4 and 5 show an increase in expression above 20% (orange
line) when compared to the wild-type construct. Such significant changes in the reporter gene
expression resulting from mutation of two conserved residues are most likely explained as a
consequence of disrupting the target motif for an RBP or microRNA involved in negative
regulation of SMN2 mRNA expression.

2. Characterization of the 5’UTR region of the SMN2 mRNA

To determine if the SMN2 5°UTR region plays a role in the post-transcription
control of gene expression, it was initial necessary to obtain this region for cloning into
the Luciferase reporter vector. For this purpose, a pair of specific primers was designed
in order to amplify this region from SMA B cell line cDNA. However, this
amplification was very inefficient and after analysis of the 5'UTR region it was found
that it has a very high GC content that is likely to interfere with the reverse transcription
reaction. For this reason, the 5’UTR segment was obtained from genomic DNA

amplification from HEK 293 cells.

2.1. SMN2 5°UTR region has a negative regulatory effect on the SMN2

expression

To confirm if the SMN2 5’UTR region has any post-transcriptional regulatory
effect on the SMN2 gene expression, co-transfection of HEK 293 cells with the
Luciferase-SMN 5’UTR or the luciferase empty vector and the renilla luciferase vector
was performed.

In contrast to the Luciferase-SMN 3°UTR constructions (Fig. 4), the reporter with
the 5'UTR shows the lowest levels of luciferase expression, suggesting a strong
inhibitory effect by this unstranslated portion of the SMN2 mRNA (Fig. 8A).

To understand why we observed a great inhibitory effect in protein production,

bioinformatic analysis of the 5’UTR sequence was performed, in order to identify any

21



4. Results

regulatory element as a secondary structure or the presence of a uATG or a uORF. Upon
sequence analysis, presence of a uORF was identified (Fig. 8B). This regulatory
element has been described to have a negative effect over the translation initiation
control ', However not all protein production is inhibited, since some Luciferase

activity is still observed (Fig. 8A).
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AACCACTCGTAGAAAGCGTGAGA
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| | TTGCTIATGGCGATGAGA] 3’

AGTTACTACAAGCGGTCCTCCCG
GCCACCGTACTGTTCCGCTCCCAG
AAGCCCCGGGCGGCGGAAGTCG
TCACTCTTAAGAAGGGACGGGG
CCCCACGCTGCGCACCCGCGGGT

Fig. 8 — SMN2 5°’UTR regulatory effect on the Luciferase reporter system. A)
Luciferase expression ratio in Luciferase-SMN 5°’UTR construction. For characterization
of the 5’UTR regulatory effects, upstream cloning of the SMN2 5’UTR region in the Firefly
Luciferase reporter system was performed. Luciferase expression levels were measured as
described before. Compared to the empty construction, the Luciferase-SMN 5’UTR
construction shows low Luciferase expression levels. These suggest a great inhibitory effect
by this UTR region. B) Sequence of the 5’UTR region of the SMN?2 gene. 5'UTR sequence
analysis revealed the presence of a uORF (signalized here in underline).

2.2. The SMN2 5°UTR inhibitory effect is due to presence of a uORF

To determine whether the inhibitory effect of the SMN2 5°UTR sequence is due
to the presence of the identified uORF it is necessary to disrupt the uATG. For this
purpose, a specific set of primers was designed to perform a point mutation of the
UATG in the Luciferase-SMN 5°’UTR construction into a TTG.

HEK 293 cells were transiently transfected with the wild-type and the uATG
mutated Luciferase-SMN 5°UTR constructions (Fig. 9). Compared to the wild-type, we
observe a 50% of recovery in the luciferase protein levels when the uATG is mutated,
thereby confirming that the inhibitory effect of 5UTR on luciferase expression is due to
the presence of the uORF in this unstranslated region of the SMN2 mRNA.

