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1.1 Abstract

Background: The effect of common polymorphisms on transcription levels of a large
number of genes has been well documented and defined genome-wide in numerous studies.
However, the effects of common mRNA polymorphisms on translation have received little
attention. RPS26 exhibited one of the strongest associations (p = 10'10) in our group’s
genome-wide search to identify transcripts whose relative distribution between heavy
polysomes (active translation) and soluble RNA (inactive) was skewed by single-
nucleotide polymorphisms. The RPS26 SNPs most strongly associated with ribosomal
distribution, rs17118262 (C/G) and rs1131017(C/G), are located 9 bases apart, are in
strong linkage disequilibrium (D’=1) but have different allele frequencies (1*=0.54). The
goal of the present study was to confirm and quantify the effect of those RPS26 SNPs on
translational efficiency at the protein level. RPS26 was selected for this purpose because
rs1131017 is also associated with type 1 diabetes (T1D), the second strongest novel
association in our genome-wide association study (GWAS).

Methods: To independently confirm the translational imbalance found by ribosomal
distribution, we studied allelic ribosomal distribution in single heterozygous samples
(allelic translation) with Single Nucleotide Primer Extension (SNuPE) and Pyrosequencing.
To test the hypothesis that mRNA with the allele most associated with ribosomes also
produces more RPS26 protein, we applied both an ex vivo direct measurement and an in
vitro translation approach.

Results: Pyrosequencing and SNuPE confirmed the translational imbalance favouring the G

allele of the rs17118262. Both ex vivo and in vitro translation showed that the same allele



that was found at a higher proportion in the polyribosomal fraction than in the soluble RNA
produces more protein product under the same translational environment.

Conclusion: Both SNPs (the common rs1131017 and the rare rs17118262 variant) exert a
significant effect on the amount of RPS26 protein that is produced. Adding to the well-
studied polymorphic transcriptional effects, the effects of exonic single-nucleotide
polymorphisms (SNPs) on translational efficiency may be equally important in determining
protein expression levels and therefore contributing significantly to the disease risk. RPS26

in type 1 diabetes is an excellent example of such an association.

1.2 Resume

L'effet des polymorphismes fréquents (SNPs) sur les niveaux de transcription d'un grand
nombre de geénes a été bien documenté et défini a I'échelle du génome dans de
nombreuses études. Toutefois, les effets des polymorphismes communs sur la traduction
de 'ARN messager (ARNm) ont recus peu d'attention. Dans notre étude a I’échelle du
génome qui étudiait des polymorphismes donnant une distribution différentielle entre les
polysomes lourds (traduction active) et de I'ARN soluble (inactif), le géne RPS26 a
montré une des plus fortes associations (p = 107%). Les SNPs dans RPS26 les plus
fortement associés a une différence de distribution des ribosomes, rs17118262 (C / G) et
rs1131017 (C / G), sont séparés par 9 bases et sont en fort déséquilibre de liaison (D '= 1)
mais ont des fréquences alléliques différentes (r°=0.54). L'objectif de la présente étude
¢tait de confirmer et de quantifier 'effet de ces SNP dans RPS26 sur son efficacité de

traduction au niveau protéique.



Méthodes: Pour confirmer de maniére indépendante le déséquilibre constaté au niveau de
la distribution des ribosomes, nous avons étudié la distribution des alléles dans des
¢chantillons hétérozygotes pour chaque un des 2 SNPs avec a 1’aide des techniques
d’extension nucléotidique simple d'amorces (SNuPE) et de pyroséquencage. Pour tester
I'hypothése que I'ARNm avec un alléle particulier produit plus de protéines RPS26, nous
avons appliqué a la fois une approche de quantification ex vivo et traduction in vitro.
Résultats: L.e SNuPE et le pyroséquengage ont confirmé le déséquilibre au niveau de la
traduction montrant une supériorité de l'allele G du SNP rs17118262. Les approches ex
vivo et in vitro ont montré que la traduction de 1’alléle trouvé dans une proportion plus
¢levée dans la fraction de polysomes lourds produit plus de protéines par rapport a I’autre
allele dans les méme conditions.

Conclusion: Les deux SNPs (le rs1131017 qui est fréquent et le rs17118262, de moindre
fréquence) exercent un effet significatif sur la quantité de protéine RPS26 produite.
Combiné a I’effet déja connu des SNPs sur les niveaux de transcription, leur effet sur la
variation du niveau de traduction est peut-€tre aussi important dans la détermination du
niveau total de protéines et par le fait méme contribuer au risque de maladie de maniére

significative. RPS26 au niveau du diabéte de type I en est un parfait exemple.



2. Abbreviations

Al allelic imbalance

ARESs: AU-rich elements

BCA: Bicinchoninic Acid

BSA: Bovine Serum Albumin

cDNA: complementary DNA

CEPH: Centre de I’Etude du Polymorphisme Humain
CEU: HapMap samples-Utah residents with ancestry from northern and western Europe
CHOP: Children’s Hospital of Philadelphia

CPE: Cytoplasmic Polyadenylation Element

CPEB: Cytoplasmic Polyadenylation Element Binding
DBA: Diamond Blackfan Anemia

EDEN: Embryo Deadenylation Element

elFs: eukaryotic Initiation Factors

eQTL: expression Quantitative Trait Locus

FBS: Fetal Bovine Serum

GWAS: Genome-Wide association Study

HapMap: Haplotype Map

HLC: Human Liver Cohort

IRE: Iron Responsive Element

IRES: Internal Ribosome Entry Site

IRP: Iron Regulatory Protein

LD: Linkage Disequilibrium



LCL: Lymphoblastoid Cell Lines

miRNA: microRNA

MLPA: Multiplex Ligation-dependent Probe Amplification
mRNA: messenger RNA

M.Sc: Master of Science

m’G cap: 7-methylguanosine cap structure

OD: Optical density

PABP: poly(A) binding protein

PBS: Phosphate Buffered Saline

PPAR: Peroxisome Proliferators-Activated Receptors
RNA: RiboNucleic Acid

RPS26: Ribosomal Protein S26

SDS: Sodium Dodecyl Sulfate

siRNAs: small interfering RNAs

SNP: Single Nucleotide Polymorphism

SNuPE: Single Nucleotide Primer Extension

T1D: Type 1 Diabetes

TI: Translational Imbalance

tRNA: transfer RNA

uAUGs: upstream AUGs

uORFs: upstream Open-Reading Frames

WTCCC: Wellcome Trust Case Control Consortium

5’UTR: 5’ Untranslated Region



3. Introduction and literature review

3.1 Ribosomal Association as a proxy for translational efficiency

The effect of common polymorphisms on transcription levels of a large number of genes
has been well documented and defined genome-wide in numerous studies [1]. However,
the effects of common mRNA polymorphisms on translation have received little attention.
We hypothesised that a non-negligible part of human variation in expression at the protein
level is due to such effects. Effects of exonic single-nucleotide polymorphisms (SNPs) on
translational efficiency may be equally important in determining protein expression levels
but, to date, they have never been systematically examined because possible methodologies
are much more complex.

A well-known method to study translational efficiency is the use of ribosomal
fractions. Polyribosome or polysome profile analysis uses sucrose density gradient to
separate polysomes (MRNAs bound to multiple ribosomes) from monosomes (mRNAs
bound to a single ribosome). Monosomes are translationally much less active than
polyribosome fractions, which represent the active part of the translation. Ribosomal
populations can then be isolated and quantified [2]. After separation of extracts, RNA
from the heavy (polyribosomal) and light (monosomal) ribosomal fractions is recovered
[3,4] enabling downstream applications to investigate the role of translational control in
regulating gene expression [5].

Using ribosomal association as a proxy for translational efficiency, my supervisor's
laboratory screened 17,495 autosomal genes by transcriptome profiling of ultracentrifugal
ribosomal fractions of cell lines from 40 individuals from the CEU set of HapMap, to

identify transcripts whose relative distribution between heavy polysomes (active
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translation) and soluble RNA (inactive) was skewed by single-nucleotide polymorphisms.
Our analysis revealed 72 genes whose ribosomal distribution was strongly associated with
at least one SNP, at a significance level that met the Bonferroni threshold of 4 x 107, for
the number of gene-SNP pairs examined. A total of 1,007 genes passed the less stringent
FDR threshold of g=0.05 (p<2.4 x 10™). One of the strongest associations (p = 10'10) was
with a 5'UTR SNP of the Ribosomal Protein S26 (RPS26). The exact same SNP also had
the most significant association with T1D at the 12q13 locus, the second strongest novel
association in our genome-wide association study (GWAS) [6], also found independently
in the GWAS by the Wellcome Trust Case-Control Consortium [7]. Locus 12q13 is known
to be one of the most strongly associated loci with type 1 diabetes, thus making RPS26 an
interesting candidate for further downstream investigations.

Homo sapiens ribosomal protein S26 (RPS26) is a 2,322 bp gene located on
chromosome 12q13 that encodes a protein component of the ribosomal 40S subunit (gene
ID 6231, NCBI Reference Sequence: NG 023201.1). The 699 bp mRNA transcript
includes 4 exons (NCBI Reference Sequence: NM_001029.3). There are totally 6 SNPs in
the 5’UTR region, 32 intronic SNPs, and 14 exonic SNPs (5 missense, 6 synonymous, 2
nonsense). The SNPs most strongly associated with ribosomal distribution, rs17118262
(C/G) and rs1131017(C/G), are located 9 bases apart, are in strong linkage disequilibrium
(D’=1) but have different allele frequencies (r*=0.54). The rs17118262 is less common
than rs1131017, which is found more commonly in the general population. The goal of
my M.Sc. project was to confirm and quantify the effect of those SNPs on translational

efficiency at the protein level.
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3.2 Translational control

Translation is the process of converting a DNA sequence into a polypeptide sequence. It
occurs in three consecutive steps: initiation, elongation and termination. Numerous studies
have investigated the translational machinery of the eukaryotic cells [8-12]. Briefly, the
small ribosomal subunit (40S) and the initiator tRNA assemble to form the 80S initiation
complex. Critical in this stage is the recognition of the 7-methylguanosine cap structure
(m’G cap) located in the 5’ end of the mRNA by the eukaryotic initiation factor 4F
(eIF4F) complex. The elongation stage includes three functional binding sites on the 80S
ribosome that allow the peptide formation: the A (aminoacyl) site where the aminoacyl-
tRNA binds, the P (peptidyl) site where a peptide bond forms between the new amino
acid and the peptidyl-tRNA and finally the E (exit) site where the tRNA is released. At
the termination stage, one of the three stop codons (UAA, UGA, or UAG), binds to the A
site and the completed protein is released from the ribosome.

Regulation of the translational process is complicated and occurs during all the
three steps; however, the well-studied mechanisms of translational control are found in
the initiation stage [12,13]. In the following sections, we will analyze how three known
structural elements (5’untranslated region, Kozak sequence and 3’untranslated region)
affect translational efficiency, providing examples of genetic variants with known clinical

effects in each case.
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3.2 A. The 5’UTR in translational control

Several elements in the 5’UTR affect translation regulation: upstream open-reading
frames (UORF), stem-loop structures, length of 5’UTR, number of start codons and
finally the internal ribosome entry site.

As mentioned before, translation starts with the recognition of the m’G cap by the
elF4F complex. The elF4F complex includes the cap-binding protein elF4E, the RNA
helicase elF4A and the scaffolding protein elF4G [14,15]. elF4G binds to the poly(A)
binding protein (PABP) which coats the 3" poly(A) tail of an mRNA [16,17] causing
circularization of the mRNA in a closed loop. This closed-loop promotes recruitment of
the 43S pre-initiation complex, a complex of the 40S small ribosomal subunit and
specific associating factors. The RNA helicase elF4A unfolds secondary structures in the
mRNA's 5'UTR [14] which further enhances binding of the 43S pre-initiation complex to
the mRNA. The mRNA is then scanned by the pre-initiation complex moving along the
RNA in the 5°-3’ direction until an appropriate start codon (AUG) is found [10]. As soon
as AUG is recognized in the scanning sequence, 60S ribosomal subunit is assembled
leading to the initiation of protein synthesis [9].

Upstream Open-Reading Frames (uORF) are well-recognized cis-acting elements
that negatively affect translation. Presence of starting codons upstream of the
physiological start site (WAUQG) defines short upstream ORFs. These uAUGs do not allow
the ribosome to reach the physiological AUG resulting in premature initiation and
translation inhibition [8,9]. Translation of many known genes is partially regulated by the
presence of uORFs in the 5’UTR, including several proto-oncogenes and cytokines;

interleukin 7, interleukin 15, tgf-b3 and bcl-2 [18-21].
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A well-studied example of this association is the translation of the thrombopoietin
gene (TPO). Presence of several uAUG codons in the 5’UTR strongly inhibits translation
while directed mutagenesis of all uUAUGs has been shown to restore full translational
efficiency [22]. Normal 7PO serum concentrations are very low preventing potent
activation of platelet production. However, a gain-of-function mutation in the 7PO
5’UTR abolishes an uORF that disrupts the normal translational repression of TPO, thus
causing dramatic increase in platelet production leading to the disease hereditary
thrombocythemia [22,23].

