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Abstract 

The alpha () thalassemias are a group of disorders occurring as a result of decreased 

synthesis of α-globin chains due to deletions of α-globin genes or, less commonly, point 

mutations. The main aim of this research was to elucidate molecular mechanisms and 

events regulating human -globin production in an in vitro system and perform 

comparative analysis between normal and -thalassemia subtypes. Research was 

undertaken to investigate the impact of non-deletional -thalassemia, caused mainly by 

point mutations, on various steps involved in -globin expression with focus on pre-

transcriptional and  transcriptional processes. 

The need for an in-vitro system to analyse the pathological effects of various mutations was 

identified during the course of routine diagnostic work for the investigation of patients with 

potential α-thalassemia. In cases where the common alpha globin gene deletions have been 

excluded, sequencing of the alpha1 (HBA1) and alpha2 (HBA2) genes is undertaken and 

this has yielded novel base substitutions in some cases. In order to provide information to 

the requesting clinician regarding whether the base substitution is pathogenic or 

polymorphic it was necessary to develop a system to investigate the impact of the mutation 

on α-globin expression. Therefore, this study resulted in developing an in vitro system with 

expression vectors carrying the wild type α2- and α1-globin genes as well as various novel 

mutations. The generated system is driven by the α-globin gene’s own regulatory elements 

present at the 5` and 3` UTRs rather than recombinant elements such as viral promoter and 

polyadenylation signals. This gave us an advantage of studying mutations located at these 

regions as well as exonic and intronic mutations. 
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Clinical and diagnostic data were generated during routine analysis for thalassemia 

investigations. Novel -thalassemia cases, caused by point mutations, were recorded to 

proceed for experimental analysis. Experimental investigation involved the generation of 

these point mutations in the designed in vitro model and Human Bladder Carcinoma (5637) 

cells were used as a cell culture system for the in vitro transfection assay to elucidate the 

molecular pathway of the disease. This study provides a new insight into the 

pathophysiology of -thalassemias by providing experimental evidence and scientific 

explanation for the discovered novel -globin gene mutations and thus increases our 

knowledge in this type of complicated disorder.  

Novel -globin genes mutations, identified in PathWest laboratory, have been studied 

extensively to elucidate the pathophysiology. This includes mutations found at cis-

regulatory elements of the promoter regions as well as mutations that disrupt ribonucleic 

acid (RNA) processing. With regard to the promoter region mutations, results indicated that 

the level of -globin expression varies depending on their location and involvement in the 

transcription initiation process. Promoter mutations are not uncommon in the β-globin gene 

but have not been well described in the α-globin genes. It is believed that promoter 

mutations found in the -globin genes cause reduction in the transcriptional activity of gene 

expression due to failure of appropriate binding of the transcription factors to their 

corresponding cis-regulatory elements.  

Precursor messenger RNA (Pre-mRNA) splicing is a crucial step in regulation of gene 

expression which depends on identification of conservative recognition sites located at the 

exonic and intronic sequences. Mutations at these sites have been previously described in 

-globin genes causing -thalassemia phenotypes. This study has identified and 
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characterized several mutations that result in aberrant splicing. The investigation involved 

combinational steps of prediction and experimental analyses. The results showed that the 

recognition sites for splicing machinery are very conservative and any nucleotide 

substitution at these sites results in the generation of splice variant that leads to either 

mRNA degradation by nonsense-mediated decay (NMD) or expression of nonfunctional 

truncated proteins. Although RNA splicing prediction tools are useful, it is important to 

prove this prediction experimentally as prediction tools are not as accurate as experimental 

analysis. The in vitro system and analyses that were developed in this study can be used as 

a model for studying various mutations that affect not only the -globin genes but also 

other genes.  
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1. Introduction 

Chapter 1 provides an overview and literature review of the regulation of α-globin genes 

and mutations that disturb this regulation resulting in α-thalassemia phenotypes with a 

particular focus on non-deletional mutations  

Chapter 2 presents the objectives of the thesis. 

Chapter 3 presents the materials and methods of the thesis including generation of the in 

vitro system model and molecular techniques used for investigation of the impact of 

various point mutations on α-globin regulation and production. 

Chapter 4 provides the results of the thesis and synopses of publications generated during 

the course of this study.  

Chapter 5 provides a general discussion. 

Chapter 6 gives conclusion reached from the thesis and potential direction for future 

research. 

In the appendices, the scientific articles generated from this thesis have been reproduced 

and the copyright clearance licenses were granted. 
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1.1 Background 

In a recent review, it was reported that hemoglobinopathies represent the most common 

single gene disorders affecting 7% of the world’s population (Kohne, 2011, Modell and 

Darlison, 2008). Every year, approximately 300,000 – 500,000 newborns are diagnosed 

with hemoglobinopathies, presenting with symptoms resulting from the absence or 

defective synthesis of either the α- or β-globin chains (Higgs and Weatherall, 2009).  

The α-thalassemia disorders are common throughout tropical and subtropical countries of 

the world as well as the Mediterranean regions with an estimated 5% of the world’s 

population being affected (Vichinsky, 2010). In some regions, α-thalassemia carriers may 

reach 80 – 90% of the population (Harteveld and Higgs, 2010). For these reasons, it is 

important that laboratory and therapeutic intervention take place to investigate the pattern 

of such disorders and determine pathophysiological mechanisms and interactions.  

The human α-globin cluster spans about 70 kb close to the telomere of the short arm of 

chromosome 16 (16p13.3) (Weatherall and Clegg, 2001). It contains a GC-rich and Alu-

dense regions and is located in an actively transcribed region where several expressed 

genes including MPG, C16orf35 and Luc7L are present. Using an evolutionary approach, it 

has been identified that a minimal fragment of 135 – 155 kb segment of the chromosome is 

required for the regulation and expression of the α-globin (Higgs et al., 2005). The cluster 

harbors several α-globin genes which include, from the centromere to the telomeric region: 

θ, α1, α2, ψα1, ψα2, ψζ, ζ genes and a major regulatory element known as HS-40 (Higgs 

and Weatherall, 2009). Since there is a duplicated -globin gene on each copy of 

chromosome 16, this results in a total of four α-globin genes (two genes per haploid; α2 and 

α1) in a normal individual. These four genes are responsible for the production of the α-

globin chains during fetal and adult stages. Both α2- and α1-globin  genes (HBA2 and 
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HBA1) express identical protein products but the HBA2 encodes a 2-3 fold higher steady 

state level of mRNA than the HBA1 (Liebhaber et al., 1986). The ζ gene is expressed 

during the embryonic stage. The other genes which include θ, ψα1, ψα2, and ψζ are 

considered pseudogenes as they do not encode for functional proteins (Weatherall and 

Clegg, 2001). 

The clinical severity of α-thalassemia syndromes is dependent on the number of α-globin 

genes affected and also on the type of mutation (Galanello, 2012). The most severe and 

fatal form is seen when all four α-globin genes are affected, mostly by deletion, resulting in 

a condition known as hemoglobin (Hb) Bart’s hydrops fetalis. This form of α-thalassemia is 

incompatible with life due to severe anemia, intrauterine hypoxia and cardiac failure 

causing intrauterine death (Singer, 2009). Hb H disease is another form of α-thalassemia 

where three genes are affected resulting in the production of less than 30% of the normal 

Hb amount. It occurs most commonly as a result of compound heterozygosity for two 

mutations or less commonly due to homozygous mutations. The clinical phenotype of Hb H 

varies from mild to moderate anemia with a variable degree of jaundice (Harteveld and 

Higgs, 2010). The third form of α-thalassemias is mild and known as α-thalassemia trait 

where one or two α-globin genes are affected resulting in a mild asymptomatic anemia.  It 

is most often discovered during routine health check or antenatal screening (Harteveld and 

Higgs, 2010). The silent carrier of α-thalassemia, where only one α-globin gene is affected, 

represents the fourth form of α-thalassemia. Individuals with silent carrier status show 

normal clinical and hematological pictures and can be detected only by sophisticated 

molecular techniques.  

At the molecular level, the most common mutations are deletions of one or both α-globin 

genes of the affected allele. Less commonly, α-thalassemia is caused by non-deletional 
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mutations including point mutations or insertions or deletions of one or few nucleotides in 

the α-globin genes (Steinberg et al., 2009, Traeger-Synodinos et al., 1993). The current 

advance in molecular genetics has revealed a number of non-deletional mutations involving 

various regions of the α-globin genes. Indeed, in our laboratory where sequencing of the α-

globin genes is included in the routine diagnostic evaluation of possible cases of α-

thalassemia, a number of previously uncharacterized sequence variants have been 

identified.  In some cases, the mutation is clearly pathogenic, whereas in others it may not 

be obvious whether the base change is pathogenic or polymorphic. This has led to the 

necessity of finding parallel experimental tools to characterize such mutations and analyze 

their impact on the regulation of α-globin expression. While deletional α-thalassemia has 

been widely studied, further investigation through experimental analysis of non-deletional 

α-thalassemia is required. This will generate a better understanding and comprehensive 

knowledge about molecular and cellular mechanisms involved in the expression of α-globin 

genes. 

1.2 Transcription of α-globin genes 

Expression of α-globin genes, like other eukaryotic genes, involves several steps that 

comprise transcription initiation, pre-mRNA splicing and mRNA formation, mRNA 

transportation into the cytoplasm, translation and mRNA stability (Grosveld et al., 1993). It 

is believed that gene expression is controlled mainly by the process of transcription where 

the genetic code is transcribed from DNA to RNA by the RNA polymerase II enzyme 

(Maston et al., 2006). RNA polymerase II initiates the transcription process through a 

complex interaction between various regulatory proteins called transcription factors (TFs) 

and specific DNA sequence elements located upstream and downstream of the transcription 
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initiation site  (TIS) (Barnhart et al., 1988). The TFs are known as trans-acting regulatory 

elements since they are synthesized in remote regions and migrate to the DNA site of 

action. On the other hand, sequence elements located at the DNA strand are called cis-

acting regulatory elements since they represent the site of action when bound to trans-

acting factors (Strachan and Read, 2004). As globin genes are regulated in a highly specific 

pattern to produce different hemoglobin molecules throughout developmental stages, it is 

important for the trans-acting factors to identify their binding sites correctly to have 

optimum transcriptional activity (Ribeiro and Sonati, 2008). 

1.2.1 Initiation of transcription 

Initiation of transcription is a well conserved process in eukaryotic cells. The α-globin gene 

cluster is located in an open chromatin region enriched with several housekeeping genes 

(Vyas et al., 1992). It is characterized by a high G+C content isochore which remains 

unmethylated in all tissues to allow for dynamic transcriptional activity (Shewchuk and 

Hardison, 1997). Accurate transcription initiation requires the formation of a transcription 

preinitiation complex which results from the interaction of trans- and cis-acting regulatory 

elements at the core promoter region (Revyakin et al., 2012, Smale and Kadonaga, 2003). 

1.2.1.1 Cis-Acting Elements 

Cis-acting elements are DNA motifs that act as binding sites recognized by the TFs and/or 

other regulators required to initiate and maintain transcriptional activity (Grosveld et al., 

1993, Wittkopp and Kalay, 2012). The cis-acting elements are categorized into three major 

classes which include core, proximal and distal promoters (Griffiths, 2000).  
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The first class is the core promoter region to which the RNA polymerase II complex binds 

to initiate transcription. It is located within an area that  ranges from -40 to +50 bases from 

the TIS (de Vooght et al., 2009). The core promoter of the α-globin genes extends from -37 

to + 32 bases from the TIS (Forget and Hardison, 2009) and contains five regulatory 

sequences. These five sequences are: Transcription Factor IIB Recognition Element (BRE), 

TATA box, Initiator (Inr), Motif Ten Element (MTE) and Downstream Promoter Element 

(DPE) arranged in 5` to 3` direction (Maston et al., 2006). The TATA box is among the 

well-known cis-regulatory motifs that is located in the core promoter and has been 

extensively studied. 

The second class is the proximal promoter region which, in the case of globin genes, is 

located upstream of the core promoter region. It contains multiple binding sites for TFs and 

extends roughly from – 40 to – 250 bases from the TIS (Forget and Hardison, 2009). 

Several recognition binding sites are found in the proximal promoter of HBA2 and HBA1 

including GC boxes, Krüppel-like factors (KLFs) binding sites, a CACCC box, a CCAAT 

box, and an alpha inverted repeat (α-IR) element (Bieker and Southwood, 1995, Marini et 

al., 2010, Weatherall and Clegg, 2001, Yost et al., 1993). Most of these elements are 

recognized by transcription activators and the presence of multiple GC boxes, recognized 

by Sp1, in this region has been reported to boost the transcriptional activity of the α-globin 

genes (Pondel et al., 1995). It is suggested that the presence of multiple KLF binding sites 

in the proximal region, which are related to Sp1 factor, enhance the α-globin expression 

(Marini et al., 2010) (Fig.1.1). Since the proximal promoter is enriched with numerous cis-

regulatory elements, it is likely that mutations in this region significantly decrease 

transcriptional activity.  

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC85905/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC85905/
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The third major class of cis-regulatory elements comprises the distal promoter regions 

which may be found up to 1 Mb from the TIS and provide long range control over α-globin 

gene cluster expression. The cis-regulatory elements in the distal promoter regions may 

function as enhancers, silencers, insulators or locus control region or matrix attachment 

regions (Allison, 2007). In the α-globin gene cluster, there is a distal α-major regulatory 

element (α-MRE) located 40 Kb from the TIS of the ξ-globin gene known as HS-40 

(Jarman et al., 1991). The HS-40 region is an erythroid-specific, deoxyribonuclease 

(DNase) I hypersensitive site, and thus called HS-40. Other DNase I hypersensitivy 

elements including HS-10, HS-33, and HS-48 have been shown by functional analyses in 

transgenic mice not to enhance α-globin expression at high level (Higgs et al., 2005). 

However, severe reduction to less than 5% of normal α-globin expression was reported 

upon deletion of HS-40 from the human α -globin cluster indicating that HS-40 forms the 

major element (Viprakasit et al., 2006).  

The HS-40 is composed of a core sequence of about 350 bp which harbors ten DNA 

sequence motifs. These motifs include four GATA-1 motifs, two nuclear factor erythroid 

2/activating protein 1 (NF-E2/AP1) motifs, and four CAC/GT motifs (Jarman et al., 1991, 

Strauss et al., 1992, Zhang et al., 2002) (Fig.1.2). The HS-40 element has two main 

functions. Firstly, it acts as an enhancer element for the transcription of ξ- and α-globin 

genes during the developmental stages as demonstrated in cell lines and transgenic mice 

(Ren et al., 1993). Secondly, the location of HS-40 provides some chromatin remodeling 

functions (Zhang et al., 2002). The HS-40 is found in a transcriptionally active region of 

open chromatin in various tissues and cell lines (Vyas et al., 1992). The telomeric region of 

the short arm of chromosome 16, where the α-globin gene cluster lies, is also enriched with 

many housekeeping genes making the chromatin available for their constitutive expression. 
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This in turn frees the cis-regulatory elements of the α-globin gene cluster to bind the TFs 

(Zhang et al., 2002). 

 

Figure  1.2 – Distal promoter elements of the α-globin cluster (HS-40) 

The core sequence of the α-major regulatory element (HS-40) showing various cis-regulatory 

elements. 

1.2.1.2 Trans-acting elements 

These are mainly proteins with distinct domains that are synthesized in remote regions and 

bind to the cis-regulatory element sites to activate, suppress or alter gene expression 

(Mitchell and Tjian, 1989). They can be classified into two main groups: (1) general 

transcription factors that recognize the core promoter region; and (2) erythroid transcription 

factors that are involved in activation of globin genes as well as hemoglobin switching 

(Evans et al., 1990). 

The general transcription factors (also known as basal TFs) form a part of the basal 

machinery. They are required by most eukaryotic genes including globin genes for RNA 
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Polymerase II recruitment to initiate the transcription process. They form a unit of five 

transcription factors for RNA polymerase II designated as TFIIB, TFIID, TFIIE, TFIIF and 

TFIIH (Lee and Young, 2000). The recruitment of RNA polymerase II requires the 

formation of a pre-initiation complex, which involves the binding of the TFIID subunit 

known as TATA box binding protein (TBP) to the TATA box, causing a bend and partial 

unwinding of the DNA. This brings other associated proteins, followed by binding of 

TFIIB and TFIIF to the complex, accompanied by binding of RNA polymerase II. This in 

turn recruits the binding of TFIIE and TFIIH to form a complete pre-initiation complex 

assembly which causes DNA melting by helicase enzyme resulting in transcription 

initiation and the generation of the pre-mRNA (Allison, 2007, Maston et al., 2006).  

Erythroid transcription factors include a number of factors involved in erythropoiesis and 

globin synthesis. Some of these factors include the GATA family proteins, EKLF and 

related factors, NF-E2, and CP2 family (Blobel and Weiss, 2009, Kang et al., 2005, 

Weatherall and Clegg, 2001). The GATA1 and GATA2 factors of the GATA family bind to 

the (AGATAA) consensus motif and regulate erythroid gene expression. GATA2 plays a 

predominant role in the early stages of hematopoietic stem cells while the role of GATA1 

predominates during terminal differentiation (Kaneko et al., 2010, Weiss and Orkin, 1995).  

The EKLFs are a family of zinc finger protein containing transcription factors important for 

the expression of β-globin in erythroid cells. These EKLFs bind to the CACCC element 

(Perkins et al., 1995). Recent studies have also shown that EKLF also binds to the mouse α-

globin promoter and its α-MRE (HS26) suggesting a functional role for this factor in 

regulating the α-globin cluster (Shyu et al., 2006, Tallack et al., 2010).  

Nuclear factor, erythroid-derived 2 (NF-E2) is among the known erythroid specific 

transcription factors that play a coordination role in globin gene activation, regulation and 
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hemoglobin synthesis (Andrews, 1994). The NF-E2 is composed of two heterodimer 

subunits known as p45 and p18 (Ney et al., 1993) in which each subunit belongs to a 

different transcription factor family. The NF-E2 recognizes a consensus sequence 

containing a core of AP-1 motif, (T/C)GCTGA(G/C)TCA(T/C) (Andrews, 1998). This 

consensus sequence is found in the HS-40 indicating that the NF-E2 contributes to long 

range control of α-globin expression (Loyd et al., 2003). 

The CP2 family has been reported to be involved in α-globin expression. The binding of 

CP2c factor to the α-globin promoter is essential for enhancing globin gene transcription. It 

recognizes a DNA sequence in the α-globin promoter that overlaps with the CCAAT box 

(Kang et al., 2005). Due to the presence of the CP2 motif adjacent to the GATA1 motif, the 

CP2 family is thought to interact with GATA1 to regulate erythroid promoters in the HS-2 

locus control region of β-globin, but not α-globin (Bose et al., 2006).  

In addition to these factors, a number of transcriptional factors involved in hemoglobin 

switching have been reported (Chen et al., 2010, Wilber et al., 2011). For example, 

BCL11A, SOX6, p22NF-E4, COUP-TFII, YY1, TR2/TR4, NF-E4, and RREB1 are all 

involved in various interactions with genes in the β- and α-globin clusters. 

1.2.1.3 Cis-regulatory mutations causing α-thalassemia 

 To the researcher’s knowledge, there is no descriptive study about non-deletional 

mutations in the promoter regions of the α-globin genes compared to those commonly 

found in the β-globin gene reported in the HbVar database (Patrinos et al., 2004) 

(Table.1.1). The only point mutation that has been reported in the HbVar database is the 

HBA1:c.-16T>C.  
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In the PathWest laboratory, three point mutations have been identified to affect the 

promoter regions of HBA2 (Qadah et al., 2014a). These include HBA2:c-59C>T, HBA2:c.-

81C>A and HBA2:c.-91G>A. HBA2:c-59C>T affects the TATA box located at the core 

promoter, HBA2:c.-81C>A affects the α-IRP motif located at the proximal region and 

HBA2:c.-91G>A affects a nucleotide base that is located between the recognition sites of 

two functionally related transcription factors, namely Sp1 and α-IRP in the proximal 

region. 
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Table  1.1 - Non-deletional mutations affecting the proximal and core promoter regions of 
HBB, HBA2 and HBA1 

Affected 
Gene Mutation Affected site Binding 

site for Reference / Comments 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
HBB 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

HBB:c.-151C>T CACCC box EKLF (Baysal et al., 1994, Gonzalez-Redondo et al., 
1989, Ristaldi et al., 1990, Rund et al., 1997) 

HBB:c.-143C>G CACCC box EKLF Personal Communication ( in HbVar) 
Giordano, PC - Harteveld CL 

HBB:c.-142C>T CACCC box EKLF (Divoky et al., 1993, Rund et al., 1997) 
HBB:c.-140C>T CACCC box EKLF (Faustino et al., 1992) 

HBB:c.-138C>T CACCC box EKLF 
(Beris et al., 1992, Gonzalez-Redondo et al., 
1988b, Huisman, 1997, Orkin et al., 1984, 
Wong et al., 1986) 

HBB:c.-138C>A CACCC box EKLF (Rund et al., 1991) 

HBB:c.-138C>G CACCC box EKLF Personal Communication ( in HbVar) Old J, 
2010 

HBB:c.-137C>G CACCC box EKLF 
(Camaschella et al., 1990, Diaz-Chico et al., 
1988, Gilman et al., 1994, Treisman et al., 
1983) 

HBB:c.-137C>A CACCC box EKLF (Coleman et al., 1992) 
HBB:c.-137C>T CACCC box EKLF (Kulozik et al., 1991) 
HBB:c.-136C>G CACCC box EKLF (Kazazian, 1990, Thein et al., 1990) 
HBB:c.-136C>A CACCC box EKLF (Meloni et al., 1992) 

HBB:c.-121C>T Unknown * - 

Personal Communication ( in HbVar) Old J, 
2010 
* mutation is located next to last nucleotide of 
CCAAT box 

HBB:c.-106G>C Unknown - 
Personal Communication ( in HbVar) Giordano 
PC, 2007 
 

HBB:c.-100G>A Direct repeat 
element *  (Li et al., 2009) 

* Maximize transcription process 
HBB:c.-82C>T TATA box TBP (Eng et al., 2007) 
HBB:c.-82C>A TATA box TBP (Lin et al., 1992) 

HBB:c.-81A>C TATA box TBP Personal Communication ( in HbVar) Cao A, 
1994 

HBB:c.-81A>G TATA box TBP (Takihara et al., 1986) 

HBB:c.-80T>G TATA box TBP Personal Communication ( in HbVar) Old J, 
2010 

HBB:c.-80T>C TATA box TBP (Cai et al., 1989) 
HBB:c.-80T>A TATA box TBP (Fattoum et al., 1991, Fei et al., 1988) 

HBB:c.-79A>G TATA box TBP 

(Atweh and Forget, 1987, Codrington et al., 
1990, Gonzalez-Redondo et al., 1988a, 
Gonzalez-Redondo et al., 1988b, Huisman, 
1997) 

HBB:c.-78A>C TATA box TBP (Poncz et al., 1982) 
HBB:c.-78A>G TATA box TBP (Orkin et al., 1983) 

HBB:c.-76A>C TATA box TBP Personal Communication ( in HbVar) Waye JS, 
2010 

HBB:c.-75G>C TATA box TBP (Eng et al., 2007) 
HBB:c.-50A>C Initiator CAP site (Wong et al., 1987) 

HBB:c.-31C>T Motif Ten 
Element 

TAF6 and 
TAF9 of 
TFII D 

Personal Communication ( in HbVar) 
Wiemann C, 2005 
? may impair the binding of mRNA to 
ribosome. 
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Affected 
Gene Mutation Affected site Binding 

site for Reference / Comments 

 
 
 
 
HBB 

HBB:c.-29G>A Motif Ten 
Element 

TAF6 and 
TAF9 of 
TFII D 

(Cai et al., 1992, Oner et al., 1991) 
? Creates a cryptic ATG initiation codon, 
resulting in premature termination at 36 bp 3’ 
downstream. 
? impair the binding of mRNA to ribosome 

HBB:c.-18C>G 
Down 

Promoter 
Element 

TAF6/9 of 
TFIID  

(Ho et al., 1996) 
Down regulate gene expression by reducing the 
amount of mRNA transcript. 

HBA1 HBA1:c.-16T>C Motif Ten 
Element 

TAF6/9 of 
TFIID  

HbVar database 
? Down regulate transcription process. 

HBA2 

HBA2:c.-59C>T TATA box TBP 
(Qadah et al., 2014a) 
Down regulate gene expression by reducing the 
transcriptional activity 

HBA2:c.-81C>A αIR elements αIRP 
(Qadah et al., 2014a) 
Down regulate gene expression by reducing the 
transcriptional activity 

HBA2:c.-91G>A 
In between Sp1 and αIR 

elements which are 
functionally related. 

(Qadah et al., 2014a) 
Most likely a polymorphic variant.  

 

1.2.1.4 Trans-acting regulatory mutations causing α-thalassemia 

Trans-acting regulatory mutations have been reported to cause both β- and α-thalassemia. 

There are two known conditions of trans-acting mutations that cause α-thalassemia (Higgs, 

2004).  

The first condition is known as α-thalassemia X-linked mental retardation syndrome (ATR-

X), which occurs due to a mutation in the trans-acting factor gene (called ATRX) resulting 

in an α-thalassemia phenotype (Gibbons et al., 1995). In ATR-X, there is no structural 

abnormality in the α-globin cluster. Rather, inactivation of the α-globin genes results from a 

range of mutations in the XH2 helicase enzyme that is involved in the transcriptional 

regulation of several genes including α-globin. Changes in the regulation of these genes 

result in developmental retardation, characteristic facial features, and genital abnormalities. 

It has been suggested recently that ATRX factor influences α-globin expression. Since the 

α-globin gene cluster is embedded in a region with high GC content and CpG rich tandemly 
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repeated sequences, this region represents a target for the ATRX factor. The β-globin genes 

cluster lacks this feature which explains why ATRX mutations are not associated with β-

thalassemia (Higgs and Gibbons, 2010).  

The second condition is called α-thalassaemia myelodysplasia syndrome (ATMDS) and is 

frequently seen in elderly males (Gibbons, 2012). This type of α-thalassaemia is acquired in 

the context of myelodysplastic syndrome and thus given the name. The distinct feature of 

ATMDS is the microcytic hypochromic anemia giving a picture of Hb H disease. 

Mechanisms which contribute to this syndrome at the molecular level include somatic point 

mutations of the ATRX gene, some of which result in aberrant mRNA splicing (Gibbons, 

2012). Granulocyte RNA from ATMDS patient was compared to that obtained from 

healthy control and the result showed marked down-regulation of the ATRX in the patient 

sample. Subsequent sequencing of DNA obtained from the patient’s granulocytes showed a 

point mutation in the splice donor site of intron 1 of the ATRX gene resulting in aberrant 

splice variant of the ATRX transcript. This causes rapid degradation by the nonsense-

mediated decay (NMD) system and thus low expression of the ATRX protein (Gibbons et 

al., 2003). 

1.2.2 RNA transcript formation and Processing 

Like other eukaryotic genes, once the transcription process of the globin genes is initiated 

and elongated, the primary RNA transcript is formed and undergoes a maturation process 

comprising three major steps: capping, splicing of introns and polyadenylation (Proudfoot 

et al., 2002). 
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1.2.2.1 Capping of primary RNA 

The addition of 7-methylguanosine to the 5′ end of the primary RNA is called capping. This 

process is required to 1) protect the primary RNA from being degraded by 5`  3` 

exonuclase activity, 2) stabilize and assist in transportation of primary RNA from the 

nucleus to the cytoplasm, and 3) generate a translational signal for the ribosome during the 

translation process (Strachan and Read, 2004, Weatherall and Clegg, 2001). The capping 

process is initiated by a capping enzyme after synthesis of 25 – 30 nucleotides of the RNA 

molecule. This enzyme links the 7-methylguanosine to the first 5` nucleotide of the primary 

RNA transcript by a 5` to 5` phosphodiester bond resulting in a blockage or capping of the 

5` end of the primary RNA transcript (Lodish et al., 2000). To the best of the researcher’s 

knowledge, there is no point mutation which adversely affects the capping process in either 

HBA2 or HBA1. 

1.2.2.2 Primary RNA Splicing 

Primary RNA splicing is the next stage of RNA processing and maturation where 

intervening sequences or introns of the pre-mRNA are excised, followed by the joining of 

exons. It is the most critical step involved in gene expression at the RNA processing level 

since aberrant splicing results in degradation of the mRNA or production of dysfunctional 

protein.  

The splicing process is carried out by a multi-subunit complex splicing machinery known 

as the spliceosome which is made up of five small nuclear ribonucleoproteins (snRNPs) 

and some other proteins (Jurica and Moore, 2003). The spliceosome performs the excision 

of introns by recognizing specific nucleotide sequences located at exon-intron boundaries 

known as splice recognition sites. The canonical splice recognition signals present in the 
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intron comprise a GU dinucleotide (GT at the genomic level) forming the donor splice site 

and an AG dinucleotide at the acceptor splice site. A third important element called the 

branch point site has a consensus sequence (YNYURAY), [Y (C/T); N (any nucleotide); R 

(A/G)], located at 15 – 35 bases upstream of the end of the intron (Burset et al., 2000, 

Cooper et al., 2009, Krawczak et al., 2007).  

The donor and acceptor splice sites, the branch splice site and the core cis-acting splicing 

signals are required for constitutive splicing (Wang and Burge, 2008). Another regulatory 

element, located in close proximity to the acceptor splice site, called the polypyrimidine 

tract (PPT) also plays an important role in the splicing process. For the α-globin mRNAs, 

the donor and acceptor splice sites, branch point splice site and the PPT are typically 

present and identified in the intronic sequences, and several mutations have been reported 

in these sites causing aberrant splice variants (Fig. 1.3).  

 

Figure  1.3 – Splice sites recognition signals of α2- and α1- globin pre-mRNA. 
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Like other eukaryotic genes, splicing of α-globin pre-mRNA involves two major events 

(Fig. 1.4). Firstly, the donor (5`) splice site found at the exon/intron junction of the pre-

mRNA is recognized by a snRNP called Unit 1 (U1) of the spliceosome complex alongside 

U2 which binds to the splicing branch site. In addition, two auxiliary factors of U2, called 

U2AF65 and U2AF35, bind to the PPT and the invariant AG dinucleotide located at the 

acceptor (3`) splice site, respectively. This reaction brings U1 and U2 in close proximity 

upstream of the acceptor splice site. Secondly, as a result of the proximity between U1 and 

U2, other units, namely U4/U6 and U5, are attracted to form a complete spliceosome 

complex. This causes the cleavage of the intron at the 5` splice site followed by the 3` 

cleavage and thus intron removal in a lariat form. The adjacent exons are then ligated by 

U5 to form a mature mRNA (Holste and Ohler, 2008, Wang and Burge, 2008). This type of 

pre-mRNA splicing represents the major class of spliceosome when the introns of pre-

mRNA are present in conserved and canonical splicing regulatory sequences.  
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Figure  1.4 – Steps of Pre-mRNA splicing. 

Pre-mRNA splicing is carried out by the spliceosome (a multi-subunit complex). Unit 1 (U1) binds 

to the donor splice site while U2 binds to the splicing branch site. Two subunits of U2, U2AF65 and 

U2AF35, bind to the acceptor splice site bringing U1 and U2 in close and subsequently U5, U4 and 

U6 bind to the complex. This causes the intron to be removed in a lariat form and subsequently 

adjacent exons are joined together.  

1.2.2.3 Primary RNA polyadenylation 

The addition of 200 – 300 adenine residues to the 3` end of the primary transcript is known 

as polyadenylation forming the poly(A) tail. The poly(A) tail is important for the stability 

of mRNA as well as for efficient translation. It also facilitates transport of the mRNA from 

the nucleus to the cytoplasm (Colgan and Manley, 1997, Strachan and Read, 2004). The 

polyadenylation process depends on two signals that are located upstream and downstream 

of the polyadenylation site. The upstream signal is a sequence element that has a consensus 
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sequence (AAUAAA) and is located 11 – 23 bases from the cleavage or polyadenylation 

site. The downstream element is rich in U or U and G residues and is located 10 – 30 bases 

from the cleavage site (Chen et al., 1995, Keller, 1995).  

For HBA2 and HBA1 transcripts, the upstream poly(A) tail signal is located between -22 to 

-17 bases from the cleavage site. The 30 downstream bases are rich in U and G residues 

representing 63% and 66% of sequence abundance for HBA2 and HBA1, respectively (Fig. 

1.5). The addition of the poly(A) tail also requires a protein complex that is composed of 

cleavage and polyadenylation specificity factor (CPSF), cleavage stimulation factor (CstF), 

poly(A) polymerase (PAP) and poly(A) binding protein (PABII). The CPSF recognizes and 

binds to the AAUAAA element and links with the CstF which recognizes the UG rich 

downstream sequence. As a result of this binding, cleavage of the primary RNA occurs due 

to the endonucleolytic activity of two cleavage factors called CFI and CFII. This is 

followed by the addition of poly(A) by PAP until about 250 bases are added (Keller, 1995, 

Weatherall and Clegg, 2001). 
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Figure  1.5 – Polyadenylation signals and cleavage sites for HBA2 (A) and HBA1 (B) primary 
transcripts 
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1.2.2.4 In silico tools for prediction of splicing regulatory elements 

The development and advancement during the last two decades in computational biology 

and bioinformatics tools has increased our ability to predict splicing regulatory elements as 

well as the impact and consequences of mutations on these signals. Such consequences may 

vary from the formation of new cryptic splice sites to exon skipping. Although the 

development of in silico tools can now predict the presence regulatory sequences, this does 

not eliminate the need to perform experimental analysis. 

In silico tools are useful since they give an initial approach regarding the consequences of 

mutations affecting splicing regulatory elements. Identification of the regulatory elements 

used by these tools varies according to the approach used, which can be performed by 

alignment of the query sequence to databases of splice signals or by ab initio prediction 

methods (Desmet et al., 2009). There are several bioinformatics tools freely available 

online that can be utilized to predict the implication of mutations on splicing processes. 

Some examples of in silico tools used for splice sites prediction include Human Splicing 

Finder (http://www.umd.be/HSF/) (Desmet et al., 2009), NetGen2 server 

(http://www.cbs.dtu.dk/services/NetGene2/) (Hebsgaard et al., 1996), GeneSplicer server 

(http://www.cbcb.umd.edu/software/GeneSplicer/gene_spl.shtml) (Pertea et al., 2001), Fas-

ESS hexamers server (http://genes.mit.edu/fas-ess/). (Wang et al., 2004), Poly(A) Signal 

Miner (Liu et al., 2005) (http://dnafsminer.bic.nus.edu.sg/) and Dragon Poly(A) Spotter 

(Kalkatawi et al., 2012) (http://cbrc.kaust.edu.sa/dps).  

1.2.2.5 Non-deletional mutations affecting splicing regulatory elements of α-globin genes 

A number of non-deletional mutations affecting α-globin genes have been reported to cause 

aberrant splicing resulting in the α-thalassemia phenotype (Table 1.2). Most of the 

http://www.umd.be/HSF/
http://www.cbs.dtu.dk/services/NetGene2/
http://www.cbcb.umd.edu/software/GeneSplicer/gene_spl.shtml
http://genes.mit.edu/fas-ess/
http://dnafsminer.bic.nus.edu.sg/
http://cbrc.kaust.edu.sa/dps
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mutations occur at the cis-regulatory elements of the donor and acceptor splice sites and 

none to date has been reported in the splice branch site of α-globin genes. Previous reports, 

on such mutations of other genes, showed functional consequences that include complete or 

partial exon skipping, intron retention, use of pseudo 5` or 3` splice site or formation a 

cryptic splice site within an exon or intron (Faustino and Cooper, 2003). Most of these 

mutations involve single base substitutions at the first two nucleotides (GU) of the donor 

splice site or the last two nucleotides of the acceptor splice site (AG). Diseases caused by 

mutations at these sites disrupt the interactions of U1 snRNP and U2AF65 and U2AF35 

which block the ability of the spliceosome complex to carry out normal splicing process. 

