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• Abbreviations

AI, allelic imbalance;
ASOs, allele-specific oligos;
cDNA, complementary DNA;
CEPH, Centre de l'Étude du Polymorphisme Humain;
CPE, cytoplasmic polyadenylation element;
CPSF, cleavage and polyadenylation specificity factor;
DIG, digoxigenin;
DNA, deoxyribonucleic acid;
DTT, dithiothreitol;
EDEN, embryonic deadenylation element;
eIFs, eukaryotic initiation factors;
FBS, Fetal Bovine Serum;
FRP, ferritin repressor protein;
GD, Graves' disease;
gDNA, genomic DNA;
GRID, Gene Regulators in Disease project;
HBB, the hemoglobin, beta gene;
IFIHl, the interferon induced with helicase C domain 1 gene;
ILlORA, the interleukin 10 receptor, alpha gene;
IRE, iron-responsive element;
IREBP, IRE-binding protein;
1RES, internal ribosome entry site;
IRF, iron regulatory factor;
IRPs, iron-regulatory proteins;
ITGBlBPl, integrin beta 1 binding protein 1;
LCL, lymphoblastoid cell lines;
LD, linkage disequilibrium;
LSOs, locus-specific oligos;
LTB4R, the including leukotriene B4 receptor gene;
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MFE, minimum free energy;
miRNA, microRNA;
NAHR, non-allelic homologous recombination;
NHEJ, non-homologous end-joining;
nsSNP, nonsynonymous SNP;
OD, optical density;
PABP, poly(A)-binding protein;
PBS, phosphate buffered saline;
RNA, ribonucleic acid;
SNP, Single-nucleotide polymorphism;
sSNP, synonymous SNP;
TlD, type 1 diabetes;
TAP2, the transporter 2, ATP-binding cassette, sub-family B;
TI, translational imbalance;
uAUGs, upstream AUGs;
UCPAS, upstream core polyadenylation signal sequence;
uORFs, upstream open-reading frames;
VNTR, rariable number of tandem repeats;
WBCs, white blood cells;
X-DC, X-linked dyskeratosis congenital.
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1.1 Abstract

Introduction: As a part of the Gene Regulators in Disease project (GRID), this
study aims to create a novel high throughput method to discover the genetic effect
on gene translation, taking advantage of the rationale that efficiently translated
mRNAs associate with multiple ribosomes, while less active ones with fewer or
none.

Methods: Lymphoblastoid cell lines (LCLs) from 44 HapMap European
individuals were used for polyribosomal fractionation and establishing the sample
bank for the future study. The fractionated mRNA samples of 10 out of the 44
individuals were run on an Illumina GoldenGate Beadarray to detect allelic
imbalance (developed by the group of T.J. Hudson and T.M. Pastinen).
Results: This study established a high-quality RNA bank, including 1,100 RNA
fraction samples. By the Illumina chip, translational imbalance was detected in 75

out of 1483 (5.06%) assays, and 63 out of 269 (23.4%) genes. The translational
effect was well replicable by the resequencing method.

Conclusion: This study found that genetic effect on gene translation is a common

mechanism of expression regulation. Our best hit found in the integrin beta 1
binding protein 1 gene (ITGBIBPl) highlights the role ofmRNA 3'UTR

secondary structure in gene translation.

Keywords: Gene translation, High throughput genotyping, Human genetics,
Polyribosome, RNA, Single nucleotide polymorphism
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1.2 Résumé

Introduction: Cette étude qui s'inscrit dans le cadre du projet sur les régulateurs
des gènes dans les maladies (GRID) vise à développer une nouvelle méthode de
détection à haut débit des effets génétiques sur la traduction des gènes en prenant
avantage du fait que lorsque traduits efficacement, les ARNm s'associent à de
multiples ribosomes alors que ces associations sont plus rares ou inexistantes
lorsque les ARNm sont moins actifs.
Méthodes: Des lignées cellulaires lymphoblastoïdes (LCL) dérivées de 44
individus Européens caractérisés dans HapMap on été utilisées pour le
fractionnement des ribosomes. Les échantillons d'ARNm fractionné de dix

individus ont été analysés sur la plateforme matricielle GoldenGate Beadarray
d'Illumina pour la détection de déséquilibres alléliques (développé par le groupe
de TJ. Hudson et T.M. Pastinen).
Résultats: Cette étude a permit d'établir une banque d'ARN de grande qualité,
incluant 1 100 échantillons d'ARN fractionné. Grâce aux puces d'Illumina, un
déséquilibre de traduction a été détecté dans 75 tests sur 1483 (5,06%) et 63 gènes
sur 269 (23,4%). Ces effets sur la traduction ont été confirmés par la méthode de
séquençage.
Conclusion: Cette étude a démontré que les effets génétiques sur la traduction
sont des mécanismes fréquents dans la régulation de l'expression génique. Notre
meilleur candidat, trouvé dans le gène ITGBlBPl, met en lumière le rôle d'une
structure secondaire de la région non-traduite en 3' de GARNm dans la traduction
génique.
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3. Introduction and Literature Review

3.1 The association between genetic variations and complex traits

Deoxyribonucleic acid (DNA) is a long chain of nucleotides, and carries the

genetic information for unicellular organisms, plants, and animals. There are four

types of nucleotides, and each contains one of the four base molecules, i.e.

Adenine (A), Cytosine (C), Guanine (G), or Thymine (T). In the human nuclear

genome, DNA sequences exist in the form of a double helix DNA structure. Two

complementary DNA sequences are connected by hydrogen bonds through A-T

pairing or C-G pairing. About 3 billion DNA base pairs (Human Genome

Sequencing 2004) are found on 22 pairs of autochromosomes and two sex

chromosomes (X and Y) in the human. Human genetic variation is the difference

between genomes of individuals. The most common type ofDNA variation is

single nucleotide polymorphisms (SNPs) due to a change in which one nucleotide

is replaced by another in the DNA sequence. SNPs with frequencies >1% occur

every 100 to 300 bases along the human genome. Besides SNPs, copy number

variations (i.e. deletions, inversions, insertions and duplications ) from non-allelic

homologous recombination (NAHR), non-homologous end-joining (NHEJ),

variable number of tandem repeats (VNTR), and retro-transposition, are attracting

more and more attention in recent years (Kidd, Cooper et al. 2008).

There is increasing evidence that genetic variations play an important role in

the determination of individual susceptibility to complex disease traits (Couzin and
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Kaiser 2007; Wellcome Trust Case Control Consortium 2007). Allele-specific effects

on gene expression appear relatively common, as determined by several recent

studies (Ge, Gurd et al. 2005; Pastinen, Ge et al. 2005; Dixon, Liang et al. 2007;

Zhang, Duan et al. 2008). The role of regulatory polymorphisms in determining

susceptibility to a number of complex disease traits is supported by multiple

reports of robustly replicated associations of phenotypes with DNA variation that

does not involve protein sequence change. Direct observation of such effects

include, for example, studies in my supervisor's laboratory on type 1 diabetes

(TlD) regarding the role of a variation at the VNTR of the INS gene (Vafiadis,

Bennett et al. 1997; Barrati, Payne et al. 2004), and a regulatory polymorphism of

CTLA4, the gene encoding cytotoxic T lymphocyte antigen (Ueda, Howson et al.

2003; Anjos, Tessier et al. 2004; Anjos, Shao et al. 2005). Therefore,

identification of human sequence polymorphisms that regulate gene expression is

a key to understanding human genetic diseases (Hudson 2003). SNPs on

transcribed sequences have been used as markers to discriminate allele-specific

ribonucleic acid (RNA) levels as a powerful approach in screening for regulatory

polymorphisms (Ge, Gurd et al. 2005; Pastinen, Ge et al. 2005).

3.2 The Gene Regulators In Disease (GRID) project

The Gene Regulators in Disease project (GRID,

http://www.regulatorygenomics.org/index.html) is funded by Genome Canada and

Genome Quebec since April 1, 2006. Its objective is the systematic screening of

human genetic variations that affect gene expression and the identification of the
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cascade of biological steps that modify the genetic risk of common complex

diseases. The discoveries of this project will form a solid basis for the

development of new diagnostic and therapeutic targets.

SNPs can change a gene's RNA levels through different mechanisms: (1) For

a SNP at the gene promoter region, it may abolish the promoter function, thus

impair the gene transcription (Menzaghi, Paroni et al. 2006); (2) For a SNP at the

gene transcription region, it may change the mRNA secondary structure and

mRNA stability (Wang, Johnson et al. 2005); (3) For a nonsense SNP at the gene

coding region producing a premature stop codon, a specific mRNA degradation

mechanism known as nonsense-mediated decay can result (Richards, Laidlaw et

al. 2007). The RNA allelic imbalance (AI, i.e. two alleles have different RNA

levels) method developed by Pastinen et al. (Ge, Gurd et al. 2005; Pastinen, Ge et

al. 2005) has been successfully used to identify genetic variations that change the

gene RNA level.

My supervisor's laboratory has recently demonstrated computational evidence

ofwidespread effects of synonymous polymorphisms in the third codon position

(Qu, Lawrence et al. 2006). They found excess of C~>T over G~>A

polymorphisms at the fourfold degenerate sites. This finding supports for the

importance of polymorphisms affecting RNA function post-transcriptionally.

SNPs may change the levels of different mRNA isoforms, resulting from genetic

effects on alternative promoters, exon skipping, alternative splicing, intron
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retention, or alternative polyadenylation. J. Majewski has used the exon tiling

microarray method to analyze the mRNA levels of different isoforms successfully

(Kwan, Benovoy et al. 2007; Kwan, Benovoy et al. 2008). Effect of RNA

polymorphism on translation, by contrast, has received little attention to date.

3.3 Translational control

The gene translation follows three stages, i.e. initiation, elongation, and

termination (Fig.l). (1) Translation initiation is the process of forming 80S

initiation complex. It commences with the 40S ribosomal subunit carrying

methionine-tRNA binding to the mRNA 5' end (the m7G cap), with the help of
eukaryotic initiation factors (eIFs) and the poly(A)-binding protein (PABP)

(Wells, Hillner et al. 1998). Binding ofboth the 5' and the 3' end results in RNA

circularization. Next, the 40S subunit scans the mRNA from the 5' to the 3'

direction until it finds the AUG codon in the translation start site. Right then, the

60S subunit binds to the 4OS subunit, and forms the 80S initiation complex

(Pestova and Hellen 2006). (2) The 80S ribosome has 3 functional binding sites,

i.e. the aminoacyl (A) site, the peptidyl (P) site, and the exit (E) site. After the

initiation step, the 80S ribosome begins the repetitive cycles of peptide elongation.

In each cycle, an aminoacyl-tRNA enters the A site; a peptide bond forms

between the peptidyl-tRNA at the P site and the new amino acid residue, and the

tRNA at the P site moves to the E site and then is released; the ribosome moves to

the next mRNA codon, and the peptidyl-tRNA moves from the A site to the P site

(Spahn, Gomez-Lorenzo et al. 2004). (3) At the termination stage, one of the three
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stop codons, UAA, UGA, or UAG, enters the A site, and the complete peptide is

released (Merrick 1992). Translational control is complicated and can be

regulated at multiple levels during initiation, elongation, and termination, and

even after termination. Most well-studied mechanisms of translational control

occur in the translation initiation stage (Sonenberg and Hinnebusch 2007).

ID RNA 5'UTR Coding region 3'UTR
AUG Stopcodon

GOS

i—¦ "·—'*

"7^"
4OS

Initiation

80S ^, CK

i><- Elongation

O

-AAAAAAA

»!Termination

Fig. 1. The three stages of gene translation, i.e. initiation, elongation, and

termination: (1) Translation initiation forms the 80S initiation complex; (2) The

80S ribosome is responsible for peptide elongation; (3) At the stop codon, the

80S ribosome releases the peptide, and splits to 60S subunit and 4OS subunit.

