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INTRODUCTION

With the application of revolutionary technological advances, such as the PCR
technique (Saiki et al., 1985, Mullis and Faloona, 1987) and automated Sanger
sequencing (Sanger et al., 1977, Madabhushi, 1998), new insights into the
genetic causes of inherited diseases are continuously being made. Such
breakthroughs have led to an explosion of new molecular technologies that have
the potential to serve as platforms for diagnostic tests in routine clinical
practice. The growing list of molecular tests can be utilized for diagnosing
genetic disorders, carrier testing, prenatal testing, presymptomatic testing for
late-onset disorders, infectious disease testing, and testing of pharmacogenetic
biomarkers in clinical oncology, among others.

The first widely used genetic tests for Mendelian diseases, such as cystic
fibrosis, were based on restriction fragment length polymorphism / polymerase
chain reaction (Friedman et al., 1991, Raskin et al., 1992). Such tests are still
popular today due to their simplicity, straightforwardness, low set-up costs, and
easy handling. If more extensive testing is needed, then mutation detection
methods amenable to automation and multiplexing are preferred. Recent
advances in genetic research and, especially, the introduction of next-generation
sequencing technology and high-density genome-wide genotyping arrays have
accelerated the discovery of new genes and disease-associated mutations.
However, integration of these powerful technologies into everyday clinical
practice remains challenging because these methods generate huge amounts of
data with unclear clinical significance.

Use of molecular methods amenable for the targeted analysis of causative
alterations would allow a more straightforward interpretation of the test results
and subsequent diagnosis of disease. For instance, DNA microarray-based
technologies allow the targeted detection of common disease-causing genetic
alterations. These very useful tools enable the rapid and simultaneous analysis
of numerous mutations at different scales in a single assay. Several DNA
microarrays have been successfully introduced in routine clinical practice,
including the xTAG® (Luminex Inc.), AmpliChip (Roche/Affymetrix), and
arrayed primer extension (APEX) assays (Asper Biotech) for mutation detection
and the GeneChip” array (Affymetrix) for detection of DNA copy number
changes.

The aim of the current thesis was to develop and validate the suitability of
DNA microarrays based on APEX (Kurg er al., 2000) and APEX-2 assays
(Krjutskov et al., 2008) for the molecular diagnosis of monogenic and oligo-
genic hereditary disorders and for the rapid detection of chromosomal
aneuploidies in uncultured fetal cells.

10



I. REVIEW OF LITERATURE

I.1. Genetic testing strategies

Genetic disorders are caused by different types of mutations that alter the DNA
sequence in a single or multiple genes up to the chromosome level. Point
mutations, which affect a single nucleotide pair, are the most common mutation
type. Mutations involving deletions and insertions of nucleotide pairs or larger
chromosome segments (copy number variations, CNVs) are another source of
genetic disease.

Genetic testing techniques for identifying mutations can be broadly divided
into two groups. The first group involves scanning methods used for screening
both unknown and known sequence alterations. The second group involves
targeted methods applied for screening only known mutations. Although a wide
variety of technologies have been developed for identifying sequence
variations, there is still no standard or preferred technique(s) for the routine
testing of inherited diseases. All available methods have advantages as well as
limitations and require specific skills and experience to perform and interpret
(Dequeker et al., 2009).

I.1.1. Mutation scanning methods

Mutation scanning methods utilize various techniques and are based on the
detection of the altered mobility of DNA strands in gel electrophoresis or other
high-resolution matrices. Examples of these methods include single-strand
conformation polymorphism (SSCP) analysis (Orita et al., 1989, Kakavas et al.,
2006), denaturing gradient gel electrophoresis (Myers et al., 1985, de Cid et al.,
2010), and denaturing high-performance liquid chromatography (DHPLC) (Liu
etal., 1998, D’Apice et al., 2004, Zainal et al., 2012). High-resolution melt analy-
sis is another popular scanning method that involves fluorescence monitoring of
the melting profiles of PCR products in solution (Ririe et al., 1997, Li et al., 2011,
Gisler er al., 2012). These scanning methods are sensitive, specific, and cost-
effective for the screening of known and unknown mutations or single-nucleotide
polymorphisms (SNPs) (Dequeker et al.,, 2009). The main benefit of their
implementation in routine clinical diagnostics is the reduced need for full-gene
sequencing of patient samples to discover the presence of sequence alterations.

1.1.2 DNA sequencing

Sequence alterations identified by the above-mentioned methods are usually
confirmed with Sanger sequencing (or dideoxy sequencing) technology (Sanger
et al., 1977, Madabhushi, 1998). Sanger sequencing has been considered the
“gold standard” method over the past three decades for direct DNA sequencing.
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It has been used extensively as a first-line mutation detection method for
identifying both known and unknown sequence variations. However, although
Sanger technology provides highly accurate sequence quality and long read
lengths, its high cost is prohibitive for routine diagnostic testing.

To overcome these limitations, recent efforts have been directed towards the
development of high-throughput (HT) sequencing technologies, also referred to
as next-generation sequencing (NGS), to achieve major advances in cost and
throughput without loss of sensitivity. Genetic testing strategies incorporating
NGS platforms allow the simultaneous study of many genes and the detection of
a large variety of mutation types, which will increase the detection rates for gene-
tic testing, substantially reduce the cost, and improve turnaround time of testing.

Currently, the top-ranking NGS platforms are based on either sequencing-
by-synthesis, including cyclic-reversible termination (Illumina/Solexa, Illumina,
Inc.) (Zeitz et al., 2013), ion semiconductor sequencing (Ion Torrent system,
Life Technologies) (Costa et al., 2013), and pyrosequencing (454, Roche
Applied Science) (Neveling et al., 2012), or sequencing-by-ligation, including
the support oligonucleotide ligation detection system (SOLiD, Life Techno-
logies) (de Ligt et al., 2012) and the Complete Genomics Analysis platform
(CGA"™, Complete Genomics) (Drmanac et al., 2010). The technical details and
performance of NGS technologies have been extensively reviewed in numerous
publications (Pettersson et al., 2009, Metzker, 2010, Liu et al., 2012). The
sequencing landscape is dominated by Illumina sequencing platforms.
Complete Genomics (recently obtained by BGI) is no longer accepting orders,
and the future of the SOLiD platform is not clear after the recent acquisition of
Life Technologies by Thermo Fisher Scientific.

1.1.3. Scanning molecular methods for CNV detection

Whereas the above techniques (except NGS) enable detection of point mu-
tations and small insertions / deletions (indels), semi-quantitative PCR
methods, such as semi-quantitative fluorescent multiplex PCR (Niel et al.,
2004, Pallares-Ruiz et al., 2010), quantitative fluorescence PCR (QF-PCR)
(Mansfield, 1993, Mann et al., 2012), multiplex ligation-dependent probe
amplification (MLPA) (Schouten et al., 2002, Van Opstal et al., 2009, Cui et
al., 2013), and array comparative genomic hybridization (aCGH) (Pinkel ef al.,
1998, Lee et al., 2012, Magbanua et al., 2013), allow accurate detection of both
micro- and macro-rearrangements in genes and chromosomes, which remain
undetected with conventional cytogenetic analysis. These methods are able to
process many samples simultaneously, allowing faster turnaround times
compared to conventional karyotyping (the standard method used for detecting
chromosomal alterations). The major drawbacks of these techniques are that
balanced rearrangements remain undiscovered and their high sensitivity to
DNA quality or reaction conditions.

12



1.1.4. Targeted mutation detection methods

Genetic testing for inherited diseases mainly relies on direct gene analysis,
which incorporates prior knowledge of disease-causing alterations with targeted
mutation detection methods. These methods include, for example, allele-specific
amplification (ASA), ligation-based assays, allele-specific oligonucleotide (ASO)
hybridization, enzymatic cleavage techniques, single base extension (SBE) or
mini-sequencing, and multiple variations of these technologies. Targeted
mutation methods could be made more cost effective through their automation,
either via the HT parallel analysis of a large number of samples for a limited
number of mutations or vice versa, depending on the technology used.

1.1.4.1. Allele-specific amplification

ASA techniques are based on the preferential amplification of rare (mutant)
alleles using matched / mismatched primers and a polymerase that lacks 3°-5’
exonuclease activity. There are various modifications of the ASA approach,
such as the amplification refractory mutation system (ARMS) (Newton et al.,
1989), bi-directional PCR allele-specific amplification (Liu et al., 1997), and
the competitive allele-specific TagMan® PCR™ technology (Life Technologies)
(Richter et al., 2013).

Although ASA techniques include a diverse group of methods, they are all
relatively rapid, sensitive, inexpensive, and simple to perform. They are
amenable to automation and low-level multiplexing, low-to-medium
throughput, and do not require restriction endonuclease cleavage sites. Their
main limitation is the degree of specificity of mismatched primers, which
correlates with the mismatch type. Purine / purine and pyrimidine / pyrimidine
mismatches are more refractory to extension by Taq polymerase than purine /
pyrimidine mismatches (Newton et al., 1989). ASA techniques can be used to
detect known point mutations (Hassan et al., 2013, Richter et al., 2013), indels
(Hashemi et al., 2012), and polymorphisms (Poe ef al., 2012).

1.1.4.2. Ligation-based assays

Ligation-based techniques utilize the specificity of ligases to achieve allelic
discrimination. When two juxtaposed oligonucleotides hybridize perfectly to a
single-stranded target DNA, the DNA ligase joins them together to form a
single oligonucleotide. Ligation-based methods such as the oligonucleotide
ligation assay (OLA) (Landegren et al., 1988) and padlock probe (PLP)
method (Nilsson ef al., 1994) use allele-specific probes with their 3’ ends at the
variable sites because DNA ligases are more selective to mismatches at the 3’
end of strands. In contrast to OLA (Figure 1A) and PLP, the molecular
inversion probe (MIP) technique (Figure 1B) employs a modified padlock
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Figure 1. Schematic representation of ligation-based approaches. (A)
Oligonucleotide ligation assay (OLA) utilizes the one-tube, two-step multiplex PCR
amplification of genomic DNA (gDNA) and a subsequent OLA reaction with two
mobility-modifying 5’-tailed allele-specific (AS) probes per variation site and
5’-phosphorylated common probes carrying a 3’ fluorescent tag. Only the perfectly
target-matched AS probe will be ligated to the common probe by the DNA ligase. This
step is followed by electrophoretic separation of the ligation product (by Abbott
Molecular). (B) Molecular inversion probe (MIP) assay utilizes hybridization of the
pool of MIP probes to gDNA. SBE is used to fill the gap with complementary dNTP
(deoxyribonucleoside triphosphate) at the variation site. The assay is performed in four
separate tubes, one per dNTP. Probe ends are ligated by ligase, resulting in a
circularized probe. Uncircularized probes and gDNA are destroyed by exonucleases.
The probe is digested at cleavage site 1, resulting in an inverted probe that is amplified
with universal primers (U-Fp and U-Rp) and labeled. This step is followed by locus tag
release and identification of each amplicon through unique locus tags, which are
complementary to probes on the TAG-microarray (by Affymetrix Inc.).

Abbreviations: TCS 1 and TCS 2, target-complementary segments.
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probe without the polymorphic 3’ end, allowing detection of both alleles of
each SNP. A SBE fills the gap at the polymorphic site prior to ligation
(Hardenbol et al., 2003).

Ligation-based assays can be used with different assay formats and detection
platforms, allowing fully automated workflow, semi-automated interpretation of
the results, and medium-to-high throughput (Hardenbol et al., 2005, Bruse et
al., 2008, Schwartz et al., 2009, Su et al., 2010, Ke et al., 2011). OLA and MIP
technologies have been successfully commercialized by Abbott Molecular and
Affymetrix Inc., respectively. Their limitations include highly variable
capturing efficiencies with different probes (Deng et al., 2009), high probe
costs, and complex protocols with multiple steps. The OLA, PLP, and MIP
assays can be applied to the analysis of point mutations, small indels, and CNVs
(Schiffman et al., 2009, Schwartz et al., 2009, Wang et al., 2009, Su et al.,
2010, Chandler et al., 2012).

1.1.4.3. Allele-specific oligonucleotide hybridization

Hybridization approaches exploit differences in the thermal stabilities of
perfectly matched compared to mismatched oligonucleotides, to target the DNA
for achieving allelic discrimination (Wallace et al., 1981). The reverse ASO
hybridization method allows the simultaneous analysis of multiple sequence
variations in a single hybridization reaction (Saiki et al., 1989). The simplest
reverse ASO hybridization assays include line-probe assays (e.g., InnoLiPA,
Linear Array), which were developed for genotyping virus strains (De Stefani et
al., 2013) and detecting mutations in genes of medical interest (Giuliani ef al.,
2010).

Because the reverse ASO hybridization approach does not require any
enzymatic reactions to discriminate alleles (Figure 2A), it is easily adapted to
HT platforms using microarrays. The GeneChip® array from Affymetrix Inc. is
commonly used for genome-wide association studies (Lee et al., 2013) and
copy number analysis (Sapkota et al., 2013). The main drawback for ASO
hybridization approaches is the need for extensive optimization of the assay
conditions, to ensure that hybridization occurs only between the perfectly
complementary probe and the target DNA.

The TagMan® genotyping assay (Life Technologies) combines the ASO
hybridization approach and the 5’ nuclease assay (Figure 2B) for the ampli-
fication and detection of specific alleles in homogeneous solution by real-time
PCR technology (Livak, 1999, Kutyavin et al., 2000). The major advantage of
this assay is the discrimination of alleles in a single reaction without any post-
PCR processing, an advantage that is unavailable with most other genotyping
techniques. It is a widely used strategy for SNP analysis (Ney et al., 2013) and
mutation detection (Miyagawa et al., 2012).

15
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Figure 2. Hybridization-based approaches for genotyping of DNA variations. (A)
Reverse allele-specific oligonucleotide (ASO) hybridization on a microarray platform.
(B) TaqMan® real-time PCR assay utilizes two allele-specific (AS) fluorescence
resonance energy transfer (FRET) probes labeled with reporter (R) and quencher (Q)
dyes at both ends and a minor grove binder (MGB) at the 3’ end to increase binding
stability. Degradation of the probe releases an allele-specific 5' dye label (R), thus
relieving the Q effect and allowing detection of the fluorescence emitted by the R dye.
Fluorescence is detected and measured in a real-time PCR machine.

I.1.4.4. Enzymatic cleavage techniques

This group of techniques relies on the ability of certain classes of enzymes to
cleave DNA by recognizing specific sequences or structures. Historically, the
first widely used method for mutation detection was restriction fragment length
polymorphism (RFLP), which is based on the selectivity of restriction
endonucleases for short and specific DNA sequence sites that could be created
or disrupted by a mutation (Kan and Dozy, 1978). Although RFLP is simple
and straightforward, it is limited by the availability of informative restriction
sites. This disadvantage can be overcome, to some extent, by creating restriction
sites using a partially mismatched PCR primer (Kumar and Dunn, 1989, Tsai et
al., 2011). RFLP-based assays are suitable for detecting single nucleotide
substitutions and indels in genetic and infectious disease applications (Pandey et
al., 2012, Tauseef et al., 2012).

Invasive cleavage assays (Invader” and InvaderPlus®, Hologic Inc., formerly
Third Wave Technologies) utilize structure-specific cleavage by a flap endo-
nuclease (Lyamichev et al., 1999). Coupling the original invasive cleavage
assay with the serial invasive signal amplification reaction approach greatly
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improved signal amplification (Figure 3), eliminating the need for PCR
amplification of the target DNA and an additional signal amplification step
(Hall et al., 2000, Usami et al., 2012). The Invader® assay can be performed in
several assay formats, including homogenous assay, microfluidic card, or solid-
phase capture of probes to microspheres. It is suitable for automated, HT
analysis of single nucleotide substitutions, indels, and CNVs associated with
genetic and infectious diseases (Rao et al., 2003, Tadokoro et al., 2006, Hosono
et al., 2008, Naoki et al., 2011).
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structure, cleavage of the between released 5’ Flap and FRET probe, emitted by released
overlapping 5° arm of cleavage of FRET probe Reporter dye, released
the primary probe 5’ Flap probe

Figure 3. Invader® assay utilizing the serial invasive signal amplification reaction.
In the primary reaction, a three-dimensional (3D) invader structure is formed by
annealing the invader oligonucleotide and a perfectly matched primary probe to the
target PCR product, generating a 5’ overhang structure of primary probe (5° Flap) at the
mutation position. The flap endonuclease (FEN) recognizes this 3D structure and
cleaves 5’ Flap from the primary probe after its first paired base. If the primary probe
does not match, then cleavage of the primary probe will not occur. Signal amplification
occurs in the second simultaneous FEN reaction. Each released 5° Flap cycles on and
off the FRET probes to form a 3D invader structure. The second cleavage reaction
releases fluorescent dye, resulting in a measurable signal.

Abbreviation: TCS, target-complementary segment.

1.1.4.5. Single base extension or minisequencing reaction

SBE reaction approaches rely on the fidelity of the DNA polymerase to add
only complementary single bases to the 3” end of an oligonucleotide annealed to
the target DNA molecule immediately upstream of the nucleotide to be detected
(Figure 4A). Characteristics of the extended primer for either the wild-type
(WT) or mutant allele allow discrimination between the homozygous and
heterozygous genotypes (Sokolov, 1990, Syvanen et al., 1990, Kuppuswamy et
al., 1991). In the SBE reaction, discrimination between sequence variants is
based on the high accuracy of the nucleotide incorporation reaction catalyzed by
the DNA polymerase, rather than differences in thermal stability between
mismatched and perfectly matched hybrids formed with ASO probes (Syvanen,
1999). This difference leads to the higher flexibility and specificity of the SBE
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assay compared to the ASO approach. The SBE reaction allows detection of
single nucleotide substitutions, insertions and deletions, and homopolymeric
and repetitive sequence stretches shorter than the primer itself.

Because of its easy set-up, quick and robust performance, and suitability for
automation and HT analysis, the SBE reaction principle has been employed in
various assay formats and applications. SBE assays can be broadly divided into
three categories, according to the assay platform: i) solution-phase homogenous
assays, wherein genotyping is performed completely in solution; ii) semi-solid-
phase methods, wherein primer extension is performed in solution and the
detection step on a solid support; and iii) solid-phase methods, wherein both
primer extension and detection are performed on a solid support. Most SBE
assays use four consecutive steps: i) PCR amplification of the template, ii)
removal of residual deoxyribonucleoside triphosphates (dANTPs) and PCR
primers, iii) primer extension of a common primer (SBE-primer), and iv) signal
detection. Initially, radioactive nucleotides were used to determine the extended
primer; however, these have been replaced with myriad nucleotide-labeling
strategies, such as fluorescent tags (Kurg et al., 2000), mass tags (Fei et al.,
1998), and haptens (Nikiforov et al., 1994), allowing detection of multiple
mutations / SNPs in parallel.

A) Single Base Extension (SBE) reaction
Common primer
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Figure 4. Primer extension approaches. (A) SBE reaction utilizes annealing of the
common primer one base upstream of the mutation site, followed by its extension by
complementary dideoxyribonucleoside triphosphates (ddNTPs) (e.g., dye-labeled
ddNTPs) and detection of the extension product with a corresponding platform. (B)
ASPE reaction utilizes two AS primers to anneal with their 3’ ends at the mutation site
and a common reverse primer (U-Rp) for the PCR reaction (e.g., XTAG® Technology,
Luminex). The reaction only occurs when the AS primer is perfectly annealed to the
mutation site at its 3’ end. Resulting biotinylated PCR products are hybridized to a fluid
microbead-based array and analyzed by flow cytometry (not shown).
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Allele-specific primer extension (ASPE) assays, such as xTAG"™ Technology
(formerly known as TAG-IT™ and multiplexed target-specific primer
extension) (Bortolin et al., 2004) utilize two identical allele-specific primers
except for a mismatch at their 3’ end. Primer extension occurs only if the
nucleotide at their 3’ end binds with perfect complementarity to the variation
site, allowing for allelic discrimination (Figure 4B).

I.1.4.5.1 Solution-phase homogeneous SBE assays

Solution-phase homogenous SBE assays include the template-directed dye-
terminator incorporation (TDI) (Chen and Kwok, 1997) and TDI with
fluorescence polarization detection (Chen et al, 1999). These techniques
employ a microtiter plate format for simple and rapid analysis of target sites in
solution-phase, without the need for product separation or specially designed
and fabricated solid supports. The TDI assay with fluorescence polarization was
commercialized by Perkin-Elmer Inc., allowing fully automated HT screening
(>50,000 genotypes per day), and has been implemented for SNP genotyping
studies (Freeman et al., 2002).

[.1.4.5.2 Semi-solid-phase methods

To highlight the technological diversity of semi-solid-phase primer extension
approaches, in this section, some popular methods utilizing different detection
platforms are briefly described.

Gel-electrophoresis. Initial SBE approaches utilized cyclic primer extension
of genomic DNA (gDNA) or PCR product in four (or two, bi-allelic) identical
reaction mixtures, each containing SBE primer, one of four (or two) [o’>-P]
dNTPs, and Tag-polymerase. Radiolabeled SBE products were electrophoresed
in polyacrylamide gel and exposed to X-ray film (Sokolov, 1990, Kuppuswamy
etal., 1991).

Krook et al. introduced the multiplex single nucleotide primer extension
approach, which utilizes the cyclic primer extension of pre-amplified DNA
samples. SBE primers of different lengths are multiplexed in one tube, followed
by size separation by gel electrophoresis (Krook et al., 1992). This principle is
employed in the SNaPshot® Multiplex System (Life Technologies), which
allows multiplexing up to 10 polymorphic sites in a single reaction and
throughput of up to 42,240 genotypes per day. The SNaPshot® Multiplex
System has been used for various applications, including the mutation analysis
of genetic diseases (Wang et al., 2003, Zafra-Ceres et al., 2012) and genotyping
of SNPs (Esteves ef al., 2013).

Matrix-Assisted Laser Desorption-Ionization Time-Of-Flight Mass
Spectrometry (MALDI-TOF MS). The PinPoint assay is one of the simplest
approaches among SBE-based methods. The cyclic SBE reaction is performed
in one tube and involves chemically unmodified dideoxyribonucleoside
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triphosphates (ddNTPs) and differently sized SBE primers. Extension products
are detected by MALDI-TOF MS (Haff and Smirnov, 1997, Liao et al., 2005).
Limitations of this approach include its low spectral peak resolution (A/T
heterozygotes) and contamination by residual reagents (e.g., salt, detergent, and
glycerol), leading to degraded spectral quality and reduced accuracy of mass
assignment. These limitations can be overcome by using a “mass tuning”
strategy (e.g., optimizing the primer sequence and length, using a higher voltage
ion source, including sugar additives for MALDI matrices, etc.), adding an
extra desalting step, or using mass-tagged ddNTPs to increase the mass
difference between alleles (Fei ef al., 1998, Liao et al., 2005).

To overcome the insufficient allele separation problem, mass-tagged
ddNTPs instead of natural ddNTPs have been used in the iPLEX" assay
(Sequenom, Inc.), allowing unambiguous allele identification (Meyer et al.,
2009). The iPLEX® assay allows multiplexing up to 24 loci per reaction with
384 samples in parallel (Sequenom, Inc.). Both the PinPoint and iPLEX® assays
have been used for mutation analysis of genetic diseases (Dymerska et al.,
2010, Farkas ef al., 2010), large-scale SNP genotyping for association studies
(Meyer et al., 2009, Hou et al., 2013), and CNV studies (Trewick et al., 2011).

Another popular MALDI TOF MS-based primer extension assay is the
homogeneous MassEXTEND (hME) assay (Sequenom, Inc.), which was
developed as an improvement of the primer oligo base extension assay (Braun
et al., 1997). The hME assay utilizes cyclic multibase primer extension: primers
are extended by one to four appropriate bases through the polymorphic site
before the reaction is terminated by a ddNTP, and allele-specific products of
different masses are generated (Storm ef al., 2003). The hME assay is routinely
performed with up to 12plex SNPs per reaction in 384 plates, but higher
multiplexing levels can be obtained by careful design of the extension primers.
The hME assay has been implemented in various SNP association studies (Li et
al., 2012) and mutation analyses of genetic diseases (Li et al., 2007).

TAG-array assay. Primer extension assays, such as xTAG® Technology
(Luminex Diagnostics), utilize solid-phase detection of liquid-phase ASPE
products in the Tag-array format. Use of Tag-arrays allows separation of
multiplexed extension products carrying unique sequence tags (TAGs) by
hybridization to a generic microarray containing complementary TAG-oligo-
nucleotides (anti-TAGs). The universal anti-TAGS immobilized to the generic
microarray are unrelated to the particular set of markers and could be used to
genotype any group of markers. These easily generated generic Tag-arrays
enable a high degree of multiplexing with high accuracy (99%). They provide
opportunities for efficient large-scale genetic studies, allowing parallel geno-
typing of up to tens of thousands of markers. The main disadvantages include
the larger number of processing steps required from PCR to genotype
determination and the standardizing of the SBE reaction because all tag-probes
may not work reliably under the standard conditions (Bortolin et al., 2004,
Rohlfs et al., 2011).
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I.1.4.5.3 Solid-phase SBE assays

Performing the isothermal SBE reaction on a solid phase is a simple and rapid
approach for achieving HT genotyping / mutation analyses of multiple variation
sites under the same reaction conditions. Immobilization of one of the reaction
components on a solid support that further serves as the separation method
decreases the number of sample manipulation steps and allows the full auto-
mation of the entire sample analysis process. Solid-phase SBE assays involve
many methodological modifications and detection platforms, from gel
electrophoresis to DNA microarrays on activated glass or silica slides
(Nikiforov et al., 1994, Pastinen et al., 1996, Shumaker et al., 1996, Kurg et al.,
2000, Shapero et al., 2001, Steemers et al., 2006, Kisaki et al., 2010). These
assays include, for instance, the solid-phase mini-sequencing method (Syvanen
et al., 1990, Pastinen et al., 1996), whole-genome genotyping SBE assay
(Infinium® Assay, [llumina Inc.) (Steemers et al., 2006) and arrayed primer
extension (APEX) assay (Shumaker et al., 1996, Kurg et al., 2000).