Thus other alternative splice sites are utilized leading to the formation of aberrant splice 

variants (Baralle and Baralle, 2005). With regards to the α-globin genes, most non-

deletional mutations that affect the splicing regulatory elements utilize the formation of a 

cryptic splice site resulting in aberrant splice variants and thus reduced production of α-

globin chain.   
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1.2.2.6  Non-deletional mutations affecting the poly(A) tail of α-globin mRNA 

The polyadenylation signal sequence – also known as the poly(A) tail signal – is highly 

conserved in eukaryotic transcripts including globin transcripts (Beaudoing et al., 2000). 

Non-deletional mutations that affect the polyadenylation signal are among the common 

non-deletional type of α-thalassemias and are frequently seen in the Mediterranean and 

Middle Eastern areas (Harteveld and Higgs, 2010). There are four non-deletional mutations 

which are known to cause α-thalassemia. 

A common example of a poly(A) tail mutation is the HBA2:c.*+94A>G mutation (αT Saudiα) 

that affects the last nucleotide of the poly(A) tail consensus sequence (AATAAA  

AATAAG) abrogating the normal function of this motif and resulting in the use of a new 

poly(A) tail signal 1048 bp downstream the terminating codon. This results in an abnormal 

longer transcript than the putative transcript due to failure to cleave the transcribed mRNA 

efficiently resulting in its abnormal expression (Higgs et al., 1983).  

It has been suggested that the HBA2:c.*+94A>G may interfere with the transcription of the 

downstream HBA1 located on the same chromosome causing a reduction in its expression. 

This suggestion has been shown experimentally in HeLa cells where abnormal 3’ end 

processing and termination of transcription caused by the HBA2:c.*+94A>G resulted in 

significant inhibition of the downstream HBA1. This indicates a transcriptional interference 

between the two adjacent genes and therefore reduced expression (Proudfoot, 1986, Thein 

et al., 1988).  

Another point mutation that affects the poly(A) tail sequence is the HBA2:c.*+92A>G. 

This mutation alters the consensus sequence of the poly(A) tail recognition signal 

(AATAAA  AATGAA) resulting in an elongated aberrant transcript similar to that 
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caused by the HBA2:c.*+94A>G (Yuregir et al., 1992). The generated aberrant transcript is 

non-functional and causes transcriptional interference with the expression of the 

downstream HBA1 (Ma et al., 2001). 

The third poly(A) tail signal mutation that causes α-thalassemia is the 2 bp deletion of the 

conserved sequence of HBA2 (AATAAAAATA--) found in an Indian family. The 

pathophysiology of this mutation is identical to the other mutations in this region 

(Harteveld et al., 1994). The fourth known mutation that affects the poly(A) tail signal is a 

small deletion of 16 bp involving the 3’ UTR of the a2-globin gene and affecting the first 

nucleotide of the poly(A) tail recognition signal 

(HBA2:c.*+74_*+89delCCTTCCTGGTCTTTGA). It has been hypothesized that the 

deleted sequence might cause a reduction in the rate of translation by altering the secondary 

structure of the mRNA. In addition, the endonucleolytic cleavage and polyadenylation of 

the pre-mRNA was also affected due to the change in the consensus sequence of the 

poly(A) tail signal (Tamary et al., 1997). 

1.2.3 Determinants of α-globin mRNA stability 

The stability of α-globin mRNA plays an important role in gene expression. It relies on the 

interaction between the cis-regulatory elements of the mRNA and the trans-acting mRNA-

binding proteins. The cis-regulatory elements that determine mRNA stability include the 

capping 7-methylguanosine, 5` and 3` UTRs, coding sequence, and the poly(A) tail 

(Guhaniyogi and Brewer, 2001, Russell et al., 1997). The half-lives of eukaryotic mRNAs 

vary from a few minutes to several days depending on the stability determinants present in 

the mRNA sequence. The globin mRNAs have a long half-life of more than 24 hours and 



27 
 

are very stable to allow high level of expression in developing erythrocytes (Peixeiro et al., 

2011).   

In erythroid cells, the main stability determinants of α-globin mRNA are located in the 

3`UTR. Early studies of α-globin mRNA stability were investigated through mutations that 

caused instability of mRNA and have led to the identification of three discontinuous 

cytosine-rich areas, located at nucleotide position 29 - 70 downstream of the stop codon in 

the 3’UTR. The cytosine-rich areas attract a ribonucleoprotein (RNP) called α-globin 

poly(C) binding protein or α-complex to stabilize the mRNA molecule. In vitro analysis has 

shown that binding of the α-complex to the C-rich elements is affected by base 

substitutions in these elements (Waggoner and Liebhaber, 2003, Weiss and Liebhaber, 

1994, Weiss and Liebhaber, 1995). This causes a 3-6 fold decrease in the expression level 

at 48 hours post-transfection of mouse erythroleukemia cells. This occurs due to mRNA 

destabilization through a translation-independent mechanism. This indicates that the C-rich 

elements play a major role in mRNA stability  

1.2.3.1 mRNA surveillance system 

The mRNA surveillance system is a quality control system for mRNA to ensure accurate 

gene expression by assessing the suitability of mRNAs for translation. Transcriptional 

errors and abnormal processing of mRNAs are monitored by four main mechanisms which 

include the nonstop decay (NSD), nonsense-mediated mRNA decay (NMD), ribosome 

extension mediated decay (REMD), and no go decay (NGD) mechanisms. 

The nonstop decay mechanism (NSD) is triggered by abnormal mRNAs lacking an in-

frame stop codon. When mRNA lacks the stop codon, the ribosome continues translation 

into the 3`UTR until it reaches the poly(A) tail. At this site, the ribosome stalls and an 
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adaptor protein called Ski7 binds to the vacant A site of the ribosome. This causes an 

accumulation of other Ski units to form a complex resulting in dissociation of the ribosome 

from the transcript and degradation by the 3`  5` exosome (Vasudevan et al., 2002). 

There is another pathway in eukaryotic cells, where the NSD becomes active in the absence 

of Ski7. When the poly(A) binding protein is displaced by the translating ribosome due to 

absence of the stop codon, the transcript becomes fragile and sensitive to a decapping 

process resulting in 5`  3` decay by the 5`  3` exoribonuclease Xrn1 (Garneau et al., 

2007).  

The nonsense mediated decay mechanism (NMD) is the best known mRNA surveillance 

pathway. In this pathway, mRNAs bearing premature termination codon (PTC) are 

degraded to protect the cells from production of prematurely terminated dysfunctional 

proteins. The NMD machinery involves three main proteins known as UPF1, UPF2, UPF3 

and other proteins called SMG proteins. These proteins together with another protein 

complex (known as the exon-junction complex) accumulate at the PTC causing a series of 

reactions that lead to mRNA degradation (Chang et al., 2007). Several studies have shown 

that activation of NMD depends on the location of the generated PTC (Perrin-Vidoz et al., 

2002, Schell et al., 2002, Silva et al., 2008). The NMD mechanism is initiated when the 

PTC is formed at positions less than 50-55 bases from the last exon-exon junction of the 

mature mRNA. The NMD mechanism represents a major modifier of genotype/phenotype 

relationship in thalassemia disorders that result in variations in the degree of clinical 

severity.  

Like the NSD and NMD, ribosome extension mediated decay (REMD) is a translational 

dependent pathway. However, it differs from the NMD pathway in that it does not require 

the Upf1 protein for mRNA degradation. It is also restricted to certain types of cells, such 
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as the erythroid cells. REMD contributes significantly to prevent α-globin chain synthesis 

in transcripts harboring anti-termination mutations such as αCS. Its functional role is related 

to the acceleration of deadenylation of aberrant transcripts through two destabilization 

events: displacement of α-complex and ribosomal extension towards the 3` terminus of the 

3`UTR. This extension interferes with the poly(A) recognition signal which results in 

reducing the binding affinity with the poly(A)-binding protein (Kong and Liebhaber, 2007). 

The no go decay mechanism (NGD) is another cellular quality control mechanism that 

removes faulty transcript when the translating ribosome stalls within the open reading 

frame (ORF) during the elongation phase. A pause in translation by the ribosome may 

occur for several reasons such as a stem-loop structure. This pause triggers the 

Dom34/Hbs1 protein complex to bind to the A site of the ribosome, resulting in the 

endonucleolytic cleavage of the mRNA in the surrounding region of the stalled ribosome. 

Following this, the stalled ribosome and the formed peptide chain are released and the 

mRNA fragments are digested by the exosome in 3`5` direction and XrnI in the 5`3` 

direction (Harigaya and Parker, 2010). 

1.3 Translation of the α-globin mRNA 

Processed and mature mRNA is transported into the cytoplasm for globin chain synthesis 

by translation. Like the expression of other eukaryotic genes, translation of α-globin mRNA 

is achieved by translation machinery that is composed of ribosomes, transfer RNAs and 

other cofactors. This is carried out through three main steps: initiation, elongation, and 

termination (Lackner and Bähler, 2008).  

The initiation of translation involves the interaction between the ternary complex and the 

small 40S ribosomal subunit to form 43S pre-initiation complex. The ternary complex is 
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composed of the initiator factor eIF2; initiator tRNA and GTP while the small 40S 

ribosomal subunit contains three binding sites for tRNA, namely E, P and A sites. The 

formation of the 43S pre-initiation complex results in the addition of α-globin mRNA to the 

complex followed by binding of the start codon at the P site to the anticodon loop of the 

initiator-tRNA charged with methionine. The large 60S ribosomal subunit is then attached 

to the complex to form the 80S initiation complex where the translation initiation step starts 

and proceeds to elongation (Lackner and Bähler, 2008, Weatherall and Clegg, 2001).  

The elongation step starts immediately after the initiation step where the elongation factor 

eEF1 and GTP bring the new aminoacyl-tRNA charged with amino acid to the A site of the 

80S ribosomal complex. This is followed by peptide transfer between the newly bound 

aminoacyl-tRNA and the initiator-tRNA and subsequent shifting of peptidyl-tRNA and 

mRNA to liberate the A site for the next aminoacyl-tRNA. This phase is repeated until 

about 20 amino acids are formed and methionine is removed by an enzymatic reaction to 

stabilize the α-globin chain. The amino acids are added as long as the ribosome translates 

the mRNA and until the stop codon is reached (Weatherall and Clegg, 2001). 

The termination step begins when the stop codon (UAA) is encountered by the ribosome 

and a release factor (eRF1) binds to the stop codon in the A site. This causes the release of 

the α-globin chain from the tRNA which is aided by GTP hydrolysis. The ribosome 

complex then dissociates into small subunits to be used again in another translational 

process (Walsh and Mohr, 2011).  

An early study performed by (Liebhaber et al., 1986) revealed that despite sequence 

similarity between the 1- and 2-globin genes, both express identical -chains but at 

different rates where the 2-chain is expressed 2-3 times more than 1. This difference is 

most probably regulated at the transcriptional rather than the translational level because 
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both have identical translational profiles. Therefore, mutations found in the 2-globin gene 

have more deleterious effects than mutations in 1 (Liebhaber et al., 1986, Shakin and 

Liebhaber, 1986).  

Non-deletional mutations affecting α-globin mRNA translation are classified into three 

main categories: translation initiation codon mutations, nonsense mutations and frameshift 

mutations causing PTCs, and termination codon mutations. 

1.3.1 Non-deletional mutations affecting α-globin mRNA translation initiation 

Initiation codon mutations have a severe effect on the translation process since disruption 

of the initiation step causes disruption of subsequent steps. Several cases of non-deletional 

mutations that disrupt the translation initiation codon have been reported in the HbVar 

database of the human hemoglobin variants and thalassemias (Patrinos et al., 2004). These 

include: HBA2:c.1A>G, HBA2:c.1delA, HBA2:c.2T>C, HBA2:c.2delT and 

HBA1:c.1A>G. In addition, two mutations affecting the initiation codon were observed in 

individuals with the α-globin gene of a rightward (- α3.7) deletion chromosome. These 

include ATG  GTG (Olivieri et al., 1987) and deletion of 2 bp prior to the initiation 

codon (Morle et al., 1985). The translation initiation consensus sequence (CCACCATG), 

where the ATG is the initiation codon, represents the recognition element for the ribosome 

to start the translation process (Higgs, 2009a). The mechanism by which translation 

initiation mutations cause α-thalassemia was suggested due to reduction in RNA content as 

a result of these mutations. In vitro assessment carried out by (Morle et al., 1985) about the 

effect of the 2 bp deletion at position -2 and -3 preceding the ATG showed that this 

mutation results in 30 – 45 % reduction in the translation efficiency of synthetic α-globin 

mRNA. An earlier supporting study performed by (Pirastu et al., 1984) showed that the 
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HBA2:c.2T>C which changes the ATG  ACG causes a marked reduction in the level of 

steady-state mRNA transcription from the HBA2 relative to the HBA1 mRNA. This causes 

utilization of the next ATG codon located at the position corresponding to amino acid 32 

resulting in a truncated nonfunctional α-globin chain and thus the α-thalassemia phenotype. 

1.3.2 Nonsense and frameshift mutations causing premature termination codons 

(PTCs) 

A nonsense mutation is a mutation that impairs the translation process of mRNA due to the 

formation of a PTC in the reading frame resulting in either rapid degradation by the NMD 

mechanism or production of a truncated dysfunctional protein. This depends on the location 

of the PTC. When the PTC is formed at any position upstream of 55 bp from the last exon–

exon junction, the mRNA is exposed to rapid degradation by the NMD mechanism. On the 

other hand, when the PTC is formed at a place that is less than 55 bp from the last exon–

exon junction, this usually results in translation of the aberrant transcript causing 

production of truncated dysfunctional protein. This is known as the (~55 boundary rule) 

(Fig. 1.6) (Khajavi et al., 2006). 
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Figure  1.6 – A schematic representation of normal (A) versus aberrant transcripts with 
Premature Termination Codon (PTC) (B and C) (The ~55 boundary rule). 

Wild type α-globin transcript which contains termination codon (UAA) at codon 141 in exon 3 (A) 

is transported into the cytoplasm for translation. This results in full production of α-globin chain. 

Aberrant transcript with a mutation causing formation of PTC upstream of 55 bp from the last exon 
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to exon junction (B) is exposed to rapid degradation by the NMD mechanism upon transportation 

into the cytoplasm. When the PTC is formed at any position that is less than 55 bp from the last 

exonic junction (C), formation of truncated protein is most likely. 

A number of nonsense mutations causing α-thalassemia have been described worldwide. 

These mutations disrupt the translation process of the α-globin by introducing PTCs in the 

reading frame resulting in either message degradation by the mRNA surveillance system or 

proceeding toward production of truncated, dysfunctional or unstable -globin proteins 

(Higgs, 2009b). In the HbVar database, there are 6 reported cases of nonsense mutations in 

the coding sequence causing the generation of PTC in the reading frame of the transcribed 

mRNA. These include HBA2:c.70G>T [cd23 (GAG>TAG)] (Siala et al., 2008) , 

HBA2:c.75T>G [cd24 (TAT>TAG)], HBA2:c.271A>T [cd90 (AAG>TAG)] (Twomey et 

al., 2003), and HBA2:c.349G>T [cd116 (GAG>TAG)] (Liebhaber et al., 1987), 

HBA1:c.44G>A [cd14 (TGG>TAG)] (Harteveld et al., 2003) and HBA1:c.70G>T [cd23 

(GAG>TAG)] (Siala et al., 2004). According to the (~55 boundary rule), rapid degradation 

of mRNAs is most likely to be found in HBA2:c.70G>T, HBA2:c.75T>G, 

HBA2:c.271A>T, HBA1:c.44G>A and HBA1:c.70G>T. On the other hand, production of 

truncated unstable protein is most likely to be seen in HBA2:c.349G>T. This indicates that 

the NMD mechanism is a common phenomenon in α-thalassemia compared to the 

production of truncated protein.  

Frameshift mutations are also a common cause of α-thalassemia resulting in alteration in 

the reading frame of the α-globin transcripts which in turn introduce a PTC or generate 

unstable protein. An example of frameshift mutation include HBA2:c.131delT and 

HBA2:c.143delA, which result in a formation of a PTC at positions 48/49. This results in 

degradation of the mRNA by the NMD.  

http://globin.bx.psu.edu/cgi-bin/hbvar/query_vars3?mode=output&display_format=page&i=2750
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1.3.3 Termination codon mutations 

Several mutations have been identified in the termination codon of the -globin genes 

(Higgs, 2009a). Mutations at the termination codon cause the translation machinery carried 

out by the ribosome to extend the translation process beyond the putative termination codon 

until finding the next in-frame termination codon (UAA). As a result, a longer -globin 

chain of the affected gene will be generated by the addition of 31 amino acids to the normal 

141 amino acids chain. So far, 7 point mutations have been reported in the HbVar database 

affecting the termination codon. These include: Hb Seal Rock (HBA2:c.427T>G), Hb 

Icaria (HBA2:c.427T>A), Hb Constant Spring (HBA2:c.427T>C), Hb Koya Dora 

(HBA2:c.428A>C), Hb Paksé (HBA2:c.429A>T), and Hb Zurich-Altstetten 

(HBA2:c.[427T>C;429A>T]). These mutations all have a similar pathophysiological 

process where they cause abnormal extended -globin chains resulting in abnormal 

production of -globin chains and thus the -thalassemia phenotype. Hb Constant Spring 

(αCS) [HBA2:c.427T>C] is the best characterized of the termination codon mutations.  The 

conversion of the termination codon (UAA) to Glutamine (CAA) causes the ribosome to 

continue with translation at this point, adding an additional 31 amino acids until it reaches 

the next in-frame termination codon. This elongated molecule, αCS transcript, has an 

expression of only 3% of the wild type α2-globin chain. The loss of expression of αCS 

globin arises from a degradation process of the αCS transcript that is called ribosome 

extension-mediated decay. This decay is thought to accelerate the deadenylation of the αCS 

transcript (Kong and Liebhaber, 2007). Accelerated degradation of the αCS transcript is also 

thought to occur as a result of a defect in cytoplasmic mRNA accumulation due to 

ribosomal interference that displaces the α-complex protein from the αCS transcript during 

http://globin.bx.psu.edu/cgi-bin/hbvar/query_vars3?mode=output&display_format=page&i=706
http://globin.bx.psu.edu/cgi-bin/hbvar/query_vars3?mode=output&display_format=page&i=704
http://globin.bx.psu.edu/cgi-bin/hbvar/query_vars3?mode=output&display_format=page&i=704
http://globin.bx.psu.edu/cgi-bin/hbvar/query_vars3?mode=output&display_format=page&i=705
http://globin.bx.psu.edu/cgi-bin/hbvar/query_vars3?mode=output&display_format=page&i=707
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the translational process causing mRNA instability and a shortened half-life (Ji et al., 

2011).  

1.3.4 Unstable α-globin chain variants causing α-thalassemia 

A proportion of mutations affecting the HBA genes may cause instability of the protein. 

These mutations affect the haem pocket by replacement of residues, disrupt the internal 

hydrophobic areas of the Hb molecule or alter the sites on the α-globin normally involved 

in the formation of αβ contacts (Weatherall and Clegg, 2001). If sufficiently unstable, the 

protein will be rapidly degraded prior to the formation of either the αβ dimer or the α2β2 

tetramer resulting in the phenotype of thalassaemia rather than hemolysis. A number of 

non-deletional mutations have been reported to cause thalassemic phenotype as listed in 

table 1.3. These mutations cause hyperunstable α-globin chain variants resulting in less α-

globin chain biosynthesis and thus thalassemic phenotype.  

The initial stability of newly synthesized α-globin chain molecules in erythroid cells is 

carried out by a molecular chaperone protein known as α-hemoglobin stabilizing protein 

(AHSP) before binding to their partners’ β-globin chains to form heterotetramer of α- and 

β-hemoglobin subunits. The AHSP binds free α-globin chains to form soluble heterodimer 

to prevent their precipitation which might cause membrane damage (Feng et al., 2004). 

This mechanism was proposed by a number of in vitro studies. The interaction between 

AHSP and α-globin chain was observed first by (Kihm et al., 2002). They incubated 

recombinant human AHSP with α- or β-globin chains in solution and the reactions were 

analyzed by gel-filtration chromatography. Using western blotting, large haem-protein 

species were observed indicating the reaction between AHSP and α-globin chains. 

Moreover, addition of AHSP to β-globin chains was examined to test for the ability of 
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AHSP to interact with β-globin chains. The results showed only tetramers of β-globin 

chains indicating no reaction between the AHSP and β-globin chains. Another study 

showed a direct proportional increase in the expression of AHSP with the increase of the α-

globin gene expression during erythropoiesis indicating functional relationship between the 

two molecules (dos Santos et al., 2004). The biochemical characteristic of the AHSP – α-

globin complex was analyzed by (Gell et al., 2002). It was shown that AHSP has α-helical 

in conformation with an extended C-terminal region giving it the ability to bind to the α-

globin monomers easily without large scale structural configuration and thus preventing 

aggregation of α-globin monomers. These functional studies show the functional 

importance of AHSP as a chaperone protein that binds specifically to α-globin chains and 

thus mutation in this chaperone protein may cause a loss in the primary stability of the 

newly synthesized α-globin chains. 
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Table  1.3 - Unstable α-globin chain variants associated with α-thalassemia phenotype. 

Variant Mutation HGVS Nomenclature Reference 

Hb Agrinio Codon29(B10)Leu>Pro HBA2:c.89T>C (Traeger-Synodinos et 
al., 1998) 

Hb Amsterdam Codon32 (B13)Met>Ile HBA2:c.99G>A (Harteveld et al., 2005) 

Hb Rotterdam Codon 32 
(B13)Met>Arg HBA2:c.98T>G (Giordano et al., 2010) 

Hb  Heraklion alpha1 37(C2)Pro->0 HBA1:c.112_114delCC
C 

(Traeger-Synodinos et 
al., 2000) 

Hb Taybe Codon38/39(C3/4) -ACC HBA1:c.118_120delAC
C (Galacteros et al., 1994) 

Hb Adana Codon59(E8) Gly>Asp HBA2:c.179G>A  (Curuk et al., 1993b) 

Hb Zurich-
Albisrieden Codon59(E8)Gly>Arg HBA2:c.178G>C (Dutly et al., 2004) 

Hb Bronte Codon93(FG5)Val>Gly HBA2:c.281T>G (Lacerra et al., 2003) 

Hb Bronovo Codon103(G10)His>Leu HBA2:c311A>T (Harteveld et al., 
2006b) 

Hb Sallanches Codon104(G11)Cys>Tyr HBA2:c.314G>A (Morle et al., 1995) 

Hb Blueland Codon108(G15)Thr>Asn HBA2:c.326C>A (Harteveld et al., 
2006c) 

Hb Suan-Dok Codon109(G16) 
Leu>Arg HBA2:c.329T>G (Regtuijt et al., 2004) 

Hb Lleida Deletion of codon113-
116 

HBA2:c.[339C>G;34 

0_351delCTCCCCGC 

CGAG] 

(Ayala et al., 1996) 

Hb Quong Sze Codon125(H8)Leu>Pro HBA2:c.377T>C (Liebhaber and Kan, 
1983) 

Hb Westeinde Codon125(H8) Leu>Gln HBA2:c.377T>A (Kaufmann et al., 2010) 

Hb Utrecht Codon129(H12) 
Leu>Pro HBA2:c.389T>C (Harteveld et al., 

1996a) 

Hb Sun Prairie Codon 130(H13) 
Ala>Pro HBA2:c.391G>C (Harkness et al., 1990) 

Hb 
Questembert 

Codon 131(H14) 
Ser>Pro HBA2:c.394T>C (Wajcman et al., 1993) 

http://globin.bx.psu.edu/cgi-bin/hbvar/query_vars3?mode=output&display_format=page&i=1199
http://globin.bx.psu.edu/cgi-bin/hbvar/query_vars3?mode=output&display_format=page&i=1199
http://globin.bx.psu.edu/cgi-bin/hbvar/query_vars3?mode=output&display_format=page&i=150
http://globin.bx.psu.edu/cgi-bin/hbvar/query_vars3?mode=output&display_format=page&i=168
http://globin.bx.psu.edu/cgi-bin/hbvar/query_vars3?mode=output&display_format=page&i=196
http://globin.bx.psu.edu/cgi-bin/hbvar/query_vars3?mode=output&display_format=page&i=197
http://globin.bx.psu.edu/cgi-bin/hbvar/query_vars3?mode=output&display_format=page&i=199
http://globin.bx.psu.edu/cgi-bin/hbvar/query_vars3?mode=output&display_format=page&i=199
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2. Study aims 

Many of the cases of non-deletional -thalassemia described comprise case reports with 

postulated mechanisms as to the cause of the decreased -globin levels. These reports do 

not provide scientific evidence to confirm these postulations. The aims of this study were 

therefore: 

1. To develop an in vitro model system that forms a basic tool for studying various 

non-deletional mutations affecting either the HBA2 or HBA1 genes. 

The in vitro model requires the generation of a suitable expression vector, transfection of 

this vector into a suitable cell line capable of expressing the α-globin genes, and methods to 

assess the impact of mutations in this vector on α-globin expression.  

2. To use this model to characterize mutations in the alpha globin genes detected in 

patients suspected of having alpha thalassaemia trait. 

This includes mutations affecting the splice recognition signals, and mutations in the 

promoter region of the alpha globin genes 

3. To report the analysis of differentially expressed long and short isoforms of the 

alpha globin genes. 

4. To use this model to analyze regulatory motifs located in the promoter region of the 

HBA2 gene and the impact on expression levels of the long and short isoforms of 

HBA2. 
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3. Materials and methods 

3.1 Patient Data (Appendices II, III, IV, V and VI) 

With the approval of the Human Research Ethics Committee of The University of Western 

Australia (RA/4/1/5423) and the Sir Charles Gairdner Hospital (2008-126), patient data was 

obtained from the records of PathWest Laboratory Medicine, QEII Medical Centre, 

Nedlands, WA.  

3.2 Primer Design (Appendices I, II, III, IV, V, and VI) 

To analyze α-globin expression, various sets of primers were designed using Primer 3 

software (Rozen and Skaletsky, 2000). Primers used for expression analysis are listed in 

table 3.1 showing the primer sequence and specificity. Primers used for mutagenesis 

purpose are listed in table 3.2. These were designed using the QuikChange Primer Design 

software, freely available at Agilent technologies website.  
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Table  3.1 - Primer sequences designed and used in this work 
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Table  3.2 - Mutagenic primer sequences 

 

 

3.3 Cell Culture 

3.3.1 Cell culture Suitability test (Appendix II) 

A number of human cell lines were screened for two crucial criteria, namely having no 

endogenous α-globin expression while expressing important transcription factors including 

GATA2, NFE2, KLF1 and KLF4 that are required for α-globin expression. These included 

the human erythroblastoid leukemia cell line (K562 cells), human bladder carcinoma 5637 

cell line (5637 cells), human keratinocyte cell line (HaCaT cells), human epithelial cervical 

cancer cell line (HeLa cells) and human embryonic kidney cell line (HEK293 cells). The 
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5637 cell line was selected as the cell line of choice based on expression of the relevant 

transcription factors, absent α-globin expression and ease of handling.  

3.3.2 Cell culture Conditions and Environment (Appendices I, II, III, V and VI) 

Aseptic technical protocol was used to maintain cell culture in an optimal healthy condition 

and environment and avoid any contamination. The 5637 cells were cultured in T-75 

culture flasks with 10 – 15 ml of low glucose (1000 mg/L) Dulbecco’s Modified Eagle 

Medium (DMEM) containing 2 mM L-glutamine and 110 mg/L sodium pyruvate 

(Invitrogen, Australia) supplemented with 10% heat inactivated fetal bovine serum (FBS) 

and 1% Penicillin-Streptomycin antibiotics. Passage of cells was performed every 3 – 4 

days, or when 80% confluence was reached, by washing the cells with DMEM followed by 

detaching with 0.25% Trypsin/EDTA (Gibco, Australia) for 5 min at 37oC. Cells then were 

diluted with fresh medium and spun at 1000 rpm for 3 min to remove supernatant 

containing Trypsin/EDTA solution. Fresh medium was then added to the pelleted cells 

which were then dispensed into a new flask. 

3.4 Development of expression vectors for in vitro analysis 

3.4.1 Generation of wild type expression vectors (Appendices I and II) 

The generation of wild type expression vectors involved the isolation of either HBA2 or 

HBA1 genomic DNA from a bacterial artificial chromosome (Clone ID: 

RZPDB737C061028D, GenBank accession number DQ431198.1) using a traditional PCR 

protocol with primer sets number 1 and 5 (Table 3.1). This generated PCR amplicons of 

2034 bp and 2032 bp for HBA2 and HBA1 respectively. Both products were sequence 

verified and each amplicon encompasses important regulatory elements found in the 5` and 
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3` untranslated regions (UTR), three coding sequences (exons) and two non-coding 

intervening sequences (introns). This was followed by cloning of these amplicons into the 

pGEM®-T Easy vector (Promega, Australia) according to the manufacturer’s instructions. 

Briefly, a 3:1 (insert: vector) molar ratio was used for the ligation of the PCR products into 

the pGEM®-T Easy vector, using 50 ng of the pGEM®-T Easy vector (1 µl), 5 µl of 2X 

Rapid Ligation Buffer, 1 µl of T4 DNA Ligase (3 Weiss units/ µl) and nuclease-free water  

in a final volume of 10 µl. The reaction was incubated at room temperature for 1 hour and 3 

µl of the reaction was transformed into XL10-Gold® Ultracompetent E.coli cells (Agilent, 

USA). Successful ligation of each PCR product into the pGEM®-T Easy vector resulted in 

generation of wild type expression vector of HBA2-WT and HBA1-WT. This is because 

the cloned gene contains the regulatory elements required for gene expression. Generation 

of wild type expression vectors was verified by restriction enzyme digestion visualized by 

gel electrophoresis and sequencing. 

3.4.2 Generation of mutant expression vectors (Appendices, I, II, III, V and VI) 

Non-deletional mutations studied in this project were generated on the wild type expression 

vectors using the QuikChange® Lightning Site-Directed Mutagenesis kit (Agilent 

Technologies, Australia) according to the manufacturer’s protocol and the mutagenic 

primers sets numbers 1 – 10 described in table 3.2. Briefly, 3 µl 10X QuikChange® multi 

reaction buffer, 100 ng of wild type expression vector, 100 ng of mutagenic primer, 1 µl 

dNTP, 2 µl of QuikSolution™ reagent, 1 µl QuikChange® Lightning Enzyme containing 

Pfu-based DNA polymerase and deionized H2O was added to a final volume of 25 µl. The 

reaction was amplified using PCR encompassing the following conditions: one cycle of 

initial denaturation at 95ºC for 2 minutes, 30 cycles of denaturation at 95ºC for 20 seconds, 
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annealing at 55ºC for 30 seconds and extension at 65ºC for 2:52 minutes and a final 

extension at 65ºC for 5 minutes. The amplified mutant product was treated with 1 µl of the 

provided DpnI restriction enzyme for parental digestion of methylated and hemimethylated 

DNA. The reaction was then transformed and propagated, followed by DNA sequencing for 

confirmation of successful in vitro mutation. 

3.5 Transformation of expression vectors into E.coli cells (Appendices, I, 
II, III, V, and VI) 

Each expression vector was transformed into XL10-Gold® Ultracompetent E.coli cells 

according to the manufacturer’s protocol. Briefly, 45 µl of XL10-Gold® cells was 

dispensed into a pre-chilled tube followed by addition of 2 µl of β-mercaptoethanol. The 

transformation reaction was then carried out by heat shock at 42ºC for 30 seconds and then 

re-cooling on ice for 2 minutes prior to incubation at 37ºC with shaking at 250 rpm for 1 

hour after addition of 500 µl NZY+ broth. The entire amount of the transformation reaction 

was then cultured onto LB agar plates containing 100 µg/ml ampicillin and incubated 

overnight at 37ºC. Propagation of transformed cells was performed on the following day by 

picking single colonies from the streaked plates and growing them overnight  into 5 ml 

NZY+  broth containing  100 µg/ml ampicillin at 37ºC while shaking at 250 rpm. This was 

followed by plasmid DNA purification on the next following day. 

3.6 Plasmid DNA purification (Appendices, I, II, III, V and VI) 

Plasmid DNA purification was carried out using GeneEluteHP miniprep kit (Sigma, 

Australia) according to the manufacturer’s instructions. Briefly, cells from 5 ml of each 

overnight culture were pelleted at 12,000 xg for 1 minute and resuspended in 200 µl of 

Resuspension/RNase solution by pipetting up and down. The resuspended cells were lysed 
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by adding 200µl of Lysis solution, gently mixed by inverting 6 – 8 times and allowing 

sufficient time (3 – 5 minutes) to make the mixture clear and viscous. The lysed cells then 

were neutralized by adding 350µl of the neutralization solution and gently inverted 4-6 

times. The mixture then was centrifuged at 12,000 xg for 10 minutes to pellet cell debris. 

While centrifuging, the GenElute HP Miniprep binding column was prepared by adding 

500µl of the column preparation solution and centrifuged at 12,000 xg for 1 minute. After 

decanting the flow-through liquid, the cleared lysates resulting from the neutralization step 

were then loaded into the columns, centrifuged at 12,000 xg for 1 minute and the flow-

through liquid was discarded. Each column then was washed two times by adding 500 µl 

and 750 µl of wash solution 1 and 2 respectively and centrifuged at 12,000 xg for 1 minute 

each. The plasmid DNA was eluted with 50µl of elution buffer (10 mM Tris-HCl, pH 8.5) 

at 14,000 xg for 2 minutes and purity and concentration were determined by the nanodrop 

2000 spectrophotometer (Thermoscientific, USA). 

3.7 In Silico and bioinformatics analysis 

A number of in silico software tools were utilized in order to assist in the prediction of 

transcription and translation processes. These included the following: 

3.7.1 Prediction of splice variants (Appendices I, II and III) 

Detection of potential mRNA splice variants caused by point mutations that affect the 

splice site recognition signals was performed using NetGene2 

(http://www.cbs.dtu.dk/services/NetGene2) which is capable of predicting splice sites in 

human DNA (Brunak et al., 1991, Hebsgaard et al., 1996). Both wild type and the mutant 

sequences were submitted to the program for analysis and the generated results were 

http://www.cbs.dtu.dk/services/NetGene2
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returned as sequences with potential splice site locations scored between 0.0 to 1.0, where 

0.0 represented the weakest and 1.0 represented the strongest possible splice site location. 

3.7.2  In silico translation (Appendices I, II, III and VI) 

For prediction of the amino acid sequences generated from the normal or aberrant mRNAs 

of the studied mutants, the ExPASy proteomics server (Gasteiger et al., 2003) available at 

(http://web.expasy.org/translate/) was used to determine the complete ORF sequences and 

recognize the location of translation initiation and termination codons. DNA or RNA 

sequences were submitted to the program for translation and the generated results were 

returned as amino acid sequences with an output format that contain the nucleotide 

sequence as well.   

3.7.3 Pairwise sequence alignment tool (Appendices I, II, III, IV and VI) 

EMBOSS needle pairwise sequence alignment tool (Rice et al., 2000), freely available at   

(http://www.ebi.ac.uk/Tools/psa/emboss_needle/), was used to create an optimal alignment 

between wild type  and mutant sequences using the Needleman-Wunsch algorithm. Wild 

type and mutant sequences were submitted and the generated results were returned in a 

sequence alignment format to recognize the difference between the submitted sequences. 