Stem-loop structures are the second major mechanism of translation inhibition.
They are formed by self-complementary sequences within the 5’UTR. These structures
can be very stable impeding the unwinding activity of helicase eI[F4A during the normal
ribosomal scanning [9]. Human platelet-derived growth factor 2 (PDGF?2), transforming
growth factor bl (TGFbI) and ornithine decarboxylase are some examples of mRNA
transcripts where stable stem-loop structures interfere with the initiation of the translation
[24-26]. The helicase elF4A is capable of unwinding less stable stem loops, (free
energies up to 2126 kJ/mol). However those loops are often reinforced by RNA-binding
proteins, resulting in translation inhibition [9].

A well-defined example of 5’UTR stem loops stabilized by mRNA-binding
proteins is the iron homeostasis. Specially-designed mRNA-binding proteins, known as
iron regulatory proteins (IRPs) [27], sense the endogenous iron load and interact with
mRNA stem-loop structures known as iron-responsive elements (IREs) [28]. Ferritin and
erythroid-specific d-aminolevulinate synthase (4LAS2) have IREs that bind to IRPs with

high affinity when intracellular iron is low, thus inhibiting ferritin translation. Mutations
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causing the hereditary hyperferritinemia-cataract syndrome change the stem loop
structure of IRE in ferritin mRNA, disrupting the fine control of ferritin translation [29].

Many studies have correlated the 5S’UTR length and the number of start codons to
translational efficiency of the mRNA transcript [30-33]. Longer 5 'UTRs with numerous
start codons are more likely to produce false starts or short ORFs leading to non-
functional translation products [8]. McClelland et al [32] studied the role of 5’UTR in
regulating translational efficiency in seven distinct transcripts encoded by the PPAR-y
gene. Peroxisome proliferators-activated receptors (PPAR) are a family of nuclear
receptors implicated in the regulation of carbohydrate and lipid metabolism [34,35].
Alternative splicing results in multiple PPAR-y transcripts that differ only in the 5’UTR.
Studying translation in vitro and in vivo, the investigators showed that variants with short
5’UTR length, low numbers of start codons and the least stable mRNA secondary
structure, are the variants that translate more efficiently.

Jin et al [33] studied a naturally occurring 32-base pair deletion mutation in the
human chemokine receptor 5 (CCR5) gene that serves as coreceptor of the human
immunodeficiency virus type 1 (HIV-1) [36]. Individuals homozygotes for the mutation
are highly protected against HIV-1 infection [37]. Several CCR) transcripts with different
5’UTRs exist as the result of complex splicing and multiple transcriptional starts [38].
Translational efficiency of the different 5S’UTRs was studied in vitro revealing that the
shortest 5’UTR was the most efficiently translated.

Finally, the internal ribosome entry site (IRES) is a 5’UTR sequence that
mediates translation independent of the m’G cap, particularly found in picornaviruses

[39]. Interestingly, researchers have found that the 5' UTR of the proto-oncogene c-myc
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contains an IRES, showing that the translational regulation of c-myc is mediated through
cap-independent mechanisms [40]. A mutation in the c-myc 5'UTR IRES has been
identified in multiple myeloma patients. RNA transcripts bearing the mutation show
enhanced binding of cellular proteins [41]. Further research has revealed IRES in many

other eukaryotic genes [42].

3.2 B. Kozak sequence in translational control
In 1986, Kozak [43] studied point mutations around the ATG initiator codon in a cloned
preproinsulin gene and identified the sequence ACCATGG in the translation start site as
the most favourable context promoting initiation of translation. This experimentally-
derived optimal sequence was later replicated in 699 vertebrate mRNAs; the
gccRCCAUGG emerged as the consensus sequence for translation [44]. The A nucleotide
of the AUG start codon is defined as position 1, and the preceding C nucleotide is
referred as position -1. R at the position -3 (R™) represents A or G. The most conserved
positions, likely representing the most functionally significant positions, are the G™ and
R™; 46% of vertebrate mRNAs have G™ and 97% have R™ %), Replacement of the
nucleotides on those two positions greatly affects translation efficiency [43,46].

Genetic variations in the Kozak sequence have significant clinical consequences.
The CDKN2A (cyclin-dependent kinase inhibitor 2A) gene encodes the tumor suppressor
protein p16, a CDK4 kinase inhibitor [47] that causes cell arrest at G; phase, thus inhibits
cell growth [48]. A G—T mutation at the 5’UTR of the CDKN2A4 gene, produces a strong

matched Kozak consensus sequence 34nt upstream of the normal translation start site,
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therefore the production of the tumor suppressor pl6 is impaired, increasing
susceptibility to melanoma [49].

De Angioletti et al [50] report a G—C mutation at the -6 position of the Kozak
sequence of the B-hemoglobin gene that decreases the translational efficiency of the B-
globin chain by about 30%. Although the mutation alone is not disease-causing, it
significantly worsens the clinical phenotype of thalassaemia intermedia when it coexists

with a thalassaemia mutation.

3.2 C. The 3’UTR in translational control

Translation begins at the 5' end of the mRNA. However the 3’UTR has a significant
regulatory effect mainly mediated by two mechanisms: 1) the ribosomal subunit binding
through the interaction of eIF4G and the poly(A) binding protein (PABP) [51,52] that
results in mRNA circularization bringing the 3' UTR in close proximity to the 5' end of
the mRNA [17,53] and 2) the cytoplasmic polyadenylation/deadenylation process that
regulates the length of poly(A) tail [54,55].

Almost all eukaryotic pre-mRNAs undergo processing at their 3’ end by cleavage
at the polyadenylation site and addition of a non-templated polyadenylated tail, consisting
of 200-300 adenosine residues [54,56]. This first round of nuclear polyadenylation,
following the pre-mRNA cleavage, seems to be a default mechanism [54]. Subsequent
polyadenylation steps occur in the cytoplasm, a process mainly driven by CPEB
(cytoplasmic polyadenylation element binding), a highly conserved sequence-specific

RNA-binding protein that binds to the cytoplasmic polyadenylation element (CPE) [57].
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However, the final length of the poly(A) tail will be defined by concomitant
deadenylation and polyadenylation in the nucleus and the cytoplasm, depending on the
cellular conditions. mRNA deadenylation results in the shortening of the poly(A) tail and
is a process triggered by specific cis-acting sequence elements in the 3’UTR; APA
(alternative polyadenylation) signals, AU-rich elements (AREs) including the embryo
deadenylation element (EDEN), and microRNA target sites [54,58].

MicroRNAs (miRNAs) are highly conserved, non-coding small RNA molecules
consisting of around 20 nucleotides. They are able to regulate gene expression by binding
to the complementary mRNAs. More than 900 miRNAs have been identified in humans
with almost 60% of human protein-coding genes harboring miRNA target sites in their 3'
untranslated region [59]. Numerous studies implicate miRNAs in multiple biological
processes, including the pathogenesis of cancer and apoptosis [60], the cardiovascular
biology [61], the development and function of the female reproductive tract [62],
neurodevelopment and behavioural disorders (fragile X syndromes, schizophrenia,
depression and drug addiction) [63]. The list of reported miRNA functions continues to
grow rapidly.

TNF-a (tumor necrosis factor-a) and COX-2 (cyclooxygenase-2) are two
examples of ARE-containing mRNAs. The ARE sequence impairs the uncontrolled
production of TNF-o, regulating the inflammatory response. Transgenic mice that lack
ARE in their TNF-a mRNA show high levels of circulating TNF-a, and subsequently
develop joint- and gut-associated immunopathologies [64,65]. Interestingly, genetic
variations in the polyadenylation signal sequence have been detected in B'-thalassemia

patients. In 1985, Orkin et al [66] described a mutation in the cleavage-polyadenylation
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signal of the human beta-globin gene and Rund et al [67] detected two mutations in the

beta-globin poly(A) signal in Israeli patients with '-thalassemia.

3.3 Ribosomal Protein S26 (RPS26) and its association to complex human diseases

3.3 A. Ribosomal Protein S26

Ribosomes are the organelles responsible for protein synthesis. They consist of two
subunits, the small 40S and the large 60S subunit, which contain 4 RNA species and
approximately 80 structurally distinct proteins. The ribosomal proteins have a similar
structural organization, sharing common features in their 5’ends, where transcription- and
translation- control sequences are found [68].

The ribosomal protein S26 (RPS26) is one of the 80 distinct ribosomal proteins, it
is located in the mRNA-binding center of the ribosome [69,70] and is significantly
conserved in eukaryotes [71] including dog, cow, mouse, rat, zebrafish, fruit fly,
mosquito, C.elegans, S.cerevisiae, A.thaliana, rice, and P.falciparum. In prokaryotes
there is no ribosomal protein homologue of RPS26 [72], and in plants RPS26 is
differentially expressed during environmental stress [73].

Ribosomal protein S26 was firstly cloned and sequenced by Vincent et al. in 1993
[74]. One year later, Filipenko et al [75] isolated and amplified the corresponding
sequence of human cDNA from total placenta cDNA, based on the known sequence of
rat S26 ribosomal protein. The fragment of S26 cDNA has 87.7% homology between

coding regions of RPS26 mRNAs in rat liver and human placenta. The same group a few
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years later [68] was able to map the intron-containing RPS26 gene to chromosome 12 by
using hybrid cell lines with a different set of human chromosomes.

Ivanov et al [72] trying to explain the large variations in the expression of the
human ribosomal protein genes that take place in different normal adult human tissues
[76] showed that human RPS26 suppresses the splicing of its pre-mRNA, thus
contributing to gene regulation. RPS26 interacts with both the intron I of its pre-mRNA
and with another mRNA fragment that contains the 5’UTR and the coding part. In vitro
splicing of an RNA fragment that contained exon I, intron I and part of exon II of the
RPS26 pre-mRNA produced alternative mRNAs, whose formation was inhibited by
adding recombinant RPS26.

In 2010, Doherty et al [77] assessed the role of RPS26 in pre-rRNA processing.
RPS26 protein expression was knocked down with siRNAs in HeLa cells. siRNAs are
short double-stranded RNA molecules that interfere with the RNA transcript and silence
the gene expression by causing degradation of the corresponding endogenous mRNA.
Forty-eight hours post-transfection, RNA was extracted and high levels of the 18S
precursors (43S, 26S, and 18S-E RNA) were detected, indicating that RPS26 is necessary
for the production of the small subunit. The same pre-RNA pattern was also detected ex
vivo in RNAs extracted from lymphoblastoid cells derived from patients with RPS26
mutations, who were diagnosed with Diamond-Blackfan anemia, a disease causatively
linked to RPS26, as it is explained in the next sections. The authors conclude that
mutations in RPS26 are capable of changing the function of ribosomal proteins in

ribosome biogenesis.
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Finally an interesting property of the RPS26 gene was found in yeasts. The RPS26
homologue of Saccharomyces cerevisiae is involved in the normal cell growth of the
species, as disruption of its expression results in the formation of micro-colonies [71].
Strittmatter et al [78] also showed that RPS26 is critical in the dimorphic switch of the

baker’s yeast from a single cell yeast to an adhesive filamentous growth form.

3.3 B. The association between RPS26 and type I diabetes

RPS26 is located on 12q13 chromosome within a locus that was initially identified in the
McGill-CHOP large-scale genome wide association study (GWAS) as a novel
susceptibility locus for type 1 diabetes [6]. This finding was independently reported in a
number of cohorts, including the GWAS of the Wellcome Trust Case-Control
Consortium [7,79]. The first stage of the McGill-CHOP GWAS [80] had revealed a
significant association of T1D with variation within a 233-kb linkage disequilibrium
block on chromosome 16p13. Twenty-three loci that were next in rank of statistical
significance were further investigated in two independent cohorts of type 1 diabetic
patients; the Type 1 Diabetes Genetics Consortium replication cohort including 549
families with at least one child diagnosed with diabetes (946 total affected) and the
Canadian replication cohort consisting of 364 nuclear family trios with one type 1
diabetes-affected offspring and two parents (1,092 individuals). The highest statistical
significance (p = 9.13 x 10°, OR 1.25 [95% CI 1.12-1.40]) was detected with a novel
locus at 12q13 chromosome that confers susceptibility for type 1 diabetes comparable

with that of the 16p13 locus [6].
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Furthermore, RPS26 was identified as the most likely susceptibility gene for the
T1D 12q13 locus in a human liver gene expression microarray study [81]. Schadt et al
studied the genetic architecture in the human liver by applying an integrative genomics
approach; they profiled 427 human liver samples targeting more than 39,000 transcripts
and they genotyped 782,476 unique SNPs to uncover genetic associations in the highly-
metabolic liver tissue. Since the T1D SNPs genotyped in the GWAS of the Wellcome
Trust Case Control Consortium (WTCCC) [7] were also genotyped in the human liver
cohort (HLC) study [81], Schadt et al. examined the association between those SNPs and
the HLC expression levels of the corresponding candidate susceptibility gene for that
SNP. Comparing data from the two studies [7,81], RPS26 and not ERBB3 (the gene
nearest the SNP) was found to have HLC expression levels significantly associated (p =
4.03 x 10™%) with the novel T1D-associated SNP (rs2292239) at the 12q13 region.

