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Prefácio 

O trabalho de investigação descrito nesta tese de Doutoramento foi realizado na 

Unidade de Investigação e Desenvolvimento do Departamento de Genética do 

Instituto Nacional de Saúde Dr. Ricardo Jorge, sob a orientação da Doutora Luísa 

Romão Loison, investigadora principal neste Instituto, e co-orientação da Prof. 

Doutora Margarida Amaral, professora auxiliar com agregação na Faculdade de 

Ciências da Universidade de Lisboa. 

Com este estudo pretendeu-se contribuir para o aumento dos conhecimentos 

adquiridos relativamente ao mecanismo de nonsense-mediated mRNA decay 

(NMD), usando o mRNA de α-globina humana como modelo experimental, e 

comparando o seu perfil de submissão ao NMD com o perfil conhecido para o mRNA 

de β-globina. Este trabalho permitiu fornecer novos elementos para a compreensão 

dos fundamentos bioquímicos e moleculares que determinam as diferenças 

observadas na susceptibilidade ao NMD entre transcritos equivalentes de α- e      

β-globina. 

Em conformidade com o disposto no nº 5 do artigo 41º do Regulamento dos 

Estudos Pós-Graduados da Universidade de Lisboa, deliberação nº 93/2006, 

publicado em Diário da República, 2ª série – Nº 209 – 30 de Outubro de 2006, esta 

tese apresenta-se escrita na língua inglesa e inclui um resumo em português com 

mais de 1200 palavras (ver Resumo). 

De acordo com o nº 1 do mesmo artigo do referido Regulamento, na elaboração 

desta tese foi aproveitado o resultado de trabalho já publicado e obtido em 

colaboração, estando, neste caso, a minha contribuição pessoal devidamente 

indicada. Efectivamente, o trabalho descrito possibilitou a publicação de dois artigos 

científicos e um comentário, em revistas internacionais especializadas: 
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Pereira FJC, Silva MC, Picanço I, Seixas MT, Ferrão A, Faustino P, Romão L. (2006) 

Human alpha2-globin nonsense-mediated mRNA decay induced by a novel alpha-

thalassaemia frameshift mutation at codon 22. Br J Haematol 133:98-102. 

Silva AL, Pereira FJC, Morgado A, Kong J, Martins R, Faustino P, Liebhaber SA, 

Romão L. (2006) The canonical UPF1-dependent nonsense-mediated mRNA decay 

is inhibited in transcripts carrying a short open reading frame independent of 

sequence context. RNA 12:2160-2170. 

Inácio A, Silva AL, Morgado A, Pereira FJC, Lavinha J, Romão L. (2007) Comment 

on 'Nonsense-mediated mRNA decay modulates clinical outcome of genetic 

disease'. Eur J Hum Genet 15:533-534. 

 

Este trabalho foi, em grande parte, financiado pela Fundação para a Ciência e a 

Tecnologia (FCT) no âmbito de dois projectos de investigação (POCI/BIA-

BCM/59140/2004 e POCI/SAU-MMO/57573/2004), através do Programa de 

Financiamento Plurianual do Centro de Investigação em Genética Molecular 

Humana (CIGMH), e na forma de uma Bolsa de Doutoramento com a referência 

SFRH/BD/14273/2003. 

A Doutora Luísa Romão Loison, orientadora deste trabalho, desempenhou um papel 

fundamental na boa prossecução do mesmo, acompanhando de perto toda a sua 

evolução. As suas frequentes ideias e sugestões profícuas, bem como o seu 

empenho e capacidade de motivação, favoreceram muito este estudo. Agradeço-lhe 

por me acolher no seu grupo e me permitir desenvolver um trabalho estimulante 

num ambiente aprazível. Agradeço ainda por me transmitir alguma da sua 

sabedoria, competência, espírito crítico e rigor científico, pelo constante incentivo, 

disponibilidade, e por todo o apoio e dedicação. Faço questão de salientar também 

as suas notáveis qualidades humanas: a sua generosidade, amizade e preocupação 

genuína que sempre demonstrou. 
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Agradeço à Professora Doutora Margarida Amaral por aceitar a co-orientação deste 

trabalho de Doutoramento, pelo seu apoio, disponibilidade, e pelo interesse com 

que seguiu o progresso do estudo. 

O Professor Stephen Liebhaber, da Universidade da Pensilvânia, contribuiu 

consideravelmente para o desenvolvimento deste trabalho através das suas sábias 

e valiosas sugestões, e de estimulantes e proveitosas discussões científicas. 

Ao Presidente do Conselho Directivo do Instituto Nacional de Saúde Dr. Ricardo 

Jorge, Prof. Doutor José Pereira Miguel, bem como ao Coordenador do 

Departamento de Genética deste Instituto, Prof. Doutor Luís Nunes, manifesto o 
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Agradeço à Doutora Maria Guida Boavida e ao Doutor João Lavinha por me terem 
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Aos meus colegas de laboratório (também de laboratórios vizinhos e de alguns mais 

afastados), agradeço o importante apoio que muitos me deram no trabalho prático, 

as discussões científicas mais descontraídas, o agradável ambiente de trabalho, 

toda a paciência, a cumplicidade e a amizade. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Acknowledgements 

vii 

Acknowledgements 

The largest part of the present work was financed by Fundação para a Ciência e a 

Tecnologia (FCT) in the form of two grants (POCI/BIA-BCM/59140/2004 and 

POCI/SAU-MMO/57573/2004), through Programa de Financiamento Plurianual of 

Centro de Investigação em Genética Molecular Humana (CIGMH) and a doctoral 

fellowship with the reference SFRH/BD/14273/2003. 

Dr. Luísa Romão Loison, supervisor of this work, performed an essential role in its 

good accomplishment, by closely following its whole evolution. Her frequent ideas 

and useful suggestions, as well as her interest and enthusiasm, greatly helped this 

study. I am grateful for being allowed to join her research group and developing a 

stimulating work in a pleasant environment. I am also grateful for being able to 

receive her excellent scientific guidance and motivation, and for all her support and 

dedication. Her generosity, friendship and genuine concern with people are among 

her outstanding human qualities. 

I thank Prof. Margarida Amaral for having accepted the co-supervision of my PhD, 

for all her kind support and her interest in following the progress of this study. 

Prof. Stephen Liebhaber, from the University of Pennsylvania, has considerably 

contributed to this work with his wise and valuable suggestions, and through 

inspiring and productive scientific discussions. 

I also thank Dr. Maria Guida Boavida and Dr. João Lavinha for receiving me in the 

former Centro de Genética Humana, allowing me to develop this study, and for all 

the interest they have kindly shown about my work. 

To my colleagues in the lab (also those from neighbor labs or from more distant 

ones), I thank their valuable help in my work, the relaxed scientific discussions, the 

cheerful working environment, all their patience, support and friendship. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Index 

ix 

Index 

Prefácio iii 

Acknowledgements vii 

Index ix 

Resumo xiii 

Palavras-chave xviii 

Abstract xix 

Keywords xx 

Abbreviations xxi 

  

Chapter I – General Introduction 23 

I.1. Human globin genes 25 

I.2. Eukaryotic mRNA translation processes 29 

I.2.1. Initiation 29 

I.2.2. Elongation 31 

I.2.3. Termination and recycling 32 

I.2.4. Reinitiation 33 

I.3. Nonsense-mediated mRNA decay 34 

I.3.1. PTC recognition 35 

I.3.1.1. A rule for PTC recognition in mammals 36 

I.3.1.1.1. Exceptions 37 

I.3.1.2. The exon-junction complex 38 

I.3.1.3. Main NMD trans-acting factors 42 

I.3.1.4. The singular first round of translation 44 

I.3.2. NMD activation 45 

I.3.3. Degradation mechanisms for nonsense-mutated mRNA 47 

I.3.4. Poly(A)-binding protein influence on NMD 49 

I.3.5. Subcellular localization of NMD 51 



Index 

x 

I.3.6. Physiological gene expression regulation by NMD 53 

I.3.7. Clinical perspective of NMD 54 

  

Chapter II – Human α2-globin nonsense-mediated mRNA decay induced by a 
novel α-thalassemia frameshift mutation at codon 22 59 

Remark 61 

II.1. Summary 63 

II.2. Introduction 63 

II.3. Patient and Methods 64 

II.3.1. Hematological studies 64 

II.3.2. DNA sequence analysis 65 

II.3.3. Construction of expression vectors 65 

II.3.4. Cell culture and transfections 65 

II.3.5. RNA isolation 66 

II.3.6. Reverse transcriptase-PCR analysis 66 

II.3.7. Ribonuclease protection assays (RPA) 66 

II.4. Results and Discussion 67 

II.5. Acknowledgements 71 

  

Chapter III – The extension of NMD inhibition in human α- and β-globin 
transcripts bearing a short ORF is modulated by its secondary 
structure 73 

Remark 75 

III.1. Summary 77 

III.2. Introduction 77 

III.3. Materials and Methods 79 

III.3.1. Construction of expression vectors 79 

III.3.2. Cell culture and transfections 85 

III.3.3. Transfection of siRNA 85 

III.3.4. RNA isolation 86 



Index 

xi 

III.3.5. Ribonuclease protection assay (RPA) 86 

III.3.6. Western blot analysis 87 

III.3.7. Semi-quantitative RT-PCR 87 

III.3.8. Luminometry assay 88 

III.4. Results and Discussion 88 

III.4.1. The AUG-proximity effect occurs in human α-globin mRNA and 
extends further downstream when compared with the same effect 
in β-globin 88 

III.4.2. Translation reinitiation plays a modest role concerning NMD 
inhibition in human α-globin transcripts carrying a PTC in exon 1 93 

III.4.3. For α-globin transcripts carrying a PTC at the 3’-part of exon 1, 
extended NMD inhibition depends on the upstream sequence 98 

III.4.4. The secondary structure of the ORF influences NMD efficiency for 
α- and β-globin transcripts carrying a PTC at the 3’-part of exon 1 101 

III.5. Acknowledgements 107 

  

Chapter IV – General Discussion 109 

IV.1. General Discussion 111 

IV.2. Concluding remarks 116 

IV.3. Future perspectives 117 

  

Chapter V – References  119 

  

 

 



 

 

 

 

 

 

 

 



Resumo 

xiii 

Resumo 

Um controlo rigoroso da qualidade da expressão dos genes após a transcrição 

contribui para o funcionamento adequado das células eucarióticas. O mecanismo de 

decaimento do RNA mensageiro (mRNA) mediado pela existência de codões que 

determinam a terminação prematura da tradução (codões nonsense), denominado 

nonsense-mediated mRNA decay (NMD), é um exemplo de mecanismo que actua 

na verificação do mRNA após a transcrição. Ao eliminar transcritos portadores de 

mutações nonsense, este mecanismo impede a produção de proteínas truncadas, 

evitando os efeitos dominantes negativos, resultantes da acumulação de péptidos 

não funcionais (Maquat 2004; Chang et al. 2007; Neu-Yilik e Kulozik 2008). 

Nas células de mamíferos, o NMD é influenciado pela ocorrência de splicing 

(processo de remoção de sequências não codificantes – intrões) e depende da 

tradução. Aquando da remoção dos intrões, no núcleo da célula, ocorre a deposição 

de um complexo proteico no mRNA, cerca de 20-24 nucleótidos (nt) a montante de 

cada junção exão-exão, chamado exon-junction complex (EJC). Este complexo 

permanece associado ao mRNA durante o seu transporte para o citoplasma e 

durante pelo menos os primeiros passos da tradução. Considera-se que ao longo da 

primeira ronda de tradução, o ribossoma remove os EJCs que se encontram na 

porção codificante do transcrito. Assim, admite-se que se o ribossoma progredir 

suficientemente no mRNA, removerá todos os EJCs. Para que tal aconteça, é 

necessário que o codão de terminação da tradução se encontre a 3’ de um ponto 

situado 50-55 nt a montante da última junção exão-exão (Nagy e Maquat 1998). 

Quando o ribossoma não atinge esse ponto durante a tradução, pelo menos um EJC 

permanecerá associado ao transcrito, o que conduz à activação do NMD. 

Os factores que promovem a correcta terminação da tradução (eRFs – eukaryotic 

release factors), eRF1 e eRF3, recrutam um factor essencial para a ocorrência de 

NMD, a proteína UPF1, para o complexo de terminação no final da primeira ronda 

de tradução, após o reconhecimento do codão de terminação (Czaplinski et al. 1998; 
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Wang et al. 2001; Hosoda et al. 2005; Behm-Ansmant e Izaurralde 2006; Kashima et al. 2006). Na 

maioria dos casos, quando existe um EJC ligado ao mRNA a jusante do codão de 

terminação, ocorre interacção entre a UPF1 e as proteínas UPF2 e/ou UPF3, 

componentes do EJC. Aparentemente como resultado desta interacção, a proteína 

cinase SMG1 promove a fosforilação da UPF1 (Kashima et al. 2006; Wittmann et al. 2006). 

No seu estado forforilado, a UPF1 consegue estimular a acção do complexo SMG5-

SMG7 e/ou do factor SMG6, que se associam à fosfatase PP2A (Anders et al. 2003; Chiu 

et al. 2003; Ohnishi et al. 2003; Unterholzner e Izaurralde 2004; Fukuhara et al. 2005). A PP2A 

vai promover a posterior desfosforilação da UPF1 e pensa-se que os factores SMG5, 

6 e 7 induzem a activação do mecanismo que conduz à degradação do mRNA 

(Unterholzner e Izaurralde 2004). Além disso, o SMG6 tem acção endonucleolítica e 

consegue mediar directamente a degradação de transcritos que contêm mutação 

nonsense (Huntzinger et al. 2008; Eberle et al. 2009), o que sugere que este factor pode 

ser responsável pela iniciação do processo de decaimento acelerado. 

Por outro lado, estudos recentes efectuados com células humanas, têm vindo a 

atribuir um papel importante à PABPC1 [cytoplasmic poly(A)-binding protein 1 – 

proteína citoplasmática de ligação à cauda poli(A) 1] no impedimento da ocorrência 

de NMD e no aumento de eficiência da terminação da tradução (Eberle et al. 2008; 

Ivanov et al. 2008; Silva et al. 2008; Singh et al. 2008). De facto, a proximidade da PABPC1, 

no momento em que o ribossoma atinge o codão de terminação, permite a sua 

interacção com o eRF3, impedindo a ligação da UPF1 ao complexo de terminação 

(Uchida et al. 2002; Kashima et al. 2006). Desta forma o NMD não é activado e o 

transcrito é conservado, mesmo que exista um EJC situado a jusante. Esta 

actuação da proteína de ligação à cauda poli(A), na promoção de uma terminação 

correcta e na inibição do NMD, parece ocorrer em todos os eucariotas em que estes 

mecanismos têm sido estudados, pelo que se considera que esta função da PABPC1 

terá sido conservada ao longo da evolução (Ivanov et al. 2008; Singh et al. 2008). 

Estão descritos diversos exemplos de transcritos que não correspondem ao modelo, 

segundo o qual o codão de terminação será ou não reconhecido como prematuro, 
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de acordo com a sua posição relativamente à última junção exão-exão (Buzina e 

Shulman 1999; Romão et al. 2000; Asselta et al. 2001; Perrin-Vidoz et al. 2002; Wang et al. 2002; 

Bühler et al. 2004; Denecke et al. 2004; Inácio et al. 2004; Harries et al. 2005; Silva et al. 2006). 

No caso da β-globina humana, transcritos defeituosos que transportam mutações 

nonsense localizadas na parte 3’ do primeiro exão e em grande parte do segundo, 

conduzem o mRNA ao decaimento acelerado (Thermann et al. 1998; Zhang et al. 1998), 

encontrando-se de acordo com o referido modelo. Pelo contrário, mRNAs com 

mutações nonsense situadas na região 5’ do primeiro exão, apresentam um nível 

de acumulação nas células semelhante ao do mRNA de β-globina sem mutações 

(Romão et al. 2000; Inácio et al. 2004). Nestes casos demonstrou-se que a razão pela 

qual os transcritos estão a escapar ao NMD não está relacionada com uma 

alteração ao nível do splicing, com tradução deficiente ou com a ocorrência de 

reiniciação da tradução, mas sim com a proximidade do codão de terminação ao 

codão de iniciação da tradução, AUG (Inácio et al. 2004). Assim, a este resultado deu-

se o nome de “efeito de proximidade ao AUG”. 

O gene de α-globina humana provém do mesmo ancestral que o de β-globina, e 

ambos partilham diversas características, como a sua organização geral, a 

ocorrência de permuta na expressão de formas embrionárias dos genes para 

formas fetais ou adultas, bem como a estrutura e função das proteínas que 

codificam (Choi e Engel 1988; Enver et al. 1990; Higgs et al. 1998; Zhang et al. 2002). Contudo, 

o mRNA de α-globina contém um maior conteúdo de citidinas e guanosinas na sua 

sequência (Tuan e Forget 1980; Fischel-Ghodsian et al. 1987), e manifesta uma eficiência 

de tradução inferior à do mRNA de β-globina (Shakin e Liebhaber 1996; Chaisue et al. 

2007). Estes factos indiciavam uma possível diferença no padrão de susceptibilidade 

ao NMD entre transcritos de α- e β-globina com codões de terminação prematuros. 

Assim, com o estudo descrito na presente dissertação pretendeu-se verificar a 

ocorrência de NMD em transcritos de α-globina humana portadores de mutações 

nonsense; conhecer o nível de acumulação de mRNA de α-globina com mutações 

nonsense em posições diferentes da sua região codificante; investigar a possibilida-
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de de reiniciação da tradução após a terminação num codão prematuro; e averiguar 

a razão para possíveis diferenças no padrão de NMD entre α- e β-globina. 

O estudo iniciou-se com a análise do efeito de uma delecção pontual (–C) desco-

nhecida, no codão 22 de um dos alelos do gene 2 de α-globina. Dados hematológi-

cos indicavam a existência de α-talassemia neste caso clínico, e a análise da 

sequência de nucleótidos no mRNA produzido revelou que a delecção conduzia ao 

aparecimento de um codão de terminação prematuro. Os níveis de acumulação do 

transcrito nestas condições indicavam que este era rapidamente degradado, pelo 

mecanismo de NMD, evitando-se a formação de uma proteína incompleta. 

A análise do nível de acumulação celular e da estabilidade do mRNA de α-globina, 

contendo mutações nonsense individuais em diferentes posições ao longo da região 

codificante, revelou uma inibição do NMD em transcritos mutados no primeiro exão. 

Esta inibição mostrou-se mais extensa que a encontrada em β-globina, verificando-

se também para mutações situadas mais a jusante em α-globina. Ao contrário do 

previamente observado no mRNA de β-globina (Inácio et al. 2004), demonstrou-se que 

ocorre reiniciação da tradução no codão 32 (AUG) de α-globina, após a tradução de 

uma grelha de leitura curta. Por experiências com interferência de RNA, verificou-se 

que a inibição do NMD é atenuada pelo impedimento da reiniciação da tradução nos 

codões em que esta pode ocorrer. Contudo, este aumento da eficiência do NMD não 

suprime totalmente a inibição original, uma vez que não coloca os níveis de 

acumulação dos transcritos de acordo com os observados nos casos de ocorrência 

de NMD típico, pelo que a reiniciação da tradução não é suficiente para justificar a 

inibição do NMD. Estudos de luminescência, com genes híbridos de α- ou β-globina 

e luciferase de pirilampo, demonstraram que a reiniciação da tradução ocorre 

eficientemente no mRNA de α- mas não no de β-globina. 

Para investigar a origem da diferente extensão da inibição do NMD, em transcritos 

de α- e β-globina com mutações no exão 1, procedeu-se à substituição da região 

não traduzida a 5’ (5’-untranslated region – 5’-UTR) ou de toda a sequência a 



Resumo 

xvii 

montante do codão nonsense, no mRNA de α-globina, pelas sequências 

equivalentes de β-globina; o procedimento recíproco foi aplicado em transcritos de 

β-globina. Os resultados obtidos indicam que a sequência a montante da mutação 

nonsense, mas não apenas a 5’-UTR, determina o nível de acumulação do mRNA. 

Adicionalmente, alterou-se a estrutura secundária da região codificante de transcri-

tos de α- e β-globina com grelhas de leitura curtas, com o objectivo de alterar a 

duração da tradução. A introdução de uma sequência que induz a formação de uma 

estrutura secundária complexa, na grelha de leitura de β-globina, leva à redução da 

velocidade da tradução. Como consequência, o nível de acumulação de um mRNA, 

que apresentava elevada estabilidade, diminui devido à activação do NMD. Pelo 

contrário, a ausência de estrutura secundária na grelha de leitura leva a um 

aumento significativo da acumulação de um transcrito de β-globina, com mutação 

nonsense na parte 3’ do exão 1, que era originalmente degradado por NMD. Por 

sua vez, um codão de terminação prematuro na região 3’ do exão 1 de α-globina 

não induz a activação eficiente do NMD, e esta inibição torna-se bem mais evidente 

quando a estrutura secundária é abolida. A aceleração da tradução de uma grelha 

de leitura pequena em α-globina também potencia o aumento da taxa de reinicia-

ção da tradução. Contudo, o aumento da inibição do NMD acontece independente-

mente da reiniciação da tradução. 

Em síntese, no estudo descrito confirmou-se a ocorrência de NMD no mRNA de     

α-globina humana, verificou-se a inibição do NMD em transcritos portadores de 

codões de terminação no primeiro exão do transcrito, e mostrou-se que a tradução 

pode reiniciar-se no mRNA de α-globina, após parar prematuramente. Em relação à 

diferente extensão observada para a inibição do NMD, entre transcritos de α- e    

β-globina com grelhas de leitura curtas, verificou-se que esta diferença tem origem 

na natureza da sequência a montante do codão de terminação; em particular a 

estrutura secundária da grelha de leitura parece desempenhar um papel 

importante, provavelmente pelo seu efeito na velocidade da tradução. 
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Sabendo-se que a PABPC1 interage com factores de iniciação da tradução (Kahvejian 

et al. 2001, 2005; Martineau et al. 2008) e que estes podem manter-se associados ao 

ribossoma nos primeiros momentos da elongação (Kozak 2001; Jackson 2005), os 

resultados aqui expostos sugerem que uma tradução muito breve pode permitir a 

proximidade da PABPC1 no momento da terminação, causando a supressão do 

NMD. Igualmente, a presença de determinados factores de iniciação da tradução no 

momento da sua terminação, aumenta a capacidade de reiniciação em α-globina. 

Este trabalho representa um importante progresso no seu domínio de investigação 

fundamental, inclui resultados já publicados em dois artigos científicos, e outros 

que serão submetidos para publicação em breve, promovendo a difusão da cultura 

científica. Contribui também com potenciais benefícios para a saúde, na medida em 

que as conclusões deste estudo poderão fundamentar a criação de estratégias 

terapêuticas aplicadas, por exemplo, em casos de NMD adverso, nos quais a 

produção de uma proteína incompleta é mais benéfica do que a sua eliminação. 

Nestes casos, uma terapia que favorecesse a aceleração da tradução, por abolição 

da estrutura secundária, ou o fortalecimento das interacções que permitem a 

permanência da PABPC1 associada ao ribossoma durante a elongação, poderiam ter 

um efeito benéfico para o doente. 
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Abstract 

Eukaryotic cells have developed mechanisms to regulate many steps of gene 

expression, preventing defective protein production and ensuring cell survival. 