The solid-phase mini-sequencing method has been used in multiple studies
to analyze point mutations, insertions and deletions for the diagnosis of
inherited genetic disorders (Jalanko et al., 1992, Syvanen et al., 1992), carrier
screening of recessive diseases (Roomets ef al., 2012), and quantitative analysis
of mRNAs (Ikonen et al., 1992). The bases for the different modifications of
this method include, for instance: i) the principle of primer design (similar or
different length), ii) immobilization on solid-phase, iii) use of single- or double-
stranded PCR product in the SBE reaction, iv) different sets of labeled or
unlabeled dNTPs and ddNTPs, which define the number of different mini-
sequencing reactions per DNA sample, and v) the signal detection assay /
device (Syvanen et al., 1992, Nyren et al, 1993, Pastinen et al., 1996,
Pecheniuk et al., 1997, Shapero et al., 2001). Currently, the popular solid-phase
SBE technologies utilize a microarray format.

The HT Infinium® Assay is a modification of the whole-genome genotyping
SBE assay (Steemers et al., 2006). This assay can genotype at scales ranging
from 10,000 up to millions of SNPs per sample. Infinium® assays are suitable
for whole-genome genotyping applications (Green ef al., 2012, Jasmine et al.,
2012). The assay utilizes the whole-genome amplification of DNA, followed by
template fragmentation and capture on silica beads assembled on planar silica
slides or fiber optic bundles (Beadchip format, [llumina Inc.) by hybridization
to immobilized SNP-specific primers. Primers are hybridized adjacent to the
SNP and extended with a single hapten-labeled ddNTP corresponding to the
SNP allele. Dual-color signal detection of incorporated ddNTPs is obtained by
adding fluorescently labeled antibodies in several steps to amplify the signals
(www.illumina.com).

The medium-to-high throughput APEX assay is another widely used solid-
phase SBE microarray technology. It is applicable for the simultaneous analysis
of tens to hundreds of mutations / SNPs at one locus or multiple loci in a rapid
and cost-effective way (Shumaker et al., 1996, Kurg et al., 2000, Dawson et al.,
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2002). The method is specific, reproducible, and technically robust for detection
of single nucleotide substitutions, short homopolymers or repeats, insertions
and deletions. It has a very simple and flexible array design (i.e., easy addition
and removal of oligonucleotides) without the need for extensive optimization
(Cremers et al., 2007, Rodriguez-Paris et al., 2010).

The APEX assay employs solid-phase SBE reaction conditions with primers
covalently attached to an appropriately activated solid support (e.g., epoxy- or
amino-activated glass surface) via an aminolinker at the 5’-end of the primer.
As a result of the spatial separation of the immobilized primers on the
microarray, local complexity of the primers is greatly reduced, which eliminates
artifactual primer-primer interactions and improves specificity. The APEX
primer is designed to anneal with its 3’ end adjacent to the variation site to be
identified. Most APEX primers have an average of 25 to 35 bases, depending
on the sequence context (e.g., GC content) (Shumaker ef al., 1996, Kurg et al.,
2000, Schanne et al., 2008, Duskova et al., 2011).

In solution, the amplified PCR product is subjected to fragmentation and
purification to remove residual dNTPs and primers, followed by hybridization
to the immobilized APEX primers. The subsequent SBE reaction utilizing DNA
polymerase catalyzes the incorporation of four dye-labeled ddNTPs comple-
mentary to the target DNA molecule (Figure 5A). The direct fluorescence read-
out of the extended product for genotype determination is acquired by a four-
color confocal laser scanner (Schanne et al., 2008) or laser imager using a total
internal reflection fluorescence (TIRF) excitation mechanism combined with a
charge-coupled device for HT image acquisition (Kurg ef al., 2000, Tonisson et
al., 2002, Duskova et al., 2011).

The advanced APEX-2 assay (Figure 5B) allows the simultaneous two-step
amplification of hundreds of variations in a single tube. Each APEX-2 primer
contains a locus-specific region at the 3’ end for hybridization adjacent to the
variation to be identified and subjected to locus-specific primer extension and
amplification of the extended product (first phase). A universal sequence tail at
the 5’ end of the primer is identical to a single universal primer used for second
phase of amplification of extension products with universal sequence tails only.

Major advantages of the APEX-2 assay include its use of only two oligo-
nucleotides per variation site and its remarkably reduced genome complexity,
due to the amplification of only the primer extension products. These advan-
tages lead to increased multiplexing capability, improved quality, and reduced
cost and time for analysis. The simplified genotyping procedure is
accomplished quickly because all of the amplified PCR products are short
(100200 bp) and no further fragmentation step is necessary. Only small
amounts of DNA are needed for sample analysis (Krjutskov et al., 2008). The
required quantity of gDNA (0.3 ng) per variation site is less than that required
by other multiplex PCR-based genotyping methods, such as SNaPshot® (1 ng)
(Geppert and Roewer, 2012), and comparable to the amount required by iPLEX
(0.2-0.4 ng) (Dymerska et al., 2010).
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In general, the quality of results from an APEX/APEX-2 reaction depends
on the primer performance. Redesigning the microarray by replacing or
rejecting unreliably performing oligonucleotides can solve most problems
concerning genotype calling or allele discrimination. If template-independent
primer extension due to intra- or intermolecular secondary primer structures is
detected for one strand, then the other strand of the DNA template can be used
for analysis because SBE primers are designed for both strands of the DNA
template. Similarly, if primer extension is prohibited by secondary structures of
the primer complementary to one strand, then the correct genotype could be
obtained from the opposite strand (Tonisson et al., 2002, Schanne et al., 2008).
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Figure 5. APEX assays. (A) APEX microarray assay utilizes the annealing of
fragmented and purified PCR products to APEX primers immobilized on a glass slide.
The subsequent primer extension step utilizes DNA polymerase and four dye-labeled
ddNTPs to extend the APEX primer according to the complementary sequence at the
mutation site. Fluorescence is detected. (B) APEX-2 assay involves the two-phase PCR
amplification of gDNA. During phase I, the complexity of gDNA is reduced by
amplification of the mutation site with the same APEX-2 primer set immobilized on the
glass slide. APEX-2 primers include a tag sequence (U-tag) at the 5° end identical to the
sequence of the universal primer (U-p) and a complementary sequence to bases before
the mutation site at the 3” end. A single U-p is used for amplification of the phase I PCR
product with U-tag sequences only. Subsequently, phase II PCR products are purified.
Primer extension is performed as described above.

APEX assays have been developed and used for molecular diagnostics and
carrier screening of various single-gene Mendelian disorders, such as autosomal
recessive Stargardt disease (Jaakson et al., 2003) and Wilson disease (Gojova et
al., 2008), and Mendelian disorders with several genes responsible for a similar
phenotype, including B-thalassemia (Kurg ef al., 2000, Gemignani ef al., 2002),
Usher syndrome (Cremers et al., 2007, Vozzi et al., 2011), familial hyper-
cholesterolemia (Duskova et al., 2011), and others. APEX assays have also
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been utilized for genotypic resistance testing in HIV (Schanne et al., 2008),
identification of pathogenic fungi (Campa et al., 2008), and SNP genotyping in
a linkage disequilibrium study (Dawson et al., 2002). The APEX-2 assay has
been used for association studies of nonsyndromic cleft lip with or without cleft
palate (Nikopensius et al., 2011) and forensic testing (Krjutskov et al., 2009).

1.2. Genetic background and testing of cystic fibrosis

Cystic fibrosis (CF) (MIM #219700) is the most common life-threatening
autosomal recessively inherited disease among Caucasians, with a prevalence of
1 in 2500 and a carrier frequency of 1 in 25. The prevalence of CF is highly
variable between different ethnic populations of Caucasians, ranging from 1 in
25,000 in Finland to up to 1 in 1353 in Ireland. The estimated incidence of CF
in Estonia is approximately 1 in 7500 live births. Among other racial groups,
such as Africans and Asians, the estimates of the prevalence of CF is very low,
presenting as 1 in 17,000 and 1 in 350,000 (in Japan), respectively (Hamosh et
al., 1998, Kahre, 2004, Farrell et al., 2007, Rohlfs et al., 2011).

CF is caused by mutations in the CF Transmembrane Conductance
Regulator gene (CFTR; MIM #602421) (Riordan et al., 1989, Rommens et al.,
1989, Zielenski et al., 1991), which encodes the CFTR protein that functions as
a chloride channel and regulator of other ion channels and transporters. CFTR is
expressed at the apical membrane of epithelial cells in various organs
(Anderson et al., 1991, Toczylowska-Maminska and Dolowy, 2012). Mutations
in CFTR can affect the CFTR protein quantitatively and/or qualitatively
(Zielenski, 2000, Geborek and Hjelte, 2011).

CF clinical manifestations vary markedly with regard to disease severity and
rate of progression in the organs involved. Most affected individuals have
classical CF, with chronic obstructive pulmonary disease, elevated chloride ion
concentration in sweat (>60 mmol/L), exocrine pancreatic insufficiency,
specific gastrointestinal or nutritional abnormalities, salt loss syndromes, and
infertility. According to a consensus panel, the diagnosis of CF should be based
on the presence of one or more clinical features (e.g., family history, positive
sweat test result on two occasions) and detection of causative mutation in the
CFTR gene (Moskowitz et al., 2008).

Approximately 2% of CF patients have “non-classical” or “atypical” CF,
with normal (<30 mmol/L) or borderline sweat chloride values (30—60 mmol/L)
and multi-organ or single-organ involvement (e.g., exocrine pancreatic
sufficiency and milder lung disease). Most of these clinically atypical cases are
confidently diagnosed with help of sweat test and/or genetic test (De Boeck et
al., 2006, Farrell et al., 2008). Various conditions with single-organ involve-
ment resulting from CFTR dysfunction that does not fulfill the diagnostic
criteria for CF, such as disseminated bronchiectasis, acute recurrent or chronic
pancreatitis, nasal polyps, congenital bilateral absence of the vas deferens
(CBAYVD) etc., are designated as CFTR-related disorders (Bombieri et al., 2011).
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1.2.1. Spectrum of CFTR mutations worldwide

The spectrum and frequency of CFTR mutations are highly variable among
different ethnic / geographic populations (Bobadilla et al., 2002). The CFTR
mutation spectrum has been well characterized in most European populations
(or populations with European descent), but the mutations are less well defined
in minorities and other racial groups (Schrijver, 2011). Among the various
CFTR mutations (numbering based on Genebank accession NM_000492.3), the
most common mutation is p.Phe508del (c.1521-1523delCTT), accounting for
about 70% of all mutant CFTR alleles. More than 90% of CF patients are
homozygous or compound heterozygous for p.Phe508del (Stanke et al., 2008).
Frequency of p.Phe508del among Caucasians varies from 100% of disease
alleles in Faroe Islands in Denmark (Schwartz et al., 1995) to 18.8% in Turkey
(Onay et al., 1998). In Estonia, the major mutation is p.Phe508del, accounting
for 51.7% of all CF chromosomes (Teder et al., 2000).

Ten to twenty less-common mutations represent over 0.1% of all CF alleles
worldwide (Bobadilla et al., 2002). Some mutations have striking heterogeneity
in allelic frequency, depending on the ethnic / religious / racial background of
the individual. For instance, ¢.54-5940 273+10250del21kb (legacy name
CFTRdele2,3) is relatively common (6.4—1% of all CF chromosomes) in Slavic
populations (Dork et al., 2000), p.Trp1282X (W1282X) is the most common
(48%) in Ashkenazi Jews (Kerem et al., 1995), p.Met1101Lys (M1101K) is the
most common (69%) in the Hutterite population (Zielenski et al., 1993), and
c.2988+1G>A (3120+1G>A) is the most common mutation in the South
African black population (46%) and the second most common mutation among
African Americans (9-12%), but rare among Caucasians (Goldman et al., 2001,
Palomaki et al., 2004).

1.2.2. CF carrier screening panels

CFTR gene studies are some of the most frequently performed genetic analyses
worldwide. Analyses are carried out for carrier screening, molecular diagnosis,
and prenatal diagnosis of CF, among other reasons (Dequeker e al., 2009).
When implementing a comprehensive CF carrier screening program or diag-
nostic test in an ethnic or ethnically mixed population, researchers and
clinicians must consider the frequency of ethnic-specific alleles.

In the United States, the CF carrier screening program follows guidelines
published by the American College of Medical Genetics (ACMG) and the
American College of Obstetricians and Gynecologists (ACOG). Initially, CF
carrier screening was recommended only for high-risk Northern European and
Ashkenazi Jewish populations. The revised standard CF screening panel
includes 23 mutations prevalent in these two populations, with a threshold of
>0.1% frequency in the general US population (Watson et al., 2004). Strom et
al. estimated the detection rate of this 23-mutation panel for a pan-ethnic US
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population. The panel provided high estimated detection rates for Ashkenazi
Jews (88%) and Caucasians with Northern European descent (86%), but was
less effective for Hispanic Caucasians (69%), African Americans (63%), and
Asians (43%) (Strom et al., 2011). Rohlfs ef al. extended the 23-mutation panel
to 98 mutations with ethnicity-limited mutations. They reported that non-
ACMG / ACOG mutations accounted for 22.7%, 26.9%, and 37.0% of CF
alleles identified in African Americans, Hispanics, and Asians, respectively
(Rohlfs et al., 2011).

The European CF Society organized the Consensus Conference in 2009 to
establish a consensus document on CF carrier screening programs. They re-
commended that carrier screening and diagnostic test panels include mutations
with a frequency above 0.5-1% in the CF population. Results in tests with
approximately 30 to 40 of the most frequent CF-causing mutations achieved
mutation detection rates ranging from 70% to 90%, depending on the North-to-
Southeast gradient of the p.Phe508del allele (Dequeker et al., 2009). Castellani
et al. summarized the consensus achieved and presented standards for
efficacious, safe, and ethical practice of CF carrier screening programs. Such
programs have had difficulties accounting for the different ethnicities of
participants and determining an accurate ethnic-specific panel because of the
mixture of ethnic groups and inaccurate self-reporting of ethnicity (Castellani et
al., 2010).

1.2.3. CFTR mutation testing strategies
in diagnostic laboratories

Over 1900 mutations in the CFTR gene have been listed in the Cystic Fibrosis
Mutation Database (http://www.genet.sickkids.on.ca) and a broad range of
technologies are available to clinical laboratories for CFTR mutation testing.
Many studies have compared the most popular methods and commercial
platforms used for CF diagnostics or carrier screening (Krafft and Lichy, 2005,
Eshaque and Dixon, 2006, Johnson et al., 2007, Dequeker et al., 2009).
Commercial assays cover the most common CFTR mutations, including, but not
limited to, the panel of 23 CFTR mutations recommended by ACMG / ACOG.
According to the US Centers for Disease Control and Prevention Newborn
Screening Quality Assurance Program, the most popular methods have been the
Invader® technology from Hologic Inc. (30%), XTAG" Technology from
Luminex Diagnostics (18.6%), and ARMS assay from Gen-Probe Inc. (9.3%)
(Earley et al., 2011). Laboratories that participated in the CF External Quality
Assessment Scheme 2012 most often used reverse ASO hybridization assays
from Innogenetics (31%), OLA assays from Abbott Molecular (27%), and
ARMS assays from Gen-Probe Inc. (17%) (CF European Network 2012,
authorized by: Dequeker and Girodon).

26



Many other technologies have been developed and implemented for CF
testing in clinical practice. One group includes scanning techniques, including
SSCP (Sachdeva ef al., 2012), denaturing gradient gel electrophoresis (de Cid et
al., 2010), DHPLC (D’Apice et al., 2004), high-resolution melt analysis
(Krenkova et al., 2009) and MLPA (Schrijver et al., 2008). The second group
contains direct mutation detection methods, beginning with RFLP (Raskin et
al., 1992) and Sanger sequencing (Lucarelli ef al., 2006) and including assays
that allow HT analysis, such as the multiplex allele-specific diagnostic assay
(Shuber et al., 1997), the CF Portrait'™ system (Strom et al., 2004), a pyro-
sequencing-based assay (Bickmann et al., 2009), and the hME assay (Farkas et
al.,2010).

1.3. Molecular etiology and
genetic testing of hereditary hearing loss

Hearing loss is an etiologically heterogeneous trait with many genetic and
environmental causes. It is a common birth defect, with an estimated prevalence
of one to two per 1000 newborns, and affects an estimated 70 million people
worldwide (Morton and Nance, 2006, Eisen and Ryugo, 2007). Genetic changes
account for more than 50% of cases with congenital deafness (Friedman and
Griffith, 2003). Hereditary hearing loss (HHL) can be classified according to
the absence (nonsyndromic; NS-) or presence (syndromic; S-) of additional
clinical manifestations (Van Camp et al., 1997, Schrijver, 2004).

Non-syndromic HHL (NS-HHL) most often involves sensorineural deficits
in auditory processing. This type of HHL is also called sensorineural hearing
loss (SNHL) and accounts over 70% of all HHL cases (Schrijver, 2004).
Syndromic HHL (S-HHL) accounts for up to 30% of all HHL cases. More than
400 forms of S-HHL have been characterized. According to the relative fre-
quency among persons with hearing loss, the most common S-HHL forms are
Pendred syndrome (4-10%), Usher syndrome (4—6%), Waardenburg syndrome
(1-4%), Branchio-oto-renal syndrome (1%), and Alport syndrome (1%)
(Morton and Nance, 2006).

1.3.1. Genetic heterogeneity of NS-HHL

The genetic basis of NS-HHL is very complex. Based on the mode of in-
heritance, HHL can be subdivided into autosomal recessive (DFNB, 75-80% of
HHL cases), autosomal dominant (DFNA, 10-20%), X-linked (DFN, ~1%), and
mitochondrial groups (0% up to 20% in some populations) (ACMG, 2002,
Finsterer and Fellinger, 2005). As a general rule, DFNB usually has pre-lingual
onset, whereas DFNA has post-lingual onset and progressive manifestation
(Schrijver, 2004).
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In most cases, HHL is the result of a single gene harboring mutations, but
mutations in two independent genes may be involved in some cases (Del
Castillo et al., 2003). Different mutations in the same gene (e.g., in GJB2) can
cause recessive (DFNBI1; MIM #121011) or dominant NS-HHL (DFNA3A;
MIM #601544) (Denoyelle et al., 1998). Furthermore, mutations in SLC26A44
(PDS; MIM #274600) may cause an S-SNHL form (i.e., Pendred syndrome) as
well as NS-SNHL (DFNB4; MIM #600791) (Cirello ef al., 2012). According to
the Hereditary Hearing Loss Homepage (http://hereditaryhearingloss.org/,
updated in June, 2013), over 70 loci and 41 genes have been identified for
DNFB, over 50 loci and 25 genes for DFNA, and five loci and three genes for
DFN.

1.3.2. Molecular genetic epidemiology of HHL

Genetic epidemiological studies have revealed that the overall prevalence and
causes of deafness are variable among populations and at different times. Such
variability is due to the founder effect, assortative mating, and relaxed selection
against deafness (Arnos et al., 2008). Information obtained from such studies
could be used for the improvement of genetic diagnosis of hearing loss.

GJB2 (Genebank accession NM_004004.5) was the first gene identified as
responsible for autosomal recessive NS-HHL (Kelsell et al., 1997). GJB2
mutations account for up to 30% to 60% of autosomal recessive NS-SNHL
cases and approximately 20% of pre-lingual deafness cases (Kenneson et al.,
2002). The frequency of GJB2 mutations is sufficiently high in most
populations to make mutation analysis of this gene clinically useful.

The most frequent G.JB2 mutation is c.35delG, representing about 70% of all
GJB2 mutations in the Caucasian population, with relative frequencies ranging
from 28% to 94% depending on the population (Gasparini et al., 2000, Snoeckx
et al., 2005, Primignani et al., 2009). The highest ¢.35delG carrier frequency (1
in 22) among European countries was found in Estonia (Gasparini ef al., 2000).
The most common GJB2 mutations in Asian, Ashkenazi Jew, Indian, and
African populations are c.235delC, c.167delT, p.Y24X, and p.R143W, respec-
tively (Brownstein and Avraham, 2009, Joseph and Rasool, 2009, Yang et al.,
2010, Kabahuma et al., 2011, Qu et al., 2012). The GJB6 (Genebank accession
NM 006783.4) truncating mutation del(GJB6-D13S1830) was an accom-
panying mutation in 6.9-71% of affected GJB2 heterozygotes in different
populations. The del(GJB6-D13S1830) allele is the most frequent allele in
Spain, France, the United Kingdom, Israel, and Brazil, accounting for 5.9-9.7%
of all the DFNBI alleles (Del Castillo et al., 2003).

More than 10 different mutations in GJB3 have been found in patients with
deafness from Chinese, Brazilian, Austrian, and Spanish populations. However,
the pathogenicity of most of these sequence alterations is controversial. GJB3
mutations may be an infrequent cause of NS-HHL, and the relevance of GJB3
mutations in different populations needs to be proven in further studies (Xia et
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al., 1998, Lopez-Bigas et al., 2000, Mhatre et al., 2003, Alexandrino et al.,
2004, Frei et al., 2004).

The homoplasmic m.1555A>G mutation in the 12S rRNA gene (Genebank
accession NC_012920.1) was identified as the main cause of aminoglycoside-
induced and nonsyndromic deafness in families of different ethnic backgrounds
(Prezant et al., 1993, Matthijs et al., 1996, Estivill et al., 1998, Li et al., 2004).
Similarly, the m.7511T>C mutation in the mitochondrial tRNAS ™ gene
(Genebank accession NC 012920.1) was associated with nonsyndromic
deafness in different ethnic groups (Sue et al., 1999, Chapiro et al., 2002,
Ishikawa et al., 2002). Bizhanova et al. reviewed more than 150 mutations in
the SLC2644 gene (Genebank accession NM_000441.1) reported in patients
with Pendred syndrome. Prevalence rates of recurring mutations varied among
different ethnic groups. For instance, p.L236P, p.T416P, and c.1001+1G>A
occurred frequently in European populations, whereas p.H723R accounted for
53% of the mutant alleles in Japanese patients and 40% of Korean patients with
Pendred syndrome (Bizhanova and Kopp, 2010).

1.3.3. Strategy for molecular testing of hereditary SNHL

Nearly 100 genes are involved in HHL. Although genetic testing is available for
some of these genes (GeneTests'™, www.ncbi.nlm.nih.gov/sites/GeneTests/),
screening genes individually is a time- and cost-consuming approach. There-
fore, an effective genetic testing strategy focusing on the most common
mutations that are likely to be encountered in the clinical setting is needed.

Currently, hereditary SNHL is frequently screened by complete Sanger
sequencing of the coding region and flanking exon / intron boundaries of the
subjected gene. The most common genetic testing of NS-HHL utilizes Sanger
sequencing of the small GJB2 gene (only one coding exon) and direct mutation
testing (MLPA and PCR analysis) for the recurrent deletion mutation del(GJB6-
D13S1830) in GJB6 (according to EMQN External Quality Assessment
Scheme for Hereditary Deafness (DFNB1) 2011, authorized by Simon Patton).
Test sensitivity is correlated with estimated accounts of GJB2 mutations (30—
60%) for autosomal recessive NS-SNHL (Kenneson et al, 2002). The
implementation of medium-to-high throughput platforms, such as the Invader®
(Usami et al., 2012) or APEX assay (Rodriguez-Paris et al., 2010), would
improve test sensitivity by allowing the simultaneous detection of numerous
mutations of deafness genes. In particular, NGS technologies could offer new
capabilities for the rapid and cost-effective screening of all deafness genes
(Hilgert et al., 2009, Park et al., 2013).
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1.4. Genetic background and testing of ciliopathy
diseases

Ciliopathies are an emerging group of clinically distinct but overlapping genetic
disorders, largely caused by ciliary dysfunction (Badano et al., 2006).
According to the Ciliopathy Alliance, over 20 ciliopathies have been identified
to date (http://www.ciliopathyalliance.org). Although each ciliopathy is rare,
combined they represent a clinical continuum with an estimated frequency
exceeding 1 in 1000 live births (Zaghloul and Katsanis, 2009).

Autosomal recessive multisystem ciliopathies discussed in detail here
include Bardet-Biedl syndrome (BBS; MIM #209900) (Bardet, 1920, Biedl,
1922, Beales et al., 1999) and Alstrom syndrome (ALMS; MIM #203800)
(Alstrom et al., 1959). BBS has an estimated prevalence of 1:140,000 to
1:160,000 in North America and Europe (Sowjanya et al., 2011). ALMS has a
prevalence of less than 1.4 in 1,000,000 worldwide (to date, approximately 700
cases have been identified) (Pineiro-Gallego et al., 2012). These diseases
display variable age of onset, rate of progression, and severity of phenotypic
features, even within siblings (Marshall et al., 2005, Mahamid et al., 2012). The
clinical similarity of BBS and ALMS (Table 1) in the late-onset of some
features, such as renal disease in ALMS, often leads to delayed diagnosis and
misdiagnosis (Pineiro-Gallego et al., 2012).

