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Abstract of thesis

B-thalassemia is one of the most common single gks@ders that results
from reduced or non-production ffglobin chains. Most of thf-thalassemias are
caused by frameshift or nonsense mutations witier4globin gene or its immediate
flanking sequences, which produce premature tetinimecodons (PTCs). |-
thalassemia, nonsense mediated decay (NMD) offertegiion from the potentially
deleterious effects of PTCs, which will result retsynthesis of truncated proteins.
Hence, the relationship between NMD with the lamanf PTCs irp-thalassemia was
studied by analyzing the gene expression levelsodbn 41/42 mutations (-TTCT)
(located at exon 2), codon 121 mutations{G (located at exon 3) and IVS 2-654
mutations (G-T) (located at intron 2). Steady state gene egpmasstudy in HelLa
cells showed to comply with the 50-55 nucleotideurtary rule of NMD. The
observation was confirmed by using a transcripliguédse-chase strategy, HelLa Tet-
Off system. Gene expression study in MEL (mousghesleukemia) cells showed
similar results except for IVS 2-654 mutation, wélgr a relatively low gene
expression level was observed. This interestimgeotation suggests that the 50-55
nucleotide boundary rule does not apply to IVS 2-86d we postulated that the extra
73 nucleotides intronic sequences in IVS 2-654 miuteanscript is able to trigger
NMD and subsequently contributed to the recessiveritance phenotype of the

mutation.



Summary

B-thalassemia is one of the most common monogedétarders in human,
characterized by the reduced or non-productioprgiobin chains. To date, there are
almost 200 mutations that have been identified modt homozygotes suffer from a
severe syndrome and require regular blood trarmsigsio survive. These mutations
normally result in aberrant transcripts with preanattermination codons (PTCs)
which will lead to the synthesis of truncated pmte Hence, there is a post-
transcriptional mechanism to control the qualitynoRNA function by selectively
degrading mRNAs that prematurely terminate tramsiatiue to the harboring of
PTCs. A general rule has been postulated fordaastification of PTCs that triggers
nonsense mediated decay (NMD) in transcripts: i€®are located more than 50-55
nucleotides upstream of the 3’ most exon-exon joncthe mMRNA will be subjected
to NMD, however, PTCs located downstream of thgiare will not be targeted for

NMD.

In this study, the relationship between NMD and tbcation of PTCs ifs-
thalassemia was studied by looking at gene exmnes$svel of codon 41/42 mutations
(-TTCT) (located at exon 2), codon 121 mutations«§3 (located at exon 3) and
IVS 2-654 mutations (located at intron 2)+T). Steady state gene expression levels
of these three mutations in HelLa cells, a non-eoythcell lines, has shown to
comply with the 50-55 nucleotides boundary ruld.CRat codon 60/61 for the codon
41/42 mutation was observed to trigger NMD and aged about 50% of wild type’s
gene expression level. Both codon 121 and IVS 2+68&tations that created a PTC
at codon 121 managed to escape from NMD and hemgmaged a high gene

expression level, which are about 100-110% of wide expression levels. This

vi



steady state gene expression levels in HeLa celte wonfirmed by using HelLa Tet-

Off system, a transcriptional pulse-chase strategy.

In addition, mouse erythroleukemia cells (MEL)d¢acell lines, carrying
either the wild type of mutant hum@rglobin genes were developed in order to study
the actual gene expression level of the three moutin the erythroid environment.
Erythroid differentiation was induced in these &tatell lines with the addition of
DMSO to replicate thén vivo matured erythroblast stage. As expected, codof241/
mutation was subjected to NMD and averaged only b %ild type expression level.
For codon 121, although this mutation averagedgaty} lower gene expression level
than expected, a substantial amount of mutant drgots was still detected.
Interestingly, IVS 2-654 mutation averaged a re&ti low expression level, which
was only 15% of wild type transcript level. Thiading suggested that the 50-55
nucleotides boundary rule does not apply to IV$2-futation, which is located in
intron 2. Hence, we hypothesized that the extrad@eotides intronic sequence of
IVS 2-654 mutant transcript plays a crucial roleeliciting NMD and subsequently

contributes to the observed recessive inheritaheaqtype in patients.

Vii



List of Tables

Table 1. Primers sequences for sequencing HBB feagm 27
Table 2. HBB and EGFP primers for real time PCR 48
Table 3. Summarized results of HeLa steady state ggpression study 52

viii



List of Figures

Figure 1.a-globin gene cluster on chromosome 16 3
Figure 2 -globin gene cluster on chromosome 11 5
Figure 3. Globin gene switching at different tinr 7
Figure 4. Codon 121 mutation (premature terminatiation at codon 121) 14
Figure 5. IVS 2-654 mutation (premature terminaodon at codon 121) 15
Figure 6. The NMD mechanism 19
Figure 7. Codon 41/42 mutation 20
Figure 8. Location of PTCs that contribute to doeninant and recessive phenotypes
21
Figure 9. 50-55 nucleotide boundary rule of NMD 22
Figure 10. pBluescript-HBB plasmid (pBS-HBB) 25
Figure 11. Cloning strategy for pHBB-EGFP 31
Figure 12. pHBB-EGFP plasmid 32
Figure 13. Cloning strategy for pTRE-HBB 36
Figure 14. pTRE-HBB plasmid 37
Figure 15HelLa steady state gene expression level 52

Figure 16. Summarized gene expression level faf tyipbe, codon 41/42, codon 121

and IVS 2- 654 in HeLa Tet-Off system 55

Figure 17. mRNA decay rate for wild type, codon42l/codon 121 and IVS 2-654
56

Figure 18a. MEL stable cell lines (Without and W2#% DMSO)- Norm and codon
41/42 S7

Figure 18b. MEL stable cell lines (Without and W% DMSO)- codon 121 and IVS
2-654 58

Figure 19. Gene expression level of MEL stable deles (before and after
differentiation) 60

Figure 20. Difference in between codon 121 and 24554 mutation 68



1.0 Introduction

1.1 Hemoglobin

Hemoglobin is an iron-carrying protein that canfband in red blood cells
(RBC). The main function of hemoglobin is todioxygen and transport them from
the lungs to all body tissues, and followed by sporting carbon dioxide from body
tissues back to the lungs. Hemoglobin has fougerybinding sites and each of the
sites is formed by a polypeptide chain (globin) anprosthetic group (heme). This

specific structure hence forms the functional teBamolecule of hemoglobin.

The globin chain of hemoglobin is made up of fpuotein chains that are
arranged in matching pairs. These chains can begadzed into two families,
namely the alpha globin and beta globin familidie alpha globin family comprises
of the alpha chainsyf and zeta chaing); As for the beta globin family, it includes
the beta chaing], A-gamma chains (f, G-gamma chains (3, delta chainsd) and
epsilon chainsg). Thep-gene cluster was found to be located on chromosidnand
the a-gene cluster on chromosome 16 (Deisseroth, Veleal.e1976; Deisseroth,
Nienhuis et al. 1977; Deisseroth, Nienhuis et 8r8). Further studies using in situ
hybridization and gene mapping have plafegene cluster distal to band p14 on the
short arm of chromosome 11 (Gusella, Varsanyi-Bneet al. 1979; Jeffreys, Craig et
al. 1979; Lebo, Carrano et al. 1979; Sanders-Haglderson et al. 1980) and the
gene cluster was shown to be specifically locatedband 16p13.3 at the tip of

chromosome 16 (Koeffler, Sparkes et al. 1981; Nishdonasson et al. 1987).



All these six different types of globin chains dmund in normal human
hemoglobin and expressed in a tissue- and develmaitnespecific fashion. The
different requirements of oxygen during embryoifétal and adult life give rise to the
synthesis of the different types of hemoglobins,ecdically at different
developmental stages (Higgs and Weatherall 20B8kically, the structure of normal
hemoglobins is formed by tetramers of two pairditierent globin chains. In normal
adults, HbA {.p,) is the major component in total hemoglobin, whadmprises of
97%, with HbA (020,2) being the minor component, comprising 2.5%. diu$ stage,
HbF (o2y2) is widely present and there are three embryomimdyglobins in the
embryo before the eighth week, the Hb Gowel»4), Hb Gower 2 ¢.¢2) and the Hb

Portland {2y2).

During development, the embryonic to fetal globwmvitshing will occur
around the start of the"Sweek of gestation. The hematopoiesis process takk
place at yolk sac islands and subsequently switdéatal liver. This fetal hemoglobin
production is continued up to shortly before birtfrom twentieth week of gestation,
hematopoiesis occurs in the spleen and the boneowacausing the fetal to adult
hemoglobin switch near the perinatal period, whénFHs replaced by Hbs A and A

over the first year of life (Weatherall and Cledip2).



1.2 a-globin gene

Humana-globin gene cluster is located at the telomenigme of the short arm
of chromosome 16 (16p13.3), which occupies a regioaround 70 kb (Weatherall
and Clegg 2001). The functionaiglobin genes are arranged in the specific order of
5" G-yli-yog-yag-az-01-0-3" (Figure 1) (Weatherall and Clegg 2001), surmbeoh by
widely expressed genes such as 3-methyladenine-@QNéosylase gene (MPG),
chromosome 16 open reading frame 35 (C160rf35) latithl unless nuclear cap-

binding complex (Luc7L) (Higgs and Weatherall 2Q09)

Figure 1. a-globin gene cluster on chromosome 16

a-globin genes (Chromosome 16)
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In the a-globin gene cluster, there are three functianéike genes present,
namely the, a, andas genes. As previously mentioned, thglobin gene is majorly
found in embryos, forming the Hb Gower &), Hb Gower 2 ¢.¢,) and the Hb
Portland {zy2). On the other hand, both theanda, genes are widely found in adult
genes and are highly homologous as both genesiodhtexons separated by two
segments of intervening sequences (introns). Thedfferences between the and
az genes are the sequence within the interveningesegu2 (IVS 2) and the 3’ non-
coding region. Interestingly, although these tvem&s encode identical proteins, the
ratio of gene expression betweento o, is approximately 3:1 throughout the whole

developmental stage (Weatherall, Stamatoyannopswbal. 2001).



In addition to the functionai-like genes, there are three pseudogenes known
as they(y, ya, andyay genes located on thegene cluster (Hardison, Sawada et al.
1986). These three pseudogenes are thought thebeelics of past revolutionary
changes within the globin gene cluster. Also ledabn thea-globin gene cluster is
the 6-globin gene that is situated at the 3’ end. Toweserved structure of this gene
and the fact that it contains no inactivating mota, suggested the possibility that it
might be a functional gene. However, no proteisa haen found to be encoded by
this gene thus far, which may be the reason whytteal role of thé® gene remains

unknown (Weatherall and Clegg 2001).

At the 5’ end of thei-gene cluster, upstream of thglobin mMRNA CAP site,
four highly conserved non-coding sequences, orispdties conserved sequences
(MCS) known as MCS R1-R4 were identified. These&seoved sequences are
thought to be involved in the regulation @lobin gene expression. Of these four
MCS, only MCS-R2 (also known as HS-40), locatedk#fOupstream of(-globin
MRNA cap site), has shown an essential effect-giobin gene expression (Higgs
and Weatherall 2009). This regulatory sequence lats termeda-MRE (major

regulatory element) (Ribeiro and Sonati 2008).