Nonsense-mediated mRNA decay (NMD) is a posttranscriptional surveillance 

pathway able to recognize and eliminate transcripts encoding truncated proteins. In 

mammalian cells, mRNAs containing premature translation termination codons 

(PTCs) placed more than 50-55 nucleotides upstream from the last exon-exon 

junction are generally committed to NMD. However, transcripts carrying a nonsense 

codon in this condition, located near the translation initiation codon, have been 

reported to escape decay. 

The present work contains the description of a clinical case where a PTC, caused by 

a single nucleotide deletion in the human α-globin mRNA, induces accelerated 

mRNA degradation. On the other hand, data reveals that stop codons located in the 

first exon of the α-globin transcript fail to induce NMD. This resistance to decay is 

further downstream-extended when compared with the equivalent effect observed 

in the human β-globin mRNA, and this divergence is shown to be mainly 

determined by the sequence upstream to the PTC and the secondary structure of 

the open reading frame (ORF). Contrary to β-globin, the α-globin mRNA allows 

translation reinitiation at a downstream AUG, after translation of a short ORF. 

However, NMD inhibition persists even when translation reinitiation is prevented. 

Results suggest that a less-structured short ORF is more rapidly translated and 

NMD-antagonistic factors, such as PABPC1, may remain associated with the 

ribosome when it reaches the stop codon. 

This work constitutes a basic research development with confirmed and potential 

scientific diffusion, and contributes with prospective benefits in public health, since 

its results may provide targets for new therapeutic strategies for genetic disorders 

caused by PTC-generating mutations. 
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I.1. Human globin genes 

The oxygen required for cell function is carried through the blood by hemoglobin, 

present in the erythrocytes – the red blood cells. Hemoglobin is a tetrameric protein 

composed by two identical α-like and two β-like globin chains, each one linked to a 

heme group. These components of hemoglobin are encoded by two sets of genes 

located at two distinct gene clusters, where the genes are organized in tandem, 

ordered according to their developmental expression (Tanimoto et al. 1999; Tang et al. 

2006). The ancestral of α- and β-globin genes diverged from their common ancestor 

probably 500 million years ago, having evolved and being modified by multiple 

genetic processes, including duplication events (Higgs et al. 1989, 1998).  

The human α-globin gene cluster, extended over nearly 80 kilobases (kb) in the 

telomeric region of the short arm of chromosome 16 (16p13.3), includes seven 

genes organized in the order telomere(5’)-ζ-ψζ-ψα2-ψα1-α2-α1-θ-centromere(3’) 

(Figure I.1), where ψ represents unexpressed pseudogenes (Higgs et al. 1998; Zhang et 

al. 2002). Their transcriptionally regulated expression results in a developmentally 

controlled switch in the α-like globin gene being expressed: ζ-globin in the 

embryonic stage and α2- and α1-globin throughout fetal and post-natal life. The   

θ-globin gene is also expressed in the adult stage although at a very low level and 

its function is still unknown (Marks et al. 1986; Cooper et al. 2005). Evidence of a very 

low erythroid-specific fetal expression of ψα2 pseudogene was recently described 

and this newly discovered α-like globin gene was named µ-globin (Goh et al. 2005). 

Both µ- and θ-globin genes exhibit minimal transcription levels when compared 

with the main α genes, and their deletion has no reported consequences on the 

clinical phenotype (Fei et al. 1988; Goh et al. 2005). Throughout fetal and adult life the 

two α-globin genes are highly expressed, producing an identical protein. However 

the levels of messenger RNA (mRNA) and protein synthesis from the α2-globin 

locus are approximately 2.6 fold higher than those from the α1-globin locus 

(Liebhaber et al. 1986; Albitar et al. 1992). Alpha-globin cluster genes specific erythroid 

transcription is controlled and strongly enhanced by a DNase I hypersensitive site 
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(HS) located 40 kb upstream from ζ-globin gene, named HS-40 (Jarman et al. 1991; 

Bernet et al. 1995). HS-40 is actually placed in the intron of a ubiquitously expressed 

gene (Vyas et al. 1992). 

 

 

Figure I.1. Structural genes contained in the human αααα- and ββββ-globin clusters. Their positioning 

order and relative distances on chromosomes 16 and 11, respectively, are illustrated. 

Green squares represent genes; orange squares represent pseudogenes. 

Adapted from Waggoner and Liebhaber (2003); chromosomes from Bank (2005). 

 

The β-globin gene locus, spanning about 70 kb on the short arm of chromosome 11 

(11p15.5), includes six genes arranged in the same orientation and in the order of 

their expression in erythroid development: 5’-ε-Gγ-Aγ-ψβ-δ-β-3’ (Figure I.1) 

(Tanimoto et al. 1999). Transcription of the ε gene in the embryonic yolk sac switches 

after 6–8 weeks of gestation to the transcription of the two γ genes in the fetal 

liver. A second switch occurs shortly before birth, to the transcription of the δ 

(minor adult) and β (major adult) genes (Choi and Engel 1988; Enver et al. 1990). ψβ is 

an unexpressed pseudogene. Upstream of the β-globin cluster is the β locus control 

region (β LCR) which comprises five developmentally stable DNase I hypersensitive 

sites (designated HSs 1–5) located between 5 and 25 kb 5’ of the ε-globin gene 
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(Tuan et al. 1985). The β LCR plays a crucial role in gene expression by creating an 

active chromatin domain surrounding the cluster (Forrester et al. 1986) and acting as 

the enhancer for each one of the β-like globin genes. 

Hemoglobin represents up to 95% of the total soluble protein content of 

erythrocytes. Throughout the different stages of human development, the distinct 

globin genes expressed produce hemoglobin tetramers that assemble different 

subunits. During the embryonic stage, the erythropoiesis is performed in the yolk 

sac and hemoglobin is primarily composed of ζ2ε2 (two zeta- and two epsilon-globin 

chains – Hb Grower 1) and later of ζ2γ2 (Hb Portland) or α2ε2 (Hb Grower 2). The 

erythrocytes generated in the fetal liver produce fetal hemoglobin (HbF) which 

consists of α2γ2. Near birth time, erythropoiesis migrates to the bone marrow and 

the hemoglobin produced includes α2β2 (HbA), which represents 97%–98% of total 

adult hemoglobin, and α2δ2 (HbA2), composing the remainder 2%–3% (Ho and Thein 

2000; Waggoner and Liebhaber 2003). 

Being two notably related gene clusters in evolution and function, human α- and   

β-globin genes are in very different chromosomal environments. The α-globin 

genes are situated in a gene-rich telomeric region with a constitutively open 

chromatin structure (characteristic of transcriptionally active genes) present in all 

cell types, and the genes have methylation-free CpG islands (Vyas et al. 1992). The   

β-globin cluster is AT-rich, has no CpG islands and assumes an open chromatin 

structure only in erythroid cells (Arapinis et al. 1986). Furthermore, the two clusters 

have different control regions and different developmental switching mode: there is 

only one switching in the α-globin gene cluster from the embryonic to the fetal 

stage of development, whereas β-globin cluster has one additional switching from 

the fetal to the adult stage. Despite great differences, expressions of α- and         

β-globin loci are temporally and quantitatively co-regulated to produce balanced 

amounts of protein to form stage-specific hemoglobin tetramers for oxygen 

transport. 
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All globin genes are composed of three exons separated by two introns. Exons 1 

and 3 are flanked by 5’ and 3’ non-coding sequences, respectively; the untranslated 

regions (UTR) (Huisman 1993). The human α-globin exon 1 comprises a 37-bp 5’-UTR 

and a 95-bp coding region, exon 2 includes 205 bp, and exon 3 contains 129 bp of 

coding region and 108 bp of 3’-UTR. Introns 1 and 2 have 117 bp and 142 bp, 

respectively. Together, α-globin exons and introns constitute an 833-bp long gene. 

Concerning the α-globin mRNA, it is composed of 574 nt with a coding sequence of 

429 nt that encodes a chain of 141 amino-acids. Exon 1 contains the first 31 

codons, then the second exon holds 68 codons, and the last one has 42 codons. 

The β-globin gene is 1610 bp long: exon 1 includes a 50-bp 5’-UTR and a 92-bp 

coding region, exon 2 has 223 bp, and exon 3 comprises a coding region of 129 bp 

and a 3’-UTR of 132 bp. Introns 1 and 2 contain 132 bp and 852 bp, respectively. 

In addition, the β-globin intron-free mRNA is composed of 626 nt, with a coding 

sequence of 444 nt that encodes a 146 amino-acid chain with a molecular weight of 

about 16 kDa. The first exon contains 30 codons, followed by 74 codons in the 

second exon, and 42 codons in exon 3 (Huisman 1993). 

Globin mRNAs present an extraordinary stability revealed by exceptionally long 

degradation half-lives, estimated between 16 and 48 hours, whereas the majority 

of mRNAs show half-lives that vary from minutes to a few hours. This outstanding 

stability allows very high accumulation levels of globin transcripts (more than 95% 

of all cellular mRNA) in terminally differentiated erythrocyte precursors (Russell and 

Liebhaber, 1996). 

Reduced or absent synthesis of α- or β-globin chains of hemoglobin, due to 

mutations in the genes or in their regulatory sequences, results in thalassemia, the 

most common group of genetically inherited monogenic disorders (Gu and Zeng 2002; 

Mahajan et al. 2007). More important than the low hemoglobin production are the 

harmful effects caused by the imbalance of globin chains. In α-thalassemia, genetic 

defects that cause an insufficient α-globin synthesis lead to the accumulation of 
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uncomplexed and unstable γ or β chains and a consequent hemolytic anemia 

(Liebhaber et al. 1986). Most α-thalassemia determinants are deletions involving one 

or both of the duplicated α-globin genes, although a growing number of point 

mutations have been described (Bernini and Harteveld 1998). The β-thalassemias are 

characterized by reduced or absent production of hemoglobin β-chains. This deficit 

results in an excess of extremely unstable α-globin chains; they precipitate in 

premature red blood cells causing hemolysis and ineffective erythropoiesis 

(Wheatherall 2001). 

 

 

I.2. Eukaryotic mRNA translation processes 

 

I.2.1. Initiation 

Protein synthesis starts by a complex process intended to properly position the 

ribosome at the translation start codon (AUG) of the transcript (Figure I.2). 

Eukaryotic mRNA translation begins with the formation of a ternary complex 

composed by the eukaryotic translation initiation factor (eIF) 2 coupled with GTP, 

and the methionine-loaded initiator transfer RNA (Met-tRNAi). This complex, 

together with eIFs 1, 1A, 3 and 5, binds the small (40S) ribosomal subunit to 

generate the 43S pre-initiation complex. Meanwhile, eIF4F is thought to attach to 

the mRNA at the 5’-terminal cap structure (m7GpppN, where m denotes a methyl 

group, p denotes a phosphate group and N denotes any nucleotide) and to trigger 

mRNA unwinding (Jackson 2005; Pestova and Hellen 2006). The eIF4F complex includes 

several proteins such as eIF4E, which directly binds to the cap structure; eIF4A, an 

RNA helicase that, stimulated by eIF4B, is thought to unwind secondary structures 

in the 5′-UTR; and eIF4G, a scaffold protein used as a platform for the assembly of 

other initiation factors, that interacts with eIF3, 4E and 4A (Gebauer and Hentze 2004). 
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Figure I.2. Translation initiation. The methionine-loaded initiator transfer RNA (Met-tRNAi) binds 

eIF2 coupled with GTP and forms a ternary complex, which, together with eIFs 1, 1A, 3 and 5, binds the 

small (40S) ribosomal subunit to create the 43S pre-initiation complex. Presumably, eIF4F complex 

binds the mRNA at the 5’-cap (m7G) and recruits PABP and eIF4B. PABP may also bind the 3’-poly(A) tail 

and promote the formation of a closed-loop mRNP structure (not considered in the diagram). eIF4B 

induces eIF4A to trigger mRNA unwinding. The 43S complex joins the mRNA due to the interaction 

between eIF3 and the central domain of eIF4G, which promotes scanning. When the scanning complex 

reaches an AUG triplet, forms the 48S initiation complex. Then, eIF5 stimulates GTP hydrolysis and 

release of eIF2-GDP, and eIF1A recruits eIF5B-GTP to catalyze 60S subunit joining and the displacement 

of initiation factors, to form the translation elongation-competent 80S ribosome. 
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At least in mammals, the poly(A)-binding protein (PABP) also binds eIF4G and this 

interaction appears to be stabilized by the direct binding of PABP-interacting protein 

1 (Paip1) to PABP and eIF3 (Kahvejian et al. 2001, 2005; Martineau et al. 2008). Besides, 

the simultaneous interaction of eIF4E and PABP with eIF4G is believed to circularize 

the mRNA, taking the 3′ UTR in close proximity to the 5′ end of the transcript (Wells 

et al. 1998; Sachs and Varani 2000; Amrani et al. 2008). 

Moreover, the interaction between eIF3 and the central domain of eIF4G seems to 

promote loading of the 43S complex on the mRNA and the beginning of scanning. 

The 5’-most AUG triplet, influenced by the surrounding sequence, is usually chosen 

to be occupied by the anticodon of the Met-tRNAi (Pestova et al. 2001; Jackson 2005). 

Start codon selection seems to be controlled by eIF1 and eIF1A, which stabilize a 

43S conformation such that opens the mRNA binding channel during scanning and 

allow it to close upon start codon recognition (Fekete et al. 2007; Passmore et al. 2007; 

Mitchell and Lorsch 2008). Once at the start codon, the 43S complex forms a stable 

structure known as the 48S initiation complex, in which codon-anticodon base-

pairing occurs (Pestova and Hellen 2006). Then, eIF5 stimulates GTP hydrolysis and 

release of eIF2–GDP, and eIF1A helps recruit eIF5B to the 48S complex to catalyze 

60S subunit joining (Fringer et al. 2007), with the displacement of initiation factors, to 

form an active elongation-competent 80S ribosome, able to catalyze the formation 

of the first peptide bond (Pestova et al. 2000; Unbehaun et al. 2004). 

 

I.2.2. Elongation 

In peptide-chain elongation, amino-acids are added one by one and organized 

according to the nucleotide sequence of the mRNA. There are three tRNA-binding 

sites in the ribosome: the aminoacyl (A) site receives the new aminoacyl-tRNA 

specific for the newly encountered mRNA codon; the peptidyl (P) site harbors the 

tRNA with the peptide chain being formed; and the exit (E) site retains the 

deacylated tRNA prior to its release (Proud 1994). The eukaryotic translation 
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elongation factor (eEF) 1A recruits aminoacyl-tRNAs to the ribosomal A-site, in a 

GTP-dependent manner. The regeneration of active eEF1A-GTP complexes is 

promoted by eEF1B. The large ribosomal subunit catalyzes peptide bond formation 

connecting the aminoacyl-tRNA with the peptidyl-tRNA in the P-site, which causes 

repositioning of the peptide chain to the tRNA in the A-site. Then, in another GTP-

dependent process, eEF2 catalyzes the translocation of the peptidyl-tRNA from the 

A- to the P-site and of the deacylated tRNA from the P- to the E-site, and also the 

movement of the ribosome relative to the mRNA by exactly three nucleotides, 

placing the following codon in the A-site prepared to receive the next aminoacyl-

tRNA (Browne and Proud 2002; Abbott and Proud 2004). 

 

I.2.3. Termination and recycling 

When the ribosomal A-site reaches one of the possible three termination codons 

(UAA, UAG or UGA; also referred to as stop or nonsense codons) in-frame, 

hydrolysis of the peptidyl-tRNA ester bond occurs in the 60S ribosomal subunit, 

releasing the new polypeptide. This hydrolysis determines translation termination 

and depends on eukaryotic translation release factors (eRFs) 1 and 3 (Kisselev et al. 

2003). The structure of eRF1 is similar to that of a tRNA molecule, which allows it to 

act like a tRNA and bind to the A-site of the ribosome (Frolova et al. 2000; Nakamura and 

Ito 2003). In the majority of eukaryotes, eRF1 recognizes all three stop codons 

(Frolova et al. 1999; Song et al. 2000) and interacts with a GTP-binding factor, eRF3, with 

GTPase activity (Chavatte et al. 2003). Mammalian eRF3 comprises two proteins, eRF3a 

and eRF3b (Kisselev and Buckingham 2000; Kisselev et al. 2003), but their function is not 

well understood. eRF1 and eRF3 form a stable complex through mutually binding 

their C-terminal domains, and cooperate in promoting fast hydrolysis of the ester 

bond between the polypeptide chain and the tRNA in the ribosomal P-site (Merkulova 

et al. 1999; Alkalaeva et al. 2006). 
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After completing translation of an open reading frame (ORF), post-termination 

complexes may be recycled subsequent to release of the mRNA and the deacylated 

tRNA, and to dissociation of the ribosome into subunits. These ribosomal subunits 

may become re-engaged in translation initiation on the same or another mRNA 

molecule (Rajkowitsch et al. 2004). Following release of the newly synthesized peptide, 

translation initiation factors 3, 1, 1A, and 3j, a subunit of eIF3, appear to promote 

recycling of eukaryotic post-termination complexes. eIF3 seems to be enhanced by 

eIFs 1, 1A and 3j in promoting post-termination ribosome-splitting into 60S 

subunits and tRNA- and mRNA-bound 40S subunits. eIF1 also catalyzes release of 

P-site deacylated tRNA, whereas eIF3j ascertains subsequent dissociation of the 

mRNA (Pizarev et al. 2007). 

 

I.2.4. Reinitiation 

Following translation-termination of a short upstream open reading frame (uORF), 

the 60S ribosomal subunit is supposedly released, whereas the 40S subunit 

remains bound to the mRNA, it may resume scanning and initiate another round of 

translation at a downstream AUG codon (Kozak 2002). For translation reinitiation, the 

40S subunit must acquire a new Met-tRNAi, which may be easier when there is a 

long intercistronic distance, providing more time for Met-tRNAi to bind (Kozak 1987; 

Abastado et al. 1991). Reinitiation may occur after translation of a small ORF but not 

after translation of a long one. This may be due to the fact that some initiation 

factors dissociate from the ribosome only gradually during the course of elongation. 

Thus, if the elongation phase is brief, the factors required for reinitiation may still 

be present when the 40S subunit resumes scanning. It seems to be not so much 

the actual length of the ORF itself, but the time taken to translate it, what 

determines whether there is a resumption of scanning (Kozak 2002; Pöyry et al. 2004). 

The induction of a pseudoknot structure, known to slow elongation (Somogyi et al. 

1993), prevents reinitiation after translation of a short uORF that normally leads to 



Chapter I 

34 

downstream reinitiation (Kozak 2001). This suggests that the initiation factors remain 

ribosome-associated for a few seconds during translation of the short ORF. The 

resumption of scanning and reinitiation may depend on the involvement of eIF4F in 

translation initiation of the short ORF and probably the upholding of the interaction 

between eIF4F (or at least the central one-third fragment of eIF4G) and the 

ribosome while the ORF is being translated (Pöyry et al. 2004). Also the retention of 

eIF3 on the ribosome during a uORF translation appears to be necessary for 

reinitiation. In fact, an interaction between the N-terminal domain of eIF3a and 

sequences 5’ of the uORF seem critically required to enhance reinitiation (Szamecz et 

al. 2008). If the mentioned interactions persist until termination of uORF translation, 

the associated factors can then promote further 40S subunit scanning and 

downstream reinitiation. Conversely, if the initiation factors detach prior to uORF 

translation ending, then both ribosomal subunits probably dissociate from the 

mRNA immediately after uORF translation termination (Jackson 2005). 

 

 

I.3. Nonsense-mediated mRNA decay 

Accurate regulation is crucial for proper gene expression, given the complexity of 

the biochemical processes involved. Eukaryotic gene expression includes a series of 

interrelated steps, starting with the mRNA precursor (pre-mRNA) being transcribed 

from DNA, followed by its processing with removal of introns (splicing) and addition 

of the 5’-cap structure and the 3’-poly(A) tail (polyadenylation); and the mature 

mRNA is then exported to the cytoplasm where it is translated to protein and finally 

degraded (Behm-Ansmant et al. 2007a; Chang et al. 2007). These steps are mutually 

integrated to increase their efficiency and fidelity (Orphanides and Reinberg 2002; Reed 

2003), and cells have evolved mechanisms to control many of the steps, in order to 

prevent inappropriate gene expression and to ensure cell survival (Moore 2005). 
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Nonsense-mediated mRNA decay (NMD) is one of the best-studied quality control 

mechanisms of eukaryotic gene expression (Stalder and Mühlemann 2008). 

This posttranscriptional surveillance mechanism exists in every eukaryotic cell that 

has been studied. It uses an elaborate network of nuclear and cytoplasmic 

processes to recognize and eliminate mRNAs which contain premature translation 

termination codons (PTCs or nonsense codons). Otherwise, the translation of PTC-

containing transcripts would result in the production of C-terminally truncated 

nonfunctional proteins that might, instead, acquire deleterious gain-of-function or 

dominant–negative effects (Chang et al. 2007; Neu-Yilik and Kulozik 2008). 

PTCs can arise from nonsense and frameshift point mutations (nucleotide insertions 

or deletions) in the DNA sequence, transcriptional errors and aberrant splicing 

events. Other sources are the existence of a uORF, the failure to incorporate 

selenocysteine at a UGA codon, or the insertion of a transposon or a retrovirus. 

Nonsense codons could also appear as a result of alternative splicing or missplicing, 

producing an intron-derived nonsense codon or a shift in the ORF that creates a 

downstream nonsense codon (Lejeune and Maquat 2005; Chang et al. 2007; Neu-Yilik and 

Kulozik 2008). Some genes, such as T-cell receptor (TCR) and immunoglobulin (Ig) 

genes, are subject to programmed DNA rearrangements to multiply their variety of 

antigen receptors. Two thirds of these rearrangements create a frameshift that may 

lead to a PTC at a downstream position (Li and Wilkinson 1998). 

 

I.3.1. PTC recognition 

To assure an appropriate mRNA surveillance function, the NMD machinery has to 

distinguish between premature and physiological termination codons. The 

mechanism used for this discrimination is still only partially understood (Chang et al. 

2007). The ability of a nonsense codon to elicit rapid degradation of the mRNA 

depends on its location relative to downstream sequence elements and associated 
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proteins (Lejeune and Maquat 2005; Amrani et al. 2006; Eberle et al. 2008; Mühlemann 2008; 

Singh et al. 2008). 

 

I.3.1.1. A rule for PTC recognition in mammals 

The position effect for PTC recognition is evident in mammalian cells, where PTCs 

placed in the 3’-most exon or in the 3’-part of the penultimate exon, usually fail to 

elicit NMD, whereas more upstream-located PTCs direct the mutated transcript to 

rapid decay (Neu-Yilik and Kulozik 2008). 

During pre-mRNA splicing (non-coding intron removal and exon-exon ligation), a 

multiprotein gathering named “exon-junction complex” (EJC) is deposited 20-24 

nucleotides (nt) 5’ to the exon-exon junctions and remains associated to the mRNA 

throughout export to the cytoplasm and translation initiation (Kataoka et al. 2000; Le 

Hir et al. 2000a,b, 2001; Tange et al. 2004). Besides several other factors, EJCs recruit 

up-frameshift (UPF) proteins, which are required for NMD (Maquat 2004). If at least 

one EJC is located downstream to the translation stop codon, it functions as a 

spatial reference point for the discrimination between a premature and a 

physiological stop. Conversely, EJCs located within the ORF enhance translation 

(Nott et al. 2004; Wilkinson 2005; Kunz et al. 2006). 

