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Abstract

Post-transcriptional regulation of gene expression is a complex process, mediated by RNA-binding
proteins (RBPs) and microRNAs (miRNAs), that ensures optimal distribution and usage of mes-
senger RNAs (mRNAs); these molecules bind as trans-acting factors directly to cis-elements
within transcripts. Sequence variations or mutations in RNA-binding domains (RBDs) of RBPs, in
miRNAs, or RBP or miRNA target sites potentially alter transcript regulation, causing phenotypic
changes and disease.

In our study, we are interested in studying the molecular basis for the significant clinical over-
laps between Fragile X syndrome (FXS), neurofibromatosis type 1 (NF1), and autism. FXS and
NF1 are single-gene disorders, respectively caused by mutations in the genes that encode for the
Fragile X Mental Retardation Protein (FMRP) and the NF1 protein. We hypothesize that a mutated
FMRP or miRNA binding site in a shared regulatory pathway could contribute to the phenotypic
overlap of these disorders.

To investigate this hypothesis, we designed a nested multiplexed PCR assay followed by bar-
coded 454 pyrosequencing to assess multiple genomic regions in hundreds of individual patients.
We first applied this method to study sequence variations in 15 FMRP and 9 miRNA target sites
in the NF1 gene of 400 persons with and without autism. We modified the assay for increased
sample throughput, and for a separate study, analyzed 17 highly expressed, multicopy miRNA
genes in 768 persons with chronic lymphocytic leukemias, Type 2 Diabetes mellitus, and autism.

We developed a bioinformatic pipeline for data management and biocomputational analyses.
We used Oligomap for barcode sequence identification and read trimming. We identified all target
regions in similar proportions and found similar abundances of barcoded primer combinations for
each patient group. For sequence alignment and single base pair polymorphism discovery, we
used the MOSAIK/GigaBayes and BWA/Samtools pipeline, and the GS Amplicon Analyzer.

We identified 40 sequence variations in FMRP target regions (i2161, 12163, i2174, 2181, i2193,
i2209, i2231, 12233, i2241/42, and i2249) and 4 variations in miRNA target sites (miRNA103/107,
miRNA- 10a/b, and miR 30a-5p/b/c/d/e-5p). We detected 114 variations in regions flanking FMRP
target regions and 21 variations in regions flanking miRNA target sites.

Sequence variation is likely an underestimated source of regulatory and pathogenetic changes
in the human genome. Our assay is broadly applicable to all genomic regions and shows much

promise for detection of mutations that perturb post-transcriptional regulation of gene expression.




Kurzbeschreibung

Post-transkriptionelle Genregulation ist ein komplexer Prozess, in dem Splei3en, Translation, Sta-
bilitdt und Lokalisierung von messenger RNA (mRNA) durch RNA-bindende Proteine (RBPs) und
microRNAs (miRNAs) reguliert werden. RBPs und miRNAs binden als trans-agierende Faktoren
an regulatorische cis-Elemente des Transkripts. Mutationen in miRNAs und ihren Bindesequen-
zen sowie in RNA-bindenden Doméanen von RBPs beinflussen, instabilisieren und zerstéren die
transkriptionell Stabilitdt sowie Translation, was schlussendlich zur Verdnderung des Phanotyps
und Krankheiten flihren kann.

Die neurologischen Erkrankungen Fragiles-X-Syndrom (FXS) und Neurofibromatose Typ 1 (NF1)
haben &hnliche Krankheitsbilder und sind mit Autismus assoziiert. FXS und NF1 sind monogene
Krankheiten, die typischerweise durch Mutationen im Gen fir das Fragile X Mental Retardation
Protein (FMRP) bzw. fir das NF1 Protein verursacht werden.

Wir vertreten die Hypothese, dass mutierte RBP- und miRNA-Bindesequenzen in gemein-
samen molekularen Regulationswegen zu Uberlappungen in den Phanotypen von FXS, Autismus
und NF1 beitragen kénnen. Wir entwickelten eine Methode zur raschen und parallelen Unter-
suchung von genetische Variation in RBP- und miRNA-Bindesequenzen; basierend auf multi-
plexed und nested PCRs, gefolgt von paralleler, Barcode-kodierter 454-Pyrosequenzierung. Wir
erprobten die Methode bei der Untersuchung von genetischen Variationen in 15 FMRP- und 9
miRNA-Bindesequenzen im NF1 Gen von 400 Personen mit und ohne Autismus. Wir mod-
ifizierten den Assay flr einen héheren Probendurchsatz und analysierten 17 hochexprimierte
miRNA Gene in 768 Patienten mit chronischer lymphatischer Leukamie, Diabetes mellitus vom
Typ 2 und Autismus.

Wir etablierten eine Bioinformatik-Pipeline fir bioinformatische Analysen und Datenmanage-
ment; bestehend aus Oligomap fiir Barcode-ldentifikation und der MOSAIK/GigaBayes- bzw.
BWA/Samtools-Pipeline sowie dem GS Amplicon Analyzer fiir Sequenzealignments und Variations-
analysen. Alle Genbereiche und Barcodekombinationen konnten dabei identifiziert werden.

Vierzig Variationen in den FMRP-Bindesequenzen (i2161, i2163, i2174, i2181, 12193, i2209,
i2231, 12233, i2241/42 und i2249) und vier Variationen in den miRNA-Bindesequenzen (miRNA
103/107, miRNA10a/b und miR 30a-5p/b/c/d/e-5p) wurden detektiert. Weitere 114 bzw. 21 Vari-
ationen um eine FMRP- bzw. miRNA-Bindesequenzen konnten identifiziert werden.

Unsere Methode ist uneingeschrankt auf allen Abschnitte des Genoms anwendbar und vielver-
sprechend fir die Detektion von Mutationen, die Stérungen in der post-transkriptionellen Gen-

regulation hervorrufen kénnen.




1 Introduction

1.1 Post-transcriptional regulation of gene expression

Post-transcriptional regulation of gene expression is a complex mechanism that enables cells
to adapt to environmental conditions, respond to stress, maintain homeostasis, and differentiate
(Yang et al., 2003; Gama-Carvalho et al., 2006; Sonenberg and Hinnebusch, 2009). This type of
gene regulation is mainly mediated by RNA-binding proteins (RBPs) and microRNAs (miRNAs)
and enables control of all steps that connect transcription to protein translation (Moore, 2005;
Keene, 2007).

Throughout their lifecycle, messenger ribonucleic acids (mRNAs) are part of regulatory ribonu-
cleoprotein complexes. The principal steps in the transcript lifecycle are processing (transcrip-
tion), nuclear export, cytoplasmic existence (translation), and degradation (Moore, 2005; McKee
and Silver, 2007; Piao et al., 2010). The removal of transcripts from the translationally active
pool is done by the cellular decay machinery, mainly the RNA-induced silencing complex (RISC)
(van den Berg et al., 2008; Piao et al., 2010).

Due to the large numbers of RBPs and miRNAs, the potential combinations of ribonucleopro-
tein complexes (RNPs) and their influence on post-transcriptional gene regulation is staggering
(Keene and Tenenbaum, 2002; McKee and Silver, 2007; Sonenberg and Hinnebusch, 2009). The
roles of these regulatory complexes remain largely unexplored in human biology and disease
(Martin and Ephrussi, 2009).

1.1.1 RNA-binding proteins and RNA-binding domains

Greater than 600 RBPs, possessing several well-defined RNA-binding domains (RBDs) are pre-
dicted to be encoded in the human genome (Venter, 2003). Currently 373 RBPs are listed in the
Human Protein Reference Database' (Rozen and Skaletsky, 2000; Prasad et al., 2009). Struc-
tural diversity of RBPs and target recognition of RNA-binding domains (RBDs) are a function of
the type, number, and arrangement of RBDs, helping RBPs to attain specificity (high affinity) for
an RNA sequence (Lunde et al., 2007).

Several RBDs are currently recognized including the RNA-recognition motif (RRM), Zinc fin-
ger, K-homology (KH) domain, and double-stranded RBD (dsRBD). RRMs are the most abundant
RBDs in higher vertebrates and are found in at least 0.5-1 % of human genes (Venter et al., 2001);

they are typically composed of 80 to 90 amino acids (Query et al., 1989; Maris et al., 2005) and,

Thttp://www.hprd.org/; available at May 23, 2010

10



1 Introduction

to date, twenty different structures of RRM:RNA complexes have been descibed (Lunde et al.,
2007). The KH domain consists of approx. 70 amino acids, binds single-stranded (ss)DNA and
ssRNA, and has a functionally important signature sequence near its centre; a mutation in the KH
domain of Fragile X Mental Retardation Protein (FMRP) causes Fragile X syndrome (Lewis et al.,
2000; Backe et al., 2005). Another domain contains repeats of an Arg-Gly-Gly motif, termed the
RGG box, and also binds mRNA. (Schaeffer et al., 2001).

Zinc finger

Figure 1.1: Example of known RBD structures (Lunde et al., 2007). Depicted are an RRM (the N-terminal
RNA-recognition motif of human U1A), K-homology-3 (KH3) domain of Nova-2, two zinc fingers
of TIS11d, and yeast Rnt1 dsRBD.

The binding of RBDs to RNA targets is one of the molecular bases of post-transcriptional RNA
regulation and can be modulated precisely through combinations of RBDs, other enzymatic do-
mains, and different intra-molecular interactions including electrostatic interactions, shape com-
plementarity, and hydrogen bonding. Different combinations of RBDs and linker sequences be-
tween RBDs enable the recognition of RNA target sites over long distances, even allowing RBDs
to bind to separated target sites. Linker length has functional relevance; longer linkers makes the
recognition of several target sites possible, whereas a shorter linker permits binding only within a

contiguous stretch of nucleotides (Lunde et al., 2007).

Figure 1.2: Scheme of modular RNA-binding domains (Lunde et al., 2007); (left) combined to recognize a
long RNA sequence, (centre) separated target sites, and RNAs that belong to different molecules

(right).
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1 Introduction

Current methods to identity RNA targets of RBPs include cross-linking and immunoprecipi-
tation (CLIP) and RNP immunoprecipitation-microarray (RIP-Chip) protocols (Ule et al., 2005;
Keene et al., 2006). Recently a new method for direct identification of RNA-binding motifs and
RNA targets of mMRBPs, referred to as photoactivatable ribonucleoside-enhanced crosslinking and

immunoprecipitation (PAR-CLIP), was developed in the Tuschl laboratory (Hafner et al., 2010).

1.1.2 miRNAs and their regulatory function

microRNAs (miRNAs) are a class of endogenous small non-coding RNAs (19-24 nucleotides in
length), which are initially transcribed as long primary transcripts (pri-miRNAs). After processing
into stem-loop precursors (pre-miRNAs) of approx. 70 nucleotides (nt) by the nuclear enzyme
Drosha, they are processed into mature miRNAs by the cytoplasma enzyme Dicer (Lee et al.,
2003; Han et al., 2004). Following loading into the Argonaute protein, mature miRNAs guide the
silencing complex to complementary mRNA target sites and regulate transcript cleavage or trans-

lational repression (see Figure 1.3) (Meister and Tuschl, 2004; Yekta et al., 2004; Bartel, 2009).

miRNA precursors

T

, <
5 —r ~—

Drosha, DGCR8
Exportin-5

P = 5
I | pre-miRNAs
Dicer, TRBP2 l

siRNA P|W 21-23 nt RNA duplexes
duplexes LLLLL Y with 2-nt 3’ overhangs

pae L agors

%TTiTi ||||||p mi/siRNA 1 Ilp miRNAs

RISC | miRNP I
. X I

o AAAAA
?mvllllll”””"l LIS I” ”IIIJM“‘JA
E— Q_) =P

mRNA cleavage translational repression

Figure 1.3: Simplified scheme of post-transcriptional gene regulation. Single-stranded pre-miRNA (hairpin
structure) is processed by ribonuclease Ill. The resulting short miRNA (or siRNA) duplexes are
separated, where the mature strand is assembled into an effector Argonaute (Ago) protein com-
plex, while the star sequence is degraded. Depending on type of Ago protein, two different reg-
ulatory pathways are resulting in: (i) mMRNA cleavage and (ii) translational repression by binding
of mMiRNAs on mRNA. Figure is adapted from Meister and Tuschl, 2004.
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1 Introduction

Currently 677 human miRNAs are recognized (http://www.microRNA.org; last update 2008-09-
08), targeting approx. 60 % of all human genes (John et al., 2004; Friedman et al., 2009). Single
miRNAs can target multiple mRNAs, and transcripts may contain multiple target sites for the same
and/or different miRNAs (Landgraf et al., 2007; Ruby et al., 2007).

To maintain their regulatory function, a remarkable fraction of miRNA target sites, correspond-
ing to the miRNA seed sequence (nucleotides 2-7), is conserved. Most (> 45,000) target sites
are located in 3’ untranslated region (3’'UTR) (Bartel, 2004; Friedman et al., 2009); open reading
frames (ORFs) and 5’UTRs are rarely targeted, possibly due to removal of the silencing com-
plexes by the translation apparatus (Bartel, 2004). miRNA target sites are not conserved in cell
types or tissues where the cognate miRNA is absent (Farh et al., 2005). Appoaches like barcoded
small RNA sequencing, miRNA in situ hybridization and Ago-CLIP allow the identification of miR-
NAs and their target sites in different tissues (see Figure 1.4), helping to define specificities of

their expression and regulation.
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Figure 1.4: The 51 most specific miRNA precursor clusters for human cells and tissues (x-axis). Different
tissue types are given (colored). Tissue specificity is indicated by the total height of each bar
(specificity score) on the y-axis. The relative heights for each of the tissues are proportional to
sequence reads of a miRNA precursor cluster in a given tissue type relative to all tissue types.
Graph adapted from Landgraf et al., 2007.
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1 Introduction

The binding efficiency and efficacy of miRNAs to RNA targets depends partly on sequence con-
texts, and on a ranked hierarchy of seed sequence binding: 8mer»7mer>7mer-A1»6mer (Grimson
et al., 2007; Nielsen et al., 2007). In general, binding efficiency is improved when RNA target se-
quences are located (i) within the 3'UTR and at least 15 nt away from the stop codon; (ii) in an
AU-rich environment or (iii) close to each other (Bartel, 2004; Grimson et al., 2007). Target sites
located within 40 nt, but not closer than 8 nt, tend to act cooperatively and significantly enhance

repression over the level expected from their independent contributions (Saetrom et al., 2007).

1.2 Mutations in genetically-encoded components of

post-transcriptional regulatory networks cause disease

Theoretically, mutations in genes encoding RBPs and miRNAs may perturb post-transcriptional
regulatory networks, resulting in phenotypic changes or disease (Nicoloso et al., 2010). Alterna-
tively, mutations of the transcripts and target sites, respectively, could alter RBP:RNA interaction,
resulting in a partially overlapping phenotype.

Several neurological disorders, including Fragile X Syndrome (FXS), Frontotemporal Lobar De-
mentia (FTLD), and Amyotrophic Lateral Sclerosis (ALS) are caused by mutations in genes en-
coding RBPs, namely FMRP, TAR DNA Binding Protein (TDP43), and the Fused in Sarcoma
(FUS) protein (Pieretti et al., 1991; Licatalosi and Darnell, 2006; Keene, 2007; Sreedharan et al.,
2008; Kwiatkowski et al., 2009).

Mutations in miRNA genes also cause disease. Mutations in the miR-96 seed region cause
non-syndromic progressive hearing loss (Mencia et al., 2009; Friedman and Avraham, 2009).
miRNA 15a and 16 are deleted in more than half of B cell chronic lymphocytic leukemias (CLL)
(Calin et al., 2008). miR-375, a regulator of glucose-induced insulin secretion, may be affected in
Type 2 Diabetes mellitus (Poy et al., 2004). Disease-associated miRNA profiles are also reported
for Alzheimer and Parkinson disease (Fiore et al., 2008).

Sequence variations or mutations in miRNA target sites potentially destroy or modify target
sites with variable effects on transcript stability and translation (Lewis et al., 2005; Brennecke
et al., 2005; Li et al., 2010; Rahman et al., 2010). We also expect that SNPs have a signifi-
cant effect on RNA regulation; approximately ten million SNPs, corresponding to one variant per
3,000 bases, are estimated to constitute 90 % of the variation in the human genome. SNPs may

abrogate, strengthen or weaken RBP:target and miRNA:target RNA interactions.

14



1 Introduction

Remarkably, the prevalence of autism is 15-30 % in FXS patients and 4 % in NF1 patients
(Kelleher and Bear, 2008); conversely, the prevalence rates for FXS and NF1 in persons with
autism are 2-3 % and 0-4 %, respectively (Gillberg and Forsell, 1984; Mouridsen et al., 1992;
Fombonne et al., 1997). Since FMRP is absent in FXS and results in autism, mutation of a target
transcript, such as NF1, could result in a similar endophenotype.