Apart from the liver tissue where the expression of RPS26 is strongly affected by
the T1D-associated SNPs, the same association was also revealed by expression
quantitative trait locus (eQTL) mapping in lymphoblastoid cell lines [82]. Expression
QTL (eQTL) is defined as a locus at which genetic allelic variation is associated with
variation in gene expression [83]. Dixon et al [82] genotyped 408,273 SNPs and
identified eQTL from 54,675 transcripts in 20,599 genes in Epstein-Barr virus—
transformed lymphoblastoid cell lines; RPS26 was one of the most significant eQTL
detected.

Furthermore, a recent study by Rotival et al [84] identified association between
the T1D 12q13 locus (lead SNP rs11171739) and two cis eQTLs, RPS26 and SUOX

(p<10~* and 3.1 x 10"® respectively). The authors analyzed 12,808 genes detected in at
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least 5% of circulating monocyte samples from 1,490 European unrelated subjects to
investigate trams associations of co-expression modules. Three genomic regions were
significantly associated in trans with modules of co-expressed genes. 12q13 locus was
one of them, with the frans effects being mediated by two above mentioned cis eQTLs.
The cis regulation of RPS26 detected in monocytes confirms findings in other cell types;
the human liver [81] and lymphoblastoid cell lines [82].

An interesting connection between T1D and RPS26 is suggested by Schadt et al
[81]. RPS26 belongs to the ribosomal complex on the endoplasmic reticulum (ER). ER
stress results in protein unfolding, a process also implicated in inflammation and
oxidative stress [85]. Given the autoimmune nature of TID on one hand and the
increased susceptibility of the highly-secreting pancreatic beta cells to ER stress on the
other hand, a potential connection of the ribosomal complex and T1D can be foreseen. It
has been shown that T1D patients show higher levels of ER stress [86].

A paper by Plagnol et al in 2009 [87] directly questioned whether RPS26 is the
causative gene in the T1D. The authors combined data from two different studies: the
genome-wide eQTL expression study by Dixon et al [82] and the British Juvenile
Diabetes Research Foundation/Wellcome Trust (JDRF/WT) T1D case—control study with
4,000 cases and 4,000 controls. An initial set of 4 SNPs (rs705704, rs705699, rs1131017,
and rs877636) was selected using a significance threshold of p = 107" for the T1D
association and p = 107" for RPS26 expression. Using a regression approach, they found
a single SNP that could explain the T1D association (rs705704, p = 10”°) and a single
SNP (rs1131017, p = 10™"?) that could explain the RPS26 eQTL association. The pairwise

#* (correlation coefficient) between the two SNPs is 0.7. The probability that T1D
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susceptibility in the 12ql3 locus is mediated through the RPS26 expression, was
calculated as p=0.001. Based on the assumption of a sole causal variant, their correlation
model does not support RPS26 as the responsible trait for T1D susceptibility at the 12q13
region.

However, given the findings of three different studies in monocytes [84], LCLs
[82] and human liver tissue [81], and taking into account the McGill-CHOP GWAS,
where the rs1131017 RPS26 SNP conferred the highest T1D risk, it seems reasonable to
re-examine potential correlation between RPS26 expression and T1D susceptibility using

all available data.

3.3 C. RPS26 in Diamond-Blackfan anemia

Most of the current literature on RPS26 focuses on its role in the pathogenesis of
Diamond-Blackfan Anemia (DBA). DBA or inherited erythroblastopenia is a congenital
bone marrow failure syndrome, mainly characterized by defects in red cell maturation
that usually presents early in infancy. Haploinsufficiency of either a small or large
subunit-associated ribosomal protein causes more than 50% of DBA cases, thus
classifying DBA as a ribosomopathy [88,89]. The malfunctioning bone marrow of DBA
patients predisposes them to other serious complications, including increased risk of
myelodysplastic syndrome, acute myeloid leukemia (AML) and osteosarcoma. From 30
to 40% of DBA patients present with short stature and congenital anomalies; craniofacial
malformations, thumb or upper limb abnormalities, cardiac defects, urogenital

malformations, and cleft palate are the most commonly encountered [77,88].
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Ribosomal Protein S19 (RPS19) was the first gene reported to bear a mutation in a
DBA patient [90] in 1999. Since then, mutations in nine distinct ribosomal protein genes,
including RPS26, have been described as disease-causing variants [91]. Doherty et al
[77], were the first to report pathogenic RPS26 mutations in 12 DBA patients. Their study
cohort included 103 probands who were negative for mutations in the seven, known back
then, DBA genes: RPS19, RPS24, RPL35A, RPS17, RPS7, RPL5, and RPL11. In six
probands and in two family members a missense mutation in the first codon of RPS26
was detected; methionine was changed to leucine, valine, or arginine. These sequence
changes eliminate the translation-initiation codon and the protein is predicted to not be
translated. Missense mutations were detected in a total of 8 probands with 4 of them
bearing a de novo change. 3 probands had splice-site mutations in introns 1 and 2 and
finally 1 proband had a de novo insertion of G in exon 2 causing frameshift at codon 11
and stop at codon 25. Interestingly, genotype/phenotype correlation in 11 RPS26-mutated
patients revealed that only 3 patients had physical malformations.

In 2011, a second group discovered four de novo heterozygous mutations in the
RPS26 gene in a cohort of 14 DBA probands from the Czech DBA Registry, who were
negative for mutations in the known DBA-associated genes [91]. Two RPS26 mutations
were detected in the start codon, supporting the data by Doherty et al [77] that the RPS26
tranlsation-initiation codon may be a mutational hot spot. The third RPS26 mutation was
located in the acceptor splice site of intron 1, likely interfering with proper splicing that
could result in degradation of the forming mRNA. The fourth RPS26 mutation was

detected in exon 3; cysteine 77, which is conserved in yeasts, plants and humans, was
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changed to tryptophan. All the reported mutations likely result in RPS26 protein
haploinsufficiency.

The authors also make some interesting RPS26 genotype/phenotype correlations;
in contrast to patients bearing RPL5 and RPLII mutations, individuals with an RPS26
mutation do not have any thumb abnormalities. Also, a female RPS26-mutated patient
was diagnosed with Klippel-Feil syndrome (KFS), a rare condition characterized by

failed segmentation of the cervical vertebrae [91,92].

3.3 D. RPS26 in psoriasis

A recent meta-analysis paper [93] of two previously published GWAS in psoriasis
[94,95] implicates RPS26 in the disease susceptibility loci. The rs12580100 SNP that
resides 1.2 kb upstream of RPS26, even though it did not attain genome-wide
significance (combined p = 1 x 10, replication stage OR = 1.17) it still captured the
authors’ attention. It is located 300 kb from a confirmed association signal at rs2066808
near IL234. However, the two SNPs have low correlation coefficient (pairwise LD 7 =
0.23), as they reside in different LD blocks. A logistic regression model including both
SNPs generated significant partial association for each (p = 0.016 for rs12580100 and p =
3.0 x 10™* for rs2066808). Further supporting potential correlation of RPS26 with
psoriasis susceptibility, the authors examined psoriatic skin lesions, and found several
highly significant eQTLs that colocalize with the psoriasis association signal for RPS26

but not for /L234.
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3.4 Initial Hypothesis and experimental design

The purpose of my MSc. thesis was to test the hypothesis that alleles of exonic SNPs
found at higher abundance in the polyribosomes also increase translation at the protein
level. Because of its disease associations, RPS26 was selected among several genes in
which we found association of exonic SNPs with ribosomal distribution patterns.

The RPS26 SNPs most strongly associated with ribosomal distribution, rs17118262
(C/G) and rs1131017(C/G), are in very close proximity located 9 bases apart, are in
strong linkage disequilibrium (D’=1) but have different allele frequencies (+°=0.54). The
rs1131017 SNP, which is a more common variant compared to the rs17118262, was
identified in the initial Illumina transcriptome profile study as the variant being
significantly associated with ribosomal distribution in the RPS26 gene. However
subsequent Sanger Sequencing of the ribosomal fractions of individuals who are
heterozygotes for both SNPs revealed that the G allele of the rs17118262 is found at higher
proportions in the heavy polysomes, suggesting that this variant also plays a significant role
on ribosomal distribution. Due to the close proximity of the two 5’UTR RPS26 SNPs and
their strong LD, we decided to include both SNPs in our downstream investigations. The

goal of this project was to study the effect both those SNPs have on translational efficiency.

3.4 A. Independent confirmation of allelic imbalance in ribosomal distribution for RPS26
mRNA

To independently confirm the translational imbalance found by ribosomal distribution in
the three genotypes of the 40 individuals, we studied allelic distribution in single

heterozygous samples (allelic translation). Single Nucleotide Primer Extension (SNuPE)
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and Pyrosequencing of the different RNA fractions (total RNA, heavy and light fractions)
were used to measure the differential abundance of the mRNA alleles in ribosomal

fractions from heterozygous individuals.

3.4 B. Confirmation of translational effects at the protein level

After confirming the translational imbalance, we could assume that the mRNA allele found
at a higher proportion in the polyribosomal fraction than in the soluble RNA will produce
more protein product under the same translational environment. To test this hypothesis we
applied both an ex vivo quantification and in vitro translation approach. By quantifying the
RPS26 protein derived from two independent sources, we could reliably confirm or reject

our hypothesis.

4. Methods

4.1 Methods for independent confirmation of allelic imbalance in ribosomal

distribution for RPS26 mRNA

4.1 A. Polysome profiling

As stated before, a method to ascertain translational control of an mRNA transcript is by
analyzing the redistribution of mRNA between ribosome-free and polysome-bound
fractions. Ribosome loading of a transcript serves as an indicator for translation
efficiency [5]; RNAs that are efficiently translated associate with multiple ribosomes,
while less active ones associate with fewer or none ribosomes. Using ultracentrifugal

fractionation according to size, clusters of multiple ribosomes (polysomes) are separated
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from single ribosomes (monosomes) and soluble RNA (free RNA bound to none
ribosome). The less active allele, associated with fewer ribosomes, is less heavy and thus
remains in the upper fractions of the ultracentrifuge tube. On the other hand, most
efficiently translated alleles are associated with multiple ribosomes and thus heavier in
weight resulting in higher abundances in the bottom of the tube.

Preparation of the ribosomal fractions was part of the thesis of the previous
graduate student, Dr Lu Yang. Briefly, human immortalized lymphoblastoid cell lines
(LCL) were obtained from the Centre de I’Etude du Polymorphisme Humain (CEPH)
CEU. The CEPH CEU samples are U.S. Utah residents with northern and western
European ancestry and have been used for the international HapMap project; their

genotypes are publicly available in the website http./www.hapmap.org. LCLs were

cultured using RPMI-1640 containing 15% FBS, 1% L-glutamine, 1% penicillin and 1%
streptomyein, in 37°C 5%CO, incubator. 1x10® cells from each LCL were incubated with
100 pg/pl cycloheximide to stop translation and fix the ribosomes on the mRNAs. Cells
were lysed with hypotonic polysome lysis buffer (Tris-HCL pH 7.5, MgCl2, KCL,
100 pg/mL cycloheximide, dithiothreitol (DTT), 10% Triton X-100, and 10% sodium
deoxycholate). The free-of-cellular debris supernatant was directly applied to 10%~50%
sucrose gradients. After centrifugation in a Beckman SW41 rotor, polyribosomal
fractions were collected using the Brandel fraction collector (Gaithersburg, Maryland)
with real-time monitoring of UV optical density at 254 nm. RNA from each fraction was
then extracted using Trizol (Invitrogen, CA, USA) followed by the phenol-chloroform

method and quantified by optical density. The relative abundance of ribosomal RNA
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subunits was assayed on the Agilent 2100 bioanalyzer with the RNA 6000 Nano
LabChip® kit (Agilent Technologies, CA, USA).

However, due to the presence of varying amounts of ribosomal RNA in different
fractions, the OD measurement was not an accurate reflection of abundance of total
mRNA. Precise quantification of the mRNA present in each fraction was done using the
DIG Oligonucleotide 3'-End Labeling Kit (Roche, Indiana). Aliquots from the ribosomal
fractions were slot-blotted on a nylon membrane and quantified using an oligo(dT) probe
labeled wtih digoxigenin. The final concentration 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 Poly(A)

RNA at the standard concentrations.

4.2 B. Reverse transcription of the ribosomal fractions

RNA fractions thus previously obtained, were used for part of my experiments. First, each
sample of RNA (1 pg) was reverse-transcribed into cDNA by use of Superscript 11
Reverse Transcriptase (Invitrogen). Each reaction was carried out in total volume of
20 pl, containing 10 mM d-NTPs (deoxyribonucleotide triphosphate; HT Biotechnology)
and 200 U/ml superscript in the presence of random hexamers (300 pg). RNA was
initially denaturated at 70°C for 5 minutes and quick-chilled on iced water. The reaction
mixture was then added and reverse transcription was performed at 37°C for 1 hour.
cDNA samples of the cohort of 40 individuals from the CEU set of HapMap were

produced with each individual having 3 different cDNA aliquots representing the total
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RNA, the heavy RNA fraction and the light RNA fraction. cDNA samples were stored at

-20°C prior to use as templates for SNuPE and pyrosequencing reactions.