Generally, nonsense codons located more than 50-55 nt upstream of the 3’-most 

exon-exon junction elicit NMD (Figure I.3) (Nagy and Maquat 1998); downstream to 

this boundary or in an unspliced transcript, a stop codon is considered normal and 

the mRNA is preserved (Maquat and Li 2001; Neu-Yilik et al. 2001: Brocke et al. 2002). 

Consistent with this “50-55 nt boundary rule” is the fact that most natural 

termination codons lie in the final exons of the transcript (Nagy and Maquat 1998). 

It is believed that ribosomes are capable of removing the EJCs that they encounter 

during translation elongation. As translation stops at a nonsense codon situated 

more than 50-55 nt upstream of an exon-exon junction, the translating ribosome 
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will not have progressed far enough along the mRNA to displace the EJC deposited 

near that exon-exon junction (Alkalaeva et al. 2006). On the other hand, it is thought 

that a ribosome that has reached a nonsense codon located either less than 50-55 

nt upstream of an exon-exon junction or downstream from it will have removed the 

EJC (Dostie and Dreyfuss 2002; Lejeune et al. 2002). 

 

 
Figure I.3. The rule for PTC recognition in mammalian mRNA establishes that only translation-

termination codons located more than 50-55 nt upstream from the 3’-most exon-exon junction are 

considered as premature and elicit NMD. 

The diagram represents a schematic mRNA with the 5’-cap structure (m7G), exon-exon junctions (EJ) 

and the poly(A) tail (fading ‘A’s). The translation-initiation codon (AUG) is indicated in green and the 

boundary situated 50-55 nt upstream from the 3’-most exon-exon junction is indicated in yellow. 

 

I.3.1.1.1. Exceptions 

Despite the majority of the mammalian transcripts studied present an NMD 

behavior that follows the established rule, there are many reported examples of 

transcripts that disobey. PTCs within β-globin exon 1 fail to efficiently elicit NMD 

despite residing more than 50-55 nt upstream of an exon-exon junction (Romão et al. 

2000; Danckwardt et al. 2002; Silva et al. 2006). Other expected NMD substrates have 

been reported to escape degradation, such as nonsense-mutated transcript of 

fibrinogen A α- or γ-chains (Asselta et al. 2001; Neerman-Arbez et al. 2004), or BRCA1 

(Perrin-Vidoz et al. 2002). 
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NMD can be triggered by PTCs located very early in the ORF; a single peptide bond 

formation is sufficient to elicit NMD (Lew et al. 1998). However, there are many 

reports of nonsense-mutated transcripts that present a low NMD sensitivity when 

the PTC is located close to the 5’ end of the ORF (Buzina and Shulman 1999; Romão et al. 

2000; Asselta et al. 2001; Perrin-Vidoz et al. 2002; Denecke et al. 2004; Inácio et al. 2004; Harries 

et al. 2005; Silva et al. 2006). In some cases, this results from translation reinitiation at 

a downstream AUG (Zhang and Maquat 1997; Lew et al. 1998; Buzina and Shulman 1999; 

Buisson et al. 2006; Paulsen et al. 2006), but in others, the mechanism appears to 

involve proximity of the PTC to the initiator AUG (Romão et al. 2000; Inácio et al. 2004; 

Silva et al. 2006). 

Nonsense mutations located only 8-10 nt upstream of the 3’-most exon-exon 

junction of Ig µ and TCR-β transcripts effectively trigger NMD, therefore breaking 

the rule (Wang et al. 2002; Bühler et al. 2004). In fact, these transcripts display a 

peculiar NMD behavior, since PTCs that reside closer to the 5’ end of the 

penultimate exon elicit NMD more efficiently than PTCs that reside near the 3’ end 

of the exon (Wang et al. 2002), being the only known mammalian mRNAs to exhibit a 

type of polar NMD. Another presumable case of EJC-independent NMD comes from 

studies with β-hexosaminidase (Rajavel and Neufeld 2001). 

 

I.3.1.2. The exon-junction complex 

An exclusive feature of mammalian NMD is the involvement of the EJC. The nearly 

350-kDa protein complex deposited about 20-24 nucleotides upstream of exon-

exon junctions during pre-mRNA splicing, is composed of several factors (Le Hir et al. 

2000a,b; Tange et al. 2004). The EJC is a dynamic structure that associates with the 

mRNA in the nucleus and remains bound, but modifies its protein composition, 

throughout mRNA processing, export to the cytoplasm, and translation (Dreyfuss et al. 

2002; Jurica and Moore 2003; Reed 2003; Maquat 2004). The core of the EJC, composed by 

eIF4AIII, MAGOH, Y14 and MLN51 (Andersen et al. 2006; Bono et al. 2006), provides a 
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platform for the dynamic assembly (and disassembly) of many additional nuclear 

and cytoplasmic factors (Figure I.4) that perform functions in mRNA transport, 

subcellular localization, translation and turnover (Maquat 2004; Tange et al. 2004, 2005; 

Merz et al. 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.4. EJC composition. Y14, MAGOH, eIF4AIII and MLN51 constitute the core of the complex 

and provide a platform for the binding of additional mRNA export factors, splicing activators and other 

associated proteins. 

 

The eukaryotic translation initiation factor 4AIII (eIF4AIII) is an RNA helicase that 

binds directly to the mRNA and is thought to anchor the complex to the exon 

junction (Shibuya et al. 2004). MAGOH (a human homolog of Drosophila mago nashi 

protein) is an mRNA export factor (Shi and Xu 2003; Isken and Maquat 2007). Y14 is 

another mRNA export factor that interacts directly with the C-terminal domain of 

eIF4AIII (Ballut et al. 2005; Shibuya et al. 2004) and also interacts with UPF3a or UPF3b, 

necessary for NMD. Y14 forms a stable heterodimer with MAGOH and together 

inhibit the ATPase activity of eIF4AIII to stabilize its interaction with other EJC 

components and its binding to mRNA (Fribourg et al. 2003; Lau et al. 2003; Ballut et al. 

2005). Even though Y14 contains an RNA-binding domain, its direct and very high 
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affinity interaction with MAGOH probably blocks its binding to the mRNA (Chang et al. 

2007). MLN51 (also called Barentsz, BTZ) associates with and stimulates the RNA-

helicase activity of eIF4AIII, and stabilizes its binding to RNA (Palacios et al. 2004; 

Ballut et al. 2005). Its ability to directly bind single-stranded RNA in the absence of 

eIF4AIII, suggests that MLN51 may function as an EJC-independent factor in some 

situations (Ballut et al. 2005). 

RNPS1 (RNA-binding protein prevalent during S phase) is a splicing co-activator 

that also functions in mRNA export (Luo and Reed 1999; Mayeda et al. 1999; Zhou et al. 

2000; Le Hir et al. 2001a) and it may recruit UPF3a or UPF3b to the EJC (Lykke-Andersen 

et al. 2001; Schwerk et al. 2003; Gehring et al. 2005). SRm160 (serine/arginine-related 

matrix protein of 160 kDa) also functions in splicing and enhances mRNA export 

(Luo and Reed 1999; Zhou et al. 2000; Le Hir et al. 2001a). UAP56 (U2 snRNP auxiliary 

factor-associated protein of 56 kDa) is an RNA helicase that functions in splicing 

and mRNA export (Gatfield et al. 2001; Luo et al. 2001). ACINUS forms a stable 

heterodimer with RNPS1 (Schwerk et al. 2003). SAP18 binds RNPS1 but its function as 

an EJC factor is unknown (Zhou et al. 2000; Schwerk et al. 2003). PININ also binds RNPS1 

and is involved in mRNA export (Li et al. 2003). REF (RNA export factor; also known 

as ALY) is an mRNA-binding protein which interacts with UAP56 and Y14 (Zhou et al. 

2000; Conti and Izaurralde 2001). TAP (tyrosine-kinase-interacting protein-associated 

protein; also called NXF1 – nuclear export factor 1) is also an mRNA export factor, 

loosely associated with the EJC, is recruited by REF and interacts with MAGOH and 

components of the nuclear pore complex (Stutz et al. 2000; Le Hir et al. 2001a; Stutz and 

Izaurralde 2003; Custódio et al. 2004). PYM is an RNA-binding protein which forms a 

trimeric complex with Y14-MAGOH (Bono et al. 2004). The NMD factors (characterized 

in I.3.1.3. Main NMD trans-acting factors, below) UPF2, UPF3a and UPF3b are also 

EJC components (Ishigaki et al. 2001; Kim et al. 2001a; Lejeune et al. 2002). 

EJC factors are recruited to and released from a spliced mRNA at different times. In 

fact, some EJC proteins associate to the pre-mRNA even before splicing: REF can 

bind pre-mRNA before splice-site cleavage (Reichert et al. 2002). Others, such as 
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RNPS1, SRm160 and UPF3b, associate before exon-exon ligation (Reichert et al. 2002; 

Kataoka and Dreyfuss 2004). The EJC core factors eIF4AIII and Y14-MAGOH are 

recruited during or immediately after exon-exon ligation (Jurica et al. 2002; Reichert et 

al. 2002; Jurica and Moore 2003). UPF3b is assumed to remain bound to the EJC and to 

recruit UPF2 during or shortly after export on the cytoplasmic side of the nuclear 

pore. Some EJC proteins, such as RNPS1, dissociate during or shortly after mRNA 

export (Kim et al. 2001b; Le Hir et al. 2001a,b). Others, such as Y14-MAGOH, probably 

remain associated with the mRNA until the ribosome displaces them during the first 

round of translation (Dostie and Dreyfuss 2002). Whether the ribosome just physically 

removes the EJC or also biochemically transforms it to facilitate dissociation 

remains unclear. However, Y14 phosphorylation appears to be required for the 

dissociation of some EJC factors (Hsu et al. 2005). 

Several lines of evidence indicate that translation in mammalian cells is stimulated 

by the EJC factors UPF2, UPF3a, UPF3b, RNPS1, Y14 and MAGOH (Wiegand et al. 2003; 

Nott et al. 2004; Wilkinson 2005). This translational enhancement appears to require 

efficient splicing (Gudikote et al. 2005; Le Hir and Séraphin 2008; Ma et al. 2008). Therefore, 

it has been suggested that the EJC is not required for PTC identification in 

mammals (Bühler et al. 2006), but merely functions as an NMD enhancer (Mühlemann 

2008; Mühlemann et al. 2008). Other theories even postulate that the influence of EJCs 

on NMD is reduced to the enhancement of translation, which consequently leads to 

an improved turnover rate of nonsense-mutated transcripts (Hilleren and Parker 1999; 

Culbertson and Neeno-Eckwall 2005; Ford et al. 2006). In fact, although EJC factors UPF2, 

UPF3, RNPS1, eIF4AIII, MLN51, Y14 and MAGOH have been shown to play a role in 

mammalian NMD (Kim et al. 2001a; Le Hir et al. 2001a; Lykke-Andersen et al. 2001; Fribourg et 

al. 2003; Gehring et al. 2003, 2005; Ferraiuolo et al. 2004; Palacios et al. 2004; Shibuya et al. 

2004), the activation of this pathway can occur independently of some of these EJC 

components, since UPF2-, UPF3-, RNPS1- or MLN51-independent NMD evidences 

have been reported (Gehring et al. 2003, 2005; Chan et al. 2007). 
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I.3.1.3. Main NMD trans-acting factors 

Several proteins have been shown to be essential for NMD. In addition to some of 

the above-mentioned EJC components, the UPF (up-frameshift) proteins comprise 

the conserved core of the NMD system. They were originally discovered in 

Saccharomyces cerevisiae and more recently identified in higher eukaryotes (Leeds 

et al. 1992; Cui et al. 1995; Lee and Culbertson 1995). The SMG (suppressor with 

morphogenetic effects on genitalia) proteins are also fundamental NMD factors, by 

regulating the activity of UPF1. 

The complex phosphoprotein UPF1 harbors multiple domains and is recruited to 

mRNAs following translation termination (Wang et al. 2001; Kobayashi et al. 2004; Kashima 

et al. 2006), where it interacts with eRF3 and eRF1 (Czaplinski et al. 1998). UPF1 also 

interacts with UPF2 and the cap-binding protein, CBP80 (Hosoda et al. 2005). It holds 

RNA/DNA-dependent ATPase activity and ATP-dependent 5’-to-3’ helicase activity, 

which are poorly understood but appear to be required for NMD (Weng et al. 1996; 

Bhattacharya et al. 2000). As expected for a protein involved in translation termination, 

human UPF1 is mainly cytoplasmic, although it shuttles between the nucleus and 

the cytoplasm (Mendell et al. 2002). 

UPF2 is also a phosphoprotein (Wang et al. 2006) which bridges UPF1 with the EJC, 

and is capable of interacting simultaneously with both UPF1 and UPF3, through 

distinct binding domains (He et al. 1997; Lykke-Andersen et al. 2000; Mendell et al. 2000; 

Serin et al. 2001). Moreover, human UPF2 has one UPF1-binding domain in each of its 

termini (N and C), and both are required for NMD (He et al. 1996; Kadlec et al. 2004). 

UPF2 is a cytoplasmic protein that accumulates in the perinuclear region (Lykke-

Andersen et al. 2000; Mendell et al. 2000). 

Mammals own two UPF3 genes; human UPF3a (named also UPF3) is located on 

chromosome 13, and UPF3b (also known as UPF3x) is on the X chromosome (Lykke-

Andersen et al. 2000; Serin et al. 2001). UPF3 proteins are mainly nuclear but shuttle to 

the cytoplasm. They both interact with Y14 to recruit UPF2 to the EJC (Gehring et al. 
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2003), however UPF3b interacts more strongly than does UPF3a. This difference in 

UPF3 proteins behavior is provided by the presence of an arginine residue in the C 

terminus of UPF3b, but not in UPF3a, which renders UPF3b the legitimate NMD 

effector, when judge against UPF3a (Kunz et al. 2006). 

The human SMG proteins (SMG1, 5, 6 and 7) preserve characteristics identical to 

those attributed to their ancestors, initially identified in Caenorhabditis elegans. 

They determine the phosphorylation condition of UPF1 (Wilkinson 2003) and all are 

required for NMD (Pulak and Anderson 1993). 

SMG1 is a PIK (phosphatidylinositol kinase)-related protein kinase that catalyzes 

the phosphorylation of UPF1, at specific serine residues, which is essential for NMD 

(Denning et al. 2001; Yamashita et al. 2001). This phosphorylation requires UPF2 or UPF3b 

– both factors can function independently (Gehring et al. 2005; Chan et al. 2007) – and 

may stimulate the dissociation of eRF3 from UPF1 (Pal et al. 2001; Grimson et al. 2004; 

Kashima et al. 2006; Wittmann et al. 2006). Assuming the opposite function of SMG1, the 

other three SMG factors are non-redundant proteins that instigate the 

dephosphorylation of UPF1 (Page et al. 1999; Ohnishi et al. 2003). SMG5, 6 and 7 bind 

phosphorylated UPF1 through a binding site for phosphoserine residues (14-3-3-like 

domain), present in each one of the three proteins (Fukuhara et al. 2005). Since none 

of these factors are phosphatases themselves, they appear to recruit the protein 

phosphatase 2A (PP2A) to mediate UPF1 dephosphorylation (Anders et al. 2003; Chiu et 

al. 2003; Unterholzner and Izaurralde 2004). SMG5 and SMG7 seem to work together; 

interact through their N-terminal domains to form a stable heterodimer and 

establish a larger complex with PP2A and phosphorylated UPF1 (Anders et al. 2003; 

Chiu et al. 2003; Ohnishi et al. 2003). In contrast, SMG6 appears to act more 

independently, yet also forms a complex with PP2A and phosphorylated UPF1 

(Ohnishi et al. 2003; Unterholzner and Izaurralde 2004). Both SMG5 and SMG6 contain a    

C-terminal PIN (PilT N-terminus) domain, which is associated with ribonuclease 

activity. The PIN domain of SMG5 lacks essential catalytic residues and is inactive, 

but SMG6 presents effective RNA degradation activity (Glavan et al. 2006). 
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The fact that all four of these SMG factors are essential for NMD indicates that a 

cycle of UPF1 phosphorylation and dephosphorylation commands NMD (Yamashita et 

al. 2001; Anders et al. 2003; Chiu et al. 2003; Ohnishi et al. 2003; Wilkinson 2003). 

 

I.3.1.4. The singular first round of translation 

In order to prevent a high production of incomplete and potentially harmful 

proteins, surveillance pathways must possess mechanisms to eliminate abnormal 

transcripts as early as possible. Therefore, PTCs must be identified and the 

corresponding mRNAs degraded during the first few rounds of translation. 

Mammalian cells seem to use the first round of translation for quality control and 

the following rounds for protein synthesis (Hosoda et al. 2005). Indeed, several lines of 

evidence suggest that only cap-binding complex (CBC)-bound mRNAs constitute 

NMD targets (Ishigaki et al. 2001; Chiu et al. 2004; Lejeune et al. 2004; Matsuda et al. 2007). 

The CBC is a heterodimer composed by two cap-binding protein (CBP) subunits 

(CBP20 and CBP80) attached to the 5’-cap of pre-mRNAs during transcription 

(Izaurralde et al. 1995; Visa et al. 1996). CBCs promote splicing (Lewis and Izaurralde 1997) 

and remain bound to mRNAs through export and until the beginning of translation. 

Once in the cytoplasm, the nuclear CBPs are replaced by the translation initiation 

factor eIF4E and the related transcripts become NMD insensitive (Fortes et al. 2000; 

Ishigaki et al. 2001; Lejeune et al. 2002; Chiu et al. 2004). Moreover, it has been suggested 

that CBP80 interacts directly with UPF1 and promotes the interaction between UPF1 

and UPF2, therefore stimulating NMD (Hosoda et al. 2005). This indicates that the 

presence of CBP80 may be required to activate mammalian NMD, which can only 

occur in the so-called “pioneer round of translation” (Hosoda et al. 2005). 
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I.3.2. NMD activation 

Eukaryotic release factors eRF1 and eRF3, involved in translation termination 

following recognition of the stop codon, recruit unphosphorylated UPF1 to the 

termination complex in the pioneer round of mRNA translation (Czaplinski et al. 1998; 

Wang et al. 2001; Hosoda et al. 2005; Behm-Ansmant and Izaurralde 2006; Kashima et al. 2006). 

UPF1, in turn, recruits SMG1 to form a transient complex called SURF (SMG1-UPF1-

eRFs; Figure I.5) (Behm-Ansmant and Izaurralde 2006; Kashima et al. 2006). If an EJC is 

located downstream in the transcript, then the UPF1 and SMG1 from the SURF 

complex interact with UPF2 on the EJC (Kashima et al. 2006), creating the so-called 

“decay-inducing complex” (DECID; Figure I.5). SMG1 may further enhance this 

interaction, given that it uses two independent domains to bind UPF1 and UPF2 

simultaneously. This interaction causes the dissociation of eRF1 from the complex, 

since UPF2 appears to compete with eRF1 for binding to UPF1 (Kashima et al. 2006). 

Additionally, the interaction between UPF1 and the EJC probably induces SMG1 to 

phosphorylate UPF1 (Figure I.5) (Kashima et al. 2006; Wittmann et al. 2006). This 

phosphorylation event relies on the interaction of SMG1 with UPF2 and Y14. 

Interestingly, phosphorylated UPF1 appears to trigger the repression of continued 

translation initiation, by impairing eIF3 activity (Isken et al. 2008). Furthermore, 

phosphorylated UPF1 is capable of recruiting the heterodimer SMG5-SMG7 and/or 

SMG6 (Figure I.5), which recruit PP2A (Anders et al. 2003; Chiu et al. 2003; Ohnishi et al. 

2003; Unterholzner and Izaurralde 2004; Fukuhara et al. 2005). It is indeterminate whether 

PP2A is previously associated with the SMG proteins or is recruited at a later stage. 

Although the exact process is still unknown, it is believed that once bound to 

phosphorylated UPF1, SMG7 is able to recruit the mRNA decay machinery, either 

directly or indirectly (Unterholzner and Izaurralde 2004). By using its N terminus to 

interact with phosphorylated UPF1 and SMG5, and its C terminus to ultimately 

activate the degradation of the mRNA, SMG7 may be considered an important 

molecule that links upstream and downstream events in NMD (Chang et al. 2007). In 

zzzz 
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Figure I.5. PTC recognition and NMD activation. Eukaryotic release factors (eRF1 and eRF3) bind 

translation-terminating ribosomes and recruit UPF1, which promotes binding of SMG1, and generate the 

SURF complex. In a premature translation termination event, UPF1 and SMG1 interact with UPF2 from a 

downstream EJC, creating the DECID complex. This interaction triggers UPF1 phosphorylation by SMG1, 

which promotes the recruitment of SMG5-SMG7 heterodimer and/or SMG6. These factors recruit PP2A, 

which will mediate UPF1 dephosphorylation. Once bound to phosphorylated UPF1, the nuclease activity 

of SMG6 possibly initiates mRNA degradation and SMG7 appears to recruit the decay machinery to 

rapidly eliminate the transcript. 
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its turn, SMG6 has recently been shown to directly mediate endonucleolytic 

degradation of PTC-containing transcripts (Huntzinger et al. 2008; Eberle et al. 2009), 

which suggests that it may be responsible for initiating the decay. Still unclear is 

how and when the SMG proteins promote UPF1 dephosphorylation by PP2A (Chiu et 

al. 2003; Ohnishi et al. 2003), which probably directs the SMGs and PP2A to dissociate 

from the mRNP. 

 

I.3.3. Degradation mechanisms for nonsense-
mutated mRNA 

The molecular link that relates the main NMD effectors, such as UPF1 and SMG7, 

with enzymes involved in the mRNA degradation mechanism of the cell, is still 

uncertain. Also the actual degradation method used to eliminate nonsense-mutated 

transcripts is yet under discussion (Mühlemann et al. 2008; Neu-Yilik and Kulozik 2008). 

However, evidence indicates that mammalian nonsense transcripts are rapidly 

destroyed because they are efficiently directed to the normal mRNA degradation 

pathway. Moreover, the ribonucleases that eliminate most PTC-containing mRNAs 

are the same as those that act on most faultless mRNAs (Chang et al. 2007; Mühlemann 

et al. 2008). 

Mammalian mRNA decay generally initiates by the removal of the poly(A) tail 

(deadenylation) by deadenylases (Parker and Song 2004; Wilusz and Wilusz 2004). 

Eukaryotic deadenylation is believed to be firstly mediated by the poly(A) 

ribonuclease PARN2-PARN3 complex and subsequently by the CAF1-CCR4-NOT 

complex (Parker and Song 2004; Wilusz and Wilusz 2004). Deadenylation precedes 3’-to-5’ 

exonucleolytic decay by the cytoplasmic exosome, a multimeric complex with 

exonuclease activity (Houseley et al. 2006), which is regulated by the trimeric complex 

SKI. After deadenylation, the 5’-cap structure may possibly be removed by a 

complex of decapping enzymes including DCP1 and DCP2, which exposes the mRNA 

to immediate 5’-to-3’ degradation by the major cytoplasmic exonuclease XRN1 
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(Lykke-Andersen 2002; Chen and Shyu 2003; Lejeune et al. 2003; Couttet and Grange 2004; Parker 

and Song 2004; Wilusz and Wilusz 2004; Garneau et al. 2007). 

Contrary to what happens in normal mRNA degradation, nonsense-mutated 

transcripts appear to be capable of triggering direct decapping, overcoming the 

need for previous deadenylation (Muhlrad and Parker 1994). Decapping may be 

activated as a result of UPF1 dephosphorylation or by the recruitment of SMG7 

(Unterholzner and Izaurralde 2004), however the specific event that leads to NMD-

mediated direct decapping is not known. 