In this thesis, we are interested in the significant clinical overlaps of the single-gene disorders
FXS and neurofibromatosis type 1 (NF1) with the multigenic disorder autism (Laxova, 1994; North
et al., 1997; Berry-Kravis, 2002; McConkie-Rosell et al., 2005; Budimirovic et al., 2006; Saemu-
ndsen et al., 2007).

1.2.1 Fragile X syndrome and FMRP

Fragile X syndrome is the most frequent form of heritable mental retardation, with a characteristic
profile of autistic-like features, including deficits in imaginative play, repetitive speech, hand biting
and scratching, as well as, gaze aversion and social anxiety (Turk and Cornish, 1998). FXS is
typically caused by abrogation of FMRP expression, an RNA-binding protein encoded by the frag-
ile X mental retardation 1 (FMR1) gene (Verkerk et al., 1991; Verheij et al., 1993). The majority
of FXS cases (99 %) are caused by an increased number of CGG trinucleotide segments (> 200
repeats) in the 5’ end of the FMR1 gene located on the X-chromosome (McConkie-Rosell et al.,
2005). However a single point mutation (substitution) in the KH domain of FMRP causes FXS by
interfering with RNA-binding (Boulle et al., 1993).

FMRP has three RBDs (two KH domains and one RGG box) and recognizes up to 4 % of mR-
NAs in human fetal brains through direct interaction with G quartet sequences, U-rich sequences
and so called “kissing complexes”, which are relatively big secondary structures of at least 60
nucleotides (Ashley et al., 1993; Brown et al., 1998; Chen et al., 2003; Darnell et al., 2005). The
main function of FMRP is regulatory repression of translation by increasing the affinity for capped
mRNA of its binding partner CYFIP1 and elFAE (Laggerbauer et al., 2001; Napoli et al., 2008).
FMRP is a critical requirement for the regulation of localization of a subset of dendritic mMRNAs,
which may influence the quality and efficacy of mRNA dynamics (Antar et al., 2006; Bassell and
Warren, 2008; Dictenberg et al., 2008) and synaptic plasticity (Bear et al., 2004; Muddashetty
et al., 2007; Waung et al., 2008; Castillo et al., 2008).
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1 Introduction

1.2.2 Neurofibromatosis type 1

Neurofibromatosis is a genetic disorder of neural crest-derived cells in neuroectodermal and mes-
enchymal tissues (Gabhane et al., 2010). This disorder is caused by mutations in the 288 kb NF1
gene, located on chromosome 17, that encodes the protein Neurofibromin. This protein is ex-
pressed in many tissues, including brain, kidney, spleen, or thymus, and acts mainly as a tumor
suppressor and limits cell growth.

Mutations of the NF1 gene lead to cell overgrowth and tumor development; especially malig-
nant peripheral nerve sheath tumors, neuroendocrine tumors, and nonneurogenic gastrointestinal
stromal tumors (Cohen and Shuper, 2010; Cavallaro et al., 2010). The majority (82 %) of NF1-
causing mutations are either frameshift or nonsense mutations (Shen et al., 1996); approximately

110 5 % of NF1 patients have large deletions (> 700 kb) (Tonsgard et al., 1997).

1.2.3 Autism spectrum disorder

Autism spectrum disorders (ASD) are highly variable neurodevelopmental diseases that are sub-
classified as autism, Asperger syndrome and atypical pervasive developmental disorders (PDD)
(Mayes et al., 1993; Muhle et al., 2004; Myers et al., 2007; Geschwind, 2008). ASD is character-
ized by widespread abnormalities of (i) language, communication and imaginative play, (ii) social
interactions, and (iii) restricted interests and activities (Noens et al., 2006; Landa, 2007; Rogers,
2009).

In contrast to FXS and NF1, the causes of autism are predominantly unkown. At present many
genes (> 100) and several chromosomal regions have been investigated for their involvement in
autism, however most mutations are still not identified (Losh et al., 2008a,b). SNPs and de novo
copy number variations (CNVs) have been found in 24 % of autism patients and likely cause a
subset of autism (Sebat et al., 2007; Allen-Brady et al., 2009).

Autism is likely caused by a series of de novo mutations (Sebat et al., 2007). Reported muta-
tions potentially affect cell-adhesion, as well as synaptogenesis, leading to abnormal formation of
synapses and dendritic spines and synaptic dysfunctions (Persico and Bourgeron, 2006; Kelleher
and Bear, 2008; Levy et al., 2009). Candidate autism genes encode for serotonin transporters
(i.e. SLCB6A4), neuroligins (NLGN3/ 4), or tumor suppressors (PTEN, TSC1 and TSC2) (Jamain
et al., 2003; Coutinho et al., 2004; Butler et al., 2005; Tavazoie et al., 2005; Buxbaum et al., 2007).
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1.3 Sequencing human genomes and bioinformatics

Next-generation sequencing (NGS) technologies have transformed our experimental approaches
and the understanding of genetic (Wang et al., 2006).

Many different high-throughput genotyping approaches, consisting of various combinations of
different allele-discrimination chemistries and signal detection methods, have been developed.
These approaches have been widely used to discover SNPs and CNVs, for epigenotype analysis,
and for the discovery of new genetic polymorphisms (Tsuchihashi and Dracopoli, 2002; Corona
and Toffoli, 2004). They have replaced classic approaches like restriction fragment length poly-
morphism (RFLP) analysis, using Southern blotting, and pre-amplification by PCR (Shumaker
et al., 1996; Germer and Higuchi, 1999; Kwok, 2000), and are better than classical genotyp-
ing platforms based on microarrays, genechips, Real-time PCR assays, and mass spectrometry
(Meyer et al., 2009; Araujo, 2009; Dettman et al., 2010). Most of these approaches are still limited
by relatively low sensitivity and efficiency (Li et al., 2007); accuracy, speed and costs are further
limiting factors (Jenkins and Gibson, 2002).

NGS enables analyses of genomic sequences with much higher coverage, accuracy and effi-
ciency (Kidd et al., 2008; Tucker et al., 2009; Futschik and Schldtterer, 2010), and will likely be
the method used to identify the causes of diseases such as autism. Several massively parallel
sequencing devices are currently available; namely the lllumina Genome Analyzer?, the Applied
Biosystems SOLID Sequencer®, and the Roche 454 Genome Sequencer*. Advantages of these
are (i) massive automated parallel performance, (ii) the detection of minor alleles, and (iii) non-
reliance on cloning and amplification steps.

Bioinformatic approaches are also rapidly evolving to handle large volumes of sequencing data
(Mardis, 2008; Voelkerding et al., 2009). To improve the workflow from data generation through to
analysis and publication, respectively, streamlined pipelines are being developed, including multi-
ple sequence alignment algorithms, mapping tools, and tools for converting sequencing data into

an uniform format (Moore et al., 2010; Koboldt, 2010).

2http://www.illumina.com/; available at March 3, 2010

Shttp://www.appliedbiosystems.com/absite/us/en/home/applications-technologies/solid-next-generation-
sequencing.html; available at March 4, 2010

“http://www.454.com/; available at March 3, 2010

17



1 Introduction

1.4 Scope of this thesis

The goal of this project is to develop a rapid screening method to analyze genetic variation in RBP
and miRNA target sites using patient and control DNA samples, massive parallel 454 sequencing,
and bioinformatic approaches. The assay will be validated by investigating sequence variations in
FMRP and miRNA target sites of the NF1 gene in DNA obtained from persons with and without
autism. We will then modify the assay to analyze highly expressed miRNA genes using DNA
samples from hundreds of patients with chronic lymphocytic leukemias, Type 2 Diabetes mellitus
and autism. Should no variation be identified we still have a useful method to assess variations in
other genomic regions. Should variations be found, the knowledge of the abundance of variation
in these evolutionally conserved and functional regions will enable us to calculate how many
samples are necessary for subsequent disease association studies. Mutated genes may reveal
which genomic regions, pathways etc. are responsible for the clinical overlap between diseases.
Out study will enhance disease classification and diagnostics, assist in elucidating pathogenesis,

and delineate potential targets for therapeutic intervention.
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2.1 Clinical materials and demographic data

Samples from persons with and without autism (or ASD) were obtained from the Centre for Col-
laborative Genetic Sudies, National Institute of Mental Health! (NIMH), Bethesda, USA. Four
hundred persons were selected at random from a total population of approximately 3500 persons.
The study group consisted of 134 persons with autism and 266 participants without autism (con-
trol participants); most were non-affected relatives. Specific demographic information for each
patient or relative was provided including year of birth (age), gender, race, age of disorder onset,
and progeny status (twin: monozygotic or dizygotic). The 400 participants were drawn from 149

families; an example of pedigree information is shown in Figure 2.1.

O O LEGEND
00007 00002
[ ] Male
1959 1961 —
ooco4657 | 00C04659 (_) Female
Q Unknown sex

UL & & D

00003 00004 00005 00006 B Autistic. DSM-IV

Age: 10 M Autism Spectrum
1983 1985 1987 1989
00C04756  00CD4G60  00C04757  00CO04661

Figure 2.1: Typical pedigree and demographic information for each family. NIMH subject ID, age at assess-
ment, year of birth, and sample ID are indicated in descending order below each symbol.

DNA samples from 768 patients with B cell chronic lymphocytic leukemias (CLL) and Type
2 Diabetes mellitus were obtained from the Stoffel Laboratory, Institute of Molecular Systems
Biology (ETH Zurich, Switzerland), and Dr. Pablo Landgraf (HHU Dusseldorf, Germany). All sam-

ples were either provided in barcoded tubes or in 96-well plates at a concentration of 200 ng/ul.

Thttp://www.nimh.nih.gov/index.shtml; available at March 16, 2010.
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2.2 Oligonucleotides

Primer pairs were designed and optimized using the Primer3 algorithm? v. 0.4.0 (Rozen and
Skaletsky, 2000). Primers were synthesized by Integrated DNA Technology, Inc. (Coralville,
USA) and delivered in 96-well plates in water at a concentration of 100 uM. Primers were diluted
to a working concentration using distilled water. Primer sets used in this thesis for the NF1 and
miRNA gene project are listed in Appendix 1 and 2.

Seventeen regions of the NF1 gene were amplified in a multiplexed PCR format using 17 target-
specific primer pairs (Table 6.1). Twenty-four regions of the NF1 gene were amplified in nested
PCR reactions using 24 target-specific primer pairs (Table 6.2).

Seventeen regions encoding 17 miRNA genes were amplified in a multiplexed PCR format
using target-specific primer pairs (Table 6.3). Seventeen regions encoding 17 miRNA genes were

amplified in nested PCR reactions using target-specific primer pairs (Table 6.4).
2.3 Chemicals
A list of chemicals used in this thesis provided in Table 2.1.

Table 2.1: List of chemicals used in this thesis. Described are the chemical and commercial names; the list
is separated by manufacturer.

Chemical Commercial name Manufacturer
Glycerol Glycerol Fisher Scientific
KCI Potassium chloride, purity = 99.4 %

NaCl Sodium chloride

Tris base Tris (hydroxymethyl) aminomethane

Triton X-100 C¢H,,(C,H,)(OCH,CH,)XOH

DDT Dithiothreitol, purity = 99.0 % Sigma

EDTA Ethylenediaminetetraacetic acid, purity = 99.995 %

HCI Hydrochloric acid

MgCl, Magnesium chloride hexahydrate, purity = 99.0 %

MgSO, Magnesium sulfate purity = 99.0 %

Agarose NuSieve@® GTG® Agarose Lonza

Lmp-Agarose

Seakem@®) LE Agarose

2http://frodo.wi.mit.edu/primer3; available at February 20, 2010

20



2 Materials

2.4 Reagent kits and enzymes

All reagent systems used in this thesis are listed in Table 2.2.

Table 2.2: List of reaction systems (Kits) and enzymes used in this thesis.

Designation Manufacturer

AccuPrime™ Reaction Mix Invitrogen Life Science, USA
Pfx polymerase Invitrogen Life Science, USA
Taqg polymerase Tuschl Laboratory, USA

2.5 Buffers and solutions

All buffers and solutions used in this thesis are listed in Table 2.3.

Table 2.3: Composition of buffers and solutions.

Buffer/ solution Composition

PCR reaction buffer (10x) 10 mM b-mercaptoethanol
500 mM KClI
20 mM MgCl,

100 mM Tris HCI (pH 8)
1 % Triton-X-100

Taqg stocking buffer 100 mM NaCl
0.1 mM EDTA
5mMDTT
50 mM Tris HCI (pH 8)
50 % Glycerol (v/v)
1 % Triton-X-100 (v/v)

TBE buffer (1x) 89 mM Tris base
20 mM EDTA (pH 8)

8 mM boric acid

5x Loading Buffer 0.2 % bromophenol blue
0.2 % xylene cyanol FF
50 mM EDTA (pH) 8
20 % Ficoll type 400
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2.6 DNA ladders

Commercial DNA ladders (New England Biolabs, Inc., UK.) were used to assess the size and

concentration of PCR products and are shown in Figure 2.2.

50 bp DNA Ladder

bp

D — 1,350

e 916

— 50

ng
103

84

100 bp DNA Ladder
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— 1,517
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ng
45

1 kb DNA Ladder
kb | ng
~N
10.0 | 42
N 8.0
—6.0 | 50
—50 | 42

— 4.0 | 33

—3.0 | 125

—2.0 | 48

— 0.5 | 42

Figure 2.2: Commercial DNA ladders as visualized using ethidium bromide staining and agarose gel elec-

trophoresis.

2.7 Equipment

Equipment used in this thesis is listed in Table 2.4.

Table 2.4: Equipment used in this thesis.

Equipment

Manufacturer

EpMotion 5075@® Automated Pipetting Station

Eppendorf Vacufuge™ vacuum centrifuge

LAS-3000 imaging system

Mastercycle® ep384 thermal cycler

Mastercycle® epgradient S thermal cycler

OWL Easycast™ electrophoresis chamber
PCR plates Thermo-Fast 96, Non-Skirted, 0.2 mL

Table 2.4: — continued on next page

Eppendorf, Germany
Eppendorf, Germany
Fujifilm Corporation, Japan
Eppendorf, Germany
Eppendorf, Germany
Thermo Scientific, USA
Thermo Scientific, USA
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Table 2.4: — continued from previous page

Equipment

Manufacturer

PowerPac 3000

SmartSpec™ Plus Spectrophotometer
Spectroline® UV Transilluminator

Table centrifuge Sorvall Biofuge fresco

Thermomixer

Vortex-Genie 2 Model G560

Bio-Rad Laboratories, USA

Bio-Rad Laboratories, USA
Spectroline, USA
Thermo Scientific, USA

Eppendorf, Germany

Scientific Industries, USA

2.8 Software and databases

Different software tools and databases were used for bioinformatic applications. Each software

and database, including field of application (function) and manufacturer or reference, is listed in

Table 2.5.

Table 2.5: Software and databases used in these studies.

Software/ database

Manufacturer

Function

Burrows-Wheeler Aligner
EpBlue™

GigaBayes

GS Amplicon

GS Mapper

LAS-3000 ImageReader Pro
miRBase

MOSAIK applications
Oligomap

Primer3

PuTTY

PyroBayes
SAMtools-0.1.7

(Li and Durbin, 2009, 2010)
Eppendorf, Germany
Boston College, USA
Roche, Switzerland

Roche, Switzerland

Fuijifilm Corporation, Japan
(Griffiths-Jones et al., 2008)
Boston College, USA
(Berninger et al., 2008)
(Rozen and Skaletsky, 2000)
Tatham Team, England
Boston College, USA

(Li et al., 2009)

Aligner

Automated pipetting

SNP discovery

Variation discovery
Mapper/ aligner

Gel imaging/ documentation
Database (miRNA)
Assembler/ aligner

RNA sequence annotation
Primer design

SSH and telnet client
Rewrite/ transformation

Multi sequence alignment
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3.1 PCR strategy

To assess sequence variation in multiple genomic regions in hundreds of individuals, we designed
a nested multiplexed PCR assay with barcoded pyrosequencing. The first round of PCR amplifi-
cation consisted of multiplexed PCR in which amplicons of approximately 1 kb in size were gen-
erated. These products were diluted 10-fold and served as templates for subsequent singleplex
nested PCR reactions in which patient-specific barcodes were introduced. Barcoded (patient-
specific) amplicons, of approx. 200 bp in size, were pooled and sequenced.

We designed assays for 2 projects to assess sequence variations in (i) RBPs and miRNA target
sites in the NF1 gene and (ii) miRNA gene sequences. The first project, referred to as the NF1
project, was established in a 96-well plate format using an 18-multiplexed PCR, followed by 24
nested singleplex PCRs for each of the 400 DNA samples obtained from persons with and with-
out autism. Ninety-six-well PCR reactions were performed using a Mastercycle® epgradient S
thermal cycler (Eppendorf, Germany).

The second project, referred to as the miRNA gene project, was established in a 384-well plate
format to enable higher sample throughput using an 17-multiplexed PCR, followed by 17 nested
singleplex PCRs for each of the 768 DNA samples obtained from persons with chronic lympho-
cytic leukemias, Type 2 Diabetes mellitus and autism. Three hundred and eighty four well PRC
reactions were performed using a Mastercycle@® ep384 thermal cycler (Eppendorf, Germany).