4.2 C. Single nucleotide primer extension (SNuPE)
Single nucleotide primer extension analysis was done to independently study the
translational imbalance suggested by the transcriptome profiling study of the ribosomal
fractions. SNuPE is a technique that allowed us to accurately measure the relative
abundance of each allele in a given ribosomal fraction [96]. The sequence of interest
containing the target SNP is being amplified by polymerase chain reaction (PCR) using
reverse-transcribed RNA as a template. The PCR products are then analyzed for the
presence, absence and relative amounts of each allele of the SNP. A probe is designed to
bind exactly 1 base before the polymorphism and then it gets extended by 1 base. Each
dideoxynucleotide is labelled with a different fluorescent label and if complimentary to
the template, it gets incorporated at the 3’ end of the probe.

SNuPE was done prior to my arrival to the laboratory by the research assistant
Luc Marchand. Using the Generunner program (http//www.generunner.net) appropriate
RPS26 probes were manually designed. Since SNuPE served as an independent
confirmation of the association initially found by transcriptome profiling, there was no
need to apply it to all the 40 LCLs samples of the CEU HapMap set. Representative
heterozygous samples were selected. Based on the genotype of the samples, probes for
each of the two SNPs were designed. Results were displayed as percentages of each allele
(C or G) in the different ribosomal populations: heavy polysomal RNA fractions, light

RNA fractions and total RNA.
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4.2 D. Pyrosequencing

Pyrosequencing was used as an additional method to study the proportions of each allele
in the ribosomal fractions from heterozygous individuals. As with SNuPE, this
independently confirms, by a totally different approach, the association found by
transcriptome profiling of the ribosomal fractions that compared ribosomal distribution
across the three genotypes. Pyrosequencing is a sequencing method that relies on the
principle of “sequencing by synthesis”. The activity of the DNA polymerase, extending a
biotinylated primer with the complementary sequence as template, is detected by a
chemiluminesence signal. Light is produced when the appropriate nucleotide
complements the corresponding base of the template. Solutions of the four nucleotides,
adenine, guanine, thymine and cytosine, are added to the reaction and subsequently
washed away. The pyrophosphate being released when the appropriate nucleotide is
incorporated, produces chemiluminescent signal, allowing the determination of the
sequence of the template.

Forward and reverse PCR (polymerase chain reaction) primer sequences for RPS26
gene were designed using the PyroMark Assay Design Software 2.0 (Qiagen, CA, USA).
Expected PCR product was 162 bases pair. The lyophilized primer sequences were
purchased from IDT (Integrated DNA Technologies, lowa, USA) and dissolved in
nuclease-free water to make a stock solution of 100 pM. Working solution aliquots of
1:10 dilution were made and stored at -20°C. Conditions for PCR amplification of the
DNA template were optimized using the PyroMark PCR Kit (Qiagen, CA, USA). As
suggested by the manufacturer, PyroMark PCR Master Mix was used. It contains

HotStarTaq DNA Polymerase and PyroMark PCR buffer with 3 mM McCl, and dNTPs.
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Optimization reaction with a representative sample was carried out in total volume of
50 pl, containing 10 uM of each primer, PyroMark PCR Master Mix 2x and reverse-
transcribed DNA (<500 ng). The sample tube was filled up with nuclease-free water in a
total volume of 50 pl and placed in the thermal cycler. The amplification program
consisted of the following steps: 15 min at 95°C (required for the activation of the
HotStarTaq DNA Polymerase), 45 cycles of 20 seconds at 94°C, 20 seconds at 56°C and
10 seconds at 72°C, with a final step of 10 min at 72°C. After verification of the PCR
product by agarose gel analysis, we proceeded with ordering the 5’biotinylated primer
and the sequencing primer that were previously generated by the PyroMark Assay Design
Software 2.0 (Qiagen, CA, USA). The pyrosequencing procedure requires one of the
primers to be biotin-labeled to enable immobilization to streptavidin-coated beads during
preparation of the single-stranded pyrosequencing template. The orientaton of the assay
can either be forward or reverse. The sequencing primer is hybridized to the single-
stranded PCR-amplified DNA template. It matches to the biotinylated strand and it was
carefully checked for hairpin loops and duplexes with the biotinylated primer, as excess
biotinylated primer could cause significant background in the pyrosequencing assay. The
biotinylated primer was HPLC-purified as free biotin competes with the biotinylated PCR
product for binding on streptavidin-coated beads.

In our experiment the 5’biotinylated primer was the reverse primer. Following the
same procedure as in the optimization PCR, mixture reactions were prepared for all our
samples (cDNAs from total RNA, heavy and light RNA fractions of 6 individuals with
CG/CG genotype, 3 individuals with CG/CC genotype and 2 individuals with CC/CG

genotype). Again PCR products were verified by agarose gel analysis and 35 pl of each
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PCR sample was used for pyrosequencing in the PyroMark Q24 instrument (Qiagen, CA,
USA).

Following the manufacturer’s instructions, the biotinylated PCR products were
immobilized on streptavidin-coated sepharose beads (2 ul of streptavidin beads per
sample). Binding buffer (40 pl per sample) and high-purity water were added to a total
volume of 80 pl per well, including the 35 pl of PCR product. The mixture was agitated
at 1400rpm for 10 minutes allowing the sepharose beads to sediment. Samples were
processed in the vacuum workstation with serial washes of 70% ethanol, 1x wash buffer,
denaturation solution and high-purity water. 0.3 uM of sequencing primer was mixed
with annealing buffer and 25 pl of the solution was added to each sample. Following
instructions in the PyroMark Q24 Manual, samples were heated at 80°C for 2 minutes
before placing them to the PyroMark Q24 instrument. PyroMark Gold Q24 Reagents Kit
was used to load the appropriate amounts of nucleotides, lyophilized enzyme and
substrate mixtures, as had been previously generated using the manufacturer’s software
program.

PyroMark Q24 software was used to create and load the run parameters of the RPS26
assay. The AQ (allele quantification) analysis mode was selected. The sequence to be
analyzed was pasted into the corresponding text box, following the ITUPAC code (A-
Adenine, C-Cytosine, G-Guanine, T-Thymine, M-C/A polymorphism, K-T/G
polymorphism, W-T/A polymorphism, S-C/G polymorphism). The software
automatically checks the validity of the sequence. Our sequence, 152 bases-pair long,
contained the rs17118262 and rs1131017 SNPs of RPS26. Figure I shows the exact

location of the two SNPs and the region to be amplified by the forward, the reverse and
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the sequencing primer. When setting up the AQ assay, a theoretical representation of the
expected pyrosequencing peak pattern was given in a histogram with variable positions

being highlighted with a blue-gray background color.

B. e

Figure 1: Panel A shows the graph generated by the pyrosequencing software with the
location of the two target SNPs (labelled as S) and the region amplified by the 3 primers;
forward, reverse and sequencing primer. The forward primer is shown as half arrow on
the left of the graph and the reverse biotinylated primer is marked with a small cycle on
the right corner of the graph. The forward and reverse primers were designed to amplify
the RPS26 gene in a PCR reaction. The biotinylated PCR products were then analyzed in
the pyroMarkQ24 instrument. The region marked by the red lines shows the sequence
that was analyzed; it begins with the sequencing primer shown as a bold arrow right
before the two target SNPs. Panel B shows the exact nucleotide sequence of all the three

primers and the RPS26 region that they bind.

The results of the run were displayed in specially designed graphs, called pyrograms,

where the incorporated nucleotides are shown as separate peaks, indicating the allele
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Well: A5

frequencies of the target RPS26 SNPs. Allele frequencies above each variable position
(SNP) are displayed in percentages. A representative pyrogram from our samples is
shown in figure 2. The background color represents the quality assessment of the analysis
result. The color code as defined in the PyroMark manual is as follows: blue-the analysis
passed quality control, yellow—it needs to be checked, red-the analysis failed the quality
control. Any samples not displayed in blue were repeated. All the samples were run in
duplicates or triplicates ensuring reproducibility of our results. Analysis results report
was generated for all the samples and pyrograms of the different ribosomal fractions of
the same sample were compared. A clear trend favouring the G allele of the first SNP
(rs17118262) in the heavy polysomes was noted. Statistical analysis of the allele
frequencies in all the patients (double heterozygotes, homozygotes only for the first SNP
and homozygotes only for the second SNP) was then carried to compare the allele

frequencies between the heavy and light fractions in each sample.

Assay: AQ-RP526
Sample ID: 12763L BT
Sequence to analyze: CCAGGCASCGTCTCCTSTCTCCGGTCCGTGCCTCCAAGATGACAAAG
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Figure 2: A representative pyrogram. The x-axis shows the sequence that is being
analyzed. The incorporated nucleotides are shown as separate peaks. Allele frequencies
of each variable position (SNP) are displayed as percentages in the blue boxes above the
corresponding blue columns. The y-axis shows the height of the peaks representing the
signal value. The minimum value for a peak to achieve “passed” quality assessment is
10. The genotype of the above sample is CG/CC as also confirmed by the HapMap data.
In the first SNP, the percentages of the C and G alleles are similar in that particular
ribosomal sample; however the height of the C allele is almost double the size of the G
allele. Looking closer to the sequence, there is a C allele right after the SNP; thus the

signals of the two consecutive C alleles are adding up in the peaks.

4.2 Methods for confirmation of translational effects at the protein level
To test the hypothesis that mRNA with the G allele produces more protein, we applied both

an ex vivo quantification and in vitro translation approach.

4.2 A. Methods for ex vivo translation quantification
The purpose of this was to compare the amount of RPS26 proteins across samples with

different genotypes, after adjusting for the level of RPS26 mRNA.

4.2 Al. Protein extraction

Total protein extract was obtained from the lymphoblastoid cell lines (LCLs) of the 40

CEU individuals that were initially used in the ribosomal fraction study. Cells were
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centrifuged, washed with PBS and mixed with the appropriate volume of Cell Extraction
Buffer (CEB) consisting of 98% TALON buffer, 1% Protease inhibitor and 1% PMSF
(phenylmethylsulfonyl fluoride). Samples were subject to vortex every 10 minutes for 10
seconds to ensure complete lysis and after 30 minutes they were centrifuged at 20,000 g for
20 minutes. The supernatant was transferred to a clean tube and stored to -80°C until

protein concentration was determined using the BCA (bicinchoninic acid) assay.

4.2 A2. Protein quantification with bicinchoninic acid assay (bca)

To precisely quantify the total protein extracted from the 40 LCLs of the CEU set of
HapMap, we used the Pierce BCA Protein Assay Kit (Thermo Scientific, USA).
Bicinchoninic Acid (BCA) allows highly accurate colorimetric detection of the cuprous
cation. The method relies on the chelation of two molecules of BCA with one cuprous
ion. This water-soluble complex produces a purple-colored reaction and exhibits a strong
absorbance at 562 nm. This allows the spetrophotometric quantitation of protein samples
in aqueous solutions. Three different factors are involved in the color formation in protein
samples when assayed with BCA: the macromolecular structure of the protein, the
peptide bonds and the presence of four particular aminoacids, cysteine, cystine,
tryptophan, and tyrosine. Protein concentrations are determined and reported based on the
known concentrations of a common protein, like the bovine serum albumin (BSA). A
series of dilutions of known concentration of the standard protein (BSA) are prepared and
assayed alongside the unknown protein samples. A standard curve is obtained based on
the BSA standard dilutions correlating absorbance to protein concentration. Using this

standard curve, we determine the concentration of our protein samples.
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The experiment was carried out as following: a mixture of three reagents (Talon
buffer 98%, PMSF 1%, Protein Inhibitor 1%) was initially made in a total volume of
60 ul per unknown protein sample. In parallel, 5 different BSA concentrations were
generated by serially diluting 40 pl of BSA in 160 pl of the above mixture solution:
2,000 pg/ul, 1,000 pg/ul, 500 pg/ul, 250 pg/ul, and finally 0 pg/ul, of BSA. The 5
standard sample concentrations were run in triplicates and each unknown sample in
duplicates. A working reagent BCA solution was then prepared by mixing 50 parts of
BCA Reagent A with 1 part of BCA Reagent B (50:1, Reagent A:B). 200 pl of the
working solution were added in each sample, both the standard and the unknown
samples. After incubation at 37°C for 30 minutes, absorbance was measured at 490 nm
on a plate reader. The 490 nm absorbance measurement of the blank standard replicates
(BSA of 0 pg/ul concentration) was subtracted from the measurements of all the other
individual standard and unknown sample replicates. A standard curve was then prepared
by plotting the average blank-corrected absorbance values of each BSA standard sample
versus its concentration. In all our experiments 1 of the standard curve graph reached

>0.98, allowing us to accurately determine the concentration of the unknown samples

(figure 3).
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Figure 3: Bicinchoninic Acid Assay (BCA) standard curve is generated by plotting the
average blank-corrected 490 nm absorbance values (v-axis) of each BSA standard
sample versus its concentration (x-axis). Based on the graph, we determine the protein

concentration of the unknown samples.