Both pathways allow rapid degradation of PTC-containing transcripts and it is 

unclear whether one of them is specifically used for most nonsense-bearing mRNA 

decay (Isken and Maquat 2007), since NMD effectiveness appears to be influenced by 

exonucleases involved on both processes (Lejeune et al. 2003). Accordingly, several 

effectors of the RNA degradation machinery have been reported to correlate with 

NMD factors. Thus, two subunits of the decapping complex, DCP1 and DCP2, 

appear to associate with UPF1 in human cells (Lykke-Andersen 2002). Moreover, DCP2, 

XRN1, PARN and the exosome elements PM/Scl100 (RRP6), RRP4 and RRP41, all 

allegedly interrelate with UPF1, UPF2 and UPF3b (Lejeune et al. 2003). 

Besides deadenylation and decapping, mammalian cells may also instigate rapid 

decay of nonsense-mutated mRNA by endonucleolytic cleavage (Bremer et al. 2003; 

Stevens et al. 2002; Yamashita et al. 2005). In fact, PTC-containing β-globin transcripts 

are also susceptible to accelerated decay by an endonuclease-initiated process, in 

mammalian cells (Bremer et al. 2003; Stevens et al. 2002). Moreover, recent findings 

indicate that SMG6 is an endonuclease directly involved in endonucleolytic cleavage 

of PTC-containing transcripts in human cells, through its PIN domain (Huntzinger et al. 

2008; Eberle et al. 2009). The cleavage is made preferentially at sequence-specific 

sites near the PTC and both mRNA sections are therefore probably submitted to 

rapid exonucleolytic degradation: the 5’-fragment is degraded by the exosome and 

the 3’-fragment by XRN1. 
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I.3.4. Poly(A)-binding protein influence on NMD 

As previously mentioned, there are several examples of EJC-independent NMD in 

mammalian transcripts (Chan et al. 1998; Rajavel and Neufeld 2001; Wang et al. 2002; Delpy 

et al. 2004; Bühler et al. 2006), and new discoveries concerning the role of the 

cytoplasmic PABP1 (PABPC1) in the recognition of PTCs in mammalian cells (Eberle et 

al. 2008; Ivanov et al. 2008; Silva et al. 2008; Singh et al. 2008) have reduced the importance 

attributed to the function of the EJC in NMD activation. 

In Saccharomyces cerevisiae and Drosophila melanogaster, a termination codon 

appears to be recognized as premature when located at a large distance from the 

poly(A) tail (Muhlrad and Parker 1999; Amrani et al. 2004; Behm-Ansmant et al. 2007b). This is 

thought to result from a weaken interaction between eRF3 bound to the terminating 

ribosome and factors associated with the normal 3’-UTR, including cytoplasmic 

PABP (Amrani et al. 2004, 2006; Behm-Ansmant et al. 2007b), which on faultless mRNAs, 

with the stop codon in close proximity to the poly(A) tail, promotes normal 

translation termination (Cosson et al. 2002). 

This corresponds to what is known as the ‘‘faux 3’-UTR’’ model (Amrani et al. 2004, 

2006). It is based on studies in yeast and proposes that natural 3’-UTRs are marked 

by a specific group of proteins that affect translation termination. Natural 

termination is efficient because terminating ribosomes are capable of interacting 

with these 3’-UTR-bound proteins. Conversely, at a premature stop codon, 

translation terminates inefficiently (is impaired or too slow) because the 

terminating ribosome is unable to establish those interactions. This leads to the 

assembly of the surveillance complex and results in the rapid degradation of the 

mRNA (Amrani et al. 2004, 2006). The facts that S. cerevisiae and D. melanogaster 

mRNAs have usually short 3’-UTRs, on average nearly 100 and 330 nucleotides in 

length, respectively (Graber et al. 1999, 2002; Hoskins et al. 2002), and that aberrant 

transcripts with abnormally long 3’-UTRs (caused by incorrect 3’-end processing) 

are regulated by NMD (Muhlrad and Parker 1999), further support this model. 
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In higher eukaryotes, faultless transcripts may contain very long 3’-UTRs, ranging 

from a few to several thousand nucleotides. However, in exceptionally long 3’-

UTRs, PABP may still be naturally brought into the vicinity of the termination codon 

by mRNA folding and therefore escape NMD (Behm-Ansmant et al. 2007b; Eberle et al. 

2008). Besides, recent evidence in mammalian cells also point to an essential role of 

PABPC1 in the distinction between normal and aberrant termination of translation. 

In fact, studies made in human cells suggest that the physical distance between the 

termination codon and PABPC1 determines whether that termination event is 

accepted as normal (Eberle et al. 2008; Ivanov et al. 2008; Silva et al. 2008; Singh et al. 2008). 

Indeed, the proximity of PABPC1 may explain why nonsense codons located close to 

the translation initiation codon fail to induce NMD (Inácio et al. 2004; Silva et al. 2006, 

2008). Accordingly, evidences suggest a circular or ‘‘closed loop’’ conformation for 

mRNA, due to the simultaneous binding of PABP with both the poly(A) tail and the 

cap-associated eIF4G (Wells et al. 1998). Furthermore, PABPC1 may remain bound to 

the 43S pre-initiation complex during scanning and be brought into proximity with 

the PTC, inhibiting NMD (Silva et al. 2008). 

Additionally, these observations suggest that human NMD has evolutionarily 

preserved elementary principles and components of lower eukaryotes (Ivanov et al. 

2008; Singh et al. 2008), and furthermore have led to a unified model for NMD, where 

a competition between 3’-UTR-associated factors decides the fate of the transcript. 

This model postulates that the interaction between UPF1 and eRF3, required for 

NMD activation, is inhibited when translation ends close to PABPC1, or perhaps to 

other unidentified 3’-UTR-associated NMD-antagonizing factors (Mühlemann 2008; 

Singh et al. 2008). Actually, PABPC1 appears to compete with UPF1 for binding to 

eRF3 (Kashima et al. 2006). In contrast, when PABPC1 is spatially distant from the 

termination event, UPF1 is allowed to interact with eRF3 and NMD proceeds. This 

interaction is enhanced by an eventual downstream EJC, which offers higher affinity 

for the UPF complex (Ivanov et al. 2008; Mühlemann 2008; Singh et al. 2008). 



General Introduction 

51 

Furthermore, the model posits that if the ribosome stops sufficiently close to the 

poly(A) tail to successfully interact with PABPC1, the translation-termination is 

stimulated to occur more efficiently and is considered correct, the two ribosomal 

subunits are proficiently dissociated and mRNA stability is preserved (Ivanov et al. 

2008; Mühlemann 2008; Singh et al. 2008). These hypotheses are applicable to describe 

the basis of NMD in all eukaryotes where it has been studied. In humans like in 

other eukaryotes, the cytoplasmic PABP appears to be involved in promoting correct 

translation termination and inhibiting NMD activation. 

 

I.3.5. Subcellular localization of NMD 

Although it is unquestionable that NMD depends on translation, which is generally 

considered to occur exclusively in the cytoplasm, there is contradictory evidence 

concerning whether mammalian NMD is a nuclear or a cytoplasmic process (Maquat 

2005; Chang et al. 2007; Mühlemann et al. 2008). In fact, many PTC-containing mRNAs, 

analyzed in mammalian cells, appear to be degraded when still physically 

associated with the nucleus, suggesting that they undergo NMD in the nucleus or 

during nuclear export (Urlaub et al. 1989; Cheng and Maquat 1993; Belgrader et al. 1994; 

Kugler et al. 1995; Carter et al. 1996; Kessler and Chasin 1996; Zhang et al. 1998). 

Moreover, the identification of translation factors and ribosomal proteins in the 

nuclear compartment (Brogna et al. 2002; Iborra et al. 2004a), and the discovery that 

polypeptides can be assembled in the nucleus of mammalian cells (Iborra et al. 2001), 

have stimulated considerations about the possibility of nuclear translation (Dahlberg 

and Lund 2004; Dahlberg et al. 2003; Iborra et al. 2004b). These findings, plus the 

confinement of NMD to CBC-bound mRNA (Ishigaki et al. 2001) and the insensitivity of 

NMD to inhibition of mRNA export (Bühler et al. 2002), have also allowed to consider 

that PTC recognition and NMD could take place in the nucleus (Iborra et al. 2004a,b; 

Wilkinson and Shyu 2002). 
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Human NMD essential factors localize to different subcellular compartments: UPF3a, 

UPF3b and other EJC components are mainly nuclear; UPF2 accumulates along the 

cytoplasmic side of the nuclear envelope, and UPF1 is mainly cytoplasmic (Lykke-

Andersen et al. 2000; Mendell et al. 2000; Serin et al. 2001). Nevertheless, UPF1, UPF3a, 

UPF3b and EJC proteins are all known to shuttle between the nucleus and the 

cytoplasm (Kataoka et al. 2000; Lykke-Andersen et al. 2000, 2001; Serin et al. 2001; Degot et al. 

2004; Ferraiuolo et al. 2004; Shibuya et al. 2004). Therefore, it has been proposed that 

NMD effectors could actually assemble in the nucleus (Wilkinson and Shyu 2002). 

In contrast with the above stated, more recent investigations indeed conclude that 

most if not all mammalian PTC-containing transcripts undergo NMD in the 

cytoplasm, even though some may be translated and committed to decay while 

they are still in the perinuclear region, which would represent the so-called 

“nucleus-associated NMD” (Singh et al. 2007). Besides, other results from previous 

studies had also pointed to a cytoplasmic localization for NMD (Moriarty et al. 1998; 

Thermann et al. 1998; Bohnsack et al. 2002). 

Certain hints raise the possibility that mammalian NMD might implicate the 

directing of nonsense-mutated mRNAs to “processing bodies” (P-bodies). These are 

dynamic cytoplasmic structures that accumulate RNA decay factors, including 

decapping enzymes, decapping coactivators and 5’-to-3’ exonucleases (Sheth and 

Parker 2003; Anderson and Kedersha 2006; Eulalio et al. 2007). In fact, DCP1, DCP2, EDC3, 

LSM1-7 and XRN1, all involved in mRNA decapping or 5’-to-3’ decay activities, 

colocalize in P-bodies (Sheth and Parker 2003; Eulalio et al. 2007). Moreover, the NMD 

factors UPF1, SMG5 and SMG7 are occasionally detected in P-bodies of mammalian 

cells (Unterholzner and Izaurralde 2004; Fukuhara et al. 2005). 
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I.3.6. Physiological gene expression regulation       
by NMD 

In addition to its role in the recognition and elimination of defective transcripts, 

NMD has also been acknowledged in modulating the expression of many wild-type 

genes and potentially influencing several biochemical pathways, which may use 

NMD to adjust protein expression to the physiological needs of the cell. 

The physiological transcripts regulated by NMD are involved in various cellular 

processes, such as the cell cycle, transcription, cell growth, intracellular transport, 

telomere maintenance, DNA repair and metabolism (He et al. 2003; Mendell et al. 2004; 

Rehwinkel et al. 2005, 2006). In general, NMD appears to regulate the expression of 

about 3% to 10% of the natural transcriptome in the organisms where it has been 

studied (Lelivelt and Culbertson 1999; Mitrovich and Anderson 2000; He et al. 2003; Mendell et al. 

2004; Hori and Watanabe 2005; Rehwinkel et al. 2005, 2006; Weischenfeldt et al. 2005; Guan et 

al. 2006; Wittmann et al. 2006; Yoine et al. 2006; Chan et al. 2007; Ni et al. 2007). 

In order to have its expression regulated by NMD, the mRNA must naturally contain 

a translation termination codon considered as premature, according to NMD criteria. 

There is a large and heterogeneous group of faultless transcripts regulated by NMD 

(He et al. 2003; Mendell et al. 2004; Rehwinkel et al. 2005, 2006), including mRNAs 

containing uORFs in their 5’-leader sequence. However, conserved uORF-containing 

transcripts have developed strategies to avoid or allow NMD, compliant with 

changing requirements of the cell (Ruiz-Echevarría and Peltz 1996, 2000; Ruiz-Echevarría et 

al. 1998; Stockklausner et al. 2006). 

Transcripts encoding selenocysteine-containing proteins may also represent NMD 

targets, given that these mRNAs contain in-frame UGA codons that encode for 

selenocysteine when in the presence of selenium, and are considered as PTCs under 

selenium deprivation (Moriarty et al. 1998; Sun et al. 2000, 2001). Other unflawed NMD 

substrates are mRNAs undergoing ‘‘leaky-scanning’’ for translation initiation; 

harboring introns in their 3′-UTRs; regulated by stop codon readthrough; with long 
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3′-UTRs; or mRNA ORFs that acquire termination codons as a result of somatic DNA 

rearrangements, alternative splicing, ribosomal frameshifting or mRNA editing 

(Muhlrad and Parker 1999; He et al. 2003; Mendell et al. 2004; Rehwinkel et al. 2005). Also 

transposons and pseudogenes may be suppressed by NMD, thereby reducing 

genomic noise (Mendell et al. 2004; Mitrovich and Anderson 2005). 

NMD has been described to participate in autoregulatory mechanisms; in some 

cases of “unproductive regulated splicing” the protein products of certain genes, 

such as the splicing factors SC35 and PTB, appear to downregulate the expression 

of their own canonical protein-encoding isoforms by activating an alternative splice 

pattern that results in different mRNA isoforms with in-frame PTCs (Lewis et al. 2003; 

Cuccurese et al. 2005; Sureau et al. 2001; Wollerton et al. 2004). Moreover, NMD appears to 

be used also on its own regulation (Mendell et al. 2004; Rehwinkel et al. 2005; Wittmann et 

al. 2006; Chan et al. 2007), as revealed by the discovery that the NMD factor SMG5 is 

regulated by NMD in both humans and Drosophila melanogaster, and the 

Drosophila smg6 is also regulated by NMD, indicating that these mRNAs are targets 

of a feedback mechanism and the NMD-regulation of SMG5 may have been 

evolutionarily conserved (Rehwinkel et al. 2005). It is still unknown whether, under 

certain conditions, NMD can regulate itself to allow the expression of functional 

truncated proteins. 

 

I.3.7. Clinical perspective of NMD 

It has been estimated that about 30% of all human inherited genetic disorders arise 

by nonsense or frameshift mutations that generate PTCs (Frischmeyer and Dietz 1999), 

and frequently NMD influences the severity of the clinical symptoms caused by the 

mutation, preventing the production of large amounts of C-terminally truncated 

peptides (Culbertson 1999; Holbrook et al. 2004; Maquat 2004). 
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In heterozygous carriers, transcripts derived from defective alleles are degraded by 

the NMD pathway and usually lead to a recessive mode of inheritance, since the 

wild-type protein from the functional allele can compensate, at least in part, for the 

absence of the faulty transcript. However, nonsense-mutated mRNAs occasionally 

escape NMD, resulting in the production of truncated proteins. In the different 

forms of β-thalassemia, some mutations cause a mild and recessive phenotype, 

while others originate dominant-negative effects with the accumulation and toxic 

precipitation of insoluble globin chains (Hall and Thein 1994). Transcripts of β-globin 

with PTCs located at positions that trigger NMD are associated with the recessive 

mode of inheritance and asymptomatic heterozygous carriers. Conversely, PTCs 

localized within the last exon of the β-globin gene result in NMD-insensitive 

transcripts that produce truncated proteins with dominant-negative effects, leading 

to a symptomatic form of β-thalassemia in heterozygotes and a dominant mode of 

inheritance (Hall and Thein 1994; Kugler et al. 1995). 

Other diseases with dominant and recessive forms due to NMD effectiveness are 

brachydactyly type B, susceptibility to mycobacterial infections, retinitis pigmento-

sa, von Willebrand disease and factor X deficiency (Holbrook et al. 2004; Khajavi et al. 

2006). NMD also protects the organism from the effects of acquired mutations, such 

as during tumor progression. Additionally, NMD efficiency appears to vary between 

individuals, since different phenotypes have been observed for the same mutation 

in different individuals (Holbrook et al. 2004). 

In the above-mentioned examples, NMD provides a beneficially protective surveil-

lance mechanism. However, as in some genetic diseases, NMD may aggravate the 

disease phenotype, when a truncated protein at least partially maintains its function 

and does not acquire dominant-negative effects; therefore the loss of the protein 

product is more harmful to the cell than the expression of the truncated protein 

would be. An example of this adverse NMD effect is given by nonsense-mutated 

forms of the dystrophin gene. PTCs in the NMD-sensitive regions of the gene are 

associated with the severe form of the disease, called “Duchenne muscular 
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dystrophy” (DMD), while nonsense-mutated dystrophin transcripts that are not 

recognized by NMD and result in the synthesis of C-terminally truncated protein, 

lead to the milder form of the disorder, the so-called “Becker muscular dystrophy” 

(BMD) (Kerr et al. 2001). DMD and other genetic diseases, such as cystic fibrosis, 

Hurler syndrome and X-linked nephrogenic diabetes insipidus, have been recipients 

of efforts to inhibit NMD so as to restore protein expression levels (Holbrook et al. 

2004; Linde and Kerem 2008). 

There are no effective treatments available for several genetic diseases derived 

from PTC-generating mutations. In the cases of functional truncated proteins, the 

inhibition of NMD should lead to the alleviation of symptoms by promoting the 

increase of protein concentrations (see below). However, in most cases, protein 

function can only be restored with the production of the full-length peptide, which 

can be accomplished by promoting translational readthrough of the PTC, thus 

generating missense-mutated but functionally active proteins (Kellermayer 2006; 

Hermann 2007). In this perspective, aminoglycoside antibiotics, such as gentamycin, 

have been tested in the genetic disorders mentioned above. Aminoglycosides bind 

to the decoding center of the ribosome and reduce the accuracy of codon-anticodon 

pairing (Eustice and Wilhelm 1984), being able to suppress stop codon recognition, with 

the incorporation of an amino-acid into the polypeptide chain. At high concen-

trations, gentamycin promotes the readtrough of stop codons in eukaryotic mRNAs 

(Hermann 2007), inhibiting NMD; and it has been shown to be capable of relieving the 

symptoms of cystic fibrosis (Wilschanski et al. 2003). Nevertheless, the low efficiency 

and the consequences on normal protein production and function, due to 

nonspecific readthrough of normal termination codons, are important problems 

derived from the use of gentamycin (Kuzmiak and Maquat 2006). 

PTC124 is a recently developed molecule with the outstanding aptitude of selecti-

vely producing readthrough of premature but not normal termination codons (Welch 

et al. 2007). With no structural relationship to aminoglycosides, this 1,2,4-oxidiazole 
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compound has been shown to function successfully in experiments with mice, and is 

being subject to clinical tests on cystic fibrosis and DMD patients. 

In those cases when truncated proteins are functional, therapeutic approaches 

specifically directed at NMD effectors might be appropriate to inhibit NMD. These 

methods are currently being used to regulate nonsense-mutated gene expression in 

some human genetic disorders. Accordingly, the use of RNA interference to 

downregulate UPF1 has been shown to effectively disrupt NMD in cell culture, and 

might constitute the basis for therapeutics development. However, the involvement 

of NMD effectors in other essential biological functions needs to be determined 

before therapeutic strategies targeting a particular NMD factor can be considered. 

Additionally, knowing that NMD also regulates physiological transcripts and may 

even control entire pathways (see I.3.6. Physiological regulation by NMD, above), 

the inhibition of NMD may lead to severe and complex consequences (Behm-Ansmant 

et al. 2007a; Neu-Yilik and Kulozik 2008). 

The development of helpful therapies against NMD-associated diseases requires 

increased identification and characterization of all the elements that influence NMD 

effectiveness, and of all the consequences of NMD activity. Therefore, further 

understanding of the mechanism underlying NMD is of crucial importance. 

 

The work described in the following pages aimed at increasing the acquired 

knowledge about the NMD mechanism, using the human α-globin mRNA as the 

experimental model for the study, and comparing the pattern of NMD behavior 

identified in α-globin with that previously documented for β-globin transcripts 

(Thermann et al. 1998; Zhang et al. 1998; Romão et al. 2000; Inácio et al. 2004). In the human 

β-globin mRNA, nonsense mutations located in the 3’-part of exon 1 or in the 

majority of exon 2 have been shown to induce fully efficient decay; conversely, 

when placed in the 3’ region of exon 2 or within exon 3, PTCs do not trigger NMD 

(Thermann et al. 1998; Zhang et al. 1998). This is compatible with the conventional model 
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for PTC definition (see I.3.1.1. A rule for PTC recognition in mammals, above). 

However, when carrying a PTC in the 5’-region of exon 1, β-globin transcripts were 

found to accumulate at levels similar to those of the wild-type mRNA (Romão et al. 

2000). This resistance to decay was shown to be unrelated to abnormal splicing, 

impaired translation or translation reinitiation. Instead, it was demonstrated to rely 

on the proximity of the stop codon to the initiation AUG (Inácio et al. 2004), because it 

reflects the proximity of the NMD antagonist PABPC1 (Silva et al. 2008). 

Although being close evolutionarily related transcripts, the fact that α-globin 

exhibits a higher C+G content (Tuan and Forget 1980; Fischel-Ghodsian et al. 1987) and 

lower translation efficiency (Shakin and Liebhaber 1996; Chaisue et al. 2007), than the    

β-globin mRNA, might determine a different NMD susceptibility pattern between 

PTC-containing α- and β-globin mRNAs. Therefore, the work was directed by the 

following objectives: 

- To confirm the ability of PTCs to commit α-globin transcripts to rapid decay. 

- To reveal the fate of α-globin transcripts nonsense-mutated in different 

positions of the ORF. 

- To determine whether translation can reinitiate in α-globin mRNA after 

stopping at a PTC. 

- To investigate the molecular and/or biochemical basis for possible 

differences in NMD behavior between α- and β-globin mRNAs. 
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This chapter was published, with minor modifications, in Br J Haematol (2006) 

133:98-102 (Pereira et al. 2006). Some of the data reported in this chapter were 

obtained by other authors: hematological studies were performed by Isabel Picanço 

and Maria Teresa Seixas, and the DNA sequence analysis was made by Maria do 

Céu Silva and Paula Faustino. Anabela Ferrão was responsible for the patient’s 

diagnosis. 
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II.1. Summary 

We describe a novel α-thalassemia determinant in a 3-year-old girl presenting a 

mild microcytic and hypochromic anemia, and normal hemoglobin A2 level. 

Molecular studies revealed heterozygosity for a novel microdeletion (–C) at codon 

22 of the α2-globin gene. As the frameshift mutation generates a premature 

translation termination codon at position 48/49, we investigated the effect of the 

nonsense codon on the α2-globin gene expression. Although it does not affect RNA 

splicing, the premature nonsense codon induces accelerated mRNA degradation. To 

our knowledge, this is the first time the nonsense-mediated mRNA decay has been 

reported to occur in human α-globin mRNA. 

 

 

II.2. Introduction 

In eukaryotic cells, nonsense-mediated mRNA decay (NMD) serves as an mRNA 

surveillance mechanism that selectively degrades mRNAs carrying premature 

translation termination codons (Maquat 2004). Decay of these mutated mRNAs avoids 

the production of truncated peptides that could have dominant negative effects on 

the organism. Premature translation termination codons in the human β-globin 

mRNA represent a clinically well-documented example for the importance of this 

mechanism; many nonsense codons located in exon 1 or 2 commit the affected 

mRNAs to NMD, and carriers are clinically asymptomatic (Baserga and Benz 1988). In 

contrast, premature translation termination codons located in the third exon do not 

induce NMD, and carriers might be clinically affected by a dominant form of          

β-thalassemia (Thein et al. 1990). 