From the DNA sequence of theglobin gene cluster, the location of the
globin locus lies very close to the telomere of shert arm of chromosome 16. The
region is very G-C rich and contains many Alu famiépeats. The linked-globin
genes are located within two highly homologous s&gs) spanning about 4-kb long.
These regions are divided into homologous subsetgnfestmed X, Y and Z) by non-

homologous elements (I, Il and Ill) (Weatherall &idgg 2001).



1.3B-globin gene

Humanp-globin gene cluster is located on the short arnslsbmosome 11
(11p15.5). It includes the embryonieglobin gene, fetal globin gen&y and”y,
pseudogeneyB, and the aduld- and B-globin genes (Fritsch, Lawn et al. 1980).
These functional genes are specifically arrangetthénorder of 5-%y-"y-yp-5-p 3’
(Figure 2) and are expressed accordingly in theesander during development

(Stamatoyannopoulos et al. 1974).

Figure 2. B-globin gene cluster on chromosome 11

B-globin genes (Chromosome 11)

Similar to a-globin gene, thg-globin gene cluster also contain an upstream
regulatory element, located at the region befegtobin mRNA CAP site. This
regulatory element, termed locus control region R).Cis physically comprised of
five DNAse I-hypersensitive sites (HSs), spannibgu 15 kb. This LCR element is
found to be essential in regulating the expressioall the genes in the complex in

erythroid tissue (Weatherall and Clegg 2001).

The B-globin gene cluster contains microsatellite repedt(CA), (usually of
17 dinucleotides repeats) and also a stretch off (A1), repeat between theandp

gene. Moreover, numerous single nucleotide polypmiems (SNPs) have been



reported to be located on tReglobin gene cluster. Most of these SNPs are fdond
affect the cleavage sites for restriction endoragds, hence creating restriction

fragment length polymorphisms (RFLPs) (Weathenadl €legg 2001).

Basically, B-globin gene spans about 1600 bp and encodes 14 auids.
This stretch of 1.6 kb sequence is divided inte¢hexons, intervened by two introns
in between. These two introns are also termedtasvening sequences (IVSs). The
B-globin gene contains a promoter that includesettpesitive cis-acting elements:
TATA box, CCAAT box and duplicated CACCC motifs.ndse elements are located
at 28 to 105 bp upstream of the mRNA cap sitg-globin gene. In addition, there is
an enhancer that is found in intron 2 and 3’ of flglobin gene, which spans about

600-900 bp downstream of the poly (A) site (Thed98).

As previously mentioned, hemoglobin genes are esgad in a tissue- and
developmental-specific fashion. For fhglobin gene cluster, there are two switches
of gene expression of differefitglobin genes at different sites where hematopsiesi
occurs. During the first six weeks of gestatidrg ¢-globin gene is first expressed at
a time when the- and p-globin genes are silent. This expression takesepin
primitive, nucleated erythroid cells of the yolkcsaNhen the first switch takes place,
the ®- and“y-globin gene expressions are activated in the fitat. Upon the
activation of these-globin genes, the-globin gene will in turn be silenced. The
expression of botffy- and “y-globin genes will be ongoing until birth where the
second switch of gene expression occurs. Shoftlyr airth, expression of thg-

globin gene and, to a smaller extent, thglobin genes are activated in the bone



marrow and spleen. Similarly, once the afedflobin gene is activated, thyeglobin

genes are in turn silenced (Figure 3) (Harju, Ma&puet al. 2002).

Figure 3. Globin gene switching at different time point (Schier 2008).
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1.4 Thalassemia

Hemoglobinopathies are the most common human maombige diseases,
characterized by the presence of abnormal hemagiobihe blood. Approximately
7% of the world’s populations are carriers of difiet inherited disorders of
hemoglobin, with 60% of total and 70% pathologibaing in Africa. Generally,
hemoglobinopathy can be classified into three melgsses: (1) Structural variants in
hemoglobins when the mutation alters the amino aeguence of a globin chain,
changing the physical properties and producing theical abnormalities; (2)
Thalassemias arise when there is a reduction iratheunt of normal hemoglobins
that are being produced and; (3) a more diversaipgrof conditions which is
characterized by the synthesis of high levels d&lfdlemoglobin in adult life,

commonly known as hereditary persistence of fegsmhdglobin (HPFH) (Weatherall

2001).



Thalassemia was initially known as Cooley’s aneasat was first identified
by Thomas Cooley and Pear Lee in 1925 in four gocinildren with anemia and
splenomegaly, enlargement of the liver, discoloratf the skin and of the sclera and
no bile in the urine (Eleftherious 2003). Follogithat, many Cooley’s anemia cases
were reported and it was observed to be predominakitediterranean races. Thus,
this disorder was later named thalassemia, fromGhek word 6ciocca’, which
means “the sea”, by Whipple and Bradford in 1982¢iider to associate the disease

with the Mediterranean area (Weatherall and CldifijL»

After 1940, the genetic nature of thalassemia becalear and it has been
found that thalassemia occurs not only in the Medhinean region but also in the
Middle East, the Indian subcontinent and Southdes&. The similarity in the
distribution of thalassemia and the areas in whieltaria was endemic indicates that
the positive selection for maintaining the highgirency of thalassemia might be
malaria. It is also thought that the small genatiustment caused red blood cells to
prevent parasite to survive and multiply. Thudabsemia carriers were more likely
to be able to survive malaria as compared to healdividuals and this has
contributed to the increasing number of carriersrdlie years (Weatherall and Clegg

2001; Eleftherious 2003).

By the early 1970s, it became apparent that thee many forms of
thalassemias. All forms of thalassemia are charaetd by the absence or reduced
output of one or more of the globin gene chainshemoglobin, leading to the
imbalanced globin chain synthesis (Weatherall, &tagannopoulous et al. 2001).

This is the hallmark of all the thalassemia syndzenwhich subsequently causing the



ineffective erythropoiesis and short life of reddad cell. Depending on which globin
or globins are underproduced, thalassemia canrigefudivided broadly inta, j, v,
op andeydp varieties. Among the different varieties, and p-thalassemia are the

most common and clinically important types.

1.5p-thalassemia

It is estimated that at least 80 to 90 million deppvhich constitute about
1.5% of the world’s population are carriers [Bthalassemia. These carriers are
mainly distributed in regions previously endemicr fmalaria, including the
Mediterranean, Middle East, Africa, India, SouthieAsia and southern China.
Although a large number of differeftthalassemia mutations have been identified,
only a few common mutations and a varying numbeaod ones account for most of

the cases in those high frequency areas (Thein)1998

B-thalassemia is caused by mutations that leadetgdtuction or absence of
B-globin chain. Generally, there are two main aassfp-thalassemia, namely 8
thalassemia, where totally ri&globin chain is being produced from the affected
allele; as well as thg" or B** thalassemia, in which a reduction Bflobin chain is
being produced, in a severe or mild manner, resmdgt A quantifiable deficiency
of functionalB-globin chains will lead to an imbalanced globirachproduction and
this results in an excess @fglobin chains (Weatherall and Clegg 2001; Sci@?2).
Excessivea-globin chains will aggregate in red cell precussdiorming inclusion
bodies that cause an ineffective erythropoeisisll(Hiad Thein 1994). Previous
studies have shown that the severit$-ehalassemia is related to the degree of globin

chain imbalance (Weatherall 1998).



Generally, p° thalassemias are caused by mutations that abrbgaRNA
translation either at the initiation or extensiomapes of globin synthesis. These
mutations normally affect the initiation codon osplice junction site, resulting in a
nonsense codon or frameshift mutation. On therobi@ad, B* thalassemias are
caused by mutations affecting the transcriptiorm®NA processing (Thein 1998).
Currently, there are at least fourteen deletiofiscéihg thep-globin gene. Among
these rare deletions, only a 619 bp deletion inuglthe 3’ end of th@-globin gene
is common in the Sind and Punjabi populations friomlia and Pakistan and this
particular deletion accounts for 20% of fhthalassemia alleles in these populations

(Thein, Old et al. 1984; Varawalla, Old et al. 1R91

The clinical phenotypes di-thalassemias are found to be vastly diversified.
From symptomless to profound anemia which requiegslar blood transfusion, they
can be generally classified into three major groupalassemia major, thalassemia
intermedia and thalassemia trait. Firstly, the thsesious and fatal group, thalassemia
major, also termed Cooley’s anemia, describes arsdvansfusion-dependent anemia.
This type of thalassemia is normally present dutirgfirst year of life as the level of
Hb F starts to decline from its initial levels aftarth. When there is insufficient or
inadequate blood transfusion, affected childrenl Wwive symptoms of growth
retardation, pallor, icterus and characteristic letké changes by progressive
expansion of the bone marrow. This normally occwieen the affected child

inherited twoB-thalassemia genes in compound heterozygous or hajoos states.

10



On the other handi-thalassemia intermedia covers a wide range ofcelin
phenotypes from a condition slightly less sevenmmared to thalassemia major to a
symptomless disorder that is only ascertained byime examination of blood. It is
found that the genotypes fdi-thalassemia intermedia are very heterogenous,
resulting from the interactions of one or tfdhalassemia alleles and other genetic

variables (Thein 1998; Weatherall, Stamatoyannapeuét al. 2001).

Lastly, pB-thalassemia traits are characterized by a mildméaewith
hypochromic microcytic red blood cells, low MCV (e Corpuscular Volume) and
MCH (Mean Corpuscular Hemoglobin), increased lefdib A; (3.5% to 5.5%) and
slightly increased level of Hb F (less than 2%)oriNally, they are in heterozygous

state ofp’- or p*- thalassemias.

To date, almost 20(-thalassemia mutations have been characterized and
reported. In contrast ta-thalassemiasp-thalassemias are rarely caused by major
gene deletions and the majority pfthalassemias are caused by point mutations
within theB-globin genes. These point mutations result framgle base substitutions,
minor insertions or deletions of a few bases witlie gene or its adjacent flanking

sequences and they may affect any level of geneession.

11



1.5.1 Dominantly inherited p-thalassemia

Typically, heterozygotes are clinically asymptoroatind the inheritance of
two mutant alleles (as homozygotes) is requiredptoduce a clinical disease.
However, in some forms d¢f-thalassemia, the inheritance of a singfdthalassemia
allele, in the presence of a normal complemeng-gfobin gene, may result in a
clinically detectable phenotype (Thein 1999). Taimusual form of thalassemia is

termed the dominantly inheritgdthalassemia.

For heterozygoug-thalassemia, it normally features a thalassenemnmedia
phenotype with moderate anemia, splenomegaly amtidalassemic blood picture.
However, for the unusual dominantly inherited tkaktamia, dyserythropoiesis
associated with large intraerythroblastic inclusiare observed in addition to the
usual features of heterozygofisthalassemiaThein 1998; Weatherall and Clegg
2001). Also, unlike the more common recessiveheiited varieties, which lead to a
guantitative reduction in normglglobin chain, they result in the synthesis of high
unstablel chain variants. It is even noted in many casessdf chain variants are so
unstable, that they are not detectable and only mnmplicated from the DNA

sequence.

More than 30 dominantly inheritgtlthalassemia alleles have been described
(Thein, Hesketh et al. 1990; Thein 1999) and théatians causing this unusual form
of B-thalassemia include missense mutations, minotidat frameshifts resulting in
elongated variants and nonsense mutations resulting in &tadf chain variants. It
has been reported that most of the nonsense Mmaadissociated with dominapt

thalassemia are located in exon 3, whereas theritya@d the nonsense mutations

12



associated with recessipehalassemia are usually located in exons 1 arktb® and

Thein, 1994; Thein, 1999).