3.3.1 Recognition of the m7G cap
The initiation of translation requires the help of numerous eIFs. The eIF4E

recognizes the m7G cap (Pestova and Kolupaeva 2002; Sonenberg 2008). The
eIF4G interacts with eIF4E and PABP as the scaffold protein to circularize the

9



mRNA by bringing the 3' UTR in close proximity to the 5' end of the mRNA, and

to facilitate the binding of the 4OS ribosome subunit (Wells, Hillner et al. 1998;

Gebauer and Hentze 2004).

3.3.2 The 5'UTR in translational control

After binding with the m7G, the 4OS subunit scans the mRNA to find the

translation start site. Multiple cw-acting factors in the 5'UTR region can influence

the 4OS subunit scanning. Upstream AUGs (uAUGs) and upstream open-reading

frames (uORFs) in the mRNA 5'UTR can enable the formation of 80S ribosome,

thus reducing the number of 4OS subunit reaching the authentic or main AUG

start codons (Wang and Rothnagel 2004). The inhibitory effect of translation by

blocking the scanning of the 4OS subunit to the downstream coding region

depends on the distance between uORF and the downstream coding region, i.e. a

shorter distance has stronger inhibitory effect (Vattem and Wek 2004). Non-

specifically, the mRNA 5'UTR secondary structure inhibits the efficiency of the

40S scanning for the translation start site (Lee, Guertin et al. 1983). Specifically,

some particular 5'UTR secondary structures can regulate translation by RNA-

protein interaction. One example is the iron-responsive element (IRE), a specific
translational inhibition element found in the 5'UTR of the ferritin mRNA

(Leibold and Guo 1992). IREs have hairpin structure, and can be recognized by

iron-regulatory proteins (IRPs), such as IRE-binding protein (IREBP), iron

regulatory factor (IRF), or ferritin repressor protein (FRP) (Hentze and Kuhn

1996). The RNA-protein interaction of a m7G cap-proximal IRE and IRP control
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the mRNA translation efficiency by preventing the 4OS subunit from binding to

the m G cap (Muckenthaler, Gray et al. 1998). Also, the trans-acting protein IRPs,

e.g. IRF-2, may decrease mRNA stability (Hentze and Kuhn 1996).

The internal ribosome entry site (1RES) is a mRNA 5'UTR sequence found in

viral RNAs, which can regulate translation by initiating translation independent of

m7G (Pelletier and Sonenberg 1988). In eukaryotes, the empirical evidence for the
existence of 1RES is still controversial (Kozak 2003). It is worth noting that,

because of the important roles of 5'UTR in translational control, mRNA isoforms

with different 5' UTRs, as the result of alternative promoter, exon skipping,

alternative splicing, or intron retention, may have different translational efficiency.

3.3.3 The Kozak sequence

Once the 4OS subunit finds the AUG start codon, the 80S ribosome forms and

peptide synthesis starts. The translation site around the start codon is also an

important factor of translation efficiency. A common sequence of the translation

start site is gccRCCAUGG, known as Kozak sequence (Kozak 1991). The A

nucleotide of the AUG start codon is referred as position 1, and the preceding C

nucleotide is referred as position -1 . R at the position -3 (R'3) represents A or G.
The AUG is essential. The G at position +4 (G+4) and R"3 are the most conserved.
In vertebrate mRNAs, 46% have G+4, and 97% have R"3 (Kozak 1991). The
replacement of G+4 (Kozak 1997) or R"3 (Kozak 1986) with another nucleotide
has dramatic impact on translation efficiency. The other positions are less
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conserved. The strength of the Kozak consensus sequences ranges from 'strong'

to 'weak' and in descending order are A"3+G+4 > G~3+G+4 > A~3+A+4 > G~3+A+4 >
ir3+G+4 > ir3+A+4 (Wang and Rothnagel 2004).

3.3.4 The coding sequence in translational control

Little is known about the role of the coding sequence in translational control. A

recent study from my supervisor's group observed asymmetrical distribution of

synonymous SNPs (sSNPs) on the two DNA strands across the human genome.

An excess of C-->T over G~>A polymorphisms was found in non-CpG site

fourfold degenerate (FFD) site SNPs but was absent from iSNPs and CpG site

FFD SNPs. This finding suggests widespread selective pressure due to functional

effects of sSNPs (Qu, Lawrence et al. 2006). An empirical observation suggests

that the coding sequence may regulate gene translation through the change of the

mRNA secondary structure (Nackley, Shabalina et al. 2006).

3.3.5 The 3'UTR in translational control

Although translation begins at the 5' end of the mRNA, the 3'UTR plays an

important regulatory role that governs the spatial and temporal gene expression

(Kuersten and Goodwin 2003; Gebauer and Hentze 2004). The translational

control of the 3'UTR is facilitated through mRNA circularization by the

interaction of eIF4G and PABP, which brings the 3' UTR in close proximity to

the translation initiation site (Prévôt, Darlix et al. 2003). There is a dramatic

correlation between the length of poly(A) tail and translational efficiency (the rate
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and the amount of protein production), i.e. longer poly(A) tail corresponds to

higher and shorter poly(A) tail to lower translational efficiency (de Moor, Meijer
et al. 2005). The 3' UTR contains the functional elements that regulate the length

of the poly(A) tail, e.g. the cytoplasmic polyadenylation element (CPE), and the

embryonic deadenylation element (EDEN). The CPE consists ofUUUUUAU or

other similar sequences, and binds with CPE binding protein to promote the

extension of the poly(A) tail (Simon, Tassan et al. 1992). The core EDEN

sequence consists of a repetition ofU(A/G) dinucleotides, and binds to the

EDEN-specific RNA-binding protein (EDEN-BP) to mediate embryonic

deadenylation ofmRNAs (Paillard, Omilli et al. 1998).

The upstream core polyadenylation signal sequence (UCPAS) can modulate

the efficiency of gene translation by regulating the formation of the poly-A tail at

the mRNA 3'UTR. UCPAS is located at the 3' UTR on the 5' side in proximity
to the pre-mRNA cleavage site, and has the consensus hexamer sequence

AAUAAA (Zhao, Hyman et al. 1999). By binding with cleavage and

polyadenylation specificity factor (CPSF), UCPAS controls the cleavage of 3'
flanking region ofpre-mRNA and the synthesis of PoIy(A) tail (Takagaki and
Manley 1997). In addition, the 3' UTR contains other m-acting elements that

control mRNA stability and localization (Chen, Ferec et al. 2006), and that

regulate translation initiation and elongation (Kuersten and Goodwin 2003; de

Moor, Meijer et al. 2005). As a research highlight in recent years, microRNAs
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(miRNAs) bind to the 3' UTR of target mRNAs, and promote mRNA degradation

or repress translation initiation (Du and Zamore 2007).

3.4 Genetic variations with translational effects

It is obvious that genetic variation in any of the sequence elements enumerated

above could affect translational efficiency. To date, most known genetic

variations with translational effects are rare mutations causing Mendelian diseases

(Scheper, van der Knaap et al. 2007), which will be introduced in details in the

subsequent sections. The role of common DNA variations on gene translation in

common complex diseases has received surprisingly little attention, likely because

of the lack of appropriate methodology for high-throughput screening at the

nucleotide (rather than at the protein) level.

3.4.1 5' UTR variants with known functional effects

The uORF is an important element of eis translational regulation. A 516G—>T

mutation at the 5'UTR of the thrombopoietin gene (THPO) mRNA truncates a

uORF with potent inhibition on the mRNA translation. By the disruption of the

inhibition effect, this gain-of-function mutation increase the production of

thrombopoietin dramatically. Consequently, the over-expression of THPO

increases platelet production, and causes hereditary thrombocythemia (Kikuchi,

Tayama et al. 1995; Ghilardi, Wiestner et al. 1999). On the other hand, a loss-of-

function mutation producing an upstream AUG or uORF can inhibit the mRNA

translation. The case can be seen in the finding of the G—>T mutation at the
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5'UTR of the cyclin-dependent kinase inhibitor 2A gene (CDKN2A) mRNA,

which produces a strong matched Kozak consensus sequence 34nt upstream of the

wild type translation start site (Liu, Dilworth et al. 1999). The wild type sequence

is 5'-gcgGAGAGGG-3', and the G^T mutation produces 5'-gcgGAGATGG-3',

which strongly matches the Kozak consensus sequence 5 ' -gccRCCATGG-3 ' . The

CDKN2A gene encodes a low-molecular-weight protein ? 16, which is a CDK4

kinase inhibitor (Kamb, Gruis et al. 1994). As a tumor suppressor, pi 6 can inhibit

cell growth by arresting cells at Gi phase (Serrano, Harmon et al. 1993). The

impaired production of the wild type pi 6 protein may increase the susceptibility

to melanoma (Liu, Dilworth et al. 1999).

The IRE is a 30nt motif at the 5' UTR of the ferritin mRNA, and the 3' UTR

of transferrin receptor mRNAs. The consensus structure of IRE is a stem loop

(Hentze and Kuhn 1996). There is a bulge in the middle of the stem. The 6nt loop
at the end of the stem is highly conserved with the consensus sequence of 5'-

CAGUGX-3', where X can be any nucleotide except G (Jaffrey, Haile et al. 1993;

McCallum and Pardi 2003). Mutations change the stem loop structure of IRE of

the ferritin mRNA, and disrupt the interaction of IRE-IRF, which consequently
impairs the control of the ferritin translation and causes anomalous expression of

ferritin, a genetic syndrome known as hereditary hyperferritinemia-cataract

syndrome (Allerson, Cazzola et al. 1999).
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Mutations may impair the IRES-dependent translation, e.g. the finding of the

mutations of the dyskeratosis congenita 1, dyskerin gene (DKCl), which cause X-

linked dyskeratosis congenita (X-DC)(Yoon, Peng et al. 2006). On the other hand,

a single nucleotide change may also increase the function of an 1RES element, as

the finding in the v-myc myelocytomatosis viral oncogene homolog (avian) gene

(MYC) (Paulin, Chappell et al. 1998). However, the consensus sequence of 1RES

is unclear.

Allele-specific alternative splicing can lead to the production ofmRNA

isoforms with different 5'UTR. Because of the importance of the functional

elements in the mRNA 5'UTR, these isoforms differing only in their 5'UTR may

have different translational efficiency. A typical case can be seen in the THPO

gene. The G—>C transversion at position +1 of intron 3 of the THPO gene leads to

the production of an mRNA isoform with a shortened 5'UTR. The translational

inhibitory elements are missing in the isoform with shortened 5'UTR. This gain-

of-function mutation by splicing effect is also a cause of hereditary

thrombocythemia (Wiestner, Schlemper et al. 1998).

3.4.2 The Kozak consensus sequence

Genetic variations in the Kozak sequence have also been reported in the study of
human genetic diseases. A (G->C) mutation, found in a thalassaemia intermedia

family, maps to position -6 of the Kozak sequence of the ß-hemoglobin gene, i.e.

5'-(G^C)ACACCATGG-3' (De Angioletti, Lacerra et al. 2004). Although the
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position -6 of the Kozak sequence is not highly conserved, De Angioletti et al.

found that the mutation decreased the translational efficiency of the ß-globin

chain by about 30%. By this slight effect on gene function, the mutation alone is

not disease-causing, but can worsen the clinical phenotype of thalassaemia

intermedia when it coexists with a thalassaemia mutation (De Angioletti, Lacerra
et al. 2004).

A common C/T SNP (NCBI dbSNP ID rsl 883832, average

heterozygosity=0.344) maps to the position -1 of the Kozak sequence of the CD40

molecule, TNF receptor superfamily member 5 gene (CD40) mRNA. It is a strong

matched Kozak sequence, i.e. 5'-GC(C/T)ATGG-3'. whereas the SNP is a

nonconservative change in the Kozak sequence. Tomer et al. reported that this

SNP was associated with Graves' disease (GD) (Tomer, Concepción et al. 2002).

However, the association has not been replicated by later studies (Heward,

Simmonds et al. 2004; Hsiao, Tien et al. 2008) and remains controvensial.

3.4.3 The coding region

Genetic variations in the coding region may change the translational efficiency by

the effect on mRNA secondary structure. An example is the finding in the COMT

gene. COMT encodes the enzyme Catechol-O-Methyltransferase, which

modulates pain sensitivity (Mannisto and Kaakkola 1999; Diatchenko, Slade et al.