Extensive characterization of the NMD pathway has defined a number of parame-

ters of the decay process. If the nonsense codon is located more than 50-55 

nucleotides upstream of the 3’-most exon-exon junction, the mRNA will be targeted 
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by NMD for rapid destruction. It has also been demonstrated that NMD mechanism 

is intimately linked to splicing and translation (Thermann et al. 1998; Zhang et al. 1998). 

The α-thalassemias are a group of inherited disorders with a variable phenotype, 

essentially depending on the number of functional α-globin genes. The most 

common molecular defects responsible for α-thalassemia are gene deletions. 

However, a relatively large number of point mutations or microdeletions have also 

been identified, and those with a discernible phenotype in the heterozygous state 

involve mutations in the α2-globin gene (Higgs 1993). 

In the present study, we describe a 3-year-old girl presenting a mild microcytic and 

hypochromic anemia, and a normal hemoglobin (Hb) A2 level. Molecular studies 

revealed the presence of a novel microdeletion (–C) at codon 22 of one α2-globin 

gene. As this frameshift mutation introduces a premature translation stop codon at 

exon 2, which is located more than 55 nucleotides upstream the last exon-exon 

junction, the degree of NMD-commitment of the mutant mRNA was investigated. 

 

 

II.3. Patient and Methods 

 

II.3.1. Hematological studies 

The proband’s red blood cell indices were determined using an automatic cell 

counter (Maxm Beckman Coulter). Hb analysis was performed by isoelectric 

focusing (IEF) at pH range 6-9, and cation exchange high-performance liquid 

chromatography (HPLC). Hb A2 was quantified by cation exchange-HPLC (Drew 

Scientific Ltd). 
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II.3.2. DNA sequence analysis 

Total genomic DNA was isolated from the patient’s peripheral blood leukocytes by a 

salting-out procedure (Miller et al. 1988). Polymerase chain reaction (PCR)-based 

methods were used for the diagnosis of the following α-thalassemia deletional 

determinants: -α3.7 (Dodé et al. 1992), -α4.2 (Baysal and Huisman 1994), ––MED, ––SEA and    

-(α)20.5 (Bowden et al. 1992). Both α-globin genes (α1 and α2) were selectively 

amplified and analyzed by single-stranded conformation polymorphism (SSCP), as 

previously described (Faustino et al. 2002). The PCR fragment showing an abnormal 

SSCP mobility was directly sequenced on an ABI PRISMTM 3100 DNA Genetic 

Analyzer (Applied BioSystems). 

 

II.3.3. Construction of expression vectors 

Genomic DNA from the patient was amplified by PCR using a set of primers that 

specifically amplified the α2-globin gene fragment encompassing codon 22 and 

directly cloned into the pCR2.1 vector (Invitrogen). A EcoRI/BbrPI gene fragment 

containing the mutation was cloned into the same sites of pTRE-αWT [vector 

containing the entire transcriptional unit of the wild-type (WT) α2-globin gene 

cloned into pTRE2pur (BD Biosciences)]. The α40 and α116 constructs, carrying 

nonsense mutations at codons 40 (AAG → TAG) and 116 (GAG → TAG), 

respectively, were created by using the QuikChangeTM Site-Directed Mutagenesis Kit 

(Stratagene). Then, α40 and α116 EcoRI/ApaI gene fragments were cloned into 

the same sites of pTRE-αWT. 

 

II.3.4. Cell culture and transfections 

HeLa cells were grown in Dulbecco’s modified Eagle’s medium. Transient transfec-

tions were performed using Effectene transfection reagent (Qiagen). Cycloheximide 
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(200 µmol/L) was added after a 16-h transcription pulse and cells were harvested   

6 h later. 

 

II.3.5. RNA isolation 

Total RNA was prepared using the RNeasy mini kit (Qiagen). Before analysis, RNA 

samples were treated with RNase-free DNase I (Ambion). 

 

II.3.6. Reverse transcriptase-PCR analysis 

Each RNA sample was mixed with 2 pmol of C7Rev primer (5’-

CGCCCACTCAGACTTTATTCA-3’) and cDNA synthesis was performed as previously 

described (Inácio et al. 2004). Five µL of cDNA were PCR amplified using 5’-

GGTAAGGTCGGCGCGCA-3’ plus C7Rev primers and sequenced. 

 

II.3.7. Ribonuclease protection assays (RPA) 

Probes used were generated by in vitro transcription, using a Maxiscript T7 kit 

(Ambion). The α-globin probe, provided by Prof S. Liebhaber (University of 

Pennsylvania, PA, USA), is a 174-bp fragment encompassing 3’-part of exon 3 

cloned into pTRI-amp-18 (Ambion). The puroR probe is a 280-bp puromycin-

resistance gene fragment cloned into pGEM3 (Promega) and protects 197 bp of the 

puromycin-resistance mRNA. Samples were processed as previously described 

(Inácio et al. 2004). 
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II.4. Results and Discussion 

The proband, a 3-years-old girl of African origin, presented a mild hypochromic and 

microcytic anemia (Hb 11.5 g/dL; red blood cell count 4.84x1012 /L; mean cell 

volume 72.9 fL; mean cell Hb 23.8 pg; Hb A2 2.1%; reticulocytes 0.7‰), in the 

absence of iron deficiency (ferritin 183 µg/mL), which was consistent with a diagno-

sis of α-thalassemia carrier. No abnormal hemoglobin fractions were observed on 

cation exchange-HPLC and IEF analyses. As this girl is an adoptive child, her 

biological parents were not available for familiar study. 

Molecular studies of the proband’s DNA were performed to investigate the presence 

of the most common α-globin gene deletions: -α3.7, -α4.2, ––MED, ––SEA and -(α)20.5. 

Since no positive result was obtained, a screening for α-globin point mutations was 

performed. The α1- and α2-globin genes were analyzed by a PCR-SSCP methodo-

logy. This analysis revealed an abnormal mobility pattern in the PCR fragment 

which includes the first exon of the α2-globin gene (Figure II.1-A). The PCR frag-

ment was directly sequenced and the patient was found to be heterozygous for a 

novel microdeletion of one base pair (–C) within codon 22 (Figure II.1-B). 

As the (–C) deletion within codon 22 causes a frameshift creating a new open 

reading frame carrying a premature translation termination codon at position 48/49 

that could induce nonsense-mediated mRNA decay, our aim was to investigate this 

hypothesis by studying the impact of the novel frameshift mutation on gene 

expression. We initially analyzed if the mutation could affect mRNA structure by 

activating a cryptic splicing site. For that, the patient’s α2-globin gene carrying the 

(–C) microdeletion [α22(–C) gene] was expressed in transiently transfected HeLa 

cells, as well as the normal α2-globin gene (αWT gene). In parallel and considering 

that in the human β-globin mRNA a nonsense codon at position 39 induces NMD 

(Baserga and Benz 1988), a human α2-globin gene carrying a nonsense mutation at an 

zzzz 
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Figure II.1. The novel αααα-thalassemia frameshift mutation (–C) at codon 22 of the αααα2-globin 

gene does not affect RNA splicing. (A) Single-stranded conformation polymorphism (SSCP) analysis 

of the proband’s α2-globin exon 1 DNA fragment. An abnormal SSCP mobility pattern is shown. (B) 

Direct sequencing analysis of the α2-globin exon 1 fragment revealed a single nucleotide deletion at 

codon 22 (–C) in heterozygosity. (C) Ethidium bromide-stained agarose gel showing reverse 

transcriptase-polymerase chain reaction (RT-PCR) products. Each construct is identified above the 

respective lane. A 1-Kb molecular weight marker (M) DNA ladder (Invitrogen) was used. A 760-bp 

fragment was amplified from plasmid DNA (pDNA) carrying the normal human α2-globin gene (pTRE-

αWT), which constitutes the positive PCR control. A 501-bp fragment was amplified from every cDNA 

sample. (D) Sequence analysis from αWT, α22(–C) and α40 RT-PCR products, between codons 22 and 
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49. The first exon-exon junction (1st EJ) is identified with an arrow. The point deletion (–C) at codon 22 

is evidenced at α22(–C) cDNA sequence; the effect of the consequent frameshift is a nonsense codon at 

position 48/49 (TGA), which turns in-frame. 

 

equivalent position (α40 gene) was also cell transfected. The encoded mRNAs were 

analyzed by RT-PCR. A product of 501 bp was obtained from all transcripts (Figure 

II.1-C). Sequencing of the amplified αWT, α40 and α22(–C) cDNAs confirmed that 

the 501 bp band corresponds to the normally spliced mRNA (Figure II.1-D). In 

order to investigate if the premature nonsense codon at position 48/49 could induce 

the NMD mechanism, the α22(-C) mRNA accumulation was quantified by RPA 

(Figure II.2). In parallel, αWT, α40 and α116 genes were also transiently 

transfected in HeLa cells and mRNA levels were quantified. Expression of the 

mutant allele was compared to the expression of the normal gene, using as internal 

control the expression of the puroR gene cloned into the expression vector. Results 

from three independent experiments show that expression of α116 transcript is at 

normal level (Figure II.2). This result is in accordance with what was expected as, 

in general, nonsense mutations located in the last exon of a transcript do not 

induce NMD (Thermann et al. 1998; Zhang et al. 1998). On the other hand, the 

quantification of the α22(–C) steady-state mRNA level revealed that this transcript 

accumulates at about 40% of normal transcript levels, which is as much as α40 

transcript accumulates (Figure II.2). These results support the idea that the human 

α-globin mRNA carrying a nonsense codon at position 48/49, or at position 40, is 

committed to NMD. In order to unequivocally prove that α22(–C) and α40 are, in 

fact, degraded by the NMD mechanism, and knowing that NMD mechanism is 

translation-dependent and tissue non-specific (Thermann et al. 1998; Zhang et al. 1998; 

Inácio et al. 2004) the effect of inhibiting translation on nonsense mRNA abundance 

was examined by treating the transfected HeLa cells with cycloheximide. Total RNA 

was analyzed as before. As seen in Figure II.2, α116 mRNA level is not affected in 

the presence of cycloheximide, which is in accordance to what was expected as this 

transcript is not submitted to NMD. However, after 6 h of cycloheximide treatment, 
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the level of α22(–C) and α40 mRNAs increased from about 40% of normal, prior to 

treatment with cycloheximide, to about 90% of cycloheximide-treated normal 

mRNA. These results show that the human α-globin mRNA carrying a nonsense 

codon at position 48/49 (or 40) is committed to NMD. 

 

 
Figure II.2. The αααα22(–C) mRNA is committed to nonsense-mediated decay. Representative 

ribonuclease protection assay (RPA) of RNA isolated from HeLa cells previously untransfected (t–) or 

transiently transfected with plasmids containing the human α-globin constructs, specified above each 

lane, and the puromycin-resistance gene (puroR) used to normalize the expression levels for transfection 

efficiency. Cells were treated or untreated with cycloheximide as indicated. The second lane to the left 

contains an analysis of three times more RNA than the first lane, both from cells transfected with pTRE-

αWT, to demonstrate that the RPA was in linear range. The positions of the α-globin and puroR 

protected fragments are indicated to the right of the autoradiograph. Radioactivity in bands was 

quantified by phosphorimaging. The mean phosphorimaging quantification of the α-globin mRNA 

accumulation levels normalized to the puroR mRNA levels and the corresponding SD from three 

independent experiments are plotted below. Normalized values were calculated as a fraction of αWT 

mRNA from cells grown under the same cycloheximide conditions. 

 

The present work shows that the human α-globin mRNA bearing a nonsense codon 

at position 48/49, due to a single base pair deletion at codon 22, accumulates to 
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at a significant level. Different nonsense and frameshift mutations have been 

described in the human α-globin genes that could induce NMD. Whereas the role of 

the NMD mechanism as a modifier of phenotype has been well documented in cases 

of β-thalassemia, the effect of premature stop codons in the α-globin mRNA had 

not been studied yet. The present work is, to our knowledge, the first report 

demonstrating that, in fact, a premature nonsense codon in the human α-globin 

gene is able to commit mRNA for accelerated decay. The results here presented will 

help relating genotype to phenotype in α-thalassemia syndromes. 
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CHAPTER III 
 

The extension of NMD inhibition  
in human α- and β-globin transcripts 

bearing a short ORF is modulated  
by its secondary structure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 

 

 

Remark 

This chapter contains mostly unpublished data; however, part of the studies about 

the AUG-proximity effect, transcripts half-lives and translation reinitiation was 

published in RNA (2006) 12:2160-2170 (Silva et al. 2006). Other people contributed to 

some of the obtained data: α-globin transcripts half-lives were achieved by Jian 

Kong, the western blot analysis was performed by Ana Luísa Silva and some of the 

plasmid constructs used were assembled by Ângela Inácio. 
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III.1. Summary 

Nonsense-mediated mRNA decay (NMD) is a posttranscriptional surveillance 

pathway that recognizes and selectively degrades mRNAs carrying premature 

translation termination codons. In mammalian transcripts, a stop codon located 

more than 50 nucleotides upstream to the last exon-exon junction is generally 

recognized as premature. However, human β-globin transcripts carrying a nonsense 

codon in this situation, but also in close proximity to the translation initiation AUG, 

have been reported to escape decay. This was called the “AUG-proximity effect”. 

The present work shows that stop codons located in the first exon of the human   

α-globin mRNA also fail to induce NMD. The occurrence of translation reinitiation at 

a downstream AUG, after translation of a short open reading frame (ORF) in α-glo-

bin, is insufficient to explain NMD inhibition. This resistance to decay extends 

further downstream when compared with that observed in β-globin mRNA, and this 

difference is shown to be mainly influenced by the sequence upstream to the stop 

codon and by the secondary structure of the ORF. Results suggest that the time 

taken to translate the ORF, affected by the complexity and stability of its structure, 

plays an important role in determining the extension of the AUG-proximity effect for 

NMD inhibition. 

 

 

III.2. Introduction 

In mammalian cells, an exon-junction protein complex (EJC) is deposited on the 

transcript during nuclear mRNA splicing at a position 20-24 nucleotides (nt) 

upstream of each exon-exon junction (Le Hir et al. 2001a). According to present 

models, translating ribosomes displace EJCs from the open reading frame (ORF) 

during the ‘‘pioneer’’ round of translation (Ishigaki et al. 2001; Lejeune et al. 2002). If an 

mRNA contains a premature termination codon (PTC) located more than 50-55 nt 
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upstream of the last exon-exon junction, the ribosome will not extend far enough 

into the mRNA to displace all the EJCs, and one or more will be retained on the 

mRNA. In this case, when the ribosome reaches a PTC, the termination complex 

can interact with UPF2 and/or UPF3, components of the EJC (Gehring et al. 2005; 

Kashima et al. 2006; Chan et al. 2007), and eventually trigger decay. The NMD-linked 

destabilization mechanism appears to involve the recruitment and phosphorylation 

of UPF1, as well as its interaction both with the EJC and with the translation 

termination release factors eRF1 and eRF3 (Le Hir et al. 2000b; Fribourg et al. 2003; 

Gehring et al. 2003; Lau et al. 2003; Kashima et al. 2006; Kunz et al. 2006). Thus, the UPF1 

protein provides an essential link in the NMD pathway (Kashima et al. 2006). 

Consistent with this model, inhibition of UPF1 expression in a cell inhibits the NMD 

response (Sun et al. 1998; Mendell et al. 2002). 

Recent reports have pointed to an important role played by the cytoplasmic 

poly(A)-binding protein 1 (PABPC1) in promoting efficient translation termination 

(Eberle et al. 2008; Ivanov et al. 2008; Silva et al. 2008; Singh et al. 2008). In fact, PABPC1 has 

been shown to be capable of interacting with eRF3 and impairing the interaction 

between UPF1 and eRF3 (Singh et al. 2008). This suggests that the proximity of 

PABPC1, during the translation termination event, results in NMD impairment. 

Previous studies using the human β-globin gene, revealed that nonsense mutations 

located in the 5’-region of exon 1, at codons 5, 15 or 17, lead to mRNA accumu-

lation levels similar to those of wild-type β-globin transcripts (Romão et al. 2000; Inácio 

et al. 2004). These results contradicted the rule for the recognition of a translation-

termination codon as premature in mammalian mRNAs, according to which, stop 

codons located more than 50-55 nt upstream from the 3’-most exon-exon junction 

are considered as premature and elicit accelerated degradation of the transcript, 

through the mechanism of NMD (Nagy and Maquat 1998; Zhang et al. 1998). This 

resistance of nonsense-mutated β-globin to NMD was shown to be unrelated to a 

tissue specificity matter and the 5’-proximal mutated β-globin transcripts did not 

exhibit abnormal splicing, impaired translation or translation reinitiation at a 
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downstream AUG. Instead, it was demonstrated that the NMD inhibition was 

actually due to the close proximity of the nonsense codon to the initiation AUG, and 

this outcome was therefore called the “AUG-proximity effect” (Inácio et al. 2004). 

Besides β-globin, other mRNAs have been described to exhibit a low NMD 

sensitivity when carrying a PTC close to the 5’ end of the ORF (Zhang and Maquat 

1997; Buzina and Shulman 1999; Asselta et al. 2001; Perrin-Vidoz et al. 2002; Denecke et al. 2004; 

Harries et al. 2005). However, in some cases, this results, at least partially, from 

translation reinitiation at a downstream AUG (Zhang and Maquat 1997; Lew et al. 1998; 

Buzina and Shulman 1999; Buisson et al. 2006; Paulsen et al. 2006). 

Studies concerning the mechanism of NMD in human α-globin have been reported 

through clinical cases where a sequence point mutation or deletion creates an in-

frame PTC and triggers NMD (Harteveld et al. 2004; Pereira et al. 2006) (see Chapter II). 

The following work reveals the regions of the α-globin mRNA where a PTC induces 

or fails to induce decay, and shows that NMD inhibition, for transcripts with PTCs 

located in exon 1, is partially influenced by translation reinitiation and mostly 

determined by the upstream sequence and the secondary structure of the ORF. 

 

 

III.3. Materials and Methods 

 

III.3.1. Construction of expression vectors 

The 1677-bp EcoRI/RcaI fragment containing the whole wild-type α2-globin gene 

was obtained from plasmid pTet-αWT (Kong et al. 2003) and sub-cloned into 

EcoRI/BspLU11I sites of the pTRE2pur vector (BD Biosciences), originating the 

pTRE-αWT plasmid. Constructs α4, α14, α16, α19, α21, α23, α25, α27, α30, α32, 

α36, α40, α45, α50, α55, α60, α65, α70, α73, α76, α78, α80, α82, α84, α86, 
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α93, α101 and α116, carrying nonsense mutations at codon positions indicated by 

the respective number, were created by site-directed mutagenesis, as indicated by 

the manufacturer (QuikChange Site-Directed Mutagenesis Kit; Stratagene), with 

mutagenic primers #1-#56 (Table III.1), using the plasmid pTRE-αWT as DNA 

template. Potential re-initiation sites in α-globin codons 32 and 76 were sequen-

tially mutated, from AUG (methionine – Met) to ACG (threonine – Thr), in cis by 

site-directed mutagenesis with primers #57-#60 (Table III.1), using pTRE-αWT, 

α14, α27 or α40 as templates, to create the constructs αWT.32-76Met→Thr, 

α14.32-76Met→Thr, α27.32-76Met→Thr and α40.32-76Met→Thr. 

The αWT-pseudoknot (pk), α27-pk and α40-pk gene variants were prepared by 

replacing the first 19 codons of the native α-globin ORF by a 19-codon sequence 

resulting in a pseudoknot structure in the mRNA (Kozak 2001), by overlap-extension 

polymerase chain reaction (PCR) with overlapping primers #61 and #62 (Table 

III.1) and the αWT, α27 or α40 genes as DNA templates. The αWT-(CAA)26 and 

α40-(CAA)26 gene variants were obtained by replacing the first 26 codons of the α-

globin ORF with 26 consecutive ‘CAA’ repeats, also by overlap-extension PCR with 

overlapping primers #63 and #64 (Table III.1) and the αWT or α40 genes as DNA 

templates. The α27-(CAA)26 gene was created with overlapping primers #65 and 

#66 (Table III.1) and the αWT-(CAA)26 gene as DNA template. The αWT-(CAA)26-

32-76Met→Thr, α27-(CAA)26-32-76Met→Thr and α40-(CAA)26-32-76Met→Thr 

gene variants were produced with overlapping primers #57 and #58 (Table III.1) 

and the αWT-(CAA)26, α27-(CAA)26, αWT.32-76Met→Thr or α40-(CAA)26-32-

76Met→Thr genes as DNA templates. For all the above mentioned α-globin gene 

variants prepared by overlapping PCR, flanking primers #67 and #68 (Table III.1) 

were used and a 923-bp KpnI/ApaI fragment of each PCR product was cloned into 

the KpnI/ApaI sites of the pTRE-αWT plasmid. 
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Table III.1. DNA oligonucleotides used in the current work 

 Primer Sequence (5’ → 3’) 