——————————— 2 | Fig. 9- Luciferase expression levels of the
E 5'UTR uATG mutant reporter. Lucifcrase-

2

% £ pe——— ———— 15| SMN 5’UTR wild-type was point mutated to
%’é N T disrupt the uATG. Comparing to the wild-type
== sequence, the mutated construct displays a
g8 | . __ gs| 50% recovery in luciferase expression. This
g % suggests that the inhibitory effect observed in
2 foreseces e m o | the Luciferase-SMN 5’UTR construction is
= Wild-type UATG mut E due to the presence of a uORF.

5' UTR SMN |
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3. Search for alternative sequences to the canonical SMN2 UTR regions
Characterization of alternative UTRs present in mRNA molecules indicates that
these elements act as modulators of post-transcriptional mechanisms 5] Using the
ExonMine algorithm and database 291 two alternative 5’ and 3°UTR isoforms of
SMN1/2 transcripts were identified. The significance of these isoforms for SMN2 gene
expression is currently unknown. However it is first necessary to prove experimentally
the existence of these alternative sequences. For this purpose specific sets of primers
were design to search for the presence of transcripts contlaining these alternative UTRs

across different human tissue samples by RT-PCR (Appendix, Fig. 6).

3.1. SMIN2 5°UTR isoform is expressed in normal and SMA cell lines
For detection of the alternative 5°UTR, HEK 293 and SMA B derived cDNAs
were tested by RT-PCR. Expression of the alternative SMN2 5’UTR (150bp amplicon)
is detected in the all RT+ templates tested (Fig. 10A). Further analysis is necessary to

characterize the role of this alternative sequence in SMIN2 expression.

3.2. Expression of the alternative SMIN2 3’UTR isoform was not detected in
human cell line or tissue samples
Expression of the alternative SMIN2 3’UTR sequence was not observed in the
same cDNAs tested for the alternative 5°UTR region. To determine if this was due to t
tissue specific expression, the presence of alternative 3’UTR isoforms was performed
on commercial cDNA samples from several different human tissues (Fig. 10B). As a
control, RT-PCR for the SMN coding sequence was performed on the same samples. As
shown in Fig. 10, although the SMN mRNA could be easily amplified in all samples
tested, we obtained no evidence that confirms the expression of the 3’UTR alternative
isoform.

These preliminary results do not confirm the existence of an alternative 3’UTR
for the SMN1/2 transcripts. Nevertheless, the inability to detect this sequence could be
due to an active degradation of this mRNA isoform, as a gene expression control
mechanism. In fact, this mRNA is predicted to have a splice junction downstream of the
Stop codon that could make it a target for the Nonsense Mediated Decay (NMD)
pathway.

In order to test this hypothesis, we used cDNAs from HeLa cells where NMD was
inactivated by siRNA against the UPF1 protein and the corresponding siRNA control
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experiment (a kind gift from Rute and Luisa Romdo) to detect the presence of the
canonical and alternative 3’UTR sequences using specific primers (Fig. 11). Expression
of the alternative SMN2 3’UTR it is still not detected neither in either sample,
suggesting that this isoform may be extremely rare or specific or have been predicted

from an aberrant database entry.
B)

A)

3 cells

3Alt-521bp | SMN — 200bp

123456789[1234567 889

Fig. 10 — Identification of alternative SMIN2 UTR isoforms. A) RT-PCR assay for the
alternative SMIN2 5’UTR isoform in cultured cells. HEK293 and SMA B cell line cDNA
were tested by PCR for amplification of 5’UTR alternative isoform. The predicted PCR
product (150bp) is detected in RT+ templates and not in the RT- control. B) RT-PCR assays
for the alternative SMIN2 3°UTR isoform and SMN mRNA in human tissue cDNA
samples. PCR amplification of the 3’UTR alternative isoform (left) and SMN mRNA (right)
was performed on the following human tissue and cell line cDNA samples: 1-kidney, 2-heart,
3-brain, 4-testis, 5-liver, 6-HEK 293 cell line, 7- negative control; 8-SMA fibroblast cell line,
9- negative control The expected PCR product for the alternative 3° UTR (521bp) is not
detected in any of the samples, whereas the SMN mRNA (200bp) was detected in all samples
tested.