A very classic example of a mutation that leadsléminantly inherited3
thalassemia is substitution of G to T mutation adaen 121 (Cd121). The Gto T
mutation is the very first nonsense codon mutatioexon 3 that has been reported to
result in a premature termination of translatiorggfe 4). It has been shown that
minimal (0.05% to 0.1% of total) amounts of thentratedp globin chain were
identified in a patient with codon 121 mutation éhds, Steinberg et al. 1990) but in
another study, it was shown that substantial amotimutant mRNA (at least equal
to normalp mRNA), are present in the reticulocytes of pasemith Cd121 mutations,
(Hall and Thein 1994). By putting these two fingntogether, it is enough to show
that even with significant amount %121 mutant mRNA that is available for
translation, the hyperinstability of truncatgdglobin chains has resulted in the
minimal amount of truncatefl globin chains that are detectable. It is thertydated
that the highly unstablB-globin chain variants will not be able to form @fional
tetramers and hence will precipitate intracellylarith the excess-chains, forming

inclusion bodies and finally lead to increasedfimetive erythropoiesis (Thein, 1997).

13



Figure 4. Codon 121 mutation (premature termination codarodbn 121)
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1.5.2 Cryptic splice-site mutations in introns

During mRNA splicing, the intervening sequences §J\(also known as
introns), must be removed from the precursor mRioNpwed by the joining of
coding regions to provide a functional templatex the splicing process, invariant
dinucleotides of GT at the 5’ (donor) and AG at Biglacceptor) splice junctions
between exons and introns are the critical seqen@éth the regions flanking both
these invariant dinucleotides being well consergemhsensus sequences at exon and
intron boundaries can be easily recognized. Howeweatations occurring at these
sites create a new cryptic splice site and henadirlg to a reduction or complete

inactivation of normal splicing.

To date, thregd-thalassemia alleles having substitutions withitervening
sequence (IVS) 2 dgi-globin gene that generate new donor sites have tegmrted

(Orkin et al. 1982; Dobkin et al. 1983; Cheng et #84). Among these three

14



mutations, an interesting C to T mutation is présernhe IVS 2, position 654 that is
termed the IVS 2-654 mutation. This mutation isnomonly found in the Asia
population as a cause of recesgvthalassemia (Chan, Chan et al. 1987). As a
result of C to T substitution, this mutation creagecryptic 5’ donor splice site, which
is spliced to the normal 3’ acceptor site, whilergptic 3’ acceptor site is activated
upstream at IVS 2-579 and spliced to the normaldsior site at the exon 2/intron 2
junction. Due to this cryptic splicing, an extr& hucleotides of intron 2 is
incorporated into the aberrantly spliced mRNA taim (Figure 5) resulting in a

frameshift and premature termination at codon 1, Hall et al. 1998).

Figure 5. IVS 2-654 mutation (premature termination codonaton 121)
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Although most of the heterozygotes for IVS 2-654tation give rise to a
recessive phenotype, several cases with an unysasiére phenotype have also been
reported (Naritomi, Nakashima et al. 1990} father and a son, despite inheriting
only a single copy of mutant allele, were found n@nifest the phenotype of
thalassemia intermedia. The ratio of aberranotonal 3-globin transcript was found
to be 10 fold as compared to the asymptomatic beygotes for the same IVS 2-654
mutation (Ho, Hall et al. 1998). It was suggedteat the severe phenotype might be
caused by the accumulation of the aberrantly spliceRNA, which presumably
translates into a highly unstabfeglobin chain variant. Interestingly, no abnormal
protein was detectable in vivo in the study. Theseilts implied that the more severe
phenotype of IVS 2-654 maybe due to a second defestsibly unlinked to th-
globin cluster that acts at the translational ostganslational level. (Ho, Hall et al.

1998)

1.6 Nonsense mediated decay (NMD)

Eukaryotic gene expression comprises a multistafhvay that is inter-
connected; in which mRNA is the critical componentThese steps include
transcription, 5’ cap formation, mRNA splicing, patienylation, mMRNA export from
nuclear pore to cytoplasm, mRNA translation andmately, mMRNA degradation
(Orphanides and Reinberg 2002). In order to enanrefficient gene expression,
cellular RNA are generally subjected to quality ttohor surveillance pathways that
target premature termination (nonsense) codons RDithaano and Ullman 2004).
One of the best characterized surveillance mechenis the nonsense mediated

MRNA decay (NMD).
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NMD is a post-transcriptional mechanism to contiteé quality of mRNA
function by selectively degrading mRNAs that premelly terminate translation due
to the harboring of PTCs (Maquat and Carmichaell2Q®aquat 2002). This quality
control mechanism prevents the production of C-teaity truncated proteins that
may cause deleterious dominant negative or gafaraition effects (Frischmeyer and
Dietz 1999). It is estimated that one third ofanted genetic diseases and many
forms of cancers are due to PTCs, of which mosthein are target of NMD
(Holbrook, Neu-Yilik et al. 2004). This fact hasipted up the importance of NMD
as the cell surveillance mechanism. In additioth®PTC-containing mRNA, NMD
also targets on other abnormal transcripts whiehaaresult of routine errors, such as

alternative spliced mRNAs (Maquat 2002).

To date, the puzzle of how NMD recognizes PTC RNA transcript remains
to be explored. However, in mammalian cells, ebefore the identification of the
NMD molecular players, a general rule for the idergtion of PTCs that manage to
trigger NMD was postulated; if PTCs are located entihan 50-55 nucleotides
upstream of the 3’ most exon-exon junction, the MRMII be subjected to NMD,
whereas PTCs located downstream of this region mil be targeted (Li and
Wilkinson 1998; Nagy and Maquat 1998; Thermann, ¥éik et al. 1998). From
this finding, it is clear that PTC recognition ispndent on the definition of exon-
exon junctions, suggesting the role of MRNA sphidim NMD.

Besides that, NMD targets are recognized depenaiing post-splicing exon
junction complex (EJC) that is found deposited 20A2cleotides upstream of exon-

exon junction (Le Hir, Izaurralde et al. 2000; Le,H5atfield et al. 2001). During the
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pre-mRNA splicing, EJC will be formed and functidnsdirect mMRNA nuclear export
and recruit up-frameshift (UPF) proteins (UPF-1,RJE UPF-3 or UPF-3X) that are
required for NMD (Lykke-Andersen 2001; Schell, Kziloet al. 2002; Maquat 2004).

EJC also serves as the binding platform for NMDde(Le Hir, Gatfield et al. 2001).

In addition to that, later discoveries have fouhdtithe mammalian NMD is
also triggered during the pioneer round of tramshgtwhich is the first time that
MRNA passes through ribosome, with the mRNA id btiund to the nuclear cap-
binding complex, CBP20 and CBP80 (Maquat 2004; @hanam et al. 2007). After
EJC is formed, newly spliced mRNAs are exportedh® cytoplasm. Most of the
MRNAs undergo pioneer round of translation duridge tprocess of export.
Regardless of the location of pioneer round of dl@ion occurs, if a PTC resides
more than 50-55 nucleotides upstream of the lash-@xon junction (more than 20-
25 nucleotides upstream of an EJC), the UPF-1 comptoof SURF complex (SMG-
1, UPF-1, eRF-1 and eRF-30) will interact with UPFn EJC and trigger NMD
(Hosoda, Kim et al. 2005). NMD will then triggdret mMRNA decay from one or both
side of 5" and 3’ ends (Lejeune, Li et al. 2003f.PTCs are found to be situated less
than 50-55 nucleotides from the final exon-exorciiom, NMD will not be triggered.
The mRNA transcript will be channeled to the steatigte translation initiation
complex. The difference of steady state trangtainitiation complex with pioneer
translation initiation complex is the presence wkayotic translation factor (elF-4E)
rather than CBP-80 and CBP-20 complex at 5’ capreffFigure 6). When the first
round of translation occurs, ribosome removes EJ@ter mRNA ribonucleoprotein
(mRNP) complexes from along the entire coding nediti the termination codon

(Baker and Parker 2004).
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Figure 6. The NMD mechanism
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1.7 NMD in B-thalassemia

In humans, NMD was initially discovered in the dies of B°-thalassemia,
which is caused by PTCs (Maquat, Kinniburgh etl8B1; Kinniburgh, Maquat et al.
1982). Since then, the role of NMD as a modifiéthee phenotype generated by
nonsense mutations has become more evident (Freisgmand Dietz 1999). Among
the B-thalassemia mutations, the majority generates a@m® termination codons in
the first or second of the three exons firglobin gene, producing a recessive
phenotype, for example codon 41/42 mutation (Fig)reHence, individuals who are
heterozygous for these mutations are generally pgymatic and exhibit either absent
or low levels of mutanp-globin mMRNA (Baserga and Benz 1988). However, the
nonsense mutations that located in exon 3 (thee®sh) of thep-globin gene are
associated with dominantly inherit@ethalassemia and exhibit high levels of mutant
B-globin mRNA (Figure 8) (Thein, Hesketh et al. 1990rranslation of the mutant
transcript produces truncatgichains, which causes the dominantly inherifed

thalassemia via a dominant negative molecular nreshma

Figure 7. Codon 41/42 mutation
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Human B-globin transcripts with nonsense mutations in st exon are
resistant to NMD, a finding that is consistent withirrent knowledge of the
mechanism of NMD. In addition, most humgdglobin transcripts containing PTCs
more than 50 nucleotides upstream of last exon-@xaction are subjected to NMD
(Figure 9). Finer mapping shows that a boundaistexn exon 2 (Baserga and Benz
1988). However, it has been shown in erythroidsclat nonsense mutations in the
5" half of exon 1 are resistant to NMD, an exceptior the current model of NMD
(Romao, Inacio et al. 2000). Apart from the mutasi downstream of the 3’
boundary that are known to evade NMD, a few munatio the 5’ half of exon 1 have
also been shown to be resistant to NMD. Thesereaens suggest that the relative
position of PTC to the last exon-exon junction @ sufficient to induce NMD in

these cells.

Figure 8. Location of PTCs that contribute to the dominartd eecessive phenotypes
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Figure 9.50-55 nucleotide boundary rule of NMD
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1.8 Aim of study

Since NMD was discovered, it has remained as apbixle, waiting to be
solved. Though more and more studies have beesrteebon NMD, the actual
mechanism of NMD in recognizing PTCs is still négar. In this study, humafs
globin was used as the platform to study the NM2ma@ism. The main objective of
this study is to elucidate the relationship betwB®tD with the location of PTCs in
B-thalassemia. Though a general NMD rule, termed5té5 nucleotide boundary
rule has been postulated, there are still somepéioees that do not apply to the rule.
Hence, gene expression level of three mutationg-thfalassemia, codon 41/42 (-
TTCT), codon 121 (&>T) and IVS 2-654 (&>T) that located in exon 2 and exon 3
were analyzed. We hypothesized that IVS 2-654 toatains extra 73 nucleotide

intronic sequence is another exception of the 5atk3eotide boundary rule.
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2.0 Materials and Methods

2.1 Plasmid construction

In this study, two main constructs were used fonegexpression studies,
namely the pHBB-EGFP and pTRE-HBB (Tet-Off) plassii@enerally, both of these
constructs contain the gene of interest, a 3.4 kman B-globin gene fragment,
comprising of a 1.6 kif-globin gene, along with a 0.8 kb region of theabglobin
promoter and the 5° UTR region, as well as a 1 ddgrment of the 3' UTR region
which includes a downstream enhancer. All plasmigse constructed using the
pBluescript (pBS) vector as the parental plasmiid.the main aim of this project is to
study the effect of NMD on three different betaléisgemia mutations in comparison
to the wild type humar-globin gene, mutant plasmids with the vari@aglobin
genes were constructed from the wild typglobin gene by utilizing the in vitro

mutagenesis method.