2005). The haplotypes of three synonymous SNPs, rs4633, rs4818, and rs4680,

have different mRNA secondary structures. The C-C-G haplotype has a local
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stem-loop mRNA secondary structure which is more stable than the other

haplotypes. This stable stem-loop decreases the efficiency ofprotein expression,

and corresponds to the clinical phenotype of high pain sensitivity (Nackley,

Shabalina et al. 2006).

3.4.4 The 3'UTR

Genetic variations in the UCPAS consensus sequence, the hexamer AAUAAA,

may lead to alternative splicing of the pre-mRNA 3' end, and produce alternative

mRNA isoforms with different 3' UTR structure and poly(A) tail, therefore

different translational properties. By impairing the normal production of the

major transcript and the corresponding peptide isoform, variations of the hexamer

AAUAAA may cause genetic diseases (Chen, Ferec et al. 2006). The hemoglobin,

beta gene (HBB) encodes ß-globin. Absence of ß-globin by mutations in the HBB

gene causes ß°-thalassemia (Pirastu, Galanello et al. 1987). Reduced amounts of
ß-globin by mutations in the HBB gene causes ß+-thalassemia. A number of

studies have found that mutations in the UCPAS consensus sequence can impair

the translation ofHBB, and cause ß+-thalassemia (Orkin, Cheng et al. 1985; Rund,
Dowlingetal. 1992).

3.5 Objective of this project

The studies discussed above highlight the potential translational effect of common

DNA polymorphisms in the human genome. Despite the importance of this

potential mechanism of genetic translational control, up to now, there is no high
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throughput method to investigate the SNPs' effect on gene translation. As part of

the GRID project, the objective of our project is the systematic screening of

human genetic variations that affect gene expression through effects on

translational efficiency using a unique approach. Our hypothesis is a substantial

portion of human phenotypic variation may be due to the effects of common

polymorphisms on RNA translational efficiency. The method is developed on the

basis of the high throughput AI detection developed by Pastinen et al. (Ge, Gurd

et al. 2005; Pastinen, Ge et al. 2005). To search for exonic polymorphisms that

alter translational efficiency, I took advantage of the fact that efficiently translated

RNAs associate with multiple ribosomes, while less active ones with fewer or

none. Clusters of ribosomes (polysomes) can be separated from single ribosomes

and soluble RNA by ultracentrifugal fractionation according to size. In the

presence of translational imbalance (TI, i.e. two alleles have different translational

efficiency), the less active allele is associated with fewer ribosomes, thus is lighter
in weight and has less sedimentation rate. By ultracentrifuge, the less translated

allele will be found in higher abundance in the upper fractions, with reversal of
the ratio towards the lower ones.
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4. Methods

4.1 Subjects

Human immortalized lymphoblastoid cell lines (LCL) were acquired from the

Centre de l'Étude du Polymorphisme Humain (CEPH) CEU. The CEPH CEU
samples have been used for the international HapMap project. These LCLs have

publicly available genotypes for ~ four millions SNPs up to March 2008

(http://www.hapmap.org/ ). The CEPH CEU samples are U.S. Utah residents with

ancestry from northern and western Europe. All together, 90 individuals from 30

parent-child trios were provided by the Coriell Institute for Medical Research

(http://ccr.coriell.org/Sections/Collections/NHGRI/hapmap.aspx?PgId=266&coll^

HG, New Jersey, USA). The cells were cultured using RPMI- 1640 containing

15% FBS, 1% L-glutamine, 1% penicillin and 1% streptomycin, in 370C 5%C02

incubator. The Research Ethics Board of the Montreal Children's Hospital and

other participating centers approved the study.

Our study needs to investigate AI or TI on hetezygous SNPs. For a rare SNP,

there will be very few or no hetezygous sample. To supplement this limit, our lab

has established a LCL bank, consisting ofmore than 300 individuals from TlD

families. These individuals have been genotyped with 550,000 SNPs genome-

widely using the Illumina Infinium™ II HumanHap550 BeadChip technology

(Illumina, San Diego CA)(Gunderson, Steemers et al. 2005; Steemers, Chang et al.

2006). I have used these LCLs to map genetic effect of gene expression
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(Hakonarson, Grant et al. 2007; Qu, Lu et al. 2007; Qu, Marchand et al. 2007).

The immortalization of LCLs from fresh peripheral blood lymphocytes follows

the standard EBV transformation protocol with minor revisions (Pattengale, Smith

et al. 1973).

4.2 Polysome fractionation

RNA molecules were fractionated on the basis of the number of ribosomes they

were associated with, by sedimentation velocity in viscous media (10%~50%

sucrose gradients). The larger aggregates of the more actively translated PvNA

move faster than smaller aggregates, while RNA not associated with ribosomes

remains at the top. From each LCL, lxl O8 cells were incubated with lOOug/µ?
cycloheximide (to stop translation and fix the ribosomes on the mRNAs) for 5

mins at 37 0C, and then were washed with phosphate buffered saline (PBS)

containing 1 00µg/ml cycloheximide. Then, cells were collected by centrifugation

at 1,000 rpm for 10 min. Cell pellets were lysed with hypotonic polysome lysis

buffer [5 mmol/L Tris-HCL (pH 7.5), 2.5 mmol/L MgC12, 1.5 mmol/L KCL,

100µg/mL cycloheximide , 2 mmol/L dithiothreitol (DTT), 10% Triton X-100,

and 10% sodium deoxycholate], then transferred to a prechilled Eppendorf tube.

After 2 min of incubation on ice with occasional vortexing, the extracts were

centrifuged for 2 mins at 13,000 rpm at 4 0C to remove cellular debris. The

supernatant was directly loaded on a 10%—50% linear sucrose gradient [20

mmol/L HEPES-KOH (PH 7.6), 100 mmol/L KCl, 5 mmol/L MgCl2] and then

centrifuged in a Beckman SW41 rotor for 120 minutes at 35,000 rpm at 4°C. As
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stated earlier, mRNA directing enhanced protein synthesis is expected to be more

abundant in the larger polysome fractions, whereas mRNA subjected to repressed

translation should be more abundant in fractions spanning low-number polysomes,

monosomes, and free ribosome subunits. Polyribosomal fractions were collected

using the Brandel fraction collector (Gaithersburg, Maryland) with real-time

monitoring ofUV optical density at 254 nm using an Iseo type 1 1 optical unit

connected with a recorder. There were 24 fractions/cell line. This project obtained

technical support and protocols from Dr. Nahum Sonenberg's laboratory

(Kahvejian, Svitkin et al. 2005), and advice from Dr. Francis Robert.

4.3 RNA extraction and assessment

After the fractions were collected, RNA from each fraction was extracted using

standard Trizol (Invitrogen, California) followed by the phenol-chloroform

method. RNA was dissolved in 15µ1 ofDEPC H2O. The total RNA concentration

of each fraction was quantified by optical density (OD), and the relative

abundance of ribosomal RNA subunits assayed on the Agilent 2100 bioanalyzer

with the RNA 6000 Nano LabChip® kit (Agilent Technologies, Santa Clara CA).
RT-PCR amplification ofmultiple genes known to be expressed in LCLs had

been done to assess the mRNA distribution in the fractions, including IFIHl

(interferon induced with helicase C domain 1), LTB4R (leukotriene B4 receptor),

IL10RA (interleukin 10 receptor, alpha), CD40, TAP2 (transporter 2, ATP-binding

cassette, sub-family B), and the Cyclophilin housekeeping gene. Except

Cyclophilin, the other genes have important immune functions and may be
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involved in the pathogenesis of type 1 diabetes. Genetic effects on these genes'

expression are the interest ofmy supervisor's group.

4.4 Precise quantification of mRNA in the fractions

Because of the fractionation procedure, abundance of total mRNA is no longer

reflected by the OD measurement, the bulk ofwhich is due to ribosomal RNA.

Therefore, the mRNA in each fraction needs to be precisely quantified. To

quantify the poly(A) RNA in the polysome fractions, fraction aliquots were slot-

blotted on a nylon membrane and quantified using an oligo(dT) probe labeled

wtih digoxigenin, using the DIG Oligonucleotide 3 '-End Labeling Kit (Roche,

Indiana). This assay involves the following 5 steps:

a) Labeling the 3' end of the nucleotide probe with DIG;

b) Immobilization of target fraction mRNA on a nylon membrane;

c) Prehybridization and hybridization DIG-labeled probe onto the membrane;

d) Binding of anti-DIG antibody conjugates ;

e) The hybridization signal was detected by an enzyme-linked immunoassay

with anti-DIG-AP antibody conjugate, and a chemiluminescence reaction;

f) The final concentration of PoIy(A) RNA was quantified by the

densitometry image analysis (Bio-Rad GS-700 imaging densitometer and

Bio-Rad Quantity One 4.2, Bio-Rad, France) against a standard curve of

the commercial human pancreas PoIy(A) RNA at the standard

concentrations.
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4.5 Translational imbalance (TI) assay

Two methods were used to measure the relative proportions of each allele of

mRNA SNPs: the resequencing method and the Illumina Golden Gate beadarray

assay.

4.5.1 Resequencing

Fractionated mRNA samples can be assayed for AI at any transcribed SNP, by

RT-PCR and sequencing. However, this is too slow a method for a large-scale

genome screen. Therefore, the re-sequencing method was mainly used to study

candidate genes and to confirm the beadarray results. To determine the allele

levels, heterozygous CEU individuals were selected based on the genotyping data

ofHapMap. Allelic expression was analyzed by sequencing in both directions.

Sequencing was done in parallel for amplified genomic DNA (gDNA) and

complementary DNA (cDNA) samples using the 3700 DNA Analyzer (Applied

Biosystems, Foster City, CA). To design the PCR/sequencing primers, these steps

were followed: (1) Obtain the DNA or RNA reference sequence from the NCBI

database (http://www.ncbi.nlm.nih.gov/sites/entrez?db=nuccore); (2) Using the

SNPmasker 1.0 program (http://bioinfo.ebc.ee/snpmasker/) to mask all SNPs and

repeat regions in the given sequences, and to keep from designing primers from

these regions (Andreson, Puurand et al. 2006); (3) PCR/sequencing primers for

the gDNA and the cDNA were designed by the Primer3 program

(http://primer3 .sourceforge.net) (Rozen and Skaletsky 2000); (4) Secondary

structure analysis of the oligos using the Gene Runner program
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(http://www.generunner.net/. Hastings Software). Repeat Step 2-4 until

appropriate primers are obtained. The cDNA synthesis was carried out using

Superscript II RNase H Reverse Transcriptase (Invitrogen, California). The PCR

amplification was done in a 25µ1 reaction system using the Taq DNA polymerase

kit (Invitrogen, California) on the Gene Amp PCR system 9700 (Applied

Biosystems).

Two approaches were used to quantify the allelic ratio: (1) To assess the

allelic ratio at the mRNA levels, we used allelic proportions in heterozygous

gDNA RT-PCR product to establish 1:1 stoichiometry and to correct for relative

expression levels of the two alleles in the unfractionated mRNA samples; (2) To

assess the allelic ratio in the polysome fractions, allelic proportions in

heterozygous unfractionated mRNA RT-PCR product were used to establish 1:1

stoichiometry and to correct for relative expression levels of the two alleles in the

various fractions of the mRNA samples. The software PeakPicker developed by

Bing Ge and Tomi Pastinen can quantify the allele ratio by correcting for adjacent

peaks (Ge, Gurd et al. 2005). The AI pattern was depicted in Fig.2.
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ATG TCAWTH TTCC
RTG TCHC TG TTCC

a/MvWi\A/W\
a. luurnotionnted inRNA

ATG TCA ¦¦ T ? TTCC
HTGTCRTTG TTCCI

b. light polysome mRNA

FIG. 2. A typical allelic imbalance (AI) pattern by the re-sequencing method.