siRNA UPF1 siIRNA Luc siIRNA UPF1 siRMA Luc

Fig. 11 — Detection of expression of SMN2 alternative 3’UTR in HeLa UPF1 ¢cDNA. Since
it was not possible to detect the expression of the alternative 3’UTR isoform in the several
c¢DNAs tested, we hypothesed that the transcript may be degraded by the Nonsense Mediate
Decay mechanism. To confirm this, cDNA from HeLa cells treated with UPFlor control siRNA
was tested by PCR with the appropriate set of primers. Amplification of the G6PD mRNA
(132bp) was used as an endogenous control. Expression of the SMN coding sequence with a
primer set which amplifies the internal exons (Mix SMN — 200bp) and of the normal (3’UTR
cloning — 512bp) and the alternative (3°’UTR alt — 521bp) 3’UTRs was performed. Expression
of the alternative 3°UTR was not detected in any of the cDNAs tested. However, expression of
the normal 3°’UTR is greatly increased in the HeLa-UPF1 cDNA but not in the HeLa-Luc
cDNA, suggesting that the canonical SMN2 mRNA is normally regulated by NMD pathway.

Quite surprisingly, we found that the expression of the normal 3’UTR was
significantly increased in the HeLa-UPF1 ¢cDNA when compared to the HeLa-Luc
cDNA, suggesting that the canonical SMN2 mRNA is normally regulated by NMD
pathway. Further studies are necessary to confirm this observation and determine its

significance for SMIN2 gene expression.
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5. Discussion and Perspectives

The main goal of this project was to characterize the post-transcriptional
mechanisms defined by the UTR regions involved in the regulation of SMN2 gene
expression. Our results strongly suggest that both SMN2 UTRs have a role in post-
transcriptional regulation, as significant positive and negative regulatory effects were
observed when these regions were cloned into luciferase reporter vectors.

In particular, for the SMN2 3’UTR, analysis of the 3°’UTR truncated constructions
allowed the definition of three regulatory boundaries. The 150nt 3°UTR truncated
construction showed the lowest protein expression levels, suggesting a strong inhibitory
effect by this portion of the SMN2 3°’UTR. When analyzing the 296nt truncated
construction we observed a release of the inhibitory effect exerted by the first UTR
segment. Recovery of luciferase levels suggests the presence of positive cis-acting
elements in this intermediate region of the 3°UTR. However when the effect determined
by the terminal portion of the SMN2 3’UTR was analyzed (full-length construction), an
inhibitory effect was observed again, although less strong than the one exerted by the
first 150nt nucleotides of the 3°UTR. The balance of the negative-acting sequence
elements present in the terminal ends of the SMN2 mRNA with the positive-acting
sequence elements present in the middle portion of the UTR regions dictates the
expression output of the SMN mRNA. The communication between the different
regions within the 3’UTR results from the binding of positive and negative-acting trans-
factors to specific motifs present in this region. However the balance of the positive and
negative effects can change through time according to specific exira and intracellular
signals by changes in the trans-factors associated to the 3"UTR region.

The binding of these regulatory switches, RBPs and microRNAs, control the gene
expression at the post-transcriptional level, by determining the stability and translation
efficiency of the mRNA. In order to characterize what post-transcriptional mechanisms
are acting through the 3’UTR on the control of the SMN2 mRNA, we tried to
understand if the changes in luciferase levels were due to changes in the translation rate
or stability of the mRNA molecule. Analysis of mRNA levels for each construct
suggests that the regulation is carried out through control of molecule stability, as the
levels of the mRNA molecules vary in a very similar way as the protein levels. If the
observed post-transcriptional regulation was acting through control of translation

efficiency, the observation of similar mRNA levels in all constructions would be
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expected. These results suggest the presence of binding-motifs for regulatory factors
that intercommunicate with each other to regulate the rate of mRNA turn-over.