2.2 Generation of pBS-HBB mutant constructs

Three mutant constructs in either the pHBB-EGFRDRE-HBB plasmids
were used in this study, namely codon 41/42, cot®h and IVS 2-654 mutation
constructs. Codon 41/42 mutation contains a deletf 4 nucleotides (-TTCT)
(Figure 7) whereas codon 121 mutation consistsabfamge of one nucleotide from G
to T (Figure 4) and IVS 2-654 with a change of Gt¢Figure 5). Construction of the
codon 41/42 plasmids was performed by amplificatioih the pB-globin gene
containing this mutation from a patient’'s sampk@ar both codon 121 and IVS 2-654
plasmids, QuickChange Il XL site directed mutagené&s was used to create the

mutant constructs.
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2.2.1 QuickChange Il XL Site-Directed Mutagenesis

QuickChange Il XL site-directed mutagenesis kitdftgene, cat no. 200522)
is an in vitro mutagenesis kit that allows siteefie mutation in double-stranded
plasmids to generate constructs with desired naststior gene expression studies. In
this study, different mutant constructs were créaising plasmids containing the

wild type humarg-globin gene as the template plasmid.

For the mutant strand synthesis, two syntheticooligtleotides containing the
desired mutation, each complementary to oppogiéands of the vector were used to
generate mutant plasmids using the supercoiledldeaitanded DNA vector (pBS-
HBB) (Figure 10) as a template. These specifigarlucleotides werextended
during temperature cycling bpfuUltra™ HF DNA polymerase, without primer
displacement. The reaction was carried out innalfvolume of 50 pL, which
contained 5 pL of 10X reaction buffer, 10 ng of 88btemplate (pBS-HBB), 125 ng
of each mutagenesis primers, 1 uL of dNTP mix, 3gflQuickSolution, 1 pL of
PfuUltra HF DNA polymerase (2.5 U/pL) and doublstifled water. The thermal
cycling reaction was performed in a Biometra T3rthed cycler (Biometra, GmbH,
Germany), with initial enzyme activation at 95 ¥ 1 minute, followed by 18 cycles
of 95 °C for 50 seconds, 60 °C for 50 seconds &fC&or 6 minutes. Subsequently,
the reaction was incubated at 68°C for 7 minutedlowing the temperature cycling,

the reaction tube was placed on ice for 2 minuenol to< 37°C.
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Figure 10. pBluescript-HBB plasmid (pBS-HBB)
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Simultaneously, a control reaction was also inalufite each sample reaction.
The content of the control reaction was similarhwihe sample reaction, with the
exception that an optimized reaction with spediéimplate vector and primers were
used as a positive control for the mutagenesidicgacFor the control reaction, a 10

ng of pWhitescript 4.5-kb plasmid (5ng/pL) was usedthe template vector and for

the control primers, a pair of 34-mer primers pded with the kit, were used.

addition to that, the cycling parameters were sygtlifferent compared to the sample

reaction. The extension time for the control resictvas set at 68°C for 5 minutes

and the cycling was carried out for only 12 cycles.
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Next, to digest away the parental supercoiled DNAtor and leaving only the
newly synthesized vectors with mutations of interdsoth sample and control
reactions were digested with tibgpn | enzyme. Dpn | specifically recognizes and
digests methylated and hemimethylated DNA. Theegfdo remove methylated
template vectors, 1 pL of tHepn I restriction enzyme (10U/uL) was added directly
into the reaction tube and mixed gently by pipettthe solution up and down for
several times. Following that, the reaction miggiwere then spun down for 1

minute and then incubated immediately at 37 °C foour.

After the Dpn | digestion step, the mutant construct was transéa into the
XL10-Gold Ultracompetent Cells which were thawednttye on ice before
transformation. For each control and sample reacta total of 45 pL of the
ultracompetent cells was aliquoted to a pre-chill&dmL falcon round bottom tube.
After that, 2 uL of3-ME (B-mercaptoethanol) mix provided with the kit was edido
the ultracompetent cells. The transformation lieacivas then swirled gently to mix
and incubated on ice for 30 minutes. Subsequehiyreaction tube was heat-pulsed
at 42 °C for 30 seconds and incubated on ice dgaianother 2 minutes. After the
heat-shock step, a total of 0.5 mL of preheated®®@2NZY" broth was added to each
tube. The reaction tubes were then incubated &3@r 1 hour with shaking at 225 -

250 rpm.

Following that, the samples and control transforomatreactions were then
plated on LB-ampicillin agar plates and incubate@&°C for at least 16 hours. A
total of 5 single colonies were picked from eackt@lsing sterile small micropipetter

tips and transferred into different 0.2 mL tubebjch contain 10 uL of LB medium
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(19% Tryptone, 0.5% Yeast extract, 1% NaCl, pH 7 Alter that, these LB media that
contain bacteria were used to inoculate 5 mL of hBdium with ampicillin (100
pg/mL) in a 15 mL Falcon tube. The tubes were shakt 225 rpm at 37 °C for

overnight.

Plasmids (pBS-HBB) that contain HBB mutations wéren isolated from
bacteria culture by using the Wizard Plus MiniprdpBlA purification system
(Promega, cat No. A7510). The concentrations amids were determined by a
spectrophotometer.  After obtaining the requiredtanu plasmids, sequencing
reactions were carried out in order to confirm dmerect mutant sequences in the
pBS-HBB plasmid. The sequencing reaction was earout in a total volume of 20
uL reaction, containing 4 pL of BigDye Terminatoed®ly Reaction mix (Applied
Biosystems, cat No. 4390242), 3.2 pmol of one pricued a total of 300 ng of
plasmid DNA. A combination of 8 primers were usedthe different sequencing
reactions in order to make sure the full sequerfchuman -globin gene can be

checked. (Table 1)

Table 1.Primers sequences for sequencing HBB fragment

Name Sequence 5’to 3’ Nucleotides ID| Region | Length
in HUMHBB

61782-R GTG GAAGAG CTT TGT CTACC 61782-61763 5TR 20
62010-F ACG GCT GTC ATC ACT TAG AC 62010-62029, 5TR 20
Cd8/9-R GGG CAG TAA CGG CAG AC 62229-62213 Exonll 7 1
Cd41/42-F| CCT TGG ACC CAG AGG TT 62425-62441 Exon2 17
Inll654-F | TGATAATTT CTG GGT TAA GG 63265-63284 thon 2 20
63466-R AAG AGG TAT GAA CAT GAT TAG C| 63466-63445 Intron 2 22
64093-F TCT CTT GCT TAG AGA TAC CAC 64093-64113 3TR 21
64299-R CAG ATT CCG GGT CAC TGT G 64299-64281 IRT 19
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The sequencing reactions were performed in a Bi@mE€8 thermal cycler
(Biometra, GmbH Germany), with 25 cycles of incudnatat 96 °C for 30 seconds, 50
°C for 15 seconds and 60 °C for 4 minutes. Thersxbn products of sequencing
were then purified by using ethanol/sodium acetatecipitation method. The
purified DNA pellets were re-suspended in a totalld pL Hi-Di™™ Formamide
(Applied Biosystems, cat No. 4311320) and transtento a 96-well reaction plate.
The samples were denatured at 95 °C for 2 minutels aalyzed by automated
capillary electrophoresis on an ABI PRISM 3130 GeneéAnalyzer (Applied
Biosystems, USA). The rapid sequencing protocbictvonly requires a 40 minutes
electrophoresis through Performance-Optimized-Pelym(POP)-4"  (Applied

Biosystems), across a 36 cm long capillary, was.use

The sequences of mutafitglobin gene in pBS-HBB clone were aligned
against the GeneBank HBBHUM sequence using Vectdr 8uite 7 Software.
Clones with the correct sequence were selectechame:d as pBS-HBB codon 41/42,

pBS-HBB codon 121 and pBS-HBB IVS 2-654.

2.3 Generation of pHBB-EGFP constructs

As previously mentioned, pHBB-EGFP construct i oh the main plasmids
that were used in this study. To construct thasplid, pBS-HBB with wild type and
different mutations were used as the template pthsalong with a pMDR-EGFP
construct (MDR stands for multi drug resistance egetkindly provided by A/P
Caroline Lee) (Figure 11). In short, the humpuglobin gene from pBS-HBB

construct was digested out and then ligated with BGFP (enhanced green
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fluorescent protein) fragment, using pMDR-EGFP las backbone of the pHBB-
EGFP construct. The EGFP gene in the pHBB-EGFRtoart will serve as the

reporter gene to determine transfection efficiency.

From the pBS-HBB constructs (wild type or with mtidns) that were
generated, the fragment of 3.4-Riglobin gene was digested out, using restriction
enzymeNar | and Sac I, in a two separate digestion reactions. Thst fpart of
digestion was done in a total volume of 50 pL reactwith 3 pg of each pBS-HBB
plasmid DNA (wild type or with mutations) and 20itsnof Nar | enzyme (4U/uL,
New England Biolabs) in 1 x NE Buffer. The reantwas incubated at 37 °C for 5
hours. Each linearized product was then gel mdifind eluted with 30 uL TE buffer.
Following by that, the linearized pBS-HBB fragmewds digested for second time,
using 10 units ofac Il enzyme (10U/uL, MBI Fermentas), with 1 x Buff8f in a 50
ML reaction. After the incubation at 37 °C for &uts, the final digestion product
produced 3 fragments with different length: 3397 P916 bp and 57 bp, after the
digestion product was separated by gel electrogisre The 3397 fragment that
contained the humafi-globin gene was cut out from the gel and purifieging
GFX™ PCR DNA and gel band purification kit (Amershano&iiences, cat No. 27-

9602-01).

On the other hand, the digestion of pMDR-EGFP alas performed in two
different reactions. Firstly, 5 ug of pMDR-EGFPreveligested with 50 units &ac
Il restriction enzyme (10U/uL, MBI Fermentas) inx1Buffer B, of a total 50 pL
reaction volume. The digestion reaction was intedbafor 3 hours at 37 °C,

generating 4 fragments with different sizes: 5990 3480 bp, 2780 bp and 30 bp.
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The digestion product was separated using gel ref@ubresis and the 5990 bp
fragment that contained the MDR promoter, EGFP gam& Ampicillin resistance

gene was gel purified and eluted in 30 pL of TEfé&uf The 5990 bp fragment was
subsequently further digested by using 20 unitblaf | restriction enzyme (4U/uL,

New England Biolabs), with the addition of 1 x NEf&r 1, in a 50 pL reaction. The
digestion reaction was carried with the incubatfon 3 hours at 37 °C and the
digested product was separated by gel electropisoresfter the second digestion,
two fragments were generated: 4448 bp and 1542 Bphe 4448 bp fragement
containing EGFP gene and Ampicillin resistance gemas gel purified as described

previously.

From the digestions from pBS-HBB (wild type or inutation) and pMDR-
EGFP, purified fragments of humgaglobin gene (3397 bp) and EGFP (4448 bp)
were obtained. These two fragments were thenddyad form the pHBB-EGFP
construct (Figure 11). Subsequently, 20 ng of béB and EGFP fragments were
mixed in the ligation reaction, with the additioh 225 units of T4 Ligase (SU/uL,
MBI Fermentas) and 1 x ligation buffer. The ligatireaction was incubated at 22 °C

for 4 hours, followed by deactivation of T4 ligeste65 °C for 10 minutes.