PCR reactions and cycling conditions were optimized using DNA (100 ng/ul) from human tumor
raji cell lines and the Mastercycle®ep384 and epgradient S thermal cycler. Two positive and two
negative controls were present on each PCR plate; DNA from human tumor raji cell lines func-
tioned as positive control, whereas water served as negative control. Both positive and negative

controls were amplified using the forward (F1) and reverse primer (R1) for each specific target.

3.2 Fusion primer design

For the NF1 project, twenty-four target sites were evaluated; 15 FMRP target sites were identified
through PAR-CLIP analysis and 9 miRNA target sites were detected using Target Scan analysis

(personal communication Ascano and Renwick).
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The reference sequence for primer design was obtained from the NCBI' database (NG_009018.1;
Gl:213385299; 01-NOV-2009). For the miRNA gene project, seventeen miRNA genes were se-
lected from the miRBase? (Griffiths-Jones, 2004; Griffiths-Jones et al., 2006, 2008) database.

First, target-specific primers were designed using the Primer3 algorithm? v. 0.4.0 (Breslauer
et al., 1986; Rozen and Skaletsky, 2000) with an optimum length of 20 nt, annealing temperature
(Tm) at 60 °C, GC content between 20 - 80 %, a maximum allowable local alignment score for
self-complementarity of eight, and a maximal mononucleotide repeat (poly-X) score of five.

Following successful amplification of a PCR product of expected size, fusion primers, consist-
ing of a 454 sequence adapters (see Figure 3.2), patient-specific barcode sequences, and target-
specific primer sequences, were designed (Table 3.1). All fusion barcode sequence combinations

are shown in Figure 4.1; each target-specific primer sequence is listed in Chapter 2.

Table 3.1: Fusion primer design; 454-adapter sequence (underlined), barcode sequence (italicized) and
target-specific primer sequence.

454-adapter Barcode Target-specific sequence
i2231-F 5" -GCCTCCCTCGCGCCATCAG AACCGCAT AACTGTCACAGCCCGACTCT- &
i2231-R 5 -GCCTTGCCAGCCCGCTCAG TAATCCGG  AGCAACAAACCCCAAATCAA-3

3.3 Multiplexed PCR

The multiplexed (18-plex) PCR for the NF1 project was prepared in 96-well plates. Each well
contained a total volume of 50 ul, containing 100 ng DNA, 1.25 U Pfx DNA Polymerase, Reaction
Mix (10 mM MgSO,, 0.3 mM dNTP), and a total primer concentration of 720 nM (20 nM each).

The multiplexed (17-plex) PCR for the miRNA gene project was prepared in 384-well plates.
Each well contained a total volume of 10 ul, containing 100 ng DNA, 1.25 U Pfx DNA Polymerase,
Reaction Mix (10 mM MgSO,, 0.3 mM dNTP), and a total primer concentration of 3.4 uM (100 nM
per primer).

For each plate two positive and two negative controls were added. Optimized PCR reaction and

cycle conditions are shown in Table 3.2 and Table 3.3, respectively.

"National Center for Biotechnology Information; http://www.ncbi.nlm.nih.gov/; available for entire periode
2http://www.mirbase.org/; available for entire periode
Shttp://frodo.wi.mit.edu/primer3; available at February 20, 2010
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Table 3.2: Multiplexed PCR reaction conditions for 96-well and 384-well formats.

Components Volume 96-well plates Volume 384-well plates
Reaction Mix (10x) 529 ul 520 ul

Pfx DNA Polymerase 53 ul 52 ul

Primer Mastermix 48 ul (720 nM) 260 ul (3.4 uM)

dH,0 4662 ul 1508

5292 ul (for 100 + 8 wells) 2340 ul (for 256 + 4 wells)

Table 3.3: Multiplexed PCR cycle conditions.

Conditions Guidelines

Denaturation Temp: 95 °C. Time: 2:00 min on first cycle; 45 s remainder
Annealing Temp: 55 °C. Time: 1:15 min

Extension Temp: 68 °C. Time: 1:30 min; 5 min on last cycle

Number of cycles 35 cycles for NF1 targets; 38 cycles for miRNA project

3.4 Nested PCR

The nested PCR step consisted of 24 singleplex PCR reactions for the NF1 project and 17 sin-
gleplex PCR reactions for the miRNA gene project. Singleplex PCRs for the NF1 project were
prepared in 96-well plates. Each well contained a total volume of 25 pul, containing PCR reaction
mix (Table 3.4), 1 ul DNA template (multiplexed PCR product; 1:20 diluted in dH,0), and the bar-
coded primer pair (Fx and Rx) at a total concentration of 200 nM.

Singleplex PCRs for the miRNA gene project were prepared in 384-well plates. Each well con-
tained a total volume of 10 ul, containing PCR reaction mixture, containing 1 ul DNA template
(multiplex PCR product; 1:20 diluted in dH,0), PCR reaction mix, and the barcoded primer pair
(Fx and Rx) at a total concentration of 200 nM.

Reaction buffer and Taq polymerase were prepared in the Tuschl laboratory (Rockefeller Uni-
versity, New York). The reaction buffer (10x) contained 10 mM S-mercaptoethanol, 500 mM KCl,
20 mM MgCl,, 1 % Triton-X-100 and 100 mM Tris HCI (pH 8). The Taq polymerase was stored at
-80 °C in a buffer consisting of 1 % Triton-X-100, 100 mM NaCl, 5 mM DTT, 0.1 mM EDTA, 50 %
Glycerol and 50 mM Tris HCI (pH 8). Optimized PCR reaction and cycle conditions are shown in
Table 3.4 and Table 3.5, respectively.
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Table 3.4: Singleplex PCR reaction conditions for 96-well and 384-well formats.

Components Volume 96-well plates Volume 384-well plates
Reaction Buffer (10x) 270 ul 240 ul

Tag DNA Polymerase (0.6 U) 54 ul 48 ul

2 mM dNTPs (10x) 270 ul 240 ul

dH,0 1458 il 1292 !

2052 ul (for 100 + 8 wells) 1820 ul (for 256 + 4 wells)

Table 3.5: Nested PCR cycling conditions.

Conditions Guidelines

Denaturation Temp: 95 °C. Time: 2:00 min on first cycle; 45 s remainder
Annealing Temp: 55 °C. Time: 1:15 min

Extension Temp: 72 °C. Time: 1:00 min; 5 min on last cycle

Number of cycles 35 cycles

3.5 Automated pipetting system

To increase sample throughput, we used an EpMotion 5075® Automated Pipetting Station (Ep-
pendorf, Germany) to assemble PCR reactions, dispense barcoded primer combinations, and
pool PCR products. Pipetting procedures were performed using the EpBlue™ software (Eppen-
dorf, Germany). Reaction mixtures were dispensed using a 300 ul multi-dispense pipette with
filter tip change after 8 aspirations. Primers were dispensed using a 50 ul pipette with filter tip
change after each aspiration. Diluted PCR amplification products were added to plates using an
8-channel multipipette and 50 ul filter tips, followed by 3 mixing cycles of one half of total volume
at a speed of 7.0 mm/s. Reaction mixtures in 96/ 384-well plates were incubated at 4 °C on Ther-
mostat Plus® thermoblocks (Eppendorf, Germany). An example of a worktable layout is shown

in Figure 3.1.
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Figure 3.1: Worktable layout of the EpMotion 5075® Automated Pipetting Station (Eppendorf, Germany).
Labware: A2/A3/B3 = 50 ul filter tips; B1/B2 = EP TT PCR racks for 96/384-well plates; C3 =
1.5 ml rack; TEMP1/2 = EP TT PCR destination 96/384-well racks, temperature-controlled; TO
= plate mover; T1-4 = pipette holder for TM_50 (ul) , TM_50_8 (ul, multichannel), TM_300 (ul),
TM_1000 (ul); and waste can. Position BO was not used.

3.6 Agarose gel electrophoresis

PCR products were visualized using ethidium bromide staining and agarose gel electrophoresis;
Seakem@®) LE agarose in 1x TBE buffer (89 mM Tris base, 20 mM EDTA (pH 8), 8 mM boric acid)
and ethidium bromide staining (0.01 mg/ml final concentration). Running conditions were com-
monly 150 to 200 V for 30-45 minutes in an OWL Easycast™ electrophoresis camber (Thermo
Scientific, USA). PCR products were visualized on the LAS-3000 imaging system (Fuijifilm Hold-

ings Corporation, Japan).

3.7 Generation of quantitative marker and estimation of

pooled PCR product concentrations

We generated a quantitative size marker to estimate pooled PCR product concentrations for each
target region prior to the pooling step. We selected a PCR reaction that generated a product
of 235 bp (region i2209 plus fusion primers), without visible primer dimerization, and performed
50 cycles of amplification to ensure consumption of PCR primers. Using a primer concentration
of 200 nm in a 50 ul reaction, we generated a product at a concentration of 15.5 ng/ul; marker
concentration was 13 ng/ul following addition of 5x Loading Buffer. Ten microliter aliquots of each
purified nested PCR product were run on a 2 % agarose gel; concentrations were estimated
visually by comparing band intensities with marker bands corresponding to 10 - 60 ng amounts
of DNA. The intensities of our self-made marker (smM) was consistent with those ssen for a

commercially prepared 100 bp DNA ladder (New England BioLabs Inc).
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3.8 Gel purification of pooled PCR products

Following nested PCR, 2 ul of each patient-specific PCR reaction were pooled per nested PCR
region. The pooled products of expected size were gel-purified. Forty microliter aliquots of each
pool were run on a 3 % low-melting point NuSieve®GTG®agarose gel (Lonza, Switzerland).
DNA was visualized using a Spectroline® Transilluminator set at a wavelength of 365 nm. Each
band was excised in a gel slice weighing approximately 100 mg and transferred to a 1.5 ml reaction

tube.

3.8.1 Phenol-chloroform extraction

Five hundred microliters NaCl (0.4 M) were added to each gel slice. Following incubation for 10
min at 70 °C, we added 500 ul of pre-heated buffered water-saturated phenol (pH 7.8). Follow-
ing vigorous vortexing, phases were immediately separated in a tabletop centrifuge for 5 min at
maximum speed (11,000 rpm) and 4 °C. The aqueous upper phase was collected, extracted with
500 ul basic phenol/chloroform/isoamylalcohol (25:24:1), and vigorously vortexed. The aqueous

upper phase was collected and 500 ul chloroform was added.

3.8.2 Ethanol precipitation

After removing the chloroform phase, nucleic acids were precipitated by adding one tenth volume
of 3 M sodium acetate buffer (pH 5.2; store at 4 °C) and two volumes of absolute ethanol (stored at
-20 °C), and incubated either at -20 °C overnight or at 80 °C for 25 min. Samples were centrifuged
for 30 min at 11,000 rpm in a pre-cooled centrifuge (4 °C). The supernatant was removed carefully.
Pellets were washed in 200 ul 70 % (v/ v) ethanol, followed by centrifugation at 11,000 rpm for
15 min. The remaining liquid was removed using a pipette. Pellets were vacuum dried using an
Eppendorf Vacufuge™ vacuum centrifuge (approx. 30 min at 30 °C), resuspended in 40 ul of

dH, 0, and stored at -4 °C.

3.9 Quantitation

Concentrations of purified pooled products were measured by using a SmartSpec™ Plus Spec-
trophotometer (Bio-Rad Laboratories, USA). Band intensities and the quality of purification were

assessed using quantitative agarose gel electrophoresis (Section 3.7).
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3.10 Next-generation (454) sequencing

Bidirectional sequencing of pooled and purified nested PCR amplicons was performed using mas-
sive parallel 454 sequencing (454 Life Sciences)*, through the Genome Research Center at the
Memorial Sloan-Kettering Cancer Center (MSKCC, New York). An overview of this sequencing

approach is provided in Figure 3.2.
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Figure 3.2: Scheme of massive parallel 454 sequencing. Steps include generation of PCR products for
sequencing, immobilization onto beads and emulsion PCR, immobilization of products onto pi-
cotiter plates, pyrosequencing, signal detection (e.g. through a CCD camera), and generation of
sequence flowgram format (.SFF) files.

“http://www.454.com/; available at March 3, 2010
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3.11 Data management and bioinformatics

Most computer systems (e.g. LINUX and Mac OS) are based on the computer operating plat-
form UNIX because of its simplicity, speed and reliability (Ritchie and Thompson, 1983). We
used several methods for data management and bioinformatic analyses; mainly based on UNIX.
First, we used the Genome Sequencer (GS) application "Reference Mapper" (454 Life Sciences
Corporation) to analyze and assess 454 sequencing .SFF files. To assess the quality of data
produced by our nested multiplexed PCR assay, based on the presence of target-specifc primers,
target sequences and barcode sequences, a bioinformatic pipeline was developed; consisting of
(i) PyroBayes, (ii) Oligomap, and (iii) the MOSAIK package. Specific perl scripts (written by Volker
Hovestadt) were used to link each of these applications and to generate trimmed sequences and
statistics. Preliminary SNP and short-INDEL polymorphism analyses were performed using the
GigaBayes application and the GS "Amplicon Variant Analyzer", respectively. Bioinformatic work-

flow is summarized in Figure 3.3.

454 sequencing

.SFF .SFF SFF

wl

.FASTA
.FASTA.qual

Perlscript 1_filter.pl/ 2_filter-qual.pl

—
.
0
— . :
o Perlscript 4_alignments.pl Perlscript 4b_alignments.pl
(2]
8 2 FASTA FASTA

| .FASTA.qual .FASTA.qual
(U] =
= \ MOSAIK ‘ BWA |
[}
o Build de
& — ——————
I
& g Al
3 ———— | e———————
o<

e L

Gle H SAMtools ‘u
3b
——— claves

.GFF

Perlscript 8_parsemosaik.pl/ 9_transpose.pl 5
a

Figure 3.3: Workflow for data management and bioinformatic analyses. Numbered stars indicate key steps:
(1) analysis of .SFF sequencing files, (2) distribution of target-specifc primers, target sequences
and barcode sequences, and (3) alignment and variation results through various algorithms/
tools (a,b,c). Arrows indicate the direction of workflow; data file formats are indicated next to
these arrows.
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3.11.1 Roche Genome Sequencer Tools

Sequencing trace files from 454 pyrosequencing were provided in a standard flowgram format
(.SFF) for subsequent analysis using the Genome Sequencer (GS) software package (454 Life
Sciences Corporation). This system is accessible using a Command Line Interface (CLI) and
Graphical User Interface (GUI). In this thesis two GS applications were used: (i) GS Reference
Mapper and (ii) GS Amplicon Variant Analyzer (AVA).

The GS Reference Mapper aligns sequencing reads against a reference sequence with or with-
out associated annotations, generates a consensus sequence, and computes read statistics. The
mapper computation was done with the following settings for overlap detection; seed step = 12,
seed length = 16, seed count = 1, and hit-per-seed limit = 70. The minimum overlap length was
40 with 100 % overlap identity. Additionally a repeat score threshold of 12 was applied. The
Homo sapiens neurofibromin 1 gene (NG_009018.1; G1:213385299; 01-NOV-2009) was used as
reference sequence.

To quantitate and identify both novel as well as known variant sequences, an amplicon library
was designed by the AVA. After generating a multiplexer matrix, an association between each
patient sample and the patient-specific barcode combination (Multiplex Identifier, named MIDs)

was determined.

3.11.2 PyroBayes

To analyze 454 sequencing files using non GS software tools, we converted the .SFF format
to .FASTA and .FASTA.qual standards (Pearson and Lipman, 1988) using the PyroBayes base
caller, developed in the Marth Lab in the Department of Biology at the Boston College (Chestnut
Hill, USA)® (Quinlan et al., 2008). The input commands are listed below; the additional option [-0]

enables renaming of original files; the number of reads can be specified using option [-n X].

’j ./pyroBayes -i <in.sff> -n X -o <new name>

3.11.3 Oligomap and Grep

Oligomap® is an algorithm for identifying short DNA sequences in high-throughput data sets,
avoiding complex computational algorithms (like TargetScan or BLAST) (Carninci et al., 2005;

Berninger et al., 2008).

5http://bioinformatics,.bc.edu/marthlab; available at March 5, 2010
Bhttp://www.mirz.unibas.ch/software/oligomap/oligomap_101.tar; available at June 13, 2010
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In this thesis, Oligomap formed part of the bioinformatic pipeline to find target-specific primer
sequences within the sequencing data. The input protocol is listed below. The additional option
[-d] allows scanning of all .fa files in one directory. By using command [-r], a final report was
created with a maximum [-m] number of hits for one query.

To search and filter a defined pattern out of a specific file and to identify sequences of either
primer or short target sequences, the UNIX based regular expression matcher Grep’ (global/ reg-

ular expression/ print) was used; command lines for both functions are listed below.