Table 1. Clinical manifestations of BBS (Beales ef al., 1999, Zaghloul and Katsanis,
2009) and ALMS (Marshall et al., 2005, Marshall et al., 2007)

Clinical manifestations BBS ALMS
Rod-cone dystrophy (retinitis pigmentosa) +++ +++
Obesity -+ ——t
Renal dysplasia ++ ++
Mental retardation / developmental delay +++ ++
Hypogonadism in males 4+ ++
Postaxial polydactyly +++ -
SNHL + +H+
Heart defects + ++
Type 2 diabetes mellitus + et
Hepatic dysfunction + +++

+++ common; ++ intermediate frequency, + uncommon, — not reported
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1.4.1. Genetic heterogeneity of BBS and ALMS

ALMS is caused by mutations in Alstrdm syndrome 1 gene (ALMSI; MIM
#606844; chromosome 2p13) (Collin et al., 2002, Hearn et al., 2002). Marshall
et al. reviewed 109 different mutations in ALMS1, and found that exons 8, 10,
and 16 represented mutational hotspots. Mutations in exon 16 accounted for
36% of the total mutational load in ALMS (Marshall ef al., 2011).

The genetically heterogeneous BBS is caused by mutations in 16 different
loci (BBS! to BBS16), without a clear genotype-to-phenotype correlation (Redin
et al., 2012). The most frequently involved BBS loci are BBSI, BBSI0, and
BBS2, involving 18-23%, 20-22% and 8-13% of BBS families, respectively.
Known BBS genes account for only 50—75% of the total mutation load in BBS
patients (depending on patient ancestry), suggesting that additional BBS genes
remain to be identified, or mutations linked to BBS may be underestimated if
only patients with strictly defined BBS phenotypes are included. The presence
and potential effect of triallelism or oligogenism in BBS have been widely
discussed but remain controversial (Katsanis, 2004, Zaghloul and Katsanis,
2009, Redin et al., 2012).

Most BBS proteins can be divided into two groups. The first group includes
proteins encoded by BBSI (MIM #209901), BBS2 (MIM #606151), BBS4
(MIM #600374), BBS5 (MIM #603650), BBS7 (MIM #607590), BBSS (also
TTCS8; MIM #608132), and BBS9 (also PTHB1; MIM #607968) that form a
core protein complex called the BBSome. In cooperation with the non-BBSome
protein GTPase ARL6 encoded by BBS3 (ARL6; MIM #608845), the BBSome
promotes ciliogenesis. The BBS phenotype may be caused by defects in
vesicular transport to the cilium (Nachury et al., 2007).

The second group includes the chaperonin-like proteins encoded by BBS6,
BBS10 (MIM #610148), and BBSI12 (MIM #61683) that may be involved in the
regulation of BBSome assembly (Seo et al., 2010). Mutations in these genes
account for 36.5% of the mutational load in BBS (Billingsley et al., 2010). In
their analysis of a large multiethnic cohort, Deveault er al. concluded that
although several common mutations, such as p.M390R in BBSI, p.C91L{sX5 in
BBSI10, and p.Y24X in BBS2, were involved in BBS, most mutations (66.7%)
were private (Deveault ef al., 2011).

In addition to the overlapping phenotypes of BBS and ALMS, substantial
genetic overlaps have been described. For instance, Aliferis et al. revealed that
the rate of ALMSI1 mutations among patients diagnosed to have BBS was 4.2%
(Aliferis et al., 2012).

1.4.2. Molecular genetic epidemiology of BBS and ALMS

BBS occurs with variable frequency among populations, with prevalence rates
of 1:160,000 in Europe to 1:13,500 in the Arab population of Kuwait because of
a high rate of consanguinity (Sowjanya et al., 2011). The prevalence of BBS in

31



Newfoundland is approximately 1:18,000, likely due to founder effect, consan-
guinity, and large sibship size. A particularly high prevalence of families (40%)
with mutations in the BBS6 gene has been recorded in this population, in contrast
to 4% of families of North American / European descent (Moore et al., 2005).

In contrast to white populations of European descent, BBS/ is not the major
BBS locus in Arab populations, accounting for only 5% and 8% of families of
Tunisian and Saudi Arabian descent, respectively (Beales et al., 2003, Mykytyn
et al., 2003, Smaoui et al., 2006). Beales et al. demonstrated that BBS4 is most
prevalent among Turkish and Pakistan populations (Beales et al., 2001).
Stoetzel et al. detected pathogenic mutations of BBS72 mostly in Caucasians of
European descent, but also in Gypsies, Chinese, and Middle Eastern or Arabic
populations (Stoetzel et al., 2007). Unlike these results, Billingsley ef al. found
BBS12 mutations only in individuals of non-European descent. Additionally,
they revealed that mutations in BBS6 and BBS10 were represented in different
populations (Billingsley et al., 2010).

Marshall et al. analyzed a multiethnic cohort of ALMS patients, reporting
that the most common ALMSI mutant allele, ¢.10775delC, accounted for 12%
of mutated alleles across different populations. They also described numerous
ethnic-specific mutations (Marshall et al, 2007). Similarly, several other
studies have been reported high prevalence rates of ethnic-specific mutations
due to the founder effect and/or consanguinity in certain ethnic groups (Minton
et al., 2006, Aldahmesh et al., 2009).

1.4.3. Diagnostic molecular testing for BBS and ALMS

The extensive non-allelic genetic and clinical heterogeneity of BBS and ALMS
has been a problem for molecular diagnostic and genetic counseling appli-
cations. Researchers have discovered 16 known BBS genes and 14 other genes
(including ALMSI) involved in ciliopathies that share overlapping clinical
features with BBS (Redin et al., 2012). Although the most widely used mole-
cular testing strategy for BBS and ALMS involves Sanger sequencing of
hotspot genes / gene regions or all coding exons (Marshall et al., 2005,
Billingsley et al., 2011, Aliferis et al, 2012), this approach is very time-
consuming and expensive. Use of screening methods such as restriction enzyme
digestion, DHPLC, and SSCP for the most frequently recurring alleles or hotspot
genes would reduce the need for Sanger sequencing, but these approaches are
still labor-intensive and time-consuming (Hichri et al., 2005, Imhoff et al.,
2011). A cost-effective alternative to Sanger sequencing is the implementation
of genotyping microarrays (i.e., APEX microarray) for the initial screening of
known (e.g., common) mutations for BBS and ALMS (Pineiro-Gallego et al.,
2012). Alternative NGS-based strategies, including whole genome / exome
sequencing or targeted sequencing, have been implemented for the cost-
effective simultaneous screening of many genes associated with BBS and
ALMS (Janssen et al., 2011, Redin et al., 2012).

32



1.5. Molecular diagnosis of Down syndrome

Down syndrome (DS, MIM #190685) as a distinct entity was described by Dr.
John Langdon Haydon Down in 1866 (Down, 1866). DS is the most frequent
chromosomal aneuploidy, occurring in approximately 1 in 700 live births. Its
frequency depends on maternal age and the structure and utilization of prenatal
screening and pregnancy termination in a population (Cocchi et al., 2010). The
highly pleiotropic phenotypes of DS (Table 2) are most commonly caused by
trisomy of the entire chromosome 21 (T21) (Lejeune et al., 1959) or, in rare
cases, by duplication of the relatively small region at the distal part of
chromosome 21 (21q21-21g22.3), called the DS Critical Region (DSCR)
(Ronan et al., 2007, Korbel ef al., 2009). According to a review by Bornstein et
al., the full T21 is estimated to account for up to 92-95% of all DS pregnancies
and is mainly the result of a maternal meiotic nondisjunction event (Bornstein et
al., 2009). About 2-4% and 1-4% of all DS cases are caused by mosaicism of
T21 (mosaic-T21) and Robertsonian translocations, respectively (Dreux et al.,
2008, Zhu et al., 2012).

DS can be considered as a multigene disorder, involving several relevant
genes in almost the entirety of the 21q region (except the most centromeric
region) rather than whole chromosome 21 (chr21) (Gardiner and Davisson,
2000). Published studies suggest that the phenotype of DS is mainly determined
by only a few genes, with a major phenotypic effect accomplished by altered
gene dosage (i.e., production of increased amounts of gene products rather than
alteration of the genes or gene products) (Arron et al., 2006, Korbel et al., 2009,
Roy et al, 2012). Contributions of potentially causative mutations in genes
located on chr21 or other chromosomes should still be evaluated for distinct DS
phenotypes (Ackerman et al., 2012).

1.5.1. Molecular diagnostic methods for rapid aneuploidy
detection of DS

Conventional cytogenetic analysis of metaphase chromosomes by Giemsa
staining techniques is the gold standard for laboratory confirmation of DS
(Dolan, 2011). Although full karyotype analysis is effective to reveal trisomies,
monosomies, mosaicism, and rearrangements involving large chromosomal
segments, rearrangements of <5 Mb usually remain undetected. The main
limitation of conventional cytogenetic analysis involves the need for cell
culture, which makes the analysis too time-consuming (up to 22 days), labor-
intensive, and costly to fulfill requirements for rapid aneuploidy detection
(RAD) (Gekas et al., 2011).
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Table 2. Major clinical phenotypes of DS in chronologic order of appearance
(Antonarakis and Epstein, 2006)

Appearance Clinical phenotype

At birth Dysmorphic features (82% have upslanting palpebral
fissures, 50% have folded or dysplastic ears, brachycephaly,
flat nasal bridge, wide gap between the first and second
toes, efc.); congenital heart disease; Hirschprung disease;
imperforate anus; hypotonia; transient myeloproliferative
disorder

Infancy and childhood  Growth retardation and obesity; developmental and mental
retardation; decreased sensitivity to pain; leukemia; thyroid
dysfunction; immune defects and/or infection

Adulthood Decrease in cognitive function; Alzheimer disease; male
sterility; reduced longevity

Development of reliable, fast, and less-expensive molecular methods, like
interphase fluorescence in sifu hybridization (iFISH) (Klinger et al., 1992,
Witters et al., 2002, Leclercq et al., 2008), QF-PCR (Mann et al., 2001, Mann
et al., 2004, Cirigliano et al., 2009, Hills et al., 2010), and MLPA (Slater et al.,
2003, Kooper et al., 2008, Van Opstal et al., 2009), for detection of common
aneuploidies (trisomies 21, 18, and 13 and sex chromosome abnormalities) in
uncultured fetal cells has allowed the increased use of RAD in routine prenatal
clinical practice. One benefit of the implementation of RAD techniques is the
reduced reporting time of 1 to 2 days, which allows patients to make an
informed decision about pregnancy management substantially earlier.

Currently, iFISH is the most common rapid screening method for
aneuploidies in a clinical diagnostic setting. However, compared to QF-PCR
and MLPA, iFISH is labor-intensive, more expensive, not suitable for auto-
mation, and, therefore, not easily applicable to a large number of samples
(Witters et al., 2002, Leclercq et al., 2008). In contrast to QF-PCR, iFISH and
MLPA do not detect the presence of maternal cells in samples from female
fetuses (Mann et al., 2004). All of these RAD techniques detect mosaicism to
some extent, but detection levels in iFISH depend on the number of analyzed
cells (25-50 cells used in routine). Low-grade mosaicism is likely to be missed
(Hulten et al., 2003). QF-PCR and MLPA have been reported to detect
mosaicism as low as 20% (Mann et al., 2004, Kooper et al., 2008). Despite the
ongoing debate about the use of these RAD techniques as stand-alone tests
(Leung et al., 2008, de Jong et al., 2011, Papoulidis et al., 2012), this strategy
has been already implemented in an increasing number of diagnostic centers
(Cirigliano et al., 2009, Gekas et al., 2011, Hamilton and Waters, 2012).

An alternative molecular diagnostic tool for RAD in prenatal diagnosis is
aCGH, which allows simultaneous high-resolution analysis of multiple genomic
loci, unlike iFISH, MLPA or QF-PCR (Fiorentino et al., 2011, Lee et al., 2012).
The main disadvantages of aCGH include its more complicated and time-

34



consuming (3—5 days) protocol compared to MLPA or QF-PCR. It costs
significantly more than conventional karyotype analysis or MLPA and QF-
PCR. Although experience with diagnostic aCGH in pediatric patients is
extensive (Hochstenbach ef al., 2009), experience in clinical prenatal diagnosis
and suitability as a first-line diagnostic tool in place of traditional karyotype
analysis are still under extensive debate (Bui et al., 2011, Fiorentino et al.,
2011, Lee et al., 2012).

1.5.2. Noninvasive prenatal diagnosis of Down syndrome

Noninvasive prenatal diagnosis (NIPD) has been an ultimate goal in the
prenatal diagnosis of DS. The discovery of the presence of cell-free fetal nucleic
acids in maternal plasma opened up new possibilities for early NIPD of DS (Lo
et al., 1997). NIPD of DS from the maternal circulation would offer a non-
invasive, early, safe, and easy sampling approach compared to amniocentesis
and chorionic villi sampling (CVS), which increase the risk of miscarriage (Lo,
2012).

Detection of fetal T21 and other chromosomal aneuploidies from maternal
plasma is very challenging. In particular, measurement of the fetal chromosome
dosage should be performed in a background of high maternal DNA in maternal
plasma, which only contains a small amount of fetal DNA (<10% in the first
trimester) (Lo et al., 1998, Lun et al., 2008). Currently, there is no consensus on
the best strategy to detect DS based on cell-free fetal nucleic acid from the
maternal circulation, although various approaches have been described. Some
have focused on determining the chromosome dosage from the quantification of
the allelic ratio of SNPs by analyzing fetal RNA of placental origin (Lo et al.,
2007) or fetal DNA (Dhallan et al., 2007). Other approaches, such as digital
PCR (Lo et al., 2007) and NGS (Chiu et al., 2011, Liao et al., 2012), have
determined the chromosome dose by counting single plasma DNA molecules.

Although NGS is currently expensive and time-consuming, the potential of
using NGS as a first-tier screening test in clinical settings has been revealed in
several large-scale validity studies (Chiu et al., 2011, Palomaki et al., 2011,
Bianchi et al., 2012). Consequently, NGS of maternal plasma DNA for the
NIPD of fetal chromosomal aneuploidies has already been introduced as a
clinical service in the USA and in some regions of Asia (Lo, 2012).
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2. AIMS OF THE PRESENT STUDY

The aims of this thesis were to develop and evaluate the suitability of APEX
and APEX-2 microarray-based assays for the diagnosis and carrier screening of
rare genetic diseases and for rapid molecular diagnosis of DS from uncultured
fetal cells. In particular, to develop and validate:

I. a novel APEX-based microarray for the detection of CFTR mutations in
ethnically diverse populations (Paper I);

II. a novel APEX-based microarray for the simultaneous detection of
mutations in multiple genes of SNHL patients (Paper II);

II. a novel APEX microarray-based BBS-ALMS assay for the molecular
analysis of BBS and ALMS patients (Paper I1I);

IV. a modified APEX-2 assay for the rapid prenatal diagnosis of DS from
uncultured fetal cells (Paper IV).
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3. MATERIAL AND METHODS

3.1. Selection of DNA sequence variants

Selection of CF mutations (Paper I)

We selected 204 mutations / variations across the CFTR gene from the Cystic
Fibrosis Mutation Database (http://www.genet.sickkids.on.ca) and the literature
(Zielenski et al., 1991, Highsmith et al., 1994, Mercier et al., 1994, Wong et al.,
2001). Selected mutations represented the most commonly reported mutations
across racial / ethnic groups. The full set of mutations is listed in Table 1 of
Paper 1. The mutation nomenclature for CFTR mutations was changed
according to the guidelines of the Human Genome Variation Society
(http://www.hgvs.org). The previous nomenclature is described as “legacy
name” (Cystic Fibrosis Mutation Database). The mutations originated from 26
exons (except legacy exons 22 and 23) and 15 introns (legacy introns 2, 3, 4, 5,
6b, 8, 10, 11, 12, 14b, 16, 17a, 17b, 19, and 20).

Selection of SNHL mutations (Paper II)

We selected 198 mutations / sequence variants from multiple sources, include-
ing: (i) the Connexin Deafness homepage (http://davinci.crg.es/deafness/),
(i1) mitochondrial mutation literature (Fischel-Ghodsian, 2003) and Mitomap
database (http://www. mitomap.org/), (iii) Hereditary Hearing Loss homepage
(http://hereditaryhearingloss.org), and (iv) Human Gene Mutation Database
(http://www.hgmd.cf.ac.uk/). The full set of mutations / variations is listed in
Table 1 of Paper II.

Mutation panel of BBS-ALMS assay (Paper III)

We selected 253 mutations / sequence variants from BBSI-7, BBS9, BBSI0,
BBS12, and ALMSI. The full set of mutations / variations is listed in
Supplementary Table 1 of Paper I11.

SNP panel of T21 APEX-2 assay (Paper IV)

The set of SNPs from the 21(q21.1q22.2) region (DSCR) was selected. The
selected 143 SNPs had an average heterozygosity of 0.47 for populations of
European ancestry (http://hapmap.ncbi.nlm.nih.gov/). SNPs and primer
sequences were based on NCBI dbSNP build 127 (Sherry et al., 2001) and
NCBI human genome build 36 (Sayers et al., 2009), respectively. The full set of
90 validated SNPs (out of 143 SNPs) is listed in Supplementary Table 1 of
Paper IV.
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3.2. Design of the oligonucleotide microarrays
APEX primer design of CF, SNHL, and BBS-ALMS arrays (Papers I-I1I)

For each DNA sequence variant included in the panels, at least two unique
oligonucleotide primers (APEX primers) were designed (sense and antisense).
The average length of APEX primers was 25 nucleotides, but the primer length
depended on the sequence context. In the case of AT-rich regions, the primer
length was increased to raise the melting temperature (Tm) of the primer to be
close to the annealing temperature of the APEX reaction. The Tm of the primer
was calculated using the Primer3 software (Rozen and Skaletsky, 2000).

Longer APEX primers result in stronger signals, mainly due to increased
duplex stability (Kurg et al., 2000). However, the possibility for stable secon-
dary structures (e.g., hairpins or primer dimers) is also increased, which may
affect primer binding to the template and result in signal loss or false signals
due to self-extension (Tonisson et al., 2002). Several computational programs,
including NetPrimer (PREMIER Biosoft) and ProbeDesigner (Biodata,
Estonia), were used to predict and estimate the stability of secondary structures.
When necessary, a deliberate mismatch or modified nucleotide was introduced
into the primer sequence, to avoid a strong secondary structure. A mismatch
was only introduced when stable secondary structures were created in the
middle to 5* end of APEX primer; they were not applicable for stable secondary
structures in the 3’ end. Mismatches in the 3’ end result in failed primer
extension and subsequent genotype calling.

ﬁ Single nucleotide substitution \
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4 LWAGCAATCGCTTAAATCCGGC... O O @ O O

TCGTTAGCGAATTTAGGCCG..
AAATCCGG K
APEX microarray
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B) Deletion of three nucleotides

IiAAATATCAT O O @ O O
.GAAAATATCATCTTTGGTGTTTC... O O @ O O

.CTTTTATAGTAGAAACCACAAAG...
AACCAC -
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Figure 6. APEX primer design for sense and antisense directions. (A) Detection of
single nucleotide substitution (T). APEX primer is designed —1 nucleotide before variation
site. (B) Detection of three nucleotide deletion (CTT). Sense strand APEX primer ends —1
position before the first deleted base. In the case of deletion, the primer incorporates the
next base (T) after the three deleted nucleotides. On the antisense strand, the first deleted
nucleotide is A. The next nucleotide after deletion is also A, which makes allele
discrimination impossible. Therefore, the antisense strand APEX primer is designed to
end +1 base inside the deletion. In the case of deletion, the primer incorporates +2 bases
after the last deleted nucleotide (modified after image of Asper Biotech Ltd).
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Most APEX primers were designed to anneal —1 base upstream of the
nucleotide to be identified (Figure 6A). In several cases for indel detection,
when the downstream nucleotide(s) after the indel was identical to the first base
of the indel, the primer 3’ end was positioned further into the indel until
discrimination of the nucleotide change was achieved (Figure 6B). All APEX
primers included six-carbon amino linkers at their 5’ end to enable covalent
binding of the primer to the amino-activated glass slide.

Design of T21 APEX-2 array (Paper IV)

The same set of APEX-2 primers was utilized for multiplex PCR amplification
of the DNA template and the subsequent APEX reaction on the glass slide as
illustrated in Figure 5B. Each APEX-2 primer consisted of the complementary
region for a genomic sequence flanking either side of the SNP at the 3’ end. The
5" end of APEX-2 primer included the identical sequence of a universal primer
and a six-carbon amino linker, allowing PCR amplification (in phase II) of only
the primer extension products generated in PCR phase I, and immobilization of
the APEX-2 primer to the amino-activated glass slide, respectively (Krjutskov
et al., 2008).

The complementary region of the T21 APEX-2 primers ranged from 19 to
41 bases, depending on Tm (55-62 °C), which was calculated using Primer3
software (Rozen and Skaletsky, 2000). Primer specificity was verified using the
GenomeTester 1.3 software that predicts self-pairings or dimers and the number
of binding sites in the human genome. Only primers that were predicted to
produce a single product were used. SNPmasker software was used to calculate
the product length and the presence of the closest SNP (Andreson ef al., 2006).

Preparation of the microarray slides (Papers I-1V)

The microarray slides used for printing APEX / APEX-2 primers have a dimen-
sion of 24 x 60 x 0.1 mm and are coated with 3-aminopropyltrimethoxysilane
plus 1,4-phenylenediisothiocyanate (Asper Biotech Ltd). The primers were
diluted to 50 uM in 100 mM of carbonate buffer (pH 9.0) and printed onto the
activated surface with BioRad VersArray (BioRad Laboratories, Hercules, CA).
The slides were subsequently blocked with 1% NH,4OH solution and stored at 4
°C until needed. Before the APEX / APEX-2 reactions, the slides were washed
with 95 °C distilled water and 100 mM of NaOH to reduce background
fluorescence and to prevent rehybridization of unbound oligonucleotides to the
slide (Tonisson et al., 2002).
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3.3. Study subjects

DNA samples for CF chip development (Paper I)

To validate the APEX primers spotted on glass slides, synthetic oligomers
and/or gDNA samples with CF-specific mutations were used. The gDNA
samples for the CF assay were derived from the Molecular Diagnostics Centre
of the United Laboratories of Tartu University Hospital (TUH), Estonia; the
Molecular Pathology Laboratory at Stanford Hospitals and Clinics, USA; and
Charles University, Institute of Biology and Medical Genetics, Department of
Molecular Genetics, CF Center, Czech Republic.

In the case of the CF APEX assay, 51 patients or cell-line DNA samples
with known CFTR mutations (Table 2 in Paper I) were used. Because gDNA
samples for all mutations were not available, 136 synthetic template DNAs for
both the sense and antisense directions were designed. Each synthetic template
was approximately 50 bases in length (optimized for Tm), with a poly(T) tract
at the 5° end to minimize the possibility of self-extensions and/or self-annealing
(Table 4 in Publication I).

DNA samples for SNHL chip development (Paper II)

Synthetic oligomers or gDNA samples with SNHL-specific mutations were
used. The gDNA samples for the SNHL assay were obtained from the
Molecular Pathology Laboratory at Stanford Hospitals and Clinics, USA and
the Molecular Diagnostics Centre of United Laboratories of TUH, Estonia. For
validation of the SNHL APEX assay, 22 gDNA samples with 39 sequence
variants were used. Because patient samples could not be obtained for most of
the mutations present on the SNHL APEX array, approximately 45-mer
synthetic oligomers were designed for each mutation site.

Study subjects of BBS-ALMS assay (Paper I1I)

The study group included 340 patients (205 BBS and 135 ALMS) with a
confirmed or suspected diagnosis of BBS or ALMS. DNA samples were
derived from at least 24 different countries.

Study subjects of T21 APEX-2 assay (Paper IV)

The gDNA samples were extracted from the blood lymphocytes of 16 DS
patients, which were obtained from 108 amniotic fluid samples and 26 CVS
samples. Amniotic fluid and CVS samples were collected from pregnant
women at 16 to 17 and 11 to 12 gestational weeks, respectively. Blood samples
from DS patients were received from the Department of Genetics of the United
Laboratories of TUH and the University of Ulm, Germany. Fetal cells were
collected during routine amniocentesis or CVS and underwent conventional
karyotyping in the Department of Genetics of the United Laboratories of TUH,
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and in Nova Vita Clinic, Estonia. The gDNA was extracted from peripheral
blood cells using a salting-out protocol (Aljanabi and Martinez, 1997). The
gDNA from amniotic cells and CVS samples was extracted using a QlAamp
DNA Blood Mini Kit (Qiagen GmbH, Hilden, Germany) according to the
manufacturer’s recommendations.