30



Figure 11.Cloning strategy for pHBB-EGFP
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Figure 12.pHBB-EGFP plasmid
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The pHBB-EGFP plasmids (wild type or with mutadi¢Rigure 12) were then
transformed into the Subcloning efficientyDH5a™ competent cells (GibcoBRL
Life Techonologies, cat No. 182655-017), using titetocol that was described
previously. Five colonies from each plasmid weaoked and used to inoculate in a 5
mL LB medium with ampicillin (100 pg/mL). The meuan with bacteria were then
shaked for 14 hours at 37 °C. After the shakingBB-EGFP (wild type or with

mutation) was purified from the bacteria culture tsing Wizard Plus Minipreps
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DNA Purification System (Promega, cat No. A7510%ing the manufacturer’s
protocol. Subsequently, plasmids concentrationsrewealetermined using

spectrophotometer.

All the pHBB-EGFP (wild type or with mutation) @iaids were then checked
for the correct fragment size by using restricteorzyme digestion. Each digestion
reaction was carried out in a total of 20 pL reactvolume, with the addition of 20
units of EcoRI enzyme, 1 x buffer EcORand 1 pg of each plasmid DNA. The
digestion reaction was incubated for 3 hours at@.7 Digested products were then
separated by gel electrophoresis and the correxnmeinant plasmids that were
digested, resulted in two digested fragments: 4§9%and 3150 bp. For each correct
pHBB-EGFP (wild type or with mutation) construct,ariprep purification was
carried out by using QIAGEN EndoFr&ePlasmid Maxi purification kit, to prepare

for the transfection purpose.

2.3.1 Hel a steady state transient transfection
HelLa cells were maintained in Dulbecco’s modifieahle’s medium (DMEM)

(Gibco), supplemented with 10% Fetal Calf Serum §)-C Before seeding cells,
HeLa cells were checked under microscope to ernbreells are in good condition
for plating. After that, they were trypsinized Wwitlt mL of 1 x Trypsin and
resuspended in 8 mL of fresh medium. Cells werstad using hemocytometer and
seeded in a 6-well plate at a density of 5 X @élls per well. For each well, the
volume was topped up with 3 mL of DMEM media withdtCS. Cells were then

incubated for 24 hours at 37 °C.
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After 24 hours of incubation, the cells were chetlkunder microscope to
make sure that the cells have reached a conflueficgbout 90% suitable for
transfection. Following that, the LipofectamineOROreagent was prepared by
diluting 10 pL in 250 uL of DMEM without FCS for ela well. The reaction
mixtures were then left at room temperature for iButes. During the incubation
time, the plasmid DNAs were prepared by dilutinggtof pHBB-EGFP (wild type or
with mutation) in 250 pL of DMEM without FCS for e@awell. The diluted DNAs
were then combined with the diluted Lipofectamir@@ and mixed gently. The
reaction mixtures were incubated for 20 minutesgamim temperature. After the
incubation step, the complexes were added into eedthand the plates were mixed
gently by rocking them back and forth. One welbvett as negative control (without

transfection). The plates were incubated for 2drdat 37 °C in the CQOncubator.

The following day, transfected cells were checkedder fluorescent
microscope with FITC filter for transfection effesicy. Fluorescence signals were
observed in transfected cells and the transfectfiitiency for each well was
determined by comparing the number of transfectdild avith fluorescence signal to
the untransfected negative control cells withoutofescence. The transfection
efficiency was determined to be at least 50-60%teeproceeding to the harvesting
step. Cells were then harvested by adding the diRImd the lysates were kept in

—-86°C freezer prior to RNA extraction step.
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2.4 Generation of pTRE-HBB constructs

In the BD'™ Tet-Off gene expression kit, the pTREhyg constwas provided
as the response plasmid, which expresses the deim¢erest under control of the
tetracycline response element (TRE). In the canstin of pTRE-HBB expression
vector, the pTREhyg response vector was digestddrestriction enzymehlot | and
Sl |, to generate a fragment of 5306 bp. This fragnoemtained the TRE element
and the hygromycin resistance gene. The diges&aantion was carried out in a 60
L reaction with the addition of 1 x BuffefMTANGO™ |, and incubated at 37 °C for
3 hours. The digested fragment was then sepalatgdl electrophoresis to check for
the correct fragment. Subsequently, the desi@ghient was gel purified and eluted

in 30 puL of TE buffer (Figure 13).

On the other hand, pBS-HBB (Wild type or with miga) was also digested
with restriction enzymeslot | and Sal |, to generate a HBB fragment of 3473 bps.
The digestion condition was exactly the same withatwvas described above for
pTREhyg construct, as both were using the samdatst enzymes. Subsequently,
the fragment with the size of 3473 bp was gel-pedlifand eluted in a total of 30 pL

TE buffer.

From the digetions from pBS-HBB (wild type or withutation) and pTREhyg,
purified fragments of humag-globin gene (3473 bp) and TRE (5306 bp) were
obtained. These two fragments were then ligatefbrim the pTRE-HBB construct
(Figure 13). A total of 20 ng HBB and TRE fragnmentere mixed respectively in the

ligation reaction, with the addition of 2.5 unitsTat Ligase (5U/pL, MBI Fermentas)
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and 1 x ligation buffer.

followed by deactivation

Figure 13 Cloning strategy for pTRE2-HBB (Tet-Off)

The ligation reaction wiasubated at 22 °C for 4 hours,

of T4 ligase at 65 °C f@rminutes.
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Figure 14. pTRE-HBB plasmid
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pTRE-HBB (wild type or with mutation) (Figure 1d)as transformed into the
Subcloning efficienc}” DH5 o™ competent cells (GibcoBRL Life Techonologies,
cat No. 182655-017) as described previously indkesection. After determining the
correct plasmid, purification was carried out us@AGEN EndoFre8 Plasmid
Maxi purification kit, to prepare for the transfiect purpose. Purified plasmids were

then quantitated using spectrophotometer.
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2.4.1BD™ Tet-Off system

In Tet-Off system, gene expressions are turnedwben tetracycline or
doxycycline is removed from the culture medium. nete, this system enables gene
expression to be tightly regulated in responseatgiig concentrations of tetracycline
or doxycycline. The first critical component of tTeff system is the regulatory
protein which contains Tet-repressor (TetR) andPd & activation domain. Addition
of VP16 domain will convert the TetR from a trangtonal repressor to a
transcriptional activator and the resulting hylprdtein is known as the tetracycline-

controlled transactivator (tTA).

The second critical component is the response jdasvhich functions to
express the gene of interest (gene X) under comfalhe tetracycline-response
element (TRE). When cells contain both regulat(pyet-Off) and the response
(PTRE-geneX) vectors, the gene X will be expresgasuh the binding of tTA protein

to the TRE and activates transcription in the abseri doxycycline.

2.4.2 mRNA decay study using HeLa Tet-Off system

As mentioned in the Tet-Off system, the two caticomponents are the
regulatory protein (pTet-Off) and the response plds(pTRE-gene X). The gene of
interest in this study is the humghglobin gene, hence the response plasmid
constructed were named as pTRE-HBB (wild type dleomutation), as previously
described. As for the regulatory component, a HeeaOff cell line was purchased
from BD Biosciences Clontech in order to reducetthe needed for establishing a

Tet-Off cell line. HelLa Tet-Off cells are simil&w ordinary HelLa cells except that
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these cells can stably express tTA from the integrecopies of pTet-Off (the
regulator plasmid). Hela Tet-Off cells were cuddirusing Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco), supplemented witl#d 0f Tet Fetal Calf Serum
(Tet-FCS). This cell line was cultivated in an aiphere of 5% CgQat 37 °C and

routinely passaged by trypsinization.

Before seeding cells, HeLa Tet-Off cells were cleeckinder microscope to
ensure the cells are in good condition for platingsubsequently, they were
trypsinized with 1 mL of 1 x Trypsin and resuspemhde 8 mL of fresh medium.
Cells were counted using hemocytometer and seede@-well plate at a density of 5
x 10° cells per well. A 5-time-point experiment was igasd to study the mRNA
decay rate, hence for each pTRE-HBB (wild type whwutation), cells were seeded
in 5 wells and supplemented with fresh medium w@6. One well will serve as the
non transfected negative control. Subsequentyy ptates with cells were incubated

at 37°C for 24 hours.

Twenty-four hours after cell seeding, each welexpected to have reached
90% of cell confluency. The cells in the 6-welbfgs were checked again before
proceeding with transfection. Subsequently, Liptdmine 2000 was prepared by
diluting 10 pL in 250 pL of DMEM without FCS for elawell and incubated at room
temperature for 5 minutes. During the incubatiomet the plasmid DNA mix was
prepared. For each well of transfection react®p,g of pTRE-HBB and 1.5 ug of
pCMV-EGFP were prepared in 250 pL of DMEM withol@% The pCMV-EGFP
construct was co-transfected to serve as a comtroknsure equal transfection

efficiency and to show equal amplification effioignin the real time assays later.
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Following by that, the diluted DNAs and was combinevith the diluted
Lipofectamine 2000. The reaction mixtures wereedigently and incubated for 20
minutes at room temperature. After the incubatiba,mixtures were added into each
well and the plates were mixed gently by rockingnthback and forth. The plates
were incubated for 24 hours at 37 °C in the,G@ubator. Due to toxicity of
Lipofectamine, after 4-5 hours of incubation, céllsll the wells were washed by 1 x

PBS buffer and replaced with fresh medium, suppigatewith 10% Tet-FCS.

After 24 hours of incubation, the transfection @ffincy of the HelLa Tet-Off
cells was checked under fluorescence microscoge RiEC filter, by comparing the
transfected and untransfected wells. FollowingHat, cells were harvested from the
first well of 6-well plate, which was designated tbhour time point, without adding
Doxycycline. Cells were harvested by adding 1 milIRIzol directly into the well
and incubated for 5 to 10 minutes. During the imtigm time, 100 ng/mL of
Doxycycline was added into the remaining 5 wellgtoa plate and were incubated at
37 °C in CQ incubator. For the harvested cells, the lysate WRIzol was kept in a

2 mL tube and kept in -86 °C freezer before the RiX#kaction step.

The remaining wells of cells in the plate were thamvested according to the
time point of 4 hours, 8 hours, 12 hours and 24 $atter the addition of Doxycyline.
Similarly, all the cells were harvested by addingil of TRIzol and kept in -86 °C

freezer before the RNA extraction step.
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2.5 Development of MEL stable cell lines

The development of MEL stable cell lines was cdroet by using the pHBB-
EGFP wild type construct or with mutations (coddm42, codon 121 and IVS 2-654)
and pNeo (plasmid containing the neomycin resigayene). Firstly, pHBB-EGFP
constructs was digested 8ga | restriction enzyme in order to linearize the ulex
plasmid. The digestion reaction was carried ow total volume of 100 pL reaction.
15 pg of maxiprep pHBB-EGFP plasmids were digedtgd60 units ofSca |
restriction enzyme (10 UiL, MBI Fermentas) in 1 X supplied Buffer K andal3.1
pHg/pL of acetylated BSA. HPLC water was addedup the reaction volume to
100 pL. The digestion reaction was incubated &t@G7or 3 hours. Subsequently, 5
puL of digestion reaction was used to run on gettedghoresis to check if the
digestion was successful. The remaining 95 pL igestion product was then
purified by using GFX* PCR DNA and gel band purification kit (Amersham

Biosciences, cat No. 27-9602-01) and eluted in Ukelp, with a final volume of 30

ML.