The nucleotide letter corresponding to the heterozygous SNP is highlighted in

black. With the allelic ratio of unfractionated mRNA (a) as 1 :1 stoichiometry

control, the allelic ratio of fraction mRNA (b) was calculated (in this case, C:T=1 :

4.3).

4.5.2 Microarray

For a much-higher throughput, our fractions were run on the Illumina Golden

Gate genotyping array platform (Illumina, San Diego, CA), using a modification

allowing relative quantification of the two alleles to detect AI, developed by the

group of T.J. Hudson and T.M. Pastinen (Pastinen and Hudson 2004).

4.5.2.1 Samples
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Ten unrelated CEPH CEU individuals, i.e. NA07357, NAl 1992, NAl 1993,

NA12003, NA12043, NA12145, NA12155, NA12156, NA12761, and NA12815,

were assayed on an Illumina Golden Gate array. For each individual, 6 samples

were run on the array: (1) The genomic DNA; (2) The unfractionated mRNA in

duplicate assays; and (3) Four mRNA fractions, corresponding to pre-80S mRNA,

light polysome mRNA, medium polysome mRNA, and heavy polysome mRNA,

each in triplicate.

4.5.2.2 The Illumina Golden Gate beadarray

(1) The plate design: The Illumina Golden Gate beadarray is a flexible,

customized technology. The beadarray assay included 375 SNPs from 272 genes

(Table 1). These genes were from the ENCODE regions

(http://www.hapmap.org/downloads/encode 1 .html.en). chromosome 21, and

genes with high variance in their expression among individuals (Serre, Gurd et al.

2008). The ENCODE regions had been extensively resequenced for SNP

discovery and linkage disequilibrium (LD) mapping. In addition, these genes were

known to be transcribed in LCLs by expression microarray assay. There were 371

SNPs from 269 genes which had at least one heterozygote, i.e. informative for the

allelic translation assay. For the 371 SNPs, there were 10 5'UTR SNPs, 47

nonsynonymous SNPs (nsSNPs), 79 synonymous SNPs (sSNPs), and 235 3'UTR

SNPs. The chromosome distribution of the 371 SNPs is shown in Fig.3.

27



count
33

25

20

15

10

1 2 3 4 3 S 7 S 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X

CIu

FIG. 3. The chromosome distribution of the 371 SNPs assayed for the allelic

translation using the Illumina Golden Gate beadarray.
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Table 1 The SNPs in the Illumina Golden Gate beadarray for the
translational assay
rs chr pos gene region HETn*
rs 1203651
rsl0889205
rs 12855
rs7308
rs 17567
rs7374
rs8535
rsl056825
rs 1056831
rs6573
rs 14804
rs878471
rs 11552229
rs2228099
rs8401
rs3753565
rs4245739
rs4252745
rs 11240353
rs3024496
rs873
rs 10593
rs4798
rs 1049500
rs 162549
rs2855658
rsl800935
rs848291
rs2271627(rs6886)
rs3731828
rsl058588
rslOlO
rsl304037
rs 17561
rs 107 1676
rs4556933
rs2066459
rs7224
rsl061157
rs 1048829
rs3731696
rs2229571
rs2070096
rs207906
rs 105 1677
rs 105 1685

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

13,981,700
40,478,312
51,212,680
51,593,577
51,599,508
55,088,909
111,587,451
111,587,452
111,587,534
112,056,911
115,051,365
148,814,370
149,050,608
149,075,512
151,800,521
184,583,110
202,785,464
202,785,809
203,322,923
205,008,486
234,207,361
9,463,480
9,464,255
10,498,417
38,148,959
38,150,393
47,876,618
58,242,199
85,475,569
85,659,776
85,662,381
85,662,492
113,248,706
113,253,693
113,303,903
158,152,134
190,416,956
201,426,154
203,129,443
203,138,700
203,140,048
215,353,708
215,353,789
216,721,145
216,778,492
216,778,620

PRDM2
RLF
CDKN2C
EPS15
EPS15
DHCR24
CHI3L2
CHI3L2
CHI3L2
RAPlA
NRAS
MCLl
ARNT
ARNT
S100A2
TPR
MDM4
MDM4
RBBP5
ILIO
NID
ITGBlBPl
ITGBlBPl
ODCl
CYPlBl
CYPlBl
MSH6
FANCL
CAPG
VAMP8
VAMP8
VAMP8
ILlA
ILJA
ILlB
ACVRlC
PMSl
CLKl
BMPR2
BMPR2
BMPR2
BARDI
BARDI
XRCC5
XRCC5
XRCC5

sSNP
nsSNP
3'UTR
3'UTR
nsSNP
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
sSNP
3'UTR
nsSNP
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
sSNP
3'UTR
3'UTR
sSNP
sSNP
nsSNP
sSNP
3'UTR
3'UTR
3'UTR
nsSNP
3'UTR
sSNP
nsSNP
3'UTR
sSNP
3'UTR
3'UTR
nsSNP
sSNP
sSNP
3'UTR
3'UTR

2
3
4
9
6
8
10
12
9
2
3
7
6
7
2
5
4
3
4
5
4
3
3
2
7
6
3
5
3
9
10
9
6
5
6
5
1
2
3
4
4
5
6
3
2
6
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Continuation ofTable 1

rs7626117
rs 1642742
rs 105 1208
rs2470352
rs2228000
rs 1046048
rs2953
rs3448
rs 106 1474
rs 1043261
rs3774729
rs6441516
rs7297
rs2305035
rs2681417
rsl 129055
rsll31274
rs2227928
rs3 182285
rs2290725
rs568408
rs3772172
rsll31542
rsll31535
rsll31532
rsl 1919795
rs6141
rsl 047148
rs406271
rsl 7788379
rs2245466
rs2305948
rsl 042040
rs3733326
rs4 150052
rs958
rsl 0965
rsl 042891
rs3747676
rsl 0492 16
rs702689
rs832582
rs832583
rs3730089
rs300239
rsl805355
rsl 84967
rsl 056503
rs2229085
rs2229992

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
5
5
5
5
5
5
5
5
5
5

10,115,670
10,166,942
12,600,746
14,161,830
14,174,888
38,499,745
41,256,391
49,371,754
50,119,954
53,874,315
63,957,121
101,949,707
101,950,365
106,921,715
123,307,886
123,321,008
135,359,104
143,764,301
150,231,069
150,242,014
161,196,160
171,560,406
173,706,619
173,706,768
173,706,996
185,373,561
185,572,959
187,990,450
197,261,372
197,261,607
39,875,240
55,674,314
56,955,054
56,955,990
78,298,795
87,156,897
89,217,106
110,829,534
124,037,523
185,787,082
56,213,199
56,213,499
56,213,973
67,623,903
73,966,506
80,001,784
80,185,736
82,684,732
108,161,865
112,190,752

FANCD2
VHL
RAFl
XPC
XPC
ACVR2B
CTNNBl
RHOA
RBM5
ILI 7RB
ATXN7
TFG
TFG
CBLB
CD86
CD86
RYK
ATR
SMARCA3
SMARCA3
ILlU
SKIL
TNFSFlO
TNFSFlO
TNFSFlO
DVL3
THPO
RFC4
TFRC
TFRC
RHOH
KDR
PPAT
PPAT
CCNG2
MAPKlO
PKD2
CASP6
FGF2
CASP3
MAP3K1
MAP3K1
MAP3K1
P1K3R1
ENCl
MSH3
MSH3
XRCC4
FER
APC

3'UTR
3'UTR
3'UTR
3'UTR
nsSNP
sSNP
3'UTR
3'UTR
sSNP
nsSNP
nsSNP
sSNP
3'UTR
sSNP
nsSNP
nsSNP
3'UTR
nsSNP
3'UTR
sSNP
3'UTR
5'UTR
3'UTR
3'UTR
sSNP
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
5'UTR
nsSNP
3'UTR
3'UTR
sSNP
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
nsSNP
nsSNP
sSNP
nsSNP
sSNP
sSNP
nsSNP
sSNP
sSNP
sSNP

2
4
2
6
5
5
8
9
5
4
4
8
9
5
2
7
5
4
5
5
2
5
3
7
3
6
5
8
7
2
4
4
6
3
1
6
5
9
5
6
9
6
6
6
5
2
8
2
3
6
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Continuation ofTable 1

rs397768 5
rs3317 5
rs2545166 5
rsl549181 5
rsl051643 5
rsl059110 5
rs 1059829 5
rs 1059279 5
rs 1054204 5
rs299290 5
rs 17759 5
rs9605 5
rsl013062 6
rsl 045537 6
rs2857713(rs2229094) 6
rs805256(rsl4365) 6
rs522162 6
rs760070 6
rs8084 6
rs7194 6
rsl6871435 6
rs9273960(rsl049133) 6
rsl 1244 6
rs2070121 6
rs8807 6
rs7905 6
rs9277534 6
rs9277535 6
rs210135(rs210135) 6
rs8510 6
rs3025039 6
rs4712138 6
rs2 172710 6
rs2235481 6
rs220721 6
rs998075 6
rsl 040 6
rs8770 6
rsl 805321 7
rs2066853 7
rsl 0259620 7
rs3735135 7
rsl 0228436 7
rs9530 7
rsl 202283 7
rs3750105 7
rsl 3073 7
rs78 10469 7
rs6706 7
rs4710 7

112,209,474
1 12,240,049
112,241,703
112,390,738
126,199,897
138,294,444
151,022,221
151,022,371
151,022,742
162,835,093
177,570,487
179,595,856
18,345,639
26,204,726
31,648,534
31,743,688
32,027,895
32,027,934
32,519,012
32,520,457
32,735,729
32,737,824
32,888,701
32,889,531
33,140,828
33,140,952
33,162,784
33,162,838
33,648,670
36,186,157
43,860,513
56,571,368
91,282,457
146,098,540
160,248,609
160,388,267
169,358,271
170,728,455
5,993,513
17,345,634
27,168,813
39,994,008
55,205,761
65,063,328
86,920,227
94,132,617
94,134,704
94,135,749
100,308,979
115,684,627

APC
C5orfl8
C5orfl8
MCC
LMNBl
CTNNAl
SPARC
SPARC
SPARC
HMMR
HNRPAB
MAPK9
DEK
HFE
LTA
CSNK2B
RDBP
RDBP
HLA-DRA
HLA-DRA
HLA-DQBl
HLA-DQBl
HLA-DOB
HLA-DOB
HLA-DPAl
HLA-DPAl
HLA-DPBl
HLA-DPBl
BAKl
MAPK14
VEGF
DST
MAP3K7
EPM2A
MASI
IGF2R
THBS2
PDCD2
PMS2
AHR
HOXA9
CDC2L5
EGFR
GUSB
ABCB4
PEGlO
PEGlO
PEGlO
TRIP6
TES

3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
sSNP
3'UTR
3'UTR
3'UTR
nsSNP
3'UTR
3'UTR
sSNP
3'UTR
nsSNP
sSNP
3'UTR
3'UTR
sSNP
3'UTR
3'UTR
sSNP
3'UTR
nsSNP
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
nsSNP
3'UTR
5'UTR
sSNP
sSNP
3'UTR
3'UTR
nsSNP
nsSNP
3'UTR
nsSNP
3'UTR
nsSNP
sSNP
3'UTR
3'UTR
3'UTR
3'UTR
sSNP