3.4. Template preparation

Template preparation for CF, SNHL, and BBS-ALMS assays (Papers I-
1)

Template preparation for the APEX reaction involved following steps: i) PCR
amplification of gDNA with PCR mixtures that included 20% substitution of
dUTPs for dTTPs, enabling later fragmentation of PCR products with thermo-
labile uracil N-glycosylase (UNG), ii) spin column-based PCR product
concentration and purification of residual dNTPs and primer left over after
PCR, and iii) PCR product purification from residual dNTPs with shrimp
alkaline phosphatase (sAP) and fragmentation with UNG.

Template fragmentation is essential in APEX assays. It reduces the effects of
secondary structures and the Tm of target duplexes, among other advantages.
Shorter template strands have greater mobility, which increases the effective
concentration. The method of introducing a 20% fraction of dUTP in the PCR
reaction and UNG treatment is preferred over other fragmentation techniques
(e.g., DNase I, mechanical shearing), due to its better reproducibility in APEX
assays (Kurg et al., 2000). Another key issue in template preparation for a
successful APEX reaction is the removal of all residual dNTPs after PCR.
Residual dNTPs will interfere with the ability to obtain accurate data, because
DNA polymerase will incorporate them into the 3’ end of the APEX primer
during primer extension.

Template preparation for T21 APEX-2 assay (Paper IV)

Template preparation for the T21 APEX-2 assay involved: i) a one-tube two-
phase multiplex PCR amplification of gDNA (Figure 5B), and ii) exonuclease
I/sAP treatment of PCR II products. The protocol did not include UNG
fragmentation. The obtained PCR products were short (~100 bp) and suitable
for APEX reaction without further fragmentation.

3.5. APEX reaction and signal detection
APEX reaction and signal detection (Papers I-1V)

The isothermal APEX reaction on glass slides was performed similarly in all
experiments. Briefly, heat-denatured, double-stranded template was added to a
reaction mix containing four dye-labeled ddNTPs and DNA polymerase. The
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mixture was pipetted onto a pre-warmed (58 °C) glass slide with immobilized
APEX primers. Annealing of the single-stranded template to 5’ immobilized
primers and subsequent DNA polymerase-assisted incorporation of dye-labeled
ddNTPs on a complementary basis to the 3” ends of primers took place at 58 °C
for 20 min (or 10 min in SNHL APEX assay). APEX reaction products were
visualized with the Genorama®™ Quattrolmager™ microarray imaging system,
which combines an automated TIRF-based excitation (Figure 7) mechanism
with a charge-coupled device to record the emitted fluorescence (Kurg et al.,
2000).

Excited fluorophore
Antifade reagent \ Coverslip
\L \ |

‘ - Glass slide ~
I

Yellow laser light

Green laser light

Blue laser light

\ Red laser light

Figure 7. Signal detection with the Genorama® Quattrolmager™ imaging system.
Fluorescence on the surface of a DNA chip is recorded as follows. The chip is excited
by the spreading of the laser beam in the glass slide, which acts like a wave guide,
through total internal reflection (TIRF). One image is captured for each of the dye-
labeled ddNTPs, which are excited by laser with the corresponding wavelength
(modified after image of Asper Biotech Ltd).

3.6. Data analysis of APEX / APEX-2 assay

For each mutation / variation site, APEX primers for the sense and antisense
strands were spotted in duplicate onto the APEX array. This approach reduced
the possibility of false-positive signal interpretation due to nonspecific reactions
(dust particles etc.) and simplified the distinction between homo- and
heterozygosity (Figure 8). The genotypes for each position on captured array
images were identified using Genorama Genotyping Software.
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Data analysis of CF, SNHL, and BBS-ALMS assay (Papers I-11I)

In principle, the mutation analysis of the APEX microarray involves the
qualitative evaluation of data (i.e., the obtained sequence is compared with a
reference sequence). The analysis of the same array position for DNA samples
in parallel in one database allows the researcher to obtain an overview of the
performance of each APEX primer through a sample set of results included in
the database and enables automated genotype calling via cluster analysis.

Quality parameters for the CF, SNHL, and BBS-ALMS assays were
obtained as follows: i) Assay specificity = true negative (TN) / [TN + false
positive (FP)]; ii) Assay sensitivity = true positive (TP) / [TP + false negative
(FN)]; iii) Reproducibility of the SNHL assay = (total number of genotyped
mutations — number of wrong mutation genotypes) / total number of genotyped
mutations; iv) Call rate of the BBS-ALMS assay = (number of correctly
genotyped mutations / total number of genotyped mutations).

Data analysis of T21 APEX-2 assay (Paper IV)

Genotyping data from the T21 APEX-2 assay were analyzed with a modified
PicDB Image Database analysis program of the Genorama Genotyping
Software. The Density-Based Spatial Clustering of Applications with Noise
algorithm was used for cluster analysis of samples (Ester et al., 1996). A two-
tailed t-test was performed for allelic fractions of heterozygous SNPs after
APEX analysis to calculate P-values for the determined clusters of each SNP.
At least six control DNA samples with known ploidy, three euploid and three
T21, were used to annotate each DNA sample examined. P < 0.05 was
considered statistically significant.

Genotype data quality was assessed by the following parameters (all
converted to %): i) Assay call rate = (number of correctly genotyped SNPs /
total number of genotyped SNPs); ii) Assay specificity = TN disomic DNA
samples / (TN disomic DNA samples + FP trisomic DNA samples); iii) Assay
sensitivity = TP trisomic DNA samples / (TP trisomic DNA samples + FN
disomic DNA samples); iv) SNP specificity = TN disomic SNP genotypes / (TN
disomic SNP genotypes + FP trisomic SNP genotypes); v) SNP sensitivity = TP
trisomic SNP genotypes / (TP trisomic SNP genotypes + FN disomic SNP
genotypes); vi) Reproducibility = (total number of genotyped SNPs — number
of wrong SNP genotypes) / total number of genotyped SNPs.
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4. RESULTS AND DISCUSSION

4.1. Detection of CFTR mutations
by CF APEX assay (PaperI)

To date, over 1900 CFTR sequence variants in the CFTR gene have been
described in the Cystic Fibrosis Mutation Database. The CF screening panel
recommended by ACMG/ACOG includes the 23 most common mutations in
the high-risk populations of Northern European and Ashkenazi Jewish descent.
Only some mutations prevalent in other races or ethnicities are included in the
CF panel because they do not fulfill inclusion criteria for the general population
threshold (i.e., mutations with 0.1% frequency in general U.S. population)
(Watson et al., 2004).

We selected 204 of the most common mutations / variations (Table 1 in
Paper I) across the CFTR gene (Genebank accession NM 000492.3) for a
carrier screening and diagnostic panel to increase CF carrier and disease
detection rates among different racial / ethnic groups. Mutations originated
from 26 exons and 15 introns. Alterations included single nucleotide sub-
stitutions, small indels, a large 21-kb deletion (removal of exons 2 and 3), and
small repeats, like ¢.1210-12T[5 9] (legacy name IVS8-5T/7T/9T) important in
CBAVD.

The CF APEX assay was validated using 51 patient gDNA samples (Table 2
in Paper I) and 136 synthetic templates (Table 4 in Paper I). This approach
allowed validation of the APEX reaction, but could not assess optimization of
the PCR steps, because synthetic templates were not amplified. Therefore, four
mutation sites were tested using both gDNA samples and synthetic templates,
and concordant results were obtained. To discover assay reproducibility, each
site was tested from 3 to 20 times with identical results under our test con-
ditions. According to the reported results of this pilot study, the CF APEX assay
allowed reliable and reproducible detection of the WT wversus mutation
sequence at each array position on the microarray. The assay sensitivity was
100% (i.e., no FNs were observed) and specificity was 100% (i.e., no FPs were
present).

The developed assay was suitable both for screening of CF carriers and for
confirming the diagnosis of CF patients. Representative results are presented in
Figure 8 from three patient samples, one heterozygous, one homozygous, and
one normal for the common mutation p.Phe508del, located in exon 11 (legacy
exon 10). One of the most technically difficult sequence variations to identify
reliably was the ¢.1210-12T[5_9] polymorphism in intron 9 (legacy intron §), of
which the 5T variant is particularly important in CBAVD. Accurate and reliable
differentiation of the poly(T) length required three sets of allele-specific APEX
primers.

One important concern is the genotyping quality control of microarrays for
mutations, which are very rare in the general population. Ideally, a positive
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control (DNA sample with the same mutation) for each mutation should be
included with each run. This control would demonstrate that all components of
the assay, including APEX primers, are working properly. However, in the case
of microarrays that include primers for hundreds or thousands of different and
rare mutations, this control is not possible. To perform the assay in a clinical
diagnostic setting, there are two options: several positive controls can be pooled
and run in parallel with test samples and/or external quality assessment schemes
(if available) can be used. The negative control (i.e., no template) slide is
mainly used to monitor the array for nonspecific reactions with the APEX
primer. This control could be included in each run or not, depending on the
quality control scheme established.

SE
WT/p.Phe508del
AS

p.Phe508del/
p-Phe508del

WT/WT

.. ¥ "e"" 'JE-
Figure 8. APEX analysis at mutation site p.Phe508del in CFTR gene
(NM_000492.3). Samples of three individuals, one each with WT/p.Phe508del,
p-Phe508del/p.Phe508del, and WT/WT, respectively, are presented. For each DNA
sample, sense (SE) strand (upper row) and antisense (AS) strand (lower row) signals are
presented. For a normal allele, a signal for the SE primer is expected in the C channel
and for the AS primer in the A channel (C/A). For a mutant allele, a signal for the SE
primer is expected in the T channel and for the AS primer in the T channel (T/T). In the

first row, cells from left to right: Fluorescent image in channels A, C, G, and T,
respectively; Hist represents relative signal intensities; Edit, detected signal.

Due to the extended pan-ethnic mutation panel on the CFTR array, this CF test
had a higher mutation detection capability for CF diagnosis and carrier
screening with different ethnicities, including Caucasians, non-Caucasians, and
individuals of mixed ethnicity, than assays currently available on-site in diag-
nostic laboratories. Compared to, for example, the X-Tag"CF assay (Luminex
Diagnostics), which detects up to 71 mutations, our array enabled us to detect
more than double the number of mutations.

Although 204 mutations were included in the CF APEX test to improve first-
line CFTR mutation screening, many common mutations that may contribute to
CF in Hispanics, African Americans, Asians, etc., were not included in the
panel and remained undetected. Once new information about causative CFTR
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mutations common in some ethnic populations is obtained, these mutations can
be included in the CF APEX test. This approach will improve the early
diagnosis of CF, leading to appropriate genetic counseling and treatment in all
ethnic groups.

An increased incidence of CFTR mutations has been found in diseases other
than classical CF, including CBAVD, chronic pancreatitis, disseminated
bronchiectasis, and allergic pulmonary aspergillosis (Bombieri et al., 2011). In
these cases, the CF APEX test can serve as the first-tier research tool to screen
for mutations, coupled with other more comprehensive but resource-intensive
technologies if the results are negative. When relevant disease-contributive
CFTR mutations are identified, these can be added to the CF APEX array for
routine analysis.

In conclusion, the results demonstrated the feasibility of the APEX approach
for CF mutation detection. The CF APEX assay is specific, reproducible, and
technically robust. In general, it could be accomplished in 4 to 5 hours, as
illustrated in Figure 9.

Figure 9. Estimated sample turn-around time of CF APEX assay. Template pre-
paration step includes PCR amplification of gDNA, spin-column purification, and sAP /
UNG treatment for removal of residual dNTPs and fragmentation of PCR product.

Because the template preparation and APEX reaction steps can be performed in
parallel, the rate-limiting factor in sample analysis is the number of detection
devices per laboratory. At 6 to 7 minutes of analysis time per array, the
throughput in 8 hours would be approximately 60 to 70 samples per imager unit.

4.2. Detection of SNHL mutations
by SNHL APEX assay (Paper Il)

Genetic etiology of SNHL is highly complex, due to the involvement of
multiple genes and a diverse pattern of inheritance. SNHL can be inherited in an
autosomal dominant, or recessive, X-linked, or mitochondrial manner. In
addition to the variable prevalence of SNHL among different populations and
ethnicities, the frequency and distribution of the mutation spectrum are also
highly variable.
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To compensate for the lack of a multigene diagnostic for SNHL, our goal
was to create an SNHL APEX assay that provides a molecular diagnosis for
patients affected with SNHL and allows carrier detection of recessive SNHL.
We selected 198 mutations / sequence variants (Table 1 in Paper II) in six
nuclear and two mitochondrial genes involved in the etiology of SNHL and
diagnostically practical in terms of the number of mutations included. The
mutation panel included single nucleotide substitutions and indels, including a
309-kb deletion affecting GJB6.

The SNHL APEX assay contained commonly reported mutations in the most
frequently involved genes underlying NS-SNHL and S-SNHL among
population groups. For instance, the ¢.35delG mutation is the most commonly
identified mutation in the GJB2 gene (Genebank accession NM_004004.5)
(Gasparini et al., 2000). This mutation causes a deletion of a one guanine from
a poly(G) tract at positions 30-35, leading to a frame shift. Figure 10
demonstrates representative APEX results of several individuals / patients for
the ¢.35delG mutation.

SE
WT/c.35delG
AS
¢.35delG/c.35delG
WT/WT

Figure 10. APEX analysis of deletion NM_004004.5:¢.35delG in the GJB2 gene.
Samples of three individuals, one each with WT/c.35delG, c.35delG/c.35delG, and
WT/WT, are presented. For each DNA sample, sense (SE) strand (upper row) and
antisense (AS) strand (lower row) signals are presented. For a normal allele, a signal for
the SE primer is expected in the G channel and for the AS primer in the C channel
(G/C). For a mutant allele, a signal for the SE primer is expected in the T channel and
for the AS primer in the A channel (T/A).

Although Usher syndrome is common in S-SNHL, mutations for Usher
syndrome detection were not included, because they are involved in a separate
APEX microarray (Cremers et al., 2007). Several mutations / variations of
uncertain or evolving clinical significance were included in this panel: for
instance, p.V271, p.M34T, p.V371, and p.E114G in GJB2, NM_206885.1:c.-53-
2A>G (legacy name IVS2-2A>G) in SLC26A45 (Tang et al., 2005), and p.L11F
and p.V24A in GJAI (Genebank accession NM 000165.3) (Paznekas et al.,
2003). The advantage of the APEX assay is manifested by the easy removal or
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replacement of DNA sequence variations with uncertain clinical significance as
our knowledge of the implicated genes and mutations evolves.

The SNHL APEX assay was validated in a pilot study by using 22 patient
DNA samples with 39 sequence variants (18 in GJB2, 1 in GJB6, and 18 in
SLC26A44) and synthetic oligomers for each mutation site. The sequence of
synthetic templates consisted of the reference sequence segments flanking the
mutation site. In validation with the gDNA samples, we detected one
unexpected homozygous result, instead of the expected heterozygosity for
mutation NM_004004.5:¢c.-23+1G>A (legacy name IVS1+1G>A) in SNHL-9
(Table 2 in Publication II). The homozygous result was reproduced twice with
the same PCR product on APEX analysis, but re-amplification and subsequent
APEX analysis demonstrated the expected heterozygosity. We concluded that
there was allele dropout (ADO) in the original PCR amplification.

Considering the ADO event, the specificity was 97% (32/32+1). How-
ever, as ADO is a very rare event in PCR and is unrelated to validation of the
microarray position or condition of the APEX reaction itself, the true calculated
specificity was considered to be 100% for the APEX reaction. The sensitivity of
the assay was 100%, and no FNs were observed. The reproducibility of the
APEX reaction was determined by re-testing a heterozygous c.35delG sample
in eight replicons. The results revealed 100% reproducibility of the APEX
reactions under optimized reaction conditions.

The results of the pilot study revealed the accuracy, reproducibility, and
technical robustness of the SNHL APEX assay for detecting multiple mutations
in various genes essential for the comprehensive molecular diagnosis of SNHL.
The sample turn-around time of the SNHL APEX assay was approximately 6
hours, including a hands-on time of approximately 1 hour and 20 min. In most
laboratories, the SNHL testing strategy involves testing only for SNHL muta-
tions in GJB2 by Sanger sequencing, which is expensive, labor-intensive, and
suitable mainly for the sequential analysis of one or a few genes. In contrast, the
APEX platform is more resource-effective for monitoring mutations in
numerous genes simultaneously, and could be easily updated for emerging
clinical needs.

One reason to consider molecular diagnostic genetic testing in both children
and adults with hearing loss includes the ability to determine the etiology of
nonsyndromic forms of hearing loss that lack other clinical features early in life
(Schrijver, 2004). The SNHL APEX assay-based testing is ordered by pediatri-
cians, otolaryngologists, and geneticists. It can be integrated into more stan-
dardized follow-up after newborn hearing screening, where clinically indicated.
Patients will benefit from accurate genetic counseling and, in some cases,
treatment, including early intervention with hearing aids or cochlear implants,
which will improve the quality of life for hearing-impaired individuals
(Yoshinaga-Itano et al., 1998). Additionally, the use of large diagnostic
platforms, like the APEX array, for testing many cases provides extensive infor-
mation about mutation frequencies and distributions in distinct populations, as
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well as genotype-phenotype correlations, permitting more accurate assessments
of the clinical significance of individual mutations or their combinations.

4.3. Mutation detection by BBS-ALMS APEX assay
(Paper Ill)

BBS and ALMS are multisystem genetic disorders showing highly variable
phenotypes and considerable phenotypic overlap that may lead to misdiagnosis
between the two disorders (Aliferis et al., 2012). To date, the genetic
heterogeneity of BBS involves 16 genes and ALMS involves one gene, making
mutational analysis rather complicated (Redin et al., 2012). From the BBS-
ALMS APEX assay, 253 mutations / sequence variants in 10 BBS and one
ALMS gene (Supplementary Table 1 in Paper III) were selected for molecular
diagnostic testing and carrier screening of common mutations present in
different populations. The selected panel of BBS/ALMS mutations included the
most common disease alleles among different populations described in the
literature (Zaghloul and Katsanis, 2009, Marshall et al., 2011). A set of
intragenic SNPs was also included. These SNPs could be used in a linkage
study to a particular locus and may lead to the identification of novel BBS and
ALMSI1 mutations (this analysis was not performed herein). The BBS-ALMS
APEX assay included single nucleotide substitutions and indels. An example of
the primer design and captured images of the APEX reaction results are shown
in Supplementary Data in Paper III.

After the development phase, we obtained an assay call rate of 99.5%,
sensitivity of 99.4%, and specificity of 100%. The validated array was used to
screen 205 BBS and 135 ALMS patient samples (340 in total) with a confirmed
or suspected diagnosis of BBS or ALMS. At least one likely causative mutation
was identified in 35% (119/340) of families (Figure 1 in Paper III). In most
cases (53 BBS + 16 ALMS families), homozygous or compound heterozygous
mutations were discovered, and no further analysis was required (Tables 1 and
2 in Paper III). The mutation detection rate of the assay was higher in European
than non-European patients (BBS: 47 vs. 3%; ALMS: 19 vs. 5%). A summary
of polymorphisms that were detected is shown in Supplementary Table 2 in
Paper III.

More mutations were detected in BBS (40.5%; 83/205) than in ALMS
(26.7%; 36/135) families, mainly due to the two “common” mutations in BBS]
(p-M390R) and BBSI0 (p.C91fsX95), identified in 71.1% (59/83) of BBS
families. The most common contributors to BBS syndrome were the BBSI and
BBSI0 genes, involved in 84.1% (69/82) of all BBS families with a BBS
mutation detected. Consistent with findings in other studies, the most frequent
disease alleles in north European origin BBS families were p.M390R, identified
in all BBS1 families, and p.C91{sX95 (Zaghloul and Katsanis, 2009), identified
in 50% (10/20) of BBS10 families (Table 1, Paper III).
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Although the most frequently reported mutation in ALMSI was ¢.10775delC
(p.T3592fs) (Marshall et al., 2007), the most frequently observed ALMSI
mutation in this study was ¢.11316_11319delAGAG (p.R3772fs), identified in
three families (Table 2 in Paper III). The BBS-ALMSI assay detected two
mutations in 25.8% (53/205) of BBS and 11.9% (16/135) of ALMS families.
Cases with one heterozygous mutation identified should be screened for the
same gene in full length.

In these series, we determined two BBS cases with oligogenic inheritance,
carrying three BBS mutations, whereas the third heterozygous allele was a
nonsense mutation (p.R275X in BBS2 and p.Q355X in BBSY) that should affect
the function of the protein (Table 1 in Paper III). Digenic triallelism has
previously been reported in BBS. Most often, the third heterozygous mutation
(at a second BBS locus) behaves as a modifier allele (Badano et al., 2003)
rather than being necessary for the phenotypic manifestation of BBS (Katsanis
et al., 2001). To date, no evidence of digenic triallelism has been seen in
patients with ALMS.

Although we continue to update of BBS-ALMS assay on a regular basis, the
major limitation of the array is incomplete coverage of all genes and all
published mutations related to BBS and ALMS. Alternative technologies, like
NGS, could be used for the identification of deleterious mutations in this group
of patients. However, at this time, NGS platforms are more resource-consuming
compared to the genotyping array to be a first-pass screening option. In
conclusion, the BBS-ALMS assay is an efficient first-pass screening tool for
molecular diagnosis of BBS and ALMS and has beneficial outcomes for
resolving phenocopy issues between these syndromes.

4.4. Molecular detection of fetal Down syndrome by
quantitative T21 APEX-2 assay (Paper IV)

In most cases, DS is caused by an extra chr21, but complete or partial clinical
DS features may also be associated with the duplication of a few or one gene in
the DSCR (Rachidi and Lopes, 2007, Korbel et al, 2009). These small
chromosomal aberrations are not revealed by conventional karyotype analysis
or metaphase FISH. Our goal was to develop an APEX-2 assay-based SNP
genotyping method as a proof of principle for the rapid determination of both
whole-chromosome duplication and gene-/exon-level duplications that cause
DS. In addition to the previously described qualitative analysis of the APEX
assay for mutation analysis, the T21 APEX-2 assay included quantitative data
analysis for DNA sample annotation. Copy number analysis of chr21 by the
APEX-2 assay relied on a comparison of signal intensities of the allelic
fractions of heterozygous SNPs after the APEX reaction, as illustrated in Figure
11 (Figure 1 in Paper IV).
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Figure 11. Principle of the T21 APEX assay. Trisomic samples are discriminated
from euploid samples by comparing signal intensities of allelic fractions of
heterozygous SNPs obtained after the APEX reaction. (A) Trisomic DNA has two
copies of one allele of a heterozygous SNP, compared to euploid DNA with one copy of
both alleles. (B) One-tube multiplex PCR amplification. (C) APEX reactions are
performed on a glass slide with covalently attached SNP-specific primers for both DNA
strands. Four different terminator nucleotides, each tagged with an individual
fluorophore, are used. To simplify the illustration, only one strand is shown. (D)
Imaging and analysis of genotyping data of DNA samples. Left to right: fluorescent
image in channels A, C, G, and T; histograms represent relative signal intensities; Edit
BC, base call; in sections A, C, G, T; Histogram & Edit BC, upper row represents
signals of sense strand primer, lower row antisense strand primer (Figure 1 in Paper IV).

We expected that double-copy alleles from trisomic DNA samples would have
different mean allelic fraction values compared to the euploid DNA samples;
more than three genotype clusters should be present. Examples of the data
analysis of two SNPs are shown in Figure 12 (Figure 2 in Paper IV). Figures
12A and 12B illustrate a reliable discrimination between T21 and euploid DNA
samples on both DNA strands. DNA samples with the duplicated A or T allele
are clearly clustered apart from the DNA samples with a normal allele ratio (for
sense strand, P = 0.000242 and P = 0.006, respectively; for antisense strand,
P = 0.007 and P = 0.0000124, respectively). In contrast, Figure 12C shows
genotyping data in which no distinct clusters were formed for the allelic
fractions of the duplicated C or T allele, apart from DNA samples with a normal
allele ratio using the sense strand (P = 0.085 and P = 0.2, respectively). Reliable
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discrimination of the duplicated G or A allele was possible using the antisense
strand (P =0.0000250 and P = 0.00120, respectively) (Figure 12D).
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Figure 12. Log plots of allelic fraction. DNA samples homozygous for a given SNP
(light brown and blue) are expected to be at zero or one on x-axis, with DNA samples
heterozygous for a given SNP between them. (A) Sense strand for rs2000419 (A/T).
T21 DNA samples are highlighted with red or green for A or T allele duplication,
respectively. (B) Antisense strand for rs2000419 (T/A). T21 DNA samples are high-
lighted with red or green for T or A allele duplication, respectively. (C) Sense strand for
1s2833844 (C/T). T21 DNA samples are highlighted with red or green for C or T allele
duplication, respectively. (D) Antisense strand for rs2833844 (G/A). T21 DNA samples
are highlighted with red or green for G or A allele duplication, respectively. Dark blue,
euploid DNA samples (Figure 2 in Paper IV).
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The T21 APEX-2 assay was validated through several steps, and quality
parameters were obtained (Table 3, modification of Table 1 in Paper IV). We
selected SNPs from the 21(q21.1g22.2) region (DSCR) and performed an initial
assay validation on euploid DNA samples. Reliably performing oligos for 90
SNPs of 143 SNPs that passed in silico quality control were revealed. Oligos for
53 SNPs (37%) were excluded from subsequent analysis because of low call
rate, low reproducibility, or false signals. The 90 validated SNPs (listed in
Supplementary Table 1 in Paper IV) were further used to discriminate between
11 T21 patients and 9 normal individuals, genotyped in three to four replicates
(70 experiments in total). As shown in Figure 13A (Figure 3A in Paper 1V), the
T21 and normal DNA samples were separately distributed from each other.
Data from 58 experiments were used to calculate the call rate for each SNP
(range 97-100%), (Supplementary Table S1 in Paper IV).