Subsequently, pNeo construct was digested by ualng4 | in order to
linearize the circular plasmid. The digestion taac was carried out in a total
volume of 40 pL reaction. 9.5 pg of maxiprep phdasmids were digested with 50
units of Alw44 | restriction enzyme (10 UjiL, MBI Fermentas) in 1 X Buffer
Y*/ITANGO. HPLC water was added to top up the reactiolume to 40 pL. The
digestion reaction was incubated at 37 °C for 3rdiouSubsequently, 2 pL of
digestion reaction was used to run on gel elecomsis to check if the digestion was

successful. The remaining 38 pL of digestion pobdmas then purified by using
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GFX™ PCR DNA and gel band purification kit (Amershano&iiences, cat No. 27-

9602-01) and eluted in TE buffer, with a final vole of 30 uL.

After linearizing both the pHBB-EGFP (wild type with mutation) and pNeo
plasmids, MEL cells were then seeded in a 24-wlaliep with the density of 3 x 10
cells per well in 500 pL of ATCC RPMi 1640 mediunitlvout neomycin. The MEL

cells were then incubated for 24 hours before rénestection step.

In the transfection procedure, the linearized pHBBFP and pNeo plasmids
will be co-transfected into the MELcells using Lipotamine 2000 (Invitrogen). The
transfection mixture was prepared by diluting 1qfgoHBB-EGFP and 0.03 ug of
pNeo contructs in 50 pL of ATCC RPMi 1640 mediahwiit serum. The reaction
was mixed gently and thoroughly. On the other h&nhgL of Lipofectamine 2000
was diluted in a 50 pL of ATCC RPMi 1640 and incigolfor 5 minutes at room
temperature. After the 5 minutes incubation, bibté diluted plasmid DNAs and
Lipofectamine 2000 were combined and made up tmad of 100 pL reaction. The

reaction was mixed gently and incubated at roonpe&rature for 20 minutes.

After 20 minutes of incubation, the transfectionxtare which contains
plasmid DNAs and transfection reagent (Lipofectaan2900) was then added into
each well containing MEL cells and ATCC RPMi 164@dium. With the incubation
for 24 hours, the MEL cells density was expectecetich about 90-95% confluency.
After adding the transfection mixture, the plateswaixed gently by rocking back and

forth for a few times.
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Subsequently, the 24-well plate was incubated?&C3in a CQ incubator for
24 hours. The transfected cells were checked uihalerescence microscope for the
transfection efficiency. Following by that, thellsewere passaged at the ratio of
1:10-12 into fresh growth medium, without neomyeind incubated at 37 °C for
another 24 hours. The subsequent day, which ®od@és after transfection, 1 mg/mL
of neomycin (G418) was added into the cells. Rare 3 to 4 days, medium was

changed and replenished with fresh medium with inthgf G418.

About 15 days later, with the frequent passagind ahanging of fresh
medium with G418, the selection was complete aoldted colonies began to appear.
The surviving cells were those with fluorescencal able to survive with the
presence of G418. The suspension culture was tlileted and large, healthy
colonies were chosen and transferred to individuglls. From this point onwards,
the concentration of G418 was reduced and mairdaaelO0 pg/mL. These stable
cell lines were then cultured in ATCC RPMi 1640tiwi0% of un-inactivated fetal

calf serum (FCS) and 400 pg/mL of G418.

2.5.1 Erythroid differentiation induction of MEL st able cell lines
MEL stable cell lines were maintained in ATCC RPNI640 medium
supplemented with 10% of Fetal Calf Serum (FCS) 400 pg/mL of G418. All the

cell lines were cultivated in an atmosphere of 5% 0, at the temperature of 37 °C.

In this erythroid differentiation induction expeent, erythroid cell
differentiation was induced in an equal amount &LMstable cell lines by adding 2%

(vol/vol) of dimethy sulfoxide (DMSO) to the mediaFirstly, MEL stable lines
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(Norm, codon 41/42, codon 121 and IVS 2-654) wdnrecked under fluorescent
microscope with FITC filter to ensure all the celere fluorescing and in healthy
condition. Following by that, a 6 x 10f cell density for each stable cell lines were
counted and seeded in T-25 flasks. MEL cells aspansion cell lines and do not
need a specific surface to adhere on. Therefo25 Tlasks were used to seed the
MEL stable cells for the capacity and easy handigasons. Two T-25 flasks were
seeded for each stable cell line, with one flask wasignated for the non-induced
condition and the other flask was for DMSO induceddition. After seeding cells

for all the stable cell lines, the T-25 flasks wireubated at 37 °C for 24 hours.

After 24 hours of incubation, MEL stable cell Ién T-25 flasks were
checked again under fluorescence microscope torertee condition of cells was
appropriate for the induction. Subsequently, 1@0gi DMSO (2% vol/vol) was
added into the flasks designated for induced camditThe flasks were mixed gently
by rocking back and forth. Following by that, thells were incubated in GO
incubator at 37 °C for 5 consecutive days. At3treday of induction, fresh medium
with fresh DMSO were replaced and the DMSO inducti@s then carried on till the
5" day. The induced MEL stable cells were then fiemsd from the T-25 flasks into
15 mL Falcon tubes and spun down at 300 rpm. The@pernatants were discarded

and pellets in the tube were lysed immediatelydugirag TRIzol for RNA extraction.
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2.6 RNA extraction

Total RNA was isolated from the transfected Helediscby using TRIzol
reagent. The cells were lysed directly in the @hplate by adding 1mL of TRIzol
reagent. Cell lysates were then passed througlipette for several times and
incubated for 5 minutes at ‘05 to 30C to permit the complete dissociation of

nucleoprotein complexes.

Subsequently, 0.2 mL of chloroform was added ingtl tysates and the
mixture was shaked vigorously by hand for 15 sespfallowed by an incubation of
2 to 3 minutes at 6 to 36C. The samples were then centrifuged at 12,000¢50
minutes at £ to 8C. Following centrifugation, the mixture was segtad into a
lower red phenol-choloroform phase, an interphas# @ colorless upper aqueous
phase. The colorless aqueous phase, which cori#s was transferred into a

fresh tube.

RNA was then precipitated from the aqueous phaseadding 0.5 mL of
isopropylalcohol. The mixture was incubated aC1® 30C for 10 minutes and then
centrifuged at 12,000g for 10 minutes & 2 8C. After RNA precipitated, a visible

gel-like pellet was observed at the side and bottbthe tube.

Supernatant was removed from the tube and the R&llatpvas washed with
1 mL of ethanol by centrifuging at 7,500g for 5 mies at 2to 8C. After the
washing step, supernatant was removed and RNAtped#le briefly air-dried. RNA

pellet was then dissolved in RNAse-free water aag imcubated at 55 to 60C for
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10 minutes. The concentration of RNA was measwsithg NanoDrop at the

absorbance of 260 nm. RNA samples were storedbal htil use.

2.7 RNA purification

Before the synthesis of first strand cDNA, eachARdample was purified
using TURBO DNA-free kit (Ambion), to remove contamating DNA during RNA
extraction. From the total RNA that was extractaa,amount of 2.8 pg RNA was
used in the purification reaction, which was dituta 25 pl of DEPC water. 3 pl of
10X TURBO DNase buffer and 2 pl of TURBO DNase wadeled into the diluted
RNA. The reaction mixture was then mixed gentlg @rcubated at 3 for 1 hour.
After the incubation step, 6 pl of DNase inactigatireagent was added and the
reaction mixture was incubated at room temperdtur@ minutes. Subsequently, the
reaction mixture was spun down at 10,0009 for liduies. After centrifuging, the
supernatant which contained the purified RNA wasdferred into a fresh tube and
was kept at -8€. The quality of purified RNA was checked by rumigel

electrophoresis.

2.8 cDNA synthesis

The first strand of cDNA was synthesized using rfiag Reverse
Transcription Reagents (Applied Biosystems) witlg@ld(T )6 as the primer. The 20
ul reverse transcription reaction was carried gutising 280 ng of RNA treated by
TURBO DNase | as the template, with 1 x RT bufteg mM MgCl}, 500 uM dNTP
mixtures, 2.5 uM oligo d(T}, 0.4 U/ul RNase inhibitor and 1.25 U/ul MultiSailf
Reverse Transcriptase. The reaction was incubette?C for 10 minutes for the

binding of oligo d(T)s primer with purified RNA template, followed by 48%or 1
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hour of reverse transcription process and finap°C for 5 minutes of reverse

transcriptase inactivation.

2.9 Real Time PCR

There are two types of quantitative real time P@Bsolute and relative. In
this study, the relative quantification approachswased to analyze the gene
expression pattern of different HBB mutations. sSTkias done by comparing the
change in expression of HBB gene relative to EGERegwhich served as the

calibrator.

The primers used in the real time PCR analysig-globin gene and EGFP
gene were designed using Primer Express 2.0 (B3blall the expression studies for
the three experiments were the same, in ordere@era fair platform for comparison.
The real time PCR reactions were performed in an RHBsm 7000 Sequence
Detection System by using the SYBR Green PCR masite(Applied Biosystems).
A master mix of 2 x SYBR Green PCR master mix add 8M of both forward and
reverse primers were prepared before being traresféo a optical 96-well reaction
plate (Applied Biosystems). A final reaction volenof 25 ul was prepared after
adding a total of 6 ng of cDNA template to the reashix. The thermal cycling
conditions started with a 10 minutes of incuba@r®5°C to activate the AmpliTaq
Gold DNA polymerase in the 2 x SYBR Green PCR magtx. Subsequently, a
denaturation step was carried out at 95°C for Xorsds and was followed by the
annealing and extension steps at 60°C for 1 mintitee denaturation, annealing and
extension steps were then repeated for a totalOotytles. For real time PCR

reaction, bottg-globin and EGFP genes were amplified three timas feach sample.
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Table 2.HBB and EGFP primers for real time PCR

Name Sequence 5'to 3 Length Amplicon
(bp) size
E’EOHrI‘BZE;')Zlb TCA AGG GCA CCT TTG CCA CAC 21
Exon2/3-Rb 19 86 bp
(HBB) CAC GTT GCC CAG GAGCCTG
EGFP mRNA- | CTC GAT GTT GTG GCG GATCT 20
280F 71b
EGFP mRNA- | ACG TCT ATA TCA TGG CCG ACA| 23 P
350R AG

After the real time PCR reaction, a dissociatiarve analysis was performed
by increasing the temperature from 65°C to 95°@is T to differentiate the desired
PCR product from primer dimer and also to detetitefe is any non-specific product
that was being amplified. Subsequently, all thepl#ired PCR products were run
through a 1% agarose gel to check for the desingpli@on size, to further confirm

the correct amplification for the real time PCRatéan.

As mentioned earlier, relative quantification aggarh was used in this project
to study the gene expression pattern of differeBBHnutations. All the constructs
that were used in this project contain both HBB &P genes, except for HelLa
Tet-Off experiment, which the co-transfaction waarred out. Hence, the
comparative € method ACr) was used to relatively quantitate tfeglobin gene
MRNA. As for the EGFP gene, it was used as theggbus control that functions
to normalize the differences in transfection eéfimy and the amount of template
used in the real time PCR reaction. Besides EG#i gerving as the endogenous
control, the total RNA that were extracted frormsfected cells were included in the

same PCR reaction plate to serve as a negativeotonthe calculation for the
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guantitation involve firstly, finding the differeadACy) between the €values of the
target gene (HBB) and the reference gene (EGFP).