1 ./oligomap target.fa query.fa [-d] [-r new_filename] [-m maxhits]

1 ./grep [options] PATTERN [file]

3.11.4 Multiple sequence alignment

Multiple sequence alignments were performed using (i) the MOSAIK software tool and (ii) the
Burrows-Wheeler Aligner, and compared against the alignments generated using the 454 GS

tool; see Section 3.11.1.

3.11.4.1 MOSAIK

MOSAIK and its subprograms (MosaikBuild, MosaikAligner, MosaikSort, and MosaikAssembler)
were used for downstream SNPs and short insertion/deletion (INDEL) discovery. The resulting
.GIG file was loaded into the GigaBayes application (see Section 3.11.6), and evaluated through
perlscripts written by Hovestadt. The MOSAIK source code is shown below; the additional argu-
ments [-p] or [-mm] regulated the specified number of CPUs and allowed mismatches, respec-

tively.

7 MosaikBuild -fr <in.db.fa> -oa <db.out>

71 MosaikBuild -fr <combined.fa> -fq <combined.qual> -out <combined.out> -st ’454’°
1 MosaikAligner -ia <db.out> -in <combined.out> -out <combined.align> -p 31 -rur
<combined.notalign> -mm 10

71 MosaikSort -in <combined.align> -out <combined.sort>

71 MosaikAssembler -ia <db.out> -in <combined.sort> -out <combined.gig> -f ’gig’

"http://unixhelp.ed.ac.uk/CGl/man-cgi?grep; available at March 5, 2010
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3.11.4.2 Burrows-Wheeler Aligner

The sequencing data used was in .FASTA and .FASTA.qual format. Additional options [-...] for
BWA are listed at http://bio-bwa.sourceforge.net/bwa.shtml®. The final indexed alignment file .SAI

was used to create a .SAM format files; source codes are described below.

J bwa aln [-n maxDiff] [-o maxGapO] [-e maxGapE] [-d nDelTail] [-i nIndelEnd] [-k
maxSeedDiff] [-1 seedLen] [-t nThrds] [-cRN] [-M misMsc] [-0 gapOsc] [-E gapEsc] [-q

trimQual] <in.db.FASAT> <in.query.fq> > <out.sai>

7 bwa samse <in.db.FASTA> <in.sai> <in.query.fq> > <out.sam>

The Sequence Alignment/ Map (SAM) format is an alignment format for visualization and stor-
age of sequence alignments or gene maps against reference sequences, the binary equivalent
of SAM is called Binary Alignment/Map (BAM) (Li et al., 2009). SAM supports different sequenc-
ing platforms with diverse alignment formats, and reads up to 128 Mbp. A set of output formats
are discretionary, including ISIZE (Interred Insert Size), MAPQ (Mapping Quality), and CIGAR
(Compact Idiosyncratic Gapped Alignment Report).

3.11.5 SAMtools and Pileup

SAMtools-0.1.7 was used to convert the .SAM to .BAM format and predict genetic variations (Li
et al., 2009). It contains many useful converters (blast2sam.pl, bowtie2sam.pl, ect.) and tools,
which can be used for various applications. In this thesis the Pileup tool was used to desribe the

base-pair information at each chromosomal position.

—] samtools import <in.db.fa.fai> <in.sam> <out.bam>
_] samtools sort <in.bam>

] samtools index <in.sorted.bam>

Pileup:

7 samtools pileup -f <in.db.fa> <in.sorted.bam> -c > <out.pileup>

T perl samtools-0.1.7a/misc/samtools.pl varFilter -d 10 <in.pileup> > <out.pileup-10X>

8available at March 19, 2010
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3.11.6 GigaBayes

To discover short-read SNPs and short-INDELSs, we used the GigaBayes polymorphism discovery
package, consisting of gigaBuild and gigaBayes, both programs were developed in the Marth Lab
in the Department of Biology at the Boston College (Chestnut Hill, USA)® (Marth et al., 1999).

The gigaBuild program requires DNA sequence reads or a reference file in a .FASTA format,
and builds a binary file (.GIG format), containing complete assembly information required by the
polymorphism discovery program gigaBayes.

The gigaBayes program analyses of a large number of assembled high-throughput sequencing
data sets against an entire reference genome (Hillier et al., 2008). Different input formats can be
applied; in case of this thesis mainly the .GIG format, created by MOSAIK Assembler (see Section
3.11.4.1), was used; input commands are shown below. The additional arguments [-log] enables
the creation of a log file for program execution, whereas the [-indel] switch enables single-base
INDEL detection. The command [—ploidy "X’] instructs the program that the sequences come from
a haploid or diploid organism, and the [-O] argument controls how much detail is printed in the
output file about the candidate polymorphism. Option [-CRL] sets the minimum number of aligned
bases that must be present at a given genome position before it is considered for full Bayesian

analysis'®.

T gigaBuild -fd <in.fasta> [or -ace <in.ace>] -gig <out.gig>

’|» - 03 -CRL 5

T gigaBayes -gig <in.gig> -gff <out.gff> -log <out.log> -indel -ploidy ’diploid’ -sampleDel

The main output was presented in the standard tab-separated .GFF format, providing the ref-
erence sequence name (contig), annotation type (INDEL or SNP), start/ end coordinates of the
variation, a Bayesian algorithm score, and a polymorphism candidate descriptor to provide infor-

mation about individual genotypes, polymorphic alleles, and read-specific base calls.

9http://bioinformatics.bc.edu/marthlab; available at March 5, 2010
10GigaBayes Polymorphism Discovery Software Documentation; last revised: March 2, 2009
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We designed a nested multiplexed PCR assay with barcoded pyrosequencing to assess sequence
variations in multiple genomic regions in hundreds of individuals. Following fusion primer design
and optimization of PCR conditions and workflow formats, we applied this method to assess
sequence variations in the FMRP RBP target regions in the coding sequence and miRNA target
sites in the 3° UTR of the NF1 gene. We subsequently modified the assay for increased sample
throughput, analyzing 17 highly expressed miRNA genes in hundreds of patients with chronic
lymphocytic leukemia, Type 2 Diabetes mellitus, and autism. To analyze sequence data generated
through this assay, we developed a bioinformatic pipeline and used several methods for data

management and biocomputational analyses.

4.1 Target-specific primer design

Most target-specific primer pairs generated products of expected size following nested multiplexed
PCR. When the expected product was absent, we resolved the problem using alternative primer
pairs or optimizing PCR cycling conditions using gradient PCR. Eighteen multiplexed and 24
nested primer pairs were designed for the NF1 project. Seventeen multiplexed primer pairs and
17 nested primer pairs were designed for the miRNA gene project. Primer sets for both projects

are listed Appendix 1 and 2.

4.2 Barcoded fusion primer design

After establishing that products of expected size were generated using target-specific primers,
barcoded (patient-specific) primers were designed to amplify each target for 100 patients in the
NF1 project and 256 persons in the miRNA gene project. Each fusion primer had a modular
structure, consisting of 454 A/B sequencing adapters, barcode sequences with a length of eight
nucleotides, and target-specific primer sequences. Four hundred and eighty barcoded primers
were designed for the NF1 project and 544 barcoded primers were designed for the miRNA gene
project. A scheme for pipetting barcoded primers to generate patient-specific PCR products is

shown in Figure 4.1.
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ATTAGCCG —
ATTAGCGC —
ATTAGGCC —
CTTGTCCA —
CTTGTCGT —
CTTGTGCT —
CTTGTGGA —

Forward sequences

Figure 4.1: Scheme for pipetting barcoded primers to generate patient-specific PCR products in nested
PCR. The elevated grid indicates combinations of 10 barcoded forward and 10 barcoded reverse
primers used to generate 100 patient-specifc PCR products for each target in the NF1 project.
Additional barcode sequences, corresponding to the non-elevated grid, were used in the miRNA
gene project to increase the sample throughput up to 256 patient-specific PCR products.

4.3 Optimization of PCR reaction and cycling conditions

4.3.1 PCR optimization for the NF1 project

Visible amplification products for all regions were generated following 30 cycles of amplification
in nested PCR (Figure 4.2 A). The yield of nested PCR products was not improved by increasing
the number of PCR cycles beyond 35 in multiplexed PCR reactions (Figure 4.2 B). We checked
annealing times in both multiplexed and nested PCR, comparing annealing times of 45 s and
1 min 15 s. Longer annealing times improved PCR amplification (Figure 4.2 C). Consequently
we selected 35 PCR cycles and an annealing time of 1 min 15 s for our nested PCR reaction
conditions. We also tested a range of diluted multiplexed products to assess their efficiency as
template for nested PCR reactions, and established that a 1:20 dilution was sufficient (data not

shown).
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Figure 4.2: PCR optimization for multiplexed and nested steps. Ten microliter aliquots of a representative
nested PCR product (114 bp) and negative control (neg) were visualized on 2 % agarose gels.
Number of PCR cycles is indicated by x. Neg indicates the negative control following 35 PCR
cycles. (A) When multiplexed PCR was performed with < 30 cycles, no visible products were
identified following nested PCR. (B) No increase of band intensity was seen after > 35 cycles in
nested PCR reaction. (C) PCR products were visible following 30 PCR cycles using an annealing
time of 1 min 15s in the nested PCR step.

A range of primer concentrations was tested in multiplexed and nested PCR steps. Higher
concentrations of primers in multiplexed PCR improved product formation after nested PCR (Fig-
ure 4.3). A total primer concentration of 720 nM (20 nM each) in multiplexed PCR was sufficient to
generate PCR products for all targets in the NF1 project. Nested PCR reactions were performed
using a final concentration of 200 nM primers (100 nM each). Increasing primer concentration to

1 uM in multiplexed PCR reactions did not improve the amount of nested PCR products.

multiplexed PCR

v

100 nM 1M

30x 35x 30x 35x
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nested PCR
100 nM

30x

35x

v

Figure 4.3: Establishing primer concentrations for multiplexed and nested PCR steps in the NF1 project. Ten
microliter aliquots of nested PCR products of i2209 were visualized on 2 % agarose gels. Cycle
number (x) and concentration for each primer is indicated above or beside.
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4.3.2 PCR optimization for the miRNA gene project

To generate distinct nested PCR products for the miRNA gene project, it was necessary to in-
crease the total primer concentration to 3400 nM (100 nM each) in multiplexed PCR and to in-
crease the number of PCR amplification cycles to 38 cycles. We diluted the products 1:20 to
reduce the concentration of multiplexed primers.

PCR conditions for nested PCR were identical to those in the NF1 project. Increasing total
primer concentration of barcoded primers in excess of 200 nM did not result in more intense prod-
uct bands or products appearing at earlier cycle numbers. No improvements were achieved either
by lowering the degree of multiplexing from 18-plex to 2 x 9-plex reactions or following transfer of
more template from multiplexed PCR to subsequent nested PCR (data not shown). The amplifi-
cation of representative miRNA targets 7, 9, 15a and 16 before and after optimization are shown

in Figure 4.4.

Optimization

Figure 4.4: Optimization of nested multiplexed PCR for the miRNA gene project. Amplicons representing
miRNA targtes 7, 9, 15a and 16 before (left) and after optimization (right).

4.4 Workflow and experimental enhancements for increased

sample throughput

Multiplexed and nested PCR reactions in 96- and 384-well formats, were assembled using an
EpMotion 5075@®) Automated Pipetting Station. For each project, 4 programs for pipetting, dilution,
and pooling were designed and optimized using appropriate pipetting tools, equipment layout,
and workflows. DNA samples of the NF1 project were aliquoted manually due to incompatibility
between used pipetting tools and the DNA sample tubes. We controlled all steps of the workflow
including mixing conditions; 3 mixing cycles of one half of total volume at 7.0 mm/s speed were

optimal for subsequent PCR reactions.
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Figure 4.5: Workflow scheme for nested multiplexed PCR assay. Path 1 shows the worklfow for the NF1
project using a 96-well plate format. Path 2 shows the workflow for miRNA gene project using a

384-well plate format. Manual (M) and automated pipetting (AP) steps, followed by duration, are
indicated at each step in square brackets.
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4.5 NF1 project

We designed a nested multiplexed PCR assay to assess sequence variations in 15 FMRP tar-
get regions and 9 miRNA target sites (miR103/107, miR137, miR10a/b, miR128a/b, miR27a/b,
miR490, miR 30a-5p/b/c/d/e-5p, and miR153) of the NF1 gene in 400 persons with and with-
out autism. The locations of the target sites were identified through PAR-CLIP and Target Scan

analyses (Ascano and Renwick, personal communication).
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Figure 4.6: Map indicating regions for PCR amplification in the NF1 gene: 18 multiplexed PCR products
(red) and 24 nested PCR products (blue) are depicted. Fifteen nested PCR products are located
in the CDS, each containing 1 FMRP target site (except i2241/42 contains two FMRP target
sites). Nine nested PCR regions are located in the 3'UTR, 1 region containing the stop codon
and 8 regions containing the following miRNA target sites in brackets: iUTR1.1 (miR103/107),
UTR1.2 (miR137), iUTR2.1 (miR10a/b), iIUTR2.2 (miR128a/b and miR27a/b), iUTR2.3 (miR490),
iUTR2.4 (miR30a-5p/b/c/d/e-5p), iPoly A (Poly-A-signal), and iUTR3.1 (miR153). Regions where
PCR amplicons generate overlapping sequences are indicated by blue diagonal stripes.
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4.5.1 Study population demographics

For the NF1 project, we studied a total of 400 persons, consisting 134 persons with autism and
266 without autism. One hundred and sixty seven (42 %) were female and 233 (68 %) were male.
Most participants were born between 1935 and 1999. The average age of autism onset was 17
months, with a range of 1-3 years. The average age at assessment was 9.3 years, with a range
from 0 to 27 years. For 124 persons (31 %), demographic data was either partially complete or

not available (N/A). Demographic data are summarized in Table 4.1.

Table 4.1: Demographic characteristics of the study population. Data were unavailable for subsets of par-
ticipants including no or inconclusive disease () and missing information about age (*). Average
values are symbolized by ©.

study participants (400)

cases (134) controls (266)
Diagnosis
Autism 134 [33.5 %]
Without disorder 160 [40.0 %]
Unknown * 106 [26.5 %]
Gender
Female 20 [149 %] 147 [565.3 %]
Male 114 [85.1 %] 119 [44.7 %]
Age
<11
11-20 68 [50.7 %] 10 [3.8 %]
21-30 56 [41.8 %) 6 [2.3 %]
31-40 9 [6.7 %] 4 [1.5 %]
41 -50 1 [0.8 %] 36 [13.5 %]
> 50 117 [44.0 %]
N/A * 93 [35.0 %]
at assessment 7.2 9.3
Twin status
monozygotic 1 [0.7 %]
dizygotic 9 [6.7 %]

All participants belonged to a family; 149 families were studied in total. Approximately two thirds
of the families had more than three members; 184 (46 %) had three members, 36 (9 %) had four
people, 20 (5 %) had five members, 8 (2 %) had six members, and 4 (1 %) had seven persons.
The remaining 148 (37 %) participants have been in 'families’ with only two members (84; 21 %)
or alone (64; 16 %).

Nested multiplexed PCR was performed on DNA samples from these participants in 4 groups

of one hundred persons; an overview of the study population in each group is listed in Table 4.2.
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Table 4.2: Diagnostic status of the study population. The number of participants with and with unknown
status is indicated for each patient group.

group 1 group 2 group 3 group 4
Autism 96 4 31 0
Without disorder 0 3 58 99
Unknown 4 93 11 1

4.5.2 Performance of nested multiplexed PCR assay

During multiplexed PCR, 18 target regions in the NF1 gene were amplified. These products were
diluted 20-fold to reduce multiplexed primer concentrations and served as templates for subse-
quent nested PCR. In total, 9,600 PCR products were generated, representing 24 target regions
from 400 patients. To check successful nested PCR amplification, representative PCR reactions
for each target were run on 2 % agarose gels (Figure 4.7). Nested PCR reactions were pooled by
target region and run on a 3 % Nusieve low-melting point agarose gel. PCR products of expected

size were cut out and gel purified.

plate 1 plate 2
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Figure 4.7: Assessment of PCR reactions. For each nested PCR, 5 ul aliquots of six randomly chosen
patient-specific amplicons were assessed by agarose gel electrophoresis. Positive (pos) and
negative (neg) controls are indicated. Amplicon sizes were assessed using a 50 bp DNA ladder
(M). A representative region, i2209 of patient group 2, is shown.

4.5.3 Gel purification of pooled PCR products

All purified PCR pools were run on an 1.5 % agorose gel and compared to the pools prior
purification (Figure 4.8). The concentrations of PCR pools were estimated using a self-made
marker. Most pooled products for each target and each patient group, were clearly visible fol-
lowing agarose gel electrophoresis. The pooled UTRS3-1 target region in patient group 2 was not

visualized (arrow), however the reaction was successfully repeated (data not shown).
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group 1

group 2

group 3

group 4

Figure 4.8: Gel purification of pooled PCR products. Five microliter aliquots of pooled nested PCR products
for all 24 target regions before and after gel purification for all 400 patients (4 groups of 100
persons) were visualized on a 2 % agarose gel. To assess the size of each band a 25 bp ladder
(M) was used. Quantitative size markers (smM) indicate 30 ng and 60 ng dsDNA. Some purified
products were less visible than others following purification (tagged by arrow).