4.2 A3. Western Blotting

Western Blotting was performed to measure the relative amounts of the RPS26 protein
present in the different samples. The quantified protein samples were first diluted to the
same concentration to ensure equal loading. Equivalent amounts of loading buffer
consisting of 30 mM Tris-HCI pH 6.8, 15% glycerol, 5% beta-mercaptoethanol and 2%

of the anionic denaturing detergent sodium dodecyl sulfate (SDS) were added to each
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sample [97]. The mixture was boiled for 10 minutes at 100°C to allow protein
denaturation. Protein unfolding is necessary since the domain that many antibodies
recognize may reside within the 3D conformation of the protein. Samples were then
vortexed and centrifuged at 10,000 rpm for 2 minutes and the full volume of the sample
was loaded to a 15% polyacrylamide gel consisting of a separate and a stacking portion.
The gels were prepared as following: solution A (acrylamide 40%), solution B (3M Tris-
HCI, pH 6.8), 20% SDS, 10% APS, 30 ul temed. The gel ran for 2 hours at 100V in Ix
running buffer, containing glycine, Tris base and SDS in pH 8.5, until the molecular dye
(Kaleidoscope Polypeptide standards, Bio-Rad, CA, USA) reached the bottom of the gel.
Wet transfer was immediately done to avoid elution of the proteins from the gel. The
PVDF (polyvinylidene fluoride) membrane was activated with methanol and placed next
to the gel between absorbent materials ensuring no air bubbles have formed between the
gel and membrane. The assembly is submerged in transfer buffer, consisting of glycine
and Tris-base, to which an electrical field of 100V for 1 hour is applied causing the
negatively-charged proteins to migrate towards the positively-charged electrode. The
success of the transfer is assessed by visualizing the proteins in the PVDF membrane
with Ponceau Red solution consisting of 2% Ponceau S in 30% trichloroacetic acid and
30% sulfosalicylic acid. The membrane was first washed with Tris Buffer Saline Tween
20 (TBST buffer consisting of Tris base, NaCl and tween 20, pH 7.6) to remove transfer
buffer. The membrane now stained with Ponceau solution was incubated on an agitator
for 5 min. Next, the membrane was washed with TBST buffer until the solution was clear

and the protein bands well-defined.
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Rabbit RPS26 polyclonal antibody (ProteinTech Group, Illinois, USA) was diluted to
1:2000 and mixed with 5% milk blocking solution (5 g of non-fat milk per 100 ml
TBST). Mouse calnexin antibody (BD Biosciences, California, USA) serving as the
house-keeping gene, was also diluted to 1:2000 and mixed with 5% milk blocking
solution. The membrane was incubated with both antibodies at 4°C overnight. Next
morning, several TBST washes on the agitator were performed to remove residual
primary antibody, and the membrane was subsequently incubated with goat-raised anti-
mouse and anti-rabbit HRP-conjugated secondary antibodies at 1:2000 dilution for 1 hour
at room temperature. TBST washes on the agitator for 30 minutes were again performed
to remove the secondary antibodies.

Western Lightning Chemiluminescence ECL plus detection kit (PerkinElmer, MA,
USA) was used to visualize the RPS26 protein bands of the samples. After mixing equal
volumes of the oxidizing reagent and the enhanced luminol reagent, 0.125 ml of
Chemiluminescence reagent per cm® of membrane was applied. The membrane was
incubated for 1 minute and immediately developed using manual x-ray films. ImageJ
software was used to compare the density of the RPS26 bands of the different samples. In
each sample the density of the calnexin band (loading-control band) was used to scale the
values for our protein of interest (figure 44). The results were plotted in a graph (figure
4B) to detect potential correlation between the number of G alleles in the genotype (0, 1
or 2) and the level of RPS26 (the genotypes of the 40 CEU individuals were already

known from the HapMap project http.//hapmap.ncbi.nlm.nih.gov/). However, the results

had to be adjusted for the amount of RNA present in each sample.
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Figure 4: A representative Western Blot membrane (panel A) measuring the RPS26
protein product in the different genotypes with the ImageJ software. Calnexin served as
the loading-control to scale the values for the RPS26 protein. After subtracting the
density of the background, the ratio of RPS26/calnexin was calculated in each sample
and the results were plotted in a graph (panel B), to detect potential correlation between
the number of G alleles in the genotype (0, 1 or 2) and the level of RPS26 (the genotypes
of the 40 CEU individuals were already known from the HapMap project

http://hapmap.ncbi.nlm.nih.gov/).
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4.2 A4. RNA extraction

To assess translation, protein results needed to be corrected for the amount of mRNA in
each sample. In parallel to protein extraction from the 40 CEU LCLs, RNA was also
obtained using the RNeasy Plus Mini Kit (Qiagen, CA, USA). Cells were lysed and
homogenized in a highly denaturing guanidine-isothiocyanate-containing buffer that
immediately inactivates RNases to ensure isolation of intact RNA. The lysate was then
treated with a high-salt buffer and passed through a genomic DNA eliminator spin
column (provided in the kit). Ethanol was added to the flow-through, allowing for
appropriate RNA binding conditions and the sample was applied to an RNeasy spin
column (also provided in the kit), where total RNA binds to the membrane and
contaminants are efficiently washed away. 40 pl of nuclease-free water were then added,

eluting purified RNA whose concentration was initially determined by optical density.

4.2 A5. Multiplex Ligation-dependent Probe Amplification (MLPA)
Multiplex Ligation-dependent Probe Amplification (MLPA) was performed to measure
the RNA levels of RPS26 in all the samples to accordingly adjust the protein RPS26
levels. MLPA is a method that allows detection of difference quantities in genomic DNA
or RNA sequences, enabling the study of copy number variations, allelic imbalance and
degree of methylation. Moreover, with a careful design, SNPs can be interrogated as
well.

MLPA is based on quantifying different sequences by multiplexing several PCR
reactions, all using the same pair of primers that are added to the end of probes that cover

adjacent segments of the sequence to be interrogated. Hybridization to the sample DNA
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allows ligation of the two segments, thus providing templates that can be amplified with
the pair of universal primers. Different probes are distinguished by size, the differences
assured by the introduction of spacers.

Briefly, MLPA reaction consists of five steps; 1) initially DNA is denatured and
incubated overnight with the MLPA probes, with each probe containing one of the PCR
primer-oligonucleotides, 2) when the two probes are both hybridised, ligation occurs, 3)
the ligated probes are then amplified in the subsequent PCR reaction, 4) the amplification
products are separated by capillary electrophoresis; 5) and finally data are analyzed.
Since only ligated probes are amplified, the number of probe ligation products reflects the
number of the target sequences in the sample. Non-ligated probes only contain one
primer sequence attached to each unligated segment; thus are not amplified and do not
generate a signal. A peak pattern is obtained for each sample and is compared to that of
reference control samples [98,99].

The MLPA experiment was carried out as following: 200 ng of cDNA from the
40 LCLs was generated as described above (section 4.1 B. Reverse transcription of the
ribosomal fractions) and diluted in TE buffer (Tris-EDTA) in a total volume of 5 pl.
Samples were denaturated at 98°C for Sminutes and subsequently allowed to cool down
at room temperature. RPS26-specific probes were manually designed by the research
assistant Luc Marchand. Every probeset contains the required primer pairs for all the
locations that we want to interrogate. In our case, there were a total of 6 primers: 2
primers hybridising to the boundary of the 1* and 2" RPS26 exon, 2 primers hybridising
to the boundary of the 3™ and 4™ RPS26 exon, and finally 2 primers for the housekeeping

microglobulin M, gene. Every primer was resuspended in 100 pM with water, 1:100
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dilution was prepared for each primer at a final concentration of 1 uM and 0.8 pl of each
diluted primer were mixed in a final volume of 600 pl filled up with nuclease-free water.
1.5 pl of probemix was then added to each sample along with 1.5 pl of Salt solution
(1.5 M KCl, 300 mM Tris pH 8.5, 1.5 mM EDTA). Samples were incubated at 95°C for 1
minute and left overnight (16 hours at least) at 60°C. Next morning, continuing to the
second step of the MLPA experiment, the ligation reaction mixture was prepared by
mixing 10x Taq ligase buffer, Taq ligase enzyme (4U) and nuclease-free water in a total
volume of 32 pl. Samples were incubated at 54°C for 15 minutes and then at 98°C for 5
minutes. PCR reaction followed: 10x PCR buffer and 50 mM MgCl, were prepared in a
total volume of 30 pl per sample. After heating the samples at 60°C a second PCR mix
was added, consisting of 0.5 uM of each primer (Salsa left and right), 0.1 mM dNTPs and
0.5 ul Taq polymerase. The PCR amplification reaction was done as following: 33 cycles
at 95°C for 30 seconds, 60°C for 30 seconds and 72°C for 1 minute. 1 pl of each PCR
product was then mixed with 10 pl formamide and 1 pl of a five dye-labeled size
standard (GeneScan 600, Applied Biosystems, California, USA). After incubation at
80°C for 2 minutes and immediate placing on ice, samples were loaded on the ABI 310
Genetic Analyzer (Applied Biosystems, California, USA) in a loading voltage of 1.6Kv.
A peak pattern for each sample was obtained (figure 54) allowing measurement of the
RNA level present in each sample. After normalizing for the house-keeping
microglobulin B2M, the results were plotted against the number of G alleles in the

genotype (0, 1 or 2) (figure 5B).
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Figure 5: Multiplex Ligation-dependent Probe Amplification (MLPA) applied to measure
the RPS26 levels present in each mRNA transcript of our cohort of 40 LCLs samples.
Panel A shows two representative samples; the first one bearing CC/GG genotype and
the second one CC/CC. Two different probe sets were used, the first probe hybridises to
the boundary of the I*'-2" RPS26 exon (first peak in the graph) and the second one to the
boundary of the 3"-4" exon (second peak). The third peak represents the housekeeping

microglobulin M2 that was used for normalization of the protein expression. The ratio of
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the first RPS26 peak versus the microglobulin peak was calculated, giving the normalized
RPS26 RNA expression. The two graphs in panel A clearly show a distinct pattern: the
RPS26 peak is higher than the microglobulin peak in the CC/GG individual, while this
pattern is reversed in the CC/CC individual. In panel B, the results are plotted against

the number of G alleles in the genotype (0, 1 or 2).

4.2 B. Methods for in vitro translation quantification

4.2 B1. Plasmid constructs
Plasmid constructs containing three different haplotype combinations were made to study
in vitro the effects of the mRNA alleles on translational efficiency. Haplotype refers to the
allelic combinations of the two adjacent SNPs found on a single chromosome. Given the
fact that the rs17118262 SNP is a less common variant, we did not have enough
representative samples per genotype for this SNP in our CEPH cohort. Particularly, what
we were missing due to its rare frequency in nature was the G allele of this SNP. The 40
LCLs that were previously used in the ex vivo approach had only 2 samples with CG
genotype in the rs17118262 SNP and none with GG genotype. Since the translational
effects of the rs17118262 SNP could not be thoroughly investigated by the ex vivo
approach — due to its rare frequency- we decided to study it in vitro by constructing the
appropriate haplotypes.

Three different haplotypes were made: CC (C allele for the rs17118262 SNP and
C allele for the rs1131017), CG (C allele for the rs17118262 SNP and G allele for the

rs1131017) and finally GC (G allele for the rs17118262 SNP and C allele for the
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rs1131017). Each haplotype was constructed twice, each time with a different tag epitope;
flag or cmyc.

TA cloning was done using the pGEM vector (Promega, WI, USA). TA cloning is a
technique that relies on hybridization of adenine (A) at the 3' end of a PCR product to
complementary 3' thymine (T) of a linearized vector [100]. This work had started prior to
my arrival to the laboratory. I took over and finished it. Briefly, polymerase chain reaction
(PCR) was done using RPS26 primers designed in Generunner to amplify both SNPs in the
5’UTR. The PCR products were sequenced and samples with the desired allele
combinations for the two SNPs were selected for cloning. The rapid transformation
procedure using ampicillin selection was done using the One Shot TOP10 Chemically
Competent E.coli (Invitrogen, CA, USA) following the manufacturer’s instructions.
Bacteria grew on a pre-warmed selective agar plate overnight and 5 colonies were
selected for further analysis of their insert.

The Qiagen Plasmid Mini Kit (Qiagen, CA, USA) was used following the
manufacturer’s instructions to prepare pure plasmid DNA. Pelleted bacteria were initially
processed in an alkaline lysate followed by binding of the plasmid DNA to an anion-
exchange resin under appropriate low-salt and pH conditions. A medium-salt wash buffer
was then applied to remove RNA, proteins and dyes, and plasmid DNA was eluted in a
high-salt buffer. Finally, isopropanol precipitation allowed pure plasmid DNA
generation, suitable for further downstream investigations. Concentration of the eluted
DNA was assessed by optical density.

The pGEM constructs of RPS26 and either flag or cmyc epitope tag had a total

size of 3907 base pairs (bp). The RPS26 transcript was 723 bp. Using the nebcutter
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software (http://tools.neb.com/NEBcutter?) two enzymes were selected: BamHI1 and
Scal, with the sizes of the expected bands at 1,792 bp and 2,115 bp. Double digestion
reaction was carried out in a total volume of 20 pl as following: 10X buffer3, 100x BSA
(Bovin Serum Albumin), 0.5 ul of each enzyme, 0.5 pul of the each DNA plasmid filled up
with water. Samples were incubated at 37°C for 90 minutes. Agarose gel electrophoresis
was done to assess proper digestion. Samples were loaded to 1% agarose gels allowing
direct comparison of the digested and undigested plasmid (figure 6). Colonies in which the
expected bands were seen, were subsequently analyzed by sequencing to ensure proper

construction of the desired haplotypes.