ACt = Cr (HBB) — Cr (EGFP)
This value was calculated for every sample that todse quantitated. Subsequently,
the differences between each sampleG will be compared against theCr of the
calibrator, which is the wild type, to generate ¥adue ofAAC;.

AACt = ACt mutant - ACT wild type
The final quantitation step was to transform thesdues to absolute values.
According to the Applied Biosystems guidelines, B€R efficiency for an amplicon
smaller than 150 bp, is close to 100%. Thereftine, amount of target (HBB),
normalized to the endogenous control (EGFP) anativel to the calibrator (wild
type), is formulated by:

Comparative expression level = 247
ABI relative quantification software was used tttamatically calculate the

comparative expression level of tieglobin gene from the raw data {(alues)
generated from the real time PCR relative quasatiion plate documents. The results

were exported into Excel files to calculate therage and the standard deviation

from three independent transfection repeats foin eaastruct.
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3.0 Results

In order to determine the relationship betweenpbsition of the PTCs and
NMD in B-thalassemia, three PTCs caused by naturally dogufi-thalassemia
nonsense or frameshift mutations at different exaese analyzed in this study,
namely the codon 41/42, codon 121 and IVS 2-654atiunts. Codon 41/42 is a
mutation that occurs in exon 2 pfglobin gene, characterized by a deletion of four
nucleotides (-TTCT). The frameshift mutation hasised the presence of PTC at
codon 60/61. As for codon 121 mutation, it ocourgen there is a substitution of G
to T at the position of codon 121 (GAA to TAA), utting a PTC at codon 121. This
nonsense mutation occurs in exon 3 and is knowhet@a dominantly inheritance
mutation. The third mutation, IVS 2-654, occursantthere is a C to T substitution at
the position of 654 in intron 2 region, pfglobin gene. This creates a new cryptic
splicing site and results in incorporation of ext& nucleotides of intron 2 into the
open reading frame. Interestingly, this will catise presence of a PTC at codon 121

too. (Figure 4).

3.1 Steady state gene expression level of PTC-cantag transcripts in HelLa

cells

Before elucidating the correlation between NMD gugition of PTCs irg-
globin gene, the steady state gene expression flevelodon 41/42, codon 121 and
IVS 2-654 were carried out, in order to confirm tindial transcript level of each

mutation.

Constructs of either the wild type or mutant (coddm?2, codon 121 or IVS

2-654) humanp-globin genes (pHBB-EGFP) are driven by tBeglobin gene
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promoter to prevent the possibility of any otheorpoter effect on the mRNA
accumulation. The EGFP gene driven by the CMV mtemwas inserted into the
same construct containing tifieglobin gene to serve as a control for transfection
efficiency. The presence of both target geiiglobin) and reference gene (EGFP) in
one construct will ensure the precise normalizatigrainst the EGFP expression,
hence allowing accurate comparisons between diffeexpressions of varying
transfection efficiencies. In addition, EGFP exssien will allow visual
determination and confirmation of transfection @éfncy prior to the downstream
experiments. Total RNAs were extracted from cafid the relative gene expression
levels of PTC-containin@-globin genes were compared with wild typeglobin gene

in transiently transfected HelLa cells after noraiafj against EGFP expression.

Table 3 shows the summarized results from 3 ind#gren transfection
experiments after normalization against EGFP expras The graph of relative gene
expression level for each mutation was plottedaaspared to the wild typp-globin
(Norm), which serves as the calibrator, with th@stant reading of 1. (Figure 15).
The relative gene expression level of codon 41/42 averaged at 57% of wild type
transcript level; whereas mutant transcripts fahbmdon 121 and IVS 2-654 were
98% and 107% respectively, of wild type transchgel. From previous studies, it
has been shown that codon 41/42 mutation in exisnsBsceptible to NMD. Hence,
it is expected that the steady state mutant trgptdewvel for codon 41/42 would be
reduced. On the other hand, codon 121, containingpnsense mutation that is
located in exon 3 of-globin gene, is expected to escape NMD. Henas, ths
resulted in an accumulation of mutant transcriptsch was slightly higher than wild

type transcript level, at 107% of wild type trangtr Although it has been reported
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that IVS 2-654 shows a recessive inheritance plgpeoit is very interesting to note
that mutant transcripts of IVS 2-654 was obsen@ddcumulate to a level that is

comparable to the wild type transcripts (98% of\hie type transcript levels).

Table 3. Summarized results of HelLa steady state gene esiprestudy

Setl Set 2 Set 3 Average SD
Norm 1 1 1 1.00 0.00
Cd41/42 0.575 0.576 0.563 0.57 0.01
Cdi21 0.925 1.218 1.063 1.07 0.12
IVSII654 1.154 0.818 0.955 0.98 0.14

Figure 15.Hela steady state gene expression level

Hela steady state gene expression (pHBB-EGFP)
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3.2 mRNA decay rate for PTC-containing transcript h HeLa Tet-Off system

After determining the steady state gene expredsiogls of PTC-containing
construct, it was observed that codon 121 and V&4 mutations apparently
avoided the full impact of NMD. In contrast, coddt/42 is susceptible to NMD,
hence there is reduction in the mutant transceygll In order to further confirm this,
the mMRNA decay rate of the three PTCsiglobin gene as compared to wild type
was studied using the Tet-Off system. Eg@eflobin gene (wild type and mutants)
was cloned behind a tet-controlled promoter anshfiected into a HelLa cell line that
stably expresses the tet-transcriptional transaictiv(HeLa/tTA cells). A pCMV-
EGFP construct was co-transfected to serve as @ot@o ensure equal transfection
efficiency and to show equal amplification effiotgnin the real time assays. The
cells were transcriptionally pulsed for 4 hourshd@urs, 12 hours and 24 hours, by
adding doxycycline and the corresponding mRNA decatg was subsequently
established. If both codon 121 and IVS 2-654 &te b evade the NMD mechanism,
the mRNA decay rate of both these mutations shbelccomparable to wild type

transcript, even when the transcription was belngked by doxycycline.

Figure 16 shows the summarized gene expressioh fi@veach of the cells
carrying either the wild type or mutapiglobin genes in HeLa Tet-Off system. The
summarized results were from three independentsfiation experiments after
normalizing against EGFP expression. Figure 1&vsha compilation of the entire
MRNA decay rate study for wild type, codon 41/4@jan 121 and IVS 2-654, from
four independent experiments, with  mRNA levels fgldt against time post-
Doxycycline treatment. Both codon 121 and IVS 2-@howed a similar mRNA

decay pattern when compared to wild t@sglobin. After treating with Doxycycline
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for 4 hours, the mRNA levels for codon 121 and R/854 dropped to 47% and 57%
respectively. For codon 41/42, the mRNA level Haspped to 24%. As for wild
type B-globin gene, mMRNA levels were reduced to 51%.sHort, the mRNA decay
rate for both codon 121 and IVS 2-654 when compaoedild type -globin was
quite similar. This can be visualized clearly leferring to Figure 17. These results
are indeed consistent with the steady state gepeession levels of codon 121 and
IVS 2-654, in which both mutations possessed alairtrianscript level in comparison
to wild type B-globin gene. As for codon 41/42, gene expressievels are

comparable in both steady state gene expressiofetrOff studies.
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Figure 16. Summarized gene expression level for wild typelotnd1/42, codon 121 and IVS 2-654 in HelLa Tetsy#tem
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Figure 17.mRNA decay rate for wild type, codon 41/42, cod@i and IVS 2-654
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3.3 Gene expression of PTC-containing transcript®iiMEL cells (With DMSO/ Without
DMSO)

Both the steady state gene expression and mRNAydata studies were carried out
through transient transfection in HeLa cells. Hwere although HelLa cell lines are of human
origin, they are cervical epithelial cells and hencould not emulate the native erythroid
environment of erythroid cells. Therefore, MEL (mse erythroleukemia) cells were used to
create stable cell lines containing either the wyloe or mutang-globin genes. Figure 18a
and 18b show the different MEL stable cell lineattlvere created to stably express the
different pHBB-EGFP constructs. These pHBB-EGFRstmcts were also used in the

steady state gene expression study.
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Figure 18a. MEL stable cell lines (Without and With 2% DMSO)eiin and codon 41/42
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Figure 18b. MEL stable cell lines (Without and With 2% DMSOpdon 121 and IVS 2-654

pHBB-EGFP Cd 121 (Without DMSO)

pHBB-EGFP IVS 2-654 (Without DMSQO)

pHBB-EGFP Cd 121 (Treated with 2% DMS®5 days) pHBB-EGFP IVS 2-654 (Treated with 2930 for 5 days
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In order to create an environment that mimic matueeythroblasts, these
MEL stable cell lines were terminally differentidtdy adding 2% of DMSO for 5
days. Total RNAs were extracted from cells and ties@e PCR was performed to
qguantify the levels op-globin mMRNA accumulation before and after the etthn of

MEL cell erythroid differentiation.

Figure 18a and Figure 18b showed the image of Mtble cell lines of
before and after erythroid differentiation by thédaion of 2% DMSO. Due to the
toxicity of DMSQO, it can be observed that the inatibn of MEL stable cell lines with
DMSO for 5 days resulted in a certain degree dfaedhth. Hence, the fluorescence
intensity of the stable cell lines was reduced carag to the the intensity before
DMSO induction, especially for MEL stable cell livarrying the pHBB-EGFP Norm

construct.

Figure 19 showed the gene expression level for MElble lines that were
without and with DMSO induction. Expression of keanutant allele was compared
to wild type gene, after normalizing against theFEGexpression. Intriguingly, the
steady state gene expression levels in MEL stable Imes (without DMSO
induction), showed a different result from what {beels observed in HelLa cells.
Codon 121 and IVS 2-654 mutant transcript were ayed at 64% and 47%,
respectively, compared to wild tyfeglobin gene in MEL cells. The mutant mRNA
transcripts accumulated for both mutations weraiaantly lower, comparing to the
levels observed in HelLa cells. As for codon 4If#ation, the accumulated mutant
transcripts in both MEL and Hela cells were quitemsistent, averaging at 47% in

comparison to wild typ@-globin.
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Interestingly, after the induction of erythroid ffdrentiation, the gene
expression levels for all the mutations, codon 21&bdon 121 and IVS 2-654 in
MEL cells were relatively low as compared to theresponding wild typg-globin
gene. For codon 41/42 mutation, the mutant tr@ptseras expressed at about 11% of
the induced wild typeB-globin gene expression. This was significantlyvéo
compared to the non-induced mutant transcript dboo41/42, which was about 47%
of wild type B-globin gene. For codon 121 and IVS 2-654 in défgiated MEL cells,
both mutations only averaged 38% and 15% of wiftef+globin gene, respectively.
This data indicates that there might be anothee gpsurveillance mechanism like

NMD or factors being triggered to target on mutaanscripts in erythroid cells.