4.5.4 Quantitation of pooled and purified PCR products

The concentrations of purified pooled products was estimated visually using a self-made marker
representing 10-60 ng dsDNA. Band intensities were also compared against a commercially pre-
pared 100 bp DNA ladder. For each group of 100 patients, pooled and purified products were
visualized and quantitated using these size markers; a representative example of the gel purifica-

tion step is shown in Figure 4.9.

group 3
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Figure 4.9: Quantitation of pooled and purified PCR products. Pooled and purified products for each target
region were quantitated visually using a self-made marker (smM) and a commercial 100 bp DNA
ladder.
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Concentrations of pooled and purified PCR products for group 1 averaged 8.9 ng/ul and ranged
from < 2 to 10 ng/ul. Concentrations of pooled and purified PCR products for group 2 averaged
7.3 ng/ul and ranged from 4 to 12 ng/ul. Concentrations of pooled and purified PCR products for
group 3 averaged 5.3 ngul and ranged from 2 to 12 ng/ul. Concentrations of pooled and purified

PCR products for group 4 averaged 9.5 ngul and ranged from 2 to 12 ng/ul (see Table 4.3).

Table 4.3: Concentrations of purified pooled products for all four patient groups.

group 1 [ng/ul] group 2 [ng/ul] group 3 [ng/ul] group 4 [ng/ul]

i2162 10 12 2 4

i2163 <2 6 2 4

i2174 <2 6 6 6

i2181 10 12 12 12
i2193 10 4 6 2

i2209 10 10 4 2

i2231 10 10 6 12
i2233 10 4 6 6

i2241 10 4 6 12
i2241/42 2 4 2 2

i2249 10 6 4 12
i2251 10 8 4 12
i2252 10 12 4 12
i2254 10 12 6 12
i2260 10 10 2 12
iStopC 10 10 6 12
iUTR1.1 10 6 2 12
iUTR1.2 10 6 2 12
iUTR2.1 10 6 12 12
iUTR2.2 10 4 8 12
iUTR2.3 10 4 4 12
iUTR2.4 10 4 6 10
iPolyA 10 8 8 12
iUTR3.1 10 8 6 12

To ensure optimal sequencing, equimolar concentrations of each target region were pooled
for each group of 100 participants. Fifty microliters of each "masterpool”, at a concentration of

approximately 60 ng per ul, were submitted for 454 sequencing (MSKCC, New York).
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4.6 miRNA gene project

In this project, we studied sequence variations in 17 miRNA genes, representing highly expressed,
multicopy and/ or central nervous system (CNS). To incease sample throughput, we scaled up our
assay to a 384-well format by increasing the number of barcoded primers in the nested PCR, and
modifiying reaction and cycle conditions, and workflows (Section 4.4).

Through these modifications, 768 patient samples, processed in three 384-well plates (2/4-RU1;
6/7-RU1/2; and AUTp/n-Pa-RU2) were analyzed. A total of 13,056 PCR products, representing
17 targets regions for 768 patients, was generated. Each pooled target region for each patient
group, was assessed by agarose gel electrophoresis and pooled as described for the NF1 project

(see Figure 4.10).

group 2/4-RU1

group 6/7-RU1/2

group
AUTp/n-Pa-RU2

Figure 4.10: Quantitation of pooled and purified PCR products in the miRNA gene project. Pooled and
purified products for each target region were quantitated visually using a self-made marker
(smM) and a commercial 100 bp DNA ladder.

The concentrations of the isolated and purified PCR products were estimated using a quanti-
tative size marker. Concentrations for all three groups ranged from 2 to 12 ng/ul; the majority
(37 of 48) had a concentration above 6 ng/ul. Fifty microliters of each "masterpool” at a final

concentration of approx. 60 ng/ul, were submitted for 454 sequencing (MSKCC, New York).
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4.7 Bioinformatic analyses and biocomputational approaches

Pooled PCR products from 4 groups of 100 persons and 3 groups of 256 persons were respec-
tively sequenced for the NF1 and miRNA gene project using 454 sequencing. For each group
in the NF1 project, sequence read files in .SFF format were generated; sequencing data for the
miRNA project were not available due to the long turnaround time for next generation sequencing
services.

We developed a bioinformatic approach to identify target-specific primers, targets, and barcode
sequences in the sequencing data. We used these data sets to evaluate the performance and ac-
curacy of our assay. Individuals were identified by patient-specifc barcode combinations; analyses

were performed separately for each group due to the use of identical barcodes.

4.7.1 Sequence analysis using GS Reference Mapper

All .SFF read files were assessed using the GS application "Reference Mapper"; the Homo sapi-
ens neurofibromin 1 gene (NG_009018.1; Gl1:213385299; 01-NOV-2009) was used as reference
sequence. A total of 1,366,498 sequence reads was generated for the NF1 project; including
286,880 reads for group 1; 369,212 reads for group 2; 477,253 reads for group 3; and 251,153
sequencing reads for group 4. An total of 1,279,042 (93.6 %) of the reads were mapped against
the reference sequence with an inferred read error rate of 0.04 to 0.12 percent, including 265,421
(92.52 %) mapped reads in group 1; 359,723 (97,43 %) mapped reads in group 2; 427,237
(89.52 %) mapped reads for group 3; and 238,495 (94.96 %) mapped reads in group 4. An

overview of the Reference Mapper output is presented in Table 4.4.

Table 4.4: Sequence read mapping for the NF1 project using the Reference Mapper (GS, Roche).

group 1 group 2 group 3 group 4
reads 286,880 369,212 477,253 251,153
bases 54.8 mio 70.5 mio 85.2 mio 49.6 mio
mapped reads 92.5% 97.4 % 89.5 % 94.9 %
total of mapped reads 265,421 359,723 427,237 238,495
inferred read errors 0.04 % 0.05 % 0.05 % 0.12 %

All 24 target regions were found in each group; target regions i2241 and i2241/42, iStopC
and iUTR1.1, and iUTR2.2 and iUTR2.3 were combined as contigs due to their overlapping target
sequences (Figure 4.6). An average of 15,227 sequence reads for each of the 21 contigs (18

unigue and 3 combined) for all 4 patient groups was generated .
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4.7.2 Barcode detection, read trimming, and length distribution of

sequence reads

Sequence flowgram files (.SFF) were transformed into .FASTA and .FASTA.qual formats using Py-
roBayes, and restructured using the perl scripts 1_filter.pl and 2_filter_qual.pl. Barcode sequence
identification and read trimming were performed using Oligomap; primer sequences, summarized
in an additional .FASTA file, served as the query for sequence searches. Barcode detection was
performed using 0 mismatches for both strands of the target. A total of 271,413 (19.8 %) of
1,366,498 sequence reads were excluded due to the absence of primer sequences: 46,235 (16.1
% ) were excluded from group 1; 56,537 (15.3 %) were excluded from group 2; 97,979 (20.5 %)
were excluded from group 3; and 70,662 (28.1 %) were excluded from group 4.

Filtered data were consolidated using the 4_alignments.pl and 4b_alignments.pl perl script,
generating sequence statistics. The quality of trimmed data was assessed using a frequency his-
togram of sequence length for all four patient groups. Two populations of sequence reads were
identified using an arbitrary cut-off value set at 120 nt in length; the majority (approx. 93 %) of
sequence reads were longer and the minority (about 7 %) were shorter than this cut-off value (Fig-
ure 4.11). The expected sizes of our NF1 targets without fusion 454-adapter sequences ranged
between 161 nt (for iIUTR2.1) and 234 nt (for i2241/42), corresponding to the size range of the

majority population.
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Figure 4.11: Frequency histogram of filtered sequence reads for each patient group. Depicted are the ab-
solute number of sequence reads (y-axis) and read length (x-axis) for group 1 (blue), group 2
(red), group 3 (green), and group 4 (purple).
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4.7.3 Proportions of target-specific primers in filtered sequence set

Sequence reads with target-specific primer sequences at both ends were identified by the pres-

ence of complementary and reverse complementary primer sequences. All 24 target regions were

identified for each group in similar proportions (approximately 3-5 %). To assess the performance

of our nested multiplexed PCR assay, all trimmed group files were concatenated; the proportions

of each target-specifc primer set is summarized in Figure 4.12.

unspecific

UTR3.1-F/UTR3.1-R 12163-F/2163-R
iPolyA-F/iPolyA-R

12174-F/i2174R
UTR2.4-F/UTR2.4-R yd

350%  528%

UTR2.3-F/UTR2.3-R 4.16% 4.08%  2181-F/i2181-R
241%
3.10% 485%
UTR2.2-F/UTR22-R__
382% _2193-F/i2193-R
UTR2.1-F/UTR2.1-R —
4.41%
UTR1.2-F/UTR1.2-R | 24 ) "
- T 359% __ i2209-F/i2209-R
| targets

P ¢

StopC-F/StopC-R —

UTR1.1-F/UTRL.1-R
"Si2231-F/i2231-R

~ -
i2233-F/i2233-R
i2260-F/i2260-R ==

i2241-42-F/i2241-42-R

i2254-F/i2254-R

/

i2251-F/i2251-R

i2252-F/i2252-R ‘

i2249-F/i2249-R

i2241-F/i2241-R

?
i
i
;

UTR2.3-F/UTR2.2-R
(0.25 %)

UTR1.1-F/StopC-R
(0.25 %)

12241-42-F/i2241R
(0.11 %)

i2163-F/i2174-R
(0.0018 %)

Figure 4.12: Proportions of target-specific primers in the filtered sequence read set. Relative proportions of
sequence reads containing target-specific (left) and unspecific (right) primer combinations for

all groups in the NF1 project

Unspecific sequence reads were found for the following products: i2241 and i2241/42 (0.11 %);
iStopC and iUTR1.1 (0.25 %); iUTR2.2 and iUTR2.3 (0.25 %); i2163 and i2174 (0.0018 %). These

products were generated when the amplicons of two different nested PCR reactions overlapped

(see Figure 4.6).
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4.7.4 Detection of barcode sequences and combinations

One hundred (patient-specific) barcode combinations were used per patient group. We identified
1,174,306 barcoded sequence reads, consisting of 1,171,143 (99.7 %) with expected, and 3,163
(0.3 %) with unexpected barcode combinations (Figure 4.13). Sequences with expected barcode
combinations were present in similar amounts.

Approximately 11,700 sequence reads per barcode combination were expected for all 4 groups,
based on the total number of expected sequence reads (1,171,143) divided by the number of bar-
code combinations (100). The highest number of barcoded sequence reads (18,628) was seen
with the barcode combination F1/R1, whereas the lowest number number (7,926) was seen for
the barcode combination F10/R7.

The minority of barcoded sequence reads (0.3 %) contained combinations of two forward or
two reverse barcode sequences. Barcoded primers F1, F2, R1, R4 and R5 showed the highest

number of unspecific combinations, particularly with themselves (Figure 4.13).

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 R1 R2 R3 R4 RS R6 R7 R8 R9 R10 total

F1 16 42 12 10 18 6 11 10 4 12 9005 6065 6270 6597 4355 6131 5421 6399 6017 6060 64178
F2 35 140 94 58 59 65 61 46 46 48 7574 6051 4519 4506 5673 5323 4943 5885 5980 5312 58149
F3 5 70 2 2 1 3 4 10 6 5 7846 6219 6878 6289 6285 6033 3869 4369 6453 5695 61584
F4 4 46 5 2 0 0 4 2 4 2 7238 6326 6119 5749 5427 4219 3987 5762 5421 5622 57319
F5 0 36 0 ak 0 1 1 0 0 0 7015 5127 6059 5939 5648 5716 5013 5150 3763 4194 55103
F6 2 33 1 7 1 1 1 0 2 2 6825 4788 4295 5992 6263 5883 5086 4691 4070 5893 55295
F7 6 71 3 7 6 3 6 2 12 5 7295 4780 4937 5098 5899 5943 5108 5061 5505 5771 57241
F8 7 73 0 1, 1 0 2 1 al 0 6419 7027 7220 6792 6826 5837 5191 5870 6435 6065 65722
F9 5 50 3 3 2 5 1 4 7 1 8199 7394 6602 7271 6210 5403 3827 5948 4918 6413 64055
F10 0 54 af 0 1 0 0 0 1 1 7143 4536 6188 6280 6019 6076 3575 5611 4873 6030 58099
R1 9623 7514 7462 7031 6541 6239 6883 5694 7419 6628 65 65 23 56 46 28 24 23 13 13 72818
R2 6631 6088 6351 6504 5291 4783 4254 6236 6713 4420 8 4 6 20 47 10 9 8 13 5 58612
R3 7041 4415 7052 6069 6039 4483 4566 6311 6037 5833 9 6 9 13 48 6 7 9 7 7 59135
R4 7297 4515 6367 5781 5887 5557 4525 5915 6331 6089 57 41 5 12 54 22 16 30 18 18 59590
RS 4181 4769 5344 4562 5013 4861 4596 4994 4863 4871 S0 35 22 19 68 50 28 45 31 32 49147
R6 7173 5990 6574 4523 6246 6293 6086 5367 5561 6352 18 14 18 14 32 0 5 7 13 17 61408
R7 7410 6246 5000 5280 5901 5927 6172 6003 4712 4351 9 14 25 15 47 1 4 16 9 13 58384
R8 7904 6851 4708 6321 5761 5148 5468 5866 6341 6071 1 1 0 1. 41 0 0 1 0 0 61658
R9 6891 6729 7208 5742 4946 4448 5662 6376 4988 5135 6 12 13 7 39 2 5 9 10 10 59425
R10 7486 6248 6572 6418 4835 6878 6451 5957 6550 6651 3 0 1 0 38 1 1 4 1 0 65486

total 76342 64479 68375 62928 61574 59138 59197 63312 64265 60878 80598 63256 63856 65103 63381 60220 49414 58362 57521 61089 1174306

Figure 4.13: Absolute number of sequence reads per barcode combination for all four groups. Expected
barcode combinations are highlighted.

Sixty-six barcode combinations were over-represented, and 34 barcoded combinations were
under-represented; based on the expected number of reads per barcode combination (approxi-
mately 11,100). The absolute number of observed sequence reads per barcode combination is
shown in Figure 4.14.

Single read files for each specific barcode combination were generated using the 4b_alignments.pl
script; the resulting files were combined and used for further alignment steps through the BWA
and MOSAIK algorithms.
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4.7.5 Alignment of 454 sequencing data

We applied and compared our sequencing data using three different sequence alignment algo-
rithms; (i) the MOSAIK pipeline (Version 1.0.1388), (ii) the Burrows-Wheeler Aligner (BWA), and
(iii) the GS Roche Genome Sequencer. In each case we used the oligomap-trimmed group sets

as query files, and used an identical reference sequence file (NG_009018.1).

4.7.5.1 MOSAIK alignment

Reference-guided assemblies with gapped alignments were generated using the MOSAIK pipeline,
including the new Smith-Waterman algorithm. Trimmed read files for each group, in .FASTA and
.QUAL formats, and the reference file, respectively, were parsed, compressed, and rewritten using
the MosaikBuild application in ’454’ mode.

Sequence alignment was performed by the MosaikAligner using all 31 processors of the RNA-
world server in the Tuschl laboratory. To find unique reads, we aligned all positions with a max-
imum mismatch threshold of ten, using a homo-polymer gap open penalty of four. Following
exclusion of 8,092 (0.7 %) sequence reads, we aligned 240,297 sequence reads from group 1;
309,941 sequence reads from group 2; 374,779 sequence reads from group 3; and 179,976 se-
quence reads from group 4. A total of 39 (0.0035 %) non-unique reads was exported to a separate

file. Alignment statistics for MOSAIK are listed in Table 4.5.

Table 4.5: Alignment statistics for trimmed reads after MosaikAlignment.

group 1 group 2 group 3 group 4
total reads 240,645 312,675 379,274 180,491
filtered out 348 (0.1 %) 2734 (0.9 %) 4495 (1.2 %) 515 (0.3 %)
total aligned 240,297 (99.9 %) 309,941 (99.1 %) 374,779 (98.8 %) 179,976 (99.7 %)
unique 240,295 (99.9 %) 309,930 (99.1 %) 374,754 (98.8 %) 179,975 (99.7 %)
non-uniqgue 2 (0.0 %) 11 (0.0 %) 25 (0.0 %) 1 (0.0 %)

The sorting of the sequence reads was done by MosaikSort, approximately 0.006 % of the
reads were excluded. The processing of the reference sequence, including inserting of gaps,
creating ungapped to gapped conversion tables, writing of assembly header, and appending read

index to read data, was done by the MosaikAssembler.
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4.7.5.2 BWA alighment

BWA, based on Burrows-Wheeler Transformation, was used to evaluate the MOSAIK alignment.
We transformed our reference file (NG_009018.1) using the BWA indexer, and aligned each group
with an error rate of less than 3 %. The resulting alignment files were subsequently transformed
into .SAM format, using the Samse application of the BWA package, and integrated in the SAM-
tools pipeline for further SNP and INDEL analyses.