5
12
7
4
5
4
10
4
7
1

11
11
7
5
4
4
1
1

10
11
3
7
10
1
6
2
3
5
2
2
5
4
2
7
4
7
4
13
0
1
3
2
3
13
5
2
5
1
6
4
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Continuation ofTable 1

rs2896181 7 115,685,119 TES 3'UTR
rs8713 7 115,987,032 CAVI 3*UTR
rsl049334 7 115,987,615 CAVI 3'UTR
rs6867 7 115,987,758 CAVI 3'UTR
rsl061285 7 128,640,543 SMO 3'UTR
rs4731575 7 128,855,382 KIAA0828 3'UTR
rsl665105 7 128,856,213 KIAA0828 3'UTR
rs2250788 8 11,389,464 BLK 5'UTR
rsl044011 8 12,986,079 DLCl 3'UTR
rsl047275 8 22,936,106 TNFRSFlOB 3'UTR
rs3182143 8 29,263,763 DUSP4 5'UTR
rsl800392 8 31,093,498 WRN sSNP
rsl346044 8 31,144,195 WRN nsSNP
rsl 0503929 8 32,733,524 NRGl nsSNP
rsl043782 8 38,187,480 BAG4 3'UTR
rs3242 8 41,238,710 SFRPl 3'UTR
rsl 06 1302 8 91,027,597 NBSl sSNP
rsl 063045 8 91,064,194 NBSl 5'UTR
rs3812471 8 125,567,727 /WF759 sSNP
rs7460 8 141,738,041 PTK2 3'UTR
rs2294008 8 143,758,932 PSCA 3'UTR
rs9071 8 145,721,313 LRRC14 3'UTR
rs2230724 9 5,071,779 JAK2 sSNP
rs7048717(rs2230724) 9 5,071,779 JAK2 sSNP
rs3088440 9 21,958,158 CDKN2A 3'UTR
rsl 1515 9 21,958,198 CDKN2A 3'UTR
rs4142496(rs5812) 9 35,792,582 NPR2 sSNP
rsl7062695 9 71,030,837 TJP2 sSNP
rs3812536 9 71,059,292 TJP2 3'UTR
rsl 69099 10(rsl 805 155) 9 97,278,199 PTCH sSNP
rs4978877 9 111,970,683 AKAP2 3'UTR
rsl 1681 9 111,972,149 PALM2- 3'UTR

rs8083 9 129,591,999 C£>£9 3'UTR
rsl056209 9 132,752,410 ?5?7 3'UTR
rsl 1254401 10 17,228,823 DNMT2 3'UTR
rs38 17405 10 20,546,423 PLXDC2 nsSNP
rsl 04205 8 10 30,768,106 MAP3K8 sSNP
rsl 131510 10 35,339,090 CUL2 3'UTR
rsl871446 10 62,223,768 CDC2 3'UTR
rsl468063 10 90,765,270 FAS 3'UTR
rsl4401 10 112,035,160 MXIl 3'UTR
rsl7658 10 112,036,139 MXIl 3'UTR
rs2459216 10 126,076,315 OAT 3'UTR
rs8839 11 1,730,711 CTSD 3'UTR
rs8234 11 2,826,683 KCNQl 3'UTR
rsl0798 11 2,826,740 KCNQl 3'UTR
rs2239731 11 6,933,563 ZNF215 sSNP
rsl042359 11 8,202,756 LMOl sSNP
rsl 049403 11 9,567,380 WEEl 3'UTR

4
3
5
3
7
8
2
4
3
5
4
5
5
5
8
3
12
6
5
7
8
12
3
3
3
5
5
2
9
5
1
2

5
2
1
4
7
3
3
6
7
10
1
2
4
7
6
5
2
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Continuation ofTable 1

rs4447177
rs7357
rs842
rs8193
rsl3347
rsl061810
rsl057233
rs4246215
rs947894(rsl695)
rs4891
rs 14983
rs4445669
rs488219
rs487728
rs 10474 17
rsl 1217234
rs506504
rs8705
rs4937333
rs4980809
rs73 10449
rs7301931
rs32 17926
rsl 0496 12
rs32 17933
rs2302371
rs2301262
rsl 058028
rs7330
rs921
rs4703
rs8664
rsl2587
rsl3096
rs9266
rsl 137282
rs2230375
rs2291264
rsl 900941
rs4251545
rsl 1183605
rs769412
rs4135113
rsl 403 5
rs546782
rsl44848
rsl 80 1406
rsl 047775
rs5351
rs2389910

i:
i:
i:
1!
11
11
11
11
11
11
11
11
1
1
1
i:
i:
11
11
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
13
13
13
13
13
13

22,602,600
33,686,836
33,687,981
35,207,893
35,209,847
43,834,509
47,333,023
61,320,874
67,109,264
67,110,545
101,896,634
114,550,446
118,125,906
118,126,704
118,677,745
118,683,147
125,030,404
127,834,122
127,835,729

276,552
892,375
892,444

4,281,943
4,283,022
4,283,260
6,728,386
6,926,120
11,935,461
12,766,183
14,986,428
14,986,824
15,664,687
25,250,094
25,251,107
25,253,483
25,254,043
26,624,328
26,702,043
26,759,588
42,466,561
45,445,234
67,519,481
102,900,822
129,927,193
21,173,945
31,804,728
31,809,887
42,579,426
77,373,313
96,915,164

FANCF
CD59
CD59
CD44
CD44
HSDl 7Bl2
SPIl
FENl
GSTPl
GSTPl
MMPl
IGSF4
DDX6
DDX6
CBL
CBL
CHEKl
ETSl
ETSl
JARIDlA
RAD52
RAD52
CCND2
CCND2
CCND2
MLF2
PTPN6
ETV6
CDKNlB
ARHGDIB
ARHGDIB
EPS8
KRAS
KRAS
KRAS
KRAS
ITPR2
ITPR2
ITPR2
IRAK4
SLC38A4
MDM2
TDG
RAN
FGF9
BRCA2
BRCA2
DNAJDl
EDNRB
RAP2A

3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
nsSNP
sSNP
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
nsSNP
3'UTR
3'UTR
sSNP
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
sSNP
5'UTR
3'UTR
3'UTR
3'UTR
sSNP
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
sSNP
sSNP
sSNP
nsSNP
3'UTR
sSNP
nsSNP
3'UTR
3'UTR
nsSNP
sSNP
3'UTR
sSNP
3'UTR

1
6
3
5
3
2
4
6
11
12
2
8
8
10
5
5
3
11
12
8
5
5
3
3
6
2
4
6
12
4
4
4
6
5
8
4
5
3
6
2
3
4
0
7
3
5
4
3
8
9
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Continuation ofTable 1

rsl2873919 13 96,917,524 RAP2A 3'UTR
rsl7655 13 102,326,002 ERCC5 nsSNP
rsl0131 13 107,657,846 LIG4 3'UTR
rs2289047 13 109,205,815 IRS2 3'UTR
rs2289046 13 109,205,906 IRS2 3'UTR
rsl061386 13 110,171,368 INGl 3'UTR
rs 1803479 14 22,103,829 DADI 3'UTR
rs4981429(rs7621) 14 22,113,841 DADI 3'UTR
rsl051101 14 22,127,923 DADI 5'UTR
rsl 1569620 14 34,940,706 NFKBIA 3'UTR
rsl0782383(rsl050851) 14 34,942,676 NFKBIA sSNP
rsl957106 14 34,943,520 NFKBIA sSNP
rsl051861 14 57,908,453 ARID4A sSNP
rsl 1549465 14 61,277,309 HIFlA nsSNP
rsl 131877 14 102,411,801 TRAF3 nsSNP
rs705 15 22,770,604 SNRPN 5'UTR
rs743581 15 72,115,193 PML 3'UTR
rs9479 15 72,115,628 PML 3'UTR
rs3129 15 77,001,269 CTSH 3'UTR
rs3826007 15 78,050,271 BCL2A1 nsSNP
rs859 15 79,388,376 IL16 3'UTR
rsl 131445 15 79,388,836 IL16 3'UTR
rsl7273563(rs2227933) 15 89,138,482 BLM sSNP
rsl7274095(rs2227934) 15 89,147,926 BLM sSNP
rsl063147 15 89,155,508 BLM sSNP
rs4777755 15 91,311,606 CHD2 sSNP
rs2272457 15 91,337,200 CHD2 sSNP
rsl 048326 15 99,427,167 LRRKl 3'UTR
rs393521 16 277,678 AXINl 3'UTR
rsl 05 1771 16 2,078,584 TSC2 sSNP
rsl054028 16 22,834,714 HS3ST2 3'UTR
rs7593 16 24,490,906 RBBP6 sSNP
rs3 135500 16 49,324,386 CARDI5 3'UTR
rs2066852 16 49,385,018 CYLD sSNP
rsl 0748 16 52,062,221 RBL2 sSNP
rs3929 16 52,081,808 RBL2 3'UTR
rs28216 16 63,579,614 CDHIl sSNP
rsl 800566 16 68,302,645 NQOl nsSNP
rs2239359 16 88,376,980 FANCA nsSNP
rsl2727 17 1,747,814 RPAl 3'UTR
rs2270121 17 9,757,395 GAS7 3'UTR
rsl047365 17 9,759,694 GAS7 3'UTR
rs4792219 17 11,986,629 MAP2K4 3'UTR
rsl 80 1052 17 26,532,900 NFl sSNP
rs2285892 17 26,577,610 NFl sSNP
rs7505 17 26,668,977 EVI2A 3'UTR
rsl3695 17 35,798,718 TOP2A 3'UTR
rs3198502 17 37,716,519 STAT5A 3'UTR
rsl053004 17 37,719,617 STAT3 3'UTR
rsl 799966 17 38,476,619 BRCAl nsSNP

14
6
3
6
4
6
2
5
3
2
1
5
8
3
3
9
7
14
6
3
9
11
6
6
7
1
5
4
3
1
3
6
6
1
7
6
5
4
6
4
6
7
9
4
0
8
8
5
8
5
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Continuation ofTable 1

rsl6942 17 38,497,525 BRCAl nsSNP
rs799917 17 38,498,461 BRCAl nsSNP
rsl6940 17 38,498,762 BRCAl sSNP
rsl049620 17 44,836,512 PHB 3'UTR
rsl061237 17 45,617,773 COLlAl 3'UTR
rs4626 17 46,295,420 TOBI sSNP
rs3088093 17 59,560,169 ERNl 3'UTR
rs8905 17 64,039,396 PRKARlA 3'UTR
rs6958 17 64,040,372 PRKARlA 3'UTR
rs9367 17 71,265,255 ITGB4 3'UTR
rs2239680 17 73,731,377 BIRC5 3'UTR
rsl042489 17 73,731,800 BIRC5 3'UTR
rs699517 18 663,015 TYMS 3'UTR
rs2790 18 663,085 TTMS 3'UTR
rsl061035 18 712,117 YESl 3'UTR
rs 1060922 18 712,401 YESl 3'UTR
rs677688 18 20,274,540 IMPACT nsSNP
rsl 053474 18 20,287,258 IMPACT 3'UTR
rs 10470 18 46,860,013 SMAD4 3'UTR
rs2229082(rs2229082) 18 49,190,992 DCC sSNP
rs7614 18 49,935,241 MBD2 3'UTR
rs6567211(rs8766) 18 51,046,528 TCF4 sSNP
rs8766 18 51,046,528 TCF4 sSNP
rsl 059442 18 54,567,672 MALTI 3'UTR
rs4987853 18 58,944,634 BCL2 3'UTR
rs4987852 18 58,944,900 BCL2 3'UTR
rsl564483 18 58,945,633 BCL2 3'UTR
rs6810 18 59,149,380 FVTl 3'UTR
rs2288288 18 59,705,945 SERPINB2 5'UTR
rs6104 18 59,721,508 SERPINB2 nsSNP
rs8259 19 533,926 BSG 3'UTR
rs3752174 19 2,465,564 GNG7 3'UTR
rsl053395 19 6,445,370 TUBB4 3'UTR
rs3093032 19 10,257,335 ICAMl 3'UTR
rs7935 19 10,966,607 SMARCA4 sSNP
rs2482 19 14,591,108 EMR3 3'UTR
rsl6982300(rs9413 ) 19 18,251,867 JUND 3'UTR
rs6554 19 18,546,963 UBA52 3'UTR
rsl406 19 35,006,951 CCNEl 3'UTR
rs2070132 19 41,419,204 ZNFl46 nsSNP
rs4806293 19 41,420,129 ZNFl46 3'UTR
rs3547 19 48,739,389 XRCCl sSNP
rs7026 19 50,016,355 LU 3'UTR
rsl052559(rsl3181 ) 19 50,546,758 ERCC2 nsSNP
rsl3181 19 50,546,758 ERCC2 nsSNP
rsl049698 19 50,668,597 FOSB 3'UTR
rsl 049739 19 50,670,214 FOSB 3'UTR
rs4645900 19 54,156,174 BAX 3'UTR
rs704243 19 54,156,782 BAX 3'UTR
rsl0413435 19 57,420,841 PPP2R1A sSNP