Figure 19. Gene expression level of MEL stable cell lines dbefand after
differentiation)
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4.0 Discussion

The mechanism of NMD has been studied for almOsyetars (Holbrook JA
2004). In mammalian cells, it was first discoverddring the studies of’-
thalassemias caused by PTCs (Maquat 2004). Shmoe many studies have been
carried out with the aim to elucidate the mechanisinNMD, especially inf-
thalassemia. Several studies have been focusindraming a boundary for the
location of PTCs that manage to trigger NMD anddeereduce the abundance of
humanp-globin mRNA. A “3’ boundary rule” has been estabéd, that all PTCs
located more than 50-55 nucleotides from the fimedn-exon junction will elicit
NMD (Nagy and Maquat 1998; Zhang, Sun et al. 1998)owever, a number of
exceptions to the 50-55 nucleotide boundary rudeHzeen reported. One of these
cases of NMD-resistance include hunfaglobin transcripts with PTCs located at 5’
of intron 1 are shown to be resistant to NMD (Romaacio et al. 2000). This has
suggested that the “3’ boundary rule” is not comiy@pplicable to all the PTCs that
are found on humam-globin gene and it is possible that there could dbeer

boundaries and regions that are able or unabliécibNdMD mechanism.

Hence, to further elucidate the relationship betwications of PTC and with
NMD in B-thalassemia, three naturally occurring mutatictscodon 41/42, codon
121 and IVS 2-654) that caused PTCs in exon 2 aod 8 of humarg-globin gene
were analyzed. The levels of PTC-containing treptsc were compared with wild

type transcript to study the effect of NMD in vitro
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The steady state gene expression levels of these thutations in a HelLa
transient transfection experiment have shown topdpmwith the “50-55 nucleotides”
boundary rule. For these three mutations, onlyno#ll/42 is located in exon 2 pf
globin gene, with PTC at codon 60/61 and both cediftl and IVS 2-654 mutations
are located in exon 3 and intron 2 respectivelfthviaoth PTCs at codon 121. As
expected, our data showed that 57% of codon 41M@Amhtranscript as compared to
wild type B-globin gene was obtained and this has suggested NWs being
triggered and resulted in the halved mutant trapistevel as compared to wild type.
As for codon 121 and IVS 2-654, with both PTCs tedaat codon 121, exon 3 of
human -globin gene, high level of mutant transcripts wetgained, which are
slightly higher than the level of wild type tranigtr It is expected that the
dominantly inherited codon 121 mutation will hawe@amulated a substantial amount
of aberrant transcripts but not for the recessiveheritance IVS 2-654 mutation.
This is an interesting observation for IVS 2-654dese it has been well documented
that in cases with PTCs in third exon, NMD is nbitieed and the accumulation of
aberrant transcripts will lead to an apparent damirphenotype (Thein, Hesketh et al.
1990; Kazazian, Dowling et al. 1992). Howevehas to be taken into consideration
that this steady state gene expression study wagdaut in a HelLa cell, which is
not an erythroid cell line, hence giving some muing results that were not reported
in previous studies. Generally, this result ohdiestate gene expression showed the
effect of PTCs position in NMD for the three mubais, suggesting that both codon
121 and IVS 2-654 manage to evade NMD, due todbation of their PTCs Hence,
we can conclude that in HelLa cells, the 50-55 raide boundary rule is shown to be
applicable to PTCs, which are specifically locateegxon 2 and exon 3, and this is

consistent with most of the reported studies (ThkasForget et al. 1984; Baserga
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and Benz 1988; Lim, Sigmund et al. 1992; Hall aheif 1994; Ho, Wickramasinghe

et al. 1997; Romao, Inacio et al. 2000)

In order to further confirm the steady state gexgression levels that we have
observed, a transcriptional pulse chase (Tet-Qffategy was used to study the
MRNA decay pattern of the three mutations as coetptr wild type humafi-globin
gene. As expected, the results from the Tet-Odfesy appeared to recapitulate our
observations in normal HelLa cells. For codon 4l&2rototype NMD-sensitive
nonsense mutation, the mRNA decay rate was almastitnes faster compared to
wild type B-globin. This has again confirmed that codon 4l#d&ation triggered
NMD and accumulated much lower level of mutant saaipt at initial stage. Hence,
this explained the fast decay rate of codon 41M#this transcriptional pulse chase
study. Concordant with the HelLa steady state gempeession results, both codons
121 and IVS 2-654 portrayed a similar pattern otanutranscript decay rate when
compared to wild type, indicating the presenceighhevel of mutant transcript at 0
hour time point. In short, in a non-erythroid sedhvironment such as Hela cells,
PTC located in exon 2 will elicit NMD and hence gwaing a much lower mutant
transcript as compared to wild typeglobin gene. As for PTCs located in exon 3,
they are resistant to NMD and hence will accumufatiestantial amount of mutant

transcripts.

HelLa cells were derived from cervical epitheliallg, a non-erythroid cell line.
Although transfection reaction is more feasibldHeLa cells, gene expression study
utilizing HelLa cells is not able to emulate theuatin vivo environment of eythroid

cells. Hence, we have established mouse erythkeiria cells (MEL) stable cell
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lines, carrying either the wild type or mutant humfiaglobin genes. In addition to
using these MEL stable cells lines for gene expoassstudies, erythroid
differentiation was also induced in these cell dingith the addition of DMSO to
study the expression levels of both wild type andantp-globin genes in a cell type
that closely mimic amn vivo environment. Besides that, this was carried owrder

to elucidate the actual gene expression level & 2/654 in both HeLa and MEL cell

environment.

In the MEL gene expression studies, all the thregations, codon 41/42,
codon 121 and IVS 2-654 have shown a sharp dropctumulation of mutant
transcript level after DMSO induction. For codotv4R, the low expression level
observed is as expected as this mutation is knowelicit NMD, and hence, only a
small amount of MRNA mutant transcript was detectégh interesting observation
from this study is the expression levels of cod@@2& and IVS 2-654, both only
averaged 38% and 15% of wild typeglobin, respectively. Codon 121 was the first
nonsense codon mutation in exon 3 and is knowmgalrin a dominantly inherited
form of B-thalassemia (Stamatoyannopoulos, Woodson et @4; Fei, Stoming et al.
1989). According to the 50-55 nucleotide boundarg, codon 121 will escape
NMD leading to the accumulation of a significantamt of mRNA transcript.In
vivo evidences have shown that the amount of codonmi@thnt transcript was at
least equal to the norm@dglobin transcript in patients with codon 121 migtat(Hall
and Thein 1994; Ho, Wickramasinghe et al. 1997)oweler, codon 121 mutant
transcript level that we have obtained is lowerntithe reported studiesThe
discrepancy between our results and the two puddlisieports may be attributed to

the different sources of starting material that Wwasg used. In our study, total RNA
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was extracted from differentiated MEL (mouse emytbukemia) stable cell lines. As
for the two published reports, studies were carwed using reticulocytes from
patients and subsequently assayed by conventiohd®@R. In the first place, it is
apparent that although we have used a differentiatgthroid cell as our study model,
the NMD mechanism in mouse might not be the futlynparable to human erythroid
cells. However, in quantitative terms, our resstis showed that codon 121 nonsense

mutation leads to measurable mRNA accumulation.

Apart from codon 121, IVS 2-654 also showed atredly low mutant
transcript level after DMSO induction, averagingyot5% of wild type j-globin
transcript level. This is also an interesting mmaenon in this study. VS 2-654,
with a mutation from C to T in the intervening seqgae 2 position 654, results in the
incorporation of 73 extra nucleotides of intronroi the aberrantly spliced mRNA
transcript. This mutation results in an abnormaliyiced mRNA that, if translated,
would lead to a PTC at codon 121. According to30eb5 nucleotide boundary rule,
the location of codon 121 in exon 3 will cause I¥$54 to evade NMD and in turn
should produce a substantial amount of mutant ¢rgpts However, interestingly, the
majority of cases that have been described showealsgmptomatic phenotype but
not the pattern of dominarfi-thalassemia. Arin vivo study of an IVS 2-654
asymptomatic case has revealed that large amotiatsearantly spliced mRNA from
the IVS 2-654 allele were detectable only in thdyearythroblasts stage. It was also
reported that a large decrease in the amount ofaimormally spliced IVS 2-654
MRNA was observed during the maturation of eryttasis to reticulocytes,
suggesting the instability of the mutant transcgio, Hall et al. 1998). Clearly, this

in vivo study of the IVS 2-654 mutation is in supportedvbfat we have observed in
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thein vitro MEL stable cell line system, as we have also shaweduction of IVS 2-
654 mutant transcripts after the erythroid diffei@ion. On the other hand, this has
shown that the steady state gene expression |&V&502-654 that we have obtained
in HeLa cells might not reflect the actual generegpion level of IVS 2-654 in an in
vivo environment. A possible explanation for tbisservation might be the presence
of erythroid transcription factors in MEL cells, igh are not found in HelLa, the non-
erythroid cell line. The eyrthroid transcripticactors such as Erythroid Kruppel Like
Factor (EKLF), GATA-1 and NF-E2 are the main play@n regulatingp-globin
expression (Palstra 2009). Hence, without theracteon of these erythroid
transcription factors witR-globin gene, the actual gene expression leveV8f2-654

was not faithfully reproduced in HeLa system.

From our observation, the 50-55 nucleotide ruleNMD does not apply on
IVS 2-654 mutation. Unlike the codon 121 mutatib/ 2-654 averaged a relatively
low mutant transcript level compared to wild tyfpglobin. Hence, it is interesting to
note that although both codons 121 and IVS 2-65%@ss PTCs at codon 121 in exon
3, these two mutations have shown to accumulaterdift amounts of mutant
transcripts in ourn vitro system (Figure 19). Another interesting facthiattcodon
121 is a dominant inheritance mutation whereas2\@54 is of recessive inheritance.
However, the only difference between these two tana is that the mutant IVS 2-
654 transcript that is aberrantly spliced, contairextra 73 nucleotides from intron 2
sequence (Figure 20). It is therefore possiblé ttiia extra intronic sequence in the
mutant IVS 2-654 transcript contributes to its lewpression levels. In support of
this, it has been reported that introns do plapla m regulating the rate of mRNA

decay (Zhang, Sun et al. 1998; Zhao and Hamilt@¥2and it was shown that in the
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event of intron retention in transcripts, smallrams will undergo strong selective
pressure to encode PTCs (Jaillon, Bouhouche €08B). In other words, if introns
are not spliced out in transcripts, premature tedizs termination will take place.
Although that study was focused ®&aramecium tetraurelia, this finding was also
observed among the short introns of plants, fungi animals. Hence, it is possible
that the large decrease of accumulated IVS 2-6%tramt mRNA after erythroid
differentiation was due to the effect of NMD buttnine instability of mutant
transcripts. Apparently, the extra 73 nucleotidéghe intron 2 sequence that are
incorporated with mRNA transcript is the key factioat elicits NMD. Although it is
still unclear how short intronic sequences trigdekdD, this is something novel that

can be further studied.

In conclusion, we managed to show that the 50«&8etide boundary rule is
applicable to codon 41/42, codon 121 and IVS 2i634elLa cells. It is apparent that
codon 41/42 which located in exon 2, was subjetdedMD. As for codon 121 and
IVS 2-654 in exon 3 and intron 2, they have managedscape from NMD hence
resulted in high gene expression level. On therottand, in MEL cells in vitro
system, we managed to faithfully reproduce thelle¥ehe initial mutant transcript
and its instability during erythroid cell maturatifor codon 121 and IVS 2-654, with
the expression levels in vivo. However, it is cldet the 50-55 nucleotide boundary
rule does not apply on IVS 2-654. We have speedl#at the short 73 nucleotide of
intronic sequence in IVS 2-654 mutant transcriptnageed to elicit NMD, hence
contributed to the low expression level and resessiheritance phenotype of IVS 2-

654 mutation.
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Figure 20. Difference in between codon 121 and IVS 2-654 tina
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