3.8 Transfection (Appendices, I, II, III, V and VI) 

Transfection of the 5637 cells was carried out to analyze the expression profile of the 

mutation of interest. Briefly, a BD Falcon™ 24-Multiwell plate was seeded with 18 - 20 X 

104 cells/well 5637 cells 24 hours earlier to achieve a 70- 80% confluent cell status at the 

time of transfection. DNA/Endofectin Plus complexes were prepared by mixing DNA 

samples at 0.5 μg/well with Endofectin Plus at 3 μL/1 μg DNA diluted in OptiMEM® 

http://web.expasy.org/translate/
http://www.ebi.ac.uk/Tools/psa/emboss_needle/
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(Invitrogen Australia Pty Limited, Mulgrave, Victoria, Australia). For optimum 

transfection, all wells with or without DNA/Endofectin Plus complexes, were incubated for 

14 – 16 hours before replacing the overnight transfection-containing medium with fresh D-

MEM containing 5% FBS and 1% Penicillin-Streptomycin. Following transfection, cells 

were harvested on Day 2 with Qiazol reagent (Qiagen Pty Ltd, Victoria, Australia) for RNA 

purification. 

3.9 Total RNA Extraction (Appendices, I, II, III, IV, V and VI) 

Total cellular RNA was extracted from the harvested cells using RNeasy Mini Kit (Qiagen, 

Australia) according to the manufacturer’s protocol. Briefly, transfected cells were 

harvested and homogenized with 700 µl Qiazol lysis reagent in a microcentrifuge tube 

followed by addition of 200 μl chloroform and vigorous shaking to denature and solubilize 

cellular contents in the organic phase. The homogenates were separated into aqueous and 

organic phases by centrifugation at 12000 xg for 15 minutes at 4ºC. The upper aqueous 

phase containing the RNA was then transferred into another microcentrifuge tube followed 

by addition of 100% ethanol at 1.5 times the volume to provide appropriate binding 

conditions for all RNA molecules. The samples were then applied to the RNeasy mini-

columns and spun at 8000 xg for 15 seconds where the total RNA binds to the membrane 

and phenol and other contaminants are efficiently washed away. The mini-columns were 

then washed with the provided buffers and high quality RNA was eluted with RNase-free 

water. The concentration and chemical purity of total RNA was then determined and 

assessed by Nanodrop 2000 spectrophotometer. 
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3.10 Complementary DNA (cDNA) synthesis (Appendices I, II, III, IV, V 
and VI) 

cDNA synthesis or reverse transcription was done using Moloney Murine Leukemia Virus 

(M-MLV) reverse transcriptase (Promega, Australia) in accordance with the manufacturer’s 

protocol. Briefly, 1 µg of purified total RNA was converted to cDNA by mixing with 1x 

reaction buffer, 3 mM MgCl2, 25 U RNasin ribonuclease inhibitor, 200 U M-MLV reverse 

transcriptase, 1 µg oligo-d(T)15 primer and 0.5 mM dNTP followed by incubation at 42°C 

for 50 minutes and 85°C for 5 minutes.  

3.11 Polymerase chain reaction (PCR) assay 

3.11.1 Traditional PCR (Appendices I and II) 

Traditional PCR was utilized using high fidelity Pfu-based fusion enzyme (Agilent, 

Australia) to isolate wild type genomic HBA2 and HBA1. The amplification reaction 

comprised 1X pfuUltra II reaction buffer, 0.2 µM of forward and reverse primers, 1 mM of 

dNTP, 1X PfuUltra II Fusion HS DNA polymerase and 100 ng of DNA sample. The PCR 

thermocycling condition was carried out on iQ5 thermocycler (BioRad, Australia) and 

consisted of initial denaturation at 95°C for 2 minutes, 35 cycles of denaturation at 95°C for 

20 seconds, annealing at 57°C for 20 seconds and extension at 72°C for 20 seconds. This 

was followed by a final extension at 72°C for 3 minutes. The PCR products were then 

resolved by electrophoresis in a 1.0 % agarose gel in Tris-Acetate-EDTA (TAE) buffer. 

3.11.2 Reverse Transcription PCR (RT – PCR) (Appendices I, II, III, IV, V and 

VI)  

To analyze the transcription process, cDNAs generated from total RNA were used as 

templates for the PCR assay. RT-PCR was carried out using HotStarTaq® Master Mix kit 
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(Qiagen Pty Ltd, Australia). Each reaction consisted of 1X HotStarTaq® Master Mix and 

0.5 µM each of forward and reverse primers described in table 3.1 (set numbers 2, 3, 4, 6 – 

18). An additive solution (Q solution) was also added to each reaction at 1X concentration 

to facilitate the amplification reaction. The thermocycling conditions  comprised 1 cycle of 

initial denaturation at 96ºC for 15 minutes, 29 cycles of denaturation at 96ºC for 45 

seconds, annealing at 57ºC for 1 minute, extension at 72ºC for 2 minutes, followed by a 

final extension at 72ºC for 5 minutes. The PCR products then were electrophoresed on 1% 

agarose gel in TAE buffer. 

3.11.3 Quantitative Real Time Polymerase Chain Reaction (qReTi – PCR) 

(Appendix V) 

To quantify the transcriptional activity of the studied mutants, a series of qReTi-PCR was 

performed using SYBR green master mix (Life Technologies, Australia) and a StepOne 

PlusTM real time PCR system (Life Technologies, Australia). Each reaction contained the 

following components: 1X Fast SYBR® Green Master Mix (Life Technologies, Australia), 

500 nM forward and reverse primers for α-globin (set number 18, table 3.1) or plasmid 

Ampicillin (pAmp) (set number 3, table 3.1), 2 µl of cDNA template and nuclease free H2O 

in a total volume of 20 µl. The qReTi–PCR reactions were run in triplicate and the 

thermocycling conditions involved initial enzyme activation at 95°C for 20 seconds 

followed by 40 cycles at 95°C for 3 seconds and at 60°C for 30 seconds. Gene expression 

levels were calculated using the Pfaffl method (Pfaffl, 2001) and were normalized against 

the pAmp relative quantification. 
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3.12 Protein detection using immunofluorochemistry (Appendices II and 
V) 

Immunofluorochemistry (IFC) analysis for α-globin chain detection was performed on 

Falcon 8-wells culture slides (Becton Dickinson, Australia). Briefly, 5637 cells were 

seeded at 80 x 103
 cells /well. Wild type and mutant constructs were transfected into cells in 

triplicate repeats for validation analysis and IFC protocol was performed. Transfected cells 

were fixed and permeablised using methanol for 10 minutes prior to 1 hour incubation with 

primary antibodies (Abs) raised against either the N-terminus (goat anti α-globin Abs; cat 

no. sc-31109; Santa Cruz Biotech, USA) or the C-terminus of α-globin (rabbit anti α-globin 

Abs; cat no. sc-21005, Santa Cruz Biotech). Primary Abs were diluted 1:100 in PBS with 

1% bovine serum albumin (BSA). Secondary Abs were then added using either Cy3 

conjugated rabbit antigoat (cat no. C2821; Sigma-Aldrich, Australia) diluted 1:30 in PBS-T 

or TRITC conjugated goat anti-rabbit (cat no. T5268; Sigma-Aldrich) diluted 1:32 in 

PBST, and incubated at room temperature in the dark for 30 min. Cells were then examined 

using an inverted Olympus IX51 research microscope (Olympus, Australia). 
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4. Results 

Chapter 4 presents the results of the thesis and a synopsis of publication generated during 

the course of this study.   The results chapter provides findings and answers to objectives 

stated in the aims (chapter 2). It describes the relevant laboratory findings for the patients in 

whom the mutations under investigation were first described, the generation of the in vitro 

model and identification of suitable cell line to act as host cells for the experimental 

investigation followed by generation of HBA2 and HBA1 expression constructs. 

Furthermore, the results chapter presents the assessment of in silico and in vitro analyses 

for the mutations under investigation. 

4.1 Patient Data 

During the course of investigation of patients for possible α-thalassaemia, novel mutations 

were identified in the alpha globin genes and the characterization of these mutations is the 

subject of this thesis. The relevant laboratory data for these patients are shown in Table 4.1. 

The results comprise hematological, biochemical and molecular investigation  including 

complete blood count, Hemoglobin separation by high performance liquid chromatography 

(HPLC), iron studies, multiplex gap-polymerase chain reaction (gap-PCR) for detection of 

the common α-gene deletions (–3.7, –4.2, – –MED, – –SEA, – –FIL, –()20.5), and direct DNA 

sequencing for detection of non-deletional mutations. 
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Table  4.1 - Hematological, Biochemical and Molecular data of the probands 

 

* measured with the Capillarys® device (Sebia).  
F: Female. 
M: Male. 
N/A: Not available. 
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All six patients are adults, one male (proband 1) and 5 females (probands 2 – 6).  The 

hematological parameters of the six probands showed normal Hb level with 

erythrocytosis and mild microcytic red cells with the exception of proband 4 who had 

normal red cell indices. Hemoglobin separation by HPLC showed no abnormal 

hemoglobin except proband 2 who was heterozygous for Hb E. Iron studies showed 

normal ferritin levels excluding iron deficiency as a causative of the microcytosis. 

Molecular studies performed by Gap – PCR did not detect any of the common 

deletional forms of α-thalassemia. However, direct DNA sequencing showed various 

point mutations at different location of the HBA2 and HBA1 genes as indicated in table 

4.1.  

4.2 Cell culture suitability for in vitro analysis (Appendix II) 

Several cell lines were investigated for suitability as the cell line to be used for 

transfection and subsequent investigation of the wild type and mutant α-globin vectors. 

The cell lines investigated included human bladder carcinoma (5637), HaCaT, K562, 

HeLa and HEK293. Critical criteria for suitability were the presence of transcription 

factors documented to be essential for α-globin gene expression, and the absence of α-

globin expression in the cell line. The latter was essential to exclude interference from 

the endogenous α-globin gene expression in quantitative analyses of the transfected 

mutant and wild type α-globin genes. RT-PCR was used to assess expression of critical 

transcription factors NFE2, GATA2, KLF1 and KLF4. As can be seen (Fig 4.1) the 

human erythroleukaemia cell line K562, frequently used by research groups undertaking 

globin gene studies, was unsuitable as it expresses endogenous α-globin. Surprisingly 

HeLa and HEK 293 cells also showed expression of α-globin rendering them unsuitable. 

5637 cells and HaCaT cells were also studied and both showed absent α-globin. Further 

analyses confirmed that despite the lack of α-globin production in these cell lines they 
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showed adequate expression of the relevant transcription factors. The 5637 cell line was 

selected as the cell line of choice for carrying out in vitro -globin gene expression 

experiments due to ease of handling.  

 

Figure  4.1 – Screening for endogenous production of NF-E2, GATA2, KLF1, KLF4 and α-
globin in different cell lines. 

Both human 5637 and HaCaT cells show no detectable α-globin transcripts, while expressing 

detectable amounts of NF-E2, GATA2, KLF1 and KLF4 transcripts, therefore are the only cell 

types among the tested cells to qualify for the α-globin  expression experiments. β-actin was run 

as a loading control. 

4.3 Development of expression vectors for in vitro analysis 
(Appendices I and II) 

The generation of wild type expression vectors involved the isolation of either HBA2 or 

HBA1 genomic DNA using standard PCR technique and the primers described in 

section 3.2 (Table 3.1 – pair sets numbers 1 and 5). The PCR amplicons of 2034 bp and 

2032 bp were sequenced verified for HBA2 and HBA1 respectively and cloned into the 

pGEM®-T Easy vector resulting in the generation of wild type expression constructs for 

either HBA2-WT or HBA1-WT (Fig.4.2). The resultant expression construct was so 
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called because the cloned HBA2 or HBA1 contain the regulatory elements located at the 

5`- and 3`- UTR required for α-globin gene expression.  

 

Figure  4.2 – Isolation and cloning of the wild type HBA2 and HBA1. 

PCR product of HBA2 and HBA1 containing regulatory elements at 5’ and 3’ UTR required for 

gene expression (A). Generation of the wild type expression vector by ligating the PCR product 

of HBA2 and HBA1, composed of 5’ UTR with the promoter, three exons, two introns and 3’ 

UTR, into the TA based cloning vector (pGEM-T Easy Vector) (B). 
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4.4 Generation of mutant expression vectors (Appendices I, II, III, V 
and VI) 

Generation of mutant constructs was performed to characterize novel point mutations 

identified during the course of diagnostic investigation of patients with possible alpha 

thalassaemia trait at the PathWest Laboratory Medicine hematology and genetics 

laboratories. These mutations were classified into two main groups which include 

mutations affecting the promoter region and mutations that alter the splicing process of 

either HBA2 or HBA1 (Table.4.2). In addition, a group of mutations was created to 

investigate the function of different elements within the α-globin promoter region. 

(Table 4.3) 

Table  4.2 - The two groups of non-deletional mutations characterized in this study. 

Promoter mutations Reference  Splice site mutations Reference 

HBA2:c.-59C>T (Qadah et al., 
2014a) HBA2:c.94A>G (Qadah et al., 

2014b) 

HBA2:c.-81C>A (Qadah et al., 
2014a) HBA2:c.94A>C (Qadah et al., 

2012c) 

HBA2:c.-91G>A (Qadah et al., 
2014a) HBA2:c.95+1G>A (Qadah et al., 

2012a) 

  HBA1:c.301-3C>G (Qadah et al., 
2012b) 

 

Table  4.3 - The mutations generated to study function of α-globin promoter elements 

HBA2:c.-45_-41 delGGGCC 

HBA2:c.-65-60 del ATAAA 

HBA2:c.-108-104 delCCAAT 

HBA2:c.-65-60,-108-104del ATAAAdelCCAAT 
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Generation of mutant expression constructs involved a multistep protocol to generate 

the mutation of interest in the wild type expression construct. This was achieved using 

the QuikChange® Lightning Site-Directed Mutagenesis kit. Successful mutations were 

sequence verified prior to transfection into the 5637 cells as shown in figure 4.3 and 

figure 4.4. 

 

Figure  4.3 – Generation of the HBA2 promoter constructs. 

Successful point mutation and small deletion of mutant constructs was confirmed by direct 

DNA sequencing. The black arrows indicate the position of generated point mutations or small 

deletions. 
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Figure  4.4 – Generation of the splice site mutant constructs. 

Point mutations were generated using site directed mutagenesis technique and direct DNA 

sequencing was performed on each construct to confirm the mutation of interest.   

4.5 Software prediction of the spliced transcripts  

To assess the potential impact of splice site mutations, wild type sequences of either 

HBA2 (HBA2-WT) or HBA1 (HBA1-WT) and mutant sequences were analyzed using 

NetGene2 (http://www.cbs.dtu.dk/services/NetGene2) software (Hebsgaard et al., 

1996). The software predicts splicing of the submitted sequences and gives an output 

with the predicted splice site junctions. The output of each splice junction has a 

confidence score that ranges from 0 to 1 where the 0 value indicates poor score and the 

1 value indicates high confidence score. The output of the prediction appears as a table 

where the nucleotide positions of donor and acceptor splice sites of the introns are 

indicated as well as the prediction of the exact border between exons and introns. The 

nucleotide position of the predicted donor or acceptor splice sites is numbered based on 



60 

the transcription initiation site (TIS) where the TIS is the first nucleotide of either 

HBA2 or HBA1 sequences that were submitted to the software. For the HBA2-WT and 

HBA1-WT sequences, high confidence and score probability of exon-intron boundaries 

of > 0.90 were predicted as annotated in GenBank sequence database for the cDNA of 

HBA2 (Table 4.4A) and HBA1 (Table 4.4B). The prediction shows several donor and 

acceptor splice sites with score confidence values range from 0.00 to 1.00 where 1 

represents the highest score with high confidence and 0 represents poor and low 

confidence. The letter (H) is assigned for high probability with high confidence level 

indicating potential splice site junctions (black arrow). For HBA2-WT (A) and HBA1-

WT (B), the splice site junctions were predicted correctly due to the presence of the 

conserved donor (GA dinucleotide) and acceptor (GT dinucleotide) splice sites.  
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Table  4.4 - Splice site prediction output of NetGene2 server for HBA2-WT (A) and HBA1-
WT (B). Transcription initiation site is 37bp upstream from the initiation codon. 
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4.5.1 Software prediction of HBA2:c.95+1G>A (Appendix I) 

The HBA2:c.95+1G>A [IVS-I-1(G>A) (α2)] mutation affects the donor splice site of 

the first intron of HBA2. Such a mutation is believed to abolish normal splicing during 

the RNA maturation process. The software did not identify the canonical splice site 

(position 133) and showed a variable confidence score for several potential cryptic 

donor splice sites (position 84 - confidence score 0.00, position 109 - confidence score 

0.21 and position 114 - confidence score 0.55) (Table 4.5). However, the acceptor splice 

site of the first intron was predicted correctly (position 249) identical to the wild type. 

This was indicated by the high score (1.00) indicated by the letter (H). The donor and 

acceptor splice sites of the second intron were also predicted as in the wild type with 

high scores (positions 455 and 596 respectively). Based on this assessment, one might 

expect that the first intron would not be spliced, and would be retained in the final 

mRNA product; however, one cannot discount the possibility that the predicted cryptic 

splice sites might be utilized.  

Table  4.5 - Splice site prediction of HBA2:c.95+1G>A. 
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4.5.2 Software prediction of HBA2:c.94A>C and HBA2:c.94A>G (Appendices 

III and V) 

Prediction of cryptic splice sites varied according to the site of mutations. The 

HBA2:c.94A>C and HBA2:c.94A>G mutations are located at the penultimate 

nucleotide of exon 1. For these mutations, the software predicted activation of several 

potential cryptic splice sites with different confidence values that range from poor 

confidence value of 0 to high confidence of 0.82.  

Splice site junctions predicted from the HBA2:c.94A>C sequence showed donor and 

acceptor splice sites of the first and second introns identical to that of  the HBA2-WT 

with very high confidence scores and other cryptic splice sites with variable confidence 

scores leaving an impression that no splice variant would be generated from this 

mutation (Table 4.6A). Likewise, the HBA2:c.94A>G software analysis showed similar 

prediction of donor and acceptor splice sites of the second intron, indicated by the letter 

H (positions 455 and 596 respectively), as well as the acceptor splice site of the first 

intron (position 249), but generated a lower confidence score of 0.82 for the normal 

donor splice site of intron 1(position 133) (Table 4.6B). Based on this assessment, it is 

hard to predict whether the mutation affects RNA splicing and this emphasizes the need 

for experimental investigation to characterize the impact of the mutation. 
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Table  4.6 - Splice site prediction of HBA2:c.94A>C (A) and HBA2:c.94A>G (B). 
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4.5.3 Software prediction of HBA1:c.301-3C>G (Appendix II) 

The novel variant HBA1:c.301-3C>G potentially affects the acceptor splice site of the 

second intron of the HBA1 gene located at position 147 of the second intron [IVSII-147 

(α1)] resulting in generation of aberrant spliced mRNA. Software prediction of this 

mutation revealed that the donor and acceptor splice sites for intron 1 are the same as 

for the wild type (positions 133 and 249), but, while the donor splice site for intron 2 is 

the same as the wild type (position 455), the normal acceptor splice site at position 603 

only has a confidence score of 0.44 while a new splice site with a confidence score of 

1.00 has been generated at the position of the mutation (position 601) (Table 4.7)  

Aberrant splicing at this site  causes incorporation of the last two nucleotides of the 

second intron into the third exon resulting in a frameshift in the reading frame of the 

processed mRNA molecule.  

Table  4.7 - Splice site prediction output of NetGene2 server for HBA1:c.301-3C>G. 
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4.6 Transfection and In vitro analysis of splice site mutations 

Mutant and wild type constructs were transfected into the 5637 cells and each construct 

was analyzed experimentally against either HBA2-WT or HBA1-WT depending on 

which gene was mutated.  

4.6.1 In vitro analysis of HBA2:c.95+1G>A (Appendix I) 

The in vitro analysis of HBA2:c.95+1G>A involved the generation of a mutant 

construct from the wild type, mutation sequence verification by direct DNA sequencing 

and subsequently transfection into the 5637 cells. The expression of α2-globin 

transcripts by either HBA2-WT or HBA2:c.95+1G>A  transfected 5637 cells was 

analyzed 24 hours post-transfection using RT-PCR technique and the primer set number 

2 (table 3.1) (i.e. Fw 5`-ACCATGGTGCTGTCTCCTG-3` and Rv 5`- 

CCACTCAGACTTTATTCAAAGACCA-3`). The mRNAs purified from cells 

transfected with the HBA2-WT vector showed a 536 bp PCR amplicon corresponding 

to the normal α2-globin transcript (Fig. 4.5, lane 1). In comparison, when mRNAs 

purified from cells transfected with the HBA2:c.95+1G>A were analysed, a smaller 

fragment of 489 bp was observed reflecting a different pattern of splicing (Fig. 4.5, lane 

2).  
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Figure  4.5 – In vitro expression of HBA2-WT and HBA2:c.95+1G>A constructs in 5637 
transfected cells. 

The mRNA transcribed from HBA2-WT construct showed a fragment of 536 bp (Lane 1) 

compared to a 49 bp (489 bp) smaller fragment transcribed from HBA2:c.95+1G>A construct 

(Lane 2). Ampicillin gene was used as internal transfection efficiency control to show equal 

number of HBA2-WT and HBA2:c.95+1G>A constructs were transcribed by cells (Lanes 4 and 

5). 28S ribosomal RNA was used as housekeeping gene and loading control for the PCR 

reaction (Lanes 6 and 7). Lane 3: M is a molecular size marker of 100 bp. 

 

Both HBA2-WT and HBA2:c.95+1G>A cDNA/PCR products were sequenced to 

confirm the cryptic splice site generated from the mutant construct. The sequence 

alignment showed a deletion of 49 nucleotides (Fig. 4.6) from the cDNA obtained from 

cells transfected with the mutant vector. As a result of this deletion, there is a frameshift 

in the transcribed mRNA and a premature termination codon (PTC) is introduced 

between codons 48-49 in exon 2. As this PTC is located 152 nucleotides upstream of 

the last exon-exon junction, the mature mRNA may be subject to Nonsense Mediated 

Decay (NMD) or further processed to produce a truncated nonfunctional protein.  
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Figure  4.6 – Sequence alignment of cDNA from the HBA2-WT and HBA2:c.95+1G>A 
constructs. 

The HBA2:c.95+1G>A cDNA confirms deletion of 49bp, corresponding to splicing at the 

predicted cryptic splice site. 
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The splicing process and transcripts generated from both HBA2-WT and 

HBA2:c.95+1G>A are shown in figure 4.7.  

 

 

Figure  4.7 – A schematic representation of the predicted mRNA transcription products 
from (A) HBA2-WT and (B) HBA2:c.95+1G>A. 

Aberrant splicing of HBA2:c.95+1G>A results in a cryptic splice site 49 nucleotides (nts) 5’ of 

the exon1/intron1 boundary. 

To analyze the production of α2-globin protein generated from the HBA2-WT and 

HBA2:c.95+1G>A, Immunofluorochemistry (IFC) was performed on the transfected 

cells. To examine the full length of globin chain, two types of antibodies (Abs) raised 

against N- and C- terminal regions of α2-globin were utilized. The N-terminus Ab is 

raised against a peptide mapping near the N-terminus region of -Globin while the C-

terminus Ab is raised against the amino acids 62-142. The results showed intense 



70 

labeling of cells transfected with HBA2-WT vector compared to negative labeling with 

both antibodies in cells transfected with HBA2:c.95+1G>A vector (Fig.4.8). This 

indicates full length production of α2-globin chain in cells transfected with the HBA2-

WT with no α2-globin chain production in cells transfected with the HBA2:c.95+1G>A 

construct confirming the postulated mechanism where mRNA from the 

HBA2:c.95+1G>A construct is degraded prior to translation. In this study there was no 

evidence for production of a truncated protein. 
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Figure  4.8 – Images of immunostained human bladder carcinoma 5637 cells transfected 
with HBA2-WT (panels A and E) and mutant HBA2:c.95+1G>A (panels C and G) 
constructs. 

Cells transfected with HBA2-WT stained with antibodies recognizing the N- and C- terminal 

regions of -globin showed positive reactions (A and E). This indicates production of full 

length -globin chain. However, cells transfected with HBA2:c.95+1G>A showed no reaction 

with either antibody (C and G). This indicates absence of -globin chain production due to the 
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rapid degradation of mRNA. Panels B, D, F and H are the phase contrast images of the panels 

A, C, E and G respectively. 

4.6.2 In vitro analysis of HBA2:c.94A>C (Appendix III)  

The impact of the HBA2:c.94A>C mutation on gene expression was investigated to 

demonstrate the underlying mechanism causing the thalassemic phenotype in the 

affected individual (proband 1, Table. 4.1). As performed in the previous mutations, the 

experimental analysis involved transfection of 5637 cells with either the wild type 

(HBA2-WT) or mutant construct (HBA2:c.94A>C). Total RNA was purified from the 

transfected cells 48 hours post-transfection and cDNAs were generated. RT-PCR using 

primer set number 11 (table 3.1) (i.e. Fw 5'-CTCTTCTGGTCCCCACAGACTCA-3' 

and Rv 5'-CACGGTGCTCACAGAAGCC-3' primers showed an amplicon of 444 bp 

generated from the HBA2-WT construct, while a smaller amplicon of 395 bp was 

observed from the HBA2:c.94A>C construct (Fig. 4.9) indicating abnormally spliced 

mRNA and utilization of an alternative or cryptic splice site. 

 

Figure  4.9 – Reverse Transcription – PCR generated from HBA2:c.94A>C and HBA2-WT 

constructs. 

A smaller amplicon of 395 bp is obtained from the HBA2:c.94A>C (Lane 1) compared with 

444 bp from the HBA2-WT (Lane 2) indicating an abnormally spliced mRNA. 28S ribosomal 

RNA was used as housekeeping gene and loading control for the PCR reaction (Lanes 4 and 5). 

Ampicillin gene (pAmp) was used as internal transfection efficiency control to show similar 
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transfection efficiency for HBA2:c.94A>C (Lane 6) and HBA2-WT (Lane 7). M is a molecular 

size marker of 100 bp. 

 

To characterize the identity of the abnormally spliced variant, both amplicons were 

sequenced and aligned to identify the position of the cryptic splice site. The alignment 

of the HBA2-WT sequence against mutant revealed removal of 49 bases from the first 

exon of cDNA of the HBA2:c.94A>C (Fig. 4.10).  

 

Figure  4.10 – Sequence alignment of RT-PCR products generated from the HBA2-WT 
and HBA2:c.94A>C. 

The amplicon generated from HBA2:c.94A>C construct revealed the use of a cryptic splice site 

within the first exon causing the removal of 49 bases upstream of the first exon/intron junction. 

 

This causes a frameshift in the reading frame of the aberrantly spliced mRNA and a 

premature termination codon (PTC) formation. Using the ExPASy translating tool, the 

PTC is formed between codons 48 and 49 in exon 2 (Fig. 4.11). The abnormal mRNA 

shows identical pathological behavior to the previous mutation (i.e. HBA2:c.95+1G>A) 

in terms of aberrant splicing and cryptic splice site utilization. Such abnormally spliced 

mRNA is subject to rapid degradation by the RNA surveillance system known as 

nonsense mediated decay (NMD). Production of α-globin chain from this aberrant 
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mRNA is not expected since no protein was observed in similar aberrant mRNA 

generated from the HBA2:c.95+1G>A. Therefore, protein analysis was not performed. 

 

Figure  4.11 – A schematic representation of the splicing process for (A) HBA2-WT and (B) 
HBA2:c.94A>C. 

Splicing of HBA2-WT removes authentic introns appropriately leading to a full length 

processed mRNA that is exported to the cytoplasm for protein production. HBA2:c.94A>C 

causes a cryptic splice site at 49 nts upstream of the exon 1/intron 1 junction resulting in a 

frameshift and introducing a PTC at codons 48/49. The generated mRNA is subject to NMD 

mechanism to prevent aberrant translation. 
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4.6.3 In vitro analysis of HBA2:c.94A>G (Appendix VI) 

The HBA2:c.94A>G mutation was found in a patient with slight microcytosis and 

normal Hb level (proband 2, table 4.1). The in vitro analysis of HBA2:c.94A>G 

involved a similar experimental procedure to that described previously. The RT-PCR 

analysis of transcripts generated from HBA2-WT and HBA2:c.94A>G constructs was 

performed using primers set number 11 (table 3.1) (i.e. Fw 5`- 

CTCTTCTGGTCCCCACAGACTCA-3' and Rv 5`-CACGGTGCTCACAGAAGCC-

3'). The result confirmed that the amplicon of HBA2-WT shows a normal transcript 

length of 444 bp while the mutant amplicon (HBA2:c.94A>G) shows a smaller product 

of 395 bp indicating an abnormally spliced transcript (Fig. 4.12).  

 

 

Figure  4.12 – Reverse Transcription  PCR generated from HBA2-WT and HBA2:c.94A>G 
constructs. 

The amplicon of HBA2-WT shows a normal transcript length of 444 bp while the mutant 

(HBA2:c.94A>G) shows a smaller product of 395 bp indicating an abnormally spliced 

transcript. M is a molecular size marker of 100 bp. Plasmid ampicillin (pAmp – 104 bp) and 

ribosomal 28S (184bp) were run in the amplification reaction to act as transfection and loading 

controls respectively.  
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The PCR amplicons generated from the HBA2-WT and HBA2:c.94A>G were then 

purified and sequenced to identify the cryptic splice site and characterize their 

transcripts. Sequencing results of both amplicons were aligned and a cryptic donor 

splice site was identified at 49 bases upstream of the end of exon 1 confirming the 

prediction results (Fig. 4.13). 

 

Figure  4.13 – Sequence alignment of RT-PCR products generated from the HBA2-WT 
and HBA2:c.94A>G. 

The amplicon generated from HBA2:c.94A>G construct confirmed the elimination of 49 bases 

upstream of the first exon and the utilization of a donor cryptic splice site within the first exon 

causing aberrant splicing. 

 

The consequence of this aberrant splicing includes a frameshift in the reading frame of 

the aberrantly spliced mRNA and formation of a Premature Termination Codon (PTC). 

To translate the aberrantly mRNA and identify the site of PTC formation, the ExPASy 

translating tool was used and the PTC was found to form between codons 48-49 in exon 

2 (Fig. 4.14). Abnormally spliced mRNA with a PTC formation located at this site is 

most likely subject to removal and rapid degradation by nonsense mediated decay 

(NMD) mechanism. Since the aberrant mRNA bears the same PTC observed in the 
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previous mutation (HBA2:c.95+1G>A), there is no protein is expected to be produced 

and thus protein examination by IFC was not performed. 

 

Figure  4.14 – A schematic representation of the splicing process and the fate of the 
generated mRNA for HBA2-WT and HBA2:c.94A>G. 

(A) Splicing of the HBA2-WT generates mRNA with a full open reading frame. Transportation 

of the mRNA into the cytoplasm results in full translation and production of complete α-chain 

with 141 amino acids sequence. (B) Splicing of HBA2:c.94A>G generates a cryptic donor 

splice site at 49 nucleotides upstream of the exon 1/intron 1 junction resulting in a frameshift in 

the reading frame with PTC formation at codons 48/49 of exon 2. The mRNA is transported into 
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the cytoplasm and a truncated α-chain will be generated followed by NMD degradation during 

the pioneer round of translation. 

4.6.4 In vitro analysis of HBA1:c.301-3C>G (Appendix II) 

The HBA1:c.301-3C>G was detected in a female patient with slight microcytosis and 

normal Hb level (proband 3, table 4.1). Experimental study of the effect of this mutation 

on RNA splicing and translation involved same steps as performed in the previous three 

mutations. Expression constructs, carrying either the wild type or the HBA1:c.301-

3C>G mutation, were utilized for transfection of 5637 cells. Following 24 hours of 

culture, total cellular RNA was purified from the transfected cells and reverse 

transcribed to generate cDNA. The amplicons from both constructs could not be 

distinguished on Agarose gel electrophoresis due to the small size difference. In order to 

confirm utilization of the cryptic acceptor splice site, both wild type and the mutant 

PCR amplicons were DNA sequenced. Alignment of wild type and mutant sequences 

confirmed incorporation of an additional two nucleotides into the third exon of the 

mutant cDNA as predicted by the software (Fig. 4.15).  The impact of this incorporation 

includes a shift in the reading frame of the generated mRNA and subsequent formation 

of PTC. 

 

Figure  4.15 – Sequence alignment of cDNA from the α1-globin wild type (HBA1-WT) and 
HBA1:c.301-3 C>G constructs.  

As predicted by the NetGene2 software, the HBA1:c.301-3C>G cDNA shows incorporation of 

two nucleotides from intron 2 into exon 3 resulting in frameshift in the open reading frame. 
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The formation of PTC was translated by the ExPASy translating software where the 

PTC was generated between codons 101/102 (Fig. 4.16). Since the HBA1:c.301-3C>G 

affects the IVSII-147, formation of a truncated α-globin chain is most likely. This is 

based on the ~55 boundary rule which states mutations in nucleotides located less than 

55 bp from the last exon–exon junction usually proceed toward protein production while 

mutations upstream of this location result in mRNA degradation (Khajavi et al., 2006).  

 

Figure  4.16 – A schematic representation of the predicted mRNA generated from α1-
Globin wild type (HBA1-WT) (A) and HBA1:c.301-3 C>G (B). 

Aberrant splicing of HBA1:c.301-3 C>G results in a new acceptor splice site at IVSII-147 and 

the incorporation of the original acceptor consensus (ag) into exon 3. This results in a frameshift 

followed by the premature termination codon (UAA) at position 101/102. The cross-hatched 

box indicates the untranslated part of exon 3, which follows the PTC. 
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To investigate whether the α-globin chain production is truncated or not, 

immunofluorochemistry was used. Transfected cells with either wild type or 

HBA1:c.301-3C>G vectors were stained with antibodies raised against N- and C-

terminal regions of the α-globin. The result showed positive reaction with similar 

intensity of labeling of cells transfected with either vector when cells were labeled with 

antibody recognizing the N-terminus of α-globin confirming that the N-terminus of α1-

globin generated from both vectors is intact (Fig. 4.17A and B). However, analysis 

using an antibody specific for the C-terminus of α-globin showed an intense labeling in 

cells transfected with the wild type vector but absence of signal in cells transfected with 

the mutant HBA1:c.303-3C>G vector (Fig.4.17C and D), indicating that the protein 

produced from the mutant vector is truncated at the C-terminus. 
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Figure  4.17 – Immunostaining of 5637 cells transfected with either HBA1-WT (panels A 
and C) or HBA1:c.301-3C>G (panels B and D) constructs. 

Positive reaction in panels A and B show transfected cells labeled with antibodies which 

recognize the N-terminal region of the α-globin protein. Transfected cells in panels C and D 

were labeled with antibodies which recognize the C-terminal region of the α-globin protein. The 

positive reaction in panel C demonstrates a full length α-globin protein with an intact C-terminal 

end. The negative reaction in panel D demonstrates the truncated α-globin protein produced 
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from the HBA1:c.301-3C>G lacks its C-terminal residues. Panels E, F, G and H are the phase 

contrast images of the panels A, B, C and D respectively. 

4.7 In vitro analysis of mutations affecting the promoter region of 
HBA2 (Appendix V) 

Expression analyses of mutations affecting the promoter region of HBA2 were studied 

based on identification of novel point mutations in individuals with thalassemic red cell 

indices.  

Transcriptional efficiency of the mutations was measured after transfection of 5637 

cells with mutant constructs and a series of quantitative real time – PCR assays (qReTi-

PCR) were performed to compare the transcriptional activity against the wild type 

construct. The HBA2:c.-59C>T affects the last nucleotide of the TATA box located at 

the core promoter region of HBA2, an important motif required for transcription 

initiation. The HBA2:c.-81C>A is located at position -81 upstream of the translation 

initiation codon (TIC) of the HBA2 gene. It affects the -IR box recognized by -IRP, 

a transcriptional activator protein (Rombel et al., 1995, Yost et al., 1993). The HBA2:c.-

91G>A is a transition mutation located at position -91 upstream of the TIC of the HBA2 

gene between two regulatory motifs recognized by the transcription factors Sp1 and -

IRP which are functionally related (Kim et al., 1988) (Fig. 4.18). 
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Figure  4.18 – A schematic representation of the cis-regulatory elements found in the core 
and proximal promoter regions of HBA2. 