For a fine characterization of regulatory motifs active on the SMN2 3’UTR
region, we relied on a previous bioinformatic analysis performed in our lab in order to
identify the presence of conserved nucleotides and putative RBP and microRNA target
sites (unpublished). This study revealed a high degree of conservation in the 3°UTR and
identified several candidate regulatory RBPs and microRNAs. In order to identify if
these specific UTR sequence motifs influence SMN2 expression, a panel of mutant
reporters was produced. We observed that disruption of some of these conserved
nucleotides resulted in increased luciferase expression, possibly because the conserved
motif that was disrupted was serving as a platform for binding of negative-acting frans-
factors. These are very promising data, since when we introduce small changes likely to
disturb the binding of regulatory factors to some conserved nucleotides, a significant
increase in the amount of protein synthesis is achieved.

To complement these data, it would be important to also characterize the post-
transcriptional mechanisms acting on these mutant reporters, although we expected it to
be at the level of mRNA stability as it was seen for the other SMN 3’UTR
constructions. It would also be interesting to combine some of the mutations performed
to observe if there is a synergistic effect on gene expression, thus providing evidence in
support of our hypothesis of combinatorial control involving different 3"UTR segments.

Study of the SMN2 5°UTR revealed a strong inhibitory effect by this region in the
SMN?2 expression due to presence of a sequence element that is expected to lead to
disturbance of start codon recognition by the ribosome — a previously unidentified
uwORF. This regulatory element has been described as a barrier that regulates translation
initiation in genes that are critical in the cell. We have confirmed that the inhibitory
effect observed in the 5°’UTR was due to presence of a uORF because when we
disrupted the recognition of the uATG by the ribosome, a 50% increase in luciferase
levels was observed. This data is very interesting and therapeutically promising. If
possible, it would be interesting the design of complementary modified small
oligonucleotide that prevents the recognition of this uATG by the ribosome and
abolishes the uORF effect.

To gain further mechanistic insight into the post-transcriptional control by the
SMN2 UTR regions, it would be important to test a reporter system with both UTR

regions, in order to determine if there is intercommunication between these two
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regulatory regions. It has been described that, upon circularization of the mRNA
molecule, the UTR regions communicate with each other and promote or neutralize
some regulatory effects. Indeed, it has been already described that 3’UTR sequence can
alleviate the inhibitory effect of the uORF through different regulatory steps "%, Thus,
to fully understand the post-transcriptional events acting on the SMN2 mRNA and
identify those that are valuable for therapeutic modulation, construction of such a
reporter is absolutely essential.

Alternative isoforms of the SMN2 UTR regions were previously predicted by
bioinformatic analysis. These sequence elements have been described as modulators of
the post-transcriptional mechanisms that contribute to cellular response plasticity 1.
Expression of the alternative 5’UTR isoform was detected, but not the predicted
alternative 3’UTR isoform, despite testing for possible differential expression
depending on cell type and tissue. We hypothesized that the inability to detect this
alternative isoform could be because this transcript is regulated by the Nonsense
Mediated mRNA Decay mechanism. Indeed, this alternative isoform is generated by a
splicing event downstream of the stop codon, which should be recognized as a
premature termination codon, committing this transcript to rapid decay. However when
this hypothesis was tested with ¢cDNA from HeLa cells with UPF1 interference,
expression of a transcript with the alternative 3°UTR was still not detected. But when
we tested the expression of the canonical 3°UTR as a control reaction, an interesting
result was obtained. Expression of this sequence was greatly increased in the NMD-
inactive samples, suggesting that the normal SMN2 gene product may be regulated by
this surveillance mechanism. Although further studies are necessary, it would be very
interesting to understand if the activation of this regulatory mRNA decay for the
canonical SMN2 mRNA could be influenced by the presence of the uORF as suggested
by some studies 1%,