#1 CCCACCATGGTGCTGTCTTAGGCCGACAAGACCAACGTC 

#2 GACGTTGGTCTTGTCGGCCTAAGACAGCACCATGGTGGG 

#3 CAACGTCAAGGCCGCCTAGGGTAAGGTCGGCGCGCAC 

#4 GTGCGCGCCGACCTTACCCTAGGCGGCCTTGACGTTG 

#5 GTCAAGGCCGCCTGGGGTTAAGTCGGCGCGCACGCTG 

#6 CAGCGTGCGCGCCGACTTAACCCCAGGCGGCCTTGAG 

#7 GCCAGCGTGCTAGCCGACCTTACC 

#8 GGTAAGGTCGGCTAGCACGCTGGC 

#9 CCATACTCGCCCTAGTGCGCGCCG 

#10 CGGCGCGCACTAGGGCGAGTATGG 

#11 GCGCACGCTGGCTAGTATGGTGCGG 

#12 CCGCACCATACTAGCCAGCGTGCGC 

#13 CACGCTGGCGAGTATTAGGCGGAGGCCCTGGAG 

#14 CTCCAGGGCCTCCGCCTAATACTCGCCAGCGTG 

#15 GCTGGCGAGTATGGTGCGTAGGCCCTGGAGAGGTGAGG 

#16 CCTCACCTCTCCAGGGCCTACGCACCATACTCGCCAGC 

#17 GCGGAGGCCCTGTAGAGGTGAGGCT 

#18 AGCCTCACCTCTACAGGGCCTCCGC 

#19 CTTCTCCCCGCAGGTAGTTCCTGTCCTTCCC 

#20 GGGAAGGACAGGAACTACCTGCGGGGAGAAG 

#21 CAGGATGTTCCTGTCCTAGCCCACCACCAAGACCT 

#22 AGGTCTTGGTGGTGGGCTAGGACAGGAACATCCTG 

#23 CTGTCCTTCCCCACCACCTAGACCTACTTCCCGCACTTC 

#24 GAAGTGCGGGAAGTAGGTCTAGGTGGTGGGGAAGGACAG 

#25 CAAGACCTACTTCCCGTAGTTCGACCTGAGCCACG 

#26 CGTGGCTCAGGTCGAACTACGGGAAGTAGGTCTTG 

#27 CACTTCGACCTGAGCTAGGGCTCTGCCCAGGT 

#28 ACCTGGGCAGAGCCCTAGCTCAGGTCGAAGTG 

#29 CACGGCTCTGCCCAGTAGAAGGGCCACGGCAAG 

#30 CTTGCCGTGGCCCTTCTACTGGGCAGAGCCGTG 

#31 AGGGCCACGGCTAGAAGGTGGCCG 

#32 CGGCCACCTTCTAGCCGTGGCCCT 

#33 CAAGAAGGTGGCCGACTAGCTGACCAACGCCGTG 

#34 CACGGCGTTGGTCAGCTAGTCGGCCACCTTCTTG 

#35 GCTGACCACCGCCTAGGCGCACGTGGAC 

#36 GTCCACGTGCGCCTAGGCGTTGGTCAGC 

#37 GCCGTGGCGCACTAGGACGACATGCCC 

#38 GGGCATGTCGTCCTAGTGCGCCACGGC 

#39 GCACGTGGACGACTAGCCCAACGCGCTG 

#40 CAGCGCGTTGGGCTAGTCGTCCACGTGC 

#41 GGACGACATGCCCTAGGCGCTGTCCGCCC 

#42 GGGCGGACAGCGCCTAGGGCATGTCGTCC 

#43 CGACATGCCCAACGCGTAGTCCGCCCTGAGCGACCTG 

#44 CAGGTCGCTCAGGGCGGACTACGCGTTGGGCATGTCG 

#45 CCCAACGCGCTGTCCTAGCTGAGCGACCTGCAC 

#46 GTGCAGGTCGCTCAGCTAGGACAGCGCGTTGGG 

#47 GCGTGCAGGTCCTACAGGGCGGAC 

#48 GTCCGCCCTGTAGGACCTGCACGC 

#49 CTGTCCGCCCTGAGCGACTAGCACGCGCACAAGCTTC 

#50 GAAGCTTGTGCGCGTGCTAGTCGCTCAGGGCGGACAG 

#51 CACGCGCACAAGCTTCGGTAAGACCCGGTCAACTTCAAG 

#52 CTTGAAGTTGACCGGGTCTTACCGAAGCTTGTGCGCGTG 

#53 CCCTCTTCTCTGCACAGCTCTAGAGCCACTGCCTGCTGG 

#54 CCAGCAGGCAGTGGCTCTAGAGCTGTGCAGAGAAGAGGG 

#55 GCCGCCCACCTCCCCGCCTAGTTCACCCCTGCGGTGCAC 

#56 GTGCACCGCAGGGGTGAACTAGGCGGGGAGGTGGGCGGC 

#57 GAAGGACAGGAACGTCCTGCGGGGAG 

#58 CTCCCCGCAGGACGTTCCTGTCCTTC 

#59 AGCGCGTTGGGCGTGTCGTCCACG 
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Table III.1. (Continued) 

 Primer Sequence (5’ → 3’) 

#60 CGTGGACGACACGCCCAACGCGCT 

#61 GTATCAGTCAGGCTCGGCTGGTACCCCTTGCAAAGCGAGCCCACGCTGGCGAGTATGGT 

#62 GTACCAGCCGAGCCTGACTGATACCCCTAGTTGAAGCTTCCATGGTGGGTTCTCTCTG 

#63 CTCAGAGAGAACCCACCATGCAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAAC

AACAACAACAACAACAACAAGAGGCCCTGGAGAGGTGAG 

#64 CTCACCTCTCCAGGGCCTCTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGT

TGTTGTTGTTGTTGTTGCATGGTGGGTTCTCTCTGAG 

#65 CAACAACAACAATAGGCCCTGG 

#66 TCTCCAGGGCCTATTGTTGTTG 

#67 CCCACCGACTCTAGAGGA 

#68 CGCCCACTCAGACTTTATTCA 

#69 CCATCGATACATTTGCTTCTGACACAACTG 

#70 TTACATGTAGGGATGGGCATAGGCATC 

#71 CCCAGGGCCTCACCACCCTATTCATCCACGTTCACC 

#72 GGTGAACGTGGATGAATAGGGTGGTGAGGCCCTGGG 

#73 CAACCTGCCCAGGGCCTCCTAACCAACTTCATCCACG 

#74 CGTGGATGAAGTTGGTTAGGAGGCCCTGGGCAGGTTG 

#75 CCAGGGCCTAACCACCAA 

#76 TTGGTGGTTAGGCCCTGG 

#77 GGTGTCTGTTTGAGGTTGC 

#78 ATGGAAGCTTCAACTAGGGGTATCAGTCAGGCTCGGCTGGTACCCCTTGCAAAGCGAGCCGTGGATGAAGTTGGTGG

TGAG 

#79 ATGGAAGCTTCAACTAGGGGTATCAGTCAGGCTCGGCTGGTACCCCTTGCAAAGCGAGCCGTGGATGAATAGGGTG

GTGAG 

#80 CAACCTCAAACAGACACCATGCAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAACAA

CAACAACAACAACAACAAGAGGCCCTGGGCAGGTTG 

#81 CAACCTGCCCAGGGCCTCTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTT

GTTGTTGTTGTTGCATGGTGTCTGTTTGAGGTTG 

#82 CAACAACAACAATAGGCCCTGGG 

#83 TGCCCAGGGCCTATTGTTGTTG 

#84 TCCCATTCTAAACTGTACCC 

#85 GGAGACAGCACCATGGTGTCTGTTTG 

#86 AAACAGACACCATGGTGCTGTCTCC 

#87 TCCAGGGCCTCCTCACCACCAACTTCATC 

#88 GTTGGTGGTGAGGAGGCCCTGGAGAGG 

#89 TCCAGGGCCTCCTAACCACCAACTTCATC 

#90 GTTGGTGGTTAGGAGGCCCTGGAGAGGT 

#91 TCAGATGCACCATGGTGGGTTCTC 

#92 GAGAACCCACCATGGTGCATCTGAC 

#93 CAACCTGCCCAGCTCCGCACCATACTCGC 

#94 ATGGTGCGGAGCTGGGCAGGTTGGTATCAA 

#95 CAACCTGCCCAGCTACGCACCATACTCGCC 

#96 ATGGTGCGTAGCTGGGCAGGTTGGTATCAA 

#97 GTTTTTGGCGTCTTCCATCCTGCGGGGAGAAG 

#98 CTTCTCCCCGCAGGATGGAAGACGCCAAAAAC 

#99 CAGAGAGAACCCACCATAGTGCTGTCTCCTGCCGA 

#100 TCGGCAGGAGACAGCACTATGGTGGGTTCTCTCTG 

#101 GTTTTTGGCGTCTTCTATCCTGCGGGGAGAAG 

#102 CTTCTCCCCGCAGGATAGAAGACGCCAAAAAC 

#103 GTAGATGAGATGTGACGAACG 

#104 GTTTTTGGCGTCTTCCATAACAGCATCAGGAG 

#105 CTCCTGATGCTGTTATGGAAGACGCCAAAAAC 

#106 CTCAAACAGACACCATAGTGCACCTGACTCCTG 

#107 CAGGAGTCAGGTGCACTATGGTGTCTGTTTGAG 

#108 CCACTCCTGATGCTGTTATAGAAGACGCCAAAAACATAA 

#109 TTATGTTTTTGGCGTCTTCTATAACAGCATCAGGAGTGG 

#110 CGACTCTAGAATTACTGCTCG 

#111 ATGGAAGACGCCAAAAACATA 

#112 GTAAAGCCACCATGGCTTCC 
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The wild-type β-globin gene (βWT), as well as the previously described human     

β-globin variants β15 and β39 (Inácio et al. 2004), were sub-cloned into the 

ClaI/BspLU11I sites of pTRE2pur vector (BD Biosciences) by PCR amplification of 

the 1806-bp ClaI/BspLU11I fragment, using primers with linkers for ClaI and 

BspLU11I (primers #69 and #70; Table III.1). The β-globin variants β23, β25 and 

β26, carrying nonsense mutations at codon positions 23, 25 and 26, respectively, 

were created by site-directed mutagenesis using mutagenic primers #71-#76 

(Table III.1) and the construct βWT as DNA template. The βWT-pk, β23-pk and 

β39-pk gene variants were constructed by replacing the first 19 codons of a native 

β-globin ORF by a 19-codon sequence resulting in a pseudoknot structure in the 

mRNA (Kozak 2001), using the ExSite PCR-Based Mutagenesis Kit (Stratagene) as 

indicated by the manufacturer, with mutagenic primers #77 and #78 (Table III.1) 

and the βWT and β39 genes as DNA templates, or primers #77 and #79 using the 

β23 gene as DNA template. The βWT-(CAA)25 and β39-(CAA)25 gene variants were 

obtained by replacing the first 25 codons of the native β-globin ORF with 25 

consecutive ‘CAA’ repeats, by overlap-extension PCR with overlapping primers #80 

and #81 (Table III.1) and the βWT or β39 genes as DNA templates. The β26-

(CAA)25 gene was prepared with overlapping primers #82 and #83 (Table III.1) 

and the βWT-(CAA)25 gene as template. Flanking primers #67 and #84 (Table 

III.1) were used and a 478-bp ClaI/BbrPI fragment of each PCR product was cloned 

into the ClaI/BbrPI sites of the βWT construct. 

The hybrid genes 5’UTR-β/αWT, 5’UTR-β/α27, 5’UTR-β/α40, βWT26/α, β26/α and 

βWT26/α40 were obtained by replacing the 5’-UTR or the first 26 codons plus the 

5’-UTR of the native α-globin ORF by the equivalent β-globin sequences. This was 

achieved by overlap-extension PCR with overlapping primers #85-#90 (Table III.1) 

and flanking primers #67 and #68, and the αWT, α27, α40, βWT or β26 genes as 

DNA templates. A 1094-bp XbaI/BbrPI fragment of each PCR product was cloned 

into the XbaI/BbrPI sites of the αWT construct. The hybrid genes 5’UTR-α/βWT, 

5’UTR-α/β26, 5’UTR-α/β39, αWT27/β, α27/β and αWT27/β39 were produced in a 
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reciprocal manner with overlapping primers #91-#96 (Table III.1) and flanking 

primers #67 and #84, and the βWT, β26, β39, αWT or α27 genes as DNA 

templates. The 1110-bp XbaI/BbrPI fragment of each PCR product was inserted into 

the XbaI/BbrPI sites of the βWT construct. 

The 514-bp XhoI/HinDIII fragment containing the PhCMV*-1 tetracycline (tet)-

responsive promoter was obtained from the pTRE2pur vector (BD Biosciences) and 

sub-cloned into XhoI/HinDIII sites of the pGL2-Enhancer vector (Promega), which 

contains the firefly luciferase gene, and into XhoI/HinDIII sites of the 

pGL4.70[hRluc] vector (Promega), which contains the Renilla luciferase gene, 

originating the pGL2TRE and the pGL4TRE plasmids, respectively. 

The α-globin/luciferase (Luc) hybrid genes, αWT/Luc, α14/Luc and α27/Luc, were 

obtained by replacing the α-globin sequence downstream to codon 32 with the 

firefly luciferase ORF, by overlap-extension PCR with overlapping primers #97 and 

#98 (Table III.1) and the αWT, α14, α27 or pGL2TRE constructs as DNA 

templates. The respective positive and negative controls for luciferase activity were 

created with overlapping primers #99-#102 (Table III.1) and the αWT/Luc, 

α14/Luc or α27/Luc gene as DNA template. Flanking primers #67 and #103 (Table 

III.1) were used and a 752-bp XhoI/XbaI fragment of each PCR product was cloned 

into the XhoI/XbaI sites of the pGL2TRE plasmid. 

The β-globin/Luc hybrid genes, βWT/Luc, β15/Luc, β23/Luc, β26/Luc and β39/Luc, 

were prepared by replacing the β-globin sequence downstream to codon 55 with 

the firefly luciferase ORF, by overlap-extension PCR with overlapping primers #104 

and #105 (Table III.1) and the βWT, β15, β23, β26, β39 or pGL2TRE constructs as 

DNA templates. The respective positive and negative controls for luciferase activity 

were produced with overlapping primers #106-#109 (Table III.1) and the βWT/Luc, 

β15/Luc, β23/Luc, β26/Luc or β39/Luc genes as DNA templates. Flanking primers 

#67 and #103 (Table III.1) were used and a 906-bp XhoI/XbaI fragment of each 

PCR product was cloned into the XhoI/XbaI sites of the pGL2TRE plasmid. 
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III.3.2. Cell culture and transfections 

HeLa cells, stably expressing the tet transactivator (HeLa/tTA) (Kong et al. 2003), 

were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 

10% fetal bovine serum. Transient transfections were performed using 

Lipofectamine 2000 Transfection Reagent (Invitrogen), following the manufacturer’s 

instructions, in 35-mm plates. For genes cloned into the pTRE2pur vector, 150 ng 

of the test construct DNA were cotransfected with 1850 ng of pEGFP vector (BD 

Biosciences) DNA as a control for transfection efficiency, and cells were harvested 

after a 20-h transcription pulse. For gene constructs cloned into the pGL2TRE 

plasmid, 2 µg of the test construct DNA were cotransfected with 50 ng of the 

pGL4TRE plasmid as a control for luminescence, and cells were harvested after a 

16-h transcription pulse. 

Mouse erythroleukemia (MEL) cells stably expressing the tet transactivator 

(MEL/tTA) (Kong et al. 2003) were used for conditional expression of human α-globin 

genes (previously cloned into the pTRE2pur vector). For transient transfections, 

MEL/tTA cells were split 1 day before transfection and cultured in minimal essential 

medium (MEM) supplemented with 10% fetal bovine serum, and 100 ng/mL 

tetracycline. Cells were transfected with 2 µg of pTRE-αWT, or each variant, as 

previously described. Then, cells were split into 60-mm-diameter dishes, and 

pulsed with α-globin mRNA for 4 h by growth in tet(-) media. Following this period, 

transcription from the plasmid was blocked by the addition of tet to the media. 

Cells from each culture dish were harvest in different time points for further 

analysis.  

 

III.3.3. Transfection of siRNA 

Transient transfections of siRNAs were carried out using Lipofectamine 2000 

reagent (Invitrogen) according to the manufacturer’s instructions in 35-mm plates 
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using 100 pmol of siRNA oligonucleotides and 4 µL of transfection reagent. Twenty-

four hours later, cells were transfected again with 50 pmol of siRNAs, 150 ng of the 

test construct DNA and 1000 ng of pEGFP vector. After additional 24 h, cells were 

harvested for analysis of RNA and protein expression. The siRNA oligonucleotides 

used for transfections [Luciferase (AA-CGUACGCGGAAUACUUCGA) and hUPF1 (AA-

GAUGCAGUUCCGCUCCAUU)] were purchased as annealed, ready-to-use duplexes 

from Dharmacon. 

 

III.3.4. RNA isolation 

Total RNA from transfected cells was prepared using the RNeasy mini kit (Qiagen) 

following the manufacturer’s indications. RNA samples were treated with RNase-

free DNase I (Ambion) and purified by phenol:chloroform extraction. Before further 

analyses, mRNA samples were tested by RT-PCR to reject the hypothesis of 

activation of cryptic splicing pathway(s), with consequent alteration in mRNA 

sequence and possible circumvention of the premature termination codon. From all 

transcript species a single full-length product was amplified (data not shown), 

demonstrating that the studied nonsense transcripts present a normal splicing 

pattern. 

 

III.3.5. Ribonuclease protection assay (RPA) 

The α-globin probe is a 174-bp fragment encompassing the 3’ part of exon 3 

inserted into the polylinker region of pTRI-amp-18 (Ambion) and was generated by 

in vitro transcription, using a Maxiscript T7 or SP6 kit (Ambion), according to the 

manufacturer’s standard protocol. The β-globin probe was produced using a 

Maxiscript SP6 kit (Ambion) and consists of a 170-bp fragment encompassing the 

last 20 bp of intron 2, the entire exon 3 coding region, and the first 21 bp of        

3’-UTR, which was amplified by PCR and inserted into the polylinker region of 
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pGEM3 (Promega). The puroR probe was generated using a Maxiscript T7 kit 

(Ambion) and comprises a 280-bp puromycin-resistance gene fragment cloned into 

pGEM3 and protects 197 nt of the puromycin-resistance mRNA. Samples were 

processed as described elsewhere (Inácio et al. 2004). 

 

III.3.6. Western blot analysis 

Protein lysates were resolved, according to standard protocols, in 10% SDS-PAGE 

for hUPF1 detection, and transferred to polyvinylidene difluoride (PVDF) 

membranes (Bio-Rad). Membranes were probed using mouse monoclonal anti-α-

tubulin (Roche) at 1:10000 dilution and goat polyclonal anti-hUPF1 (Bethyl Labs) at 

1:500 dilution. Detection was carried out using secondary peroxidase-conjugated 

anti-mouse IgG (Bio-Rad) or anti-goat IgG (Sigma) antibodies followed by 

chemiluminescence. 

 

III.3.7. Semi-quantitative RT-PCR 

The reverse-transcription (RT) of 3 µL of RNA from HeLa cells cotransfected with 

pGL2TRE (or α- and β-globin/Luc hybrid variants; containing the firefly luciferase 

gene) and pGL4TRE (which contains the Renilla luciferase gene) was performed 

with Superscript II (Invitrogen), under conditions recommended by the manufactu-

rer, using 2 pmol of reverse primers #103 and #110 (Table III.1) in a final volume 

of 10 µL. The PCR reactions for firefly and Renilla luciferases were executed in 

parallel at similar conditions: 1 µL of the RT product was amplified in a 25-µL 

reaction volume using 0.2 mM dNTPs, 1.5 mM MgCl2, 10 pmol of each primer 

(primers #103 and #111 for the firefly luciferase and primers #110 and #112 for 

Renilla luciferase; Table III.1), 0.75 U of GoTaq DNA Polymerase (Promega) and 1x 

Reaction Buffer (Promega). Thermocycler conditions were 95°C for 3 min, followed 

by 29 cycles of 95°C for 30 sec, 58°C for 45 sec and 72°C for 45 sec, followed by a 



Chapter III 

88 

final extension of 72°C for 10 min. Samples were resolved by electrophoresis in 1% 

agarose gels stained with ethidium-bromide, which were then digitalized and 

densitometric analysis was performed using ImageQuant software (Molecular 

Dynamics). 

 

III.3.8. Luminometry assay 

Cotransfected HeLa cells were lysed with Passive Lysis Buffer (Promega) and 

luminescence was measured in a Lucy 2 luminometer (Anthos Labtec) with the 

Dual-Luciferase Reporter Assay System (Promega), according to the manufacturer’s 

standard protocol, using automatic injectors. 

 

 

III.4. Results and Discussion 

 

III.4.1. The AUG-proximity effect occurs in human α-globin 

mRNA and extends further downstream when 

compared with the same effect in β-globin 

Previously reported data revealed that human β-globin mRNAs carrying nonsense 

mutations near the initiation codon have a markedly blunted NMD response and are 

expressed at levels approaching those of the wild-type β-globin mRNA (Romão et al. 

2000; Inácio et al. 2004). Since these nonsense codons are situated well 5’ to the exon 

junctions of the β-globin transcript, they constitute an exception to the “50-55 nt 

boundary rule”. This was tested by transiently transfecting HeLa cells with β-globin 

gene constructs nonsense-free (βWT) or carrying a nonsense mutation at codon 15, 

23, 25, 26 or 39 (Figure III.1-A; see III.3. Materials and Methods). The β-globin 
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mRNA accumulation levels were verified by RPA and normalized to the level of the 

βWT mRNA (Figure III.1-B). Results show that β15 and β23 mRNAs accumulate at 

100% and 93% of βWT mRNA, respectively (Figure III.1-B). While the levels of 

β25, β26 and β39 mRNAs are compatible with fully efficient decay: 21%, 20% and 

22% of βWT mRNA, respectively (Figure III.1-B). These data confirm those 

previously reported (Romão et al. 2000; Inácio et al. 2004) and reveal that the tested 

transcripts with PTCs located upstream to codon 24 completely escape NMD, 

whereas those mutated at positions downstream to codon 24 undergo fully efficient 

decay. 

 

 
Figure III.1. In the ββββ-globin mRNA, the AUG-proximity effect occurs only for transcripts 

nonsense-mutated at codons located upstream to codon 24. (A) Schematic representation of the 

studied human β-globin mRNAs. The translation initiation codons are represented as green vertical lines 

and termination (native or premature) codons are represented as red vertical lines. The designation of 

each transcript is indicated to the right. (B) Representative RPA using RNA isolated from HeLa cells 

transiently transfected with the constructs specified beneath each lane. The positions of β-globin and 

the puromycin-resistance (puroR) protected fragments are indicated to the left of the autoradiograph. 

Resulting levels of β-globin mRNA quantified relatively to the puroR mRNA, and normalized to the 

expression level of the wild-type mRNA, are plotted above each respective lane. The average values 

and standard deviations from three independent experiments are shown. A 2-fold RNA sample (2x 

βWT) from HeLa cells transfected with the βWT gene was also assayed to demonstrate that the 

experimental RPA was carried out in probe excess. 
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Being a highly related gene, it was hypothesized that the mRNA of human α-globin 

might share the NMD behavior of β-globin. To test this, several individual nonsense 

mutations were introduced at different codons across the ORF, into the full-length 

α-globin gene cloned in the mammalian expression vector pTRE-αWT (see III.3. 

Materials and Methods). The following gene constructs were created: α4, α14, α16, 

α19, α21, α23, α25, α27, α30, α32, α36, α40, α45, α50, α55, α60, α65, α70, 

α73, α76, α78, α80, α82, α84, α86, α93, α101 and α116. HeLa cells were then 

transfected with each plasmid, and the level of the encoded mRNA was determined 

by RPA and normalized to the wild-type control (see III.3. Materials and Methods). 