The HBA2:c.-59C>T and HBA2:-81C>A affects the TATA and α-IR boxes respectively. The 

HBA2:c.-91G>A occurs in between Sp1 and α-IRP recognition sites which are functionally 

related. The translation initiation codon (TIC) represents Methionine where the mRNA is 

translated at this site. 

These mutations were identified in three unrelated female subjects investigated for 

possible α-thalassemia trait. The purpose of this study was to characterize the effects of 

these point mutations on the transcriptional activity since they are located in a crucial 

promoter region required for optimum transcription. The qReTi-PCR results of in vitro 

molecular investigation revealed that cells transfected with HBA2:c.-59C>T mutant 

vector showed 53.7% (p= 0.0008) reduction in the transcriptional activity when 

compared to the HBA2-WT control. Interestingly, cells transfected with HBA2:c.-

81C>A did not show statistically significant changes in the transcriptional activity 

(p=0.089) compared to the wild type HBA2-WT. With the HBA2.c-91G>A mutation, 

qReTi-PCR analysis showed a reduction in the transcriptional activity by 36.2% (p= 

0.004) when compared to the HBA2-WT control (Fig. 4.19).  
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Figure  4.19 – Analysis of transcriptional activity for the mutants HBA2:c.-59C>T, 
HBA2:c.-81C>A and HBA2:c.-91G>A compared with wild type (HBA2-WT). 

Significant decrease in the transcriptional activity generated from HBA2:c.-59C>T (p = 0.0008) 

and HBA2:c.-91G>A (p= 0.004) comparing to the HBA2-WT. HBA2:c.-81C>A did not cause a 

significant change in the level of transcription. 

 

This information is valuable to the team of scientists and pathologists who interpret the 

α-globin sequencing results for the patients concerned, and for future patients in whom 

these mutations are detected. They can report that the HBA2:c.-59C>T and HBA2.c-

91G>A base changes are likely to cause a thalassemic phenotype whereas the HBA2:c.-

81C>A has no impact on α-globin production and is likely to be polymorphic. 

Production of α2-globin chains generated from wild type and mutations was analyzed 

by microscopic examination using Immunofluorochemistry technique (IFC). For the 

point mutations that affect the promoter regions of α2-globin gene, this showed various 

intensity of labeling of cells transfected with the wild type and mutant constructs (Fig 

4.20A, D, G, J and M). The changes in labeling intensity correlate with those changes 
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observed in the transcriptional activity of each construct. The HBA2:c.-59C>T and 

HBA2:c.-91G>A mutations which cause 53.7% and 36.2 % reduction in the HBA2 

transcription level respectively, both showed reduced labeling of cells compared to 

those transfected with the wild type construct. The HBA2:c.-81C>A construct showed 

no significant difference in the intensity of cells when compared to the wild type 

indicating that this mutation is most likely a polymorphic variant that does not cause 

any diminishing effect on HBA2 expression. The equal plasmid ampicillin (pAmp) 

transcription levels found in each group confirmed that the observed labeling 

differences were not due to varying transfection efficiencies (Fig. 4.20C, F, I, L and O). 
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Figure  4.20  – Immunostaining of the α2-globin chain in 5637 cells transfected with HBA2-
WT (A), HBA2:c.-59C>T (D), HBA2:c.-81C>A (G) and HBA2:c.-91G>A (J) constructs.  

The intensity of positive reactions is directly proportional to the level of transcriptional 

activities shown in Figure 4.23. In cells transfected with HBA2:c.-59C>T and HBA2:c.-91G>A 

constructs, the intensity of labeled cells is reduced to about half of that seen in cells transfected 

with HBA2-WT]. No significant change in the intensity of labeled cells transfected with 

HBA2:c.-81C>A were observed when compared to cells transfected with HBA2-WT. Negative 

reaction control is shown in panel (M). Panels B, E, H, K and N are the phase contrast images of 

the panels A, D, G, J and M respectively. Panels C, F, I, L, and O are showing the pAmp 

expression levels confirming equal transfection efficiency in each group. 
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4.8 Identification of two novel and differentially expressed isoforms of 
human HBA2 and HBA1 genes (Appendix IV) 

During the investigation of α-globin gene transcripts in peripheral blood obtained from 

normal and healthy individuals, it was noted that both HBA2 and HBA1 have two 

isoforms of each transcript. These isoforms are identified as long isoforms (HBA2L and 

HBA1L) and short isoforms (HBA2S and HBA1S) for both the HBA2 and HBA1 genes 

(Fig. 4.21). The initiation point for the long isoform is 66 bp upstream of the translation 

initiation codon (TIC), whereas the initiation point for the short isoform is 37 bp 

upstream of the TIC. These isoforms were identified and tested in 15 healthy volunteers. 

A set of primers were designed to detect either long or short isoform of each gene 

(Table 4.8). The long isoform was generated in a PCR using the combination of primers 

(1 + 6) for HBA2L and (1 + 5) for HBA1L. The short isoform is the product of the PCR 

using primers (2 + 6) for HBA2S and (2 + 5) for HBA1S. These results were compared 

with sequences reported in GenBank. For the HBA2 gene, the GenBank sequence 

(NM_000517.4) corresponds to the long isoform in this study, and the HBA1 sequence 

(NM_000558.6) corresponds to the short isoform, however, the short isoform of HBA2 

and the long isoform of HBA1 are not recorded. 
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Figure  4.21 – PCR results from a peripheral blood sample demonstrating the long and 
short isoforms of HBA2 and HBA1. 

Expression of short isoforms is significantly increased compared with the long isoforms 

indicating differential expression within different healthy individuals. 

Table  4.8 - Gene specific forward (Fw) and reverse (Rv) primers list. The primer 
combinations for the shorter isoforms generate both the longer and shorter isoforms. 

 

To ensure the authenticity of the HBA1L transcripts, the total RNA from 11 volunteers 

was amplified with the HBA1L specific primer combination (1 + 5) before being DNA 

sequenced. For all 11 individuals, an identical PCR product was generated and the DNA 

sequencing results demonstrated the presence of the long isoform.  
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The long and short isoforms appeared to be differentially expressed as evidenced by the 

different intensities of the relevant PCR products on gel electrophoresis (Fig 4.21). To 

exclude primer inefficiency as an artifactual cause for this difference in intensity, the 

efficiency of each forward primer was tested as this was the only difference between 

each reaction. An internal reverse primer (Primer 3, Table 4.8) that would produce a 

short amplicon suitable for ReTi-PCR, was used in combination with the forward 

primers, the primer combinations being (1 + 3) for the long isoforms and (2 + 3) for the 

short isoforms. It should be noted, that the primer combination (2 + 3) will amplify both 

the long and the short isoforms. The ReTi-PCRs were performed on 10-fold serial 

dilutions of either cDNA or the purified PCR product. The results showed that PCR 

with primers 1 + 3, had an efficiency of 94.1%, while, the PCR reaction with primers 2 

+ 3, had an efficiency of 91.4%. This demonstrated that the difference in PCR 

intensities seen in figure 4.21 cannot be due to PCR inefficiency, and as such, must be 

due to the presence of differentially expressed isoforms of both HBA2 and HBA1. 

Amplicons generated using the primer combinations (1+5; 1+6) and (2+5; 2+6) due to 

their >150 bp sizes, are suboptimal for ReTi-PCR analyses, therefore, a semi-

quantitative PCR protocol was utilized to measure the relative expression levels of each 

isoform. The results in table 4.9 show the relative levels of gene expression between the 

short and long isoforms for 5 samples. For HBA2, the shorter isoform is expressed from 

between 11000 to 76,000 times (p=0.005) more than the longer isoform and for HBA1 

the short isoform is expressed from 28000 to 100000 times (p=0.005) more greatly. The 

HBA1L isoform which recorded the lowest levels of gene expression was from a 

subject with an Indian-Chinese ethnic background. This may indicate some sequence 

variations, probably Single Nucleotide Polymorphisms (SNPs), in genes coding for 

transcription factors or race-linked cause of differential gene expression. 
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Table  4.9 - Relative expression of the long and short isoforms of each transcript 

Sample 
Relative levels of gene expression 

HBA2S : HBA2L Ratio  
 (p = 0.005) 

HBA1S : HBA1L Ratio  
 (p = 0.005) 

1 12,000 100,000 
2 76,000 32,000 
3 25,000 64,000 
4 16,000 63,000 
5 11,000 28,000 

 

To examine the relative gene expression levels of the long isoforms, 15 samples were 

processed, of which 12 demonstrated higher levels of gene expression of the HBA2L 

isoform when compared to HBA1L, 1 sample had equal levels and 2 samples showed 

higher expression of HBA1L (Fig. 4.22). Interestingly, of these, one sample with a 

Middle Eastern-South East Asian background recorded no detectable levels of the 

HBA2L isoform; this may suggest either the presence of SNPs in genes coding for 

transcription factors or  provides further evidence of a race-linked cause of differential 

gene expression of the longer isoforms Performing a 2-tailed sign test on this data 

resulted in a p-value of 0.013 demonstrating a highly significant difference between 

HBA2L and HBA1L expression levels. 
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Figure  4.22 – Ratios comparing the relative levels of gene expression between the HBAL 
isoforms. 

In 12 out of 15 samples, higher levels of gene expression were observed for the HBA2L 

isoform. Sample 1 had extremely low levels of HBA1L expression. By comparison, sample 2 

had higher expression of HBA1 and in sample 5 equal levels of HBA2L and HBA1L were 

observed. Sample 15, with a Middle Eastern-South East Asian background recorded no 

detectable levels of the HBA2L isoform. Statistical analysis using a 2-tailed sign test resulted in 

a p=0.013 demonstrating a highly significant difference between HBA2L and HBA1L. 

4.8.1 The impact of the isoforms on splice site prediction  

The impact of the two wild type isoforms of either HBA2 or HBA1 on the prediction 

scores was analyzed to find out which isoform prediction gives the highest and correct 

scores for the authentic splice donor and acceptor sites as well as predicts cryptic splice 

sites with significant score confidence when mutant sequence is analyzed. Comparison 

between the various software showed that the best software was NetGene2 server. 

Therefore, the NetGene2 server was the main software used for prediction analysis. 

Splice variant analysis of the wild type short isoform HBA2S-WT (835 bp) showed the 

two known authentic donor splice sites at positions 95 and 417 from the translation 

initiation site with high confidence scores of 0.95 and 0.93 respectively and two cryptic 
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splice sites at positions 46, and 76 with none to mid confidence scores of 0.00 and 0.55 

respectively (Table 4.10A). In contrast, the results were surprisingly different when the 

wild type long isoform HBA2L-WT (864 bp) was used as a template. The results 

showed high confidence scores of 0.82 for the cryptic splice site at position 46, which 

turned out to be the activated cryptic splice site located 49 nucleotides upstream of the 

end of exon 1 when mutant sequences such as HBA2:c.94A>C and HBA2:c.94A>G 

were submitted (Table 4.10B). This gives an impression that the use of long isoform as 

a submitted sequence is more effective in term of predicting activation of cryptic splice 

sites.  

 

Table  4.10 - Splice prediction using wild type short and long isoforms of HBA2 and HBA1 
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4.8.2 In vitro analysis of regulatory motifs located in the promoter region of 

HBA2 and the impact on expression levels of the different isoforms. 

The identification of the two novel and differentially expressed isoforms of human 

HBA2 and HBA1 prompted investigations to elucidate the reason for the differentially 

expressed isoforms. The role of cis-acting regulatory elements found in the promoter 

region was investigated in both cases. The difference between the HBAS and HBAL 

isoforms is the Transcription Initiation Site TIS which is located at -66 bases upstream 

of the translation initiation codon (TIC) for the HBAL, compared with -37bp for the 

HBAS. The sequence difference between HBAS and HBAL isoforms may harbor 

important regulatory elements that are responsible for the efficient expression of the 

HBAS. It has been proposed that the inclusion of the TATA box (ATAAA) into the first 

exon of the HBAL has inactivated and masked its binding domain from recognition by 

TATA-box binding factor (TBF) resulting in marked decrease in the transcription 

efficiency of the long isoforms. 

To prove this notion, in silico and in vitro analyses were performed. The In silico 

analysis identified two recognition sites in the first exon of the long isoform. These are 

the TATA box (ATAAA) which binds to TBF and the GC rich sequence (GGGCC) 

which binds to E2F1 and p53 transcription factors. The TATA box and GC rich 

sequence are located at -65 to -61 and -44 to -40 from the translation initiation codon 

(ATG) respectively (Fig. 4.23).  

The in vitro analysis was utilized to study the impact of inactivation of TATA and GC 

rich boxes on the transcription efficiency and thus mimic the HBAL transcription 

efficiency. An additional in vitro expression analysis of the inactivation effect of the 

CCAAT box located at -108 to -104 upstream of the translation initiation codon was also 

performed, either as a single inactivation or double inactivation together with the TATA 

box. The qReTi-PCR analysis showed that inactivation of these motifs resulted in 
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marked reduction in the gene expression with variation in the transcriptional activity 

(Fig. 4.24). 

 

 

Figure  4.23 – Locations of the studied cis-acting regulatory elements in the promoter of 
HBA relative to the translation initiation codon (ATG). 

A. Short HBA isoform shows active TATA binding site (located at -65 to -60 bases from the 

initiation codon) and E2F1motif (located at -45 to -40 bases from the initiation codon) prior to 

the transcription initiation site (TIS) causing efficient recognition by TBF and E2F1. B. Long 

HBA isoform shows inactive TATA binding site and E2F1 motif due to the inclusion of this 

region into the transcript causing inability of their corresponding transcription factors to 

recognize their binding sites and thus generating less transcription efficiency. The gray 

highlighted regions represent exonic sequences of short (A) and long (B) isoforms. 
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Figure  4.24 – Gene transcription activity performed by qRT-PCR for the mutant 
constructs (HBA2-delATAAA, HBA2-delGGGCC, HBA2-delCCAAT and HBA2-
delCCAATdelATAAA) versus wild type (HBA2-WT). 

Marked decrease in the transcriptional activity obtained from all deletions with the greatest 

impact due to the double deletions of CCAAT and ATAAA boxes (1.1%) followed by deletion 

of CCAAT box (2.8%), TATA box (3.5%) and GGGCC element (13.8%). All recorded data 

have significant p value of < 0.05. 

Deletion of the TATA box results in marked reduction of the transcription and 

generated a transcriptional efficiency of 3.5% (p value = 0.00011) comparing to 100% 

of that observed in HBA2-WT while deletion of the GGGCC motif generated 13.8% (p 

value < 0.00) of transcriptional activity. This indicated the importance of these motifs 

which are included in the long isoform (HBAL) and explain the reason behind the 

marked decrease in the rate of the transcription found in the healthy individuals. With 

regard to the CCAAT box, interestingly, the rate of transcriptional activity was almost 

as low as the TATA box when this motif was deleted. It resulted in a residual 

transcriptional activity of 2.8% (p value < 0.00) reflecting its extreme importance, 

together with TATA box, for HBA transcription regulation as cis-regulatory elements. 
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To further elucidate the importance of TATA and CCAAT boxes, a double deletion of 

the TATA and CCAAT boxes was analyzed. The transcription efficiency of HBA 

generated from this deletion was almost abrogated, only 1.1% (p value < 0.00) of the 

transcriptional activity was detected. 

Protein analysis for the effect of the small deletions on the expression of HBA2 showed 

direct relationships between the translation process and the transcriptional activity 

generated from each construct. The intensity of staining using the antibody to the C-

terminal region of the α-globin chain was assessed. Cells transfected with the wild type 

vector (HBA2-WT) showed bright positive staining (Fig 4.25A), whereas there was 

only weak staining with the HBA2delGGGCC construct (Fig. 4.25C) and dim to 

negative reactions were observed in cells transfected with HBA2-delATAAA (Fig. 

4.25E), HBA2-delCCAAT (Fig. 4.25G) and HBA2-delCCAATdelATAAA constructs 

(Fig. 4.25I).  
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Figure  4.25 – Immunostaining of the α2-globin chain in 5637 cells transfected with HBA2-
WT (A), HBA2-delATAAA (C) and HBA2-delGGGCC (E) constructs. 

Cells transfected with wild type vector (A) showed positive reaction while those transfected 

with HBA2-delATAAA (C) and HBA2-delCCAAT (E) showed marked reduction in staining 

and poor reactions respectively. Panels B, D and F represent the phase contrast images of the 

panels A, C and E respectively.  
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Figure 4.25 – Immunostaining of the α2-globin chain in 5637 cells transfected with HBA2-
delCCAAT (G) and HBA2-delCCAATdelATAAA (I) constructs.  

Dim to negative reactions were seen in cells transfected with HBA2-delCCAAT (G) and HBA2-

delCCAATdelATAAA (I) respectively. These occur due to severe reduction in transcriptional 

activity. Negative reaction control is shown in panel (K). Panels H, J and L are the phase 

contrast images of the panels G, I and K respectively. 
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5. Discussion 

The α-thalassemias are a group of disorders occurring as a result of decreased synthesis 

of α-globin chains due mainly to deletions of the α-globin genes or, less commonly, 

mutations which include point mutations and small insertions or deletions. However, 

detection of α-thalassemia caused by point mutations has increased during the past few 

years and more than 70 different point mutations have been reported worldwide for the 

HBA2 and HBA1 genes (Harteveld and Higgs, 2010). Non-deletional α-thalassemia 

results from a number of molecular defects which may affect RNA transcription, 

processing or translation and the stability of the mRNA and/or the globin product. This 

thesis investigated the impact of non-deletional mutations on α-globin expression 

through generating an in vitro assessment model. 

5.1 Design of the model 

The rationale for this project arose due to difficulty with clinical interpretation of the 

results of α-globin gene sequencing in patients suspected of having alpha thalassaemia 

trait. This is because there are a number of causes for red cell microcytosis including 

iron deficiency and the anemia of inflammation, and in addition the phenotype of 

individuals with a single alpha globin gene abnormality may overlap with normal. It is 

important to be able to determine whether a nucleotide substitution is polymorphic or 

pathogenic when advising patients and clinicians on the significance of the abnormality 

detected. The difficulty in obtaining sufficient patient materials for testing has prompted 

the need for an alternative tool to study these sequence variants. Therefore, this study 

addressed the use of an in vitro model system using site directed mutagenesis to create 

the sequence variants in expression vectors carrying the HBA1 or HBA2 genes. 
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5.1.1 Choice of expression vector 

One of the main aims of this study was to develop an in vitro system specifically 

designed for α-globin gene expression. The majority of mammalian expression vectors 

utilize recombinant viral and non-viral regulatory elements and signals such as enhancer 

and promoter regions and viral polyadenylation signals to achieve efficient expression 

of the protein encoded by the gene of interest. This combination makes such vectors 

successful and widely used when analyzing the expression of the gene of interest. These 

regulatory elements are important for the replication of episomal materials without 

integration into cellular chromosome (Makrides, 1999). However, recombination of 

regulatory elements in generating expression vectors has some drawbacks. Previous 

studies investigating the impact of HBA and HBB splice mutations used expression 

vectors containing viral promoters. It is noteworthy that the authors comment on 

potential artifacts of splicing due to the action of the viral promoters in their 

experimental systems (Felber et al., 1982, Fujihara et al., 2007). The later study 

(Fujihara et al., 2007) investigated the effect of the β-globin IVSI-1G>C mutation on 

the transcription, splicing and processing of β-globin RNA using an in vitro expression 

system. The expression of the WT and mutant constructs was regulated by the 

Cytomegalovirus (CMV) promoter and Simian virus 40 (SV40) polyadenylation 

signals. Analysis of RT-PCR products obtained from COS-1 cells transfected with the 

expression vectors showed major and unexpected minor fragments. The minor 

fragments of mRNAs were not detected in vivo in the reticulocytes of the normal and 

affected patient. These extra splicing products were thought to be caused by excess 

transcription occurring in the COS-1 cell expression system due to the highly efficient 

promoter derived from the CMV in the pcDNAI expression vector, leading to aberrant 

RNA processing, transportation and degradation of RNA. Therefore, the authors 

concluded that their expression system had a limitation in interpretations about the RNA 
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metabolism. Another in vitro study performed by (Felber et al., 1982), to analyze the 

functional consequences of a pentanucleotide deletion in intron 1 of the HBA2 gene, 

addressed the presence of weak bands thought to be due to aberrant splicing  produced 

by the SV40 expression system. The authors referred to these bands as artifacts and 

discussed this as a potential drawback of the system, and that it may not accurately 

reflect the spliced RNA in erythroid cells. Both these studies used viral regulatory 

elements successfully to derive the expression of either α- or β-globin mRNA but noted 

the limitations due to the above mentioned artifacts.  

In contrast, the expression system in this study utilizes the upstream and downstream 

regulatory elements of either the HBA2 or HBA1 gene. Expression is therefore driven 

by the α-globin promoter region and no artifacts were noted.  In addition, the system 

allows researchers to perform an assessment of the impact of mutations in the α-globin 

promoter region itself. 

5.1.2 Choice of cell line 

The second component of the in vitro system designed in this thesis was choosing a 

suitable mammalian cell line to act as host cells when introducing the expression 

vectors through transfection process. Mammalian cell lines have been widely used as 

instrumental tool in experimental setting for many medical applications such as 

production of vaccines, synthetic hormones and production of monoclonal antibodies as 

well as measurement of gene expression due to their ability to perform transcriptional 

and post-transcriptional modification such as folding and glycosylating different 

proteins  (Sandberg and Ernberg, 2005). To establish a cell culture system for this study, 

a number of human cell lines were screened for two crucial criteria, namely having no 

endogenous α-globin expression, while expressing important erythroid transcription 

factors including GATA2, NFE2, KLF1 and KLF4 that are required for α-globin 
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expression. The GATA family of transcription factors are conserved proteins that play 

critical roles in the development and differentiation of hemopoietic progenitors and are 

known to regulate globin gene transcription. (Anguita et al., 2004, Cantor, 2005). It has 

been shown that GATA2, an erythroid-specific transcription factor, plays a critical role 

in the multiplication and maintenance of hematopoietic cells. (Brecht et al., 2005, 

Huang et al., 2009) NF-E2 a known erythroid specific transcription factor has been 

shown to play a coordination role in globin gene activation, regulation and hemoglobin 

synthesis. (Andrews, 1994, Andrews, 1998). In addition, Krüppel-like factors KLF1 and 

KLF4 are known to be directly involved in regulation of the production of α- and β-

globin subunits (Tallack et al., 2010) and are also believed to activate α-globin 

expression through binding to specific sites in the α-globin promoter region. (Marini et 

al., 2010). Since the generated expression constructs are driven by the α-globin 

promoter, these transcription factors are able to recognize their corresponding binding 

sites allowing efficient transcription of the transfected construct.  

Erythroid cell lines such as K562, Murine erythroleukemia (MEL) and human 

erythroleukemia (HEL) cells are favorable to be used as cell culture system for 

hematologic related studies when there is no interference with the experimental results. 

However, the use of erythroid cell lines in this thesis was avoided due to the presence of 

endogenous production of α-globin which would interfere with the assessment of alpha 

globin production from the expression vector.  

Non-erythroid cell lines have been widely used for globin expression studies, and cell 

lines which have been used include NIH 3T3 mouse embryonic fibroblast cells, 

HEK293, COS-1 cells and HeLa cells. In a previous study, NIH 3T3 and HeLa cells 

were used as host cells for transfection of an expression vector derived by CMV 

promoter and carrying β-globin gene with IVS2-654 mutation which causes aberrant 

RNA splice variant. The study attempted to repair this mutation using antisense 
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oligonucleotides and found that correct splicing was restored in a dose-dependent 

fashion (Sierakowska et al., 1996). Another study used HEK293 cells as host cells for 

an expression vector carrying βS-globin gene to repair abnormal transcript using trans-

splicing ribozyme expression cassettes with high specificity (Byun et al., 2003). COS-1 

monkey kidney epithelial cells were also used as a hosting cell line for analyzing 

aberrant mRNA generated from an expression construct carrying β-thalassaemia gene 

(IVS1–1G>C) (Fujihara et al., 2007). Although these studies demonstrated successful 

achievement of their expected outcomes and hypotheses, none of them have addressed 

or assessed the presence of the erythroid transcription factors in these cell lines raising 

the issue of erythroid transcription factors availability in these non-erythroid cells.  

Cell lines screened for use in this study included K562 cells, human bladder carcinoma 

5637 cells, HaCaT cells, HeLa cells and HEK293 cells. As shown in the results section 

4.2, human bladder carcinoma 5637 cell line was selected for the subsequent 

experiments due to absence of α-globin expression but expression of the important 

erythroid transcription factors. It is easy to handle in the in vitro culture system and has 

a rapid growth rate. 

5.1.3 Methods established to assess the impact of the mutations 

Quantitative and qualitative methods are widely used to analyze the impact of non-

deletional mutations in experimental setting. Such methods are performed to detect gene 

expression pathways from the genes and DNA sequences to the expressed products, 

mainly proteins. The gold standard method for molecular analysis is the PCR technique 

and its derivatives such as RT – PCR and qReTi – PCR. Cellular analysis to detect 

expressed products can be performed by several methods such as microscopy, 

flowcytometry, immunoblotting, immunoprecipitation and spectrophotometry.  
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The methods used in this thesis involved a combination of quantitative and qualitative 

approaches to analyze the impact of non-deletional mutations on α-globin expression 

depending on the pathological mechanism of the studied mutations. The main method 

used for analyzing splice site mutations was RT–PCR and Sanger DNA sequencing for 

assessment of aberrant splice variants generated from point mutations that affect RNA 

splicing. Several studies have used the RT–PCR technique to analyze mutations 

affecting HBA and HBB genes resulting in aberrant splice variants (Fujihara et al., 

2007, Harteveld et al., 2000, Harteveld et al., 1996b, Vadolas et al., 2006). The 

HBA2:c.96-2A>G (IVS1–116) affecting the acceptor splice consensus site sequence of 

the first intron of the HBA2 was identified in two Dutch families causing an α+-

thalassemia phenotype. The aberrant mRNA caused by this mutation was analyzed 

using RT-PCR and characterized by direct DNA sequencing (Harteveld et al., 1996b). 

Similarly, the point mutation HBA1:c.96-1G>A (IVS1-117) was characterized by RT-

PCR and the cryptic splice donor site of the aberrant sequence of mRNA was identified 

by direct DNA sequencing. This study utilizes RT-PCR and DNA sequencing in 

characterization of the point mutations which are anticipated to impact on RNA 

splicing. 

The use of real time PCR for quantitative assessment of HBB expression generated 

from non-deletional mutations in noncoding regions has been reported previously 

(Irenge et al., 2005, Irenge et al., 2006). A Comparison study of relative human β-globin 

expression in MEL cells transfected with various β-globin promoter mutations was 

conducted by qReTi-PCR and competitive RT-PCR techniques (Irenge et al., 2005). 

The study analyzed the following promoter mutations:  –223T>C, –101C>T, –30T>A, 

+20C>T and +10(-T). It showed that both quantitative methods produced comparable β-

globin expression results in MEL cells. Another study was performed to analyze the 

impact of 3`UTR mutation (+1480 CG) on β-globin transcriptional activity using 
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qReTi-PCR technique (Irenge et al., 2006). It shows that the +1480 CG mutation has 

no significant impact on the transcriptional activity of β-globin compared to the wild 

type. The authors concluded that quantitative real-time RT-PCR can be used effectively 

to analyze mutations in noncoding regions of the β-globin gene through measuring the 

relative expression. This thesis utilized the same technique where qReTi-PCR method 

using SYBR green dye was selected to investigate the impact of promoter region 

mutations on the α-globin expression.  

For the detection of α-globin chain production in transfected cells, qualitative analysis 

was performed by Immunofluorochemistry (IFC) technique. Selected antibodies to the 

amino- and carboxyl- terminal regions of the α-globin protein were used successfully to 

assess for truncation of the protein product generated from the studied mutations as well 

as to study the intensity of the α-globin chain production from the various promoter 

mutations.  

5.2 Investigation of mutations affecting RNA splicing  

An understanding of RNA splicing is important since aberrant splicing is responsible 

for a significant proportion of mutations, up to 50%, that result in gene dysfunction 

(Cartegni et al., 2002). The efficiency of the splicing process depends critically on 

recognition of three core sequence motifs present in the introns of a pre-mRNA. These 

motif elements are required for accurate RNA splicing  and  include: (i) the donor splice 

site which identifies the 5’ exon intron junction, (ii) the acceptor splice site which 

identifies the 3’ intron exon junction and (iii) the branch site located at 30 to 50 bases 

upstream of the end of the intron (Cartegni et al., 2002, Cooper et al., 2009). 

Aberrant splicing is a molecular mechanism that results from mutations affecting the 

splicing regulatory signals located at the intervening sequences (introns). These 

mutations may involve the +1/+2 or -1/-2 position where (+) indicates the intronic site 
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and (-) indicates the exonic site of the exon/intron boundaries. Moreover, because 

splicing requires high precision of consensus sequences, single mutations at these sites 

can have dramatic effects resulting in  production of defective gene products or 

truncated proteins (Ward and Cooper, 2010). Mutations identified in these sites cause a 

disruption in the interaction between the  spliceosome and the splicing recognition 

signals (Baralle and Baralle, 2005).  

A number of non-deletional mutations have been reported to alter the RNA splicing 

process of either HBA2 or HBA1 causing α-thalassemia phenotype as shown in table 

1.2 (section 1.2.2.5). Some of these reports performed experimental investigation while 

in others the adverse impact of the mutation is inferred from its position. For instance, 

(Harteveld et al., 2000) identified and fully characterized the HBA1:c.95+1G>A 

mutation. The abnormally spliced mRNA was predicted and experimentally analyzed by 

RT-PCR. Direct sequencing showed the activation of a cryptic splice donor site in the 

middle of exon 1 of the HBA1.  

On the other hand, the HBA1:c.95+4G>A identified by (Bayat et al., 2013) was 

published as a case report to possibly cause α-thalassemia phenotype. The mutation 

affects the splice donor site of intron I and the authors claimed difficulty in prediction of 

its role in the pathophysiological process, but the low hematological parameters of the 

affected individual are clearly suggestive of the harmful effect of this mutation. 

Therefore, the HBA1:c.95+4G>A may cause the thalassemic phenotype through 

altering the splicing mechanism. Such reports require experimental tools to fully 

characterize the impact of the mutation.  

To show how it is important to have an experimental analysis, an early study performed 

by (Orkin et al., 1981) described the discovery of the HBA2:c.95+2_95+6delTGAGG 

mutation and this was the first splicing mutation to be described in α-thalassemia 

subject. The authors did not identify any aberrantly spliced mRNA in the blood of the 
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affected patient. A subsequent in vitro assessment of the mutation by (Felber et al., 

1982) used a system where the affected α-globin gene was cloned into an expression 

vector which included the SV40 promoter. Aberrant splicing was confirmed, but the 

authors described artifactual splicing in the wild type as a consequence of the SV40 

promoter. These issues highlight difficulties in establishing suitable methodology as 

well as getting adequate materials from the patients. The affected mRNA may not be 

present in adequate amounts for testing, especially if the mutation is heterozygous and 

competing normal mRNA is present.  

This thesis addresses the utilization of an in vitro system to analyze mutations that may 

impact on mRNA splicing. There is no need for patient materials, avoiding the 

requirement of fresh blood in significant volumes, which may be difficult to obtain, 

particularly if the patient is a child. There is no competing normal alpha globin mRNA 

which may obscure the impact of the mutation. As the expression vector is driven by the 

alpha globin promoter, artifactual splicing has not been seen, and therefore the results 

obtained in the study of mRNA derived from the mutant vectors can be taken as 

representative of the in vivo impact of the mutation.  

5.2.1 Assessment of RNA splicing using prediction software 

Several in silico tools used for splice site prediction are freely available over the 

internet. These include Human Splicing Finder (http://www.umd.be/HSF/) (Desmet et 

al., 2009), NetGen2 server (http://www.cbs.dtu.dk/services/NetGene2/) (Hebsgaard et 

al., 1996), GeneSplicer server 

(http://www.cbcb.umd.edu/software/GeneSplicer/gene_spl.shtml) (Pertea et al., 2001), 

and Splice Site Prediction by Neural Network (Genie) 

(http://www.fruitfly.org/seq_tools/splice.html) (Reese et al., 1997). The efficiency of 

these in silico tools was compared during the early period of the experimental work 

http://www.umd.be/HSF/
http://www.cbs.dtu.dk/services/NetGene2/
http://www.cbcb.umd.edu/software/GeneSplicer/gene_spl.shtml
http://www.fruitfly.org/seq_tools/splice.html
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through submission of the wild type sequence of either HBA2 or HBA1 using the 

default setting of each program. This was performed to select the best software that can 

predict donor and acceptor splice sites correctly and therefore can predict the site of 

cryptic splice site if presents. For example, Genie splice site prediction 

(http://www.fruitfly.org/seq_tools/splice.html) failed to predict the authentic splice 

donor site of the first intron of the wild type HBA2. Instead, it gave a higher score 

(0.95) for the donor splice site at position (77 – 91 bp) from the transcription initiation 

site (TIS) that is located in the exon 1 while the authentic donor splice site (located at 

126 – 140 bp) was given a lower score (0.89). However, it predicted the acceptor splice 

sites of introns 1 and 2 correctly with high scores (0.97) and (0.95) at positions (229 – 

269) and (576 – 616) from the TIS respectively (Fig. 5.1). This failure to predict the 

authentic donor splice site of the wild type sequence of HBA2 generated by this 

software renders it unsuitable for use in this study. 

 

 

http://www.fruitfly.org/seq_tools/splice.html
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Figure  5.1 – Splice site prediction output of Genie splice sites software for the wild type 
HBA2 

The Genie software failed to predict the authentic splice donor site of the first intron giving a 

score of (0.89), lower than the incorrect one with a score (0.95). This incorrect prediction made 

the researcher no to rely on this software for prediction of mutations that affect the RNA 

splicing.  

Other prediction tools were also tested for the correct prediction of splice sites of the 

wild type sequences similar to the Genie software. None of them have been able to 

predict the authentic donor and acceptor splice sites together and define the exact map 

of introns 1 and 2 except the NetGen2 server – as shown in section 4.5 – which 

predicted the authentic donor and acceptor splice sites of the wild type sequences of 

both HBA2 and HBA1 correctly. Therefore, the software that was used for splicing 

impact of the studied point mutations was the NetGen2 server.  

It should be noted however that the NetGen2 software produced different results 

dependent on whether the sequence for the long or the short alpha globin isoform was 
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submitted. When the sequence for the short isoform was used, this software failed to 

correctly predict the effect of the HBA2:c.95+1G>A, HBA2:c.94A>C and 

HBA2:c.94A>G mutations, highlighting the importance of using an in vitro 

experimental system rather than relying on in silico analysis only. 

5.2.2 Molecular analysis of HBA2:c.95+1G>A [(IVS-I-1(G>A) (α2)], a donor 

splice site mutation as a prototype for the developed in vitro model 

In the HBA2:c.95+1G>A, the mutation is located at the splice donor site of the first 

intervening sequence (IVS1-1G>A), of the 2-globin gene, and is thought to cause a 

thalassemic phenotype by interfering with and preventing the normal splicing of pre-

mRNA. This mutation was reported recently by (Waye et al., 2009) and simultaneously 

discovered in PathWest laboratory during routine investigations of hemoglobinopathies 

in a patient with microcytosis and hypochromia. A similar point mutation at the same 

position but affecting the 1-globin gene (HBA1:c.95+1G>A) was described and 

characterized by (Harteveld et al., 2000). It was identified in a family where the 

propositus presented with Hb H disease and was found to have the --SEA deletion and 

this mutation. The authors were able to extract mRNA from the blood of the propositus 

and sequencing confirmed the activation of a cryptic splice donor site in the middle of 

exon 1 of the HBA1 between the first and second base pair of codon 15 to the normal 

splice acceptor site. This is exactly corresponds to 49 bases from the end of exon 1. In 

this situation, the aberrantly spliced mRNA could probably be detected because of the 

co-existing --SEA deletion which dramatically reduced the amount of competing normal 

mRNA. However if one wants to be able to assess a wide range of mutations, an in vitro 

model is preferable. 