Table 3. Genotyping quality parameters for the T21 assay (modification of Table 1
in Paper IV)

Assay Blind CULT UNCULT CULT UNCULT
Parameter

validation study AC AC CVS CVvS
Assay call rate (%)” 99.2 98.9 998 99.9 99.8 99.9
Assay specificity (%) 100 100 100 100 100 100
Assay sensitivity (%) 100 100 100 100 100 NA
Reproducibility (%)° 99.3 NA NA NA NA NA
Specificity of SNPs (%) 98.7 98.6 100 98.6 99.2 100
Sensitivity of SNPs (%) 98.4 969  98.8 99.1 98.3 NA

Abbreviations: NA, not applicable; CULT, cultured; UNCULT, uncultured; ACs, amniocytes;
CVS, chorionic villus sample.

* Assay call rate: 6252/6300 counts in assay validation step; 3738/3780 counts in blind study; in
evaluation step, 5209/5220 counts with cultured ACs; 4498/4500 counts with uncultured ACs;
1616/1620 counts with cultured CVSs; 809/810 counts with uncultured CVSs.

® Reproducibility of the assay was determined by genotyping five DNA samples as eight
replicates and three DNA samples as seven replicates (61 experiments in total).

Subsequently, a blinded study using 16 T21 patients and 11 normal individuals
for T21 was performed. Of the T21 patients, 10 DNA samples were duplicates.
Of the normal samples, five were duplicates. Of the 42 DNA samples, 26 DNA
samples were correctly classified as T21 and 16 DNA samples were classified
as euploid (Figure 13B).

The threshold for annotating DNA samples as euploid or trisomic for T21
was determined by a validation assay. Results were confirmed via a blinded
study of the clinical samples. According to this data set, T21 was confirmed
when >80% of the heterozygous SNPs had an altered allele ratio compared to
the normal controls. The DNA sample was annotated as euploid for chr21 when
<20% of the heterozygous SNPs had an altered allele ratio. The analysis of the
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APEX results revealed that the failure to detect the expected allele ratio of a
SNP and incorrect determination of heterozygous SNPs might be caused by
amplification bias of the analyzed SNP and/or low DNA quality. Hence, if the
APEX primers for each SNP designed for both DNA strands could be analyzed
autonomously, the number of incorrectly assigned SNPs would be narrowed
down. Re-analysis of DNA samples should be performed if borderline results
are obtained.

Finally, the T21 assay was used to analyze cultured and uncultured
amniocyte (AC)/CVS samples. Of the 58 cultured AC samples, 55 DNA
samples were annotated correctly as normal for chr21, and three were classified
as T21. From the uncultured AC samples, 49/50 DNA samples were correctly
determined to have two copies of chr21l, and one DNA sample was correctly
determined as T21. All uncultured CVS samples appeared to be normal for
chr21, and 5/17 cultured CVS samples were annotated as trisomic for chr21
(Figure 13C).
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Figure 13. APEX-2-based analysis of 90 SNPs from euploid and trisomy 21
samples. Genotyping results are shown from (A) the validation step, (B) blinded study,
and (C) cultured and uncultured fetal cells (Figure 3 in Paper IV).
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To confirm the robustness of the APEX-2 assay concerning DNA quality, five
DNAs extracted from cultured CVS samples fixed in 3:1 methanol-acetic acid
(Carnoy’s fixative) were used. Three of these samples were correctly annotated
as T21 and two as normal for chr21. All of obtained results were confirmed by
conventional cytogenetic analysis.

The presence of maternal cell contamination in fetal samples may be a
potential cause for prenatal misdiagnosis. We compared fetal genotypes derived
from 50 uncultured AC and 5 CVS samples with their mother’s genotypes. No
misleading maternal cell contamination was detected with the T21 APEX-2
assay. In contrast, maternal cell contamination could not be detected with
MLPA, which is a popular technology for RAD (Kooper et al., 2008). Another
commonly used stand-alone RAD test is QF-PCR assay that allows the detec-
tion of maternal cell contamination and female triploidies. However, the set of
markers used in that method can occasionally be uninformative (Cirigliano et
al., 2009).

In principle, the APEX-2 assay could potentially be used to detect triploidy
when SNPs from other chromosomes are included on the array, because we
estimate allele ratios of heterozygous SNPs in each locus autonomously. The
problem with the uninformative marker set is minimized by the large number of
SNPs included in the T21 array. The current panel of 90 highly heterozygous
SNPs enabled the assessment of T21 in the general population, but a more
specific selection of SNPs in ethnic minority groups and ethnic groups with
high consanguinity may need to be added. For instance, two DNA samples from
highly inbred families were excluded from the T21 APEX-2 assay validation,
because only one SNP out of 90 was heterozygous.

The highly flexible microarray format of the APEX-2 assay is amenable for
the addition of new loci without extensive optimization. It could be updated to
analyze other common autosomal aneuploidies, such as trisomies 13 and 18, sex
chromosome aneuploidies, and different gene mutations. For instance, along
with the elevated risk of fetal T21, increased nuchal translucency has been
associated with a wide range of gene mutations in diverse syndromes of
chromosomally normal fetuses (Souka et al., 1998). Introducing these causative
loci to the APEX-2 assay would enable the abnormal ultrasound finding to be
associated with either aneuploidy or gene mutations in a single test.

Data obtained from our proof of principle experiments demonstrated that the
T21 APEX-2 assay is suitable for RAD because it is fast and reliably discrimi-
nates between T21 and nontrisomic DNA samples derived from cultured and
uncultured fetal cells. The advantages of the T21 APEX-2 assay include its easy
handling and robust template preparation compared to, for example, the aCGH
platform. Additionally, the APEX-2 assay is not highly sensitive to input DNA
quality, quantity, or extraction method, unlike MLPA (Kooper ef al., 2008) and
aCGH (Fiorentino et al., 2011). High-quality results were achieved from as
little as 60 ng of gDNA extracted from uncultured fetal cells derived from 2 mL
of amniotic fluid. The amount of starting material needed for analysis was
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comparable to that for QF-PCR and MLPA, but much less compared to aCGH
(without whole-genome amplification) (Bi et al., 2008).

The developed T21 APEX-2 assay would be advantageous as a rapid pre-test
to reduce parental anxiety during genetic counseling before finalizing karyo-
typing. The main advantages of the APEX-2-based assay for prenatal chromo-
somal aneuploidy detection include: i) short sample turnaround time (30 hours),
ii) no need for fetal cell culturing, iii) simultaneous analysis of chromosomal
and gene mutation loci, iv) possibility of multiplexing for hundreds of loci, v)
cost-effectiveness, and vi) a flexible and easily customized set-up.
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CONCLUSIONS

The developed APEX and APEX-2 microarray-based assays are suitable tools
for the comprehensive screening of mutations / variations and CNVs in clinical
practice. Main advantages of the APEX/APEX-2 assay include its flexibility
and single-step hybridization of the template, followed by primer extension,
which make the assay relatively fast, simple, and robust with fewer compo-
nents, pipetting steps, and manipulations in the workflow. These advantages
shorten the hands-on time and reduce operator-dependent errors and variability.

1.

The main outcomes of the current thesis are:

A novel APEX-based genotyping microarray for the detection of 204 CFTR
mutations was designed and validated. The significantly extended pan-ethnic
mutation panel includes frequent CF mutations detected in both Caucasian
and non-Caucasian populations. The CF APEX assay has been implemented
in the molecular diagnosis of disease and routine CF mutation carrier
screening in Caucasians and is especially beneficial in non-Caucasians and
individuals of mixed ethnicity (Schrijver ef al., 2005).

. Development of a novel diagnostic APEX microarray for simultaneous

multigene mutation detection in SNHL patients. The designed and validated
panel includes 198 mutations in eight genes underlying mostly NS-SNHL.
The integration of the comprehensive SNHL APEX assay into newborn
hearing screening follow-up allows the detection of genetic causes of deaf-
ness in children (and adults), improving medical management for patients
and genetic counseling for families (Gardner ef al., 2006).

. Molecular analysis of BBS and ALMS patients with a BBS-ALMS1 mutation

array. Development of the BBS-ALMS assay included the design and
validation of 253 sequence variants in 10 BBS genes and one ALMS] gene.
The assay detected at least one mutation in 40.5% of BBS families and
26.7% of ALMS families. Two BBS families segregating three BBS alleles
were found, supporting oligogenicity or modifier roles for additional muta-
tions. In contrast, more than two mutations were not found in any ALMS
family. The study results confirm the value of the BBS-ALMS assay as an
efficient and cost-effective first-pass diagnostic screening test (Pereiro et al.,
2011).

. Proof-of-principle demonstration of the use of the modified APEX-2 assay

as a new and reliable method for the rapid prenatal diagnosis of DS from
uncultured fetal cells (AC / CVS). The developed T21 APEX-2 assay could
be used as a rapid pre-test to reduce parental anxiety during genetic
counseling before final karyotyping (Oitmaa et al., 2010).

57



REFERENCES

Ackerman, C., Locke, A.E., Feingold, E., Reshey, B., Espana, K., Thusberg, J.,
Mooney, S., Bean, L.J., Dooley, K.J., Cua, C.L., Reeves, R.H., Sherman, S.L. and
Maslen, C.L. (2012). An Excess of Deleterious Variants in VEGF-A Pathway Genes
in Down-Syndrome-Associated Atrioventricular Septal Defects. Am J Hum Genet
91: 646-59.

ACMG (2002). Genetics Evaluation Guidelines for the Etiologic Diagnosis of Con-
genital Hearing Loss. Genetic Evaluation of Congenital Hearing Loss Expert Panel.
ACMG statement. Genet Med 4: 162-71.

Aldahmesh, M.A., Abu-Safieh, L., Khan, A.O., Al-Hassnan, Z.N., Shaheen, R., Rajab,
M., Monies, D., Meyer, B.F. and Alkuraya, F.S. (2009). Allelic heterogeneity in
inbred populations: the Saudi experience with Alstrom syndrome as an illustrative
example. Am J Med Genet A 149A: 662-5.

Alexandrino, F., Oliveira, C.A., Reis, F.C., Maciel-Guerra, A.T. and Sartorato, E.L.
(2004). Screening for mutations in the GJB3 gene in Brazilian patients with non-
syndromic deafness. J Appl Genet 45: 249-54.

Aliferis, K., Helle, S., Gyapay, G., Duchatelet, S., Stoetzel, C., Mandel, J.L. and
Dollfus, H. (2012). Differentiating Alstrom from Bardet-Biedl syndrome (BBS)
using systematic ciliopathy genes sequencing. Ophthalmic Genet 33: 18-22.

Aljanabi, S.M. and Martinez, I. (1997). Universal and rapid salt-extraction of high
quality genomic DNA for PCR-based techniques. Nucleic Acids Res 25: 4692-3.

Alstrom, C.H., Hallgren, B., Nilsson, L.B. and Asander, H. (1959). Retinal degeneration
combined with obesity, diabetes mellitus and neurogenous deafness: a specific
syndrome (not hitherto described) distinct from the Laurence-Moon-Bardet-Biedl
syndrome: a clinical, endocrinological and genetic examination based on a large
pedigree. Acta Psychiatr Neurol Scand Suppl 129: 1-35.

Anderson, M.P., Rich, D.P., Gregory, R.J., Smith, A.E. and Welsh, M.J. (1991). Gene-
ration of cAMP-activated chloride currents by expression of CFTR. Science 251:
679-82.

Andreson, R., Puurand, T. and Remm, M. (2006). SNPmasker: automatic masking of
SNPs and repeats across eukaryotic genomes. Nucleic Acids Res 34: W651-5.

Antonarakis, S.E. and Epstein, C.J. (2006). The challenge of Down syndrome. Trends
Mol Med 12: 473-9.

Arnos, K.S., Welch, K.O., Tekin, M., Norris, V.W., Blanton, S.H., Pandya, A. and
Nance, W.E. (2008). A comparative analysis of the genetic epidemiology of deaf-
ness in the United States in two sets of pedigrees collected more than a century
apart. Am J Hum Genet 83: 200-7.

Arron, J.R., Winslow, M.M., Polleri, A., Chang, C.P., Wu, H., Gao, X., Neilson, J.R.,
Chen, L., Heit, J.J., Kim, S.K., Yamasaki, N., Miyakawa, T., Francke, U., Graef,
LLA. and Crabtree, G.R. (2006). NFAT dysregulation by increased dosage of DSCR1
and DYRKI1A on chromosome 21. Nature 441: 595-600.

Badano, J.L., Kim, J.C., Hoskins, B.E., Lewis, R.A., Ansley, S.J., Cutler, D.J., Cas-
tellan, C., Beales, P.L., Leroux, M.R. and Katsanis, N. (2003). Heterozygous muta-
tions in BBS1, BBS2 and BBS6 have a potential epistatic effect on Bardet-Biedl
patients with two mutations at a second BBS locus. Hum Mol Genet 12: 1651-9.

58



Badano, J.L., Mitsuma, N., Beales, P.L. and Katsanis, N. (2006). The ciliopathies: an
emerging class of human genetic disorders. Annu Rev Genomics Hum Genet 7: 125—
48.

Bardet, G. (1920). Sur un syndrome d'obesite infantile avec polydactylie et retinite pig-
mentaire (contribution a 1’etude des formes cliniques de l'obesite hypophysaire).
Thesis: University of Paris, France. Note: No. 479.

Beales, P.L., Badano, J.L., Ross, A.J., Ansley, S.J., Hoskins, B.E., Kirsten, B., Mein,
C.A., Froguel, P., Scambler, P.J., Lewis, R.A., Lupski, J.R. and Katsanis, N. (2003).
Genetic interaction of BBS1 mutations with alleles at other BBS loci can result in
non-Mendelian Bardet-Biedl syndrome. Am J Hum Genet 72: 1187-99.

Beales, P.L., Elcioglu, N., Woolf, A.S., Parker, D. and Flinter, F.A. (1999). New criteria
for improved diagnosis of Bardet-Biedl syndrome: results of a population survey. J
Med Genet 36: 437-46.

Beales, P.L., Katsanis, N., Lewis, R.A., Ansley, S.J., Elcioglu, N., Raza, J., Woods,
M.O., Green, J.S., Parfrey, P.S., Davidson, W.S. and Lupski, J.R. (2001). Genetic
and mutational analyses of a large multiethnic Bardet-Biedl cohort reveal a minor
involvement of BBS6 and delineate the critical intervals of other loci. Am J Hum
Genet 68: 606—16.

Bi, W., Breman, A.M., Venable, S.F., Eng, P.A., Sahoo, T., Lu, X.Y., Patel, A.,
Beaudet, A.L., Cheung, S.W. and White, L.D. (2008). Rapid prenatal diagnosis
using uncultured amniocytes and oligonucleotide array CGH. Prenat Diagn 28:
943-9.

Bianchi, D.W., Platt, L.D., Goldberg, J.D., Abuhamad, A.Z., Sehnert, A.J. and Rava,
R.P. (2012). Genome-wide fetal aneuploidy detection by maternal plasma DNA
sequencing. Obstet Gynecol 119: 890-901.

Bickmann, J.K., Kamin, W., Wiebel, M., Hauser, F., Wenzel, J.J., Neukirch, C.,
Stuhrmann, M., Lackner, K.J. and Rossmann, H. (2009). A novel approach to CFTR
mutation testing by pyrosequencing-based assay panels adapted to ethnicities. Clin
Chem 55: 1083-91.

Biedl, A. (1922). Ein geschwisterpaar mit adiposo genitaler dystrophie. Dtsch. Med.
Wochenschr. 48: 1630.

Billingsley, G., Bin, J., Fieggen, K.J., Duncan, J.L., Gerth, C., Ogata, K., Wodak, S.S.,
Traboulsi, E.I, Fishman, G.A., Paterson, A., Chitayat, D., Knueppel, T., Millan,
J.M., Mitchell, G.A., Deveault, C. and Heon, E. (2010). Mutations in chaperonin-
like BBS genes are a major contributor to disease development in a multiethnic
Bardet-Biedl syndrome patient population. J Med Genet 47: 453—63.

Billingsley, G., Deveault, C. and Heon, E. (2011). BBS mutational analysis: a strategic
approach. Ophthalmic Genet 32: 181-7.

Bizhanova, A. and Kopp, P. (2010). Genetics and phenomics of Pendred syndrome. Mo/
Cell Endocrinol 322: 83-90.

Bobadilla, J.L., Macek, M., Jr., Fine, J.P. and Farrell, P.M. (2002). Cystic fibrosis: a
worldwide analysis of CFTR mutations — correlation with incidence data and
application to screening. Hum Mutat 19: 575-606.

Bombieri, C., Claustres, M., De Boeck, K., Derichs, N., Dodge, J., Girodon, E., Sermet,
1., Schwarz, M., Tzetis, M., Wilschanski, M., Bareil, C., Bilton, D., Castellani, C.,
Cuppens, H., Cutting, G.R., Drevinek, P., Farrell, P., Elborn, J.S., Jarvi, K., Kerem,
B., Kerem, E., Knowles, M., Macek, M., Jr., Munck, A., Radojkovic, D., Seia, M.,
Sheppard, D.N., Southern, K.W., Stuhrmann, M., Tullis, E., Zielenski, J., Pignatti,

59



P.F. and Ferec, C. (2011). Recommendations for the classification of diseases as
CFTR-related disorders. J Cyst Fibros 10 Suppl 2: S86—-102.

Bornstein, E., Lenchner, E., Donnenfeld, A., Kapp, S., Keeler, S.M. and Divon, M.Y.
(2009). Comparison of modes of ascertainment for mosaic vs complete trisomy 21.
Am J Obstet Gynecol 200: 440 e1-5.

Bortolin, S., Black, M., Modi, H., Boszko, I., Kobler, D., Fieldhouse, D., Lopes, E.,
Lacroix, J.M., Grimwood, R., Wells, P., Janeczko, R. and Zastawny, R. (2004).
Analytical validation of the tag-it high-throughput microsphere-based universal
array genotyping platform: application to the multiplex detection of a panel of
thrombophilia-associated single-nucleotide polymorphisms. Clin Chem 50: 2028—
36.

Braun, A., Little, D.P. and Koster, H. (1997). Detecting CFTR gene mutations by using
primer oligo base extension and mass spectrometry. Clin Chem 43: 1151-8.

Brownstein, Z. and Avraham, K.B. (2009). Deafness genes in Israel: implications for
diagnostics in the clinic. Pediatr Res 66: 128-34.

Bruse, S., Moreau, M., Azaro, M., Zimmerman, R. and Brzustowicz, L. (2008). Impro-
vements to bead-based oligonucleotide ligation SNP genotyping assays.
Biotechniques 45: 559-71.

Bui, T.H., Vetro, A., Zuffardi, O. and Shaffer, L.G. (2011). Current controversies in
prenatal diagnosis 3: is conventional chromosome analysis necessary in the post-
array CGH era? Prenat Diagn 31: 235-43.

Campa, D., Tavanti, A., Gemignani, F., Mogavero, C.S., Bellini, 1., Bottari, F., Barale,
R., Landi, S. and Senesi, S. (2008). DNA microarray based on arrayed-primer
extension technique for identification of pathogenic fungi responsible for invasive
and superficial mycoses. J Clin Microbiol 46: 909—15.

Castellani, C., Macek, M., Jr., Cassiman, J.J., Duff, A., Massie, J., ten Kate, L.P.,
Barton, D., Cutting, G., Dallapiccola, B., Dequeker, E., Girodon, E., Grody, W.,
Highsmith, E.W., Kaariainen, H., Kruip, S., Morris, M., Pignatti, P.F., Pypops, U.,
Schwarz, M., Soller, M., Stuhrman, M. and Cuppens, H. (2010). Benchmarks for
cystic fibrosis carrier screening: a European consensus document. J Cyst Fibros 9:
165-78.

Chandler, W.M., Rowe, L.R., Florell, S.R., Jahromi, M.S., Schiffman, J.D. and South,
S.T. (2012). Differentiation of malignant melanoma from benign nevus using a
novel genomic microarray with low specimen requirements. Arch Pathol Lab Med
136: 947-55.

Chapiro, E., Feldmann, D., Denoyelle, F., Sternberg, D., Jardel, C., Eliot, M.M,,
Bouccara, D., Weil, D., Garabedian, E.N., Couderc, R., Petit, C. and Marlin, S.
(2002). Two large French pedigrees with non syndromic sensorineural deafness and
the mitochondrial DNA T7511C mutation: evidence for a modulatory factor. Fur J
Hum Genet 10: 851-6.

Chen, X. and Kwok, P.Y. (1997). Template-directed dye-terminator incorporation
(TDI) assay: a homogeneous DNA diagnostic method based on fluorescence
resonance energy transfer. Nucleic Acids Res 25: 347-53.

Chen, X., Levine, L. and Kwok, P.Y. (1999). Fluorescence polarization in homo-
geneous nucleic acid analysis. Genome Res 9: 492-8.

Chiu, R.W., Akolekar, R., Zheng, Y.W., Leung, T.Y., Sun, H., Chan, K.C., Lun, F.M.,
Go, A.T., Lau, E.T., To, W.W., Leung, W.C., Tang, R.Y., Au-Yeung, S.K., Lam,
H., Kung, Y.Y., Zhang, X., van Vugt, J.M., Minekawa, R., Tang, M.H., Wang, J.,
Oudejans, C.B., Lau, T.K., Nicolaides, K.H. and Lo, Y.M. (2011). Non-invasive

60



prenatal assessment of trisomy 21 by multiplexed maternal plasma DNA
sequencing: large scale validity study. Bmj 342: ¢7401.

Cirello, V., Bazzini, C., Vezzoli, V., Muzza, M., Rodighiero, S., Castorina, P., Maffini,
A., Botta, G., Persani, L., Beck-Peccoz, P., Meyer, G. and Fugazzola, L. (2012).
Molecular and functional studies of 4 candidate loci in Pendred syndrome and
nonsyndromic hearing loss. Mol Cell Endocrinol 351: 342-50.

Cirigliano, V., Voglino, G., Ordonez, E., Marongiu, A., Paz Canadas, M., Ejarque, M.,
Rueda, L., Lloveras, E., Fuster, C. and Adinolfi, M. (2009). Rapid prenatal diagnosis
of common chromosome aneuploidies by QF-PCR, results of 9 years of clinical
experience. Prenat Diagn 29: 40-9.

Cocchi, G., Gualdi, S., Bower, C., Halliday, J., Jonsson, B., Myrelid, A., Mastroiacovo,
P., Amar, E., Bakker, M.K., Correa, A., Doray, B., Melve, K.K., Koshnood, B.,
Landau, D., Mutchinick, O.M., Pierini, A., Ritvanen, A., Ruddock, V., Scarano, G.,
Sibbald, B., Sipek, A., Tenconi, R., Tucker, D. and Anneren, G. (2010). Inter-
national trends of Down syndrome 1993-2004: Births in relation to maternal age
and terminations of pregnancies. Birth Defects Res A Clin Mol Teratol 88: 474-9.

Collin, G.B., Marshall, J.D., Ikeda, A., So, W.V., Russell-Eggitt, 1., Maffei, P., Beck,
S., Boerkoel, C.F., Sicolo, N., Martin, M., Nishina, P.M. and Naggert, J.K. (2002).
Mutations in ALMSI1 cause obesity, type 2 diabetes and neurosensory degeneration
in Alstrom syndrome. Nat Genet 31: 74-8.

Costa, J.L., Sousa, S., Justino, A., Kay, T., Fernandes, S., Cirnes, L., Schmitt, F. and
Machado, J.C. (2013). Non Optical Massive Parallel DNA Sequencing of BRCA1
and BRCA2 Genes in a Diagnostic Setting. Hum Mutat.

Cremers, F.P., Kimberling, W.J.,, Kulm, M., de Brouwer, A.P., van Wijk, E., te
Brinke, H., Cremers, C.W., Hoefsloot, L.H., Banfi, S., Simonelli, F., Fleischhauer,
J.C., Berger, W., Kelley, P.M., Haralambous, E., Bitner-Glindzicz, M., Webster,
A.R., Saihan, Z., De Baere, E., Leroy, B.P., Silvestri, G., McKay, G.J., Koenekoop,
R.K., Millan, J.M., Rosenberg, T., Joensuu, T., Sankila, E.M., Weil, D., Weston,
M.D., Wissinger, B. and Kremer, H. (2007). Development of a genotyping
microarray for Usher syndrome. J Med Genet 44: 153-60.

Cui, J., Azimi, M., Baysdorfer, C., Vichinsky, E.P. and Hoppe, C.C. (2013). Appli-
cation of Multiplex Ligation-Dependent Probe Amplification to Screen for beta-
Globin Cluster Deletions: Detection of Two Novel Deletions in a Multi Ethnic
Population. Hemoglobin.

D'Apice, M.R., Gambardella, S., Bengala, M., Russo, S., Nardone, A.M., Lucidi, V.,
Sangiuolo, F. and Novelli, G. (2004). Molecular analysis using DHPLC of cystic
fibrosis: increase of the mutation detection rate among the affected population in
Central Italy. BMC Med Genet 5: 8.