MW undige
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Figure 6: Initial screening of the colonies grown after the cloning procedure; for each
plasmid construct, 5 colonies were selected and incubated with BamHI and Scal. The
sizes of the expected bands are at 1,792 bp and 2,115 bp. The molecular ladder (MW) is
shown in the first column followed by the undigested plasmid. The five numbered columns
represent the five different colonies of this haplotype that were randomly selected for initial

screening by double enzyme digestion. Colonies with successful digestion (in this case,
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colonies 1, 3, 4, 5) were then analyzed by sequencing and one of them was used to generate

large amounts of the plasmid construct.

Qiagen Maxi Preparation Kit (Qiagen, CA, USA) was then used to generate large
amounts of each construct. The DNA plasmids were again verified by both double
enzyme digestion and sequencing analysis and the corresponding bacterial colonies were
stored at -80°C (1,5 ml of glycerol and 0.5 pl of bacteria). The eluted pure DNA plasmids
of each haplotype (CCflag, CGflag, GCflag, CCmyc, CGmyc, GCmyc) were temporarily

stored at -20°C.

4.2 B2. Plasmid linearization and DNA purification

The six plasmid constructs, each one containing a different haplotype-tag combination
(CCflag, CGflag, GCflag, CCmyc, CGmyc, GCmyc) were linearized with BamH1 enzyme.
The reaction mixture was carried out in total volume of 50 pl consisting of 10 mg plasmid
DNA, 10x buffer 3, 100x BSA and nuclease-free water. The reactions were incubated at
37°C for 2 hours. The digestion was verified by agarose gel electrophoresis; direct
comparison with the undigested plasmid was performed (figure 7). If unlinearized plasmid
was present (figure 7), the samples were re-digested by adding 1 ul of additional BamH1
enzyme and incubating the reaction at 37°C for an additional 2 hours. Complete digestion
was eventually verified and a clean non-degraded DNA fragment was seen in the agarose
gel. The DNA templates were then purified using the QIAquick PCR Purification Kit
(Qiagen, CA, USA), following the manufacturer’s instructions. 5 volumes of binding

buffer were added to 1 volume of DNA template and placed in QIAquick spin column
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(provided in the kit). Samples were centrifuged at 13,000 rpm for 1 minute, the flow-
through was discarded and wash buffer was then added. The same procedure was
repeated and 10 mM Tris-Cl, ph 8.5 was finally added eluting purified DNA. The
concentration of the purified linearized DNA plasmid was then calculated by optical
density measurement. Integrity of the purified DNA fragment was assessed by agarose gel
electrophoresis. The DNA templates for each sample before and after purification and
before and after digestion by BamH1 were loaded in 0.8% agarose gel to ensure the

presence of nondegraded DNA fragment at the expected size (figure 8).

— — digested

undigested

Figure 7: Linearization of the plasmid constucts with BamH1. Direct comparison with the
undigested plasmid (column 1) was performed by agarose gel electrophoresis. If
unlinearized plasmid was present (columns 2, 4, 6), the samples were re-digested as
described in the text until complete digestion was eventually verified and a clean non-

degraded DNA fragment was seen in the agarose gel.
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Figure 8: Agarose gel electrophoresis assessing the DNA plasmid constructs after BamH 1
linearization and purification process. Initial plasmid construct (column 1) was linearized
by BamHI (columns 2, 3). After complete digestion occurred (column 3), the plasmid was

purified (column 4) as described in the text.

4.2 B3. In vitro transcription

RNA from the six haplotype combinations was generated using an in vitro transcription kit
(Ribomax Large Scale RNA Production—-T7, Promega, WI, USA). The in vitro
transcription reaction was carried out in a total volume of 100 ul as following: T7
transcription 5X buffer, 25 mM of each ribonucleotide (equal volumes of the 4 individual
100 mM rNTPs, ATP, CTP, GTP and UTP, were mixed in a total volume of 30 ul per
reaction), 10 ul T7 enzyme mix, and 5 mg of linear DNA template plus nuclease-free water
up to 40 ul per reaction. Linear DNA template from each one of the six haplotype
combinations (CCflag, CGflag, GCflag, CCmyc, CGmyc, GCmyc) was used. The exact
volume of the DNA was calculated to a final concentration of 5 mg/ul based on the optical
density concentration generated after the purification of the linearized plasmid constructs.

Reactions were set up at room temperature as spermidine, a component of the transcription

53



buffer, can precipitate DNA in colder temperatures. The reaction mixture for each sample
was incubated at 37°C for 2 hours. After the transcription reaction was complete, samples
were immediately subject to DNAase digestion to remove contaminating DNA template,

thus allowing accurate determination of the RNA concentration.

4.2 B4. DNase digestion

The DNA-free kit by Ambion (Invitrogen, CA, USA) was used following the
manufacturer’s instructions. 0.1 volume of 10X DNase I Buffer and 1 pl of recombinanat
DNase I were added to the previously in vitro transcribed RNA (100 pl). The solution
was mixed gently and incubated at 37°C for 1 hour. 0.1 volume of DNase Inactivation
Reagent was then added to subsequently remove the DNase and divalent cations from the
sample. The mixture was incubated at room temperature for 3 minutes and centrifuged at
10,000 g for 2 minutes. During centrifugation, the DNAase Inactivation Reagent formed
a pellet at the bottom of the tube. The supernatant that contains the clean RNA was

carefully transferred to another tube.

4.2 B5. Visualizing RNA by electrophoresis

The DNAase-treated in vitro transcripts were assessed in a denaturing gel (figure 94) to
verify the integrity of the full-length transcript after the DNase treatment. 19 pl of
formaldehyde/formamide buffer was added to 1 ul of each RNA sample. Samples were
denaturated at 65°C for 5 minutes. 3 ul of RNA loading buffer was added to each sample

before loading them to the denaturing gel (e-gel EX 1% agarose, Invitrogen, CA, USA).
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Denaturing gels were preferred as they provide the greatest resolution of the denaturated

RNAs.

4.2 B6. RNA purification

The in vitro produced DNAase-treated RNAs were purified using the RNeasy Plus Mini
Kit (Qiagen, CA, USA). Following the manufacturer’s instructions 20 mg/ul of each
RNA sample was passed through a genomic DNA eliminator spin column (provided in
the kit) and mixed with binding buffer. This column in combination with the optimized
high-salt buffer allows efficient removal of genomic DNA. 70% ethanol was added to the
flow-through and the sample was placed to an RNeasy spin column (also provided in the
kit) where total RNA binds to the membrane and contaminants are efficiently washed
away. After serial centrifugations at 10,000 rpm for 1 minute and subsequent discards of
the flow-through, 40 pl of nuclease-free water were added, eluting purified RNA whose
concentration was initially determined by optical density measurement. The RNA
samples were then diluted with nuclease-free water at the same final concentration. Gel
electrophoresis was again done to ensure the integrity of the RNA transcripts after the
purification process (figure 9B). Denaturing gels were used as previously described to

verify the presence of the expected non-degraded band for all six RNA transcripts.
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B.
Figure 9: In vitro transcribed RNA samples from the six haplotypes after the DNasing

process (panel A) and the purification process (panel B).

4.2 B7. RNA quantification
The Ribogreen RNA quantitation assay (Molecular Probes, OR, USA) was used to
quantify the RNA samples. In our experimental design, achieving accurate and precise
RNA concentration measurement was critical. In order to reach our goal of reliably
comparing the RPS26 protein levels produced by the three different haplotypes (CC, CG
and GC), we had to ensure that equal RNA amounts for all the three samples were used in
the translation experiment. For this reason, ribogreen quantification was used instead of the
suggested ultraviolet light absorbance. The RiboGreen reagent is a proprietary,
unsymmetrical cyanine dye that is incubated with the samples for 5 minutes [101].

RNA concentrations are determined and reported based on the known concentrations
of a standard DNA sample. A series of dilutions of known concentration of the standard
sample are prepared and assayed with the ribogreen reagent alongside the unknown

samples. The fluorescence produced by each sample is then measured using a
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fluorescence microplate reader at 485/535 nm wave-length. A standard curve is obtained
correlating fluorescence measurement to RNA concentration. Using the formula
generated by the standard curve, the RNA concentration of the samples is determined
(figure 10). In all our experiments, the 1* of the ribogreen standard curves reached
>0.989. All the three RNA haplotypes (CC, CG, GC) in every experiment exhibited a
similar concentration of =~ 250 ng/ul, ensuring that equivelant amounts of RNAs were

used for the in vitro translation.
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Figure 10: Quantification of the in vitro produced RNAs by the ribogreen assay. The assay
displays a linear correlation between RNA concentration of the standard samples (y-axis)
and the corresponding fluorescence measurement (x-axis). Using the formula generated
by the graph, and based on the fluorescence each unknown sample produces, its

concentration is accurately determined.
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4.2 BS. Sequencing of cDNAs derived from the in vitro produced RNAs

Before proceeding to the in vitro translation experiment, and after having purified and
accurately concentrated the RNA transcripts, the sequence of the RNA samples was
confirmed by direct Sanger sequencing analysis. cDNAs for each sample were generated.
In each sample 1 pg of RNA was reverse-transcribed into cDNA by use of Superscript 11
Reverse Transcriptase (Invitrogen, CA, USA). Each reaction was carried out in total
volume of 20 pl, containing 10 mM d-NTPs (deoxyribonucleotide triphosphate; HT
Biotechnology) and 200 U/ml Superscript in the presence of random hexamers (300 pg).
RNA was initially denaturated at 70°C for 5 minutes and quick-chilled on iced water. The
reaction mixture was then added and reverse transcription was performed at 37°C for 1
hour. Generunner program was used to design forward RPS26 primer that amplifies our
region of interest, containing both 5’UTR SNPs. 10 mM of the primer was used for each
sequencing reaction. Sanger Sequencing confirmed that the in vitro produced RNAs
derived from the 6 plasmid constructs (CCflag, CGflag, GCflag, CCmyc, CGmyc,

GCmyc) contained the corresponding haplotype combinations.

4.2 B9. In vitro translation

The in vitro synthesis of proteins in cell-free extracts is frequently used to characterize
mRNA products in variety of applications. In vitro translation systems are commonly
preferred over in vivo gene expression particularly in cases where the protein is rapidly

degraded by intracellular proteases, or when its over-expression is toxic to the host cells.
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In our case, in vitro translation served as a totally independent approach to study
translational efficiency and compare the results with the ex vivo protein studies.

Extracts from rabbit reticulocyte lysate is a commonly used in vitro translation
system originally described by Pelham and Jackson [102]. Reticulocytes represent
immature red blood cells that even if they have lost their nuclei, they still have enough
mRNA and complete translation machinery. The vast majority of the protein made in
reticulocytes is haemoglobin. To eliminate the endogenous globin mRNA, the in vitro
rabbit reticulocyte system is being processed with Ca** -dependent micrococcal nuclease;
thus reducing background translation. A variety of factors are added to the rabbit
reticulocyte lysate system to enhance in vitro translation: hemin to prevent inhibition of
the initiation factor elF-2a, phosphocreatine kinase and phosphocreatine to generate the
energy required by the system, and finally calf liver tRNAs to balance the accepting
tRNA populations.

We used the Flexi rabbit reticulocyte lysate system (Promega, WI, USA) to produce in
vitro RPS26 protein from the three epitope-tagged allelic constructs of RPS26 each one
containing a different RNA haplotype (CC, CG, GC).

The translation reaction was initially optimized for Mg*" and K* concentrations.
Given that different RNAs have different salt requirements that can lead to significant
variations in translation, much optimization was required to finally achieve the optimal
salt concentration for our in vitro-generated RPS26 RNA transcripts. By directly
contacting the company, we verified that each lysate batch we used, had the same
endogenous Mg2+ concentration, ensuring exactly same conditions in every different

experiment that was performed.
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To reduce contamination of the samples by RNases and to prevent subsequent
degradation, RNasin Ribonuclease Inhibitor (Promega, WI, USA) was added in each
reaction.

The in vitro translation reactions were carried out as following: Reagents were
rapidly thawed by hand-warming from -80°C where they were stored and immediately
placed on ice. Reaction mixture for each sample (each of the six different haplotypes)
contained: amino acid mixture minus leucine 1 mM, amino acid mixture minus
methionine 1mM, potassium chloride 2.5 M, DTT 100 mM, RNasin Ribonuclease
Inhibitor 40 U/ul, RNA substrate 1 mg, rabbit reticulocyte lysate 16.5 pl and nuclease-
free water to a final volume of 25 ul. Reaction components were assembled in a 0.5 ml
microcentrifuge tube and gently mixed by pipetting the lysate and stirring the reaction
with the pipette tip. A control reaction containing water instead of RNA transcript was
included. Three or more replicates for each different haplotype were made in every
experiment. Each replicate was a different reaction performed in a separate tube with
equal amounts of the corresponding RNA. Translation reactions were then incubated at
30°C for 90 minutes.