The results reveal that α-globin mRNAs carrying nonsense mutations at codons 

situated in exon 1 [all tested mutations from codon 4 (α4) to codon 30 (α30)] 

accumulate to high steady-state levels, divergent from NMD typical levels, ranging 

from 58% (obtained for α19) to 95% (α16) of αWT levels (Figure III.2-A). In 

contrast, expression of mRNAs nonsense-mutated at codons between 32 and 70, 

accumulate at levels compatible with a full NMD response, varying from 27% (α45) 

to 40% (α65) of αWT levels. Nonsense mutations placed in codons between 73 and 

86 result in rising mRNA accumulation levels, which were expected by the 

increasing proximity of the 3’-most exon-exon junction. In the α-globin mRNA, the 

boundary located 50-55 nt upstream from the 3’-most exon-exon junction 

corresponds to the region near codon 82. Therefore, PTCs situated downstream 

from codon 82 lead to mRNA levels comparable to those of αWT levels, also as 

expected (Figure III.2-A). Thus, the NMD inhibition effect, previously observed in  

β-globin transcripts carrying an AUG-proximal PTC, is also found in nonsense-

mutated α-globin mRNA. However, in this case the effect covers additional codons 

by extending to further downstream-located PTCs. Accordingly, the tested nonsense 

mutations placed in the first exon of the β-globin mRNA, downstream to codon 24, 

induce fully efficient NMD; whereas PTCs placed in the equivalent region of the     

α-globin transcript, fail to induce efficient mRNA decay. 
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Figure III.2. The AUG-proximity effect on NMD is observed in human αααα-globin transcripts. (A) 

HeLa cells were transfected with the α-globin constructs specified above each lane [the plasmid also 

contains the puromycin-resistance (puroR) gene]. Total RNA from transiently transfected HeLa cells was 

isolated and analyzed by ribonuclease-protection assay (RPA). Levels of human α-globin mRNA were 

normalized relatively to the expression level of the puroR mRNA and compared with expression of the 

normal (αWT) gene. A 2-fold RNA sample (2x αWT) from HeLa cells transfected with a αWT gene was 

also analyzed to demonstrate that the experimental RPA was carried out in probe excess. The 

percentage mRNA values were plotted for each construct, and standard deviations from four 

independent experiments are shown. (B) MEL cells stably expressing the tetracycline (tet) transactivator 

(MEL/tTA cells) were transiently transfected with αWT, α16, α27, α30, α32, α40, α73 or α80 genes 

under the transcriptional control of a tTA-regulated promoter. Cells were pulsed with the respective    

α-globin mRNAs for 4 h by transfer to tet(-) medium and then transferred back to tet(+) medium for 

analysis of decay rates. Total mRNA was isolated at various time intervals during the transcriptional 

chase period and analyzed by RPA. RNase protection bands corresponding to human α-globin mRNA and 

to the constitutively expressed mouse GAPDH mRNA (loading control) are indicated. The intensities of 

the α-globin mRNA bands were quantified and normalized relatively to the GAPDH mRNA band. The data 

were recorded in the graphs presented. To calculate the α-globin mRNA half-lives, each data time point 

was expressed as a ratio of α-globin:GAPDH mRNA and normalized to the average value of all time 

points from a single transfection. The ratios were then renormalized to the average initial time point 

from all transfections (time 0 = 1). Each point represents the mean +/- standard deviation from four 

independent experiments. Linear regression analysis was performed by standard techniques. The half-

lives (T1/2) of the mRNAs are indicated. 
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To confirm that the stability of the α-globin mRNAs correspond to their diverse 

steady-state levels, when carrying PTCs in different positions, the absolute half-

lives of α16, α27, α30, α32, α40, α73, α80 and αWT mRNAs were measured. Each 

of the eight genes was cloned behind a tetracycline (tet) controlled promoter and 

transfected into a MEL cell line that stably expresses the tet-transcriptional 

transactivator (MEL/tTA cells). The cells were then transcriptionally pulsed for 4 h 

with each α-globin mRNA (Kong et al. 2003) (see III.3. Materials and Methods), and 

the rate of α-globin mRNA decay was measured over time (Figure III.2-B). Data 

from four independent experiments show that the half-life of normal α-globin 

mRNA is 11.5 h. In contrast, the half-life of the α40 is 2.0 h, consistent with a full 

sensitivity to NMD, as previously reported (Pereira et al. 2006) (see Chapter II). Also 

α32 presents a half-life (3.5 h) compatible with rapid decay. The half-lives of α16 

(7.7 h), α27 (8.3 h), α30 (7.7 h), α73 (5.5 h) and α80 (6.2 h) mRNAs are 

intermediate to the αWT and α40 mRNAs (Figure III.2-B). The observation that 

α16, α27 and α30 mRNAs present half-lives about four-fold higher than the α40 

mRNA confirms that α-globin mRNAs carrying a PTC in exon 1 escape the full 

impact of NMD. 

Therefore, human α-globin mRNA manifests a resistance to NMD similar to that of 

β-globin transcripts, when the nonsense mutation is located near the initiation 

codon. This effect was observed in erythroid and non-erythroid cells, meaning that 

the molecular basis for NMD resistance is not tissue-specific. However, according to 

present results, the NMD inhibition is further downstream-extended in mutated    

α-globin mRNA, when compared with the extension of the equivalent effect 

observed in β-globin transcripts. 
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III.4.2. Translation reinitiation plays a modest role 

concerning NMD inhibition in human α-globin 

transcripts carrying a PTC in exon 1 

Translation reinitiation downstream from the nonsense codon can blunt the NMD 

effect, as reinitiation might allow the ribosome to disrupt downstream-located EJCs 

(Zhang and Maquat 1997) and consequently prevent the interaction of UPF1 in the 

terminating complex with the UPF2/UPF3 components of the EJC (Kashima et al. 

2006), which would mark the mRNA for accelerated degradation. If the NMD 

resistance observed in the human α-globin mRNAs with 5’-proximal nonsense 

mutations reflected translation reinitiation, then removing potential reinitiation 

codons located downstream to the nonsense mutation should restore NMD and 

destabilize the mRNA. To test this effect in the context of the α-globin mRNA, the 

AUG (methionine – Met) codons at positions 32 and 76 (in frame) were mutated to 

ACG (threonine – Thr) within the αWT, α14, α27 and α40 genes (see III.3. 

Materials and Methods). An additional out-of-frame AUG codon at position 24/25 

was not tested because the potential reinitiation at this site would not extend far 

enough to displace the last EJC (the 24/25Met is in frame with a stop codon at 

position 48/49) and NMD would thus be triggered, as previously described (Pereira et 

al. 2006) (see Chapter II). 

The 32Met and 76Met AUG-to-ACG conversions created αWT.32-76Met→Thr, 

α14.32-76Met→Thr, α27.32-76Met→Thr and α40.32-76Met→Thr genes (Figure 

III.3-A). Twenty hours after HeLa cells transfections, expression of each of these 

genes was analyzed by RPA (Figure III.3-B). The α40.32-76Met→Thr mRNA was 

expressed at the same level as α40 mRNA (29% of αWT; P = 0.970), consistent 

with no translation reinitiation at codon 76 and both being fully committed to NMD. 

On the other hand, α14.32-76Met→Thr transcripts accumulate at about 73% of 

αWT, and at about 80% of α14 mRNA, which is a significantly lower level (P = 

0.012). Also, α27.32-76Met→Thr transcripts accumulate at about 58% of αWT, 

zzzzz 
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Figure III.3. Inhibition of potential translation reinitiation leads to a slight NMD-mediated 

reduction in the accumulation of αααα-globin mRNAs containing exon 1-located nonsense 

mutations. (A) Schematic representation of the studied human α-globin mRNAs. The translation 

initiation codons are represented as green vertical lines and termination (native or premature) codons 

are represented as red vertical lines. The conversion of the two potential reinitiating AUGs, at codons 32 

and 76, to ACG codons is indicated in blue. The exon-exon junctions (EJ) are also indicated. The name of 

each transcript is specified on the right. (B) A representative RPA of RNA isolated from HeLa cells 

transiently transfected with αWT, α14, α27, α40, αWT.32-76Met→Thr, α14.32-76Met→Thr, α27.32-

76Met→Thr or α40.32-76Met→Thr genes is shown. Identification of the α-globin and the puromycin-

resistance (puroR) protected fragments is indicated to the right of the autoradiograph. Levels of α-globin 

mRNA were quantified relatively to the puroR mRNA, and these values are plotted above each respective 

lane (average and standard deviations) normalized to the expression level of the αWT gene. A 2-fold 

RNA sample (2x αWT) from HeLa cells transfected with a αWT gene was also analyzed to demonstrate 
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that the experimental RPA was carried out in probe excess. For each case, three independent 

experiments were performed. P-values were determined using a student’s t-test. (C) Western blot 

analysis of HeLa cells extracts transfected with human UPF1 short interfering RNA (siRNA) or a control 

siRNA target [luciferase (Luc) siRNA]. Twenty-four hours after siRNA treatment, cells were cotransfected 

with the α-globin constructs specified above each lane, along with a second dose of siRNA (UPF or 

luciferase). Twenty-four hours after constructs transfection, protein and RNA were isolated from the 

cells. Immunoblotting was performed using a human UPF1 specific antibody and a α-tubulin specific 

antibody to control for variations in protein loading. (D) Depletion of UPF1 increases α14.32-76Met→Thr 

mRNA levels. Representative RPA of RNA from HeLa cells cotransfected with human UPF1 or luciferase 

siRNAs and the α-globin constructs specified above each lane. Levels of α14.32-76Met→Thr and α40 

mRNAs, normalized to puroR mRNAs, were compared to the corresponding α14 mRNA levels (defined as 

100%) in the presence of each siRNA. Increasing amounts of RNA (indicated by a triangle) from HeLa 

cells transfected with a normal αWT gene were also analyzed to demonstrate that the experimental RPA 

was carried out in probe excess. The histogram shows the average values and standard deviations from 

three independent experiments corresponding to three independent transfections. The P-values from 

student’s t-tests are also shown. 

 

and at about 85% of α27 mRNA (P = 0.049; Figure III.3-B). Of note, expression of 

the α14 and α27 mRNAs with the double missense mutation remains well above 

that of the α40 mRNA. Thus, blocking potential translation reinitiation results in a 

minimal decrease in α14 and α27 mRNA expression, which means that an 

additional mechanism is contributing to NMD inhibition. 

In order to ascertain that the destabilization observed for reinitiation-prevented 

transcripts was due to activation of the UPF1-dependent decay pathway and not to 

any destabilizing effect caused by the mutations, an RNA interference (RNAi) assay 

was performed. Human UPF1 short interfering RNA (siRNA) was used to knock-

down UPF1 in HeLa cells, which were then cotransfected also with α14, α14.32-

76Met→Thr or α40 genes. In parallel, the same was done using luciferase (Luc) 

siRNA, as a nonspecific control. The Western blot analysis performed with protein 

from the same cotransfected HeLa cells, allowed monitoring UPF1 depletion in cells 

treated with UPF1 siRNA (Figure III.3-C). After siRNA depletion, it is observed that 

cellular UPF1 protein content decreases about 90%, when compared with that 

obtained after treatment with the luciferase siRNA. At these conditions, the RPA 

analysis of the steady-state levels of the mRNAs (Figure III.3-D), showed complete 
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abolishment of the destabilization caused by the double missense mutation of 

α14.32-76Met→Thr. In the control Luc siRNA-treated cells, α14.32-76Met→Thr 

mRNA accumulated at about 75% of α14 mRNA (P = 0.043), whereas in cells 

treated with UPF1 siRNA, α14.32-76Met→Thr mRNA level was about 96% of α14 

mRNA (P = 0.397). These data confirm that the small decrease of α14.32-

76Met→Thr mRNA expression, when compared with that of α14 mRNA, reflects the 

activity of the UPF1-dependent NMD mechanism. 

To clearly demonstrate whether 5’-proximal nonsense-mutated α-globin transcripts 

effectively allow translation to reinitiate at codon 32Met, the 3’-part of the α-globin 

gene downstream to codon 32 was replaced by the firefly luciferase (Luc) ORF, 

creating αWT/Luc gene (see III.3. Materials and Methods). Nonsense mutations at 

codons 14 or 27 were subsequently introduced into this hybrid construct, producing 

α14/Luc and α27/Luc, respectively (Figure III.4-A). Furthermore, in order to con-

firm the incompetence of β-globin to reinitiate translation at codon 55Met (Inácio et 

al. 2004), a similar procedure was used to create β-globin/Luc hybrid genes with or 

without PTCs: βWT/Luc, β15/Luc, β23/Luc, β26/Luc and β39/Luc (Figure III.4-A). 

Protein or total RNA was isolated from HeLa cells transiently cotransfected with 

each firefly luciferase-containing gene and a Renilla luciferase-containing plasmid. 

Semi-quantitative RT-PCR analyses revealed comparable mRNA levels obtained 

from each transfection (data not shown); nevertheless, luciferase activities were 

measured relative to the respective mRNA levels. The luminometry assay results 

show that both α14/Luc and α27/Luc lead to the production of considerable 

amounts of luciferase, since its relative activities are, respectively, about 75% and 

62% of the relative activity given by the simple firefly luciferase gene (Luc; Figure 

III.4-B). This indicates that in α-globin transcripts nonsense-mutated at codons 14 

or 27, translation reinitiates at codon 32 after stopping at the PTC. 
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Figure III.4. Contrary to ββββ-globin, the human αααα-globin mRNA exhibits efficient translation 

reinitiation at a downstream AUG, after translation of short ORFs. (A) Physical maps of the 

hybrid α-globin/Luc and β-globin/Luc mRNAs. The 5’-part of α-globin gene previous to codon 32 (AUG), 

or previous to codon 55 (AUG) of β-globin gene, was fused with the firefly luciferase ORF at the 

translation initiation codon. Dark-red rectangles represent luciferase exons, green rectangles represent 

α-globin exons and indigo rectangles represent β-globin exons. The initiation or potential reinitiation 

codons are represented as green vertical lines and termination (native or premature) codons are 

represented as red vertical lines. The identification of each mRNA is indicated to the right. A negative 

control construct was produced for each hybrid gene, in which the potential reinitiation codon (which 

leads to luciferase translation) was mutated to AUA (constructs and data not shown). Also a positive 

control construct was created for each hybrid gene, in which the translation initiation codon for α- or β-

globin gene was mutated to AUA (constructs and data not shown). (B) HeLa cells were transiently 

cotransfected with firefly and Renilla luciferase-containing plasmids. The plasmids with firefly luciferase 

contained simple luciferase or hybrid α- or β-globin/Luc genes, with or without nonsense mutations. 

Luciferase activity was verified, 16 hours after transfection, using the Dual Luciferase Reporter Assay 

System (Promega). In parallel, both firefly and Renilla luciferase mRNA levels were determined by semi-

quantitative reverse transcription-polymerase chain reaction (RT-PCR). The activities of firefly and 

Renilla luciferase were calculated relative to their respective mRNA levels, and then the resulting values 

for firefly luciferase activity/mRNA were quantified relative to those of Renilla luciferase activity/mRNA. 

The obtained firefly luciferase relative activities from hybrid mRNAs were normalized to the relative 

activity of the uncoupled firefly luciferase (Luc). The average values and standard deviations from three 

independent experiments corresponding to three independent sets of transfections are shown. 

 

On the contrary, β15/Luc and β23/Luc result in very low amounts of luciferase, 

revealed by relative activities of about 12% and 8%, respectively, when compared 

with the relative activity resulting from the uncoupled luciferase gene (Figure III.4-

B). These results confirm that β15 and β23, although escaping NMD, do not lead to 
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2004). The extremely low luciferase activities given by β26/Luc and β39/Luc (about 

5% and 1%, respectively) are not surprising, given that β-globin transcripts 

carrying a PTC at codon 26 or 39 are efficiently degraded by NMD, which would not 

happen if these transcripts allowed translation reinitiation. The fact that βWT/Luc 

mRNA results in a very low luciferase activity (Figure III.4-B) constitutes an 

unexpected result, since every βWT/Luc transcript that undergoes translation 

produces luciferase. A possible explanation is that, in this case, the resulting hybrid 

protein, carrying a 55 extra amino-acid chain at its N terminus might impair 

luciferase activity. 

Thus, contrasting to what happens in β-globin mRNAs, the α-globin transcripts 

carrying a PTC in exon 1 allow efficient downstream translation reinitiation to occur. 

However, the occurrence of translation reinitiation in α-globin, after translation of a 

short ORF, is not sufficient to justify the high level of NMD inhibition. This indicates 

that another critical determinant(s) contributes to the NMD resistance of exon 1-

mutated α-globin transcripts. 

 

III.4.3. For α-globin transcripts carrying a PTC at the       

3’-part of exon 1, extended NMD inhibition     

depends on the upstream sequence 

Beta-globin transcripts carrying a PTC located downstream to codon 24, undergo 

fully efficient decay (Figure III.1), whereas in α-globin mRNA, all tested transcripts 

with nonsense mutations placed in exon 1, including those 3’ to codon 24 (α25, 

α27 and α30), are able to circumvent the full impact of NMD, as above shown 

(Figure III.2). It is known that in β-globin transcripts carrying a short ORF, NMD 

inhibition is determined by factors acting upstream from the PTC (Inácio et al. 2004; 

Silva et al. 2006). On the other hand, the more efficient ribosome loading of human  

β-globin mRNA and the preferential detection of most α-globin transcripts in pre-

80S mRNPs (Shakin and Liebhaber 1986) establish a lower efficiency for initiating 
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translation in α-globin mRNA, comparing to what occurs in the β-globin mRNA. 

These different translation initiation efficiencies probably rely on different 5’-UTR 

sequences. Although human α- and β-globin derive from the same ancestor and 

share a similar structure and function, the respective mRNAs possess a quite 

different overall sequence, and in particular the 5’-UTR has diverged considerably. 

Taken together, these data suggest that the different NMD efficiency observed for 

α- and β-globin transcripts carrying a PTC at the 3’-part of exon 1, may reflect 

different translation initiation efficiencies, which probably rely on different 

sequences at the 5’-UTR and/or at the ORF. 

Aiming to investigate this hypothesis, the 5’-UTR of α-globin was replaced by that 

of β-globin in αWT, α27 and α40 genes (Figure III.5-A). Additionally, in αWT, the 

entire sequence upstream to codon 27 was replaced by the corresponding sequence 

of βWT or β26, and by that of βWT in α40 (see III.3. Materials and Methods). HeLa 

cells were transiently transfected with each of the α-globin or β/α-globin hybrid 

genes and total RNA was isolated and analyzed. Quantification of α- or β/α-globin 

mRNAs by RPA shows that the NMD inhibition observed for a α-globin transcript 

carrying a stop codon at the 3’-part of exon 1, such as α27 mRNA, which 

accumulates at 71% of αWT mRNA (Figure III.5-B), is maintained using β-globin 

5’-UTR (5’UTR-β/α27 mRNA levels are 67% of 5’UTR-β/αWT; P = 0.526), but NMD 

inhibition disappears when the 5’-UTR plus the ORF are those of β-globin (β26/α 

mRNA accumulates at 39% of βWT26/α mRNA; P = 0.003), and the NMD becomes 

fully efficient (Figure III.5-B). Hybrid transcripts nonsense-mutated at position 40 

(5’UTR-β/α40 and βWT26/α40) accumulate at levels equivalent to those of α40 

mRNA (43%, 40% and 43%, respectively), compatible with fully efficient decay. 

The reciprocal approach was also used to create α/β-globin hybrid genes (Figure 

III.5-C). The 5’-UTR of β-globin was replaced by that of α-globin in βWT, β26 and 

β39 genes. Moreover, in βWT, the entire sequence upstream to codon 28 was 

replaced by the corresponding sequence of αWT or α27, and by that of αWT with 

the same size in β39 (see III.3. Materials and Methods). The corresponding mRNA 
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analyses by RPA from transfected HeLa cells, reveal that the accumulation levels 

observed for a β-globin transcript carrying a PTC at the 3’-part of exon 1, like β26 

mRNA (32% of βWT) (Figure III.5-D), are preserved with α-globin 5’-UTR (5’UTR-

α/β26 mRNA accumulates at 34% of 5’UTR-α/βWT; P = 0.527) but are significantly 

increased using the α-globin 5’-UTR plus the 27-codon ORF (α27/β mRNA levels 

are 58% of αWT27/β mRNA; P = 0.003). The nonsense mutation at codon 39 of 

zzzz 

 
Figure III.5. The 5’ sequence determines NMD efficiency for αααα- and ββββ-globin transcripts 

carrying a PTC at the 3’-part of exon 1. (A) Physical maps of the α-globin and the hybrid β/α-globin 

mRNAs studied. Green rectangles represent α-globin exons and indigo rectangles represent β-globin 

exons. Translation initiation codons are depicted by green vertical lines and native termination codons or 

PTCs are illustrated by red vertical lines. The name of each mRNA is indicated to its right. (B) 

Representative RPA using RNA isolated from HeLa cells transiently transfected with the constructs 

specified beneath each lane. The identification of α-globin and the puromycin-resistance (puroR) 

protected fragments is indicated to the left of the autoradiograph. Levels of α-globin mRNA were 

quantified relatively to the puroR mRNA, and these values are plotted above each respective lane 
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(average and standard deviations from three independent experiments). mRNA levels are normalized to 

the expression level of the corresponding PTC-free mRNA. A 2-fold RNA sample (2x αWT) from HeLa 

cells transfected with a αWT gene was also analyzed to demonstrate that the experimental RPA was 

carried out in probe excess. P-values were estimated using a student’s t-test. (C) Schematic 

representation of the studied β-globin and hybrid α/β-globin mRNAs, using the same depiction code as 

for A (see above). (D) Illustrative RPA of RNA from HeLa cells transiently transfected with the constructs 

identified beneath each lane. Identification of the β-globin and puroR protected fragments is indicated to 

the left of the autoradiograph. Average levels (and standard deviations from three independent 

experiments) of β-globin mRNA (plotted above each respective lane) were measured relatively to the 

puroR mRNA and normalized to the expression level of the corresponding PTC-free mRNA. The analysis 

of a 2-fold RNA sample (2x βWT) from HeLa cells transfected with a βWT gene was also performed to 

show that the RPA was carried out in probe excess. The P-values from student’s t-tests are also shown. 

 

the β-globin mRNA induces fully efficient NMD either with β- or α-globin 5’-UTR, 

since β39 and 5’UTR-α/β39 mRNAs both accumulate at 36% of their respective 

PTC-free transcript (Figure III.5-D). However, αWT27/β39 mRNA accumulates at 

levels significantly higher than those of β39 (52% of αWT27/β mRNA; P = 0.005). 

Perhaps the combination of the α-globin sequence until codon 27 with the following 

β-globin sequence promotes the formation of an RNA structure that causes the 

NMD inhibition effect to extend until codon 39. 

These results point to an important role of the ORF, at least when associated with 

its respective 5’-UTR, in determining NMD resistance for those α-globin transcripts 

carrying a PTC in the 3’-part of exon 1. However, the 5’-UTR alone does not 

determine the fate of the transcript. 

 

III.4.4. The secondary structure of the ORF influences NMD 

efficiency for α- and β-globin transcripts carrying a 

PTC at the 3’-part of exon 1 

The velocity of translation elongation is highly influenced by the secondary and 

higher order structures of the translating ORF (Wen et al. 2008). Structural constraints 

of mRNA, such as stem-loops or pseudoknots, are known to retard the progression 
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of elongating ribosomes (Somogyi et al. 1993). Thus, a completely unstructured ORF, 

given by a sequence made of tandem ‘CAA’ repeats (Pestova and Kolupaeva 2002), 

should lead to a rapid elongation. Considering that eukaryotic translation initiation 

factors (eIFs) remain ribosome-associated for the first steps of elongation (Kozak 

2001, 2002; Pöyry et al. 2004; Jackson 2005), and that the poly(A)-binding protein (PABP) 

also binds eIFs (Kahvejian et al. 2001, 2005) and is able to circumvent NMD (Silva et al. 

2008), perhaps the time taken to translate the ORF, modulated by its secondary 

structure, influences NMD effectiveness of those human α-globin mRNAs bearing a 

PTC in the 3’-part of exon 1. 

To verify this influence, a well-characterized pseudoknot-inducing sequence (Kozak 

2001) was introduced into βWT, β23 and β39 genes, replacing the first 19 codons of 

these constructs, as before (Silva et al. 2008) (Figure III.6-A). In parallel, the first 25 

codons of βWT, β26 and β39 genes were replaced by 25 consecutive ‘CAA’ repeats, 

to create an unstructured RNA segment (see III.3. Materials and Methods). The 

corresponding transcripts transiently expressed in HeLa cells were quantified by 

RPA. Results show that, as previously reported (Silva et al. 2008), the pseudoknot 

structure significantly reduces the accumulation levels obtained for β23 transcripts, 

from 85% to 66% (P = 0.030) of the corresponding PTC-free transcript (Figure 

III.6-B). This indicates that slowing translation elongation induces NMD of β23 

mRNA. On the other hand, an unstructured ORF in β26 [β26-(CAA)25] increases 

mRNA accumulation levels, in a highly significant manner, from 40% to 82%        

(P < 0.001) of the respective wild-type controls (Figure III.6-B), which shows that 

NMD becomes inhibited. Results concerning β-globin transcripts carrying a PTC at 

position 39 demonstrate that the ORF structure alterations do not affect NMD: β39, 

β39-pk and β39-(CAA)25 mRNAs accumulate at similar levels (respectively 37%, 

33% and 33% of the corresponding nonsense-free transcript; Figure III.6-B). 