Since the HBA1:c.95+1G>A was fully characterized, the researchers felt this mutation 

would be a useful prototype to assess the efficacy of the developed model. The 
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HBA2:c.95+1G>A mutation was created by site directed mutagenesis and the 

transfections and subsequent expression studies confirmed use of a cryptic splice site in 

exon 1, 49 nucleotides upstream of the exon1/intron1 boundary. As a result, there is a 

frameshift in the transcribed mRNA and a premature termination codon (PTC) is 

introduced between codons 48 – 49 in exon 2. This was exactly similar to what 

Harteveld et al found with the HBA1:c.95+1G>A mutation (Harteveld et al., 2000). In 

addition, the IFC technique confirmed absence of protein expression, most likely a 

result of mRNA degradation, confirming the thalassemic phenotype (Appendix I). 

Therefore, I was confident that the model described in this thesis is suitable for the 

characterization of α-globin mutations. 

5.2.3 Molecular analysis of donor splice site mutations [HBA2:c.94A>C and 

HBA2:c.94A>G] 

The HBA2:c.94A>C mutation was detected in PathWest laboratory during routine 

testing of a patient for α-thalassaemia. The mutation is located at the penultimate 

nucleotide of exon 1 and is likely to affect the donor splice site, which would be 

predicted to result in aberrant splicing and utilization of the cryptic splice site seen in 

the HBA2:c.95+1G>A mutation. When this was assessed originally using the splicing 

prediction software however, the software still identified the consensus splice site with a 

high confidence score. It was therefore thought this would be of interest to investigate 

with the in vitro model. The in vitro studies of this mutation confirmed the aberrant 

splicing and utilization of the cryptic splice site, confirming the thalassemic phenotype 

for the affected patient (Qadah et al., 2012c) (Appendix III). Subsequently our 

laboratory was approached by an external investigator who had detected a similar 

mutation (HBA2:c.94A>G) during the investigation of a patient with Hb E trait who 

had an unusually severe phenotype with slightly painful splenomegaly. The 

HBA2:c.94A>G results in the substitution of arginine for glycine at codon 31 
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(AGG>GGG) and this could lead to the synthesis of an abnormal α-globin chain if the 

authentic splice donor site was used. However, our in vitro model analysis showed 

identical splicing abnormality to the HBA2:c.94A>C with no normally sized RNA 

fraction visible after RT-PCR (Qadah et al., 2014b)  (Appendix VI). Although 

HBA2:c.94A>G is demonstrated to affect splicing process, in vivo there may be some 

residual normally spliced mRNA. If so, it would result in the synthesis of (a likely 

small) fraction of the abnormal α-globin chain. If the abnormal α-globin chains and/or 

hemoglobin molecule are unstable, this could exacerbate the red cell pathophysiology, 

analogous to other hyperunstable α-globin variants that have been described. This could 

be an explanation of the severe-than-expected phenotype (splenomegaly) observed in 

the proband, compared to simple Hb E carriers. However, the fact that the patient with 

the HBA2:c.94A>G mutation was also heterozygous for Hb E the evaluation and 

explanation of the case is quite complicated but the provided explanation might be the 

closest to the right. Several mutations have been identified to affect mRNA splicing in a 

similar manner, creating a cryptic splice site between the first and second base pair of 

codon 15 (Harteveld et al., 2000, Orkin et al., 1981, Waye et al., 2009), and evidenced 

by (Qadah et al., 2012a). The abnormally spliced mRNA causes a frameshift in the 

reading frame and subsequently introduces a PTC downstream between codons 48 and 

49. Mature mRNAs containing PTC are either subject to rapid degradation by the NMD 

mechanism or proceed for translation to produce truncated dysfunctional protein. This 

usually depends on the location of the PTC from the last exon-exon junction (Khajavi et 

al., 2006).  

Mature mRNAs containing PTC are rapidly degraded by NMD when the PTC is found 

at position less than 50 – 55 bases from the last exon-exon junction (Maquat, 2004). The 

significance of the NMD mechanism is to reduce the synthesis of truncated proteins, 

thus minimizing the negative implications of dysfunctional proteins. Since the 
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abnormally spliced mRNA generated from HBA2:c.94A>C and HBA2:c.94A>G causes 

the formation of PTC between codons 48 and 49 which is located at 98 bases from the 

last exon-exon junction, it is most likely subject to rapid degradation by NMD before 

being transported into the cytoplasm for the translation process. This results in 

decreased synthesis of α-globin chains, thus resulting in the α-thalassemia phenotype. 

5.2.4 Molecular analysis of acceptor splice site mutation HBA1:c.301-3C>G 

The novel variant, HBA1:c.301-3C>G, is a point mutation identified in an adult female 

with mild microcytosis and hypochromia (proband 3, table 4.1). The mutation affects 

the acceptor splice site of the second intervening sequence located at position 147 

(IVSII-147) of the HBA1. The sequence at the intron/exon boundary in the affected 

gene is (cagag/CTCCT) compared with (cacag/CTCCT) in the wild type. This appears 

to create a new acceptor sequence and the in vitro model was used to confirm this 

hypothesis. Experimental analysis of this point mutation confirmed the preferential 

utilization of a cryptic splice site at intron 2 of the pre-mRNA, resulting in a shift in the 

reading frame with in silico translation showing the generation of a PTC at codons 

101/102. The mutation is located at the second intron exon boundary and therefore the 

PTC would not be expected to cause NMD, but rather production of a truncated and 

non-functional protein based on the ~55 boundary rule. This was confirmed with the 

IFC technique (Qadah et al., 2012b). To the researcher’s knowledge, this is only the 

third mutation identified in the acceptor splice site of the HBA1 leading to aberrant 

splicing. The other two reported mutations include IVSI-117 (G>A) [HBA1c.96-1G>A] 

and IVSII-148 (A>G) [HBA1c.301-2A>G] (Curuk et al., 1993a, Harteveld et al., 2003). 

5.3 Non-deletional mutations in the promoter region of the HBA2 

Expression and regulation of globin genes in erythroid cells engages several steps 

including transcription initiation, nuclear RNA maturation and transportation into the 
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cytoplasm, translation and stability (Grosveld et al., 1993). However, it is believed that 

the main regulation occurs at the level of the transcription initiation process.  

To properly initiate the transcription process, intact regulatory elements of the promoter 

region are required. These include cis-regulatory elements and trans-acting regulatory 

factors. The cis-regulatory elements act as recognition and binding sites for the trans-

acting (transcription) factors which  may either enhance or repress transcription 

depending on the functional properties of the transcription factors (Maston et al., 2006). 

The transcription complex is formed when transcription factors bind to their cis-

regulatory elements, located at the core promoter region, resulting in the initiation of 

transcription by the RNA polymerase II enzyme. For optimum transcription, a number 

of co-regulators that bridge the transcription factors with the transcription complex as 

well as chromatin remodeling factors are also required (Kadonaga, 2004). Therefore, 

mutations within the promoter region may cause a detrimental effect on the transcription 

and translation processes. 

The core and proximal promoter regions harbor essential cis-regulatory sequences 

required for the transcription process. In human genetic diseases, it is estimated that 

about 1.1% of single point mutations occur within gene promoter regions causing an 

interruption in initiation of the transcription process by decreasing or increasing the rate 

of transcriptional activity and thus the amount of mRNA and protein production 

(Cooper, 2002, de Vooght et al., 2009).  

In this work, three point mutations HBA2:c.-59C>T, HBA2:c.-81C>A and HBA2:c.-

91G>A were identified in PathWest Laboratory Medicine. The HBA2:c.-59C>T affects 

the core promoter of the HBA2 gene while HBA2:c.-81C>A and HBA2:c.-91 G>A 

affect the proximal promoter region. The impacts of these mutations on the level of 

HBA2 expression have been evaluated using an in vitro system. To the best of the 

researcher’s knowledge, the three novel mutations described are the first point 
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mutations in the promoter region of the HBA2 gene to be reported with both clinical 

data and in vitro functional assessment. There is a single report of a point mutation in 

the core promoter region of the HBA1 gene, HBA1:c.-16T>C, which was reported in 

the HbVar database, causing mild anemia and microcytosis with no experimental 

characterization (Patrinos et al., 2004). 

The first mutation, HBA2:c.-59C>T is located at the TATA box in the core region of 

the HBA2 promoter. The TATA box is well defined and is the recognition site for the 

binding of the Transcription Factor II D (TFIID) complex which is critical for 

transcription initiation (Allison, 2007). The consensus sequence of the TATA box varies 

in different genes but Steinberg et al (Forget and Hardison, 2009) showed that the 

TATA consensus sequence for the α-globin genes is (CATAAACC). In our case, the 

last nucleotide C is substituted with T, which results in moderate reduction in 

transcriptional activity using our in vitro analysis system. This finding agrees with other 

gene expression analysis of mutations affecting the TATA box of the β-globin gene. A 

single point mutation affecting the TATA box of the β-globin gene (HBB:c.-81A>G) 

has been described by (Takihara et al., 1986) through performing transient expression 

analysis of the HBB:c.-81A>G. The mutant construct was transfected into COS cells 

and the result showed that β-globin mRNA generated from this mutation was 

moderately reduced to 45% relative to the normal gene. Another study performed by 

(Orkin et al., 1983) identified a homozygous single base substitution (A>G) within the 

TATA box (HBB:c.-78A>G). In vitro analysis performed by transient expression in 

HeLa cells revealed that there was a reduction in the production of β-globin mRNA by 3 

to 5 fold compared to the wild type. Our finding was similar to these studies where the 

level of transcriptional activity from the vector carrying the (HBA2:c.-59C>T) mutation 

was down regulated significantly by 53.7% (p= 0.0008) confirming the functional 

importance of the last nucleotide (C) of the TATA box. From the clinical point of view, 
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the affected patient showed normal hematology and biochemical parameters. It is not 

unusual to have normal hematological and biochemical parameters when one α-globin 

gene out of four is affected. Therefore, in such case more evidence is needed to analyze 

the effect of promoter mutation based on family studies in complement with the in vitro 

analysis to determine the impact of mutations in the 5’ UTR in order to provide 

appropriate clinical advice to affected patients. 

The in vitro investigation of the HBA2:c.-81C>A base substitution showed that this 

base substitution is nonpathogenic. The substituted nucleotide is located in a 

transcription activation element known as the α-IR box, which has the consensus 

sequence (GGGCGTGCCC) (Yost et al., 1993). The data indicates that this base 

substitution is most likely a polymorphic variant which does not have any diminishing 

effect on HBA2 gene expression since there was no statistically significant difference in 

the transcriptional activity compared to the wild type. Since the affected proband also 

has inherited Hb Adana, the observed mild microcytic hypochromic red cell indices 

were most likely caused by Hb Adana rather than the [HBA2:c.-81C>A] polymorphic 

variant. Hb Adana is one of the rare nondeletional mutations that affect either HBA1 or 

HBA2 genes (Curuk et al., 1993b). It is believed that the phenotype of the same 

mutation in HBA2 renders a much more severe phenotype than the same mutation on 

HBA1. This is because the level of expression of HBA2 is higher than HBA1 by two to 

three times making the HBA2 as the dominant gene that encode for the α-globin chains 

(Liebhaber et al., 1986). However, in case of Hb Adana it seems that the phenotypic 

effect caused by this mutation in combination with nondeletional mutations mostly 

show more severe phenotypic effects than those  with single gene deletion (Nainggolan 

et al., 2013). Therefore, it is worthwhile to make a distinction between the mutation 

causing the unstable Hb Adana on HBA2 and on the HBA1. For example, (Durmaz et 

al., 2009) described a severe α-Thalassemia case compound heterozygous for Hb Adana 
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in HBA1 gene and 20.5 kb double gene deletion in a 6 years old boy diagnosed as 

transfusion dependent chronic nonspherocytic hemolytic anemia since 40 days old. This 

report showed that this boy had less severe phenotype and considered to be HbH-like 

disease with detectable Hb and Bart’s levels rather than HbH. This is because the Hb 

Adana was detected on HBA1 gene which expresses at lower rate compared with HBA2 

resulting in less severe phenotype. Another study performed by (Nainggolan et al., 

2013) who studied 27 cases of mild-to-severe α-thalassemia syndrome caused by 

interaction of Hb Adana with deletional and nondeletional α-thalassemia mutations. The 

study showed diverse hematological and clinical features. Patients with Hb Adana in 

combination with nondeletional mutations mostly showed more severe symptoms than 

those with single gene deletion. The clinical severities varied widely between patients 

and this mostly resulted from the pathologic effect of Hb Adana. Therefore, in our case 

it seems that Hb Adana is responsible for the low red cell indices and interpretation of 

interaction between Hb Adana and other mutations should be taken with precaution.  

The third novel mutation is the HBA2:c.-91G>A, where the substitution of G with A is 

located in the proximal promoter region between the two cis-acting elements recognized 

by Sp1 and α-IRP transcription factors. We demonstrated a 32.6% reduction in 

transcription from this variant which suggests that the G>A substitution has disrupted 

the GGCC consensus sequence and its possible role as a link between the two cis-acting 

elements and their transcription factors that are believed to act as activators for the 

transcription of α-globin genes (Kadonaga, 2004, Yost et al., 1993). A previous 

functional study performed by Kim et al (Kim et al., 1988) suggested that the Sp1 and 

α-IRP are functionally related. This relationship was observed by testing the ability of 

α-IRP to bind to GC boxes in a 21 base pair repeat of the simian virus 40 early 

promoter. Strong transcriptional activity was achieved indicating that the α-IRP also had 

the ability to bind to GC boxes and its binding caused transcriptional activation. In our 
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case although the HBA2:c.-91G>A does not affect the sequence motifs of the GC- and 

α-IR boxes, it may have disrupted the sequence of a crucial bond that it is needed to link 

the two sites creating a functional unit. Our experimental analysis showed that the 

overall transcriptional process was reduced significantly. Cadet et al (Cadet et al., 2009) 

identified and reported a case where an α-thalassemia (-α3.7/αα) was co-inherited with a 

β-globin gene promoter point mutation HBB:c.-83G>A located between the CACCC 

motif (from -90 to -86) and the CCAAT motif (from -76 to -72) of the β-globin gene 

promoter. The authors concluded that this mutation was probably a major contributing 

cause for having microcytic hypochromic red cells. This is probably similar to our case 

where the HBA2:c.-91G>A is responsible for the production of the mild microcytosis 

observed in the patient.  

Production of α-globin protein generated from the three mutations and the wild type was 

analyzed with the IFC protocol described previously (Qadah et al., 2012b). This was 

carried out by comparing the intensities of the labeled cells which in turn reflect the 

level of the HBA2 transcription and translation from either the mutant or the wild type 

constructs. Subsequently, the labeling intensities were compared with the transcription 

activity to analyze the relationship between the transcription and translation processes. 

The results of the present study showed a consistent and direct correlation between the 

levels of transcriptional activity of each mutation with the levels of corresponding 

protein produced. For instance, the intensity of labeling in cells transfected with the 

HBA2:c.-59C>T and HBA2:c.-91G>A constructs was significantly reduced compared 

with that of the wild type. On the other hand, the intensity of the labeled cells 

transfected with HBA2:c.-81C>A construct showed no significant difference when 

compared to the wild type group indicating a likelihood of a polymorphic silent variant. 

The above results clearly show that there is a direct correlation between the 

transcription and translation processes. 
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5.4 Two isoforms of human HBA2 and HBA1 genes are differentially 
expressed due to promoter motifs differences 

Recent and ongoing studies in molecular biology show that many gene transcripts and 

their isoforms are still being discovered (Goh et al., 2005, Law et al., 2006). This study 

describes a newly identified HBA1 isoform (HBA1L) that is 29bp longer than the 

known HBA1S isoform that has been well characterized to date (Liebhaber et al., 1980). 

It shows that there are also two isoforms for HBA2 and that these isoforms have the 

same 5’UTR sequence arrangements as HBA1. It is likely that the longer isoforms have 

not been previously distinguished from the shorter isoforms due to very low expression 

levels and large regions of sequence homology.  

Interestingly in this study, we have also demonstrated that, of the longer isoforms, 

HBA2L is the most abundantly expressed, and if we exclude the sample where we could 

not detect HBA2L, the ratio of HBA2L:HBA1L is 3:1. This is similar to the ratio of the 

shorter isoforms as observed by others previously (Liebhaber et al., 1986, Liebhaber 

and Kan, 1981). It is critical to the formation of erythrocytes, that the α- and β-globin 

chains are produced at balanced levels, as an imbalance can result in thalassemia and 

the resultant premature cell death (Weatherall and Clegg, 2001). Currently, the role of 

HBA2L and HBA1L isoforms are unknown. One possible explanation for the low 

transcription levels of the longer isoforms may lie in the promoter recognition 

sequences CCAAT and ATAAA located 103 bp and 60bp upstream of the translation 

initiation site respectively (Huisman, 1997, Marks, 1989). It can be seen in Fig. 5.2 that 

both the CCAAT and ATAAA regions are located upstream of the transcription 

initiation site for the short isoform, thus providing full functionality of the alpha globin 

promoter. In contrast, the transcript of the long isoform incorporates the ATAAA 

sequence. We postulate that this may affect the efficiency of the promoter accounting 
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for the marked reduction in transcript levels and this postulation was confirmed as 

shown in section 4.8.2. 

 

 

Figure  5.2 – The nucleotide sequences of the upstream promoter region with known 
promoter recognition motifs (bold and boxed) and the exon 1 (bold and shaded) of the α-
globin isoforms are shown. 

Panel A shows the inclusion of the ATAAA promoter motif in the exon 1 of both longer 

isoforms, creating an “inactive” ATAAA promoter recognition site. Panel B shows the shorter 

isoforms with their intact and active promoter recognition motifs. The translation initiation site 

ATG is underlined.  
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Other studies have demonstrated varying rates of mutations within the α-globin gene 

cluster across different racial groups. Alpha-Thalassemia for instance, is possibly the 

most common human gene disorder, however, it is largely localized to Mediterranean, 

tropical, subtropical and Middle Eastern regions (Baysal et al., 1995, El-Kalla and 

Baysal, 1998, Eng et al., 2000, Higgs, 2004, Higgs et al., 1989, Law et al., 2006, 

Weatherall and Clegg, 2001, Wee et al., 2008). While this part of this thesis identified 

two novel isoforms of HBA1 and HBA2 with different levels of expression, the 

difference in levels may be attributed to sequence variation (probably SNPs) in genes 

coding transcription factors which lead to possible qualitative and/or quantitative 

variations in transcription factors and thus causing different expression of short and long 

isoforms of both genes. Another possible explanation for the different levels of 

expression may indicate race-linked factor. If this is true further studies with large 

representative number of subjects may generate a better picture about the race-linked 

factor since the study was conducted in small number  of samples and we were not 

investigating the effects of race on expression of these isoforms. 

 

The sequence difference between HBAS and HBAL of either HBA2 or HBA1 was 

utilized to analyze how the long and short isoforms behaved in software prediction. The 

HBA2:c.94A>G (Appendix VI) was used as an example to show this behavior. It was 

initially thought that there would be no difference in the scoring confidence when using 

either short or long isoforms for analysis of splice site mutations prediction. 

Interestingly, it has been found that the confidence scores generated by the splice site 

prediction software were significantly different for the short and long isoforms for either 

the wild type or the mutant sequences. For instance, as demonstrated in Table 5.1, with 

the short isoform HBA2S-WT (835 bp) and its mutant counterpart HBA2S:c.94A>G, 

the cryptic splice site located at position 46 from the translation initiation codon 
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received a 0.00 confidence score compared to an 0.82 confidence score predicted when 

using the long isoform HBA2L-WT (864 bp). This particular cryptic splice site has been 

proven experimentally (Qadah et al., 2012c) to be the real donor cryptic splice site of 

the first intron when the authentic donor site has been compromised. This in turn 

demonstrates the importance of using the sequence of the long isoform HBA2L-WT 

(864 bp) when analyzing aberrant splice site mutations in order to avoid overlooking 

any potential cryptic splice sites when performing in silico predictions. Furthermore, it 

pinpoints the importance of experimental investigation to identify the exact position of 

the cryptic splice site when aberrant splicing is anticipated.  
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 Table  5.1 - Splice site prediction of HBA2:c.94A>G using short and long isoforms 

 

5.4.1 In vitro analysis of regulatory motifs located in the promoter region of 

HBA2 and the impact on expression levels of the different isoforms. 

The identification of the two novel and differentially expressed isoforms of human 

HBA2 and HBA1 has been described, as shown in section 4.8 (Ghassemifar et al., 

2012). The observation and identification of the two novel isoforms was based on 

previously published literature which indicated that both genes have similar TIS located 

at -37bp of the translation initiation codon (Chang et al., 1977, Liebhaber et al., 1980). 
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However, human gene databases including NCBI Sequence Viewer, Ensembl Genome 

Browser, UCSC Genome Browser and Vega Genome Browser indicated that the TIS of 

HBA2 is located at -66bp upstream of the translation initiation codon. The long isoform 

of both genes have TIS at -66 from the translation initiation codon and are expressed at 

very low level compared to the short isoforms which have the TIS at -37bp from the 

translation initiation codon (Ghassemifar et al., 2012). The study hypothesized that the 

reason for this reduction is due to the inclusion of the TATA box, a core promoter 

motif, into the first exon of the long isoform which masked it and made it unrecognized 

by the TBF. In order to confirm this hypothesis an initial investigation was carried out 

by an in silico assessment of transcription factor binding sites located in the  29 bp 

sequence that represents the difference between the transcription initiation site (TIS) of 

the long and short isoforms. Prediction results showed that the TATA box (ATAAA) 

and GC rich sequence (GGGCC) which bind to the TATA binding factor (TBF) and 

E2F1 transcription factor respectively, are two motifs that are masked in the long 

isoforms. Based on this, a series of in vitro experiments was initiated to examine the 

efficiency of the transcription process in the absence of these motifs. This was achieved 

by using site directed mutagenesis to delete these regions in the wild type alpha globin 

expression vector. Results showed that deletion of the ATAAA and GGGCC sequences 

markedly reduces the transcription efficiency. This is similar to what is happening in the 

long isoforms where these motifs are masked and not recognized by the transcription 

factors.  

Although the TATA box is absent in many genes, it has been well described as a crucial 

site that recruits the transcription initiation machinery. Previous studies showed that the 

TATA box is located at 25 – 30 bp upstream of the alpha globin gene TIS (Efstratiadis 

et al., 1980, Kulozik et al., 1991). As such it can direct transcription of the short isoform 

but not the long isoform. The TATA box of globin genes is well identified and 
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mutations at the TATA box of the β-globin gene have been previously described to 

cause β-thalassemia (Steinberg et al., 2009). Therefore, the low transcription level 

obtained from deletion of the TATA box matches its role as an essential element to 

drive the transcription process of the HBA2 gene. This mimics the situation for 

transcription of the long isoform, partially accounting for the low level expression. The 

masked TATA box in the long isoform explains the reason for the low expression since 

it cannot be recognized by the TBF.  

The second motif identified is the GGGCC sequence which is recognized by E2F1 

factor. E2F1 was described as a transcription factor which regulates genes involved in 

cell proliferation and apoptosis (Ginsberg, 2002). To the best of the researcher’s 

knowledge, there is no literature describing its role in regulation of globin genes. Since 

the result showed significant reduction in the transcriptional activity generated from the 

HBA2-delGGGCC, this may identify and open a new window for the role of E2F1 in 

HBA expression. Supporting this, a study performed by (Wells et al., 2002) using 

oligonucleotide microarrays technique showed that loss of E2F1 motif affected some 

mRNA transcriptional levels. The study also utilized chromatin immunoprecipitation 

technique and found that promoters that drive expression of the affected transcripts 

encode proteins that have functions different from what is generally known about E2Fs, 

which are mainly involved in cell growth control. For example, E2F1 is involved in the 

expression of certain genes which encode for enzymes that are involved in 

detoxification of foreign compounds. Therefore, E2F1 may also play a role in the 

expression of α-globin genes as shown in this work. Another possible explanation for 

the low transcription level may highlight the importance of GC rich elements in which 

the α-globin cluster is embedded in (Kielman et al., 1993). There is some evidence to 

suggest the importance of GC-rich elements in augmentation of gene expression. It has 

been shown that GC rich sequences such as CpG islands have the ability to augment the 
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expression of juxtaposed promoters, particularly with α-globin genes, in transfected 

cells without the need for the HS-40, the major regulatory element of α-globin cluster 

(Shewchuk and Hardison, 1997). This feature of the α-globin genes makes them distinct 

from the β-globin genes which are embedded in an A+T rich isochore and require locus 

control region for enhancing gene expression. Another study performed by (James-

Pederson et al., 1995) showed that the 5` flanking sequence as well as the internal 

sequences of the rabbit α-globin are required for this enhancer-independent expression 

and the presence of the CpG rich island confers this expression in transfected cells. A 

third study  claimed that the human α-globin genes have promoters rich with GC 

elements despite the presence of TATA boxes and such elements act as promoters in 

mammalian genomes (Deaton and Bird, 2011).  

Beside the ATAAA sequence, the CCAAT box is among the most evolutionary 

conserved elements that are present in the globin gene (Liberati et al., 1998). The effect 

of deletion of this motif which is located at -108bp upstream of the translation initiation 

codon of the HBAL and HBAS isoforms has been investigated either alone or in 

combined deletion with the TATA box. In both cases, a marked decrease in the 

transcriptional activity was observed. The importance of the CCAAT box has been 

investigated widely, mutations affecting this site have been reported to cause a 

reduction in the transcriptional activity due to the loss of binding activity with its 

transcription factor (CBF) (Bi et al., 1997, Chen et al., 2007). Result generated from this 

work was similar to these studies confirming the importance of the CCAAT motif for 

optimal transcriptional activation of the α-globin. 
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6. Conclusion 

The characterization of non-deletional α-thalassemias becomes necessary as the number 

of novel mutations being identified increases. Such characterization requires advanced 

molecular techniques as well as in vitro systems to understand the pathophysiological 

processes and events involved in these mutations. This study describes a system which 

has been created to facilitate the investigation of the impact on α-globin expression of 

mutations detected in the diagnostic workup of patients with suspected α-thalassemia. 

The phenotype of α-thalassaemia is heterozygous and ranges from a microcytic anemia 

to overlap with normal. Use of such an in vitro system is of great value in determining 

whether novel α-globin base sequence variants are polymorphic or thalassemic.  

The in vitro expression system utilized in this study comprised a simple plasmid vector 

into which either the HBA1 or HBA2 genes were cloned. Upstream and downstream 

sequences were included such that expression of the α-globin gene was driven by the 

promoter of the α-gene itself. This overcomes artifacts which have been described on 

previous studies as a result of the use of viral regulatory sequences in the expression 

system. In addition, this allowed for assessment of the impact of mutations in the 

promoter region of the α-globin genes.  

After successful generation of the expression vector and the in vitro system, a number 

of non-deletional mutations were studied based on novel mutations identified at 

PathWest Laboratory Medicine. These mutations involved mainly splice site elements 

located at the exon/intron boundaries of HBA2 and HBA1 and the promoter regions of 

the HBA2. 

For the splice site mutations, the study confirmed aberrant splicing and allowed for 

assessment of the nucleotide sequence of the aberrantly spliced mRNA product. This 

was useful in determining the use of cryptic splice sites. The fate of abnormal variants 
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was determined as either rapid degradation or production of truncated dysfunctional 

protein. The rapid degradation of aberrant splice variants occurs by the NMD 

mechanism as a result of introduction of PTC. The production of truncated protein was 

determined by immunofluorescence where the N-terminal region of the protein was 

detected while a negative reaction at the C-terminal region confirms the presence of 

truncated dysfunctional protein. 

The model was particularly useful in the assessment of sequence variants affecting the 

promoter region. It is difficult to predict the impact of these changes, and the model 

provided valuable information regarding the degree of down-regulation of α-globin 

transcription and protein expression with varying mutations. In addition, it was useful in 

the assessment of a sequence variant which did not demonstrate any impact on α-globin 

expression which was valuable to the scientists and pathologists reporting the results as 

this variant was determined to be polymorphic.  

In addition, the model provided a tool which was useful for the assessment of regulatory 

elements within the promoter region, specifically the CCAAT, TATA and GGGCC 

regions. Results from this study have provided a great insight into molecular pathways 

and events that occur when non-deletional mutations affect the α-globin genes. It is 

noteworthy that in contrast to the software prediction tool that sometimes failed to 

predict the effect of splice site mutations, our results showed how experimental 

assessments are important when analyzing the phenotype/genotype correlation in 

thalassemia syndromes.  

Further directions which might be developed include assessment of mRNA stability, 

and the investigation of protein to protein interaction such as analysis of α/β globin 

dimerization and α-globin/AHSP interaction.  
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� The α-thalassemias are a group of disorders occurring as a result of decreased synthesis of α-
globin chains, most commonly due to deletions of α-globin genes. Detection of α-thalassemia (α-thal)
caused by point mutations has increased during the past few years and more than 70 different point
mutations have been reported for the α1- and α2-globin genes. The mutation at the splice donor
site of the first intervening sequence [IVS-I-1 (G>A)] of the α2-globin gene, HBA2:c.95+1G>A,
is thought to cause a thalassemic phenotype by interfering with and preventing the normal splicing
of pre-mRNA. We developed an in vitro expression system to study α-globin gene point mutations
at the molecular and cellular levels. The expression vector carrying the HBA2:c.95+1G>A muta-
tion (α2GIVS-I-1G>A) was created using site-directed mutagenesis of a wild type (WT) construct
of the α2-globin gene (α2G2034WT). Gene expression experiments in human bladder carcinoma
5637 cells were carried out using sequence verified WT and mutated clones. Complementary DNA
synthesis and polymerase chain reaction (PCR) analysis showed normal α2-globin transcripts from
cells transfected with the WT vector, but aberrant transcripts from cells transfected with the mutated
vector carrying the splice donor site mutation. In the presence of the G>A mutation, normal splicing
does not occur, and a cryptic splice site 49 bp upstream of the normal site is used. The translation
of this product produces a premature termination codon, thus resulting in a thalassemic phenotype.
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Keywords α2-Globin, α-Thalassemia (α-thal), Mutagenesis, RNA splice donor site
mutation, aberrant splice variant

INTRODUCTION

The α-thalassemias are a group of disorders occurring as a result of
decreased synthesis of α-globin chains due to deletions of α-globin genes
or, less commonly, point mutations. This results in an imbalance of the α:β-
globin ratio and a spectrum of clinical abnormalities. Deletion of one or
both of the two adjacent α-globin genes is very common in α-thalassemia
(α-thal) leading to a partial or complete loss of α-globin synthesis from
the affected chromosome (1). However, detection of α-thal caused by point
mutations has increased during the past few years and more than 70 differ-
ent point mutations have been reported worldwide for the α1- and α2-globin
genes (2). A significant proportion of the nondeletional α-thalassemias are
due to mutations which affect the process of RNA splicing (3–10). RNA
splicing is a post-transcriptional process where the primary transcript (pre-
mRNA) produced from the gene by the RNA polymerase is subject to intron
removal by a splicing machinery system known as the spliceosome (11). The
spliceosome, a large ribonucleoprotein complex, composed of small ribonu-
cleoprotein particles (snRNP) and non-snRNP proteins, recognizes specific
nucleotide (nt) sequences located at exon-intron boundaries (splice junc-
tion). The canonical splice recognition signals comprise a GT dinucleotide
(GU at the RNA level) forming the donor splice site and an AG dinucleotide
at the acceptor splice site (12–14). Waye et al. (15) have recently described a
mutation at the splice site of the α2-globin gene (HBA2:c.95+1G>A) which
was simultaneously discovered in our laboratory during routine investiga-
tions of hemoglobinopathies in patients with microcytosis and hypochro-
mia. We were interested to investigate the impact of this mutation on RNA
processing to understand the underlying mechanism of the thalassemic
phenotype. Our experimental system for in vitro characterization involves
a simple expression vector carrying the point mutation of an α2-globin gene
at the 5′ splice site of the first intervening sequence [IVS-I-1 (G>A)].

MATERIALS AND METHODS

Generation of Wild Type α2G2034WT Expression Vector

A 2034 bp WT α2-globin (α2G2034WT) gene was isolated by poly-
merase chain reaction (PCR) from a bacterial artificial chromosome (Clone
ID: RZPDB737C061028D, GenBank accession no. DQ431198.1) using the
forward primer (5′-GAC TAT CGC CAG AGG GAA AGG G-3′) and reverse
primer (5′-CAG GAG ACG TGC AGG AGT AAG G-3′). The generated PCR
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amplicon was size-verified before being cloned into pGEM®-T Easy vec-
tor (Promega Corporation, Alexandria, NSW, Australia) and subsequent
transformation into XL10-Gold® Ultracompetent Cells (Stratagene-Agilent
Technologies, Forest Hill, Victoria, Australia) according to the manufac-
turer’s instructions. Purification of the α2G2034WT expression construct was
done by using GeneElute® HP Miniprep kit (Sigma Aldrich Pty Ltd, Castle
Hill, NSW, Australia) according to the manufacturer’s instructions.

Generation of Mutant α2GIVS-I-1G>A Expression Construct

To generate the α2GIVS-I-1G>A expression construct a pair of site-directed
mutagenic primers including a forward primer (5′-GAG GCC CTG GAG
AGA TGA GGC TCC CTC CC-3′) and its reverse complement primer (5′-
GGG AGG GAG CCT CAT CTC TCC AGG GCC TC-3′) were designed to
introduce a single point mutation (G>A) into the WT expression vector
α2G2034WT using QuikChange® Lightning Site-Directed Mutagenesis proto-
col (Stratagene) according to the manufacturer’s protocol. The generated
α2G2034WT and α2GIVS-I-1G>A clones were sequence verified before being
used in subsequent transfection experiments.

In vitro α2-Globin Transcription

Human bladder carcinoma 5637 cells were selected for in vitro trans-
fection, splicing and expression analysis based on experimental evidence
showing no endogenous expression of α- or β-globin (data not shown).
Transfection of the 5637 cells with α2G2034WT and α2GIVS-I-1G>A constructs
was carried out using Endofectin Plus transfection agent (GeneCopoeia Inc,
Rockville, MD, USA) according to the manufacturer’s protocol. Following
transfection, cells were harvested with Qiazol reagent (Qiagen Pty Ltd, Don-
caster, Victoria, Australia) and total cellular RNA was purified with RNeasy
Mini Kit (Qiagen Pty Ltd, Doncaster, Victoria, Australia). Complementary
DNA synthesis (cDNA) was carried out with Moloney Murine Leukemia
Virus (M-MLV) reverse transcriptase (Promega Corporation, Alexandria,
NSW, Australia) according to the manufacturer’s recommended protocol.
The α2-globin transcripts were detected using PCR amplification (Hot-
StarTaq® Master Mix, Qiagen Pty Ltd, Doncaster, Victoria, Australia) and
α2-globin specific primers (forward 5′-ACC ATG GTG CTG TCT CCT G-3′
and reverse 5′-TGG TCT TTG AAT AAA GTC TGA GTG G-3′). In addition,
we included in every run two control genes, namely pAmpicillin, as transfec-
tion control (forward primer 5′-TCG TCG TTT GGT ATG GCT TCA TTC-3′
and reverse primer 5′-GGA GGA CCG AAG GAG CTA ACC-3′) and 28S as
cellular RNA integrity control (forward primer 5′-ATG GTA ATC CTG CTC
AGT ACG AGA G-3 and reverse primer 5′-CGG CTA TCC GAG GCC AAC
C-3′) . The PCR products were then purified and sequenced.
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RESULTS

Software Prediction of the Spliced Transcripts

To assess the probability of potential splice sites, both α2G2034WT

and a2GIVS-I-1G>A sequences were analyzed using NetGene2 (http://
www.cbs.dtu.dk/services/NetGene2) software (16). The software predicted
spliced transcription of the α2G2034WT with high confidence and score prob-
ability of exon-intron boundaries (splice junctions); more than 80%, as
noted in the GenBank sequence database for cDNA of α2-globin (Figure
1A). For the mutant sequence where the mutation takes place at the first nt
of the splice donor site of intron 1 (IVS-I-1G>A), the software predicted an
activation of several potential cryptic splice sites with different confidence
values but only those with higher than 80% confidence were considered as
potential splice site junctions. The highest probability score was for a cryp-
tic splice site 49 bases 5′ of the exon 1/intron 1 boundary, generating an
aberrant transcript sequence (Figure 1B).