Dawson, E., Abecasis, G.R., Bumpstead, S., Chen, Y., Hunt, S., Beare, D.M., Pabial, J.,
Dibling, T., Tinsley, E., Kirby, S., Carter, D., Papaspyridonos, M., Livingstone, S.,
Ganske, R., Lohmussaar, E., Zernant, J., Tonisson, N., Remm, M., Magi, R.,
Puurand, T., Vilo, J., Kurg, A., Rice, K., Deloukas, P., Mott, R., Metspalu, A.,
Bentley, D.R., Cardon, L.R. and Dunham, I. (2002). A first-generation linkage
disequilibrium map of human chromosome 22. Nature 418: 544-8.

De Boeck, K., Wilschanski, M., Castellani, C., Taylor, C., Cuppens, H., Dodge, J. and
Sinaasappel, M. (2006). Cystic fibrosis: terminology and diagnostic algorithms.
Thorax 61: 627-35.

61



de Cid, R., Ramos, M.D., Aparisi, L., Garcia, C., Mora, J., Estivill, X., Farre, A. and
Casals, T. (2010). Independent contribution of common CFTR variants to chronic
pancreatitis. Pancreas 39: 209—15.

de Jong, A., Dondorp, W.J., Timmermans, D.R., van Lith, J.M. and de Wert, G.M.
(2011). Rapid aneuploidy detection or karyotyping? Ethical reflection. Eur J Hum
Genet 19: 1020-5.

de Ligt, J., Willemsen, M.H., van Bon, B.W., Kleefstra, T., Yntema, H.G., Kroes, T.,
Vulto-van Silthout, A.T., Koolen, D.A., de Vries, P., Gilissen, C., del Rosario, M.,
Hoischen, A., Scheffer, H., de Vries, B.B., Brunner, H.G., Veltman, J.A. and
Vissers, L.E. (2012). Diagnostic exome sequencing in persons with severe
intellectual disability. N Engl J Med 367: 1921-9.

De Stefani, A., Boffano, P., Averono, G., Ramella, A., Pia, F. and Bongioannini, G.
(2013). Prevalence and Characteristics of HPV Infection in Oropharyngeal Cancer. J
Craniofac Surg 24: e40—e43.

Del Castillo, 1., Moreno-Pelayo, M.A., Del Castillo, F.J., Brownstein, Z., Marlin, S.,
Adina, Q., Cockburn, D.J., Pandya, A., Siemering, K.R., Chamberlin, G.P., Ballana,
E., Wuyts, W., Maciel-Guerra, A.T., Alvarez, A., Villamar, M., Shohat, M.,
Abeliovich, D., Dahl, H.H., Estivill, X., Gasparini, P., Hutchin, T., Nance, W.E.,
Sartorato, E.L., Smith, R.J., Van Camp, G., Avraham, K.B., Petit, C. and Moreno, F.
(2003). Prevalence and evolutionary origins of the del(GJB6-D13S1830) mutation
in the DFNBI locus in hearing-impaired subjects: a multicenter study. Am J Hum
Genet 73: 1452-8.

Deng, J., Shoemaker, R., Xie, B., Gore, A., LeProust, E.M., Antosiewicz-Bourget, J.,
Egli, D., Maherali, N., Park, .LH., Yu, J., Daley, G.Q., Eggan, K., Hochedlinger, K.,
Thomson, J., Wang, W., Gao, Y. and Zhang, K. (2009). Targeted bisulfite se-
quencing reveals changes in DNA methylation associated with nuclear
reprogramming. Nat Biotechnol 27: 353-60.

Denoyelle, F., Lina-Granade, G., Plauchu, H., Bruzzone, R., Chaib, H., Levi-Acobas,
F., Weil, D. and Petit, C. (1998). Connexin 26 gene linked to a dominant deafness.
Nature 393: 319-20.

Dequeker, E., Stuhrmann, M., Morris, M.A., Casals, T., Castellani, C., Claustres, M.,
Cuppens, H., des Georges, M., Ferec, C., Macek, M., Pignatti, P.F., Scheffer, H.,
Schwartz, M., Witt, M., Schwarz, M. and Girodon, E. (2009). Best practice
guidelines for molecular genetic diagnosis of cystic fibrosis and CFTR-related
disorders — updated European recommendations. Eur J Hum Genet 17: 51-65.

Deveault, C., Billingsley, G., Duncan, J.L., Bin, J., Theal, R., Vincent, A., Fieggen,
K.J., Gerth, C., Noordeh, N., Traboulsi, E.I., Fishman, G.A., Chitayat, D., Knueppel,
T., Millan, J.M., Munier, F.L., Kennedy, D., Jacobson, S.G., Innes, A.M., Mitchell,
G.A., Boycott, K. and Heon, E. (2011). BBS genotype-phenotype assessment of a
multiethnic patient cohort calls for a revision of the disease definition. Hum Mutat
32:610-9.

Dhallan, R., Guo, X., Emche, S., Damewood, M., Bayliss, P., Cronin, M., Barry, J.,
Betz, J., Franz, K., Gold, K., Vallecillo, B. and Varney, J. (2007). A non-invasive
test for prenatal diagnosis based on fetal DNA present in maternal blood: a
preliminary study. Lancet 369: 474-81.

Dolan, M. (2011). The role of the Giemsa stain in cytogenetics. Biotech Histochem 86:
94-17.

Dork, T., Macek, M., Jr., Mekus, F., Tummler, B., Tzountzouris, J., Casals, T., Kreb-
sova, A., Koudova, M., Sakmaryova, 1., Macek, M., Sr., Vavrova, V., Zemkova, D.,

62



Ginter, E., Petrova, N.V., Ivaschenko, T., Baranov, V., Witt, M., Pogorzelski, A.,
Bal, J., Zekanowsky, C., Wagner, K., Stuhrmann, M., Bauer, 1., Seydewitz, H.H.,
Neumann, T. and Jakubiczka, S. (2000). Characterization of a novel 21-kb deletion,
CFTRdele2,3(21 kb), in the CFTR gene: a cystic fibrosis mutation of Slavic origin
common in Central and East Europe. Hum Genet 106: 259—68.

Down, J.L.H. (1866). Observations on an Ethnic Classification of Idiots. London
Hospital Clinical Lecture Reports 3: 259-262.

Dreux, S., Olivier, C., Dupont, J.M., Leporrier, N., Oury, J.F. and Muller, F. (2008).
Maternal serum screening in cases of mosaic and translocation Down syndrome.
Prenat Diagn 28: 699-703.

Drmanac, R., Sparks, A.B., Callow, M.J., Halpern, A.L., Burns, N.L., Kermani, B.G.,
Carnevali, P., Nazarenko, I., Nilsen, G.B., Yeung, G., Dahl, F., Fernandez, A.,
Staker, B., Pant, K.P., Baccash, J., Borcherding, A.P., Brownley, A., Cedeno, R.,
Chen, L., Chernikoff, D., Cheung, A., Chirita, R., Curson, B., Ebert, J.C., Hacker,
C.R., Hartlage, R., Hauser, B., Huang, S., Jiang, Y., Karpinchyk, V., Koenig, M.,
Kong, C., Landers, T., Le, C., Liu, J., McBride, C.E., Morenzoni, M., Morey, R.E.,
Mutch, K., Perazich, H., Perry, K., Peters, B.A., Peterson, J., Pethiyagoda, C.L.,
Pothuraju, K., Richter, C., Rosenbaum, A.M., Roy, S., Shafto, J., Sharanhovich, U.,
Shannon, K.W., Sheppy, C.G., Sun, M., Thakuria, J.V., Tran, A., Vu, D., Zaranek,
A.W., Wu, X, Drmanac, S., Oliphant, A.R., Banyai, W.C., Martin, B., Ballinger,
D.G., Church, G.M. and Reid, C.A. (2010). Human genome sequencing using
unchained base reads on self-assembling DNA nanoarrays. Science 327: 78-81.

Duskova, L., Kopeckova, L., Jansova, E., Tichy, L., Freiberger, T., Zapletalova, P.,
Soska, V., Ravcukova, B. and Fajkusova, L. (2011). An APEX-based genotyping
microarray for the screening of 168 mutations associated with familial
hypercholesterolemia. Atherosclerosis 216: 139-45.

Dymerska, D., Serrano-Fernandez, P., Suchy, J., Plawski, A., Slomski, R., Kaklewski,
K., Scott, R.J., Gronwald, J., Kladny, J., Byrski, T., Huzarski, T., Lubinski, J. and
Kurzawski, G. (2010). Combined iPLEX and TaqMan assays to screen for 45
common mutations in Lynch syndrome and FAP patients. J Mol Diagn 12: 8§2-90.

Earley, M.C., Laxova, A., Farrell, P.M., Driscoll-Dunn, R., Cordovado, S., Mogayzel,
P.J., Jr., Konstan, M.W. and Hannon, W.H. (2011). Implementation of the first
worldwide quality assurance program for cystic fibrosis multiple mutation detection
in population-based screening. Clin Chim Acta 412: 1376-81.

Eisen, M.D. and Ryugo, D.K. (2007). Hearing molecules: contributions from genetic
deafness. Cell Mol Life Sci 64: 566—80.

Eshaque, B. and Dixon, B. (2006). Technology platforms for molecular diagnosis of
cystic fibrosis. Biotechnol Adv 24: 86-93.

Ester, M., Kriegel, H.P., Sander, J. and Xu, X. (1996). A Density-Based Algorithm for
Discovering Clusters in Large Spatial Datasets With Noise. Presented at
Proceedings of 2nd International Conference on Knowledge Discovery and Data
Mining Portland, Oregon.

Esteves, L.M., Bulhoes, S.M., Brilhante, M.J. and Mota-Vieira, L. (2013). Three
multiplex snapshot assays for SNP genotyping in candidate innate immune genes.
BMC Res Notes 6: 54.

Estivill, X., Govea, N., Barcelo, E., Badenas, C., Romero, E., Moral, L., Scozzri, R.,
D'Urbano, L., Zeviani, M. and Torroni, A. (1998). Familial progressive sensorineural
deafness is mainly due to the mtDNA A1555G mutation and is enhanced by treatment
of aminoglycosides. American journal of human genetics 62: 27-35.

63



Farkas, D.H., Miltgen, N.E., Stoerker, J., van den Boom, D., Highsmith, W.E., Cagasan,
L., McCullough, R., Mueller, R., Tang, L., Tynan, J., Tate, C. and Bombard, A.
(2010). The suitability of matrix assisted laser desorption/ionization time of flight
mass spectrometry in a laboratory developed test using cystic fibrosis carrier
screening as a model. J Mol Diagn 12: 611-9.

Farrell, P., Joffe, S., Foley, L., Canny, G.J., Mayne, P. and Rosenberg, M. (2007).
Diagnosis of cystic fibrosis in the Republic of Ireland: epidemiology and costs. Ir
Med J 100: 557-60.

Farrell, P.M., Rosenstein, B.J., White, T.B., Accurso, F.J., Castellani, C., Cutting, G.R.,
Durie, P.R., Legrys, V.A., Massie, J., Parad, R.B., Rock, M.J. and Campbell, P.W.,
3rd (2008). Guidelines for diagnosis of cystic fibrosis in newborns through older
adults: Cystic Fibrosis Foundation consensus report. J Pediatr 153: S4-S14.

Fei, Z., Ono, T. and Smith, L.M. (1998). MALDI-TOF mass spectrometric typing of
single nucleotide polymorphisms with mass-tagged ddNTPs. Nucleic Acids Res 26:
2827-8.

Finsterer, J. and Fellinger, J. (2005). Nuclear and mitochondrial genes mutated in
nonsyndromic impaired hearing. Int J Pediatr Otorhinolaryngol 69: 621-47.

Fiorentino, F., Caiazzo, F., Napolitano, S., Spizzichino, L., Bono, S., Sessa, M.,
Nuccitelli, A., Biricik, A., Gordon, A., Rizzo, G. and Baldi, M. (2011). Introducing
array comparative genomic hybridization into routine prenatal diagnosis practice: a
prospective study on over 1000 consecutive clinical cases. Prenat Diagn 31: 1270-82.

Fischel-Ghodsian, N. (2003). Mitochondrial deafness. Ear Hear 24: 303—13.

Freeman, B.D., Buchman, T.G., McGrath, S., Tabrizi, A.R. and Zehnbauer, B.A.
(2002). Template-directed dye-terminator incorporation with fluorescence polariza-
tion detection for analysis of single nucleotide polymorphisms implicated in sepsis.
J Mol Diagn 4: 209-15.

Frei, K., Ramsebner, R., Hamader, G., Lucas, T., Schoefer, C., Baumgartner, W.D.,
Wachtler, F.J. and Kirschhofer, K. (2004). Lack of association between Connexin 31
(GJB3) alterations and sensorineural deafness in Austria. Hear Res 194: 81-6.

Friedman, K.J., Highsmith, W.E., Jr. and Silverman, L.M. (1991). Detecting multiple
cystic fibrosis mutations by polymerase chain reaction-mediated site-directed
mutagenesis. Clin Chem 37: 753-5.

Friedman, T.B. and Griffith, A.J. (2003). Human nonsyndromic sensorineural deafness.
Annu Rev Genomics Hum Genet 4: 341-402.

Gardiner, K. and Davisson, M. (2000). The sequence of human chromosome 21 and
implications for research into Down syndrome. Genome Biol 1: REVIEWS0002.
Gardner, P., Oitmaa, E., Messner, A., Hoefsloot, L., Metspalu, A. and Schrijver, L.
(2006). Simultaneous multigene mutation detection in patients with sensorineural
hearing loss through a novel diagnostic microarray: a new approach for newborn

screening follow-up. Pediatrics 118: 985-94.

Gasparini, P., Rabionet, R., Barbujani, G., Melchionda, S., Petersen, M., Brondum-
Nielsen, K., Metspalu, A., Oitmaa, E., Pisano, M., Fortina, P., Zelante, L. and
Estivill, X. (2000). High carrier frequency of the 35delG deafness mutation in
European populations. Genetic Analysis Consortium of GJB2 35delG. Eur J Hum
Genet 8: 19-23.

Geborek, A. and Hjelte, L. (2011). Association between genotype and pulmonary
phenotype in cystic fibrosis patients with severe mutations. J Cyst Fibros 10: 187—
92.

64



Gekas, J., van den Berg, D.G., Durand, A., Vallee, M., Wildschut, H.I., Bujold, E.,
Forest, J.C., Rousseau, F. and Reinharz, D. (2011). Rapid testing versus karyotyping
in Down's syndrome screening: cost-effectiveness and detection of clinically
significant chromosome abnormalities. Fur J Hum Genet 19: 3-9.

Gemignani, F., Perra, C., Landi, S., Canzian, F., Kurg, A., Tonisson, N., Galanello, R.,
Cao, A., Metspalu, A. and Romeo, G. (2002). Reliable detection of beta-thalassemia
and G6PD mutations by a DNA microarray. Clin Chem 48: 2051-4.

Geppert, M. and Roewer, L. (2012). SNaPshot(R) minisequencing analysis of multiple
ancestry-informative Y-SNPs using capillary electrophoresis. Methods Mol Biol
830: 127-40.

Gisler, F.M., von Kanel, T., Kraemer, R., Schaller, A. and Gallati, S. (2012).
Identification of SNPs in the cystic fibrosis interactome influencing pulmonary
progression in cystic fibrosis. Eur J Hum Genet.

Giuliani, R., Antonucci, 1., Torrente, 1., Grammatico, P., Palka, G. and Stuppia, L.
(2010). Identification of the second CFTR mutation in patients with congenital
bilateral absence of vas deferens undergoing ART protocols. Asian J Androl 12:
819-26.

Gojova, L., Jansova, E., Kulm, M., Pouchla, S. and Kozak, L. (2008). Genotyping
microarray as a novel approach for the detection of ATP7B gene mutations in
patients with Wilson disease. Clin Genet 73: 441-52.

Goldman, A., Labrum, R., Claustres, M., Desgeorges, M., Guittard, C., Wallace, A. and
Ramsay, M. (2001). The molecular basis of cystic fibrosis in South Africa. Clin
Genet 59: 37-41.

Green, E.K., Hamshere, M., Forty, L., Gordon-Smith, K., Fraser, C., Russell, E.,
Grozeva, D., Kirov, G., Holmans, P., Moran, J.L., Purcell, S., Sklar, P., Owen, M.J.,
O'Donovan, M.C., Jones, L., Jones, .R. and Craddock, N. (2012). Replication of
bipolar disorder susceptibility alleles and identification of two novel genome-wide
significant associations in a new bipolar disorder case-control sample. Mol
Psychiatry.

Haff, L.A. and Smirnov, L.P. (1997). Single-nucleotide polymorphism identification
assays using a thermostable DNA polymerase and delayed extraction MALDI-TOF
mass spectrometry. Genome Res 7: 378-88.

Hall, J.G., Eis, P.S., Law, S.M., Reynaldo, L.P., Prudent, J.R., Marshall, D.J., Allawi,
H.T., Mast, A.L., Dahlberg, J.E., Kwiatkowski, R.W., de Arruda, M., Neri, B.P. and
Lyamichev, V.I. (2000). Sensitive detection of DNA polymorphisms by the serial
invasive signal amplification reaction. Proc Natl Acad Sci U S A 97: 8272-7.

Hamilton, S.J. and Waters, J.J. (2012). Completely discrepant results between prenatal
QF-PCR rapid aneuploidy testing and cultured cell karyotyping obtained from CVS:
lessons from UK audit and re-audit of 22,221 cases. Prenat Diagn 32: 909—11.

Hamosh, A., FitzSimmons, S.C., Macek, M., Jr., Knowles, M.R., Rosenstein, B.J. and
Cutting, G.R. (1998). Comparison of the clinical manifestations of cystic fibrosis in
black and white patients. J Pediatr 132: 255-9.

Hardenbol, P., Baner, J., Jain, M., Nilsson, M., Namsaraev, E.A., Karlin-Neumann,
G.A., Fakhrai-Rad, H., Ronaghi, M., Willis, T.D., Landegren, U. and Davis, R.W.
(2003). Multiplexed genotyping with sequence-tagged molecular inversion probes.
Nat Biotechnol 21: 673-8.

Hardenbol, P., Yu, F., Belmont, J., Mackenzie, J., Bruckner, C., Brundage, T.,
Boudreau, A., Chow, S., Eberle, J., Erbilgin, A., Falkowski, M., Fitzgerald, R.,
Ghose, S., Iartchouk, O., Jain, M., Karlin-Neumann, G., Lu, X., Miao, X., Moore,

65



B., Moorhead, M., Namsaraev, E., Pasternak, S., Prakash, E., Tran, K., Wang, Z.,
Jones, H.B., Davis, R.W., Willis, T.D. and Gibbs, R.A. (2005). Highly multiplexed
molecular inversion probe genotyping: over 10,000 targeted SNPs genotyped in a
single tube assay. Genome Res 15: 269-75.

Hashemi, M., Eskandari-Nasab, E., Fazaeli, A., Rezaei, H., Mashhadi, M.A., Arbabi, F.
and Taheri, M. (2012). Bi-directional PCR allele-specific amplification (bi-PASA)
for detection of caspase-8 -652 6N ins/del promoter polymorphism (rs3834129) in
breast cancer. Gene 505: 176-9.

Hassan, S., Ahmad, R., Zakaria, Z., Zulkafli, Z. and Abdullah, W.Z. (2013). Detection
of beta-globin Gene Mutations Among beta-thalassaemia Carriers and Patients in
Malaysia: Application of Multiplex Amplification Refractory Mutation System-
Polymerase Chain Reaction. Malays J Med Sci 20: 13-20.

Hearn, T., Renforth, G.L., Spalluto, C., Hanley, N.A., Piper, K., Brickwood, S., White,
C., Connolly, V., Taylor, J.F., Russell-Eggitt, 1., Bonneau, D., Walker, M. and
Wilson, D.I. (2002). Mutation of ALMSI, a large gene with a tandem repeat
encoding 47 amino acids, causes Alstrom syndrome. Nat Genet 31: 79-83.

Hichri, H., Stoetzel, C., Laurier, V., Caron, S., Sigaudy, S., Sarda, P., Hamel, C.,,
Martin-Coignard, D., Gilles, M., Leheup, B., Holder, M., Kaplan, J., Bitoun, P.,
Lacombe, D., Verloes, A., Bonneau, D., Perrin-Schmitt, F., Brandt, C., Besancon,
AF., Mandel, J.L., Cossee, M. and Dollfus, H. (2005). Testing for triallelism:
analysis of six BBS genes in a Bardet-Biedl syndrome family cohort. Eur J Hum
Genet 13: 607-16.

Highsmith, W.E., Burch, L.H., Zhou, Z., Olsen, J.C., Boat, T.E., Spock, A., Gorvoy,
J.D., Quittel, L., Friedman, K.J., Silverman, L.M. and et al. (1994). A novel
mutation in the cystic fibrosis gene in patients with pulmonary disease but normal
sweat chloride concentrations. N Engl J Med 331: 974-80.

Hilgert, N., Smith, R.J. and Van Camp, G. (2009). Forty-six genes causing non-
syndromic hearing impairment: which ones should be analyzed in DNA diagnostics?
Mutat Res 681: 189-96.

Hills, A., Donaghue, C., Waters, J., Waters, K., Sullivan, C., Kulkarni, A., Docherty, Z.,
Mann, K. and Ogilvie, CM. (2010). QF-PCR as a stand-alone test for prenatal
samples: the first 2 years' experience in the London region. Prenat Diagn 30: 509—-17.

Hochstenbach, R., van Binsbergen, E., Engelen, J., Nieuwint, A., Polstra, A., Poddighe,
P., Ruivenkamp, C., Sikkema-Raddatz, B., Smeets, D. and Poot, M. (2009). Array
analysis and karyotyping: workflow consequences based on a retrospective study of
36,325 patients with idiopathic developmental delay in the Netherlands. Eur J Med
Genet 52: 161-9.

Hosono, N., Kubo, M., Tsuchiya, Y., Sato, H., Kitamoto, T., Saito, S., Ohnishi, Y. and
Nakamura, Y. (2008). Multiplex PCR-based real-time invader assay (mPCR-
RETINA): a novel SNP-based method for detecting allelic asymmetries within copy
number variation regions. Hum Mutat 29: 182-9.

Hou, S., Qi, J., Zhang, Q., Liao, D., Li, Q., Hu, K., Zhou, Y., Kijlstra, A. and Yang, P.
(2013). Genetic variants in the JAK1 gene confer higher risk of Behcet's disease
with ocular involvement in Han Chinese. Hum Genet.

Hulten, M.A., Dhanjal, S. and Pertl, B. (2003). Rapid and simple prenatal diagnosis of
common chromosome disorders: advantages and disadvantages of the molecular
methods FISH and QF-PCR. Reproduction 126: 279-97.

66



Ikonen, E., Manninen, T., Peltonen, L. and Syvanen, A.C. (1992). Quantitative
determination of rare mRNA species by PCR and solid-phase minisequencing. PCR
Methods Appl 1: 234-40.

Imhoff, O., Marion, V., Stoetzel, C., Durand, M., Holder, M., Sigaudy, S., Sarda, P.,
Hamel, C.P., Brandt, C., Dollfus, H. and Moulin, B. (2011). Bardet-Biedl syndrome:
a study of the renal and cardiovascular phenotypes in a French cohort. Clin J Am
Soc Nephrol 6: 22-9.

Ishikawa, K., Tamagawa, Y., Takahashi, K., Kimura, H., Kusakari, J., Hara, A. and
Ichimura, K. (2002). Nonsyndromic hearing loss caused by a mitochondrial T7511C
mutation. The Laryngoscope 112: 1494-9.

Jaakson, K., Zernant, J., Kulm, M., Hutchinson, A., Tonisson, N., Glavac, D., Ravnik-
Glavac, M., Hawlina, M., Meltzer, M.R., Caruso, R.C., Testa, F., Maugeri, A.,
Hoyng, C.B., Gouras, P., Simonelli, F., Lewis, R.A., Lupski, J.R., Cremers, F.P. and
Allikmets, R. (2003). Genotyping microarray (gene chip) for the ABCR (ABCA4)
gene. Hum Mutat 22: 395-403.

Jalanko, A., Kere, J., Savilahti, E., Schwartz, M., Syvanen, A.C., Ranki, M. and
Soderlund, H. (1992). Screening for defined cystic fibrosis mutations by solid-phase
minisequencing. Clin Chem 38: 39-43.

Janssen, S., Ramaswami, G., Davis, E.E., Hurd, T., Airik, R., Kasanuki, J.M., Van Der
Kraak, L., Allen, S.J., Beales, P.L., Katsanis, N., Otto, E.A. and Hildebrandt, F.
(2011). Mutation analysis in Bardet-Biedl syndrome by DNA pooling and massively
parallel resequencing in 105 individuals. Hum Genet 129: 79-90.

Jasmine, F., Rahaman, R., Dodsworth, C., Roy, S., Paul, R., Raza, M., Paul-Brutus, R.,
Kamal, M., Ahsan, H. and Kibriya, M.G. (2012). A genome-wide study of
cytogenetic changes in colorectal cancer using SNP microarrays: opportunities for
future personalized treatment. PLoS One 7: €31968.