After completion of the translation reactions, equal amounts (25 pl) of loading
buffer were added to each tube. Loading buffer contains 2% anionic denaturing detergent
sodium dodecyl sulfate (SDS), 5% beta-mercaptoethanol, 15% glycerol and 3 M Tris-
HCI pH 6.8 and is used to denaturate the protein’s tertiary structure. Samples were then
incubated at 100°C for 10 minutes and stored at -20°C until western blotting was

performed within the following 3 days.
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4.2 B10. Western Blotting

Western Blotting was done to quantify the RPS26 protein produced by the different
haplotypes. Samples were thawed from -20°C where they had been temporarily stored
after the in vitro translation experiment. After vortex and centrifugation at 10,000 rpm for
2 minutes, 15 pl of each sample were loaded in the acrylamide gel. Western blotting was
performed as previously described in the ex vivo experiments section.

Incubation with either flag or cmyc antibody allowed the detection of the RPS26
band. Monoclonal flag M2-Peroxidase (HRP) antibody produced in mouse was
purchased from Sigma-Aldrich, St Louis, USA. The antibody was diluted at 1:1000 with
Tris Buffered Saline (TBS) containing 0.05 M Tris, pH 7.4, 0.15 M NaCl. Monoclonal
cmyc HRP antibody produced in mouse was purchased from Invitrogen, CA, USA. The
cmyc antibody was diluted at 1:2000 with TBS. The membrane where the flag constructs
were loaded was incubated with flag antibody while a separate membrane with the cmyc
constructs was incubated with the cmyc antibody, both at 4°C overnight. Next morning,
several TBST washes on the agitator were performed to remove the residual antibody.
Since both primary antibodies were HRP-conjugated, there was no need for incubation
with a secondary antibody.

Western Lightning Chemiluminescence ECL Plus detection kit (PerkinElmer,
MA, USA) was used to visualize the RPS26 bands-tagged either with the flag or cmyc
antibody. To confirm specificity of the flag- or cmyc- detected bands, the membranes
were stripped and subsequently incubated with RPS26 antibody (figure 11). The stripping
process was carried out as following: the membranes were placed in a sealable bag and

incubated with 10 ml of stripping buffer (62.5mM Tris, 2% SDS, 100 mM 2-
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mercaptoethanol, pH 6.9) at 50°C for 30 minutes to remove the primary antibodies, anti-
flag or anti-cmyc. RPS26 antibody was prepared in 1:2000 dilution as described
previously in the ex vivo section. RPS26 protein is a ribosomal protein; thus it is naturally
expressed in the rabbit reticulocyte system we used. The negative control reaction in the in
vitro translation experiment, is expected to show an RPS26 band; it represents the

endogenous RPS26 protein.
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Figure 11: Western Blot of the flag constructs (CC, CG and GC) in triplicates. The same
membrane is incubated with anti-flag antibody (panel A) and anti-RPS26 (panel B). The
negative control reaction (labelled as H20) has no flag tag and therefore no band is
detected when the membrane is incubated with anti-flag. However, negative control
reaction contains endogenous ribosomal proteins naturally expressed in the rabbit
reticulolysate system, thus incubation with anti-RPS26 detects a band, as it was expected.
Despite the fact that consistency is not perfect among the triplicates, there is a clear

trend favouring the GC haplotype noted with both antibodies.
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Image] software analysis was used to compare the Western bands reflecting
protein production among the three haplotypes. In every experiment each haplotype (CC,
CG and CG) was done in three or four replicates, with each replicate representing a
separate in vitro translation reaction. After subtracting the background of the film, the mean
densitometry value of the replicates per haplotype was calculated in each film and
compared to the mean value of the other two haplotypes in the same film. Replicates of the
same haplotype in different films were not directly compared to eliminate potential

cofounding factors in the different western experiments (eg exposure time of the film).

5. Results

The initial [llumina transcriptome profile study (HumanRef-8 v3.0 array) of the ribosomal
fractions of 40 individuals from the CEU set of the HapMap project identified the
rs1131017 SNP as the variant being significantly associated with ribosomal distribution in
the RPS26 gene. However subsequent Sanger Sequencing revealed that the G allele of the
neighbouring rare variant, rs17118262, is found at higher proportions in the heavy
polysomes, suggesting that both 5’UTR SNPs affect ribosomal distribution and therefore

translational efficiency. Our studies included both variants.

5.1 Independent confirmation of allelic imbalance in ribosomal distribution for
RPS26 mRNA
Both pyrosequencing and SNuPE approaches confirmed that the same allele (G allele) of

the rs17118262 SNP is found at higher proportions at the heavy polysomes. Individuals
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who are heterozygotes for both SNPs showed no difference in the expression levels of the
mRNA alleles in the total RNA and the light RNA fractions while the heavy RNA fractions
showed preferential distribution of the G allele versus the C allele in the first SNP
(rs17118262).

We had previously noticed a specific pattern of allele combinations in each
chromosomal copy in all the double heterozygote samples; the G allele of the first SNP is
always followed by the C allele in the second SNP. Accordingly, the other chromosome
has C allele in the first SNP followed by G allele in the second SNP. Thus the percentages
of the G allele in the first SNP and the C allele in the second SNP have to be similar since
both are located in the same chromosome (figure 12). A representative pyrosequencing
graph from a double heterozygous patient is shown in figure 13.

The translational imbalance favouring the G allele of the first SNP was confirmed by
analyzing patients who are heterozygotes only for the second SNP (rs1131017) and
patients heterozygotes only for the first SNP (rs17118262). When homozygosity in the first
SNP was seen (CC/CQG), the previously observed translational imbalance was lost; both the
heavy and the light ribosomal fractions as well as the total RNA showed identical
expression levels of the two mRNA alleles (figure 14). On the other hand, single
heterozygotes for the first SNP (CG/CC) showed consistently higher expression of the G
allele in the heavy fractions while there was no difference in the levels of the two alleles in

the light fractions (figure 15).
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Figure 12: A specific combination of alleles was noticed in all the double heterozygote
samples; the G allele of the first SNP is always followed by the C allele in the second SNP.
Accordingly, the other chromosome has C allele in the first SNP followed by G allele in the
second SNP. Thus the percentages of the G allele in the first SNP and the C allele in the
second SNP have to be similar since both are located in the same chromosome. The same
principle applies to the expression levels for the C allele in the first SNP and the G allele in

the second SNP; their percentages have to be similar.
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Sample ID: 12154L RT
Sequence to analyze: CCAGGCASCGTCTCCTSTCTCCGGTCCGTGCCTCCAAGATGACAAAG

150F - -

100F - -

C: Elk
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Sample ID: 12154H RT
Sequence to analyze: CCAGGCASCGTCTCCTSTCTCCGGTCCGTGCCTCCAAGATGACAAAG
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Figure 13: Pyrograms of the light (panel A) and heavy (panel B) ribosomal fractions in a

representative double heterozygote individual (CG/CG). There is no difference in the

expression levels of the mRNA alleles in the light RNA fraction (pyrogram A) while the

heavy RNA fraction (pyrogram B) shows preferential distribution of the G allele versus the
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C allele in the first SNP. The expression level of the G allele in the first SNP (56%) is
similar to the expression level of the C allele in the second SNP (55%) as expected (figure

12).

Sample ID- 11995L RT
Sequence to analyze: CCAGGCASCGTCTCCTSTCTCCGGTCCGTGCCTCCAAGATGACAAAG
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Sample ID: 11995H RT
Sequence to analyze: CCAGGCASCGTCTCCTSTCTCCGGTCCGTGCCTCCAAGATGACAAAG
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Figure 14: Pyrograms of the light and heavy ribosomal fractions in a representative
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CC/CG individual. The previously observed translational imbalance is lost when there is

homozygosity in the first SNP (rs17118262); both the heavy and the light ribosomal

fractions show identical expression levels of the two mRNA alleles.

Sample ID- 069941 BT

Sequence to analyze: CCAGGCASCGICTCCTSTCTCOGGTCCGTGCCTCCAAGATGACAAAG
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Figure 15: Pyrograms of the light and heavy ribosomal fractions in a representative
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CG/CC individual. There is consistently higher expression of the G allele in the heavy

fractions while there is no difference in the levels of the two alleles in the light fractions.

The pyrosequencing results from all the samples per genotype were plotted in separate
graphs (one graph per genotype); the x axis represents the ribosomal populations, the heavy
and light fractions, and the y-axis represents the manually calculated ratio of the G allele
versus the C allele (the percentage of the G allele in each pyrogram was divided by the
percentage of the C allele in the same SNP). Statistical analysis was applied revealing
statistical significance (paired t-test=0.00045) in the distribution of the G allele versus the
C allele (ratio>1) in the double heterozygote individuals (CG/CQG). Statistical significance
was lost when the same statistical analysis was applied to compare the G/C allele ratio of

the heavy versus the light fractions in individuals bearing the CC/CG genotype (figure 16).
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Figure 16: Graphs plotting the pyrosequencing data, the x axis represents the ribosomal
populations, the heavy and light fractions, and the y-axis represents the manually
calculated ratio of the G allele versus the C allele. Statistical significance was revealed in
the distribution of the G allele versus the C allele (ratio>1) in the double heterozygote
individuals (CG/CG genotype) when comparing the heavy polysomal fractions to the light
ribosomes (paired t-test=0.00045) (graph A). Statistical significance was lost when the
same statistical analysis was applied to compare the G/C allele ratio of the heavy versus

the light fractions in individuals bearing the CC/CG genotype (graph B).
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Summarizing the results of Sanger sequencing, SNuPE and pyrosequencing, all the 3
approaches showed that the same allele (G allele) of the rs17118262 is found at higher
proportions at the heavy polysomes. We assumed this is happening due to more efficient
translation and we hypothesized that the mRNA allele found at a higher proportion in the
polyribosomal fraction than in the soluble RNA will produce more protein product under
the same translational environment. The absence of imbalance in the light fraction is
probably due to the much smaller proportion of mRNA in the heavy fraction, consequent to
which the concentration of the G allele in that fraction results in a relatively small decrease

in the light fraction that was lost in the noise of measurement error.

5.2 Confirmation of translational effects at the protein level
To test the hypothesis that mRNA with the G allele produces more protein, we applied both
an ex vivo and in vitro translation approach that would allow us to quantify RPS26 protein

derived by two independent sources.

5.2 A. Results for ex vivo translation quantification

The graph plots with the RPS26 RNA quantification data (figure 5B) and the RPS26 protein
quantification data (figure 4B) from the 40 LCLs samples were analyzed based on their
genotype. Combining the graph plots of the protein and RNA results, we compared the
mRNA-normalized protein levels of RPS26 between the three genotypes (figure 17).
Statistically significant correlation (p = 0.005) was only found when data were plotted
against the number of G alleles (0, 1, or 2) in the genotype of the common SNP,

rs1131017, that was initially identified in the microarray chip results of the transcriptome
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profiling study as the variant being most significantly associated with ribosomal

distribution.
RPS26 corrected protein expression
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Figure 17: Combining the graph plots of the protein (figure 4B) and RNA results (figure
5B), we compared the mRNA-normalized protein levels of RPS26 between the three
genotype. Statistically significant correlation (p = 0.005) was reached when data were
plotted against the number of G alleles (0, 1, or 2) in the genotype of the common SNP,

rsl1131017.

The ex vivo results show that G allele of the rs1131017 produces significantly more
protein product regardless of the genotype of the other SNP (rs17118262). When the data
were plotted taking into account the genotype of the rs17118262 SNP, statistical
significance could not be reached.

According to those results the rs1131017 variant has a statistically significant

effect on translational efficiency that is independent of the rs17118262 SNP. However,
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special consideration needs to be given to the fact that the rs17118262 SNP is a low-
frequency variant; there were not enough representative samples per genotype. The GG
combination of alleles for the rs17118262 SNP does not exist in our HapMap cohort and
the CG combination for the rs17118262 with C homozygosity in the rs1131017 (CG/CC)
exists only in 2 samples. Since the translational effects of the rs17118262 SNP could not
be thoroughly investigated by the ex vivo approach — due to its rare frequency- we

decided to study it in vitro by constructing the appropriate haplotypes.

5.2 B. Results for in vitro translation quantification

We constructed in vitro three different haplotype combinations: CC (C allele for the
rs17118262 SNP and C allele for the rs1131017), CG (C allele for the rs17118262 SNP
and G allele for the rs1131017) and finally GC (G allele for the rs17118262 SNP and C
allele for the rs1131017). Quantification of the bands detected by the flag antibody
revealed that the GC haplotype produces significantly more protein. Using the Imagel
software analysis, densitometry value for each individual replicate was calculated. After
subtracting the background density, the average value for each haplotype within the same
blot was calculated and compared to the average value of the other two haplotypes.
Replicates of the same haplotype in different western experiments were not directly
compared to avoid cofounding factors from the different experiments. Statistical analysis
was applied to reveal potentially significant correlation between haplotype combinations
and RPS26 protein product, as measured by the densitometry analysis. GC haplotype was

found to produce significantly more protein, p=0.05 (figure 18).
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Figure 18: Comparison of the RPS26 protein product in the flag constructs (CC, CG,
GC) in three different western blot experiments, all incubated with flag antibody. In each
experiment, multiple replicates of each haplotype were done (panels A-C). ImageJ
software enabled the quantitative comparison of the RPS26 bands among the different
haplotypes. The mean value of each haplotype in the same blot was calculated and
compared with the mean value of the other two haplotypes (panel D). Paired t-test was
done to compare GC with each of the other two haplotypes (CC and CG). GC was found to

produce more protein product (p = 0.05).