FIGURE 1 A schematic representation of the predicted mRNA transcription products from (A)
α2G2034WT and (B) α2GIVS-I-1G>A. Aberrant splicing of α2GIVS-I-1G>A results in a cryptic splice site
49 nt 5′ of the exon 1/intron 1 boundary.
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Transcription Analysis of α2G2034WT and α2GIVS-I-1G>A

The expression of α2-globin gene transcripts by either α2G2034WT or
α2GIVS-I-1G>A transfected 5637 cells was analyzed 24 hours post-transfection
using reverse transcription (RT)-PCR. The mRNAs purified from cells
transfected with the α2G2034WT vector showed a 536 bp PCR amplicon
corresponding to the normal α2-globin transcript (Figure 2, lane 1). In com-
parison, when mRNAs purified from cells transfected with the α2GIVS-I-1G>A

were analyzed, a smaller fragment of 489 bp was observed, reflecting a differ-
ent pattern of splicing (Figure 2, lane 2). Both WT and mutant cDNA/PCR
products were sequenced to confirm the cryptic splice site generated from
the mutant construct. The sequence alignment showed a deletion of 49 nts
(Figure 3) from the cDNA obtained from cells transfected with the mutant
vector confirming the splice site prediction. As a result of this deletion, there
is a frameshift in the transcribed mRNA and a premature termination codon

FIGURE 2 In vitro expression of α2G2034WT and α2GIVS-I-1G>A constructs in 5637 transfected cells. The
mRNA transcribed from the α2G2034WTconstruct showed a fragment of 536 bp (lane 1) compared to a
49 bp (489 bp) smaller fragment transcribed from the α2GIVS-I-1G>A construct (lane 2). An ampicillin
gene was used as internal transfection efficiency control to show that an equal number of α2G2034WT

and α2GIVS-I-1G>A constructs were transcribed by cells (lanes 4 and 5). 28S ribosomal RNA was used as
a housekeeping gene and loading control for the PC reaction (lanes 6 and 7). Lane 3: 100 bp molecular
size marker.

FIGURE 3 Sequence alignment of cDNA from the α2G2034WT and α2GIVS-I-1G>A constructs. The
α2GIVS-I-1G>A cDNA confirmed the deletion of 49 bp, corresponding to splicing at the predicted cryptic
splice site.
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is introduced between codons 48-49 in exon 2. As this premature termi-
nationg codon is located 152 nts upstream of the last exon-exon junction,
the mature mRNA may be subject to nonsense mediated decay (NMD) or
further processed to produce a truncated nonfunctional protein.

DISCUSSION

The purpose of this study was to characterize a recently described α-
thal point mutation, α2IVS-I-1, (G>A) (15), using an in vitro expression
system. We have developed a simple expression system in which the expres-
sion of the cloned α-globin gene is driven by the α-globin promoter. The
majority of mammalian expression vectors utilize recombinant viral and
non viral regulatory elements such as enhancer and promoter regions and
viral polyadenylation signals to achieve efficient expression of the protein
encoded by the gene of interest. These regulatory elements are important
for the replication of episomal materials without integration into cellu-
lar chromosome (17). Previous studies investigating the impact of α- and
β-globin gene splice mutations used expression vectors containing viral pro-
moters. It is noteworthy that the authors comment on potential artifacts
of splicing due to the action of the viral promoters in their experimen-
tal systems (9,18). Fujihara et al. (18) studied the effect of the β-globin
IVS-I-1 (G>C) mutation on the transcription, splicing and processing of
β-globin RNA using an in vitro expression system. The expression of the
WT and mutant constructs was regulated by the cytomegalovirus (CMV)
promoter and simian virus 40 (SV40) polyadenylation signals. Analysis of
RT-PCR products obtained from COS-1 cells transfected with the expres-
sion vectors showed major and unexpected minor fragments. The minor
fragments of mRNAs were not detected in vivo in the reticulocytes of the
normal and affected patient. These extra splicing products were thought
to be caused by excess transcription occurring in the COS-1 cell expres-
sion system due to the highly efficient promoter derived from the CMV in
the pcDNAI expression vector, leading to aberrant RNA processing, trans-
portation and degradation of RNA. Therefore, the authors concluded that
their expression system had a limitation in interpretations about the RNA
metabolism. Another in vitro expression study performed by Felber et al.
(9), to analyze the functional consequences of a pentanucleotide deletion
in intron 1 of the α2-globin gene, addressed the presence of weak spliced
bands produced by the SV40 expression system which is driven by SV40 pro-
moter regions. The authors referred to these bands as artifacts and claimed
that a potential drawback of the system used may not accurately reflect the
spliced RNA in erythroid cells. Both these studies successfully used viral
regulatory elements to derive the expression of α-globin but with a limitation
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of minor mRNAs presence and artifacts. Therefore, we believe our simple
system, in which expression of the α-globin gene is driven by the α-globin
promoter, overcomes this potential artifact. The RT-PCR fragments gener-
ated from our expression constructs reflect the true spliced RNA caused by
the WT and mutant expression vector. No minor bands were detected in any
of the transfection studies in our experiments.

Understanding how RNA splicing happens is important since aberrant
splicing is responsible for up to 50% of all mutations that result in gene
dysfunction (19). The efficiency of the splicing process depends critically
on recognition of three core sequence motifs present in the introns of a
pre-mRNA. These motifs include the splice donor site, splice acceptor site
and the branch site to promote the assembly of the spliceosome. More-
over, because splicing requires high precision of consensus sequences, single
mutations at these sites can have dramatic effects resulting in the produc-
tion of defective gene products or truncated proteins (20). In this study,
we assessed the power of splice site prediction tools regarding the muta-
tion at splice donor site IVS-I-1 (G>A) as well as providing experimental
evidence for the aberrant splice variant produced by this mutation in the
α2-globin gene. Our experimental results of the splice variant produced
by α2IVS-I-1G>A were consistent with the in silico prediction. Analysis of
the α2IVS-I-1G>A mutation showed abnormally spliced mRNA resulted
from the generation of a cryptic site in exon 1, 49 nts upstream of the
exon1/intron1 boundary. As a result, there is a frameshift in the tran-
scribed mRNA and a premature termination codon is introduced between
codons 48-49 in exon 2. As this premature terminating codon is located
152 nts upstream of the last exon-exon junction, the mature mRNA may be
degraded by the NMD mechanism or further processed to produce a trun-
cated non functional protein. Periera et al. (21) demonstrated NMD as the
primary mechanism for an α-thal phenotype in a patient with a frameshift
microdeletion (–C) at codon 22 of the α2-globin gene which also results in
a premature termination codon at position 48/49 (21). This mutation does
not affect RNA splicing but the presence of premature termination codons
may accelerate mRNA degradation.

In conclusion, we have been able to develop an in vitro system with
expression vectors carrying the WT α-globin gene as well as a variant with a
splice donor site mutation. This system is driven by the α-globin gene’s own
regulatory elements present at the 5′ and 3′ untranslated regions (UTRs)
rather than recombinant elements such as viral promoter and polyadenyla-
tion signals. In addition, we were able to confirm software prediction of a
cryptic splice site by experimental analysis of the α2IVS-I-1G>A mutation.
The cryptic splice site was confirmed by DNA sequencing of the variant
cDNA, and this generated a frameshift and premature termination codon
in the mRNA. The present method will be a useful tool to study expression

H
em

og
lo

bi
n 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f W
es

te
rn

 A
us

tra
lia

 o
n 

12
/0

2/
12

Fo
r p

er
so

na
l u

se
 o

nl
y.



In vitro characterization of HBA2:c.95+1G>A 45

analysis of various mutations affecting the α-globin gene including 5′UTR,
exonic, intronic and 3′UTR mutations.
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Summary

Aim: While the phenotype for heterozygous beta-thalassae-
mia is straightforward, it is more difficult to confirm a causative
relationship for mutations in the alpha-globin genes. The aim
of this study was to generate an in vitro system to evaluate the
pathological relevance of a-globin mutations.
Methods: The novel variant HBA1:c.301-3C>G was used as a
model. In silico analysis predicted an aberrant acceptor splice
site in the mutant sequence. Subsequent in vitro studies
included generation of and transfection of an expression
vector carrying the HBA1:c.301-3C>G mutation, RNA
purification, reverse-transcription polymerase chain reaction
(RT-PCR) and cDNA sequencing. Immunofluorochemistry
(IFC) with antibodies specific to the N- and or C- terminal of
the a-globin protein was used in protein detection.
Results: In vitro molecular characterisation of this point
mutation confirmed the preferential utilisation of a cryptic
splice site at intron 2 of the pre-mRNA, resulting in a shift
in the reading frame causing a premature termination codon
(PTC) at codons 101/102 and generation of a truncated
protein.
Conclusion: We have described here a molecular tool to
study mutations that affect a-globin pre-mRNA splicing
and translation. We confirm in silico predictions of the
consequences of the HBA1:c.301-3C>G mutation, proving
aberrant RNA splicing and the production of a truncated
a-globin protein.

Key words: a1-globin, a-thalassaemia, aberrant splice variant, point mutation,

premature termination codon, truncated protein.
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INTRODUCTION

Alpha-thalassaemia is a common genetic disorder resulting
from defective production of alpha-globin chains and its
clinical severity depends on the number of genes affected. It
is prevalent in tropical and subtropical areas, and in countries
with high immigration.1 It is caused most frequently by
deletions of a-globin genes or less commonly by non-deletional
mutations.2,3 The production of a-globin is encoded by the a1-
(HBA1) and a2-globin (HBA2) genes located in the short arm
of chromosome 16 and comprising a total of four a-globin
genes in each cell.
It is believed that the HBA1 and HBA2 genes have arisen due
to duplication events, given that they encode identical products
and share the same nucleotide sequences with only minor
differences.4 The rare non-deletional a-thalassaemias occur as
a result of point mutations, and insertions or deletions of one or
few nucleotides in the a-globin genes.5 To date, various
mutations have been described involving the coding region,
the initiation codon, the consensus splice sites, the termination
codon and the polyA recognition site, all of which lead to a
disturbance in the gene expression at different levels including
mRNA processing, mRNA translation, and a-globin stability.6,7

Advances in molecular genetics have made the detection and
diagnosis of these rare gene variants more achievable and
globin gene sequencing is utilised with increasing frequency
in the investigation of patients presenting with possible a-
thalassaemia. It can be difficult in some cases to predict
whether a base substitution is the cause of the thalassaemia
phenotype or is merely a polymorphism.

We have developed an in vitro model which may be utilised to
confirm or exclude a pathogenic consequence of a particular
mutation. Using this model, we characterise a novel point
mutation of the a1-globin gene observed in a female patient
of undisclosed ethnicity investigated for possible a-thalassae-
mia. DNA sequence analysis of the a2 and a1-globin genes
showed the substitution of C to G at position 147 in the second
intron of the a1-globin gene (a1 IVSII-147 or HBA1:c.301-
3C>G), generating a cryptic acceptor splice site. In this study,
in vitro analysis confirmed splicing at the aberrant splice site,
with a resultant frameshift and generation of a truncated protein.
MATERIALS AND METHODS

a1-globin DNA variant (HBA1:c.301-3C>G)

a1-globin (HBA1) specific PCR amplification on genomic DNA from a patient

investigated for unexplained microcytosis was performed using the following

primers: S13F (50-TGT AAA ACG ACG GCC AGT CGC CAG CCA ATG

AGC GCC-30) and SR8 (50-CAG GAA ACA GCT ATG ACC TGT CCA CGC

CCA TGC TGG CAC-30).8 Subsequent direct DNA sequencing of the HBA1

amplicons were performed using the sequencing primers ‘F’ (50-TGT AAA

ACG ACG GCC AGT-30) and ‘R’ (50-CAG GAA ACA GCT ATG ACC-30).8

The sequencing reaction was performed according to the manufacturer’s

instructions using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied

Biosystems, USA) and detected using an ABI PRISM 3730XL Genetic Analyzer

(Applied Biosystems).
thologists of Australasia



Table 1 Haematological, biochemical and molecular data

Parameters Normal ranges

Sex/Age F/33
Hb (g/L) 124 115–160
RBC (1012/L) 4.97 3.80–4.80
MCV (fL) 76 80–100
MCH (pg) 25 27–32
Hb A2 (%) 2.7 2.2–3.3
Hb F (%) 0.3 > 1.0
Ferritin (mg/L) 71 20–220
Gap-PCR for a deletions Normal
a2 gene sequencing Normal
a1 gene sequencing HBA1:c.301-3 C>G
a genotype aaT/aa
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In silico prediction of splice variant

Upon the detection of the a1-Globin DNA variant (HBA1:c.301-3C>G), the

potential mRNA splice variants caused by this mutation, both wild type and the

mutant sequences were examined using NetGene2 (http://www.cbs.dtu.dk/ser-

vices/NetGene2) capable of predicting splice sites in human DNA.9 For pre-

diction of the amino acids sequence generated from the predicted mRNA, the

ExPASy proteomics server was used to identify the aberrant polypeptide

sequence.10

Generation of wild type a1G2032WT expression vector

Wild type a1-globin DNA fragment was isolated from a bacterial artificial

chromosome (RZPDB737C061028D, GeneBank accession no. DQ431198.1;

ImaGenes, Germany) in a PCR reaction (Qiagen, Australia) using forward

primer (50-GACTATCGCCAGAGGGAAAGGG-30) and reverse primer (50-

ACAGCCCCAGGGCGTCAG-30) to give a PCR product of 2032 bp in size.

The amplicon encompasses important regulatory elements found in the 50 and 30

untranslated regions (UTR), three coding sequences (exons) and two non-coding

intervening sequences (introns). The generated PCR amplicon (Fig. 1A) was

both size and sequence verified before being cloned into pGEM-T Easy vector

(Fig. 1B) (Promega, Australia) and subsequent transformation into JM109

competent cells according to the manufacturer’s instructions. Purification of

a1G2032WT expression construct was done using GeneElute HP Miniprep kit

(Sigma, USA) according to the manufacturer’s instructions.

Generation of mutant HBA1:c.301-3C>G expression vector and

transfection

To study the in vitro effect of this mutation on the splicing process, an expression

vector carrying HBA1:c.301-3C>G mutation was generated by site directed

mutagenesis from the wild type using following forward (Fw; 5’-CCCTCTTCT-

CTGCAGAGCTCCTAAGCCAC -3’) and its reverse complement (Rvc; 5’-

GTGGCTTAGGAGCTCTGCAGAGAAGAGGG-3’). Mutagenesis was carried

out with the QuikChange Lightning Site-Directed Mutagenesis kit (Agilent

Technologies, Australia) according to the manufacturer’s protocol.

Identification of cells suitable for in vitro a-globin transcription, splicing

and translation assay

A number of various human cell lines were screened for two crucial criteria

namely having no endogenous a-globin expression, while expressing important

transcription factors including GATA2, NFE2, KLF1 and KLF4 that are required

for a-globin expression. These included human erythroblastoid leukaemia cell

line (K562 cells), human bladder carcinoma 5637 cell line (5637 cells), human

keratinocyte cell line (HaCaT cells), human epithelial cervical cancer cell line

(HeLa cells) and human embryonic kidney cell line (HEK293 cells). Cells were

grown in low glucose (1000 mg/L) Dulbecco’s Modified Eagle Medium

(DMEMLG) containing 2 mM L-glutamine and 110 mg/L sodium pyruvate

(Invitrogen, Australia) supplemented with 10% heat inactivated fetal bovine

serum (FBS) (DKSH) and 1% penicillin-streptomycin (Invitrogen). Total
M  α1-Globin

A

α1G-pr

Exon 

Exon 2

Exon 3

3’UTR

IVSI;

IVSII; 1
2032 bp

Fig. 1 Isolation and cloning of the wild type a1-globin gene. (A) PCR product of
expression. (B) Generation of the wild type expression vector by ligating the PCR prod
introns and 30UTR, into TA based cloning vector (pGEM-T Easy Vector).
cellular RNA was extracted from the harvested cells using RNeasy Mini Kit

(Qiagen) according to the manufacturer’s protocol. Complementary DNA

(cDNA) synthesis or reverse transcription was done using Moloney Murine

Leukemia Virus (M-MLV) reverse transcriptase (Promega) in accordance with

the manufacturer’s protocol. Briefly, 1 mg of total RNA was converted to cDNA

by mixing with 1� reaction buffer, 3 mM MgCl2, 25 U RNasin ribonuclease

inhibitor, 200 U M-MLV reverse transcriptase, 1 mg oligo-d(T)15 primer and

0.5 mM dNTP followed by incubation at 428C for 50 min and 858C for 5 min. To

screen for expression of transcription factors and a1-globin transcripts, sub-

sequent PCR amplifications were performed with 2 mL cDNA per transcript

using HotStarTaq Master Mix (Qiagen) and following gene-specific forward and

reverse primers for GATA2 (Fw 50-TCAGACGACAACCACCACCTTATG-30

and Rv 50-TCCGCCCCTTTCTTGCTCTTC-30), KLF1 (Fw 50-GAGGCAGG

CAGCGCACAC-30 and Rv 50-AATCTCCAGCCGCAGCCTTC-30), KLF4 (Fw

50-GGACCGCCACCCACACTTG-30 and Rv 50-TGTTTACGGTAGTGCCT

GGTCAG-30), a1-globin (Fw 50-GACCCGGTCAACTTCAAGCTCC-30 and

Rv 50-AAGGGGCAAGAAGCATGGCC-30). Each PCR was controlled

by amplification of b-actin (Fw 50-AGGCACCAGGGCGTGAT-30 and Rv

50-TTAATGTCACGCACGATTTC-30) as cellular RNA integrity control.

The PCR products were then resolved by electrophoresis in a 1.5% agarose gel.

RNA isolation and RT-PCR

Total RNA was extracted from the 5637 cells 24 h post-transfection using Qiazol

reagent (Qiagen) and purification was performed with the RNeasy Mini Kit

(Qiagen). Briefly, cDNA was synthesised with 1 mg of total RNA using M-MLV

reverse transcriptase (Promega) according to the manufacturer’s instructions. To

detect aberrantly spliced mRNA from the mutant a1-globin gene, mRNA was

amplified using RT-PCR with the following primers (Fw 50-CTCTTCTGGT

CCCCACAGAC-30 and Rv 50-GGCCATGCTTCTTGCCCCTT-30). The PCR
B
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; 590 bp
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49 bp
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a1-globin containing regulatory elements at 50 and 30 UTR required for gene
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Fig. 2 Sequencing of the a1-globin gene shows a heterozygous C>G base
substitution at IVSII-147.
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products obtained from both the wild type and the mutant were sequenced to

investigate aberrant mRNA splicing.

Immunofluorochemistry analysis

Falcon 8-wells culture slides (Becton Dickinson, Australia) were seeded with

5637 cells at 80� 104 cells/well and these were transfected with either the wild

type or mutant constructs as described above. Protein translation and production

were examined by immunofluorochemistry as described previously.11 Cells

were fixed and permeabilised in methanol for 10 min and then incubated for

60 min with primary antibody (Ab) raised against either the N-terminus (goat

anti a-globin Abs; cat no. sc-31109; Santa Cruz Biotech, USA) or the C-

terminus of a-globin (rabbit anti a-globin Abs; cat no. sc-21005, Santa Cruz

Biotech). Primary Ab was diluted 1:100 in PBS with 1% bovine serum albumin

(BSA). Secondary Ab was then added using either Cy3 conjugated rabbit anti-

goat (cat no. C2821; Sigma-Aldrich, Australia) diluted 1:30 in PBS-T or TRITC

conjugated goat anti-rabbit (cat no. T5268; Sigma-Aldrich) diluted 1:32 in PBS-

T, and incubated at room temperature in the dark for 30 min. Cells were then

examined using an inverted Olympus IX51 research microscope (Olympus,

Australia).
HBA1-WT

HBA1 : c.301-3 C>G

5’ UTR
Exon 1
132 nt

m7G cap

m7G cap

Exon 2
205 nt

Exon 1
132 nt

Exon 2
205 nt5’ UTR

A

B

mRNA

mRNA

AUG

AUG

IVS1
117 nt

IVS1
117 nt

CD98 CD99 C

C

UUC

Exon 2

Exon 2

AAG

CD98 CD99
UUC AAG

Fig. 3 A schematic representation of the predicted mRNA generated from (A) a1-gl
HBA1:c.301-3 C>G results in a new acceptor splice site at IVSII-147 and the incorporati
and conversion of two consecutive Leucine > Serine at position 100 and 101 followe
diagonally marked box indicates the untranslated part of exon 3, which follows the P
RESULTS

Details of the proband’s blood parameters and molecular data
are summarised in Table 1. The red cell indices show mild
microcytosis and hypochromia. Biochemical tests including
iron studies showed normal serum iron and ferritin excluding
the possibility of iron deficiency. The HPLC was normal,
excluding haemoglobin variants and b-thalassaemia trait.
The sample was then screened for the common a-globin gene
deletions by multiplex Gap-PCR and as none were detected, the
possibility of non-deletional a-thalassaemia was considered.
Direct sequencing of the a2- and a1-globin genes revealed that
the subject was heterozygous for a transversion mutation in the
a1-globin gene (HBA1:c.301-3 C>G) (Fig. 2).

In order to characterise this mutation, the DNA sequences of
both the wild type and the mutant were submitted to the Net-
Gene2 server to scan for potential cryptic splice site consensus
sequences. The results showed a normal spliced transcript from
the wild type a1-globin gene while the software predicted a new
acceptor splice site in the mutant sequence, located at position
147 of the second intron (IVSII-147). As a consequence, two
additional nucleotides (AG) from the second intron are incorp-
orated into the third exon creating a frameshift. The reading
frame of the predicted spliced mRNA sequence, when translated
using the ExPASy translate tool, identified the formation of a
premature termination codon (PTC) between codons 101/102,
and a truncated protein of 102 amino acids (Fig. 3).

Furthermore, in search of indentifying suitable transfection
cell line(s), the results of transcription factors and a1-globin
expression analyses revealed that human 5637 and HaCat cells
were the only cell types among the tested cells to qualify for the
a1-globin expression experiments. Both cells types showed no
detectable a1-globin transcripts, while expressing detectable
amounts of NFE2, GATA2, KLF1 and KLF4 transcripts
Poly(A) tail

Poly(A) tail

Exon 3
240 nt

Exon 3
240 nt

3’ UTR

3’ UTR

UAA

IVS2

CTCCTAgcacag

CTCCTAgcag ag

D100 CD101

D100 CD101

CD102

CD102

PTC

UCC UAA

Exon 3

Exon 3

CUC CUA

AGC

AGC

149 nt

IVS2
149 nt

obin wild type (HBA1-WT) and (B) HBA1:c.301-3 C>G. Aberrant splicing of
on of the original acceptor consensus (ag) into exon 3. This results in a frameshift
d by the premature termination codon (UAA) at position 101/102. The upward
TC.



K562 cells

NFE2 GATA2 KLF1 KLF4 α1-globin β-actin

5637 cells

HeLa cells

HaCat cells

HEK 293 cells

Fig. 4 Screening for endogenous production of GATA2, NF-E2, KLF1, KLF4
and a-globin in different cell lines. Both human 5637 and HaCat cells show no
detectable a1-globin transcripts, while expressing detectable amounts of NF-E2,
GATA2, KLF1 and KLF4 transcripts, therefore are the only cell types among the
tested cells to qualify for the a1-globin expression experiments. b-actin was run
as a loading control.

A

Cells labelled with N-terminal Ab

Cells labelled with C-terminal Ab

B

C

D

E 30 µm

F

G

H

Fig. 6 Immunostaining of 5637 cells transfected with either HBA1-WT
(panels A and C) or HBA1:c.301-3C>G (panels B and D) constructs. Positive
reaction in panels A and B show transfected cells labelled with antibodies which
recognise the N-terminal region of the a-globin protein. Transfected cells in
panels C and D were labelled with antibodies, which recognise the C-terminal
region of a-globin protein. The positive reaction in panel C demonstrates a full
a-globin protein with an intact C-terminal end. The negative reaction in panel D
demonstrates the truncated a-globin protein produced from the HBA1:c.301-
3C>G lacks its C-terminal residues. Panels E, F, G and H are the phase contrast
images of the panels A, B, C and D, respectively.
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(Fig. 4). Moreover, the results revealed that human erythro-
leukaemia K562 cells that are frequently used by research
groups cannot be used due to high levels of a1-globin expres-
sion that would interfere with the current experiments.

Experimental study of the effect of the HBA1:c.301-3C>G
on RNA splicing and translation involved the generation of an
in vitro expression system. Expression constructs, carrying
either the wild type or the HBA1:c.301-3 C>G mutation, were
utilised for transfection of 5637 cells. Following 24 hours of
culture, total cellular RNA was purified from the transfected
cells and reverse transcribed to generate cDNA. The amplicons
from both constructs could not be distinguished on Agarose gel
electrophoresis due to the small size difference. In order to
confirm utilisation of the cryptic acceptor splice site, both wild
type and the mutant PCR amplicons were DNA sequenced.
Alignment of wild type and mutant sequences confirmed
incorporation of an additional two nucleotides into the third
exon of the mutant cDNA as predicted (Fig. 5).

Production of a1-globin protein from cells transfected with
wild type or mutant vectors was analysed by IHC. When cells
were incubated with Ab recognising the N-terminus of a-
globin, the results showed a positive reaction with similar
intensity of labelling of cells transfected with either vector
(Fig. 6A,B), confirming that the N-terminus of a1-globin
generated from both vectors is intact. However, analysis using
an antibody specific for the C-terminus of a-globin showed an
intense labelling in cells transfected with the wild type vector
but absence of signal in cells transfected with the mutant vector
(Fig. 6C,D), indicating that the protein produced from the
mutant vector is truncated at the C-terminus.

DISCUSSION

The expression of a-globin genes is regulated at different levels
in the pathway from gene activation to the production of a-
globin protein. Pre-mRNA splicing is a critical step and can be
affected by a variety of mutations leading to a thalassaemic
phenotype.12 Aberrant splicing caused by mutations has been
widely described and more than 900 records of cryptic and
de novo 50 and 30 splice sites generated from about 360 genes
TTCGGGTGGACCCGGTCAACTTHBA1 – WT

HBA1: c. 303 – 3C>G TTCGGGTGGACCCGGTCAACTT
Exo

Exon

Fig. 5 Sequence alignment of cDNA from the HBA1-WT and HBA1:c.301-3 C>G con
Exon 3 causing a frameshift in the reading frame.
have been found to cause several phenotypic effects.13

Approximately 15% of point mutations cause aberrant pre-
mRNA processing by altering the canonical 50 and 30 splice
sites, branch sites or polyadenylation signals.14 Donor and
acceptor splice sites have the consensus DNA motifs of
AGgt(a/g)agt and (t/c)n(t/c)agG respectively (the capital letters
in the sequences represent the exon while the lowercase letters
reflect the intron).15 Any mutation at these sites abrogates
splicing at the normal exon-intron boundaries leading to exon
skipping, utilisation of adjacent 30 or 50 pseudo splice site,
intron retention or introduction of a new splice site within an
exon or intron.16
CA – – 

CAAG
n2

2

Exon3 + 2nt

Exon3

AGCTCCTAAGCCACTGCCTGCTGG

AGCTCCTAAGCCACTGCCTGCTGG

structs. The HBA1:c.301-3 C>G cDNA confirms insertion of 2 bp of IVSII into
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RNA transcription process in eukaryotes usually relies on a
core-promoter sequence located upstream of the transcription
initiation site.17 In particular the initiation of globin genes
transcription requires the presence of a number of erythroid
specific transcription factors that bind to the promoter region
for optimum transcription.3 GATA family of transcription
factors are conserved proteins that play critical roles in the
development and differentiation of haemopoietic progenitors as
well as being known to regulate globin genes transcrip-
tions.18,19 It has been shown that GATA2, an erythroid-specific
transcription factor, plays a critical role in the multiplication
and maintenance of haematopoietic cells.20,21 NF-E2, a known
erythroid specific transcription factor, has been shown to play a
coordination role in globin genes activation, regulation and
haemoglobin synthesis.22,23 In addition, Kruppel-like factors
KLF1 and KLF4 are known to be directly involved in regulation
of the production of a- and b-globin subunits24 and are also
believed to bind to activate the a-globin expression through
binding to specific sites in the a-globin promoter region.25

We describe here a molecular tool to study mutations in the a-
globin genes that affect pre-mRNA splicing and translation. The
novel variant, HBA1:c.301–3C>G, recently discovered in our
laboratory during the investigation of a patient with possible
a-thalassaemia, was used to test the model. We were able to
confirm utilisation of a cryptic splice site causing a shift in the
reading frame and generation of a premature termination codon.
To our knowledge, this is only the third case identified in
the acceptor splice site of the a1-globin gene leading to aberrant
splicing. The other two were reported as IVSI-117 (G>A)
(HBA1c.96–1G>A) and IVSII-148 (A>G) (HBA1c.301-
2A>G).26,27

Generation of PTCs results in either mRNA degradation by
nonsense mediated decay (NMD) or translation resulting in
production of a truncated dysfunctional protein depending on
the location of the PTCs. Mutations in nucleotides located less
than 55 bp from the last exon–exon junction usually proceed
toward protein production while mutations upstream of this
location result in mRNA degradation.28 Since HBA1:c.301-3
C>G occurs at the IVSII-147, formation of a truncated a-
globin chain from the affected allele is most likely. This was
confirmed in our in vitro system where the transfected cells
showed a positive reaction with the N-terminal Ab but negative
reaction with the C-terminal Ab. The mutation described in our
patient leads to a frame shift, encoding two different amino
acids prior to the introduction of the PTC at position 101/102,
which corresponds to the eighth amino acid of the G helix of the
a-globin protein. The G and H helices are critical for inter-
action of a-globin with b-globin to form the ab dimer subunit
of mature haemoglobin, and loss of these important regions
results in the phenotype of a-thalassaemia.29

In summary, this model provides a useful tool to investigate
the pathological relevance of novel a-globin mutations, allowing
assessment of mRNA splicing and globin protein production.
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� The identification of α-thalassemia (α-thal) due to point mutations has been increasing signifi-
cantly with the advancement of molecular diagnostic tools. We describe here the molecular and cellular
characteristics of the thalassemia mutation HBA2:c.94A>C, a novel point mutation affecting the α2-
globin gene, causing a mild α-thal phenotype in a male patient of undisclosed ethnicity, investigated for
unexplained microcytosis. The detected mutation is located at the penultimate nucleotide (nt) of the first
exon which we postulated might affect pre mRNA splicing. While an in silico analysis did not predict
any aberrant splice variants, experimental analysis using our in vitro model for gene expression
studies showed utilization of a cryptic splice site at codon 15 that resulted in an aberrant splice variant.
As a result, a frameshift in the reading frame of the mature mRNA was produced, leading to the
formation of a premature termination codon (PTC) between codons 48 and 49 in exon 2. This in turn
leads to nonsense mediated mRNA decay (NMD) and the phenotype of α-thal.
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Keywords α-Thalassemia (α-thal), α2-Globin, Point mutation, Cryptic splice site,
Aberrant splice variant, Premature termination codon (PTC), Nonsense
mediated decay (NMD)

INTRODUCTION

Thalassemias are a heterogeneous group of inherited disorders that result
fromdecreased expression of one ormore of the globin chains leading to clinical
manifestations which vary from asymptomatic to severe anemia. Two main types
of thalassemia, including α- and β-thalassemia (α- and β-thal) are commonly
described worldwide, affecting 1.67% of the population and representing the
second most common hemoglobinopathies after the sickle cell disorders (1).
While α-thal, caused by deletions represents the most common form of α-thal,
increasing numbers of the nondeletional type are being reported, due to the
advancement and improvement of the molecular techniques involved in the
diagnosis of α-thal. Nondeletional α-thal results from a variety of mechanisms
involving one or a few nucleotides (nts) within the α2-globin gene or, less
commonly reported, the α1-globin. These mutations may affect RNA transcrip-
tion, processing or translation, the stability of the mRNA or the stability of the
mature globin protein (2). Like other genes, expression of the α-globin genes
involves the transcriptionprocess where aprimary copy of complementaryRNA is
synthesized from the DNA sequence and processed by splicing machinery called
the spliceosome in the nucleus to messenger RNA (mRNA); the mRNA is subse-
quently transported into the cytoplasmic compartment for translation (3).

All these steps are critical for correct protein production, and aberration
or errors at any stage will give rise to loss of functional protein (4). To date,
more than 50 nondeletional α-thal anomalies affecting the coding sequences
of the α2- and α1-globin genes have been described (5). We characterize a
novel nondeletional α-thal determinant, described in a male patient of undis-
closed ethnicity, who presented with unexplained microcytosis.

MATERIALS AND METHODS

Subject and Hematological Investigation

The proband is a 41-year-old male who was investigated for unexplained
microcytosis. Investigations included a full blood count, performed on a
Beckman-Coulter LH750 analyzer (Beckman-Coulter, Sydney, NSW,
Australia), hemoglobin (Hb) separation by high performance liquid chromato-
graphy (HPLC), using the β-Thalassemia Short Program on the VARIANT II™
(Bio-Rad Laboratories, Hercules, CA, USA) and iron studies, performed on the
Roche Modular E170 (Hoffman-La Roche Ltd., Dee Why, NSW, Australia).
DNA extraction was performed as previously described (6) and multiplex
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gap-polymerase chain reaction (gap-PCR) for the common α gene deletions
(–α3.7, –α4.2, – –MED, – –SEA, – –FIL, –(α)20.5) was performed as described by Tan
et al. (7). Polymerase chain reaction amplification of genomic DNA, specific to
the α2-globin gene (HBA2) and α1-globin gene (HBA1) and the subsequent
DNA sequencing, were performed as previously described (8,9).

In Silico Prediction of Splicing Mechanism and Translation

To predict potential mRNA splice variants caused by the HBA2:c.94A>C
mutation, both wild type and themutant sequences were submitted for analysis
to NetGene2 (http://www.cbs.dtu.dk/services/NetGene2), a freely available
software package used for splice site prediction (10). For the in silico translation
of the nt sequence of the splicedmRNA, the ExPASy proteomics server (11) was
used to identify the amino acid sequence of the generated proteins.

Generation of Mutant Expression Construct and Transfection

Experimental analysis involved the use of our in vitro expression system for
the generation of the mutant construct and the subsequent transfection into
human bladder carcinoma 5637 cells (5637 cells) as previously described (12).
The HBA2:c.94A>C mutation was generated from the wild type expression
construct using the QuikChange® Lightning Site-Directed Mutagenesis kit
(Agilent Technologies, Forest Hill, Victoria, Australia) employing a forward
primer, 50-CGGAGGCCCTGGAGCGGTGAGGCTCCCTC-30 and its reverse
complement, 50-GAGGGAGCCTCACCGCTCCAGGGCCTCCG-30, accord-
ing to the manufacturer’s protocol. Briefly, a BD Falcon™ 24-Multiwell plate
was seeded with 20 � 104 cells/well 5637 cells 24 hours earlier to achieve a 70-
80% confluent cell status at the time of transfection. DNA/Endofectin Plus
complexes were prepared by mixing DNA samples at 0.5 μg/well with
Endofectin Plus at 3 μL/1 μg DNA diluted in OptiMEM® (Invitrogen
Australia Pty Limited, Mulgrave, Victoria, Australia). For optimum transfection,
all wells with or without DNA/Endofectin Plus complexes, were incubated for
14-16 hours before replacing the overnight transfection-containing medium
with fresh D-MEM containing 5% FBS and 1% Penicillin-Streptomycin.
Following transfection, cells were harvested on Day 2 with Qiazol reagent
(Qiagen Pty Ltd, Doncaster, Victoria, Australia) for RNA purification.