Johnson, M.A., Yoshitomi, M.J. and Richards, C.S. (2007). A comparative study of five
technologically diverse CFTR testing platforms. J Mol Diagn 9: 401-7.

Joseph, A.Y. and Rasool, T.J. (2009). High frequency of connexin26 (GJB2) mutations
associated with nonsyndromic hearing loss in the population of Kerala, India. Int J
Pediatr Otorhinolaryngol 73: 437-43.

Kabahuma, R.I., Ouyang, X., Du, L.L., Yan, D., Hutchin, T., Ramsay, M., Penn, C. and
Liu, X.Z. (2011). Absence of GJB2 gene mutations, the GJB6 deletion (GJB6-
D13S1830) and four common mitochondrial mutations in nonsyndromic genetic
hearing loss in a South African population. Int J Pediatr Otorhinolaryngol.

Kahre, T. (2004). Cystic fibrosis in Estonia. Dissertationes biologicae Universitas
Tartuensis, ISSN 1024-6479;88. Tartu. Tartu University Press.

Kakavas, K.V., Noulas, A.V., Kanakis, 1., Bonanou, S. and Karamanos, N.K. (2006).
Identification of the commonest cystic fibrosis transmembrane regulator gene
DeltaF508 mutation: evaluation of PCR — single-strand conformational poly-
morphism and polyacrylamide gel electrophoresis. Biomed Chromatogr 20: 1120-5.

Kan, Y.W. and Dozy, A.M. (1978). Polymorphism of DNA sequence adjacent to human
beta-globin structural gene: relationship to sickle mutation. Proc Natl Acad Sci U S
A 75:5631-5.

Katsanis, N. (2004). The oligogenic properties of Bardet-Biedl syndrome. Hum Mol
Genet 13 Spec No 1: R65-71.

Katsanis, N., Ansley, S.J., Badano, J.L., Eichers, E.R., Lewis, R.A., Hoskins, B.E.,
Scambler, P.J., Davidson, W.S., Beales, P.L. and Lupski, J.R. (2001). Triallelic

67



inheritance in Bardet-Biedl syndrome, a Mendelian recessive disorder. Science 293:
2256-9.

Ke, R., Zorzet, A., Goransson, J., Lindegren, G., Sharifi-Mood, B., Chinikar, S.,
Mardani, M., Mirazimi, A. and Nilsson, M. (2011). Colorimetric nucleic acid testing
assay for RNA virus detection based on circle-to-circle amplification of padlock
probes. J Clin Microbiol 49: 4279-85.

Kelsell, D.P., Dunlop, J., Stevens, H.P., Lench, N.J., Liang, J.N., Parry, G., Mueller,
R.F. and Leigh, .M. (1997). Connexin 26 mutations in hereditary non-syndromic
sensorineural deafness. Nature 387: 80-3.

Kenneson, A., Van Naarden Braun, K. and Boyle, C. (2002). GJB2 (connexin 26)
variants and nonsyndromic sensorineural hearing loss: a HuGE review. Genet Med
4:258-74.

Kerem, E., Kalman, Y.M., Yahav, Y., Shoshani, T., Abeliovich, D., Szeinberg, A.,
Rivlin, J., Blau, H., Tal, A., Ben-Tur, L. and et al. (1995). Highly variable incidence
of cystic fibrosis and different mutation distribution among different Jewish ethnic
groups in Israel. Hum Genet 96: 193-7.

Kisaki, O., Kato, S., Shinohara, K., Hiura, H., Samori, T. and Sato, H. (2010). High-
throughput single-base mismatch detection for genotyping of UDP-
glucuronosyltransferase (UGT1A1) with probe capture assay coupled with modified
allele-specific primer extension reaction (MASPER). J Clin Lab Anal 24: 85-91.

Klinger, K., Landes, G., Shook, D., Harvey, R., Lopez, L., Locke, P., Lerner, T.,
Osathanondh, R., Leverone, B., Houseal, T. and et al. (1992). Rapid detection of
chromosome aneuploidies in uncultured amniocytes by using fluorescence in situ
hybridization (FISH). Am J Hum Genet 51: 55-65.

Kooper, A.J., Faas, B.H., Kater-Baats, E., Feuth, T., Janssen, J.C., van der Burgt, I.,
Lotgering, F.K., van Kessel, A.G. and Smits, A.P. (2008). Multiplex ligation-
dependent probe amplification (MLPA) as a stand-alone test for rapid aneuploidy
detection in amniotic fluid cells. Prenat Diagn 28: 1004-10.

Korbel, J.O., Tirosh-Wagner, T., Urban, A.E., Chen, X.N., Kasowski, M., Dai, L.,
Grubert, F., Erdman, C., Gao, M.C., Lange, K., Sobel, E.M., Barlow, G.M.,
Aylsworth, A.S., Carpenter, N.J., Clark, R.D., Cohen, M.Y., Doran, E., Falik-
Zaccai, T., Lewin, S.O., Lott, L.T., McGillivray, B.C., Moeschler, J.B., Pettenati,
M.J., Pueschel, SM., Rao, K.W., Shaffer, L.G., Shohat, M., Van Riper, A.J.,,
Warburton, D., Weissman, S., Gerstein, M.B., Snyder, M. and Korenberg, J.R.
(2009). The genetic architecture of Down syndrome phenotypes revealed by high-
resolution analysis of human segmental trisomies. Proc Natl Acad Sci U S A 106:
12031-6.

Krafft, A.E. and Lichy, J.H. (2005). Time-motion analysis of 6 cystic fibrosis mutation
detection systems. Clin Chem 51: 1116-22.

Krenkova, P., Norambuena, P., Stambergova, A. and Macek, M., Jr. (2009). Evaluation
of high-resolution melting (HRM) for mutation scanning of selected exons of the
CFTR gene. Folia Biol (Praha) 55: 238—42.

Krjutskov, K., Andreson, R., Magi, R., Nikopensius, T., Khrunin, A., Mihailov, E.,
Tammekivi, V., Sork, H., Remm, M. and Metspalu, A. (2008). Development of a
single tube 640-plex genotyping method for detection of nucleic acid variations on
microarrays. Nucleic Acids Res 36: €75.

Krjutskov, K., Viltrop, T., Palta, P., Metspalu, E., Tamm, E., Suvi, S., Sak, K., Merilo,
A., Sork, H., Teek, R., Nikopensius, T., Kivisild, T. and Metspalu, A. (2009).

68



Evaluation of the 124-plex SNP typing microarray for forensic testing. Forensic Sci
Int Genet 4: 43-8.

Krook, A., Stratton, .M. and O'Rahilly, S. (1992). Rapid and simultaneous detection of
multiple mutations by pooled and multiplex single nucleotide primer extension:
application to the study of insulin-responsive glucose transporter and insulin
receptor mutations in non-insulin-dependent diabetes. Hum Mol Genet 1: 391-5.

Kumar, R. and Dunn, L.L. (1989). Designed diagnostic restriction fragment length
polymorphisms for the detection of point mutations in ras oncogenes. Oncogene Res
4:235-41.

Kuppuswamy, M.N., Hoffmann, J.W., Kasper, C.K., Spitzer, S.G., Groce, S.L. and
Bajaj, S.P. (1991). Single nucleotide primer extension to detect genetic diseases:
experimental application to hemophilia B (factor IX) and cystic fibrosis genes. Proc
Natl Acad Sci U S A 88: 1143-7.

Kurg, A., Tonisson, N., Georgiou, 1., Shumaker, J., Tollett, J. and Metspalu, A. (2000).
Arrayed primer extension: solid-phase four-color DNA resequencing and mutation
detection technology. Genet Test 4: 1-7.

Kutyavin, I.V., Afonina, .A., Mills, A., Gorn, V.V., Lukhtanov, E.A., Belousov, E.S.,
Singer, M.J., Walburger, D.K., Lokhov, S.G., Gall, A.A., Dempcy, R., Reed, M.W.,
Meyer, R.B. and Hedgpeth, J. (2000). 3'-minor groove binder-DNA probes increase
sequence specificity at PCR extension temperatures. Nucleic Acids Res 28: 655-61.

Landegren, U., Kaiser, R., Sanders, J. and Hood, L. (1988). A ligase-mediated gene
detection technique. Science 241: 1077-80.

Leclercq, S., Lebbar, A., Grange, G., Tsatsaris, V., Le Tessier, D. and Dupont, J.M.
(2008). Optimized criteria for using fluorescence in situ hybridization in the prenatal
diagnosis of common aneuploidies. Prenat Diagn 28: 313-8.

Lee, C.N., Lin, S.Y., Lin, C.H., Shih, J.C., Lin, T.H. and Su, Y.N. (2012). Clinical
utility of array comparative genomic hybridisation for prenatal diagnosis: a cohort
study of 3171 pregnancies. Bjog 119: 614-25.

Lee, J.Y., Lee, B.S., Shin, D.J., Woo Park, K., Shin, Y.A., Joong Kim, K., Heo, L.,
Young Lee, J., Kyoung Kim, Y., Jin Kim, Y., Bum Hong, C., Lee, S.H., Yoon, D.,
Jung Ku, H., Oh, LY., Kim, B.J,, Lee, J., Park, S.J., Kim, J., Kawk, HK., Lee, J.E.,
Park, HK., Nam, H.Y., Park, H.Y., Shin, C., Yokota, M., Asano, H., Nakatochi, M.,
Matsubara, T., Kitajima, H., Yamamoto, K., Kim, H.L., Han, B.G., Cho, M.C,,
Jang, Y., Kim, H.S. and Euy Park, J. (2013). A genome-wide association study of a
coronary artery disease risk variant. J Hum Genet.

Lejeune, J., Gautier, M. and Turpin, R. (1959). Etude des chromosomes somatiques de
neuf enfants mongoliens. C R Hebd Seances Acad Sci 248: 1721-2.

Leung, W.C., Lau, E.T., Lau, W.L., Tang, R., Wong, S.F., Lau, T.K., Tse, K.T., To,
WK., Ng, LK., Lao, T.T. and Tang, M.H. (2008). Rapid aneuploidy testing
(knowing less) versus traditional karyotyping (knowing more) for advanced
maternal age: what would be missed, who should decide? Hong Kong Med J 14: 6—
13.

Li, B.S., Wang, X.Y., Ma, F.L., Jiang, B., Song, X.X. and Xu, A.G. (2011). Is high
resolution melting analysis (HRMA) accurate for detection of human disease-
associated mutations? A meta analysis. PLoS One 6: ¢28078.

Li, G, Jin, T.B., Wei, X.B., He, S.M., Liang, H.J., Yang, H.X., Cui, Y., Chen, C., Cai,
L.B. and Gao, G.D. (2012). Selected polymorphisms of GSTP1 and TERT were
associated with glioma risk in Han Chinese. Cancer Epidemiol.

69



Li, R, Xing, G., Yan, M., Cao, X., Liu, X.Z.,, Bu, X. and Guan, M.X. (2004).
Cosegregation of C-insertion at position 961 with the A1555G mutation of the
mitochondrial 12S rRNA gene in a large Chinese family with maternally inherited
hearing loss. Am J Med Genet A 124A: 113-7.

Li, Y., Page-Christiaens, G.C., Gille, J.J., Holzgreve, W. and Hahn, S. (2007). Non-
invasive prenatal detection of achondroplasia in size-fractionated cell-free DNA by
MALDI-TOF MS assay. Prenat Diagn 27: 11-7.

Liao, G.J., Chan, K.C., Jiang, P., Sun, H., Leung, T.Y., Chiu, R.W. and Lo, Y.M.
(2012). Noninvasive prenatal diagnosis of fetal trisomy 21 by allelic ratio analysis
using targeted massively parallel sequencing of maternal plasma DNA. PLoS One 7:
e38154.

Liao, HK., Su, Y.N., Kao, H.Y., Hung, C.C., Wang, H.T. and Chen, Y.J. (2005).
Parallel minisequencing followed by multiplex matrix-assisted laser desorption/
ionization mass spectrometry assay for beta-thalassemia mutations. J Hum Genet 50:
139-50.

Liu, L., Li, Y., Li, S., Hu, N, He, Y., Pong, R., Lin, D., Lu, L. and Law, M. (2012).
Comparison of next-generation sequencing systems. J Biomed Biotechnol 2012:
251364.

Liu, Q., Thorland, E.C., Heit, J.A. and Sommer, S.S. (1997). Overlapping PCR for bi-
directional PCR amplification of specific alleles: a rapid one-tube method for simul-
taneously differentiating homozygotes and heterozygotes. Genome Res 7: 389-98.

Liu, W., Smith, D.I.,, Rechtzigel, K.J., Thibodeau, S.N. and James, C.D. (1998).
Denaturing high performance liquid chromatography (DHPLC) used in the detection
of germline and somatic mutations. Nucleic Acids Res 26: 1396—400.

Livak, K.J. (1999). Allelic discrimination using fluorogenic probes and the 5' nuclease
assay. Genet Anal 14: 143-9.

Lo, Y.M. (2012). Non-invasive prenatal diagnosis by massively parallel sequencing of
maternal plasma DNA. Open Biol 2: 120086.

Lo, Y.M., Corbetta, N., Chamberlain, P.F., Rai, V., Sargent, I.L., Redman, C.W. and
Wainscoat, J.S. (1997). Presence of fetal DNA in maternal plasma and serum.
Lancet 350: 485-7.

Lo, Y.M,, Lun, F.M., Chan, K.C., Tsui, N.B., Chong, K.C., Lau, T.K., Leung, T.Y., Zee,
B.C., Cantor, C.R. and Chiu, R.W. (2007). Digital PCR for the molecular detection of
fetal chromosomal aneuploidy. Proc Natl Acad Sci U S A 104: 13116-21.

Lo, Y.M., Tein, M.S., Lau, T.K., Haines, C.J., Leung, T.N., Poon, P.M., Wainscoat,
J.S., Johnson, P.J., Chang, A.M. and Hjelm, N.M. (1998). Quantitative analysis of
fetal DNA in maternal plasma and serum: implications for noninvasive prenatal
diagnosis. Am J Hum Genet 62: 768-75.

Lo, Y.M., Tsui, N.B., Chiu, R.W., Lau, T.K., Leung, T.N., Heung, M.M., Gerovassili,
A., Jin, Y., Nicolaides, K.H., Cantor, C.R. and Ding, C. (2007). Plasma placental
RNA allelic ratio permits noninvasive prenatal chromosomal aneuploidy detection.
Nat Med 13: 218-23.

Lopez-Bigas, N., Rabionet, R., Martinez, E., Banchs, 1., Volpini, V., Vance, J.M.,
Arbones, M.L. and Estivill, X. (2000). Identification of seven novel SNPS (five
nucleotide and two amino acid substitutions) in the connexin31 (GJB3) gene. Hum
Mutat 15: 481-2.

Lucarelli, M., Narzi, L., Piergentili, R., Ferraguti, G., Grandoni, F., Quattrucci, S. and
Strom, R. (2006). A 96-well formatted method for exon and exon/intron boundary
full sequencing of the CFTR gene. Anal Biochem 353: 226-35.

70



Lun, F.M., Chiu, R.W., Allen Chan, K.C., Yeung Leung, T., Kin Lau, T. and Dennis
Lo, Y.M. (2008). Microfluidics digital PCR reveals a higher than expected fraction
of fetal DNA in maternal plasma. Clin Chem 54: 1664—72.

Lyamichev, V., Mast, A.L., Hall, J.G., Prudent, J.R., Kaiser, M.W., Takova, T.,
Kwiatkowski, R.W., Sander, T.J., de Arruda, M., Arco, D.A., Neri, B.P. and Brow,
M.A. (1999). Polymorphism identification and quantitative detection of genomic
DNA by invasive cleavage of oligonucleotide probes. Nat Biotechnol 17: 292—6.

Madabhushi, R.S. (1998). Separation of 4-color DNA sequencing extension products in
noncovalently coated capillaries using low viscosity polymer solutions. Electro-
phoresis 19: 224-30.

Magbanua, M.J., Sosa, E.V., Roy, R., Eisenbud, L.E., Scott, J.H., Olshen, A., Pinkel,
D., Rugo, H.S. and Park, J.W. (2013). Genomic profiling of isolated circulating
tumor cells from metastatic breast cancer patients. Cancer Res 73: 30—40.

Mahamid, J., Lorber, A., Horovitz, Y., Shalev, S.A., Collin, G.B., Naggert, J.K.,
Marshall, J.D. and Spiegel, R. (2012). Extreme Clinical Variability of Dilated
Cardiomyopathy in Two Siblings With Alstrom Syndrome. Pediatr Cardiol.

Mann, K., Donaghue, C., Fox, S.P., Docherty, Z. and Ogilvie, C.M. (2004). Strategies
for the rapid prenatal diagnosis of chromosome aneuploidy. Eur J Hum Genet 12:
907-15.

Mann, K., Fox, S.P., Abbs, S.J., Yau, S.C., Scriven, P.N., Docherty, Z. and Ogilvie,
C.M. (2001). Development and implementation of a new rapid aneuploidy
diagnostic service within the UK National Health Service and implications for the
future of prenatal diagnosis. Lancet 358: 1057-61.

Mann, K., Hills, A., Donaghue, C., Thomas, H. and Ogilvie, C.M. (2012). Quantitative
fluorescence PCR analysis of >40,000 prenatal samples for the rapid diagnosis of
trisomies 13, 18 and 21 and monosomy X. Prenat Diagn 32: 1197-204.

Mansfield, E.S. (1993). Diagnosis of Down syndrome and other aneuploidies using
quantitative polymerase chain reaction and small tandem repeat polymorphisms.
Hum Mol Genet 2: 43-50.

Marshall, J.D., Bronson, R.T., Collin, G.B., Nordstrom, A.D., Maffei, P., Paisey, R.B.,
Carey, C., Macdermott, S., Russell-Eggitt, 1., Shea, S.E., Davis, J., Beck, S.,
Shatirishvili, G., Mihai, C.M., Hoeltzenbein, M., Pozzan, G.B., Hopkinson, I.,
Sicolo, N., Naggert, J. K. and Nishina, P.M. (2005). New Alstrom syndrome
phenotypes based on the evaluation of 182 cases. Arch Intern Med 165: 675-83.

Marshall, J.D., Hinman, E.G., Collin, G.B., Beck, S., Cerqueira, R., Maffei, P., Milan,
G., Zhang, W., Wilson, D.I.,, Hearn, T., Tavares, P., Vettor, R., Veronese, C.,
Martin, M., So, W.V_, Nishina, P.M. and Naggert, J.K. (2007). Spectrum of ALMSI
variants and evaluation of genotype-phenotype correlations in Alstrom syndrome.
Hum Mutat 28: 1114-23.

Marshall, J.D., Maffei, P., Collin, G.B. and Naggert, J.K. (2011). Alstrom syndrome:
genetics and clinical overview. Curr Genomics 12: 225-35.

Matthijs, G., Claes, S., Longo-Mbenza, B. and Cassiman, J.J. (1996). Non-syndromic
deafness associated with a mutation and a polymorphism in the mitochondrial 12S
ribosomal RNA gene in a large Zairean pedigree. Eur J Hum Genet 4: 46-51.

Mercier, B., Raguenes, O., Estivill, X., Morral, N., Kaplan, G.C., McClure, M., Grebe,
T.A., Kessler, D., Pignatti, P.F., Marigo, C. and et al. (1994). Complete detection of
mutations in cystic fibrosis patients of Native American origin. Hum Genet 94: 629—
32.

71



Metzker, M.L. (2010). Sequencing technologies — the next generation. Nat Rev Genet
11: 31-46.

Meyer, K., Fredriksen, A. and Ueland, P.M. (2009). MALDI-TOF MS genotyping of
polymorphisms related to 1-carbon metabolism using common and mass-modified
terminators. Clin Chem 55: 139-49.

Mhatre, A.N., Weld, E. and Lalwani, A.K. (2003). Mutation analysis of Connexin 31
(GJB3) in sporadic non-syndromic hearing impairment. Clin Genet 63: 154-9.

Minton, J.A., Owen, K.R., Ricketts, C.J., Crabtree, N., Shaikh, G., Ehtisham, S., Porter,
J.R., Carey, C., Hodge, D., Paisey, R., Walker, M. and Barrett, T.G. (2006).
Syndromic obesity and diabetes: changes in body composition with age and
mutation analysis of ALMSI in 12 United Kingdom kindreds with Alstrom
syndrome. J Clin Endocrinol Metab 91: 3110-6.

Miyagawa, M., Nishio, S.Y. and Usami, S. (2012). Prevalence and clinical features of
hearing loss patients with CDH23 mutations: a large cohort study. PLoS One 7:
e40366.

Moore, S.J., Green, J.S., Fan, Y., Bhogal, A.K., Dicks, E., Fernandez, B.A., Stefanelli,
M., Murphy, C., Cramer, B.C., Dean, J.C., Beales, P.L., Katsanis, N., Bassett, A.S.,
Davidson, W.S. and Parfrey, P.S. (2005). Clinical and genetic epidemiology of
Bardet-Biedl syndrome in Newfoundland: a 22-year prospective, population-based,
cohort study. Am J Med Genet A 132: 352—60.

Morton, C.C. and Nance, W.E. (2006). Newborn hearing screening — a silent revolution.
N Engl J Med 354: 2151-64.

Moskowitz, S.M., Chmiel, J.F., Sternen, D.L., Cheng, E., Gibson, R.L., Marshall, S.G.
and Cutting, G.R. (2008). Clinical practice and genetic counseling for cystic fibrosis
and CFTR-related disorders. Genet Med 10: 851-68.

Mullis, K.B. and Faloona, F.A. (1987). Specific synthesis of DNA in vitro via a
polymerase-catalyzed chain reaction. Methods Enzymol 155: 335-50.

Myers, R.M., Lumelsky, N., Lerman, L.S. and Maniatis, T. (1985). Detection of single
base substitutions in total genomic DNA. Nature 313: 495-8.

Mykytyn, K., Nishimura, D.Y., Searby, C.C., Beck, G., Bugge, K., Haines, H.L.,
Cornier, A.S., Cox, G.F., Fulton, A.B., Carmi, R., lannaccone, A., Jacobson, S.G.,
Weleber, R.G., Wright, A.F., Riise, R., Hennekam, R.C., Luleci, G., Berker-
Karauzum, S., Biesecker, L.G., Stone, E.M. and Sheffield, V.C. (2003). Evaluation
of complex inheritance involving the most common Bardet-Biedl syndrome locus
(BBS1). Am J Hum Genet 72: 429-37.

Nachury, M.V., Loktev, A.V., Zhang, Q., Westlake, C.J., Peranen, J., Merdes, A.,
Slusarski, D.C., Scheller, R.H., Bazan, J.F., Sheffield, V.C. and Jackson, P.K.
(2007). A core complex of BBS proteins cooperates with the GTPase Rab8 to
promote ciliary membrane biogenesis. Cel/ 129: 1201-13.

Naoki, K., Soejima, K., Okamoto, H., Hamamoto, J., Hida, N., Nakachi, I., Yasuda, H.,
Nakayama, S., Yoda, S., Satomi, R., Ikemura, S., Terai, H., Sato, T. and Watanabe,
K. (2011). The PCR-invader method (structure-specific 5' nuclease-based method), a
sensitive method for detecting EGFR gene mutations in lung cancer specimens;
comparison with direct sequencing. Int J Clin Oncol 16: 335-44.

Neveling, K., Collin, R.W., Gilissen, C., van Huet, R.A., Visser, L., Kwint, M.P.,
Gijsen, S.J., Zonneveld, M.N., Wieskamp, N., de Ligt, J., Siemiatkowska, A.M.,
Hoefsloot, L.H., Buckley, M.F., Kellner, U., Branham, K.E., den Hollander, A.I.,
Hoischen, A., Hoyng, C., Klevering, B.J., van den Born, L.I., Veltman, J.A.,

72



Cremers, F.P. and Scheffer, H. (2012). Next-generation genetic testing for retinitis
pigmentosa. Hum Mutat 33: 963-72.

Newton, C.R., Graham, A., Heptinstall, L.E., Powell, S.J., Summers, C., Kalsheker, N.,
Smith, J.C. and Markham, A.F. (1989). Analysis of any point mutation in DNA. The
amplification refractory mutation system (ARMS). Nucleic Acids Res 17: 2503—16.

Ney, J.T., Juhasz-Boess, 1., Gruenhage, F., Graeber, S., Bohle, R.M., Pfreundschuh, M.,
Solomayer, E.F. and Assmann, G. (2013). Genetic polymorphism of the OPG gene
associated with breast cancer. BMC Cancer 13: 40.

Niel, F., Martin, J., Dastot-Le Moal, F., Costes, B., Boissier, B., Delattre, V., Goossens,
M. and Girodon, E. (2004). Rapid detection of CFTR gene rearrangements impacts
on genetic counselling in cystic fibrosis. J Med Genet 41: el 18.

Nikiforov, T.T., Rendle, R.B., Goelet, P., Rogers, Y.H., Kotewicz, M.L., Anderson, S.,
Trainor, G.L. and Knapp, M.R. (1994). Genetic Bit Analysis: a solid phase method
for typing single nucleotide polymorphisms. Nucleic Acids Res 22: 4167-75.