4.7.6 Preliminary SNP and short-INDEL analyses

We used (i) GigaBayes, (ii) SAMtools, and (iii) the GS Amplicon Analyzer for single basepair poly-
morphism (SNP and short-INDEL) discovery.

The GigaBayes application is part of the MOSAIK pipeline and uses previously aligned and
assembled MOSAIK output files (in .GIG format). We used gigaBuild to build the required binary
assembly reference (NG_009018.1) file (.GFF). From GigaBayes, imported files were rewritten
and transposed using the perlscripts 8_parsemosaik.pl and 9_transpose.pl, respectively. We ex-
cluded 218 (46.8 %) of 466 total sequence variations by discarding all variation occurring at a
frequency less than 10 %.

Using SAMtools, all BWA output files were transformed into binary .BAM format. We used
Pileup to perform SNP/INDEL analysis. Output files were transformed into .VCF format using the
sam2vcf.pl perlscript. A total of 6,650 variations were identified; from which 6,463 (97.2 %) with a
quality score’ of less the 1,000 were excluded.

We used the GS Amplicon Analyzer to design an amplicon library. After generating a mul-
tiplexer matrix, an association between each patient sample and the patient-specific barcode
combination was specified. We excluded 1,190 (89.7 %) of 1,327 total variations by discarding
all variation occurring at a frequency less than 10 %, and compared the results with those from
MOSAIK/GigaBayes and BWA/SAMtools.

A total of 8,443 sequence variations was detected by GigaBayes, SAMtools, and GS Ampli-
con Analyzer; 572 (6.8 %) remained after filtering. The remaining variations were combined in a
mastertable; 289 duplicate variations were identified and excluded. The remainig 281 (49.1 %)
variations were unique; 122 (43.4 %) were identified only by the MOSAIK/GigaBayes pipeline;
91 (32.4 %) were identified only by BWA/SAMtools, and 44 (15.7 %) were detected only by GS

Amplicon Analyzer.

THigh quality scores indicate high confidence calls; based on an assessment logarithm;
http://1000genomes.org/wiki/doku.php?id=1000_genomes:analysis:vcfv3.2; available at June 23,
2010
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Twenty-four (8.5 %) sequence variations were identified by two or more bioinformatic pipelines;
16 (5.7 %) of 24 were identified by MOSAIK/GigaBayes and the GS Amplicon Analyzer, and 7
(2.5 %) of 24 were deteced by MOSAIK/GigaBayes and BWA/SAMtools. Only 1 (0.36 %) of 24

sequence variations was identified through each of the three pipelines.

4.7.7 Distribution of sequence variations in patient groups and relation to
FMRP and miRNA target sites

For sequence analyses we excluded 91 (32.4 %) of 281 sequence variations because patient-
specific barcodes were missing from the BWA/ SAMtools pipepline. We sorted 190 remaining
variations by patient group and located their position relative to FMRP and miRNA binding sites
in all 24 target regions.

Sequence variations were found in all 4 groups; 36 variations were identified in group 1; 82
variations were found in group 2; 126 variations were identified in group 3; and 100 variations

were identified in group 4 (see Table 4.7).

Table 4.6: Type and frequency of sequence variations in patient groups. The number of single nucleotide
polymorphisms (SNP), deletions (DEL), and insertions (INS) are indicated for each of the four
patient groups.

SNP INS DEL Total in group
group 1 12 1 23 36
group 2 34 28 20 82
group 3 56 44 26 126
group 4 33 41 26 100

One hundred three (54.2 %) of 190 sequence variations were detected in only one patient
group; 31(16.3 %) variation were found in two patient groups; 45 (23.7 %) in three groups, and 11
(5.8 %) in all patient groups.

We matched each variation with its specific target region. We concatenated iStopC and iUTR1.1,
as well as, i2241 and i2241/42 into single contigs, because of their overlapping character. Each
target region contained a minimum of one variation. Most sequence variations (37 of 190) were
found in region i2174, followed by region i2181 with 27 sequence variations, and region i2193 with
18 sequence variations. Only one match was found in i2252, iUTR1.2 and iUTR2.1. An overview

of the distribution of sequence variations in each target region is given in Table 4.7.
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Table 4.7: Distribution of sequence variations in each target site. Shown are the numbers of single nucleotide
polymorphisms (SNP), deletions (DEL), and insertions (INS) for each target site.

SNP INS DEL Total
i2162 3 4 2 9
2163 0 7 0 7
i2174 10 10 17 37
i2181 18 7 2 27
i2193 11 4 18
2209 1 2 1 4
i2231 2 7 1 10
2233 4 6 1 11
i2241/42 3 1 0 4
i2249 2 4 2 8
i2251 0 4 1 5
2252 0 1 0 1
i2254 4 1 4 9
12260 1 1 0 2
iStopC/iUTR1.1 1 3 2 6
iUTR1.2 0 0 1 1
iUTR2.1 0 1 0 1
iUTR2.2 0 4 1 5
iUTR2.3 2 4 0 6
iUTR2.4 0 1 2 3
iPolyA 3 6 2 11
iUTR3.1 0 2 3 5
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4.7.8 Detection of sequence variations in FMRP and miRNA target sites

Sequence variations in 15 FMRP target regions and 9 miRNA target sites of the NF1 gene were
identified (Ascano and Renwick, personal communication). We defined the position of each tar-
get site using the consensus sequence after aligning the PAR-CLIP and Target Scan data with
the NG_009018.1 reference sequence. An example for the i2161 FMRP target site is shown in
Figure 4.15.

i2161 (73343 — 73375)
73331 CTGCCTCTGGGGTTTTATTTTCTCTCAGCTGCAACAACTTCAATGCAGTCTT 73382

Figure 4.15: Location of the i2161 FMRP target site (red) using PAR-CLIP data and the NF1 reference
(NG_009018.1) sequence (bold).

In this study 179 of 190 sequence variations were detected in FMRP and miRNA target sites in
the NF1 gene. Graphical representation of sequence variations in relation to NF1 sequences is
depicted in Figure 4.16.

We identified 40 variations in FMRP target sites, and 114 variations in regions flanking the 15
FMRP target sites (i2161, i2163, i2174, i2181, i2193, i2209, i2231, i2233, i2241/42, i2249, i2251,
i2252, 2254, and i2260). Higher numbers of sequence variations were found in specific target
regions; 37 (24.0 %) in target site i2174, 27 (17.5 %) in target site i2181, and 19 (12.3 %) in target
site i2193. All sequence variations in FMRP target sites are presented in Section 4.7.8.1.

We identified 4 sequence variations in a miRNA target site, and 21 sequence variations in re-
gions flanking the 9 miRNA target sites (miR103/107, miR137, miR10a/b, miR128a/b, miR27a/b,
miR490, miR 30a-5p/b/c/d/e-5p, and miR153). All variations are presented in Section 4.7.8.2.

One hundred twenty-four sequence variations (69 %) were located in exonic regions; the ma-
jority (24; 13.4%) were found in exon58; followed by 15 (8.4 %) variations in exon17, and 9 (5 %)

variations in exon4.
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Figure 4.16: Overview of all sequence variations in defined regulatory regions of the NF1 gene (scale is not

exact).
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4.7.8.1 Sequence variations in FMRP target regions

We identified 154 sequence variations in FMRP target sites (Table 4.8).

Table 4.8: Sequence variations in or flanking FMRP target regions. Listed are the FMRP target regions, the
location of the variation in relation to the FMRP target site, the variation, the NF1 gene locus,
the bioinformatic pipeline (MG=MOSIAK/GigaBayes; GS=GS Amplicon Analyzer), patient groups
(1-4), and the number of identified patients per group. The location of each variation in relation to
the FMRP target site is specified as followed: nucleotide upstream of the actual target site (>), in
the target site (=), and nucleotides downstream of the target site (<).

FMRP Location Var. NF1 locus Pipeline/Group(s) # patients/ group
i2161 89> -/A 73254 MG/4 37
73> -/A 73270 MG/4 52
62> -/T 73281 MG/4 73
52> T/C 73291 GS/3 10
= -IT 73346 MG/4 36
= T/- 73346 MG/4 34
= T/- 73351 MG/4 44
= T/C 73360 GS/3 10
= T/C 73369 GS/3 10
i2163 23> -IT 92569 MG/4 56
16> -/A 92576 MG/4 32
2> -/A 92590 MG/4 34
= -IT 92600 MG/2,3,4 17,4477
= -/A 92612 MG/4 14
<10 -/A 92639 MG/2,4 11,14
<47 -/A 92676 MG/4 18
i2174 41> -/T 111394 MG/4 20
41> T/- 111394 MG/2,3,4 29,57,83
23> C/- 111412 MG/4 80
23> C/T 111412 GS/2,3,4 30,16,57
22> T/- 111413 MG/4 79
22> T/C 111413 GS/2,3,4 30,16,57
21> T/- 111414 MG/4 76
20> T/- 111415 MG/4 43
18> T/C 111417 MG/4 36

Table 4.8: — continued on next page
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Table 4.8: — continued from previous page

FMRP Location Var. NF1 locus Pipeline/Group(s) # patients/ group
(16-12)> TTTT/— 111419 GS/2,3,4 | 76,97,78|37,12,60
MG/2,3,4
15> T/- 111420 MG/1,2,3,4 11,97,99,98
14> T/- 111421 MG/1,2,3,4 62,94,100,100
13> T/- 111422 MG/1,2,3,4 13,78,84,100
7> T/- 111428 MG/1,2,3,4 54,94,100,98
7> T/C 111428 GS/2,3,4 38,61,24
6> -/C 111429 MG/2,3,4 96,100,89
6> C/- 111429 MG/2,3,4 94,99,69
6> C/IT 111429 GS/2,3,4 38,61,24
5> -IT 111430 MG/4 12
5> T/- 111430 MG/4 11
4> -/A 111431 MG/2,3,4 55,70,47
4> A/- 111431 MG/2,3,4 55,74,48
- -/C 111437 MG/4 13
= C/- 111437 MG/4 10
= -IG 111439 MG/4 31
= G/- 111439 MG/4 31
= G/T 111439 MG/2,3 | GS/2,3,4 14,73 |59,96,29
= C/T 111445 MG/2,3 | GS/2,3,4 60,99 | 75,98,46
= T/G 111446 MG/2,3 | GS/2,3,4 51,99 | 75,98,46
= C/A 111457 MG/2,3 | GS/2,3,4 57,99 |75,98,46
= -IT 111467 MG/4 20
<8 -IA 111482 MG/2,3,4 74,19,31
<8 A/- 111482 MG/2,3,4 66,16,30
<10 -/A 111484 MG/4 54
<10 A/- 111484 MG/4 35
<11 -IT 111485 MG/4 11
<11 T/A 111485 MG/2,3,4 28,95,53
i2181 14> -/A 135189 MG/2,3 17,74
8> G/A 135195 GS/3 81

Table 4.8: — continued on next page
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FMRP Location Var. NF1 locus Pipeline/Group(s) # patients/ group
3> -IA 135200 MG/2,3,4 53,61,58
= A/G 135206 GS/3 15
= A/G 135210 GS/3 85
= AT 135213 GS/3 19
= AT 135219 GS/3 84
= A/G 135220 GS/3 86
= -IT 135222 MG/4 10
= T/C 135222 GS/3 84
= A/G 135226 GS/3 20
= C/T 135227 GS/3 73
= G/A 135228 GS/3 21
= -/C 135234 MG/4 16
= G/A 135249 GS/3 84
= -IA 135259 MG/4 45
= A/- 135259 MG/4 14
<18 AT 135278 GS/3 37
<26 C/T 135286 GS/3 80
<31 C/A 135291 GS/3 82
<36 -IT 135296 MG/2,4 16,55
<36 T/- 135296 MG/1,2,4 49,12,35
<36 T/C 135296 GS/3 80
<46 T/C 135306 GS/3 83
<48 -IT 135308 MG/2,4 12,81
<48 T/C 135308 GS/3 83
<49 AG 135309 GS/3 83

i2193 68> A/- 145875 MG/2,3 QUAL
61> T/- 145882 MG/4 11
47> A/- 145896 MG/4 28
45> A/G 145898 MG/3 | GS/2,3,4 511 40,92,52
34> -IG 145909 MG/4 10
33> T/C 145910 MG/3 | GS/2,3,4 61| 40,92,54

Table 4.8: — continued on next page
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FMRP Location Var. NF1 locus Pipeline/Group(s) # patients/ group
27> AG 145916 MG/3 | GS/2,3,4 44| 41,92,54
24> C/G 145919 MG/3 | GS/2,3,4 42| 41,92,54
18> T/C 145925 MG/3 | GS/2,3,4 46 | 43,91,54
15> G/A 145928 MG/3 | GS/2,3,4 49| 41,92,54
8> -T 145935 MG/2,3 11,44
5> G/A 145938 MG/3 | GS/2,3,4 40 | 42,92,53
= C/T 145963 MG/3 | GS/2,3,4 52| 42,9151
= -/A 145968 MG/4 90
= A/- 145968 MG/4 35
<4 C/G 145978 MG/3 | GS/2,3,4 39 ]39,92,52
<8 -IT 145982 MG/2,3,4 25,74,30
<14 G/A 145988 GS/3 23
<20 T/A 145994 MG/3 | GS/2,3,4 411 40,92,53

i2233 72> T/C 161330 GS/M1,2,3,4 89,71,91,72
72> T/G 161330 GS/1 12
50> -IA 161352 MG/4 20
44> -/C 161358 MG/4 32
36> -IT 161366 MG/2,3,4 29,19,39
36> T/C 161366 MG/1,2,3,4 35,41,45,37

GS/1,2,3,4 46,44,59,43
24> -/T 161378 MG/2,3,4 45,4271
24> T/- 161378 MG/3,4 41,11
4> -IT 161398 MG/2,3,4 13,13,67
= -T 161438 MG/4 67
>29 G/A 161486 GS/1,2,4 15,10,10

i2231 58> AG 237769 GS/M1,2,3 11,19,13
38> -IT 237789 MG/4 53
29> -IA 237798 MG/4 55
= -T 237839 MG/3 14
= -/C 237854 MG/4 39
<19 -IT 237874 MG/2,4 32,39

Table 4.8: — continued on next page
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FMRP Location Var. NF1 locus Pipeline/Group(s) # patients/ group

<19 T/- 237874 MG/1,2,3,4 91,90,68,63

<13 -IA 237878 MG/4 44

<27 -/A 237882 MG/ 41

<27 T/A 237882 MG/1,2,3 43,47,30

GS/M1,2,3,4 74,81,52,82

i2209 = A/- 240372 MG/2,3 42,82

<20 -T 240403 MG/2,3 13,43

<48 -IT 240431 MG/3 30

<80 A/G 240463 GS/1,2,3,4 84,92,98,100
i2241/42 53> -/T 246717 MG/2,3 73,65

22> T/G 246748 GS/2,3,4 30,51,29

21> A/G 246749 GS/2,3 10,13

= T/C 246837 GS/1,2,3,4 74,61,91,80
i2249 = -IT 253115 MG/2,3 14,41

= -T 253134 MG/2 11

<17 AT 253155 GS/4 18

<29 A/- 253167 MG/1,2,3 94,90,99

<38 -T 253176 MG/2 10

<49 -IT 253187 MG/2,3 15,10

<49 T/- 253187 MG/ 13

<58 C/G 253196 MG/1,2,3 20,14,25

GS/1,2,3,4 93,90,99,94

i2251 48> -IT 259139 MG/2,3 56,50

48> T/- 259139 MG/1,2,3 87,83,100

42> -IG 259145 MG/2,3 79,77

<3 -IA 259228 MG/2,3 22,12

<13 -T 259238 MG/2,3 49,21
i2252 36> -IA 260261 MG/2,3 58,46
i2254 <35 AT 262462 GS/4 24

<36 T/A 262463 GS/4 22

<42 T/- 262469 MG/2 26

Table 4.8: — continued on next page
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FMRP Location Var. NF1 locus Pipeline/Group(s) # patients/ group
<43 T/- 262470 MG/1,2,3 88,98,100
<57 A/- 262484 MG/1,2,3 90,96,97
<57 AT 262484 GS/4 13
<58 T/A 262485 GS/4 13
<68 T/- 262495 MG/1,2,3 35,33,29
<90 -IA 262517 MG/2,3 47,90
i2260 42> -/A 268569 MG/2,3 51,34
<35 G/A 268677 GS/3 10

4.7.8.2 Sequence variations in miRNA target sites

We identified 25 sequence variations in miRNA target sites (Table 4.9).