In order to fully understand the regulatory events acting on the SMN1/2 mRNAs,
this work needs to be complemented with the characterization of frans-acting factors
involved in SMN post-transcriptional regulation. For this purpose, the vectors generated
during this study will be used to perform a large scale sShRNA screening with a library

B0 a5 part of a

covering 430 human RNA binding and splicing associated proteins
larger collaborative project. The feasibility of this screening approach depends on a
robust reporter model that does not introduce significant variations in the experimental

readouts. While developing this study aiming at the identification of regulatory
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sequence elements present in the SMN UTR, several HEK293 cell lines stably
expressing the luc-SMN3’UTR and renilla mRNAs derived from our plasmid constructs
were established and characterized. Thus, in addition to the results described in detail in
this thesis, we have built a model system that will allow for future high-throughput
screening of regulators of SMN expression acting through 3’UTR sequence elements.

In conclusion, in this work we studied the post-transcriptional regulatory effects
of the SMIN2 UTR regions, in order to better understand the mechanisms that regulate
the stability and translation efficiency of this molecule. By characterizing these effects,
we expect to provide novel insights that will help the design of novel therapeutic
approaches to modulate SMN gene expression, which may ultimately contribute to

improve life quality and expectancy of SMA patients.
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f Bbel - 1299 . G_GCGC'C
y, Msel - 1378 - TGG'CCA
BssHII - 1693 - G'CGCG_C

Bsml - 2216 - GAATG_Cn'
BSrZ171 - 2268 - GTA'TAC

<== MI13R-pUC - 2306 - Tm=50.3°C
<== MI3R - 2319 - Tm=58°C

Fig. 1 — Reporter system used in the luminescence assays. The Firefly Luciferase reporter
vector was used for studying the SMN UTR function and the Renilla Luciferase reporter
vector was used to infer the basal expression in each cell population tested in each assay. A)
Firefly Luciferase expression vector. The Firefly Luciferase CDS originally derived from
the pGL3 vector was introduced into the pCMV35 eukaryotic expression vector MCS by
ligation into HindII[/Xbal restriction sites, allowing for easy upstream and downstream
cloning of the desired UTRs in frame with the reporter gene. B) Renilla Luciferase
expression vector. The Renilla Luciferase CDS originally derived from the pRL-TK vector
was introduced into the pCMV5 eukaryotic expression vector pCDN3 by ligation into
HindIIl/Xbal restriction sites.
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A Hindlll | 6488 - A'AGCT T
) Sm ;“&Gfe‘é""’“ Kasl - 67-6'GCGC_C
PpOMI - 6446 - 6'GGCC_C Nerd . 68.GG'CG_CC
AQN-6432- C'TTAA G §fol - 69 - GGC'GCC
m. 10-A'CGCG.T Bbel - 71-G_GCGC'C
KORT=B308 - 6 GTACC BuBI-204-TT'CG_AA
Acc651 - 6304 - G'GTAC_C
Bglll - 6298 - A'GATC_T
EcoRI-6292.G'AATT_C
Sacl-6174-G_AGCT'C
Eco33ki - 6272 - GAG'CTC
$naBl. 6046 - TAC'GTA
Ndel -3940 - CA'TA TG
$pel-5705 . A'CTAG_T

Beil - 615 - T'GATC_A - dam methylated!

Nael - 5032 - GCC'GGC
NgoMIV - 5030 - G’'CCGG C

pCMV-luc SMN 5'u
6488 bp

Xbal-1689 - T'CTAG A
BamHl - 1695 - G'GATC_C

Agel - 2247. XCCGG.T

Sml. 2665 . AGE'CCT
Awil-2666 - C'CTAG_ G
AbsE - 2688 - COTCGA_GG
Xhol -2688 - CTCGA_G
Peil - 3094 - ACATG.T

(Bamnx | €25 - G'GATC_C; v - 4 - CLCCG 6
11 7=

B) e Smal - 6 - CCC'GGG
16 -T'CTAG_A .