RNA Extraction, cDNA Synthesis and Reverse Transcription-

Polymerase Chain Reaction

The 5637 cells transfected with either wild type or HBA2:c.94A>C expres-
sion constructs were lysed withQiazol reagent (Qiagen Pty Ltd.) 48 hours post-
transfection. Total RNA extraction and complementary DNA (cDNA) synth-
esis were performed as previously described (12). Abnormally spliced mRNA
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was detected by reverse transcription-PCR (RT-PCR) using forward 50-CTC
TTCTGGTCCCCACAGACTCA-30 and reverse 50-CACGGTGCTCACAGA
AGC C-30 primers. The PCR products obtained from both the wild type and
the mutant were sequenced using the same pair of primers to investigate the
identity of the aberrant mRNA splice variant.

RESULTS

The hematological and biochemical results and molecular data for the
proband are shown in Table 1. The iron studies were normal, excluding iron
deficiency, and Hb variants and β-thal trait were also putatively excluded by
HPLC. Molecular investigation with gap-PCR revealed no deletions of the α-
globin genes suggesting the likelihood of a nondeletional form of α-thal.
Direct sequencing of the α2- and α1-globin genes revealed a heterozygous
transversion of A>C at codon 31 (AGG>CGG) of the α2-globin gene (HBA2:
c.94A>C) (Figure 1) while the α1-globin gene sequence was normal.

The impact of this mutation on gene expression was investigated to
demonstrate the underlying mechanism causing the thalassemic phenotype.
The in silico analysis was performed using the NetGene2 server on the α2-
globin wild type and mutant sequences to predict and screen for potential
abnormally spliced mRNA. Prediction results showed high confidence scores
for the authentic splice site junctions and there was no difference between the
wild type and mutant sequences ruling out any potential cryptic splice site.
However, because of the location of the mutation in proximity to the exon-
intron boundary, we continued with the experimental analysis, as the predic-
tive power of the software package is not 100%.

The experimental study involved generation of the HBA2:c.94A>C
expression construct from the wild type by means of site directed mutagenesis

TABLE 1 Hematological, Biochemical and Molecular Data of the Proband

Parameters Proband Normal Ranges

Sex-age M-41
Hb (g/dL) 14.9 13.5–18.0
RBC (1012/L) 5.9 4.5–5.5
MCV (fL) 79.0 80.0–100.0
MCH (pg) 25.0 28.0–32.0
Hb A2/(%) 2.4 2.2–3.3
Hb F (%) 0.2 <1.0
Ferritin (μg/L) 406.0 30.0–620.0
α2 Gene sequencing HBA2:c.94A>C
α1 Gene sequencing normal
α Genotype αTα/αα
Phenotype mild αþ-thal

No α gene deletions were detected by gap-PCR.
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and subsequent transfection of 5637 cells with either the wild type or mutant
construct. Total RNA was purified from the transfected cells 48 hours post-
transfection and cDNAs were generated. Reverse transciption-PCR showed an
amplicon of 444 bp generated from the wild type construct, while a smaller
amplicon of 395 bp was observed from the HBA2:c.94A>C construct
(Figure 2) indicating abnormally spliced mRNA and utilization of an alter-
native or cryptic splice site. Both amplicons were sequenced and aligned to
characterize the identity of the abnormally spliced variant. The alignment of
the wild type sequence against mutant revealed removal of 49 bases from the
first exon of cDNA of the HBA2:c.94A>C (Figure 3). This causes a frameshift
in the reading frame of the aberrantly spliced mRNA and a premature
termination codon (PTC) formation. Using the ExPASy translating tool, the
PTC is formed between codons 48 and 49 in exon 2 (Figure 4). Such abnor-
mally spliced mRNA is subject to rapid degradation by an RNA surveillance
system known as nonsense mediated decay (NMD).

DISCUSSION

We characterized a novel exonic transversion mutation (HBA2:c.94A>C)
that alters the normal splicing of pre mRNA. The mutation occurs at codon

FIGURE 2 Reverse transcriptase-PCR generated from the HBA2:c.94A>C and the wild type (HBA2-WT)
constructs. A smaller amplicon of 395 bp is obtained from the HBA2:c.94A>C compared with 444 bp from
the HBA2-WT indicating an abnormally spliced mRNA. M is a molecular size marker of 100 bp.

FIGURE 1 The α2-globin gene sequencing for the patient shows a heterozygous A>C base transversion at
codon 31 causing a neutral substitution of arginine for arginine (AGG>CGG).
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31, a neutral substitution of arginine for arginine. Since the mutation takes
place at the penultimate nt of exon 1, it was postulated that it might result in
aberrant splicing. Software prediction of splice site recognition signals is based
onmathematical methods and algorithms that are not applicable for all genes
due to the diversity of consensus motifs and variation of sequences and this
problem increases with the various mutations being identified in these sites.
The in silico software prediction (NetGen2) used in this study did not predict
an aberrant splice variant, however, the in vitro model convincingly demon-
strated aberrant splicing. This highlights the difficulty of relying solely on
computer prediction, and the value of experimental models such as the one
described here for validation of the genotype-phenotype relationship.

The authentic sequence for the 50 splice site of the first intron of the α2-
globin gene is AGgtgag, where the bases indicated by the upper case letters
correspond to those found in the exon, and those indicated by the lower case
letters correspond to the intronic sequence. The mutation described in this
study alters this sequence to CGgtgag and disrupts recognition of the exon-
intron boundary by a spliceosome (13). As a result, a cryptic splice site
(GTAAG), located 49 bp upstream of the exon-intron boundary is utilized,
resulting in aberrant splicing (14). Several mutations have been identified
that adversely affect mRNA splicing in a similar manner, creating a cryptic
splice site between the first and second base pair of codon 15. This is sup-
ported by Orkin et al. (15), Harteveld et al. (16), Waye et al. (17), and
evidenced by Qadah et al. (12). In our case, the abnormally spliced mRNA
causes a frameshift in the reading frame and subsequently introduces a PTC
downstream between codons 48 and 49. Mature mRNAs containing PTC are
either subject to rapid degradation by the NMD mechanism or proceed for
translation to produce truncated dysfunctional protein. This usually depends
on the location of the PTC from the last exon-exon junction (18). Mature
mRNAs containing PTC are rapidly degraded by NMDwhen the PTC is found
at position less than 50-55 bases from the last exon-exon junction (19). The
significance of the NMD mechanism is to reduce the synthesis of truncated

FIGURE 3 Sequence alignment of RT-PCR products generated from the HBA2-WT and HBA2:
c.94A>C. The amplicon generated from HBA2:c.94A>C construct revealed the use of a cryptic splice site
within the first exon causing the removal of 49 bases upstream of the first exon/intron junction.
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proteins, thus minimizing the negative implications of dysfunctional proteins.
Since the abnormally spliced mRNA generated from HBA2:c.94A>C causes
the formation of PTC between codons 48 and 49 which is located at 98 bases
from the last exon-exon junction, it is most likely subject to rapid degradation
by NMD before being transported into the cytoplasm for the translation

FIGURE 4 A schematic representation of the splicing process for (A) HBA2-WT and (B) HBA2:
c.94A>C. Splicing of HBA2-WT removes authentic introns appropriately leading to a full length processed
mRNA that is exported to the cytoplasm for protein production. HBA2:c.94A>C causes a cryptic splice site
at 49 nts upstream of the exon 1/intron 1 junction resulting in a frameshift and introducing a PTC at
codons 48/49. The generated mRNA is subject to NMD mechanism to prevent aberrant translation.
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process. This results in decreased synthesis of α-globin chains, thus resulting in
an αþ-thal phenotype.

In conclusion, we characterized a novel pointmutation affecting the splice
site junction of the α2-globin gene causing an aberrant splice variant. In
contrast to the prediction tool that was not able to predict the cryptic splice
site, our experimental analysis showed aberration in the splicing pattern, thus
emphasizing the importance of experimental assessments when analyzing the
phenotype/genotype correlation in thalassemia syndromes.
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� In most references, the transcription initiation site for the α2- and α1-globin genes has been described
to lie 37 bp upstream of the translation initiation codon, however, a review of data repositories such as
GenBank and Ensembl showed a report of the α2-globin transcription initiation site occurring at position
–66 relative to the initiation codon. To confirm the occurrence of these isoforms for both the α2- and α1-
globin genes and to document their expression levels, we initiated our current investigation. Total RNA
from the peripheral blood of 15 healthy volunteers was analyzed using both semi-quantitative-polymerase
chain reaction (PCR) and real-time (ReTi-PCR) protocols developed in our laboratory, with primers
designed to enable distinction between the α2- and α1-globin transcripts.We observed two distinct PCR
products for each of the globin genes. Subsequent DNA sequencing of 11 individual PCR products
revealed that the α2- and α1-globin transcripts are present in both a long and a short isoform, initiating
at positions –66 and –37, respectively. The shorter (–37) isoform is expressed approximately 10,000–
100,000 times more strongly than the longer isoform, demonstrating differential expression within the
healthy population. This study, for the first time, confirms the presence of two isoforms for both the α2- and
α1-globin genes with varying transcription levels in healthy individuals. The short isoform is expressed at
significantly higher levels than the longer isoform for both α2 and α1 genes. Therefore, based on our
observations, we propose that despite the contribution of the long isoforms to the total α-globin RNA pool,
the short isoforms are the main physiological transcripts.
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Keywords HBA2S and HBA1S (short isoforms), HBA2L and HBA1L (long isoforms),
Globin isoforms, Real-time-polymerase chain reaction (ReTi-PCR)

INTRODUCTION

The human α-globin gene cluster is located approximately 150 kb from
the telomere of the short arm of chromosome 16 (16p13.3). It is believed that
an ancestral α-globin gene went through a duplication process some 450
million years ago to give rise to families of expressed genes and pseudo
genes in mammals (1).

Subsequently, there has beenmodification of the α-globin gene family by
a series of gene duplications and other genetic processes (2) and as such, the
α-globin cluster is composed of seven linked genes. These include three
functional genes (ζ-, α2- and α1-globin) encoding functional proteins, four
pseudogenes (ψζ1, ψα2, ψα1 and θ) encoding non functional proteins, and a
regulatory element known as HS40 (3). The α2- and α1-globin genes (HBA2
and HBA1) encode for identical protein products despite differences in
their nucleotide (nt) sequences due to the duplication events (4). DNA
sequence analysis showed that both genes share similar sequences with
three homologous regions (X, Y and Z boxes) separated by non homologous
DNA regions (5). The 30 non coding region of these two genes varies at 22
nts, allowing discrimination between HBA2 and HBA1 transcripts and ana-
lysis of their contributions to the total amount of α-globin transcripts
pool (4).

An initial review of published literature (6,7) indicated that both HBA2
and HBA1 genes have similar transcription initiation sites located 37 bp
upstream of the translation initiation codon. However, during our data
mining and intensive searches within the available data bases including
NCBI Sequence Viewer, Ensembl Genome Browser, UCSC Genome Browser
and Vega Genome Browser, we found that all these data bases indicate 66 bp
upstream of the translation initiation codon as the transcription initiation site
for HBA2. A review of the published literature regarding the alternative HBA2
transcription initiation site (66 bp upstream of the translation initiation
codon) did not return any results. We decided to confirm whether alternative
transcription initiation sites do exist for each of the HBA2 and HBA1 genes,
and to quantify the relative amounts of each transcript.

This study, for the first time, confirms the presence of two isoforms for
both the HBA2 and HBA1 genes, with varying transcription levels in healthy
individuals. We first identified the presence of multiple isoforms with primers
designed to bind within the 50 untranslated region (50UTR) and their corre-
sponding specific 30UTR sequences. The cDNA sequence of the long HBA1
isoform transcript has then been confirmed with DNA sequencing. Semi
quantitative reverse transcription polymerase chain reaction (RT-PCR) was
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then been performed to compare the expression levels of each isoform
relative to each other.

MATERIAL AND METHODS

Peripheral Blood Samples and Total RNA Extraction

Informed consent was obtained from 15 healthy volunteers according to
the guidelines of the Sir Charles Gairdner Hospital Human Research Ethics
Committee, Perth, Western Australia, (Trial No. 2008-126). For each sample
500 μL of peripheral blood was added to 1.3 mL RNAlater® (Life
Technologies, Mulgrave, Victoria, Australia) and mixed thoroughly. Total
RNA was isolated using RiboPure™-Blood Kit (Life Technologies) as per
the manufacturer’s instructions.

Complementary DNA (cDNA) Synthesis

Following isolation of total RNA, complementary DNA (cDNA) synthesis
was carried out with Moloney Murine Leukemia Virus-Reverse Transcriptase
(MMLV-RT) (Promega, Alexandria, New SouthWales, Australia). Briefly, in an
initial reaction volume of 60 μL, 1 μg of each total RNA was mixed with 1.4 μM
anchored oligo (dT)23, (Sigma-Aldrich, Castle Hill, New South Wales,
Australia), 0.5 mM dNTPs (Sigma-Aldrich) and ddH2O and incubated at
65�C for 5 min. and immediately cooled on ice for 3 min. The following
reagents were then added: 5 � MMLV-RT reaction buffer (Promega), 3 mM
MgCl2 (Qiagen, Doncaster, Victoria, Australia), 25U of RNasin Ribonuclease
inhibitor (Promega), 200U MMLV-RT (Promega) and ddH2O to a final
volume of 100 μL. Reactions were incubated at 42�C for 60 min. and 85�C
for 5 min. before being used in subsequent PCR analysis.

Polymerase Chain Reaction Primer Design

The design of gene-specific PCR primers for the HBA2 and HBA1
transcripts (Table 1, Figure 1) was based on the variation of 22 nts found
at the 30 non coding region of both HBA2 and HBA1 transcripts (primers 5
and 6), allowing distinction betweenHBA1 andHBA2, as well as 29 nts found
at the 50 non coding region of the proposed long HBA transcript (primers 1
and 2), allowing us to discriminate between the proposed long and short
isoforms. The list of primer combinations is found in Table 2. Internal
primers (3 and 4) were utilized to test primer efficiency and for sequencing
of PCR products.
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TABLE 1 Gene-Specific Forward and Reverse Primers

Primer Specificity DNA Sequence (50>30)

1 Forward HBA2L ATA AAC CCT GGC GCG CTC G
HBA1L

2 Forward HBA2L/2S CTC TTC TGG TCC CCA CAG ACT CA
HBA1L/1S

3 Reverse HBA2L/2S AGG TCT TGG TGG TGG GGA AG
HBA1L/1S

4 Forward HBA2L/2S GAC CCG GTC AAC TTC AAG
HBA1L/1S

5 Reverse HBA1L/1S ACT TTA TTC AAA GAC CAC GGG GGT A
6 Reverse HBA2L/2S CAG ACT TTA TTC AAA GAC CAG GAA GGG
7 Forward 28s ATG GTA ATC CTG CTC AGT ACG A
8 Reverse 28s CGG CTA TCC GAG GCC AAC C

HBA2S and HBA1S (short isoforms), HBA2L and HBA1L (long isoforms).

FIGURE 1 Alignment of the cDNA sequences reported in GenBank for the HBA2 (NM_000517.4) and
HBA1 (NM_000558.3) globin genes. The sequences differ by 22 nts (highlighted in grey) at the 30UTR. The
HBA2 cDNA reported in GenBank is 29 bp longer than the HBA1 sequence; this variation is due to the
inclusion of 29 bp in the 50UTR. CDS ¼ coding sequence.
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Polymerase Chain Reaction Verification of Long and Short

Transcripts

All PCRs were performed in a 20 μL reaction volume containing
HotStarTaq® Master Mix (Qiagen) and Q-reagent (Qiagen) to a 1 � con-
centration. Primers were added to a final concentration of 0.5 μM with each
reaction containing 2 μL cDNA. Initially, we performed PCRs on three
samples using the following transcript-specific primer combinations listed
in Table 2: (1þ 5), (1þ 6), (2þ 5) and (2þ 6). In addition, we included 28s
ribosomal RNA (7 þ 8) as a cellular RNA loading and integrity control.
These reactions were cycled according to the conditions listed for PCR 1
(Table 3). Then, 11 samples were cycled according to PCR 2 (Table 3), with
primer combinations (1þ 5) and (1þ 6). This included an extra eight cycles
to create an adequate quantity of PCR products for sequencing purposes.
These PCR products were then purified using the GenElute gel extraction
kit (Sigma-Aldrich) after excision from a 1% agarose gel and DNA
sequenced using primers (3 þ 4).

Relative Expression of the Long and Short Isoforms of Each

Transcript

For five samples, long isoforms were amplified using primers (1 þ 5) and
(1 þ 6) according to PCR 3 (Table 3), alongside 10-fold dilutions of their
corresponding short isoforms generated using primers (2 þ 5) and (2 þ 6).
These conditions produced more PCR products than PCR 1 to allow suitable
viewing by gel electrophoresis. Products were run on a 1% agarose gel and the
intensity of each PCR product band was calculated using ImageJ (http://
rsbweb.nih.gov/ij/). From these values, the relative levels of gene expression
were calculated from a plot of intensity vs. dilution. The PCR products
amplified with primer 2 will amplify both shorter and longer isoforms; the
quantities of these were adjusted to account for this. We also examined the

TABLE 2 Detailed List of All Primer Combinations Used; the Primer Combinations For the Shorter
Isoforms Generate Both the Longer and Shorter Isoforms

Primer Combinations Isoforms Generated Isoforms Examined

1 þ 5 HBA1L HBA1L
1 þ 6 HBA2L HBA2L
2 þ 5 HBA1S, HBA1L HBA1S
2 þ 6 HBA2S, HBA2L HBA2S
1 þ 3 HBA2L, HBA1L HBA2L, HBA1L
2 þ 3 HBA2L, HBA2S, HBA1L, HBA1S HBA2S, HBA1S
7 þ 8 28s 28s

HBA2S and HBA1S (short isoforms), HBA2L and HBA1L (long isoforms).
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relative levels of gene expression between each of the long isoforms for 15
samples using primers (1þ 5) and (1þ 6) according to PCR 3, andmeasuring
the intensities on gel electrophoresis using ImageJ.

Primer Amplification Efficiency Analyses

Primer amplification efficiencies were calculated using 10-fold serial dilu-
tions. Neat cDNA was used for primer pairs (1 þ 3) that amplified the long
isoforms, while the PCR product generated according to PCR 2 was used for
primer pairs (2 þ 3) which amplify all of the isoforms. Different DNA sources
were used because the quantity of cDNA was too low to generate a standard
curve for the longer amplicons at weaker dilutions. The 20 μL reactions with
primer concentrations of 200 nM were prepared each containing 1 � Power
SYBR® Green PCR Master Mix (Life Technologies) in triplicate according to
the manufacturer’s recommendations. The PCRs were performed on the iQ5
multicolor real-time PCR (ReTi-PCR) detection system (Bio-Rad
Laboratories, Gladesville, New South Wales, Australia), with final analyses
performed using IQ5 detection software.

Statistical Analysis

Differences in gene expression between long and short isoforms were
tested using a two-sided t-test assuming unequal variance prior to ratio deter-
minations. Ratio comparisons between long isoforms were tested using a two-
tailed sign test.

RESULTS

We were able to confirm the presence of long isoforms (HBA2L and
HBA1L) and short isoforms (HBA2S and HBA1S) for both the HBA2 and
HBA1 genes (Figure 2). The long isoform was generated in our PCR using the
combination of primers (1þ 6) for HBA2L and (1þ 5) for HBA1L. The short
isoform is the product of the PCR using primers (2 þ 6) for HBA2S and (2 þ
5) for HBA1S. The initiation point for the long isoform is 66 bp upstream of
the initiation codon, whereas the initiation point for the short isoform is 37 bp
upstream of the initiation codon.

We compared these results with sequences reported in GenBank. For the
HBA2 gene, the GenBank sequence (NM_000517.4) corresponds to the long
isoform in our study, and the HBA1 sequence (NM_000558.6) corresponds to
the short isoform, however, the short isoform ofHBA2 and the long isoform of
HBA1 are not recorded.

To ensure the authenticity of theHBA1L transcripts, the total RNA from 11
volunteers was amplified with the HBA1L specific primer combination (1þ 5)
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before being DNA sequenced. For all 11 individuals, an identical PCR product
was generated and the DNA sequencing results demonstrated the presence of
the long isoform.

The long and short isoforms appeared to be differentially expressed as
evidenced by the differing intensities of the relevant PCR products on gel
electrophoresis (Figure 2.). To exclude primer inefficiency as an artifactual
cause for this difference in intensity, we tested the efficiency of each forward
primer as this was the only difference between each reaction. An internal
reverse primer (primer 3, Table 1) that would produce a short amplicon
suitable for ReTi-PCR, was used in combination with the forward primers,
the primer combinations being (1 þ 3) for the long isoforms and (2 þ 3) for
the short isoforms. It should be noted that the primer combination (2þ 3) will
amplify both the long and the short isoforms. The ReTi-PCRs were performed
on 10-fold serial dilutions of either cDNA or the purified PCR product. The
results showed that PCR with primers 1 þ 3 had an efficiency of 94.1%, while,
the PCR with primers 2 þ 3 had an efficiency of 91.4%. This demonstrated
that the difference in PCR intensities seen in Figure 2 cannot be due to PCR
inefficiency, and as such, must be due to the presence of differentially
expressed isoforms of both HBA2 and HBA1.

Amplicons generated using the primer combinations (1þ5; 1þ6) and
(2þ5; 2þ6) due to their >150 bp sizes, are suboptimal for ReTi-PCR analyses,
therefore, we utilized a semi quantitative PCR protocol tomeasure the relative
expression levels of each isoform. The results in Table 4 show the relative
levels of gene expression between the short and long isoforms for five samples.
For HBA2, the shorter isoform is expressed from between 11,000 to 76,000
times (p ¼ 0.005) more than the longer isoform, and for HBA1, the short
isoform is expressed from 28,000 to 100,000 times more (p ¼ 0.005). The
HBA1L isoform, that recorded the lowest levels of gene expression, was from a
subject with an Indian-Chinese ethnic background. This may indicate some
race-linked cause of differential gene expression.

FIGURE 2 The PCR results from a peripheral blood sample demonstrating the long and short isoforms.
Lane 1 (primer 1þ 6): HBA2L; lane 2 (primer 2þ 6): HBA2S; lane 3 (primer 1þ 5): HBA1L; lane 4 (primer
2 þ 5): HBA1S.
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To examine the relative gene expression levels of the long isoforms, we
processed 15 samples, of which 12 demonstrated higher levels of gene expres-
sion of the HBA2L isoform when compared to HBA1L, one sample had equal
levels and two samples showed higher expression of HBA1L (Figure 3).
Interestingly, of these, one sample with a Middle Eastern-Southeast Asian
background recorded no detectable levels of the HBA2L isoform; this pro-
vides further evidence to the notion of a race-linked cause of differential gene
expression of the longer isoforms. Performing a 2-tailed sign test on this data
resulted in a p value of 0.013, demonstrating a highly significant difference
between HBA2L and HBA1L expression levels.

TABLE 4 Relative Expression of the Long and Short Isoforms of Each Transcript

Relative Levels of Gene Expression

Sample
HBA2S:HBA2L Ratio

(p ¼ 0.005)
HBA1S:HBA1L Ratio

(p ¼ 0.005)

1 12,000 100,000
2 76,000 32,000
3 25,000 64,000
4 16,000 63,000
5 11,000 28,000

HBA2S and HBA1S (short isoforms), HBA2L and HBA1L (long isoforms).

FIGURE 3 Ratios comparing the relative levels of gene expression between the long α-globin isoforms. In
12 out of 15 samples, higher levels of gene expression were observed for the HBA2L isoform. Sample 1 had
extremely low levels of HBA1L expression. By comparison, sample 2 had higher expression ofHBA1, and in
sample 5 we observed equal levels of HBA2L andHBA1L. Sample 15, with aMiddle Eastern-Southeast Asian
background recorded no detectable levels of the HBA2L isoform. Statistical analysis using a 2-tailed sign
test resulted in a p value of 0.013, demonstrating a highly significant difference between HBA2L and
HBA1L.
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DISCUSSION

Recent and ongoing studies in molecular biology show that many gene
transcripts and their isoforms are still being discovered (8,9) and that there is
still much information to elucidate from the mechanism of the globin gene
interactions. In this study, we have described a newly identified α-globin iso-
form (HBA1L) that is 29 bp longer than the knownHBA1S isoform which has
been well characterized to date (7). We have shown that there are also two
isoforms for HBA2 and that these isoforms have the same 50UTR sequence
arrangements as HBA1. It is likely that the longer isoforms have not been
previously distinguished from the shorter isoforms due to their very low
expression levels and their large regions of sequence homology.

Interestingly, in this study, we have also demonstrated that, of the longer
isoforms, HBA2L is the most abundantly expressed, and if we exclude the
sample where we could not detect HBA2L, the ratio of HBA2L:HBA1L is 3:1.
This is similar to the ratio of the shorter isoforms as observed by others
previously (4,10).

It is critical to the formation of erythrocytes, that the α- and β-globin chains
are produced at balanced levels, as an imbalance can result in thalassemia and
resultant premature cell death (3). Currently, the role of HBA2L and HBA1L
isoforms are unknown. One possible explanation for the low transcription
levels of the longer isoforms may lie in the promoter recognition sequences
CCAAT and ATAAA located 103 and 60 bp upstream of the translation
initiation site, respectively (11,12). It can be seen in Figure 4 that both the
CCAAT and ATAAA regions are located upstream of the transcription initia-
tion site for the short isoform, thus providing full functionality of the α-globin
promoter. In contrast, the transcript of the long isoform incorporates the
ATAAA sequence. We postulate that this may affect the efficiency of the
promoter accounting for the marked reduction in transcript levels.

Other studies have demonstrated varying rates of mutations within the α-
globin gene cluster across different racial groups. For instance, α-thalassemia
is possibly the most common human gene disorder, however, it is largely
localized to Mediterranean, tropical, subtropical and Middle Eastern regions
(2,3,9,13–17). While our study was small and we were not investigating the
effects of race on expression of these isoforms, it was interesting to note that a
subject with an Indian-Chinese ethnic background had very low levels of
HBA1L, while a Middle Eastern subject with a Southeast Asian ethnic back-
ground demonstrated no detectable levels of HBA2L. In the future, further
studies may elucidate race-based levels of expression or perhaps these varia-
tions will be observed at a similar detection rate across the general population.

This study confirms the presence of two isoforms for both the HBA2 and
HBA1 genes with varying transcription levels in healthy individuals. Since the
sequence differences are located at the promoter region upstream of the ATG
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codon, it is likely to prove to be of functional importance and may explain
unexpected protein levels following gene alterations.
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Summary

While point mutations affecting the promoter region of
b-globin gene are widely described, there are no well charac-
terised reports of any point mutations currently found in the
promoter of the a2-globin (HBA2) gene. We present clinical
and experimental data for three novel HBA2 gene core and
proximal promoter mutations. Using an in vitro system
designed to assess the impact of point mutations, the three
novel [HBA2:c.-59C>T], [HBA2:c.-81C>A] and [HBA2:c.-
91G>A] promoter mutations identified in three unrelated
patients were analysed for HBA2 gene transcriptional and
translational activities. Following the generation and transfec-
tion of expression vectors carrying each mutation, the HBA2
transcription activity of the promoters from each mutant
was analysed with quantitative real time-PCR (qReTi-PCR)
technique. Immunofluorochemistry (IFC) was used to analyse
HBA2 protein synthesis. The analyses showed that [HBA2:c.-
59C>T] and [HBA2:c.-91G>A] mutant constructs caused
significant reduction in the HBA2 transcription levels by
53.7% ( p¼0.0008) and 36.2% ( p¼0.004), respectively,
resulting in markedly lower HBA2 protein labelling when
compared to the wild type as shown with subsequent IFC
analysis. Conversely, the [HBA2:c.-81C>A] construct showed
no significant changes in either transcription ( p¼0.089) or in
protein labelling when compared to the wild type. The equal
pAmp transcription levels found in each group confirmed that
the observed labelling differences were not due to varying
transfection efficiencies. This study emphasises the import-
ance of in vitro studies to establish the impact of base
substitutions on the level of gene expression, and the value
of these studies in clinicopathological correlation so that
appropriate advice can be given in genetic counselling.

Key words: a-thalassaemia, HBA2 core promoter, point mutation, proximal

promoter, qReTi-PCR, transcription.
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INTRODUCTION

The a-thalassaemias are among the most common monogenic
disorders affecting the a-globin genes located at the short arm
of chromosome 16. There are two types of a-thalassaemia,
deletional and non-deletional, where the deletional type
involves the removal of one gene or more from the chromo-
some and the non-deletional type involves single point
mutations or small nucleotide insertions or deletions.1,2 While
most of the a-thalassaemia cases result from deletions within
the a-globin locus, the number of reports describing a-thalas-
saemia cases caused by point mutations is increasing due to the
use of DNA sequencing during routine clinical investigations.
These point mutations can be found at any region of the
a-globin gene including the 5’ untranslated region (UTR),
exons, introns and 3’UTR and may disrupt the a-globin
expression at various molecular levels including transcription
and translation processes resulting in reduction or absence of
functional a-globin. While point mutations affecting the pro-
moter region of b-globin are widely described, there are no well
characterised reports of any point mutations currently found in
the promoter of the HBA2 gene.

The promoter region is highly enriched with cis-acting
elements interacting with trans-acting factors required for
initiation of transcription.3 These elements are presented as
the core promoter, the proximal promoter and the distal pro-
moter, located approximately –40 to þ50 nucleotides,4 up to
200 nucleotides5 and up to 1 mega nucleotides upstream of the
transcription initiation site (TIS) respectively.6 The core pro-
moter plays an essential role in regulating transcription
initiation since it contains the binding site for the transcription
initiation enzyme RNA polymerase II.7 The proximal promoter
elements have strong control over transcriptional activity while
the distal ones have weaker influence but both may be required
for maximum activity of gene expression.8 Several conserved
motifs and sequences are present in the promoter region and are
recognised by the transcription factors and their co-elements.
Consequently, some mutations that occur within and/or in close
proximity to the promoter elements may significantly disrupt
transcriptional activity but other base substitutions may have no
impact and are clinically silent. The phenotype for a-thalas-
saemia trait consequent on loss of expression of a single a-gene
varies from a mild microcytic anaemia through to a clinically
silent presentation with normal red cell parameters. Therefore,
it is difficult to predict the impact of base substitutions located
in the promoter region by simple correlation with clinical and
laboratory features alone.
. Unauthorized reproduction of this article is prohibited.
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Fig. 1 A schematic representation of the cis-regulatory elements found in the core and proximal promoter regions of HBA2 gene. The [HBA2:c.-59C>T] and [HBA2:-
81C>A] affect the TATA and a-IR boxes, located in the core promoter and proximal region, respectively. The [HBA2:c.-91G>A] occurs at the proximal promoter region
between Sp1 and a-IRP recognition sites which are functionally related.
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In this study, we have identified three novel single point
mutations, affecting the core and proximal promoter regions of
HBA2, and performed in vitro studies to assess their impact on
the level of HBA2 gene transcription and translation. In
addition, mRNA translation and HBA2-globin chain pro-
duction was examined. The mutations investigated include:
(1) [HBA2:c.-59C>T] (Fig. 1), located at the core promoter
region affecting the last nucleotide of the TATA box consensus
sequence, (2) [HBA2:c.-81C>A] (Fig. 1) located at the prox-
imal promoter region affecting the a-inverted repeat protein
(a-IRP) recognition site, and (3) [HBA2:c.-91G>A] (Fig. 1)
located in the proximal promoter region between Specificity
Protein 1 (Sp1) and a-IRP binding sites.
MATERIALS AND METHODS

Patients and diagnostic data

The patients were identified in our laboratory during routine thalassaemia

screening. Initial investigation involved full blood count performed on a Beck-

man-Coulter LH750 analyser (Beckman Coulter, Australia), haemoglobin sep-

aration by high performance liquid chromatography (HPLC), performed on the

b-thalassaemia short program on the Variant II (Bio-Rad Laboratories, USA)

and iron studies, performed on the Abbott Architect Ci16200 Integrated System

(Abbott Diagnostic, Australia). Molecular investigation involved DNA extrac-

tion9 followed by multiplex gap-polymerase chain reaction (Gap-PCR)10 to

exclude common a-globin gene deletions which include (–a3.7, –a4.2, – –MED,

– –SEA, – –FIL, –a20.5). Genomic DNA fragments of a2-globin (HBA2) and

a1-globin (HBA1) genes were isolated and DNA sequenced as previously

described.11

Construction of mutant expression vectors

We have utilised an expression construct carrying the wild type HBA2 gene

[HBA2-WT] which has been described previously.12 To generate [HBA2:c.-

59C>T], [HBA2:c.-81C>A] and [HBA2:c.-91G>A] expression constructs, for-

ward oriented site specific and directed mutagenic primers were used as shown in

Table 1. Introduction of these single point mutations into the [HBA2-WT] was

performed in parallel using the QuikChange Multi Site-Directed Mutagenesis

kit (Agilent Technologies, Australia) according to the manufacturer’s protocol.

The generated mutant vectors were sequence verified (Fig. 2A–C) to confirm
right © Royal College of pathologists of Australasia

Table 1 Primers used for site-directed mutagenesis and qReTi-PCRs

Primers Purpose Sequences and dire

HBA2 qReTi-PCR CCGGTCAACTTC
CGGGCAGGAGGA

Ampicillin qReTi-PCR TCGTCGTTTGGT
GGAGGACCGAAG

HBA2:c.-59C>T Mutagenesis GCCCCAAGCATA
HBA2:c.-91G>A Mutagenesis CAATGAGCGCCG
HBA2:c.-81C>A Mutagenesis CGGCCGGGCGTG

Fw, forward; Rv, reverse.
the presence of the mutations before being used in subsequent transfection

experiments.

Transfection, RNA isolation and cDNA synthesis

A 24-multiwell culture plate (Becton Dickinson, Australia) was seeded with

human bladder carcinoma (5637) cells at 20� 104 cells/well. On the day of

transfection, the plate was divided into four groups (3 wells/group) and

transfected with HBA2-WT (3 wells), HBA2c.-59C>T (3 wells), HBA2:c.-

81C>A (3 wells) and HBA2c.-91G>A (3 wells) expression constructs respect-

ively. Briefly, 0.5 mg of the above vector DNAs were diluted in separate tubes

with 40 mL Opti-MEM (Life Technologies, Australia) and 3 mL of EndoFectin

Max transfection reagent (GeneCopoeia, USA). Each mixture was then incu-

bated for 25 min at room temperature to allow for the formation of DNA-

EndoFectin Max complex. The mixtures were then added into the designated

wells containing pre-seeded 5637 cells, 0.5 mL DMEM (Life Technologies),

10% Fetal Bovine Serum and incubated at 378C with 5% CO2. Total cellular

RNA were purified from each group 24 h post-transfection using RNeasy Mini

Kit (Qiagen, Australia) according to the manufacturer’s protocol, followed by

cDNAs synthesis prior to qReTi-PCR as previously described.12

Transcription activity analysis

To measure the transcriptional activity of the expression vectors carrying wild

type or mutant HBA2 sequences, a series of qReTi-PCRs were performed in

triplicate repeats using a StepOne Plus Real Time PCR system (Life Technol-

ogies, Australia). Each reaction contained the following components: 10 mL Fast

SYBR Green Master Mix (Life Technologies), 500 nM forward and reverse

primers for HBA2 or plasmid ampicillin (pAmp) as shown in Table 1, 2 mL of

cDNA template and nuclease free H2O was added to a total volume of 20 mL.

Each reaction started with initial enzyme activation at 958C for 20 s followed by

40 cycles at 958C for 3 s and at 608C for 30 s. Data were analysed with the

StepOne software V2.2.2 and changes in the transcriptional activity with p

values of�0.05 were considered significant. The reactions were run in triplicate

and were normalised for transfection efficiency against the pAmp relative

quantification.