Table 4.9: Sequence variations in or flanking miRNA target regions. Listed are the miRNA target regions,
the location of the variation in relation to the miRNA target site, the variation, the NF1 gene locus,
the bioinformatic pipeline (MG=MOSIAK/GigaBayes; GS=GS Amplicon Analyzer), patient groups
(1-4), and the number of identified patients per group. The location (Loc) of each variation (Var) in
relation to the miRNA target site is specified as followed: nucleotide upstream of the actual target
site (>), in the target site (=), and nucleotides downstream of the target site (<).

miRNA Loc. Var. Locus Pipeline(s)/ hits non- affected unknown
Group(s) affected
miR103/107 15> -T 284256 MG/3 16 94 % 6%
9> C/- 284262 MG/1,3 187 36 % 64 %
= A/G 284290 GS/2,3 46 46 % 20 % 34 %
= -T 284309 MG/3 91 66 % 25 % 9 %
<9 -IT 284371 MG/3 43 81 % 19 %
miR137 61> G/- 284768 MG/1,3 188 80 % 13 % 7 %
miR10a/b = -IG 285097 MG/3 51 57 % 35 % 8 %
miR128a/b 49> -IA 285325 MG/3 59 71 % 24 % 5%
42> -/T 285332 MG/3 26 73 % 27 %
4> -T 285370 MG/3 30 71 % 29 %

Table 4.9: — continued on next page
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miRNA Loc. Var. Locus Pipeline(s)/ hits non- affected unknown
Group(s) affected

miR27a/b <45 G/- 285420 MG/1,3 191 35 % 61 % 4%
<96 A/C 285478 GS/2 13 8 % 92 %
<96 A/G 285478 GS/1,2,3 103 19 % 37 % 44 %

miR490 98> -IT 285516 GS/3 11 72 % 28 %
86> -IT 285528 GS/3 20 60 % 25 % 15 %
<3 -IC 285623 GS/3 28 39 % 29 % 32 %
<6 -IT 285626 GS/3 49 67 % 27 % 6 %

miR 30a... 6> T/- 285875 GS/1,3 192 35 % 60 % 5%
= T/- 285881 GS/1 23 100 %
<69 -IT 285957 GS/3 29 76 % 21 % 3%

miR153 89> -IT 287064 MG/3 24 67 % 29 % 4%
69> T/- 287084 MG/1,3 192 35 % 60 % 4 %
62> T/- 287091 MG/1,3 191 35 % 60 % 4 %
56> T/- 287097 MG/1,3 98 22 % 73 % 5%
52> -IT 287101 MG/3 27 70 % 30 %
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5 Discussion

We developed a nested, multiplexed PCR method to assess sequence variation in multiple ge-
nomic sites in hundreds of individuals. We developed two assays to study FMRP and miRNA
target regions in: (i) the NF1 gene in persons with and without autism, and (ii) miRNA genes from
patients with chronic lymphocytic leukemias, Type 2 diabetes mellitus, and autism. High sample
throughput was achieved using barcoded PCR primers, an automated pipetting station for PCR
preparation and pooling of amplified products, and massive parallel (454) sequencing followed by
bioinformatic analyses. Our results indicate that reliable sequencing data were generated for the
majority of participants and that sequence variations and genetic mutations can be identified. Our
method holds enormous promise for rapid, accurate and simultaneous interrogation of sequence

variation in multiple genomic sites in hundreds of individuals.

5.1 Selection of target sites and genes

We evaluated FMRP and miRNA target site variation in the NF1 gene for the following reasons:
(i) there is a striking clinical overlap between NF1, FXS, and Autism. (ii) NF1 is directly targeted
by FMRP as determined by PAR-CLIP analysis and confirmed by Electrophoretic Mobility Shift
Assay (EMSA) (Ascano, personal communication) and (iii) the total number of 24 targets sites,
corresponding to 15 FMRP and 9 miRNA target sites, in the NF1 gene represents a challenging
but manageable objective for this thesis project.

We evaluated miRNA genetic variations in 17 miRNA genes for following reasons; (i) miRNA
15a and 16 are also deleted in more than half of chronic lymphocytic leukemias (CLL) cases,
(i) miR-375 may a target for the treatment of diabetes, and (iii) multicopy miRNA genes (e.g.
miR-7, miR-9, miR-124, and miR-200) may contain variations since they are under less selective

pressure.

5.2 Method development

In recent years, several massive parallel sequencing technologies have been developed and
have revolutionized the study of genetics due to their costs, effectiveness, accuracy, and high-
throughput nature (Consortium, 2004; Church, 2006; Hall, 2007). These technologies have brought
new opportunities, such as whole-genome sequencing, as well as challenges in the field of bioin-

formatics, especially in primary analysis of NGS data. Efficient mapping of short reads (< 200 bp)
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for instance is a considerable arithmetical problem (Mardis, 2008; Voelkerding et al., 2009). To
improve workflows from data generation through to analysis and publication, streamlined bioinfor-
matic pipelines must be developed; including adapter alignment algorithms, mapping tools, and

the conversion of sequence data into an uniform format (Moore et al., 2010; Koboldt, 2010).

5.2.1 Assay strategy and PCR optimization

We designed and optimized a nested, multiplexed PCR assay based on PCR conditions that
were previously established in the laboratory by Stefanie GroBwendt for a project on miRNA gene
sequence variations. We used a multiplexed PCR format to amplify multiple target regions simul-
taneously, saving time and resources by parallel amplification. We used nested PCR to increase
sensitivity and specificity of target amplification.

Three critical modifications to the original approach were made: (i) adjustment of total primer
concentration in the multiplexed PCR reaction, (ii) enhancement of the number of PCR cycles
from 30 to 35 in multiplexed PCR, and (iii) elongation of the annealing time from 45 s to 1:15 min
for multiplexed and nested PCR steps.

Lowering total primer concentration in the multiplexed reaction decreased the amount of primers
that were carried forward to nested PCR reactions, reducing the possibility for non-specific am-
plification and primer dimer formation, which can consume dNTPs and compete with desired
amplification products. In general a primer:dNTP ratio of 1:1,000 is recommended. We used a
primer:dNTP ratio of 1:2,083 (720 nM primers related to 0.3 mM dNTPs) for NF1 targets. For
the multiplexed ampilification of miRNA genes we amplified distinct PCR products using a 5-fold
higher total primer concentration; which used a primer:dNTP ratio of 1:176 (3.4 uM primers : 0.3
mM dNTPs).

The number of PCR cycles for multiplexed and nested PCRs were determined by the gener-
ation of visible PCR products prior to subsequent gel purification; PCR cycles were limited to
minimize amplification errors. We used the AccuPrime™ DNA polymerase for multiplexed PCR
because this enzyme provides (i) comparatively high 3’ to 5’ exonuclease proofreading activity, (ii)
enhanced specific primer-template hybridization using anti-DNA polymerase antibodies, (iii) and
high processivity for chain extension. Thirty-five amplification cycles were selected for the NF1
project because it increased product yield in some nested PCR reactions. Thirty-eight amplifica-
tion cycles were selected for the multiplexed PCR for the miRNA gene project to generate visible

amplification products following nested PCR.
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For nested PCR, we used self-prepared Taq polymerase, because it is reliable for amplifying
short PCR products (< 500 bp) and inexpensive. All nested PCR reactions were performed with
35 PCR ampilification cycles and a final concentration of 200 nM primers (except for miRNA 124-3)
and 0.2 mM dNTP, meeting the recommended primer:dNTP ratio.

Lengthening the annealing time in multiplexed and nested PCR reactions increased amplifica-
tion efficiency. However it remains to be clarified whether elongation is required for both multi-
plexed and nested PCR steps. These experiments were performed using target-specific primers
and we anticipated that an increase in annealing time would be beneficial for fusion primers of

approximately 50 nt more in length.

5.2.2 Barcoded fusion primers

We introduced patient-specific barcoded primers in the nested PCR step to facilitate rapid match-
ing of sequence reads with patient identifiers during bioinformatic analyses. Each patient was
identified by a combination of forward and reverse barcode sequences, enabling pooling of PCR
products. Using barcode combinations, instead of a single barcode, per patient reduced the total
number of primers required for both projects from 2,400 to 480 barcoded primers for the NF1

project, and from 4,352 to 544 barcoded miRNAs primers for the miRNA gene project.

5.2.3 Automated sample preparation and pooling

We used the EpMotion 5075 Automated Pipetting Station to prepare PCR reactions and to pool
amplification products. Benefits of this system included (i) accuracy and reduction of pipetting
mistakes in comparison to manual pipetting, (ii) flexibility to change robotic commands with ease,
(iii) opportunity to perform and observe "dry run” experiments to ensure that sample and reagent
transfer steps, tip changes, and volumes were pipetted appropriately, and (iv) control of tech-
nology for optimizing specific conditions to ensure sample protection (temperature etc.). PCR
contaminations are unlikely in this system (Stefan Roth, Eppendorf Instrumente, Germany; per-
sonal communication).

PCR reactions were monitored by visualizing positive and negative controls, and an aliquot of
pooled nested PCR regions following agarose gel electrophoresis. PCR amplification products
were pooled in two steps. First, PCR products form one patient group were pooled by target re-
gion and purified. Prior to 454 sequencing, the concentrations of target regions were estimated
visually on an agarose gel using a set of quantitative size markers, and an equimolar mixture of

all target regions was prepared.

67



5 Discussion

5.2.4 Massive parallel (454) sequencing

Several massive parallel sequencing technologies and platforms are available; including the Roche
454 Genome Sequencer (GS)', the Applied Biosystems (ABI) SOLiD Sequencer?, and the Solexa
(lumina) Genome Analyzer®. Emerging technologies, like the Single Molecule Real Time (SMRT™)
DNA Sequencing (Pacific Biosciences, USA) or Nanopore Sequencing (Oxford Nanopore
Technologies®, UK) hold incredible promise for studying whole genomes (Tucker et al., 2009;
Flusberg et al., 2010).

We chose massive parallel (454 GS) sequencing over Solexa or SOLiID sequencing because
it provides sufficient read length of approximately 250 nt in comparison to other platforms with a
read length of approximately 100 nt. The GS-FLX System generates about 400-600 megabases
(Mb) of sequence data per 10 hr run at a cost of approx. $84 per Mb (Mardis, 2008). This sys-
tem also has a high accuracy of 99.5 % per sequence read until the second-hundred base and

reaches fidelity of 99.5 % with an appropriate sequencing depth.

5.2.5 Sequence read analysis pipeline

Typically analysis pipelines consist of: (i) conversion of data into a generic file format, (ii) sequence
alignment, (iii) sequence assembly, and (iv) data analysis using several bioinformatic tools. We
developed a pipeline to analyze our barcoded sequence data sets. The necessary computing
power for each step was achieved by using the RNAworld server.

To assess the performance and accuracy of our nested multiplexed PCR assay, all trimmed
group files were concatenated into one large group. The distribution of target-specifc primers
and barcode sequences was assessed using Oligomap and application-oriented perl scripts.
Oligomap was chosen because of its simplicity, accuracy and speed. Perl scripts were written
to connect single pipeline steps and to generate a well-structured output file with all relevant in-
formation.

Sequence reads with target-specific primer sequences at both ends were identified for all 24 tar-
get regions of the NF1 gene project in similar proportions. One hundred patient-specific barcoded
primers were detected with almost similar abundance per combination; only 0.3 % showed unex-
pected barcode combinations. Non-specific sequence reads were generated when the amplicons

of two different nested PCR reactions overlapped.

Thttp://www.454.com/; available at March 3, 2010

2http://www.appliedbiosystems.com/absite/us/en/home/applications-technologies/solid-next-generation-
sequencing.html; available at March 4, 2010

3http://www.iIIumina.com/; available at March 3, 2010
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5.2.6 Sequence reads provide significant patient-specific information

When patient-specific combinations of barcodes and target-specific information is combined with
a requirement of minimum insert length, inferences can be made concerning the lack or absence
of sequence coverage for particular patients.

Using a matrix format, simple comparison of the number of reads with other regions for the
same patient or other patients indicates whether the lack of coverage is due to (i) general am-
plification or sequencing problems of the region, (ii) quality problems of the patient sample or a
suboptimal multiplexed PCR for this patient sample, or (iii) a longer deletion or suboptimal condi-
tions of the corresponding nested PCR reaction.

A small subset of sequence reads were excluded for the following reasons; unexpected combi-
nations of target-specific primers were found where two nested PCR regions overlapped. When
one of those regions was not synthesized or sequenced to its end, the read got misinterpreted
by the program which was designed to detect the first and the last target-specific sequence read.
Other reads with a combination of two barcode sequences that are both only parts of forward
primers or both only parts of reverse primers, may be explained as mistakes in barcoded se-
quencing.

Although barcodes are designed to prevent misinterpretation after single-nucleotide exchanges
the risk cannot be excluded; the small number of these events shows that the detection of ille-
gitimate barcode combination happens rarely and does not impact analysis. Barcodes F1, F2,
R1, R4 and R5 show a noticeable accumulation of unusual combinations compared to other bar-
codes, potentially indicating that mistakes in sequencing turns the barcode sequence easily in to

an alternative sequence.

5.2.7 Variations in FMRP and miRNA target sites

We used the Burrows-Wheeler and Smith-Waterman algorithms included in the BWA/Samtools
and MOSAIK application, respectively for sequence read alignment, because of their ability to
map longer reads and use multiple CPUs simultanoeusly. Additional alignment and mapping tools
for massive parallel sequencing data for the 454 platform are Newbler*, SSAHA2%, and the GS
software package (Roche). Other alignment and mapping tools include the Bowtie® and SOAP’

aligner, mainly used for the lllumina platform, and SHRiIMP® primarily used for SOLID data.

“http://www.454.com/; available at April 3, 2010
Shttp://www.sanger.ac.uk/; available at April 6, 2010
8http://bowtie-bio.sourceforge.net/; available at April 6, 2010
"http://soap.genomics.org.ch/; available at April 7, 2010
8http://compbio.cs.toronto.edu/; available at April 14, 2010
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Following alignment, single base pair polymorphism (variation and short-INDEL) discovery was
performed using GigaBayes, Pileup (SAMtools), and GS Amplicon Variant Analyzer. GigaBayes
was used based on its ability to (i) analyze large numbers of next-generation sequence reads,
(i) align sequence reads to chromosomes of model organisms or mammalian genomes, and (iii)
generate binary output files. We used SAMtools and .SAM formatted files because of their flex-
ibility to store alignment information from alignment formats generated through other alignment
programs. SAMtools also provides utilities for manipulating alignments including sorting, merg-
ing, and indexing. The GS Amplicon Analyzer was used because sequence data were provided
in .SFF format and the multiplexer matrix function enabled rapid matching of patient-specific bar-
codes to sequence reads.

We excluded all variations identified through GigaBayes and GS Amplicon Analyzer by discard-
ing all variations occurring at a frequency less than 10 % per patient group. For Pileup analyses,
we excluded sequence variations with a high quality score of < 1,000. We chose these boundaries
to delimit the amount of sequence variations, and to exclude mismatches with a frequency of 1 %.

In this study,190 potential sequence variations were detected in the NF1 gene by GigaBayes
and GS Amplicon. We excluded data from the BWA/SAMtools pipepline for variation analyses
because of the missing ability to generate a multiplexer matrix. Sixteen of the remaining 179
variations were simultaneously identified by MOSAIK/GigaBayes and the GS Amplicon Analyzer.
Because of the proprietory nature of the GS package, it was not possible to adapt the matching
parameters to those from GigaBayes.

We identified 40 of 179 sequence variations in FMRP target sites, and 114 of 179 variations in
regions flanking FMRP target sites at an average distance of 30 nt from the PAR-CLIP defined
sequence of the FMRP target site. Higher numbers of sequence variations were found in target
sites i2174, 12181 and i2193. Variations in these areas may result in transcript dysregulation.

We identified 4 of 179 sequence variations in a miRNA target site, and 21 of 179 variations in
regions flanking miRNA target sites at an average distance of 48 nt from the seed sequence
of the miRNA target site. Higher numbers of sequence variations were found in target sites
miRNA103/104 and miRNA153. Sequence variations in these regions may also strengthen or

weaken miRNA:target interactions, and perturb post-transcriptional regulatory networks.
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5.3 Directions

Sequence variation is likely an underestimated source of regulatory and pathogenetic change in
the human genome.

Our immediate plans are to (i) finish the SNP analysis and look for other forms of genetic vari-
ation in our data sets, (ii) examine relevant pedigrees for identified sequence variations, and (iii)
confirm variations using conventional Sanger sequencing.

In the intermediate-term, we will consider a bioinformatic approach to select the most interest-
ing target genes or target sites within a gene for sequencing. With bioinformatic ranking, criteria
such as the relative proximity of target sites, information on strength derived from the length of
the complementary seed sequence, and the expression of a gene in the organ of interest can be
used to evaluate genes and target sites for disease relevance.

At present large population sequencing studies and analysis are still too expensive and pre-
dominantly limited to the study of model organisms (Futschik and Schlétterer, 2010); personalized
whole-genome sequencing seems currently unthinkable. With impending reductions in sequence
costs ($1000 per genome) these technologies will rapidly expand our knowledge of cancer genet-

ics, epigenetics and genetically heterogenous disorders and disease.
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6 Summary

We designed a nested multiplexed PCR assay followed by barcoded 454 pyrosequencing to as-
sess multiple genomic regions in hundreds of individual patients. We first applied this method to
study sequence variations in FMRP and miRNA target sites in the NF1 gene of 400 persons (4
patient groups) with and without autism. We modified the assay for increased sample throughput,
and analyzed highly expressed, multicopy miRNA genes in multiple patients with chronic lympho-
cytic leukemias, Type 2 diabetes mellitus, and autism.