Agel - §52 - A'CCGG_T

Stul - 970 - AGG'CCT

Avrll . 971 - C'CTAG_G

Abs] - 993 - CC'TCGA_GG
Xhol - 993 . C'TCGA_G

BelE - 5242 - TGATC_A - dam methylated! Peil - 1399 - A'CATG T
BstBI - 4831 - TI'CG_AA
Bbel - 4698 - G_GCGC'C
Sfol - 4696 - GGC'GCC
Nari - 4695 - GG'CG_CC
Kas] - 4694 - G'GCGC_C |
HindIHl - 4627 - A'AGCT_T
Clal - 4622 - AT'CG_AT
MiuX - 4615 - A'CGCG_T

Kpnl - 4613 - G_GTAC'C
Acc65X - 4609 - G'GTAC_C
EcoRI - 4597 - G'AATT_C
Sacl - 4579 - G_AGCT'C
Eco53kI - 4577 - GAG'CTC
SnaBI - 4351 - TAC'GTA

Ndel - 4245 - CA'TA_TG

Spel - 4010 - A'CTAG_T

CMV-luc_3'UTRcomplete

NgoMIV - 3335 - G'CCGG_C
Nael - 3337 - GCC'GGC

Fig. 2 — Luciferase-SMN UTR expression vectors. The SMN2 5’ and 3’UTR sequences
were obtained by RT-PCR from Type I SMA B Cells and SMA fibroblasts. However,
whenever this amplification was not successful, these UTR sequences were obtained by PCR
amplification on genomic DNA originated from HEK 293 cultured cells. C) Luciferase-
SMN 5°UTR expression vector. 5’UTR sequence were introduced into pCMV5-Firefly
Luciferase vector by ligation into Mlul/HindIII restriction sites. D) Luciferase-SMN 3’UTR
expression vector. 3°’'UTR sequence were introduced into pCMV5-Firefly Luciferase vector
by ligation into Xbal/BamHI restriction sites.
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Full-length 3'UTR (600nt)
512nt3’UTR Truncation
296nt 3’UTR Truncation

150nt 3'"UTR Truncation

Fig. 3 — Panel of Luciferase-SMN UTR constructions. These constructions were used to
evaluate the regulatory effects of the UTR regions through monitoring the Firefly Luciferase
expression levels. After subcloning of the SMN2 UTR regions into the pCMV-Luciferase
reporter vector, all constructions were confirmed by sequencing. The empty vector
(construction with the reporter gene Luciferase only) serves as control for normalization of
expression of the others vectors. A panel of Luciferase-SMN 3’UTR constructions were
obtained due to mis-priming of the reverse primer at permissive hybridization temperatures,
which originated a 512nt, 296nt and a 150nt truncation of the 3°UTR of the SMN2. The full-
length SMN2 5 and 3’UTR were obtained by PCR amplification of HEK 293 cell line

Level of expression

Empty vector H

; , .
Full-length 3'UTR (600nt) +H
512nt 3’UTR Truncation % ++
296nt 3'UTR Truncation m L S+
150nt 3'UTR Truncation

1 1
Negative | Positive Negative |
regulation regulation regulation

E
E
+

Fig. 4 — Identification of regulatory regions in the 3’UTR of the SMN2 mRNA.
Downstream cloning of the full-length and truncated versions of the SMN 3°UTR in a
Luciferase reporter vector, as represented, was used to infer the SMN-3’'UTR dependet
regulatory effects. Normalized luciferase expression levels determined as described before are
qualitatively represented as + signals. This study identifies three major regions of regulation,
with the terminal ends of the SMN 3°UTR having negative effects on gene expression, as

indicated.