Consistency among the different replicates of the same haplotype was not perfect in
all our western experiments. Part of this inconsistency can be explained by the nature of the
in vitro translation experiments. Firstly, the rabbit reticulocyte lysate we used is not a
homogeneous solution, but a rather heterogeneously-prepared lysate with ribosomal
molecules composing the translationary machinery. On the other hand, the different
replicates of each haplotype represent completely different reactions performed in separate
tubes; thus it is impossible to predict that the exact same amounts of the lysated ribosomal
molecules will be added in each tube. Therefore it was expected to have a range of
densitometry values rather than bands of perfectly similar density.

When the G allele in the first SNP (rs17118262) is replaced by the C allele (CC
and CG haplotypes), less protein is produced, suggesting that it is the G allele in the
rs17118262 variant that exerts a significant effect on translational efficiency. However
this effect seems to be dependent on the allele found in the other SNP (rs1131017). The

CC and CG haplotypes do not produce the same amount of protein. Investigating whether
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there is a statistically significant difference between the protein products of the CC and
CG haplotypes, would allow us to examine the translational effect of the G allele in the
rs1131017 SNP, thus elucidating the ex vivo results, where the G allele of the rs1131017
was found to produce significantly more protein product.

To prove this, we repeated the in vitro translation reactions of the CC and CG
haplotypes in multiple different experiments. Both flag and cmyc constructs were used.
Figure 19 shows a representative western blot of the cmyc constructs initially incubated
with the cmyc antibody; the film generated was quite blurry and difficult to quantify,
while the same membranes after stripping and incubation with the endogenous RPS26
antibody yielded a much cleaner film, suitable for quantification with the Image J
software. As described above, the densitometry value for each individual replicate was
calculated. After subtracting the background density and the endogenous RPS26 band
detected in the negative control reaction, the average value for each haplotype within the
same blot was calculated and compared to the average value of the other haplotype in the

same blot.

strlpplng
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v Y A—y—/ Y Y

cc cc CG H20

Figure 19: CC and CG cmyc constructs incubated with cmyc antibody; the film generated
was quite blurry and difficult to quantify, while the same membrane after stripping and

incubation with the endogenous RPS26 antibody yielded a much cleaner film.
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Flag constructs were also incubated with the RPS26 antibody (figure 20).
Following the same quantification analysis, the average densitometry value for each
haplotype within the same blot was calculated and compared to the average value of the
other haplotype. The quantification results of seven different western experiments were
plotted in a graph; each membrane contained at least 3 replicates of each haplotype, CC
and CG, with either the flag or cmyc constructs. Since the quantification results were based
on incubation with the RPS26 antibody and not the tag antibodies (flag or cmyc), the flag
and cmyc constructs for each haplotype are essentially the same and thus can be directly
compared. Each tag is 8 to 9 aminoacids at the end of the RPS26 protein, making no

difference to the amount of protein that is produced.

- == —>RPS26
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Figure 20: CC and CG flag constructs incubated with the RPS26 antibody.
Quantification analysis was performed as described in the text and the average
densitometry value for each haplotype within the same blot was calculated and compared

to the average value of the other haplotype.

Paired t-test was applied to compare the CC and CG haplotypes in seven different
western experiments with each membrane containing at least 3 replicates of each

haplotype; statistical significance (t-test=0.02) favouring the CG haplotype was revealed
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(figure 21). Therefore, it is shown that the G allele of the second SNP (rs1131017) has a
significant effect on translational efficiency. This observation confirms the ex vivo
results, where the G allele of the common variant (rs1131017) was found to be most

strongly associated with translational efficiency.
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Figure 21: Comparison of CC versus the CG haplotype. A graph is plotted with the
quantification data from the western blots shown in figures 19 and 20, all incubated with
the RPS26 antibody. Each membrane contained at least 3 replicates for each haplotype
(CC or CG) with either the flag or myc construct. Statistical significance favouring the CG

haplotype was found (paired t-test=0.0204).
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We focused on comparing the CC and CG haplotype to study the effect that the
common SNP (rs1131017) has on translational efficiency. In this way we resolved the
potentially contradicted results of the ex vivo and in vitro translation approach. The G allele
of the common variant (rs1131017) was found to produce significantly more protein both
in the ex vivo and in vitro approach (when comparing the CC and CG haplotypes).

Pyrosequencing and SNuPE independently confirmed the results of the in vitro
approach; when comparing in vitro all the three haplotypes (CC, CG and GC) it was
clearly shown that the GC haplotype produces significantly more protein, thus pointing to
the first SNP (rs17118262) as the significant variant for translational efficiency. Both
pyrosequencing and SNuPE showed that the G allele of the rs17118262 SNP is found at
higher proportions at the heavy polysomes. Since the heavy polysomes are known to
represent the most active part of the tranlsationary machinery, the G allele is predicted to
produce more protein product.

Taking into account all the above data, it seems that both SNPs (the common
rs1131017 and the rare rs17118262) exert a significant effect on the amount of RPS26
protein that is produced. It is difficult to quantify the translational effect coming from
each individual SNP. However it is clearly shown that having one allele over the other
makes a significant difference on the amount of protein being produced. In our study, it is

the G allele in both SNPs that is associated with more protein product.

6. Discussion

In the past few years, the scientific community has witnessed enormous advances in the

genotyping technologies that made feasible and affordable complicated studies of genome-
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wide gene expression analysis. As a result, a large number of disease-associated loci have
been identified in numerous complex human diseases, including type 1 and type 2
diabetes, cardiovascular diseases, psychiatric disorders and autoimmune diseases [103].
Despite the spectacular success in identifying new susceptibility loci, the underlying
genetic mechanisms that mediate the reported association between a gene and the risk it
confers to a particular disease, remain largely unknown [84,104].

Genome-wide association studies (GWAS) identify loci that have extended
linkage disequilibrium (LD) for more than a few hundred kilobases and thus may include
several different genes. A study illustrating this complexity is the TID GWAS by our
group [6]; the novel T1D susceptibility locus on chromosome 12q13 involves SNPs on a
tight LD block extending over hundreds of kilobases that encompasses more than ten
genes, including RPS26. There may be multiple variants in multiple genes in the same
LD block that can explain the association because of LD. A gene closely located to the
most associated variant in the block is not necessarily functionally involved in the
particular disease [83]. Therefore it becomes challenging to clarify the causative gene
within a locus. However, identifying genes with functional genetic variations offers
significant help. A gene that has no functional variation, cannot be the cause of a genetic
disease.

Most papers studying the function of DNA variations focus either on how the
protein function is altered after an amino acid substitution caused by a SNP or on how the
mRNA levels are changed by a regulatory SNP [105-107]. However, it is possible that
neither an amino acid nor an mRNA change will be found in DNA variations, when the

association is due to a translational effect. Due to the lack of appropriate methodology,
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the effects that DNA variations exert on gene translation have been poorly investigated.
However, this phenomenon might represent a significant portion of the gene expression
regulation. Numerous studies in the literature, some of them were discussed in the
introduction section, provide strong clinical correlations revealing the significance of the
translational effect in the human genome caused by common DNA polymorphisms.

Despite the importance of this potential mechanism of genetic translational
control, there is no systematic high throughput method to investigate the SNPs’ effect on
gene translation. Our group has previously applied a novel methodology to detect in
genome-wide scale exonic polymorphisms that alter translational efficiency. Using
ribosomal association as a proxy for translational efficiency 17,495 autosomal genes were
screened by transcriptome profiling of ultracentrifugal ribosomal fractions of cell lines
from 40 individuals to identify transcripts whose relative distribution between heavy
polysomes (active translation) and soluble RNA (inactive) was skewed by single-
nucleotide polymorphisms. One of the strongest hits was RPS26 gene; its ribosomal
distribution was strongly associated with the rs1131017 SNP, at a significance level that
met the Bonferroni threshold of 4 x 107, for the number of gene-SNP pairs examined. The
exact same SNP also had the most significant association with T1D at the 12q13 locus in
our genome-wide association study (GWAS) [6], also found independently in the GWAS
by the Wellcome Trust Case-Control Consortium. Therefore, RPS26 seemed the ideal
candidate for downstream functional studies, given our laboratory’s strong interest in the
pathogenesis of T1D.

The central purpose of my thesis was to independently confirm at the protein level

the allelic imbalance in ribosomal distribution detected in the RPS26 gene. Our
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downstream studies included both the rs1131017 initially identified in the transcriptome
profile study as well as the rs17118262 variant that was revealed in the subsequent re-
sequencing analysis. Ribosomal fractions of individuals who are heterozygotes for both
SNPs showed that the G allele of the rs17118262 is found at higher proportions in the
heavy polysomes, suggesting that this variant also plays a significant role on ribosomal
distribution. Due to the close proximity of the two 5’UTR RPS26 SNPs and their strong
LD, we decided to include both SNPs in our investigations.

Each of the two SNPs rs1131017 (G/C) and rs17118262 (G/C) have two alleles.
Therefore, four haplotypes are expected in general population, i.e. 1) rs1131017G-
rs17118262G, 2) rs1131017G-rs17118262C, 3) rs1131017C-rs17118262G, and 4)
rs1131017C-rs17118262C. If the two SNPs are not in 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 [108]. Physical proximity of the two SNPs along with
recombination events (D’) and allele frequencies (1*) are the main factors determining
LD. When there is no recombination between the two SNPs (D’=1), we can only see
three of the four haplotypes at most. Furthermore if the frequencies of the two SNPs are
exactly the same (r*=1), we can only see two haplotypes since one allele of one SNP
always co-occurs with a specific allele of the other SNP. In our case, the two SNPs are
located 9 bases apart, are in strong linkage disequilibrium (D’=1) but have different allele
frequencies (r=0.54). The haplotype that is rarely found in the population is the GG

haplotype. The GC haplotype is also relatively rare with only 2 individuals in our study
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cohort. This natural limitation made us construct in vitro the rare allele combination in
order to fully investigate the translational effects of the two SNPs.

Another limitation of our study lies in the biological role of RPS26. RPS26 is part
of the ribosomal translational machinery. Mutations in ribosomal proteins may lead to
defects in ribosome synthesis, thus affecting ribosome quality which in turn may alter
translational efficacy [72]. However, our study did not investigate the translational
efficiency of the RPS26 gene itself. It rather focused on the quantitative differences of the
protein product among the different haplotype combinations of the same gene. We did
not compare the translational efficiency of the RPS26 gene versus other genes, but the
effects of two polymorphisms on the same gene product, which happened to be RPS26.
RPS26 was initially selected for 2 critical reasons: firstly, its strong ribosomal
distribution association (p = 10'10) and secondly, the GWAS of our group had revealed
that the rs1131017 has the most significant association with T1D at the 12q13 locus.

The question of whether this translation effect explains the T1D association remains
open but we believe that it is unlikely, as Plagnol et al. showed a residual effect on T1D
susceptibility after accounting for the effect of rs1131017. However it is possible, in the
same recombination interval, to have two or even more variants independently conferring
disease risk. A more important argument is the presence of a transcriptional effect that
almost exactly counterbalances the translational effect we have found. The end result is that
the amount of protein produced does not differ among the three genotypes (Figure 4B) and
the effect on protein production can only be seen after adjusting for the amount of mRNA.
The existence of two effects by the same genetic variant, exactly counterbalancing each

other may be a coincidence, or it may reflect the high evolutionary conservation of precise
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gene-dosage control required for RPS26. RPS26 haploinsufficiency (50% gene expression)
causes dominantly inherited Blackfan-Diamond anemia, consistent with the importance of
maintaining the exact level of expression (most loss-of function mutations are recessive,

because loss of 50% of expression level of most genes does not cause disease).

7. Conclusion

Both SNPs (the common rs1131017 and the low-frequency rs17118262) exert a
significant effect on the amount of RPS26 protein that is produced. While it is difficult to
quantify the translational effect coming from each individual SNP, we clearly showed
that having one allele over the other makes a significant difference on the amount of
protein being produced. In our study, it is the G allele in both SNPs that is associated
with more protein product.

Adding to the well-studied polymorphic transcriptional effects, the effects of exonic
single-nucleotide polymorphisms (SNPs) on translational efficiency may be equally
important in determining protein expression levels and therefore contributing significantly
to the disease risk. RPS6 in type 1 diabetes is an excellent example of such an association.
Even if the particular variant I studied in my thesis may not explain the T1D association,
my work has contributed to the development of a tool that can be applied genome-wide to

elucidate mechanisms of action of complex-trait loci.

8. Future directions

It would be interesting to extend the approach to other selected genes, giving priority to

genes mapping to confirmed complex-trait loci for which no mechanism is known (the
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majority, at present). To see whether the effect is specific to the LCL translational
machinery, we will repeat these studies in fibroblasts. It will be interesting to see whether
the effect is reproducible for genes not normally expressed in fibroblasts. Finally, a scale-
up of the genome-wide ribosomal screen will eventually be tried; from 42 subjects in the

initial study, to 300, and from microarrays to transcriptome sequencing.
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