We developed a bioinformatic pipeline for data management and bioinformatic analyses. We
used Oligomap for barcode sequence identification and read trimming. We identified all target
regions in similar proportions for each patient group, and found similar abundances of barcoded
primer combinations.

For sequence alignment, we compared three different sequence alignment algorithms; the MO-
SAIK package, the Burrows-Wheeler Aligner, and the Roche Genome Sequencer package. Single
base pair polymorphism (variations and short-insertions and delutions) discovery was performed
using GigaBayes, Pileup (SAMtools), and GS Amplicon. We excluded data from the BWA/ SAM-
tools pipepline because it was not possible to generate patient-specific data.

In our study, 179 sequence variations were detected; 40 variations were found in FMRP tar-
get regions (2161, i2163, 2174, i2181, i2193, 12209, 2231, 2233, i2241/42, and i2249) and
4 variations were identified in miRNA target sites (miRNA103/107, miRNA10a/b, and miR 30a-
5p/b/c/d/e-5p). We detected 114 variations in regions flanking an FMRP target region, and 21
variations in regions flanking a miRNA target site.

Sequence variation is likely an underestimated source of regulatory and pathogenetic changes

in the human genome.
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Appendix 1

Multiplex primers for the NF1 project

Eighteen regions of the NF1 gene were amplified using 18 gene-specific primer pairs (Table 6.1).

Table 6.1: Primer pairs for multiplexed PCR for the NF1 targets; listed are the target region, the specific
location on the NF1 gene, seventeen used primer pairs (F and R primer), and the expected product
size (nt) of each amplicon (region).

region gene location gene-specific primer sequence product size
F 5 -CTCACAGCAAACTGGGGATT- 3

02161 72888+ 73741 854
R 5 -TGCTCACGGCAGATATTTTT-3
F 5 -CACAACTGCAAGGCAGAGAA- 3’

02163 92163 — 93020 858
R 5 -TGAACTCAAGTAGGGCAATCC-3
F 5 -TCTTCTGGCAGCTGGATTTT-3

02174 110940+~ 111845 906
R 5 -GTTTGAAAAGCTTCGGGATG- 3
F 5 -GTTATCCCAACATGGCACAG- 3

02181 134748 — 135644 897
R 5 -ACCTTTGTTAGCCGGTACGA- 3
F 5 -TGGTTGTCAACTTTGGGTTT- 3’

02193 145534 +— 146337 804
R 5 -ATGCATGGAAAAAGGACAGG- 3’
F 5 -GGGCCATCTGATATCTGTCC- 3

02209 239867 — 240753 887
R 5 -TCTTGCCGCTTTGCTTTTAT-3
F 5 -GGTTGGTTTCTGGAGCCTTT- 3

02231 237441 — 238250 810
R 5 -TTGAACATTAGGCCTTCTTTTGT- 3
F 5 -TGAGTCTGCTTCCCAAACCT-&

02233 161139+ 161954 816
R 5 -GGGAATTCTGGACATCCAAC- 3
F 5 -TCATCAAAACCAGTGCAACAG- 3’

02241/42 246391 — 247194 804
R 5 -CATGGTCAACTGGCACTGAG- 3
F 5 -TCTAGTGCCCTTTGGATGCT- 3

02249 252708 — 253527 820
R 5 -GTGTGATCACGGCTCACTGT-3
F 5 -AATCTCTGTGCTGCTTTAGGG- 3

02251 258833 — 259655 823
R 5 -GCTCATCCATTTGGAGTGGT- 3
F 5 -TGAACCGTATCATCTTGAGCA- 3

02252 259911 +— 260739 829
R 5 -CAAATGTGTTAGCATGCCTGT- 3

Table 6.1: — continued on next page
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Table 6.1: — continued from previous page

region gene location gene-specific primer sequence product size
F 5 -GAGATTGGACACCCCTGTTG- 3

02254 261986 — 262879 894
R 5 -TCAAAGAAAGCACGGCAAAT-3
F 5 -GCAGACAGAGCCAACCTTGT- 3

02260 268190 — 268999 810
R 5 -CCAAAACCTGCAACAAATCA-3
F 5 -TGTTGCCTGGGAGAAACAG- 3’

oUTR1 283819 +— 284929 1111
R 5 -AGTTTGGATGACTGAGTTTGGA- 3
F 5 -TTTTTCCCCTCCCCCTCTT-3

oUTR2 285054 — 286136 1038
R 5 -CATCCTTGGCACTGGGTTAC-3’
F 5 -GACCAAGTTGCCCATTTCTG- 3’

oUTR3 286684 — 287635 952
R 5 -AGGAAAATGGGGTGAGGAAC- 3
F 5 -ACCATGGTCTTGGCTCTCC- 3’

oPolyA 286147 — 286631 485
R 5 -TGCATTTCTCAAGGGACACA- 3

Nested primers for the NF1 project

Twenty-four regions of the NF1 gene were amplified using 24 gene-specific primer pairs (Ta-
ble 6.2).

Table 6.2: Primer pairs for nested PCR for the NF1 targets; listed are the target region, the specific location
on the NF1 gene, twenty-four used primer pairs (F and R primer), and the expected product size
(nt) of each amplicon (region) with & and without & F/ R - adapter and barcode sequence.

target gene location gene-specific primer sequence product size
elae

F 5 -GCAACCAAAGGACACAATGA- 3

i2161 73209 — 73401 193/247
R 5 -CCTGGTAGAAATGCGACTAAAGA- 3’
F 5 -TGCAGAATGTGCAGAAAAGC- 3

i2163 92527 — 92713 187 /241
R 5 -TGGAAATAATTTTGCCCTCCT-3
F 5 -ATTTGCTGTTCTTTTTGGCTTC- 3

i2174 111351 — 111506 156/210
R 5 -GGTGATGATTCGATGGAGTG- &
F 5 -CGGGGTAGGATGTGATATTCC- 3

i2181 135157 — 135334 178/231
R 5 -TCATTCAGAAAACAAACAGAGCA- 3

Table 6.2: — continued on next page
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Table 6.2: — continued from previous page

target gene location gene-specific primer sequence product size
elae

F 5 -TACAGAATGTGCAGGGCTGA- 3’

i2193 145856 — 146021 166/220
R 5 -ACATGTTGCCAATCAGAGGA- 3
F &5 -TTTGTGTTTTCTCCTAGGTCAGC- 3’

i2209 240303 — 240483 181/235
R 5 -CTAACGTGAGGTGTGGCTCA-3
F 5 -AACTGTCACAGCCCGACTCT- 3’

i2231 237749 — 237909 161/215
R 5 -AGCAACAAACCCCAAATCAA-3
F 5 -GGGAAATGTTGAAAGGGAAG- 3

i2233 161310 +— 161508 199/253
R 5 -TCTGACACATGTTCACAGTTGG- 3
F 5 -TGACAAGACATGCTTATCTCCAA- 3

i2241 246685 — 246857 173/227
R 5 -GCGGACCTGTGGCTACTAAG- 3
F 5 -CATCTTATGTGGGATGATATTGC- &

i2241/42 246725 +— 246942 218/272
R 5 -TTACCACTAAAATGAAGCTGTGAA- 3
F 5 -CACTGCAAGCAAATGGATCA- 3

i2249 253078 — 253260 183/237
R 5 -GGGCTAACTACTTCAATTTATTTCA-3
F 5 -CCTCAGCAGATGCTTGTTCA- 3

i2251 259075 — 259265 191/245
R 5 -GGCCACGCTCTGTGTATTC-3
F 5 -AAGTCGCTGCAGCCTAAAAC- 3’

i2252 260235 — 260417 183/237
R 5 -GCTGCTTGCCTCCATTAGTT- 3
F 5 -GAGCCAGGAAATCCATGAG- 3’

i2254 262373 — 262572 200/254
R 5 -AAATGGCATCAAAAACTTTGC- 3
F 5 -TCATTGTGCCAAGATCCAAA-3

i2260 268541 — 268697 157 /211
R 5 -GCGCATGTTAGCAAGTTCAT-3
F 5 -GCTGGCAGTTTCAAACGTAA-3

iStopC 284138 — 284310 173/227
R 5 -CAAACCGGATGGGTTCATTA- 3’
F 5 -TAGTGACCCCTTCCCTGTCC- &

iUTR1.1 284228 — 284398 171/225
R 5 -CACGCCAAAAGTAGAAGAAAAA- 3
F 5 -GCCTCAGTGACTTGACACCA- 3

iUTR1.2 284720+ 284924 204 /258
R 5 -GGATGACTGAGTTTGGATAAGGA- 3
F 5 -CCTCCCCCTCTTCTTTCCT- 3

iUTR2.1 285061 — 285205 R 145/199

5

-TCAGCTACCCTAAATGTCACG- 3

Table 6.2: — continued on next page
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target gene location gene-specific primer sequence product size
elae

F 5 -TCTTCCTCCTCCTCTCCAAA-3

iUTR2.2 285295+ 285476 182/236
R 5 -TGAAAATTCCAATGCCATGA- 3’
F 5 -TCATGGCATTGGAATTTTCAT- 3

iUTR2.3 285457 — 285656 200/254
R 5 -CCCCCTCAAAGCCATTATATC- 3
F  5-AATGGTTTTGATACTCAGAATAACA-3

iUTR2.4 285834 +— 285992 159/213
R 5 -GCACCTGTCTTCAGTATTTCCA-3
F 5 -AACCCTCCCAGGTTTGTAGG- 3

iUTR3.1 287032+ 287199 168 /222
R 5 -TGTGTGGCTGACACTAAGAATG- 3’
F 5 -CCTGGAATAGCAGGCAGTGT- 3’

iPolyA 286208 — 286391 R 184 /238

5 -CCTTGGTAAACCCGTTTATGG- 3’
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Appendix 2

Multiplex primers for the miRNA gene project

Seventeen regions encoding 17 miRNA genes were amplified using 17 gene-specific primer pairs

(Table 6.3).

Table 6.3: Primer pairs for multiplexed PCR for the miRNA genes; listed are the target miRNA, the specific
location in the chromosome, seventeen used primer pairs (F and R primer), and the expected
product size (nt) of each amplicon (region).

miRNA gene locus gene-specific primer sequence product size
F 5 -CCGAAGATCGGATCATTACC- 3

miRNA7-1 9g21.32 962
R 5 -GCAGAGGAATGTTGGCTTTT-3
F 5 -GATCACTTGAGCCCAGGA- 3’

miRNA7-2 15026.1 952
R 5 -CGGTCTCCAGTGCATACCTC-3
F 5 -GGGTAACAGCTGCCTGCTAA- 3’

miRNA7-3 19p13.3 959
R 5 -AAGTGGTCCACCTGCCTTG-3
F 5 -CAGAGAAGGGCAGTGGAGAC- 3’

miRNA9-1 1922 1009
R 5 -TCTCAGGTGACTTCCTCCAAA-3
F 5 -TTAACCTGCGCTGGAAATTG- 3’

miRNA9-2 5914.3 966
R 5 -CAAATTGACATACAGCCCAAA-3
F 5 -AAACTCTGATGGTCCGCAGT- 3’

miRNA9-3 15026.1 923
R 5 -GGACCAGGAAAGAGGAGGAC-3
F 5 -TTTGAAAGGTGTACTGCAAGGA- 3

miRNA15A 13914.3 993
R 5 -GTAATTTCAAAACAAAGGGAAA- 3
F 5 -AAAGGTGCAGGCCATATTGT- 3

miRNA16-1 13q14.3 409
R 5-TGCAATTACAGTATTTTAAGAGATGA- 3’
F 5 -AAAAGCCTGGATGCGAAAG- 3

miRNA124-1  8p23.1 697
R 5 -GCCCAGAGAAAAATCTGCAC- 3’
F 5 -ACATGCAATAGCGTGGTCCT- 3

miRNA124-2  8q12.3 1000
R 5 -GCGGCAAGTGTTCTTCAGAT- 3’
F 5 -GCTCGCTGGGTTGTAAAAAG- 3

miRNA124-3  20g13.33 937
R 5 -GTGGACCCTCCCTTTGTCTC- 3

Table 6.3: — continued on next page
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miRNA gene locus gene-specific primer sequence product size
F 5 -TGTCCCTGTGTCAGCAACAT- 3

miRNA141 12p13.31 866
R 5 -ACTGCCAAATGCAGATAGGG- 3’
F 5 -GGATTAGGACGCTCAGGTGT- 3’

miRNA200a 1p36.33 922
R 5 -AGCCAGGTCACCCTAAAACC- 3
F 5 -TACTGAGCTTCCCAGCGAGT- 3

miRNA200b 1p36.33 900
R 5 -GGGTCACCTTTGAACATCGT- 3’
F 5 -AGGGGTGAGACTAGGCAGGT-3

miRNA200c 12p13.31 981
R 5 -GTCGACTGTGGGTTCTGGAT-3’
F 5 -CCTCTCGGTTCCTCCTAACC- 3

miRNA375 2935 868
R 5 -CCCGTATTACGACGCAGAAT-3
F 5 -CTTCCCCCAGTCAACAAGAA- 3

miRNA429 1p36.33 936
R 5 -CTGTGACATTGTCCCTGCTG- 3

Nested primers for the miRNA gene project

Seventeen regions encoding 17 miRNA genes were amplified using 17 gene-specific primer pairs

(Table 6.4).

Table 6.4: Primer pairs for nested PCR for the miRNA targets; listed are the target region, the specific loca-
tion, 17 used primer pairs (F and R primer), and the expected product size (nt) of each amplicon
(region) with & and without © F/ R - adapter and barcode sequence.

miRNA gene locus gene-specific primer sequence product size
el®

F 5 -GGTGAAAACTGCTGCCAAA-3’

miRNA7-1 9921.32 207 / 261
R 5 -GCTGCATTTTACAGCACCAA-3
F 5 -AACGCCTTGCAGAACTGG- &

miRNA7-2 15026.1 179/233
R 5 -CGTGGAAGGATAGCCAAAAA-3
F 5 -GTCTCAGACATGGGGCAGA- 3

miRNA7-3 19p13.3 209/263
R 5 -CCGAGTGGAAGCGATTCTT-3

Table 6.4: — continued on next page
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miRNA gene locus gene-specific primer sequence product size
elae

F 5 -AAGAGGCGGCGACAGCAG- 3

miRNA9-1 1922 217 /271
R 5 -TATCCTCTGGTGCTGGTCA-3
F 5 -CTTCGGTACTGCCAGAAAGG- 3

miRNA9-2 5q14.3 195/249
R 5 -CTCTCGGCTGTAGTCTTTCATT-3
F 5 -TGTGTCTGTCCATCCCCTCT-3’

miRNA9-3 15026.1 235/289
R 5 -GCTCGCACGCAGAAGTTG- %
F 5 -ATTCTTTAGGCGCGAATGTG- &

miRNA15A 13914.3 191/245
R 5 -AGGCACTGCTGACATTGCT-3
F 5 -TGCTGCCTCAAAAATACAAGG- 3

miRNA16-1 13914.3 197 /251
R 5 -ATATACATTAAAACACAACTGTAGA- 3
F 5 -CCACCCCTCTTCCTTTCTT-3

miRNA124-1  8p23.1 195/249
R 5 -TCGGTCGCTCCTTCCTTG- 3
F 5 -GTGGTAATCGCAGTGGGTCT- 3’

miRNA124-2 8qg12.3 180/234
R 5 -GCTTTTTCCCCTTTCTGACC-3
F 5 -GAAGACGCCTGAGCGTTC- 3

miRNA124-3  20q13.33 209/263
R 5 -GCCATTTCCATGAGAAAGGA- 3
F 5 -CCCTGTAGCAACTGGTGAGC- 3

miRNA141 12p13.31 208 /262
R 5 -AGGGGTGAAGGTCAGAGGTT-3’
F 5 -GGTTCTTCCCTGGGCTTC- 3

miRNA200a  1p36.33 193/247
R 5 -GAGTAGGAGCTCCGGATGTG- 3
F 5 -TACTGAGCTTCCCAGCGAGT- &

miRNA200b  1p36.33 217 /271
R 5 -CTGTGTGGGAGGGGAGTGT-3
F 5 -GATGGGAGCCAGGGATCT- 3’

miRNA200c  12p13.31 180/234
R 5 -ATGGATGTTGCTGACACAGG- 3
F 5 -GGAAGACCAGGACCAGGAG- 3

miRNA375 2935 219/273
R 5 -ACCCGTACGGTTGAGATGG- 3
F 5 -CAGACCCAGGAGGGATCAG- 3

miRNA429 1p36.33 220/274
R 5 -GCTCTCTCCTCTAACGGTGAT- 3
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