5
5
5
4
5
3
2
1
6
3
4
2
7
8
2
6
1
8
2
7

11
8
9
5
6
1
3
10
1
3
3
3
4
2
7
1
2
10
11
4
6
10
3
6
6
3
5
2
1
4
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Continuation ofTable 1

rs 1 6997057(rs3 197744) 20 1,866,486 PTPNSl 3'UTR
rs8156 20 3,734,636 CDC25B 3'UTR
rs7828 20 10,567,013 JAGl 3'UTR
rs6061216 20 30,245,773 PLAGL2 3'UTR
rs2424932 20 30,860,196 DNMT3B 3'UTR
rs2076546 20 45,701,899 NCOA3 sSNP
rs7121 20 56,912,201 GNAS 3'UTR
rs3730171 20 56,917,635 GNAS 3'UTR
rs 1059293 21 33,731,562 IFNGR2 3'UTR
rs3165 21 37,517,781 DSCR3 3'UTR
rsl051420 21 39,117,333 ETS2 3'UTR
rs9975285(rs2230688) 21 45,720,739 COLI8Al sSNP
rs 15484 10 22 19,634,462 CRKL 3'UTR
rsl 043242 22 19,636,742 CRKL 3'UTR
rs 1808 17 22 21,988,006 BCR 3'UTR
rs5030612(rs2229354) 22 22,497,512 SMARCBl sSNP
rsl049583 22 30,682,790 1WÄ4// 3'UTR
rs763121 22 37,209,885 DDX17 3'UTR
rs86796 22 37,211,399 DDX17 3'UTR
rs5750609 22 37,214,720 DDX/7 3'UTR
rs2272857 22 49,041,794 MAPKl2 sSNP
rsl057403 X 100,491,336 BTK 3'UTR
rs700 X 100,491,412 BTK 3'UTR
rs5956583 X 122,862,191 BIRC4 nsSNP
rs9856 X 122,873,321 BIRC4 3'UTR
rs8371 X 122,873,595 BIRC4 3'UTR
rs5958343 X 122,873,952 BIRC4 3'UTR
rsl059701 X 152,937,676 IRAKI sSNP
rsl 2877 X 153,283,448 DNASElLl 3'UTR
rsl 1887 X 154,120,650 VBPl 3'UTR

5
2
2
5
3
2
2
1
6
2
3
0
3
5
6
4
4
3
4
1
4
5
6
4
6
2
4
1
4
4

The number of heterozygotes for the allelic translation assay.
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(2) The Illumina Golden Gate assay: For the RNA samples to be run on the

Illumina assay, all the unfractionated and fractionated RNA samples were

standardized based on the poly(A) RNA quantification, to their equivalent in total

RNA. Exactly 250ng of SOng/µ? gDNA or equivalent amount of cDNA was

activated for binding to paramagnetic particles, and immobilized on a solid

support. Consequently, two allele-specific oligos (ASOs) and a locus-specific

oligo (LSO) were hybridized to the template gDNA or cDNA. Following

hybridization, several wash steps were performed to reduce noise and to remove

excess and mis-hybridized probes. Because of the immobilization of the DNA

templates, extra washing was permitted. The two ASOs and the LSO carried

common complementary sequences for universal primers, which allowed

universal PCR amplification. The two ASOs carried the complementary
sequences for the universal primers Pl and P2 respectively. The LSO carried the

complementary sequences for the universal primer P3. After hybridization and

clean-up, the appropriate ASO was extended and ligated to the LSO, and formed

the templates for the following universal PCR. During the PCR reaction, the

universal primers Pl and P2 introduced two different dyes into the PCR products.
The PCR products were hybridized to complementary beads according to the

unique address sequences carried by the LSOs. The fluorescence signals

introduced by the universal primers Pl or P2 were analyzed by the BeadArray
Reader, and the allele ratio were called on the heterozygotes

('http://www.///t/mmfl.com/pages.ilmn?ID= 1 1 ì (Fan, Chee et al. 2006).
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4.6 Data analysis

As described in the resequencing method, we adapted two approaches to quantify
the allelic ratio. To quantify the allelic ratio in the unfractionated mRNA, we used

allelic proportions in heterozygous gDNA as 1 : 1 control; to quantify the allelic

ratio in the polysome fractions, we used allelic proportions in heterozygous

unfractionated mRNA as 1:1 control. Compared with allelic ratios in

unfractionated mRNA, SNPs showing different AI pattern in the fractions were

considered as an indication of eis translational effects of variants contained in the

gene transcript.

To assess the translational effect, I used this scoring system: (1) Statistical

significance between the two light fractions (pre-80S and light polysome) and the

two heavy fractions (medium polysome and heavy polysome) at =0.05 by the

Student's t test of the average of three replicates for each fraction; (2) Biologically
meaningful difference between the two light fractions and the two heavy fractions,

i.e. the difference of the allele proportion was more than 0.10, which is an

empirical cutoff to judge AI generally used in our study; (3) Progressive change

of allele proportions from pre-80S to heavy polysome, i.e. the correlation

coefficient r between the allele ratio and the fraction points was more than 0.90;

(4) Biologically meaningful difference of allele proportions from pre-80S to

heavy polysome, i.e. the slope of the line was more than 0.05 by the regression
analysis, which is set up according to the empirical AI threshold. Each of the four

criteria was given one point with the total score of 4. If the accumulated score was
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>3, the CEPH individual would be taken as showing a possible translational effect

at this genetic locus. Concordant results from different SNPs in the same gene

were further evidence for TI.
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5. Results

5.1 Polysome fractionation

Forty LCL lines from the samples of European individuals used for the HapMap
project have been fractionated. The realtime OD monitoring profile is shown in
Fig.4.
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Fig.4. Realtime OD detection of the 24 polysome fractions. Fractions were

monitored using an ISCO UA-6 UV detector. The positions of 80S ribosomes,

light polysomes, and heavy polysomes, in the gradients are labeled. X-axis: the

fraction number (from Fraction 1 to Fraction 24); Y-axis: the UV absorbance.

Increases in polysome size by a single ribosome are indicated by secondary peaks
in the up-slope of the broad polysome peak.
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5.2 The Agilent assay of fraction RNA samples

The Agilent Lab-on-a-Chip assay verifies the amount of the 18S and 28S peaks by

electrophoresis on a chip. Applied to my fractions (Fig.5) it shows that there is

neither 18S nor 28S in Fractionl-6 (pre-40S RNA), which is exactly concordant

with our realtime OD detection, which suggests these fractions contain mainly

free proteins and RNA. From Fraction 7, we begin to see 18S RNA. From

Fraction 7-10, there is only 18S, which is corresponding to the 4OS realtime OD

monitoring profile. From Fraction 1 1, we begin to see 28S peaks. The ratio of

28S/18S increases with fraction numbers. From Fraction 18, the ratio of 28S/18S

begins to be >2, and increases until the last fraction, in a pattern perfectly

concordant with the theoretically expected distribution of the subunits.
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Fig.5. The Agilent assay of fraction RNA. From top to down, the five panels are

the assays of unfractionated RNA, pre-40S RNA, light polysome RNA, medium

polysome RNA, and heavy polysome RNA. From left to right, three sharp peaks

seen in the panels correspond to 5S, 18S, and 28S respectively.
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5.3 Expression profiles of six genes in the fractions

In order to determine the optimal fractions to sample for TI measurements, we

studied six genes (IFIHl, LTB4R, ILlORA, CD40, TAP2, and the Cyclophilin

housekeeping gene) with widely different expression levels in LCLs. Except

Cyclophilin, these genes have important immune functions and may be involved

in the pathogenesis of type 1 diabetes. Shown by the gene expression profiles, no

gene transcript can be amplified in fraction1-2. In addition, different genes

showed different expression profiles in the fractions, compatible with the

expectation that different mRNAs have different translational property (Fig.6).
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Fig.6. Gene expression profiles in the fractions. Each panel represents one gene.
We can see that the mRNA of each gene has a different distribution in the

polysome fractions. The Cyclophilin (a.) mRNAs are distributed in all the light,
medium, and heavy fractions. The IFIHl (b.) mRNA can be seen mainly in heavy
fractions. LTB4R (c.) mRNA has higher levels in light and medium fractions. The

ILIORA (d.) can be seen mainly in medium and heavy fractions. The CD40 (e.)
gene is mainly seen in medium and heavy fractions. The TAP2 (f.) gene has
similar pattern with Cyclophilin.
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5.4 Oligo-dT assay to quantify fraction poly(A) RNA

Fractionated RNA was diluted to 150ng^l based on the OD assay. An ?µ? sample
from each fraction was used for the PoIy(A) assay. The image ofhybridization
with DIG-labeled oligo(dT) is shown in Fig.7. We can see that mRNA is mainly
seen in the middle and lower fractions, but none in the upper fractions. The

highest peak is commonly seen in Fraction 7-1 1 (the original OD values right

after RNA extraction are also the highest in these fractions), and the second peak
is seen in Fraction 15-21. This pattern is concordant with the gene expression
profiles. In my study, I established a robust standard curve to quantify fraction
poly(A) RNA (Fig.8). According to the densitometry quantification, the poly(A)
RNA normally accounts for 2-3% of total RNA in the middle fractions, and 1-2%
of total RNA in the bottom fractions.
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Fig.7. The DIG-labeled oligo-dT assay to quantify fraction poly(A) RNA. The

first lane shows the commercial human pancreas PoIy(A) RNA at the standard

concentrations of Sng/µ?, 4ng^l, Sng/µ?, 2ng^l, lng/µ?, O.Sng/µ?, 0.2?§/µ1, and

O.lng/µ? respectively. The lower two lanes represent a typical profile of LCLs.

The fraction numbers are shown under the bands. "0" represents unfractionated
RNA.
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Fig. 8. The stand curve of the PoIy(A) densitometry quantification. X-axis:
PoIy(A) concentration (ng/µ?); Y-axis: OD value.

5.5 The fractionated RNA sample bank

I established a fractionated RNA sample bank, including 44 European CEU
individuals used for the international HAPMAP project. Except one individual
(NAl 0839), 43 individuals are the parents from the HAPMAP CEPH CEU

families. The sample list is shown in Table 2. Each individual has a DNA sample,
1 unfractionated RNA sample, and 24 RNA samples from polysome fractions.
Serving as a quality control, two cell lines (NA12872 and NA12146) were
cultured and fractionated twice by myself. Four cell lines (NA06994, NA10839,
NA12043, and NA12239) were cultured and fractionated twice by a different
person (Chee LK Lam).
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Table 2 The HAPMAP CEU individuals with fractionated RNA in my RNA
bank
HAPMAP
ID Gender Family ID
NA12145
NA12146
NA12239
NA06994
NA07000
NA07056
NA07034
NA07055
NA06993
NA06985
NA12056
NA12057
NA07357
NA07345
NA12043
NA11881
NA11840
NA11829
NA11830
NA11831
NA11832
NA11992
NA11993
NA11994
NA11995
NA12234
NA12154
NA12155
NA12156
NA12248
NA10839*
NA12003
NA12004
NA12006
NA12750
NA12760
NA12761
NA12812
NA12813
NA12814
NA12815
NA12872
NA12873
NA12874
NA12892

female
male
female
male
female
female
male
female
male
female
male
female
male
female
male
male
female
male
female
male
female
male
female
male
female
female
male
male
female
male
female
male
female
female
male
male
female
male
female
male
female
male
female
male
female

EU 1334
EU1334
EU1334
EU1340
EU1340
EU1340
EU1341
EU1341
EU1341
EU1341
EU1344
EU1344
EU1345
EU1345
EU1346
EU1347
EU1349
EU1350
EU1350
EU1350
EU1350
EU1362
EU1362
EU1362
EU1362
EU1375
EU1408
EU1408
EU1408
EU1416
EU1420
EU1420
EU1420
EU1420
EU1444
EU1447
EU1447
EU1454
EU 1454
EU1454
EU1454
EU1459
EU1459
EU1459
EU1463

* Offspring with the father NA12005 and the mother NA12006.
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5.6 TI assay on the Illumina beadarray

TI was detected in 75 out of 1483 (5.06%) assays, and 63 out of 269 (23.4%)
genes (Table 3). These results suggested that genetic effect on gene translation is

a common mechanism of gene expression regulation.
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5.7 Confirmation of the Illumina results by resequencing

To confirm the Illumina beadarray results, I selected 6 genes with the TI score >3 (Table
4) and repeated the TI assay by resequencing. The resequencing results confirmed the TI
results on the Illumina beadarray. Different TI patterns were seen in these genes, and
reflected different types of effects on gene translation.