Protein detection using immunofluorochemistry

HBA2 proteins generated from transfection of the three mutations were detected

using IFC technique as described previously.13 Briefly, 5637 cells were seeded

in Falcon 8-well culture slides (Becton Dickinson) at 80� 103 cells/well. Wild

type and mutant constructs were transfected into cells in triplicate repeats for

validation analysis and IFC protocol was performed. Transfected cells were

fixed and permeablised using methanol for 10 minutes prior to 1 h incubation
. Unauthorized reproduction of this article is prohibited.
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AAGCTCCT (Fw) 176
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ATGGCTTCATTC (Fw) 104
GAGCTAACC (Rv)
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CCCGACCGGGCGTGCCCC CG (Fw)
ACCCCGCGCCCCAAG (Fw)
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Fig. 2 Confirmation of the generation of the mutant [HBA2:c.-59C>T], [HBA2:c.-81C>A] and [HBA2:c.-91G>A] vectors by direct DNA sequencing.

HBA2 PROMOTER MUTATIONS AND TRANSCRIPTIONAL ACTIVITY 3
with primary rabbit anti a-globin antibodies (cat no. sc-21005; Santa Cruz

Biotechnology, USA) diluted 1:100 in PBS with 1% bovine serum albumin

(BSA) for 1 h. Following incubation, cells were washed three times with

phosphate-buffered saline with Tween 20 (PBS-T) prior to 30 min incubation

(dark chamber) with TRITC conjugated secondary goat anti-rabbit (cat no.

T5268; Sigma-Aldrich, Australia) antibodies diluted 1:32 in PBS-T. Labelled

HBA2 proteins were then detected using an inverted Olympus IX51 research

microscope (Olympus, Australia). In order to show that any observed differences

in HBA2 labelling in each group were not due to varying transfection effi-

ciencies, each group was tested for pAmp transcription levels as control for

equal transfection efficiency.

RESULTS

Proband 1 [HBA2:c.-59C>T] was a 25-year-old female patient
who was undergoing routine partner testing to assess for
a-thalassaemia. The results of the blood count and Hb analysis
are shown in Table 2. Although her haematological and
biochemical tests were normal, molecular investigation was
initiated because of her partner’s a-thalassaemia trait. The
common a-globin deletions were excluded, and the HBA1
sequence was normal, however a heterozygous single point
mutation, cytosine to thymine (C>T) was detected at position
59 upstream of the translation initiation codon (TIC) in the HBA2
gene (Fig. 3A). The mutation affects the last nucleotide of the
right © Royal College of pathologists of Australasia

Table 2 Haematological, biochemical and molecular data of the probands

Parameters Proband 1 Proband 2

Age/Sex 25/F 43/F
Hb (g/L) 134 145
MCV (fL) 84 72
Hb A2 (%) 3.0 2.2
Hb F (%) 0.2 <0.5
Ferritin (mg/L) 51 68
Gap-PCR for a-deletions ND ND
HBA2 sequencing HBA2:c-59C>T HBA2:c.-81C>A, HBA
HBA1 sequencing Normal Normal

F, female; ND, not detected.
TATA box (Fig. 1), an important motif required for transcription
initiation. The subsequent in vitro molecular investigation
revealed that cells transfected with the [HBA2:c.-59C>T]
mutant vector showed 53.7% ( p¼ 0.0008) reduction in the
transcriptional activity when compared to the [HBA2-WT]
control (Fig. 4).

Proband 2 [HBA2:c.-81C>A] was a 43-year-old female with
normal haemoglobin level and mild microcytic hypochromic
red cell indices (Table 2). The common a-globin deletions were
excluded, and DNA sequencing confirmed the presence of Hb
Adana [HBA2:c.179G>A] in addition to a novel heterozygous
cytosine to adenine (C>A) substitution at position –81
upstream of the TIC of the HBA2 gene (Fig. 3B). This mutation
affects the a-IR box recognised by a-IRP (Fig. 1), a transcrip-
tional activator protein.14,15 The subsequent in vitro molecular
investigation revealed that cells transfected with [HBA2:c.-
81C>A] did not show statistically significant changes in the
transcriptional activity ( p¼ 0.089) compared to the wild type
[HBA2-WT] (Fig. 4).

Proband 3 [HBA2:c.-91G>A] was a 48-year-old female
investigated for microcytosis. b-thalassaemia trait and the
common a-globin deletions were excluded, and DNA sequen-
cing was performed which confirmed the presence of a hetero-
zygous single guanine to adenine (G>A) substitution at
. Unauthorized reproduction of this article is prohibited.

Proband 3 Normal range

48/F
131 115–160
78 80–100
2.2 2.2–3.3
<0.5 <1.0
51 20–220
ND

2:c.179G>A (Hb Adana) HBA2:c-91G>A
Normal
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Fig. 3 The HBA2 gene sequencing for the three probands shows heterozygous
point substitution of the three mutations [HBA2:c.-59C>T], [HBA2:c.-81C>A]
and [HBA2:c.-91G>A].
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position –91 upstream of the TIC of the HBA2 gene (Fig. 3C),
located at the proximal promoter region between two regulatory
motifs recognised by the transcription factors Sp1 and a-IRP
which are functionally related16 (Fig. 1). The subsequent
qReTi-PCR analysis revealed that cells transfected with
right © Royal College of pathologists of Australasia

120

100

100

46.3
(–53.7)

p = 0.0008

p = 0.004

113.7
(+13.7)

63.8
(–36.2)

80

60

R
el

at
iv

e 
tr

an
sc

ri
p

ti
o

n
 a

ct
iv

it
y

40

20

0

HBA2-WT HBA2:c.-59C>T HBA2:c.-81C>A HBA2:c.-91G>A

Fig. 4 Analysis of transcriptional activity performed in triplicate repeats by
qReTi-PCR for the mutants [HBA2:c.-59C>T], [HBA2:c.-81C>A] and
[HBA2:c.-91G>A] versus wild type [HBA2-WT]. When compared to the wild
type, significant decrease in transcriptional activities were observed in the
[HBA2:c.-59C>T] and [HBA2:c.-91G>A] mutant vectors, while no significant
change was observed in the [HBA2:c.-81C>A] when compared to the wild type.
[HBA2.c-91G>A] showed 36.2% ( p¼ 0.004) reduction in
the transcriptional activity when compared to the [HBA2-
WT] control (Fig. 4).

Production of HBA2-globin chains generated from wild type
and mutant constructs was analysed by IFC. The results
revealed various labelling intensities of cells transfected with
the wild type and mutant constructs (Fig. 5A,D,G,J,M). The
changes in labelling intensity coincide with those changes
observed in the transcriptional activity of each construct.
The [HBA2:c.-59C>T] and [HBA2:c.-91G>A] mutations
which caused 53.7% and 36.2% reduction in the HBA2 tran-
scription level, respectively, both showed reduced labelling of
cells compared to those transfected with the wild type con-
struct. The [HBA2:c.-81C>A] construct showed no significant
difference in the intensity of cells when compared to the wild
type, indicating that this mutation is most likely a polymorphic
variant that does not cause any diminishing effect on HBA2
expression. The equal pAmp transcription levels found in each
group confirmed that the observed labelling differences were
not due to varying transfection efficiencies (Fig. 5C,F,I,L,O).

DISCUSSION

Expression and regulation of globin genes in erythroid cells
engages several steps including transcription initiation, nuclear
RNA maturation and transportation into the cytoplasm, trans-
lation and stability.17 However, it is believed that the main
regulation occurs at the level of the transcription initiation
process. To properly initiate the transcription process, intact
regulatory elements of the promoter region are required. These
include cis-regulatory elements and trans-acting regulatory
factors. The cis-regulatory elements act as recognition and
binding sites for the trans-acting (transcription) factors which
may either enhance or repress transcription depending on the
functional properties of the transcription factors.6 The tran-
scription complex is formed when transcription factors bind to
their cis-regulatory elements, located at the core promoter
region, resulting in the initiation of transcription by the
RNA polymerase II enzyme. For optimum transcription, a
number of co-regulators that bridge the transcription factors
with the transcription complex as well as chromatin remodel-
ling factors are also required.18 The core and proximal pro-
moter regions harbour essential cis-regulatory sequences
required for the transcription process. In human genetic dis-
eases, it is estimated that about 1.1% of single point mutations
occur within gene promoter regions causing an interruption in
initiation of the transcription process by decreasing or increas-
ing the rate of transcriptional activity and thus the amount of
mRNA and protein production.4 In this work, we have ident-
ified three point mutations affecting two promoter regions of
the HBA2 gene, and have used an in vitro system to evaluate the
impact of these mutations on the level of HBA2 expression.

The suitability of human bladder carcinoma (5637) cell line
for a-globin expression analyses has been experimentally
addressed in one of our previous publications.13 In this study
the expression of a number of important erythroid related
transcription factors including NFE2, GATA2, KLF1 and
KLF4 were experimentally confirmed in 5637 cells when
compared to the most commonly used erythroleukaemia cell
line K562 and other non-erythroid cells that have frequently
been used in haemoglobin related studies. These include the use
of the cell lines African Green Monkey Kidney (COS-1) by
Fujihara et al.,19 Human Negroid Cervix Epitheloid Carcinoma
. Unauthorized reproduction of this article is prohibited.
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Fig. 5 (A–O) Immunostaining of the HBA2 chain in 5637 cells transfected with (A) [HBA2-WT], (D) [HBA2:c.-59C>T], (G) [HBA2:c.-81C>A] and (J) [HBA2:c.-
91G>A] constructs. The intensity of positive reactions is directly proportional to the level of transcriptional activities shown in Fig. 4. In cells transfected with [HBA2:c.-
59C>T] and [HBA2:c.-91G>A] constructs, the intensity of labelled cells is reduced to about half of that seen in cells transfected with [HBA2-WT]. No significant change
in the intensity of labelled cells transfected with [HBA2:c.-81C>A] were observed when compared to cells transfected with [HBA2-WT]. Negative reaction control is
shown in panel (M). Panels B, E, H, K and N are the phase contrast images of the panels A, D, G, J and M, respectively. Panels C, F, I, L, and O show the pAmp expression
levels, confirming equal transfection efficiency in each group.

HBA2 PROMOTER MUTATIONS AND TRANSCRIPTIONAL ACTIVITY 5
(HeLa) by Orkin et al.20 and Human Embryonic Kidney-SV40
Transformed (HEK293T) by Kierlin-Duncan et al.21

To our knowledge, the three novel mutations identified in our
laboratory are the first point mutations in the promoter region of
the HBA2 gene to be described with both clinical data and in
vitro functional assessment. There is a single report of a point
mutation in the core promoter region of the HBA1 gene
[HBA1:c.-16T>C] which was reported in the HbVar database,
causing mild anaemia and microcytosis with no experimental
characterisation.22

The first mutation, [HBA2:c.-59C>T], is located at the
TATA box in the core region of the HBA2 promoter. The
TATA box is well defined and is the recognition site for the
binding of the Transcription Factor II D (TFIID) complex
right © Royal College of pathologists of Australasia
which is critical for transcription initiation.23 The consensus
sequence of the TATA box varies in different genes but
Steinberg et al.24 showed that the TATA consensus sequence
for the a-globin genes is (CATAAACC) (Fig. 1). In our case,
the last nucleotide C is substituted with T, which results in
moderate reduction in transcriptional activity using our in vitro
analysis system. This finding agrees with other gene expression
analysis of mutations affecting the TATA box of the b-globin
gene. Takihara et al.25 described a homozygous single point
mutation affecting the TATA box of the b-globin gene
[HBB:c.-81A>G]. Transient expression analysis of the mutant
gene transfected into COS cells showed that b-globin mRNA
generated from this mutation was reduced moderately to
45% relative to the normal gene. Orkin et al.20 showed a
. Unauthorized reproduction of this article is prohibited.
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homozygous single base substitution (A>G) within the TATA
box [HBB:c.-78A>G] and following transient expression in
HeLa cells there was a reduction in the production of b-globin
mRNA by 3 to 5-fold when compared with the wild type. Our
finding was similar to these studies where the level of tran-
scriptional activity from the vector carrying the [HBA2:c.-
59C>T] mutation was downregulated significantly by 53.7%
( p¼ 0.0008), confirming the functional importance of the last
nucleotide (C) of the TATA box. From the clinical point of
view, the affected patient showed normal haematology and
biochemical parameters. It is not unusual to have normal
haematological and biochemical parameters when one a-globin
gene out of four is affected. This highlights the importance
of in vitro analysis to determine the impact of mutations in the
5’ UTR in order to provide appropriate clinical advice to
affected patients.

The second novel mutation is the [HBA2:c.-91 G>A], where
the substitution of G with A is located in the proximal promoter
region between the two cis-acting elements recognised by Sp1
and a-IRP transcription factors. We demonstrated a 36.2%
reduction in transcription from this mutation which suggests
that the G>A substitution has disrupted the GGCC consensus
sequence and its possible role as a link between the two cis-
acting elements and their transcription factors that are believed
to act as activators for the transcription of a-globins.14,18 A
previous functional study performed by Kim et al.16 suggested
that the Sp1 and a-IRP are functionally related. This relation-
ship was observed by testing the ability of a-IRP to bind to GC
boxes in a 21 bp repeat of the simian virus 40 early promoter.
Strong transcriptional activity was achieved, indicating that the
a-IRP also had the ability to bind to GC boxes and its binding
caused transcriptional activation. In our case, although the
[HBA2:c.-91G>A] does not affect the sequence motifs of
the GC- and a-IR boxes, it may have disrupted the sequence
of a crucial bond that is needed to link the two sites creating a
functional unit. Our experimental analysis showed that the
overall transcriptional process was reduced significantly. Cadet
et al.26 identified and reported a case where an a-thalassaemia
(–a3.7/aa) was co-inherited with a b-globin gene promoter
point mutation [HBB:c.-83G>A] located between the CACCC
motif (from –90 to –86) and the CCAAT motif (from –76 to
–72) of the b-globin gene promoter. The authors concluded that
this mutation was probably a major contributing cause for
having microcytic hypochromic red cells. This is probably
similar to our case where the [HBA2:c.-91G>A] is responsible
for production of the mild microcytosis observed in the patient.

Our experimental studies indicate that the [HBA2:c.-
81C>A] base substitution is non-pathogenic. The substituted
nucleotide is located in a transcription activation element
known as the a-IR box, which has the consensus sequence
(GGGCGTGCCC) (Fig. 1).14 Our data indicate that this base
substitution is most likely a polymorphic variant which does not
have any diminishing effect on HBA2 gene expression since
there was no statistically significant difference in the transcrip-
tional activity compared to the wild type. Since the affected
proband also has inherited Hb Adana, the observed mild micro-
cytic hypochromic red cell indices were most likely caused by Hb
Adana rather than the [HBA2:c-81C>A] polymorphic variant.

Production of HBA2 chains generated from the three
mutations and the wild type was analysed with IFC protocol
described previously.13 This was carried out by comparing the
intensities of the labelled cells which in turn reflect the level of
the HBA2 transcription and translation from either the mutant
right © Royal College of pathologists of Australasia
or the wild type constructs. Subsequently, the labelling inten-
sities were compared with the transcription activity to analyse
the relationship between the transcription and translation pro-
cesses. In a recent study, the same technique was used to
analyse the impact of point mutation [HBA1:c.301-3C>G]
on HBA1 protein production.13 The results of the present study
showed consistent and direct correlation between the levels of
transcriptional activity of each mutation with the levels of
corresponding protein produced. For instance, the intensity
of labelled cells in [HBA2:c.-59C>T] and [HBA2:c.-
91G>A] mutations was approximately half that of the wild
type. On the other hand, the intensity of the labelled cells
transfected with [HBA2:c.-81C>A] construct showed no sig-
nificant difference when compared to the wild type group,
indicating a likelihood of a polymorphic silent variant. The
above results clearly show that there is a direct correlation
between the transcription and translation processes.

In summary, our study presents the first experimental
analysis for point mutations described in the promoter region
of HBA2 gene. Such non-deletional mutations should be
characterised at the molecular level for better understanding
of the pathophysiological processes and the correlations
between the genotypes and phenotypes. This will increase
our understanding of the regulation and expression of the globin
genes and improve genetic counselling, especially in high risk
couples.
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Molecular and Cellular Analysis of a Novel HBA2 Mutation (HBA2:
c.94A>G) Shows Activation of a Cryptic Splice Site and Generation
of a Premature Termination Codon
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Abstract

In this study, we describe the clinical features and provide experimental analyses of a novel
point mutation affecting the penultimate nucleotide of the first exon of the HBA2 (HBA2:
c.94A>G) gene identified in a 26-year-old female who also carries a heterozygous Hb E (HBB:
c.79G>A) variant. The aim of the study was to investigate the impact of this point mutation on
the transcriptional activity of the HBA2 gene using a combination of an initial in silico prediction
followed by in vitro mutagenesis and transcriptional activity assessment. The analyses revealed
that the HBA2: c.94A>G point mutation causes the activation of a cryptic splice site located
49 bp upstream of the exon1-intron1 boundary in both HBA2 long and short isoforms,
thus generating a frameshift and a premature termination codon between codons 48 and 49 in
the second exon. A rapid degradation of the aberrantly spliced transcripts by the nonsense
mediated decay (NMD) surveillance system is highly indicative of an a-thalassemia (a-thal)
phenotype. However, the abnormal mRNA may not be entirely degraded since the proband
presents a slight splenomegaly that could be the sign of extra vascular hemolysis.

Keywords

a-Thalassemia (a-thal), Aberrant splice variant,
cryptic splice site, negative dominant
effect, nonsense mediated decay (NMD),
premature termination codon, transition
point mutation

History

Received 12 March 2013
Revised 26 June 2013
Accepted 27 June 2013
Published online 25 November 2013

Introduction

Hemoglobinopathies represent the most common single

genetic disorders worldwide with an estimation of 7.0% of

the population being carriers of thalassemias, Hb S (HBB:

c.20A>T), Hb C (HBB: c.19G>A) and Hb E (HBB:

c.79G>A). It is estimated that about 300 000–500 000

babies are born annually with severe forms of hemoglobin-

opathies (1). Hb E is a common HBB variant, occurring

predominantly in individuals of Asian ethnic origin. While

the heterozygous and homozygous states for Hb E are

associated with a mild phenotype, compound heterozygosity

for Hb E and b-thalassemia (b-thal) may result in a severe

thalassemic syndrome. In addition, a-thal is also common in

these populations and it is important to identify coexisting

a-thal mutations when considering genetic counseling.

While a-thalassemias are most commonly caused by

partial or complete deletion of HBA2 and/or HBA1 genes,

the number of nondeletional causes has increased. The

nondeletional mutations include point mutations and small

insertions or deletions of one or a few nucleotides (nts) that

may involve HBA2 and HBA1 genes. Most of the nondele-

tional mutations cause a thalassemic phenotype due to

abnormal mRNA processing and translation as well as

instability of the a-globin chain (2). Thus far, among more

than 300 mutations listed in the HbVar database, there are

only 16 nondeletional mutations that are known to cause

aberrant splice variants in the HBA2 and HBA1 genes (3).

In a recent publication, we confirm the presence of long

(HBA2L, HBA1L) and short (HBA2S, HBA1S) isoforms for

both the HBA2 and HBA1 genes with varying transcription

levels in healthy individuals (4).

In this study, we present descriptive and experimental

analyses of a novel exonic point mutation on the HBA2 gene

(HBA2: c.94A>G) identified in a heterozygous Hb E patient,

resulting in a mild phenotypic effect. The HBA2: c.94A>G

mutation is located in the conserved motif site of the first

exon-intron junction where the splicing process depends on

recognition of this motif. It is well known that the functional

consequences of such mutations include alteration in the

splicing patterns by complete or partial exon skipping, intron
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retention and use of cryptic splice sites within an exon or

intron (5). Our aim was to investigate the impact of the HBA2:

c.94A>G point mutation on the HBA2L isoform and HBA2S

isoform transcription using an in vitro model system (6)

previously designed by us.

Materials and methods

Patient and hematological data

The proband is a 26-year-old female of Caucasian origin who

was investigated for moderate microcytosis and hypochromia

associated with a slight painful splenomegaly. Initial analysis

included a complete blood count (CBC), hemoglobin (Hb)

separation and molecular investigation but the iron status

was not available at the time of investigation. Hemoglobin

separation was initially performed by cation exchange high

performance liquid chromatography (HPLC) using the

b-Thalassemia Short Program on a VARIANT II� device

(Bio-Rad Laboratories, Hercules, CA, USA). However, due to

the coelution of Hb E and Hb A2 when using the cation

exchange HPLC technique, quantification of Hb E and Hb A2

was performed by a capillary electrophoresis (CE) technique

using the Capillarys� device (Sebia, Norcross, GA, USA).

Molecular investigation involved screening for the common

HBA2 and HBA1 deletions using multiplex gap-polymerase

chain reaction (gap-PCR) (7) and direct DNA sequencing

of the HBA2 and HBA1 genes.

Splice variant prediction

To predict the existence of potential transcript splice variants

caused by the HBA2: c.94A>G mutation, we analyzed both

wild type and the mutant sequences in the form of short and

long isoforms (HBA2L-WT: cDNA¼ 864 bp; HBA2S-WT:

cDNA¼ 835 bp) (4) and their mutant counterparts HBA2L:

c.94 A>G and HBA2S: c.94A>G using the NetGene2 soft-

ware (www.cbs.dtu.dk/services/NetGene2) (8). These iso-

forms have been previously described by our laboratory and

characterized to show that the short isoform (transcription

initiated at position c.-37 in relation to the translation

initiation codon) is the predominant form, whereas the long

isoform (transcription initiation at position c.-66 in relation to

the translation initiation codon) is expressed at a significantly

lower rate. For the ‘in silico’ translation of the nt sequence of

the spliced mRNA, the ExPASy proteomics server (9) was

used to identify the amino acid sequence of the generated

protein.

Generation of mutant HBA2: c.94A>G expression
vector and transfection

To study the effect of this mutation on the splicing process

in vitro, an expression vector carrying the HBA2: c.94A>G

mutation was generated using our previously constructed

HBA2-WT vector (10), a specifically designed forward primer

(50-CGG AGG CCC TGG AGG GGT GAG GCT CCC TC-30)
and the QuikChange� Multi Site-Directed Mutagenesis

protocol (Stratagene-Agilent Technologies, Forest Hill,

Victoria, Australia). The generated HBA2: c.94A>G and

HBA2-WT expression vectors were transfected into human

bladder carcinoma (5637) cells according to the protocol

previously described (10). Following 16 hours of incubation,

the transfection medium was replaced with fresh D-MEM

medium containing 5.0% fetal bovine serum (FBS) and 1.0%

penicillin-streptomycin. On day 2 post transfection, cells

were harvested with 800 mL Qiazol reagent (Qiagen Pty Ltd,

Doncaster, Victoria, Australia) for subsequent total RNA

purification and transcription analysis.

Transcription analysis

Complementary DNA (cDNA) syntheses were performed

using the total RNAs extracted from the transfected cells

according to the previously described protocol (10). The

conventional non quantitative reverse transcription-polymer-

ase chain reaction (RT-PCR) analysis for detection of normal

or aberrant transcripts were performed using the following

isoform specific forward primers (50-ATA AAC CCT GGC

GCG CTC G-30) (HBA2L-specific), (50-CTC TTC TGG TCC

CCA CAG ACT CA-30) (HBA2S-specific) and a common

reverse primer for both isoforms (50-TCG TCG TTT CAC

AGA AGC C-30). In addition, we included in every run two

control genes, namely plasmid ampicillin as transfection

efficiency control (forward primer 50-TCG TCG TTT GGT

ATG GCT TCA TTC-30, reverse primer 50-GGA GGA CCG

AAG GAG CTA ACC-30) and 28S ribosomal RNA (28S) as

cellular RNA integrity control (forward primer 50-ATG GTA

ATC CTG CTC AGT ACG AGA G-30, reverse primer 50-
CGG CTA TCC GAG GCC AAC C-30). The PCR amplicons

were then purified and sequenced.

Results

All clinical data including hematological, biochemical and

molecular parameters, are listed in Table 1. The proband

presented with a painful splenomegaly and the hematological

picture revealed significant microcytosis and hypochromia.

Screening for hemoglobinopathies confirmed a pattern con-

sistent with heterozygous Hb E estimated at 18.2% by CE and

subsequent direct Sanger sequencing confirmed the Hb E

mutation. The gap-PCR assay did not detect any form of

deletion but the direct sequencing of the HBA2 revealed

a heterozygous transition of adenine! guanine at codon

31 (AGG>GGG) resulting in a substitution of arginine

for glycine (HBA2: c.94 A>G) (Figure 1) while the HBA1

sequence was normal.

Table 1. Biological Data of the Proband.

Parameters Proband Normal Ranges

Sex-age F-26
Hb (g/dL) 14.1 11.5–16.0
RBC (1012/L) 5.61 3.8–5.8
MCV (fL) 73.0 80.0–100.0
MCH (pg) 25.1 28.0–32.0
Hb A2 (%)a 4.3
Hb E (%)a 18.2
Hb F (%)a 1.3 51.0
HBA2 sequencing HBA2: c.94A>G
HBA1 sequencing normal
a Genotypeb aTa/aa
b Genotype bE/bA

aMeasured with the Capillarys� device (Sebia).
bNo HBA2 or HBA1 deletion was detected by gap-PCR.

2 T. Qadah et al. Hemoglobin, Early Online: 1–6
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The splice variant analysis of the HBA2S-WT (835 bp)

isoform showed two known authentic donor splice sites at

positions 95 and 417 from the translation initiation site with

high confidence scores of 95.0 and 93.0%, respectively,

and two cryptic splice sites at positions 46 and 76 with

none to mid confidence scores of 0.0 and 55.0%, respectively

(Table 2A). The splice variant analysis of the mutant HBA2S:

c.94A>G showed a lower confidence score of 82.0% for the

authentic donor splice site at position 95 as well as a third and

additional cryptic splice site at position 71 with a low

confidence score of 24.0% (Table 2B). In contrast, the results

were surprisingly different when the HBA2L-WT (864 bp)

isoform and its mutant counterpart, HBA2L: c.94A>G, were

used as the prediction templates. The results showed high

confidence scores of 82.0 and 83.0%, respectively, for

the cryptic splice site at position 46, which turned out to be

the activated cryptic splice located 49 nts upstream of the end

of exon 1 (Table 2C and 2D).

The experimental analysis of the total RNA isolated from

cells transfected with the HBA2-WT gene construct, showed

the anticipated 473 and 444 bp long amplicons for HBA2L-

WT and HBA2S-WT, respectively. Conversely, the parallel

run RT-PCR analysis of the total RNA isolated from cells

transfected with the mutant HBA2: c.94A>G gene construct

showed amplicons of 424 bp for HBA2L: c.94A>G and

395 bp for HBA2S: c.94A>G, indicating abnormally spliced

transcripts (Figure 2). The sequencing results of the generated

RT-PCR amplicons (Figure 3) revealed the removal of 49

bases from the first exon of the mutant cDNA, confirming the

in silico prediction results. The consequence of this aberrant

splicing includes a frameshift in the reading frame of the

aberrantly spliced mRNA and formation of a premature

Table 2. Splice Prediction Using Short and Long Isoforms.

Donor Splice Sites at the Exon–Intron Junction

Position From Translation Initiation Site 50—Exon–Intron—30 Confidence Score (%) Splice Site Status

A. Prediction Using the HBA2S-WT Isoform (835 bp).
46 GCC GCC TGG G–GTA AGG TCG G 0.0 cryptic
76 GGC GAG TAT G–GTG CGG AGG C 55.0 cryptic
95 CCT GGA GAG–TGA GGC TCC 95.0 (high) authentic active
417 AAC TTC AAG–GTG AGC GGC 93.0 (high) authentic active

B. Prediction Using the Mutant HBA2S: c.94A>G Isoform (835 bp).
46 GCC GCC TGG G–GTA AGG TCG G 0.0 cryptic
71 ACG CTG GCG A–GTATGG TGC G 24.0 cryptic
76 GCG GAG TAT G–GTG CGG AGG C 55.0 cryptic
95 CCC TGG AGG G–TGA GGC TCC 82.0 authentic
417 CAA CTT CAA G–GTG AGC GGC 93.0 (high) authentic active

C. Prediction Using the HBA2L isoform (864 bp).
46 GCC GCC TGG G–GTA AGG TCG G 82.0 cryptic
76 GGC GAG TAT G–GTG CGG AGG C 55.0 cryptic
95 CCT GGA GAG–TGA GGC TCC 95.0 (high) authentic
417 AAC TTC AAG–GTG AGC GGC 93.0 (high) authentic active

D. Prediction Using the Mutant HBA2L: c.94A>G Isoform (864 bp).
46 GCC GCC TGG G–GTA AGG TCG G 83.0 cryptic activated
76 GGC GAG TAT G–GTG CGG AGG C 55.0 cryptic
95 CCT GGA AGG G–TGA GGC TCC 82.0 authentic deactivated
417 AAC TTC AAG G–GTG AGC GGC 93.0 (high) authentic active

Figure 1. Direct DNA sequencing of the proband’s HBA2 gene revealed a heterozygous A>G base conversion causing a substitution of arginine for
glycine (AGG>GGG) at codon 31.
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termination codon (PTC). To translate the aberrantly spliced

mRNA and identify the site of the PTC formation, the

ExPASy translating tool was used and an active PTC was

identified between codons 48 and 49 in exon 2 (Figure 4B).

Discussion

We characterized a novel exonic point mutation affecting the

splicing process of the HBA2 gene in a patient heterozygous

for Hb E. The presence of a-thal was anticipated due to the

reduced level of Hb E seen on CE, and confirmed by direct

sequencing of the HBA2 gene. The aim of this study was to

describe the molecular pathology of the HBA2: c.94A>G

point mutation and analyze its effect on HBA2 splicing and

expression levels. Aberrant splicing is a molecular mecha-

nism that results from mutations affecting the splicing

regulatory signals located at the exon-intron boundaries.

These mutations may involve the þ1/þ2 or –1/–2 position

where [þ] indicates the intronic site and [–] indicates the

exonic site of the exon/intron boundaries. Mutations identified

in these sites cause a disruption in the interaction between

the spliceosome and the splicing recognition signals (11).

Three major recognition elements are required for accurate

RNA splicing: the donor splice site that identifies the 50 exon

intron junction, the acceptor splice site that identifies the 30

intron exon junction and the branch site located

at 30 to 50 bases upstream of the end of the intron (12,13).

The HBA2: c.94A>G mutation was identified in the first exon

at the penultimate nt (–2 position) of the exon/intron junction

causing a disruption in the donor splice site signal. Therefore,

the likelihood of an aberrant splicing process generated from

this mutation was highly anticipated.

In silico analysis for splice site predictions use algorithms

that predict the impact of nt variations on the splicing process,

resulting in various confidence scores with certain degrees

of reliability and accuracy (14). These types of in silico

predictions become less reliable when analyzing complex

genes with multiple isoforms, such as the HBA2 and HBA1

genes. Interestingly, we found that the confidence scores

generated by the splice site prediction software were signifi-

cantly different for the short and long isoforms for either

the wild type or the mutant sequences. For instance, as

demonstrated in Table 2, with the HBA2S-WT (835 bp)

isoform and its mutant counterpart HBA2S: c.94A>G, the

cryptic splice site located at position 46 from the translation

initiation codon received a 0.0% confidence score compared

to an 82.0% confidence score predicted when using the

HBA2L-WT (869 bp) isoform. This particular cryptic splice

site has been proven experimentally (15) to be the real donor

cryptic splice site of the first intron when the authentic donor

site has been compromised. This in turn demonstrates the

importance of using the sequence of the HBA2L-WT (864 bp)

isoform when analyzing aberrant splice site mutations in order

to avoid overlooking any potential cryptic splice sites when

Figure 3. Sequence of RT-PCR products generated from the HBA2L-WT, HBA2L: c.94A>G, HBA2S-WT and HBA2S: c.94A>G transcripts.
The amplicons generated from the mutant constructs confirmed the removal of 49 bases upstream of the first exon-intron boundary and the utilization
of a donor cryptic splice site within the first exon causing aberrant splicing.

Figure 2. Reverse transcription-PCR analysis of the total RNA isolated from cells transfected with the HBA2-WT gene construct showing the
anticipated 473 and 444 bp long amplicons for HBA2L-WT and HBA2S-WT, respectively. Conversely, the parallel run RT-PCR analysis of the total
RNA, isolated from cells transfected with the mutant HBA2: c.94A>G gene construct, showed amplicons of 424 bp for HBA2L: c.94A>G and 395 bp
for HBA2S: c.94A>G, indicating abnormally spliced transcripts. M is a molecular size marker of 100 bp. Ribosomal 28S (184 bp) and plasmid
ampicillin (104 bp) were run in the amplification reaction to act as loading and transfection controls.
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performing in silico predictions. Furthermore, it pinpoints the

importance of experimental investigation to identify the exact

position of the cryptic splice site when aberrant splicing is

anticipated.

The in vitro analysis confirmed the utilization of a new

donor cryptic splice site identified at 49 bases upstream of the

end of the first exon resulting in an aberrant splice variant.

The molecular and cellular effects of aberrant splicing

have been described previously (10,16–18). A recent study

performed by our group (15), described a transversion

mutation of adenine to cytosine at the same position affecting

the HBA2 gene (HBA2: c.94A>C). The study revealed the

utilization of the same cryptic splice site and we concluded

that a frameshift in the reading frame of the mature mRNA

was produced leading to the formation of a PTC between

codons 48 and 49 in exon 2. The aberrant mRNA transcripts

generated from this mutation is most likely degraded by

the nonsense mediated decay (NMD) surveillance system,

causing the phenotype of a-thal.

For this reason, the slightly painful splenomegaly presented

by the proband remains unexplained. A partial translation of

the mutated mRNA into a truncated unstable a chain that may

have a dominant negative effect (extra-vascular hemolysis)

could theoretically be considered. But, since the very similar

HBA2: c.94A>C mutation described by Qadah et al. (15) is

associated with a very mild hematological phenotype, this

hypothesis is very unlikely. Thus, the associated splenomeg-

aly had probably another etiology unrelated to the globin

genes. Unfortunately, after this initial clinical observation,

the proband has not come back to our hospital and we do

not know if the splenomegaly was still present a few months

later.

To complete this study, two additional experiments could

be envisaged, provided that fresh blood samples could be

obtained: (i) confirmation of the degradation of the aberrant

mRNA by NMD by using siRNA targets to Upf1 (19),

(ii) determination of the a/b mRNA ratio in erythrocytes (20),

even if the presence of the b-thalassemic Hb E mutation

would greatly complexify its interpretation.

In conclusion, the present study provides a molecular

characterization of a novel exonic point mutation, identified

in the splice site junction and resulting in an aberrant splice

variant. This mutation adds to the current list of aberrant

splice variants and emphasizes the importance of experimen-

tal analysis when investigating the phenotype/genotype

correlation in complicated disorders such as thalassemias.

Figure 4. A schematic representation of the
splicing process occurring at the nuclear
compartment for HBA2L-WT, HBA2S-WT,
HBA2L: c.94A>G and HBA2S: c.94A>G.
(A) Splicing of the HBA2L-WT and HBA2S-
WT generated mRNA transcripts with full
open reading frames. Transportation of the
correctly spliced mRNA transcripts into the
cytoplasm results in full length translation
and synthesis of complete a chain proteins.
(B) Splicing of HBA2L: c.94A>G and
HBA2S: c.94A>G generated cryptic donor
splice sites at 49 nts upstream of the exon
1/intron 1 junction resulting in frameshifts in
the reading frames of both isoforms with PTC
formation at codons 48/49 of exon 2. After
transportation into the cytoplasm, the pres-
ence of aberrantly spliced mRNA transcripts
activated the NMD surveillance system
resulting in the degradation of these tran-
scripts during the first round of translation.
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