RBPs: miRs:

* hnRNP.A2B1  *hnRNP.U "Srp* ® hsa-miR-101*  *hsa-miR-208  shsa-miR-301a
* hnRNP.C1C2 = HuR = Tra2Beta ® hsa-miR-150 = hsa-miR-208b  ® hsa-miR-101
* hnRNP.G = Srp20 " ASE/SF2 * hsa-miR-21 s hea-miR-4502 % hsa-miR-31*
= hnRNP.I = Srp40 =SC35_

Fig. 5 — RNA Binding Proteins (RBPs) and microRNAs (miRs) predicted to bind to motifs
in the SMIN2 3’UTR sequence. The RBPs and miRs listed here were identified in bioinformatic
analysis of the conserved nucleotides using the Splicing Rainbow and Target Scan algorithms
(Gama-Carvalho, unpublished). Color codes highlight regulators that bind to mutagenized
clements in Fig. 7.
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Table 1 - List of Primers

Cloning Primers

SMN 5’UTR Primer

5’ataacgegtacaaatgtgggageocgata 3° (Contains Mlul site)

5’tctaagcttctcatcgecatageaaace 3°  (Contains HindlIII site)

SMN 3°UTR Primer

SMN 3’UTR genomic Primer

5’atctctagaggagaaatgetggeatagag3® (Contains Xbal site)

5’atcggatcccaatgaacagecatgtecac 37 (Contains BamHI site)

5’tcggatccaaatacaatcacagatacaget 3° (Contains BamHI site)

qPCR Primers

Luciferase Primer

5’caactgcataaggctatgaagaga 3’

5atttgtattcagcccatategtt 3°

Renilla Primer

5’aacgcggcectcttcttattt 3°

5’accagatttgectgatttge 3’

Mutagenesis Primers

5' ggtaccacgegtacaattgtgggagggcegataac 3'

Mut uATG
5' gttatcgeccteccacaattgtacgegtggtace 3'
. 5' ctggaatgtgaagegttatacatgataactggecteatttettc 3'
ut
5' gaagaaatgaggccagttatcatgtataacgcticacattccag 3'
5’ gaagcgttatagaagagatctggecteatttettc 3°
Mut 2
5’gaagaaatgaggccagatctcttctataacgcttc 3’
K3 5’cgttatagaagataactggeatgatttgtacataatatcaagtgttgg 3’
ut
5’ccaacacttgatattatgtacaaatcatgecagttatcttctataacg 3°
5’ gataactggectcatttgtacataatatcaagtgttggg 3°
Mut4
5’ cccaacacttgatattatgtacaaatgaggcecagttate 3’
. 5’ggataattattgpteatgttatgagetgtgagaagggtg 3°
ut
5’caccctictcacagetcataacatcaccaataattatee 3°
. 5’gtgaggcgtatgtggcataatcatacagaatctaactgg 3’
ut
5’ccagttagattctgtatgattatgecacatacgectcac 3°
5’ gtggcaaaatgttacagtatgtaactggtggacatg 3’
Mut 7

5’catgtccaccagttacatactgtaacattttgecac 3’

Alternative UTR Primers

5°UTR Alt Primer

5’tgectctcagagaaageaga 3°

5’cccaaatgtcagaatcateg 3°
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5’accacctcccatatgtecag 3’

3’UTR Alt Primer (V1)
5’ ggtegtcgaatcacttgagg 3°

5’ccttctggaccaccaataattc 3’

SMN Primer

5’ctgctctatgecageatttet 3’

5’oaacgtgaagetecetgacg 3°
GOPD Primer SaREis A58

5’tcaatctggtgcageagtgg 3’

| NormalsmN 2 5°UTR |

| Alternative SMN 2 5'UTR ]

S'UTRalt Fw - 151pb- 5'UTR alt Rev

[ normalsmn23UTR |

b
3'UTR alt Rev
[ Alternative SMN2 3'UTR |

3'UTRalt Fw - 521pb-

Fig. 6 — Representation of the alternative UTR sequences predicted by ExonMine Database
and representation of the primers set used to confirm expression of these alternative isoforms.
Alternative UTR sequences identified with the ExonMine Tool

(http://www.imm.fm.ul. pt/exonmine/).
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