Table 4 The PCR primers for the confirmation of the Illumina beadarray results by
resequencing

SNP

rs 10593

rs2953

rs 16997057

(rs3 197744)

rsl406

rs947894

(rsl695)

rs 1053474

Gene

ITGBlBPl

CTNNBl

PTPNSl

CCNEl

GSTPl

IMPACT

Primers for cDNA

L: 5'- TTTTAGCATGAGCGGTAATCTTT

3';

R: 5'- tgaggaagactgaggaCATGG -3'.

L: 5'- GGTGGGCTGGTATCTCAGaa -3';

R: 5'- agagctacttcaaagcaagcaaa -3'.

L: 5'- CCATCTCTACGCGCTTTCTT -3';

R: 5'- aggggaggtgggattttct -3'.

L: 5'- AGTACACCAGCCACCTCCAG -3';

R: 5'- GCAGCACTTACaaaacagttcatc -3'.

L: 5'- GGAGACCTCACCCTGTACCA -3';

R: 5'- GGACAGCAGGGTCTCAAAAG -3'.

L: 5'- GATGggaattgcagaagctg -3';

R: 5'- accatttttatggaaagaaaaataacc -3'.
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5.7.1 Opposite AI direction in the light polysome fraction and heavy polysome fraction:
the case oí ITGBlBPl (Fig.9) and CTNNBl (Fig. 10). The allele abundant in the light
polysome fraction has lower translational efficiency, while the other allele abundant in
the heavy fraction has higher translational efficiency.

ITCElBPlJ204SBHR.Jli35B.Oîe. fr.w.l b»=«, »IOS. Ea= e >0 5 or ?·9 5----A TGT CA ¦»¦ TRT T C «~
t ? 3 R a t art—a ' "H R a

X&E IEP I 1 ZOI 1SMI-ILJI.S3.0*. Fr-cKieat la.« » lOö

__ATGT CA Mme t p T T C

XCE.EíllZO«! S-JIIUIJ-H^JESSS-OxO Fr.cn^.t »««e »io
—?—? _s ? c a mm t g t

R R a

r\
V \ /\

R 3 R Pt
Ea,= c IOS of l«S
I C CA

a t-g-

X

Fraction (T/C)
FO: 1

F9.4.13

F13.0.97

F17: 0.58

F21: 0.09

Fig.9. The TI of the two alleles of the ITGBlBPl gene. We can see that the T allele is

higher in the light polysome fraction, but lower in the heavy polysome fraction, which
suggests that the T allele has lower translational efficiency.
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ihHH-*-f-*-tf tt »T / »A ff H^M-H-M-i-hi Fracti0n(G/r)
? * A ? F0:1/ \ ? ? / ? ? ? ? ? / . ?vWy\AAAAA/\m.A/v,AAmAMI «/ 1 \/\

-u'»ji.-»ctnriîjiî»si . jfii)-.!;ï...a<!t-, »»'«?·««». >>^ *»<!>·, ?», ?« „? ..

-M a .' I i if if ,' ,' ,' if g H ' ¦* ?-?-?-?-? ?. ?»
A

v/W WWWVW\JWA
iîSis-i:cTHui«îa_]Rîs.06i fui««i s»«« «is*. s«t« im »f i«

·—A......Q A... .T.. G GAA T.. T T A Ml. C AA AC C C TA 6. C M-,? c ? t c G ? ? t ????? « » c c fTTTc F12:0.71
? X v\

\AA/WW\AA/Vy\JWM/V\M?/ X \?7
t!SlS*IÍ>ÍHSllMU..,)SSJSJ>M ftiimtat Uw IHJ1 tit« H! ol 195

t-HH-hi i ,f ,' ; H ? f if li i H-t-hH-é ?*OM
?aa/vv\/\/W\/WWVwV\MMHa

líSIS-i«CIiraSlíMl.jí8í!_(H! fr. iato ? bec US». Ext 159 <·G J»9

R C ine ?G?? Tr ttToTcl G??? F19: 0.84

Fig.lO. The TI of the two alleles of the CTNNBl gene. Referring to the unfractionated

RNA (FO), we can see that the G allele proportion is higher in the light polysome fraction,
but lower in the heavy polysome fraction, which suggests that the G allele has lower
translational efficiency.
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5.7.2 Abundant allele in the heavy fraction: the case ofPTPNSl (Fig. 1 1). The abundance
of the allele in the heavy fraction suggests that this allele has higher translational
efficiency. If only a small proportion ofmRNA went to the heavy fractions, the allele
ratio in the light polysome fraction may not have obvious difference.

?» 1,-9'>&-~&-KM*JÍ ,..G?ßß·>.,04? »rac»^»« b»Ä^ »5!0« «Jse.- 3»0*t
AGAAC T »?? CCT GGGG

W ? V V
¦» I Í 9<>2 - I ¡iH.l»*t.,_J»e*4 -O«« FinEScnt fence «>10
? S A A C T 1G?? CCTGG

H B

ñ
T K C

?

ß a ?. -e 2lU
GGT

WIM/WAAA
GGGTT »p G.

?1 l«ilï-KOÏt»JU,..JJÎ864 064 F
AGAAC T MTM C

?/\/ V \

Fraction fr/G)
FO: 1

F&0.90

F12:0.68

F16: 0.56

F20: 0.61

Fig.ll. The TI of the two alleles of the PTPNSl gene. Referring to the unfractionated

RNA (FO), we can see that the G allele has similar proportion with FO in the light
polysome fraction, but higher in the heavy polysome fraction, which suggests the G allele
has higher translational efficiency.
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5.7.3 Abundant allele in the light fraction: the cases of CCNEl(Fig. 12) and GSTPl

(Fig. 13) The similar ratio of the two alleles in the heavy polysome fraction suggests that
both alleles are actively translated with similar efficiency. The abundance of the allele in

the light fraction suggests that this allele may have higher stability in the free mRNA
status. If the major proportion of the gene mRNA goes to the heavy polysome fractions,
the effect of free mRNA stability on the total mRNA level can be small.

CCBluS»SSaOH_JtSSE_OJS Tr* cmem V»se »SO. Cms« SO of 241
JS A GAGG M» C A : G C Ç G— C A

?CCnil21SS-TR«U TB8Sg_Q63 »,
S—Á S—&. G , Q KM.._£—A_ GCC C

Bac·! Sl oE

CKJTE « tí» 1IiUJK-- J l »Ai..., yBfttîU «(,4
GA GA G G *n C C CC

CCBII1ÎISSB.->TWI_JE3SS.0S0 Frjç^nt feü« »SI, lisi Sj oí 216

CCBI 1 iJíSSR-IlUll.JESSS.OeS rrígj.al base »SO t1Ci SO ofMo"
^-^ JS ? S G Ml C A : G C C CC CT

Fraction (A/G)
FO: 1

F9:0.19

F13:0.51

F17:0.83

F21:0.87

Fig.12. The TI of the two alleles of the CCNEl gene. Referring to the unfractionated

RNA (FO), we can see that the G allele is much more abundant in the light polysome
fraction than in the heavy polysome fraction.
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Fig.13. The TI of the two alleles of the GSTPl gene. Referring to the unfractionated

RNA (FO), we can see that the A allele has similar proportion with FO in the heavy
polysome fraction, but higher in the light polysome fraction.
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5.7.4 The detection of TI without referable unfractionated RNA: the cases ?? IMPACT
(Fig. 14). In this case, the unfractionated RNA has the mixture of un-translated isoforms.
We cannot correct the polysome fractions using FO. Instead, I calculated the allele ratio
using neighboring nucleotides around the SNP site.
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Fig.l4. The TI of the two alleles of the IMPACT gene. We can see that the T allele
proportion is higher in the light polysome fraction, but lower in the heavy polysome
fraction, which suggests the T allele has lower translational efficiency.
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6. DISCUSSION

6.1 A novel approach to cover an aspect of functional genomics

Because of the rapid development of genotyping technology and availability of high
throughput genotyping microarray (www.affymetrix.com, Affymetrix, Santa Clara, CA;

www.Illumina.com, Illumina, San Diego CA), a large number of disease-associated loci

have been found in the past one or two years (Duerr, Taylor et al. 2006; Easton, Pooley et
al. 2007; Saxena, Voight et al. 2007; Sladek, Rocheleau et al. 2007; Wellcome Trust Case

Control Consortium 2007). However, many disease loci have extended linkage
disequilibrium for more than a few hundred kb, and may include several genes, as shown
in the discovery of a novel TlD locus by our group (Hakonarson, Qu et al. 2008). There
may be multiple variants in multiple genes in the same LD block that can explain the

association because of LD. It is difficult to clarify the disease causative gene in a locus.
When the limits of genetic dissection have been reached, functional studies must be

undertaken. The approach to identify genes with functional genetic variation(s) is an
important supplement to locate a disease gene. For a gene without functional variation, it

cannot be the cause of a genetic disease. On the other hand, if a gene is identified to have

functional DNA variation, its potential role in a genetic disease will be highlighted.

Better understanding of the genetic regulation of gene function is likely to be valuable

in devising effective disease prevention and risk prediction. To date, studies on the

function ofDNA variations have focused on two major directions: (1) how an amino

acid substitution caused by a nsSNP changes the protein function (Smyth, Cooper et al.
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2006; Burke, Worth et al. 2007); (2) how a regulatory SNP change the mRNA levels

(Cheung, Spielman et al. 2005; Kiekens, Vercauteren et al. 2006). However, the DNA

variations with translational effect will likely neither change amino acid nor affect

transcription levels. Because no high throughput method was available to study the

genetic effect on gene translation, the effect on gene translation ofDNA variations has

been poorly understood. The results of this study suggest that genetic effect on gene

translation is a common mechanism of gene expression regulation, which needs further

study. My study creates a novel additional approach to cover an aspect of functional

genomics that has not received much attention so far. Therefore, this study adds an

important tool in the evaluation of loci associated with complex disorders.

6.2 The exclusion of non-causative SNPs

Our study suggests that as many as 23.4% genes have the change of gene translational

efficiency by genetic variations (more extensive confirmation pending), which suggests

that the translational effect ofDNA variations is a common phenomenon (Table 3). It is

worth noting that the SNPs used for the TI assay on the Illumina Golden Gate beadarray,

or the resequencing, are only genetic markers. A real causative SNP that affects gene

translation change can be located anywhere in the gene transcription region. There is no

simple way to test the translational effect of a SNP. However, a SNP can be excluded to

have translational effect explicitly by our high throughput method. If a SNP is the cause

of the change of gene translation, each of the two alleles should always correspond to a
specific change in different samples, i.e. either increased or decreased in all the different
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samples, but cannot be increased in some samples and decreased in some other samples.
We will take the case of the ITGBlBPl gene to explain this approach.