Taken together, these data point to an important function of the secondary 

structure, and probably the length of time taken to translate the ORF, in 

zzzzzzzzzzzzzz 
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Figure III.6. The secondary structure of the ORF influences mRNA accumulation levels for ββββ23 

and ββββ26 transcripts. (A) Schematic representation of the human β-globin mRNAs studied. Green 

vertical lines indicate the position of translation initiation codons and red vertical lines denote natural or 

premature termination codons. Loop shapes in orange rectangles represent pseudoknot (pk) structures, 

and rose-shaded rectangles represent 25 consecutive ‘CAA’ triplets [(CAA)25]. The identification of each 

transcript is indicated to the right. (B) Representative RPA of RNA isolated from HeLa cells transiently 

transfected with the constructs specified beneath each lane. The identification of β-globin and the 

puromycin-resistance (puroR) protected fragments is indicated to the left of the autoradiograph. Levels 

of β-globin mRNA were quantified relatively to the puroR mRNA, and these values are plotted above each 

respective lane (average and standard deviations from three independent experiments) normalized to 

the expression level of the corresponding PTC-free mRNA. A 2-fold RNA sample (2x βWT) from HeLa 

cells transfected with the βWT gene was also analyzed to ascertain that the RPA was carried out in probe 

excess. P-values were determined using a student’s t-test. 

 

determining NMD effectiveness for β-globin transcripts carrying an AUG-proximal 

PTC. 

A pseudoknot-inducing sequence similar to the one used in β-globin transcripts was 

introduced into αWT, α27 and α40 genes, replacing the first 19 codons of the 

constructs (Figure III.7-A). Also an unstructured ORF-creating sequence was 

independently introduced into the same constructs by replacing the first 26 codons 

with 26 consecutive ‘CAA’ repeats (see III.3. Materials and Methods). Since α27 

allows downstream translation reinitiation to occur, as above demonstrated, and a 

brief translation elongation may enhance reinitiation (Kozak 2002; Pöyry et al. 2004), 
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Figure III.7. An unstructured ORF in the αααα27 transcript leads to increased mRNA 

accumulation independently of the simultaneous enhancement of translation reinitiation. (A) 

Schematic representation of the studied human α-globin mRNAs. The position of translation initiation 

codons is indicated by green vertical lines and the position of termination codons (natural or premature) 

is given by red vertical lines. The alteration of the two potential reinitiating AUGs, at codons 32 and 76, 

to ACG triplets is indicated in blue. Loop shapes in orange rectangles represent pseudoknot (pk) 

structures, and rose-shaded rectangles represent 26 consecutive ‘CAA’ triplets [(CAA)26]. The 

identification of each mRNA is indicated to the right of the diagram. (B) Representative RPA using RNA 

isolated from HeLa cells transiently transfected with the constructs specified beneath each lane. The 

positions of α-globin and the puromycin-resistance (puroR) protected fragments are indicated to the 

right of the autoradiograph. Resulting levels of α-globin mRNA quantified relatively to the puroR mRNA 

and normalized to the expression level of the equivalent PTC-free mRNA are plotted above each 

respective lane. The average values and standard deviations from at least three independent 

experiments are shown. A 2-fold RNA sample (2x αWT) from HeLa cells transfected with the αWT gene 

was also assayed to demonstrate that the experimental RPA was carried out in probe excess. P-values 

obtained from student’s t-tests are also shown. 
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the 26 ‘CAA’ sequence was also introduced into αWT.32-76Met→Thr, α27.32-

76Met→Thr and α40.32-76Met→Thr genes, described above, to verify the effect of 

the (CAA)26 sequence in mRNA accumulation, independent of translation 

reinitiation. 

The analysis of the resultant mRNA accumulation levels show that in transfected 

HeLa cells the pseudoknot structure in α-globin transcripts produce no detectable 

effect, since the mRNA levels observed are not significantly different from those of 

the corresponding pseudoknot-free transcripts. The NMD resistance of α27, which 

accumulates at 66% of αWT, is essentially retained in α27-pk (61% of αWT-pk;    

P = 0.203); and α40-pk remains NMD-sensitive (42% of αWT-pk) like α40 (40% of 

αWT; P = 0.588; Figure III.7-B). In contrast, an unstructured ORF in α27 mRNA 

[α27-(CAA)26] greatly increases the accumulation levels to 98% of αWT-(CAA)26 

mRNA, when compared with the α27 transcript (P < 0.001). This additional NMD 

inhibition is in part probably due to the enhancement of translation reinitiation at 

codon 32 or 76, given that when this event is prevented, the accumulation levels of 

the α27 mRNA containing an unstructured ORF [α27-(CAA)26-32-76Met→Thr] are 

significantly reduced to 79% of αWT-(CAA)26-32-76Met→Thr mRNA, when com-

pared with the equivalent reinitiation-competent mRNA, α27-(CAA)26 (P = 0.002; 

Figure III.7-B). 

However, it is worth noticing that the accumulation level for α27-(CAA)26-32-

76Met→Thr mRNA is significantly higher than the obtained for α27.32-76Met→Thr 

mRNA (57%; P = 0.001) and is also still higher than that for α27 mRNA (66%;      

P = 0.010; Figure III.7-B). Thus, the unstructured ORF enhances translation 

renitiation and further enhances NMD inhibition, independently of reinitiation, in   

α-globin transcripts nonsense-mutated at codon 27. The accumulation levels 

obtained for α40-(CAA)26 (43% of its respective nonsense-free transcript) and  

α40-(CAA)26-32-76Met→Thr (50%) mRNAs are not significantly different from 

those of α40 mRNA (40%; Figure III.7-B), indicating that NMD effectiveness is not 

affected by the (CAA)26 sequence. 
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Similar to what was admitted for β-globin transcripts carrying an AUG-proximal 

PTC, NMD efficiency for early nonsense-mutated α-globin transcripts also appears 

to depend on the duration of the short ORF translation. The fact that a pseudoknot 

structure fails to enhance NMD efficiency for α27 mRNA, may reflect the incomplete 

NMD inhibition in α27, and the possible destabilization effect caused by the 

ribosome pausing at the pseudoknot is therefore not detected. 

The translation rate for a pseudoknot-containing ORF must be inferior to that for an 

unstructured one, since the ribosome needs pausing to unwind the RNA structure in 

the former situation (Wen et al. 2008). Therefore, when translation elongation is 

delayed by the presence of a complex RNA structure in the β-globin ORF (Figure 

III.6), PABPC1 may have had time to move away from the translation scenery 

when the ribosome arrives at a PTC located in the 3’ region of exon 1 (β23-pk). In 

this case, the absence of PABPC1 reduces the NMD inhibition effect. On the 

contrary, in a rapid elongation allowed by an unstructured ORF, PABPC1 may not 

have enough time to dissociate from the translating ribosome when it reaches a 

PTC placed in the 3’-part of exon 1 in α- or β-globin mRNA. In this situation, 

PABPC1 can interact with eRF3 and prevent the binding of UPF1 to the termination 

complex, impairing NMD activation. Consequently, the efficient NMD observed for 

β26 transcript is reversed for β26-(CAA)25 mRNA (Figure III.6), and the NMD 

inhibition detected for α27 transcript is enhanced for α27-(CAA)26 mRNA (Figure 

III.7). When comparing α- and β-globin transcripts carrying a PTC in the 3’ region 

of exon 1, the different accumulation levels observed (Figure III.1 vs. Figure III.2) 

probably reflect a different secondary structure, and a consequently different 

translation rate, of their respective short ORFs. 
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The present work revealed the existence of an NMD inhibition effect for human      

α-globin transcripts with AUG-proximal PTCs. Furthermore, it was shown that this 

effect covers additional downstream codons in α-globin, when compared with the 

same outcome in the β-globin mRNA. Data suggest that this downstream extension 

of NMD restriction is mainly due to a more rapid ORF translation. This hypothesis is 

supported by the occurrence of translation reinitiation in α- but not in β-globin, 

considering that a brief translation elongation seems to enhance reinitiation events 

(Kozak 2002; Pöyry et al. 2004) due to the lack of time to displace ribosome-associated 

initiation factors. Actually both occurrences (translation reinitiation and extended 

NMD inhibition) may be explained by the faster α-globin ORF translation, since both 

require the retention of factors involved in translation initiation, namely eIF3 and 

eIF4G for reinitiation (Pöyry et al. 2004; Szamecz et al. 2008), and PABPC1 for NMD 

inhibition (Ivanov et al. 2008; Silva et al. 2008; Singh et al. 2008). Although translation 

initiation is more efficient in β-globin (Shakin and Liebhaber 1986), the elongation 

phase may be faster in α- than in β-globin transcripts. Alternatively, there might be 

a difference in the translation initiation complex between α- and β-globin trans-

cripts, which could produce a more stable interaction with the ribosome in α-globin 

and thus lead to a delayed release of eIFs and PABPC1 during the first steps of 

translation elongation. 
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IV.1. General Discussion 

Thalassemias represent the most common group of genetically inherited monogenic 

disorders (Gu and Zeng 2002; Mahajan et al. 2007) and arise by the diminished or lacking 

synthesis of α- or β-globin chains that build hemoglobin. Although deletions 

involving one or both of the duplicated α-globin genes constitute the most common 

causes of α-thalassemia, many point mutations have been described to produce 

deficient α-globin synthesis (Higgs 1993; Bernini and Harteveld 1998). Either by the direct 

introduction of a nonsense codon, the stimulation of aberrant splicing or by shifting 

the translation reading frame, a point mutation in the α-globin gene sequence can 

result in the rapid degradation of the respective transcript through NMD, with the 

consequent reduction of the α-globin chain synthesis. 

The fact that human cells contain 4 fully functional α-globin genes, although they 

are not equally expressed, results in a low impact caused by the loss of expression 

for one of the genes. Actually, the levels of mRNA and protein synthesis from the 

α2-globin locus are approximately 2.6-fold higher than those from the α1-globin 

locus (Liebhaber et al. 1986; Albitar et al. 1992). Therefore, the clinical consequences of 

losing expression of α2-globin are more harmful than those resulting from α1-glo-

bin deficit. 

In general, nonsense codons located more than 50-55 nt upstream to the 3’-most 

exon-exon junction elicit NMD in mammalian cells (Nagy and Maquat 1998). However, 

previously reported data have shown that human β-globin transcripts carrying 

nonsense mutations in the 5’ region of exon 1 accumulate to levels comparable to 

those of wild-type β-globin mRNA (Romão et al. 2000). This ability of mutated β-globin 

mRNA to escape NMD was demonstrated to depend on the distance of the nonsense 

codon to the initiator AUG (Inácio et al. 2004; Silva et al. 2006) and it was named the 

“AUG-proximity effect”, accordingly. Additional studies suggested that this effect is 

due to the influence of the cytoplasmic poly(A)-binding protein 1 [PABPC1 – the 

major metazoan cytoplasmic poly(A)-binding protein (PABP)], which might be 
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brought into proximity with an early premature termination codon (PTC) during 

cap-dependent translation and 43S scanning (Silva et al. 2008). 

The aim of this study was to confirm the occurrence of accelerated decay in 

nonsense-mutated human α-globin mRNA; to investigate the NMD-susceptibility of 

α-globin transcripts carrying a PTC in different positions of the open reading frame 

(ORF); to examine the possibility of translation reinitiation in α-globin mRNA, after 

a premature termination; and to analyze the origin of possible differences between 

the NMD profiles of α- and β-globin transcripts. Results show that PTCs located in 

the α-globin ORF can trigger NMD (Figure II.2); however, complete decay is only 

induced by PTCs placed in the 5’ two-thirds of exon 2, while those placed in exon 1 

(until codon 30) fail to trigger fully efficient NMD (Figure III.2). In contrast, for     

β-globin transcripts nonsense-mutated in exon 1, NMD is inhibited only when the 

PTC is located upstream to codon 24 (Figure III.1). Moreover, data reveals that the 

α-globin mRNA allows translation to reinitiate after stopping prematurely (Figure 

III.4), contrary to what is observed for β-globin mRNA (Figure III.4), but this 

occurrence only partially contributes to NMD inhibition (Figure III.3). Additionally, 

the further downstream-extended AUG-proximity effect seen in α-globin mRNA is 

found to rely on the nature of the sequence located upstream to the PTC (Figure 

III.5) and, in particular, the secondary structure of the short ORF appears to play 

an important role (Figures III.6 and III.7), probably by conferring a fast ORF 

translation to α-globin transcripts with a stop codon in the 3’-part of exon 1. 

The results suggest that the sequence in the first exon of α-globin mRNA leads to 

the formation of a more fragile secondary structure, when compared with that of 

the β-globin mRNA. This easily broken structure probably allows the ribosome to 

rapidly reach a stop codon located in the 3’-part of exon 1, and perhaps the short 

translation time is insufficient to permit the distancing of pre-initiation ribosome-

associated factors, such as the NMD antagonist PABPC1, which produces a further 

downstream-extended AUG-proximity effect in α-globin mRNA. 
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Being two highly related genes, α- and β-globin preserve a similar general 

organization, and the encoded peptides form a comparable structure and 

accomplish an equivalent function. Therefore, it is not surprising that they share 

the overall NMD behavior, and the AUG-proximity effect for NMD inhibition 

observed in β-globin was ahead expected to be found also in α-globin mRNA. 

Moreover, this effect is prolonged to further downstream-located PTCs in the first 

exon of the α-globin mRNA. Thus, 5’-proximal nonsense-mutated α-globin 

transcripts also disobey the “50-55 nt boundary rule” for PTC definition in 

mammals, although the actual boundary is evident in α-globin NMD profile, since 

an inversion of mRNA fate is observed when the position of the nonsense mutation 

crosses the region located about 50-55 nt upstream from the last exon-exon 

junction (see Figure III.2-A). 

On the other hand, contrary to what is observed for β-globin mRNA [according to 

present and previously obtained data (Inácio et al. 2004)], the human α-globin mRNA 

exhibits efficient translation reinitiation at a downstream AUG, after translation of a 

short ORF. This feature contributes to NMD inhibition, since reinitiation seems to 

allow the ribosome to disrupt EJCs located 3’ to the nonsense mutation (Zhang and 

Maquat 1997) and therefore prevents the interaction between UPF1 in the 

terminating complex and the UPF2/UPF3 components of the EJC (Kashima et al. 2006), 

which would mark the mRNA for rapid decay. However, the degree of translation 

reinitiation observed in short ORF-containing α-globin transcripts is insufficient to 

explain the full outcome of NMD inhibition. 

The α-globin gene is known to possess a high G+C content and this feature leads 

to a strong union of the DNA double strand. In fact, the α-globin gene cluster 

presents in average about 60% G+C content and the β-globin cluster about 40% 

(Fischel-Ghodsian et al. 1987). The average G+C content in the nonrepetitive fraction of 

the human genome is also about 40% (Cooper et al. 2004; Jiang and Zhao 2006). 

Moreover, the average G+C content of the α-globin cDNA has been determined to 

be around 62% and that of β-globin cDNA around 51% (Tuan and Forget 1980). Thus, 
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it would be expected that the α-globin mRNA presents a secondary structure more 

robust than that of β-globin mRNA. However, this is apparently not the case, since 

data regarding the optimal mRNA secondary structure and associated minimum free 

energy prediction, using the “RNAfold web server” software, attribute a more stable 

secondary structure to the β-globin mRNA (data not shown). 

The results from the present work show that inducing a complex secondary 

structure in a short ORF tends to increase NMD efficiency in a NMD-insensitive     

5’-proximal nonsense-mutated transcript, and an unstructured ORF inhibits decay 

of an otherwise NMD-susceptible 5’-proximal nonsense-mutated transcript. Knowing 

that the secondary structure of the mRNA determines the overall rate of 

translation, since mRNA unwinding requires prolonged ribosome pausing (Somogyi et 

al. 1993; Wen et al. 2008), results herein suggest that the speed of translation 

elongation is higher in α- than in β-globin transcripts, at least at the beginning of 

the ORF. 

In normal individuals, the average α/β-globin mRNA ratio is about 1.3 (Chaisue et al. 

2007). However, nearly 70% of α-globin mRNA is found in pre-80S mRNPs, whereas 

about 50% of total β-globin mRNA is associated with actively translating 80S 

ribosomes (Shakin and Liebhaber 1996). This suggests that α-globin manifests an 

inefficient or at least delayed translation initiation. Therefore, α-globin mRNA may 

actually have a higher translation elongation rate when compared with β-globin, in 

order to assure a correct balance between the synthesized α- and β-globin chains. 

The relevance of the time taken to translate a short ORF is related to the fact that 

some initiation factors appear to remain ribosome-associated for the first moments 

of the ORF translation (Kozak 2001; Jackson 2005). Thus, if the elongation phase is 

brief, the ribosome may reach the translation termination codon before it has had 

time to discharge initiation factors and other associated proteins. One of those 

associated proteins is probably PABPC1, which stimulates translation initiation by 

interacting with eIF4G (Kahvejian et al. 2001, 2005; Martineau et al. 2008) and may travel 
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with the scanning complex (eIF4F/43S) as it moves from the 5’-cap to the AUG, in 

cap-mediated translation. When the ribosome arrives at the stop codon during 

translation of a short ORF, it may still hold the interaction with eIF4G, due to the 

short translation time, and the PABP may remain bound to eIF4G as well. 

Additionally, the proximity of PABPC1 at the end of translation has been shown to 

promote correct termination and to inhibit NMD activation in human cells (Eberle et al. 

2008; Ivanov et al. 2008; Silva et al. 2008; Singh et al. 2008). Furthermore, NMD inhibition 

can be explained by the enhancement of translation termination efficiency and 

ribosome release, promoted by PABP (Amrani et al. 2004). Consequently, the function 

of NMD factors is impaired and decay is prevented. 

Surveillance complex assembly and subsequent NMD activation require the 

interaction between UPF1 and eRF3 (Kashima et al. 2006). However, eRF3 is known to 

interact also with the C-terminal domain of PABPC1 in mammalian cells, and 

PABPC1 appears to compete with UPF1 for binding to eRF3 (Uchida et al. 2002; Kashima 

et al. 2006). The inability of UPF1 to bind eRF3 prevents the interaction between the 

premature termination complex and UPF2/UPF3 at a downstream EJC, which results 

in the repression of NMD. An equivalent interaction between Pab1p and eRF3 was 

also reported to stabilize nonsense-mutated transcripts in yeast (Amrani et al. 2004). 

Studies in human (Ivanov et al. 2008; Silva et al. 2008; Singh et al. 2008), fruitfly (Behm-

Ansmant et al. 2007b) and yeast (Amrani et al. 2004, 2006) suggest an evolutionarily 

conserved role for PABPs in identifying the nature of a stop codon. 

The hypothesis of the time spent to complete translation of a short ORF being a 

major determinant of NMD inhibition can be summarized as follows: during a brief 

cap-mediated translation of a short or an unstructured ORF, PABPC1 possibly 

remains close to the ribosome until it reaches the termination codon. In this 

situation, PABPC1 may interact with eRF3 and preclude the binding of UPF1 to 

eRF3, thus preventing NMD activation. 
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Actually, a brief ORF translation, that allows the retention of the interactions 

between factors involved in translation initiation and the ribosome, by the time it 

reaches the stop codon, may explain both NMD inhibition and translation reinitiation 

for PTC-containing α-globin transcripts. In fact, the resumption of scanning and 

reinitiation apparently also require a cap-mediated translation initiation with the 

participation of eIF4F, and most likely depend on the preservation of eIF4F (at least 

the central one-third fragment of eIF4G) and eIF3 associated with the ribosome 

throughout translation of the ORF (Pöyry et al. 2004; Szamecz et al. 2008). The 

observation that an unstructured ORF, which almost certainly increases the rate of 

translation, enhances both NMD inhibition and reinitiation further supports this 

notion. 

As an alternative to the impact of the time taken to translate the ORF, the possible 

downstream-extended permanence of the AUG-proximity effect in α-globin may 

instead reflect the influence of an unidentified α-globin-specific factor, possibly 

included in the translation initiation complex, which increases the stability of the 

interactions that allow PABPC1 to remain ribosome-associated during ORF 

translation. 

 

IV.2. Concluding remarks 

Different and numerous aspects of the NMD mechanism have been under intense 

investigation during the last years and much is known by now. However, many 

details remain unclear: critical features of the molecular mechanisms for PTC 

recognition and decay activation, as well as the role of many particular protein 

factors, are being debated. Mechanistic models have been proposed that aim to 

illustrate NMD as it should occur in the majority of the studied transcripts, but 

increasing reports describe specific transcript features that do not correspond to 

existing models. The present work revealed general and specific aspects of the NMD 
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mechanism in human α-globin mRNA and contributed with data concerning the 

NMD behavior for β-globin mRNA as well. 

As expected, α-globin mRNA is naturally subject to surveillance and defective       

α-globin transcripts where a translation termination codon is considered premature 

are rapidly degraded. Nonsense mutations placed in exons 2 or 3 correspond to the 

current model for PTC recognition and only stop codons located more than 50-55 nt 

upstream from the last exon-exon junction are considered premature and elicit 

NMD. However, when located in exon 1, PTCs fail to elicit fully efficient decay and 

the mRNA exhibits an evasion to NMD similar to that observed in β-globin 

transcripts nonsense-mutated at the 5’-part of exon 1, although further extended. 

The results from the present work provide evidence for a role played by the ORF 

translation rate in determining the extension of the NMD inhibition effect in α- and 

β-globin AUG-proximal nonsense-mutated transcripts. Results further suggest that 

this NMD repression reflects the presence of factors involved in translation 

initiation, such as the NMD antagonist PABPC1, which may remain in close 

proximity to the ribosome by the time it reaches the stop codon of a short ORF. The 

extension of this NMD inhibition effect is modulated by the ORF structure. 

 

IV.3. Future perspectives 

Data obtained from the present work exposed promising new lines of investigation, 

which could help to understand the basis of the 5’-NMD inhibition effect and further 

elucidate critical aspects of mRNA translation and surveillance mechanisms that 

could be valid not only for human globin mRNAs but also apply to other transcripts 

and be extended to other organisms. 

Accordingly, a detailed characterization of the preserved interactions between 

translation initiation factors (and associated proteins) and the 40S ribosome during 

pre-80S scanning, as well as those maintained after 60S subunit joining that may 
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persist through the beginning of elongation, is open to further investigation. 

Moreover, the thorough comprehension of the mechanisms concerning PABPC1 

involvement in translation termination, ribosomal release and prevention of the 

interaction between UPF1 and the termination complex, inhibiting NMD, demand 

additional research. 

Furthermore, another potentially interesting study would be to clearly identify a 

putative specific factor which increases the stability of the protein interactions 

responsible for the permanence of ribosome-associated PABPC1 during the α-globin 

ORF translation; or a protein factor able to stabilize an otherwise NMD-susceptible 

transcript and whose influence would superimpose that of an EJC. 

Additionally, the detection of possible differences in the translation initiation 

complex composition or in structural constraints between α- and β-globin mRNAs, 

that determine different efficiencies for translation initiation, needs further 

elucidation. Also, the identification of the features which determine that translation 

reinitiation occurs in α-globin but not in β-globin 5’-proximal nonsense-mutated 

transcripts, as well as the establishment of whether what determines the extended 

NMD inhibition is the same that controls the occurrence of translation reinitiation in 

α-globin transcripts, require additional investigation. 
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