The ITGBlBPl gene maps to Chr2p25.2, and encodes the integrin beta 1 binding

protein 1, which may play important roles in integrin-dependent cell adhesion (Chang,
Wong et al. 1997). This gene is highly expressed in lymphocytes (Fig. 15). In our study,
ITGBlBPl was found to have strong evidence of genetic effect on translation by a

common polymorphism. Numerous SNPs have been found in the mRNA. However, most

SNPs in the mRNA are found in the 3'UTR (Fig. 16). Only one nsSNP and one sSNP are

found in the coding region. Altogether, only two 3'UTR SNPs have common frequencies,
i.e. rsl0593 (minor allele G, frequency=0.175 in European) and rs4798 (minor allele A,

frequency=0.125 in European). All other SNPs in the mRNA are rare (minor allele

frequency <0.05). Therefore, one of these two SNPs, rsl0593 and rs4798, may be TI
causative. Both 3'UTR SNPs rs 10593 and rs4798 have been used for TI marker in our

study. The two SNPs are only 775bp from each other. However, the poor linkage
disequilibrium (LD) between the two SNPs (Fig. 17) enables us to identify which SNP is
non-causative. The details of the methodology will be shown in the following paragraphs.

62



ITGB1BP1 203336 s at

ADIPOCYTE
AdrenalCortex

bonemarrow

.....ontalCo
bronchialepithelialçetls

ÇingulateCottexPrefrontalCortex

OC
u
Ct

U.
Z
(3
«
JS
s
e

O
S
CS
E
3
X

eaudatenuc eusCerebellum
CerebellumPeduncles

dorsal root ganglia(etalbrajn
globuspalli dus

Mecfiïaçblong&teÔccïpitalLpbeqlfactoryBulbParietalLobe
Pons

t,, , spinalcordsubthalamicnucleus
TemporalLobe

Thalamus
~~~~~ ~ WhofeBreinPB-BDCA4+Dentritic Cells

BM-CD 105+EndoThelial
BM<D71+Ea|inihrwdCiliaryGangli on

PLACENT^
Prostate

TestisGermCeS
Testislnterstitial

„ â, „ TestisLeyJgCellTestis S emmif erousTubul e
Uterus

UterusCorpusatnoventtfculamodè
, 1? . Appendix, , ColorectalAdenocarcinomaIeukemiachrontcmyelogenous](k562

leukemiaiymphob1asticfrnolt4leukemiaproi ' " —

__ CD8+T-ce s
nPB<;pj9+BcelsPB-CDS6+NKCells

fetalliver

fetafungLung
lymphnode

lym?h omaburkittsDaudi
r"-- - -

CardiacMyocytes
SmoothMuscle

BM<D33+Myeloidsalivarygland
IONGUEPaPancreas ,

_Pancreaticlslets ,mmmmM-am- —,SupenorCervicalGanglion
TrigemineJGanglionPituitary

skin

fetaliHyroiThyrc'lyroid
Trachea
Kidney

500 1000

Srasli^e

»a

500 1000 1500 2000 2500 3000
mean (e) 2003-2005 GNF

3500
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Fig. 16. The SNPs in the ITGBlBPl gene region (the NCBI dbSNP database,
http://www.ncbi.nlm.nih.gov/SNPy
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Fig. 17. The LD of the two ITGBlBPl SNPs based on the European HapMap data
(http://www.hapmap.orgi (2003; 2007), produced by Haploview v4.0

software(www.broad.mit.edu/personal/icbarret/haploviewi (Barrett, Fry et al. 2005). D'
value (%) is shown in the box. D'<100% suggests the existence of recombination
between the two SNPs.

64



Each of the two SNPs rsl0593 (A/G) and rs4798 (A/G) have two alleles. Therefore,
four haplotypes are expected in general population, i.e. rs 10593 A- rs4798 A, rs 10593 A-

rs4798 G, rsl0593 G- rs4798 A, and rsl0593 G- rs4798 G. Each haplotype represents a
type of chromosome, tagged by a rs 10593 allele and a rs4798 allele. If there is no LD, the

probability of each haplotype in the general population is equal to the product of the
frequencies of each SNP allele. If there is LD, the probability of a specific haplotype will
be higher or lower than the expected random frequency (Boehnke 2000). A major factor
of LD is the physical proximity of the two SNPs. There are two criteria to describe the

LD, i.e. D' and r . When there is no recombination between two SNPs, we can only see
three of the four haplotypes at most. In this condition, D'=l . In addition to no

recombination (D'= 1), when the frequencies of the two SNPs are exactly the same, we
can only see two haplotypes (r2=l), i.e. one allele of one SNP always co-occurs with a
specific allele of the other SNP. If r2=l, we cannot exclude one SNP as TI causative

based on LD. In the case of rs 10593 and rs4798, this approach is feasible because of

r =0.041. The expected frequency and empirical frequency of each haplotype is shown in
Fig. 18.
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Excepted Haplotype Observed Haplotype
Frequency Frequency
G-A=0.175x0.242=0.042 G-A=0.009

rsl0593 rs4798 -
A^ '"KP^ - A-A=0.825x0.242=0.200 A-A=0.232
(freq=Q.825) ... -' (freq=0.242)

G -'¦"" "\G
(freq=ai75j ~ (friq=ö:758) G-G=0.175x0.758=0.133 G-G=0.166

A-G=0.825x0.758=0.625 A-G=0.593

Fig. 18. The four haplotypes of the ITGBlBPl gene. Because of LD between the two

SNPs, the two haplotypes A-G and G-G have lower frequencies than expected, and the
other two haplotypes have higher frequencies than expected.

Of the 10 HapMap CEU LCL samples that were run in our Illumina Golden Gate TI

assay, there are 3 heterozygotes of rsl0593 (NA07357, NA12043, and NAl 2761), and 3
heterozygotes of rs4798 (NAl 1993, NA12043, and NA12815). For the 3 heterozygotes
of rsl0593, dramatic TI can be seen in NA12043, i.e. the G allele ofNA12043 has higher
translation. However, no TI was seen in either NA07357, or NA12761. On the other hand,
all three heterozygotes of rs4798 showed TI in the same direction, i.e. the minor A allele
has lower translational efficiency. These results excluded rsl0593 as TI causative.

Because there are only these two common SNPs in the gene region, rs4798 is the
candidate causing the translational effect. When I looked back at the rsl0593 results, both
the two samples NA07357 and NA12761 without TI have GG genotype of rs4798. For
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the sample NA12043, the TI of rs 10593 is concordant with the TI of rs4798 (Table 5).
Therefore, none of these data is against rs4798 of the translational effect and the effect is

likely due to it, or to an unknown SNP in tight linkage disequilibrium with it.

Table 5 The genotypes and haplotypes of the ITGBlBPl SNPs

sample rsl0593 rs4798 rsl0593-rs4798

NA07357 Ä/G G/G A-G/G-G

NA12043 A/G A/G A-A<G-G

NA12761 A/G G/G A-G/G-G

NAl 1993 A/A A/G A-A<A-G

NA12815 A/A A/G A-A<A-G

6.3 The analysis of the TI mechanism

As explained in the introduction part ofmy thesis, DNA variations may cause TI by
many potential mechanisms. A 5'UTR SNP located at an uAUG, an uORF, or a

conservative IRE sequence, can be expected to have a translational effect. For the 3'UTR

SNP rs4798, the conserved RNA sequence motifUCPAS, with the consensus hexamer

sequence AAUAAA, CPE with the consensus UUUUUAU, EDEN with the consensus

sequence of a repetition ofU(A/G) dinucleotides, are not involved.

6.3.1 The miRNA target site
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Besides the UCPAS, the 3'UTR of genes contains miRNA target sites (Du and Zamore
2007). MicroRNAs (miRNAs) are highly conserved, small RNA molecules (around 21
nucleotides) that regulate the expression of genes by binding to the complementary
mRNAs (Ambros 2004). Up to now, 3518 miRNAs have been identified in different

organisms, and 326 miRNAs have been found in human (miRBase release 7,
http://microrna.sanger.ac.uk/sequences/helD/summarv.shtmli. One miRNA can control

the expression of thousands of target mRNAs (Lim, Lau et al. 2005). On the other hand,
one mRNA moleculer may be targeted by multiple microRNAs (Pillai 2005). In recent
years, miRNAs have received extensive attention and the list of reported miRNA
functions is growing rapidly. Present studies have shown the roles ofmiRNAs on

development (Alvarez-Garcia and Miska 2005), viral infection (Sullivan and Ganem
2005), and oncogenesis (Hammond 2006).

To target at a mRNA molecular, the seed region of the miRNA (nucleotides 2-8)
needs to bind with a complementary conserved sequence at the mRNA 3'UTR (Lewis,
Bürge et al. 2005). A number of bioinformatics tools can be used to predict the miRNA
target sites, such as PicTar (http://pictar.bio.nyu.edu/XKrek, Grun et al. 2005),
TargetScan ("http://www.targetscan.orgA (Lewis, Bürge et al. 2005), and microlnspector
(http://www.imbb.forth.gr/microinspector') (Rusinov, Baev et al. 2005). Using these tools,
we did not find any miRNA target sites involving rs4798. For the other genes found to
have evidence of TI, further mapping of candidate SNPs with translational effect is

needed for the purpose of the prediction ofmiRNA target sites.
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6.3.2 The mRNA secondary structure change
The change ofmRNA secondary structure caused by a SNP may influence the gene
translation by multiple mechanisms. A SNP in the 5'UTR may change the mRNA
secondary structure, and hamper the 4OS subunit scanning for the AUG start codon(Lee,
Guertin et al. 1983; de Smit and van Duin 1994). The change ofmRNA secondary
structure by a SNP in the gene coding region may block the sliding of the 80S ribosome
along the mRNA molecular for peptide elongation (Shen, Basilion et al. 1999). The
change ofmRNA secondary structure by a SNP in the 3'UTR region may influence the
binding ofmiRNAs and PABP, thus impair the translational efficiency. We will look at
the case of the ITGBlBPl gene as an example.

The 3'UTR SNP rs4798 is located 158 bp downstream of the coding region of the
ITGBlBPl mRNA NM_004763. This SNP does not map to any known regulatory motif.
The functional effect of this SNP may be from its effect on mRNA secondary structure.
Changes in the minimum free energy (MFE, is the goal ofmRNA secondary structure
prediction) of the mRNA can be used to determine the effect of rs4798 on the mRNA
secondary structure in silico. MFE of full-length mRNA is computed on the basis of an
energy minimization algorithm (Zuker and Stiegler 1981), by the Vienna RNA Package
(http://rna.tbi.univie.ac.at/cgi-birvfRNAfold.cgi^ (Hofacker 2003). As illustrated in Fig. 19,
we can see that the 3'UTR SNP rs4798 may have an obvious effect on the mRNA MFE
and the secondary structure by the in silico prediction. Therefore, in the absence of any
other known mechanism, it is likely that the TI observed in the ITGBlBPl gene is due to
effects on the mRNA secondary structure, a possibility that needs to be explored further.
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Fig. 19. The mRNA secondary structure change of the ITGBlBPl transcript NM_004763
by the 3'UTR SNP rs4798. The two upper panels are the plot of the minimum free energy
and pair probabilities. The red line is the minimum free energy, and the green line is the
pair probabilities. The two lower panels are the predicted mRNA secondary structure.
The two left panels correspond to the A allele of the ITGBlBPl mRNA, and the two right
panels correspond to the G allele of the ITGBlBPl mRNA.
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7. Conclusion

1. This study creates a novel high throughput method to discover the genetic effect on
gene translation. This method covers an aspect of functional genomics that has not
received much attention so far, and adds an important tool in the evaluation of genetic
loci associated with complex disorders.

2. By the study of 269 genes, we found 23.4% genes with evidence of genetic effect on
gene translation, which suggest that genetic effect on gene translation may be a common
mechanism of gene expression regulation.

3. Shown by our best hit found in the ITGBlBPl gene, the role of the mRNA 3'UTR

secondary structure in the genetic control of gene translational may be important.

4. As a fundamental study, this study has established a high-quality RNA bank, including
1,100 RNA fraction samples, for further research work. To broaden the discovery study
of genome-wide translational effect, the assay on a high throughput platform, such as the
454 re-sequencing technology, can be performed on these RNA samples, following the
mature methodology created in this study. To fine map the causative DNA variations of
translation effect, this study will provide the methodological reference for the

experimental assay of computationally predicted candidate SNPs, and a sample bank.
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5. A biological validation of these findings, by transfecting epitope-tagged constructs of
the two cDNA alleles will be needed in future studies.
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