Nikopensius, T., Kempa, 1., Ambrozaityte, L., Jagomagi, T., Saag, M., Matuleviciene,
A., Utkus, A., Krjutskov, K., Tammekivi, V., Piekuse, L., Akota, 1., Barkane, B.,
Krumina, A., Klovins, J., Lace, B., Kucinskas, V. and Metspalu, A. (2011). Varia-
tion in FGF1, FOXEIL, and TIMP2 genes is associated with nonsyndromic cleft lip
with or without cleft palate. Birth Defects Res A Clin Mol Teratol 91: 218-25.

Nilsson, M., Malmgren, H., Samiotaki, M., Kwiatkowski, M., Chowdhary, B.P. and
Landegren, U. (1994). Padlock probes: circularizing oligonucleotides for localized
DNA detection. Science 265: 2085-8.

Nyren, P., Pettersson, B. and Uhlen, M. (1993). Solid phase DNA minisequencing by an
enzymatic luminometric inorganic pyrophosphate detection assay. Anal Biochem
208: 171-5.

Oitmaa, E., Peters, M., Vaidla, K., Andreson, R., Magi, R., Slavin, G., Velthut, A.,
Tonisson, N., Reimand, T., Remm, M., Schneider, M., Ounap, K., Salumets, A. and
Metspalu, A. (2010). Molecular diagnosis of Down syndrome using quantitative
APEX-2 microarrays. Prenat Diagn 30: 1170-7.

Onay, T., Topaloglu, O., Zielenski, J., Gokgoz, N., Kayserili, H., Camcioglu, Y.,
Cokugras, H., Akcakaya, N., Apak, M., Tsui, L.C. and Kirdar, B. (1998). Analysis
of the CFTR gene in Turkish cystic fibrosis patients: identification of three novel
mutations (3172delAC, P1013L and M10281). Hum Genet 102: 224-30.

Orita, M., Suzuki, Y., Sekiya, T. and Hayashi, K. (1989). Rapid and sensitive detection
of point mutations and DNA polymorphisms using the polymerase chain reaction.
Genomics 5: 874-9.

Pallares-Ruiz, N., Philibert, L., Dumont, B., Fabre, A., Cuisset, L., Cointin, E.,
Rittore, C., Soler, S. and Touitou, I. (2010). Combined mutation and rearrangement
screening by quantitative PCR high-resolution melting: is it relevant for hereditary
recurrent Fever genes? PLoS One 5: e14096.

Palomaki, G.E., FitzSimmons, S.C. and Haddow, J.E. (2004). Clinical sensitivity of
prenatal screening for cystic fibrosis via CFTR carrier testing in a United States
panethnic population. Genet Med 6: 405—14.

Palomaki, G.E., Kloza, E.M., Lambert-Messerlian, G.M., Haddow, J.E., Neveux, L.M.,
Ehrich, M., van den Boom, D., Bombard, A.T., Deciu, C., Grody, W.W., Nelson,
S.F. and Canick, J.A. (2011). DNA sequencing of maternal plasma to detect Down
syndrome: an international clinical validation study. Genet Med 13: 913-20.

73



Pandey, S., Ranjan, R., Mishra, R.M., Seth, T. and Saxena, R. (2012). Effect of ANXA2
gene single nucleotide polymorphism (SNP) on the development of osteonecrosis in
Indian sickle cell patient: a PCR-RFLP approach. Indian J Exp Biol 50: 455-8.

Papoulidis, 1., Siomou, E., Sotiriadis, A., Efstathiou, G., Psara, A., Sevastopoulou, E.,
Anastasakis, E., Sifakis, S., Tsiligianni, T., Kontodiou, M., Malamaki, C., Tzimina,
M., Petersen, M.B., Manolakos, E. and Athanasiadis, A. (2012). Dual testing with
QF-PCR and karyotype analysis for prenatal diagnosis of chromosomal abnor-
malities. Evaluation of 13,500 cases with consideration of using QF-PCR as a stand-
alone test according to referral indications. Prenat Diagn 32: 680-5.

Park, G., Gim, J., Kim, A.R., Han, K.H., Kim, H.S., Oh, S.H., Park, T., Park, W.Y. and
Choi, B. (2013). Multiphasic analysis of whole exome sequencing data identifies a
novel mutation of ACTG1 in a nonsyndromic hearing loss family. BMC Genomics
14: 191.

Pastinen, T., Partanen, J. and Syvanen, A.C. (1996). Multiplex, fluorescent, solid-phase
minisequencing for efficient screening of DNA sequence variation. Clin Chem 42:
1391-7.

Paznekas, W.A., Boyadjiev, S.A., Shapiro, R.E., Daniels, O., Wollnik, B., Keegan,
C.E., Innis, JJW., Dinulos, M.B., Christian, C., Hannibal, M.C. and Jabs, E.W.
(2003). Connexin 43 (GJA1l) mutations cause the pleiotropic phenotype of ocu-
lodentodigital dysplasia. Am J Hum Genet 72: 408—18.

Pecheniuk, N.M., Marsh, N.A., Walsh, T.P. and Dale, J.L. (1997). Use of first
nucleotide change technology to determine the frequency of factor V Leiden in a
population of Australian blood donors. Blood Coagul Fibrinolysis 8: 491-5.

Pereiro, 1., Hoskins, B.E., Marshall, J.D., Collin, G.B., Naggert, J.K., Pineiro-Gallego,
T., Oitmaa, E., Katsanis, N., Valverde, D. and Beales, P.L. (2011). Arrayed primer
extension technology simplifies mutation detection in Bardet-Biedl and Alstrom
syndrome. Eur J Hum Genet 19: 485-8.

Pettersson, E., Lundeberg, J. and Ahmadian, A. (2009). Generations of sequencing
technologies. Genomics 93: 105—11.

Pineiro-Gallego, T., Corton, M., Ayuso, C., Baiget, M. and Valverde, D. (2012).
Molecular approach in the study of Alstrom syndrome: Analysis of ten Spanish
families. Mol Vis 18: 1794-802.

Pinkel, D., Segraves, R., Sudar, D., Clark, S., Poole, 1., Kowbel, D., Collins, C., Kuo,
W.L., Chen, C., Zhai, Y., Dairkee, S.H., Ljung, B.M., Gray, J.W. and Albertson,
D.G. (1998). High resolution analysis of DNA copy number variation using
comparative genomic hybridization to microarrays. Nat Genet 20: 207-11.

Poe, B.L., Haverstick, D.M. and Landers, J.P. (2012). Warfarin genotyping in a single
PCR reaction for microchip electrophoresis. Clin Chem 58: 725-31.

Prezant, T.R., Agapian, J.V., Bohlman, M.C., Bu, X., Oztas, S., Qiu, W.Q., Arnos, K.S.,
Cortopassi, G.A., Jaber, L., Rotter, J.I. and et al. (1993). Mitochondrial ribosomal
RNA mutation associated with both antibiotic-induced and non-syndromic deafness.
Nature genetics 4: 289-94.

Primignani, P., Trotta, L., Castorina, P., Lalatta, F., Sironi, F., Radaelli, C., Degiorgio,
D., Curcio, C., Travi, M., Ambrosetti, U., Cesarani, A., Garavelli, L., Formigoni, P.,
Milani, D., Murri, A., Cuda, D. and Coviello, D.A. (2009). Analysis of the GJB2
and GJB6 genes in Italian patients with nonsyndromic hearing loss: frequencies,
novel mutations, genotypes, and degree of hearing loss. Genet Test Mol Biomarkers
13:209-17.

74



Qu, C., Sun, X., Shi, Y., Gong, A., Liang, S., Zhao, M., Chen, Y. and Liang, F. (2012).
Microarray-based mutation detection of pediatric sporadic nonsyndromic hearing
loss in China. Int J Pediatr Otorhinolaryngol 76: 235-9.

Rachidi, M. and Lopes, C. (2007). Mental retardation in Down syndrome: from gene
dosage imbalance to molecular and cellular mechanisms. Neurosci Res 59: 349—69.

Rao, K.V., Stevens, P.W., Hall, J.G., Lyamichev, V., Neri, B.P. and Kelso, D.M.
(2003). Genotyping single nucleotide polymorphisms directly from genomic DNA
by invasive cleavage reaction on microspheres. Nucleic Acids Res 31: e66.

Raskin, S., Phillips, J.A., 3rd, Kaplan, G., McClure, M. and Vnencak-Jones, C. (1992).
Cystic fibrosis genotyping by direct PCR analysis of Guthrie blood spots. PCR
Methods Appl 2: 154-6.

Redin, C., Le Gras, S., Mhamdi, O., Geoffroy, V., Stoetzel, C., Vincent, M.C., Chiurazzi,
P., Lacombe, D., Ouertani, 1., Petit, F., Till, M., Verloes, A., Jost, B., Chaabouni, H.B.,
Dollfus, H., Mandel, J.L. and Muller, J. (2012). Targeted high-throughput sequencing
for diagnosis of genetically heterogencous diseases: efficient mutation detection in
Bardet-Biedl and Alstrom Syndromes. J Med Genet 49: 502—12.

Richter, A., Grieu, F., Carrello, A., Amanuel, B., Namdarian, K., Rynska, A., Lucas, A.,
Michael, V., Bell, A., Fox, S.B., Hewitt, C.A., Do, H., McArthur, G.A., Wong, S.Q.,
Dobrovic, A. and lacopetta, B. (2013). A multisite blinded study for the detection of
BRAF mutations in formalin-fixed, paraffin-embedded malignant melanoma. Sci
Rep 3: 1659.

Riordan, J.R., Rommens, J.M., Kerem, B., Alon, N., Rozmahel, R., Grzelczak, Z.,
Zielenski, J., Lok, S., Plavsic, N., Chou, J.L. and et al. (1989). Identification of the
cystic fibrosis gene: cloning and characterization of complementary DNA. Science
245: 1066-73.

Ririe, K.M., Rasmussen, R.P. and Wittwer, C.T. (1997). Product differentiation by
analysis of DNA melting curves during the polymerase chain reaction. Anal
Biochem 245: 154-60.

Rodriguez-Paris, J., Pique, L., Colen, T., Roberson, J., Gardner, P. and Schrijver, 1.
(2010). Genotyping with a 198 mutation arrayed primer extension array for
hereditary hearing loss: assessment of its diagnostic value for medical practice.
PLoS One 5: e11804.

Rohlfs, EM., Zhou, Z., Heim, R.A., Nagan, N., Rosenblum, L.S., Flynn, K., Scholl, T.,
Akmaev, V.R., Sirko-Osadsa, D.A., Allitto, B.A. and Sugarman, E.A. (2011). Cystic
fibrosis carrier testing in an ethnically diverse US population. Clin Chem 57: 841-8.

Rommens, J.M., Iannuzzi, M.C., Kerem, B., Drumm, M.L., Melmer, G., Dean, M.,
Rozmabhel, R., Cole, J.L., Kennedy, D., Hidaka, N. and et al. (1989). Identification of
the cystic fibrosis gene: chromosome walking and jumping. Science 245: 1059—65.

Ronan, A., Fagan, K., Christie, L., Conroy, J., Nowak, N.J. and Turner, G. (2007).
Familial 4.3 Mb duplication of 21q22 sheds new light on the Down syndrome
critical region. J Med Genet 44: 448-51.

Roomets, E., Polinati, P.P., Euro, L., Eskelin, P.M., Paganus, A. and Tyni, T. (2012).
Carrier frequency of a common mutation of carnitine palmitoyltransferase 1A
deficiency and long-term follow-up in Finland. J Pediatr 160: 473—479 el.

Roy, A., Cowan, G., Mead, A.J., Filippi, S., Bohn, G., Chaidos, A., Tunstall, O., Chan,
J.K., Choolani, M., Bennett, P., Kumar, S., Atkinson, D., Wyatt-Ashmead, J., Hu,
M., Stumpf, M.P., Goudevenou, K., O’Connor, D., Chou, S.T., Weiss, M.J,,
Karadimitris, A., Jacobsen, S.E., Vyas, P. and Roberts, 1. (2012). Perturbation of

75



fetal liver hematopoietic stem and progenitor cell development by trisomy 21. Proc
Natl Acad Sci U S A.

Rozen, S. and Skaletsky, H. (2000). Primer3 on the WWW for general users and for
biologist programmers. Methods Mol Biol 132: 365-86.

Sachdeva, K., Saxena, R., Puri, R., Bijarnia, S., Kohli, S. and Verma, 1.C. (2012).
Mutation analysis of the CFTR gene in 225 children: identification of five novel
severe and seven reported severe mutations. Genet Test Mol Biomarkers 16: 798-801.

Saiki, R.K., Scharf, S., Faloona, F., Mullis, K.B., Horn, G.T., Erlich, H.A. and
Arnheim, N. (1985). Enzymatic amplification of beta-globin genomic sequences and
restriction site analysis for diagnosis of sickle cell anemia. Science 230: 1350—4.

Saiki, R.K., Walsh, P.S., Levenson, C.H. and Erlich, H.A. (1989). Genetic analysis of
amplified DNA with immobilized sequence-specific oligonucleotide probes. Proc
Natl Acad Sci U S 4 86: 6230-4.

Sanger, F., Nicklen, S. and Coulson, A.R. (1977). DNA sequencing with chain-
terminating inhibitors. Proc Natl Acad Sci U S A 74: 5463-7.

Sapkota, Y., Ghosh, S., Lai, R., Coe, B.P., Cass, C.E., Yasui, Y., Mackey, J.R. and
Damaraju, S. (2013). Germline DNA copy number aberrations identified as potential
prognostic factors for breast cancer recurrence. PLoS One 8: €53850.

Sayers, E.W., Barrett, T., Benson, D.A., Bryant, S.H., Canese, K., Chetvernin, V.,
Church, D.M., DiCuccio, M., Edgar, R., Federhen, S., Feolo, M., Geer, L.Y.,
Helmberg, W., Kapustin, Y., Landsman, D., Lipman, D.J., Madden, T.L., Maglott,
D.R., Miller, V., Mizrachi, 1., Ostell, J., Pruitt, K.D., Schuler, G.D., Sequeira, E.,
Sherry, S.T., Shumway, M., Sirotkin, K., Souvorov, A., Starchenko, G., Tatusova,
T.A., Wagner, L., Yaschenko, E. and Ye, J. (2009). Database resources of the
National Center for Biotechnology Information. Nucleic Acids Res 37: D5-15.

Schanne, M., Bodem, J., Gerhold-Ay, A., Jacob, A., Fellenberg, K., Krausslich, H.G.
and Hoheisel, J.D. (2008). Genotypic resistance testing in HIV by arrayed primer
extension. Anal Bioanal Chem 391: 1661-9.

Schiffman, J.D., Wang, Y., McPherson, L.A., Welch, K., Zhang, N., Davis, R., Lacayo,
N.J., Dahl, G.V., Faham, M., Ford, J.M. and Ji, H.P. (2009). Molecular inversion
probes reveal patterns of 9p21 deletion and copy number aberrations in childhood
leukemia. Cancer Genet Cytogenet 193: 9—18.

Schouten, J.P., McElgunn, C.J., Waaijer, R., Zwijnenburg, D., Diepvens, F. and Pals, G.
(2002). Relative quantification of 40 nucleic acid sequences by multiplex ligation-
dependent probe amplification. Nucleic Acids Res 30: e57.

Schrijver, 1. (2004). Hereditary non-syndromic sensorineural hearing loss: transforming
silence to sound. J Mol Diagn 6: 275-84.

Schrijver, 1. (2011). Mutation distribution in expanded screening for cystic fibrosis:
making up the balance in a context of ethnic diversity. Clin Chem 57: 799-801.

Schrijver, 1., Oitmaa, E., Metspalu, A. and Gardner, P. (2005). Genotyping microarray
for the detection of more than 200 CFTR mutations in ethnically diverse
populations. J Mol Diagn 7: 375-87.

Schrijver, 1., Rappahahn, K., Pique, L., Kharrazi, M. and Wong, L.J. (2008). Multiplex
ligation-dependent probe amplification identification of whole exon and single
nucleotide deletions in the CFTR gene of Hispanic individuals with cystic fibrosis. J
Mol Diagn 10: 368-75.

Schwartz, K.M., Pike-Buchanan, L.L., Muralidharan, K., Redman, J.B., Wilson, J.A.,
Jarvis, M., Cura, M.G. and Pratt, V.M. (2009). Identification of cystic fibrosis

76



variants by polymerase chain reaction/oligonucleotide ligation assay. J Mol Diagn
11: 211-5.

Schwartz, M., Sorensen, N., Brandt, N.J., Hogdall, E. and Holm, T. (1995). High
incidence of cystic fibrosis on the Faroe Islands: a molecular and genealogical study.
Hum Genet 95: 703—-6.

Seo, S., Baye, L.M., Schulz, N.P., Beck, J.S., Zhang, Q., Slusarski, D.C. and Sheffield,
V.C. (2010). BBS6, BBS10, and BBS12 form a complex with CCT/TRiC family
chaperonins and mediate BBSome assembly. Proc Natl Acad Sci U S A 107: 1488—
93.

Shapero, M.H., Leuther, K.K., Nguyen, A., Scott, M. and Jones, K.W. (2001). SNP
genotyping by multiplexed solid-phase amplification and fluorescent mini-
sequencing. Genome Res 11: 1926-34.

Sherry, S.T., Ward, M.H., Kholodov, M., Baker, J., Phan, L., Smigielski, E.M. and
Sirotkin, K. (2001). dbSNP: the NCBI database of genetic variation. Nucleic Acids
Res 29: 308-11.

Shuber, A.P., Michalowsky, L.A., Nass, G.S., Skoletsky, J., Hire, L.M., Kotsopoulos,
S.K., Phipps, M.F., Barberio, D.M. and Klinger, K.W. (1997). High throughput
parallel analysis of hundreds of patient samples for more than 100 mutations in
multiple disease genes. Hum Mol Genet 6: 337-47.

Shumaker, J.M., Metspalu, A. and Caskey, C.T. (1996). Mutation detection by solid
phase primer extension. Hum Mutat 7: 346-54.

Slater, H.R., Bruno, D.L., Ren, H., Pertile, M., Schouten, J.P. and Choo, K.H. (2003).
Rapid, high throughput prenatal detection of aneuploidy using a novel quantitative
method (MLPA). J Med Genet 40: 907—12.

Smaoui, N., Chaabouni, M., Sergeev, Y.V., Kallel, H., Li, S., Mahfoudh, N., Maazoul,
F., Kammoun, H., Gandoura, N., Bouaziz, A., Nouiri, E., M'Rad, R., Chaabouni, H.
and Hejtmancik, J.F. (2006). Screening of the eight BBS genes in Tunisian families:
no evidence of triallelism. Invest Ophthalmol Vis Sci 47: 3487-95.

Snoeckx, R.L., Huygen, P.L., Feldmann, D., Marlin, S., Denoyelle, F., Waligora, J.,
Mueller-Malesinska, M., Pollak, A., Ploski, R., Murgia, A., Orzan, E., Castorina, P.,
Ambrosetti, U., Nowakowska-Szyrwinska, E., Bal, J., Wiszniewski, W., Janecke,
A.R., Nekahm-Heis, D., Seeman, P., Bendova, O., Kenna, M.A., Frangulov, A.,
Rehm, H.L., Tekin, M., Incesulu, A., Dahl, H.H., du Sart, D., Jenkins, L., Lucas, D.,
Bitner-Glindzicz, M., Avraham, K.B., Brownstein, Z., del Castillo, 1., Moreno, F.,
Blin, N., Pfister, M., Sziklai, I., Toth, T., Kelley, P.M., Cohn, E.S., Van Maldergem,
L., Hilbert, P., Roux, A.F., Mondain, M., Hoefsloot, L.H., Cremers, C.W.,
Lopponen, T., Lopponen, H., Parving, A., Gronskov, K., Schrijver, I., Roberson, J.,
Gualandi, F., Martini, A., Lina-Granade, G., Pallares-Ruiz, N., Correia, C., Fialho,
G., Cryns, K., Hilgert, N., Van de Heyning, P., Nishimura, C.J., Smith, R.J. and Van
Camp, G. (2005). GJB2 mutations and degree of hearing loss: a multicenter study.
Am J Hum Genet 77: 945-57.

Sokolov, B.P. (1990). Primer extension technique for the detection of single nucleotide
in genomic DNA. Nucleic Acids Res 18: 3671.

Souka, A.P., Snijders, R.J., Novakov, A., Soares, W. and Nicolaides, K.H. (1998).
Defects and syndromes in chromosomally normal fetuses with increased nuchal
translucency thickness at 10—-14 weeks of gestation. Ultrasound Obstet Gynecol 11:
391-400.

77



Sowjanya, B., Sreenivasulu, U., Naidu, J.N. and Sivaranjani, N. (2011). End stage renal
disease, differential diagnosis, a rare genetic disorder: bardet-biedl syndrome: case
report and review. Indian J Clin Biochem 26: 214-6.

Stanke, F., Ballmann, M., Bronsveld, 1., Dork, T., Gallati, S., Laabs, U., Derichs, N.,
Ritzka, M., Posselt, H.G., Harms, HK., Griese, M., Blau, H., Mastella, G.,
Bijman, J., Veeze, H. and Tummler, B. (2008). Diversity of the basic defect of
homozygous CFTR mutation genotypes in humans. J Med Genet 45: 47-54.

Steemers, F.J., Chang, W., Lee, G., Barker, D.L., Shen, R. and Gunderson, K.L. (2006).
Whole-genome genotyping with the single-base extension assay. Nat Methods 3:
31-3.

Stoetzel, C., Muller, J., Laurier, V., Davis, E.E., Zaghloul, N.A., Vicaire, S.,
Jacquelin, C., Plewniak, F., Leitch, C.C., Sarda, P., Hamel, C., de Ravel, T.J,,
Lewis, R.A., Friederich, E., Thibault, C., Danse, J.M., Verloes, A., Bonneau, D.,
Katsanis, N., Poch, O., Mandel, J.L. and Dollfus, H. (2007). Identification of a novel
BBS gene (BBS12) highlights the major role of a vertebrate-specific branch of
chaperonin-related proteins in Bardet-Biedl syndrome. Am J Hum Genet 80: 1-11.

Storm, N., Darnhofer-Patel, B., van den Boom, D. and Rodi, C.P. (2003). MALDI-TOF
mass spectrometry-based SNP genotyping. Methods Mol Biol 212: 241-62.

Strom, C.M., Clark, D.D., Hantash, F.M., Rea, L., Anderson, B., Maul, D., Huang, D.,
Traul, D., Chen Tubman, C., Garcia, R., Hess, P.P., Wang, H., Crossley, B.,
Woodruff, E., Chen, R., Killeen, M., Sun, W., Beer, J., Avens, H., Polisky, B. and
Jenison, R.D. (2004). Direct visualization of cystic fibrosis transmembrane regulator
mutations in the clinical laboratory setting. Clin Chem 50: 836—45.

Strom, C.M., Crossley, B., Buller-Buerkle, A., Jarvis, M., Quan, F., Peng, M.,
Muralidharan, K., Pratt, V., Redman, J.B. and Sun, W. (2011). Cystic fibrosis
testing 8 years on: lessons learned from carrier screening and sequencing analysis.
Genet Med 13: 166-72.

Su, Q., Xing, D. and Zhou, X. (2010). Magnetic beads based rolling circle ampli-
fication-electrochemiluminescence assay for highly sensitive detection of point
mutation. Biosens Bioelectron 25: 1615-21.

Sue, C.M., Tanji, K., Hadjigeorgiou, G., Andreu, A.L., Nishino, I., Krishna, S.,
Bruno, C., Hirano, M., Shanske, S., Bonilla, E., Fischel-Ghodsian, N., DiMauro, S.
and Friedman, R. (1999). Maternally inherited hearing loss in a large kindred with a
novel T7511C mutation in the mitochondrial DNA tRNA(Ser(UCN)) gene.
Neurology 52: 1905-8.

Syvanen, A.C. (1999). From gels to chips: “minisequencing” primer extension for analy-
sis of point mutations and single nucleotide polymorphisms. Hum Mutat 13: 1-10.

Syvanen, A.C., Aalto-Setala, K., Harju, L., Kontula, K. and Soderlund, H. (1990). A
primer-guided nucleotide incorporation assay in the genotyping of apolipoprotein E.
Genomics 8: 684-92.

Syvanen, A.C., Ikonen, E., Manninen, T., Bengtstrom, M., Soderlund, H., Aula, P. and
Peltonen, L. (1992). Convenient and quantitative determination of the frequency of a
mutant allele using solid-phase minisequencing: application  to
aspartylglucosaminuria in Finland. Genomics 12: 590-5.

Tadokoro, K., Kobayashi, M., Yamaguchi, T., Suzuki, F., Miyauchi, S., Egashira, T.
and Kumada, H. (2006). Classification of hepatitis B virus genotypes by the PCR-
Invader method with genotype-specific probes. J Virol Methods 138: 30-9.

Tang, H.Y., Xia, A., Oghalai, J.S., Pereira, F.A. and Alford, R.L. (2005). High
frequency of the IVS2-2A>G DNA sequence variation in SLC26AS5, encoding the

78



cochlear motor protein prestin, precludes its involvement in hereditary hearing loss.
BMC Med Genet 6: 30.

Tauseef, 1., Igbal, F., Rehman, W., Ali, M., Qureshi, J.A. and Aslam, M.A. (2012). A
PCR-RFLP based protocol for the detection of hepatitis B virus variants in some
lamivudine-untreated chronic hepatitis B virus carriers in Pakistan. Pak J Pharm Sci
25:349-52.

Teder, M., Klaassen, T., Oitmaa, E., Kaasik, K. and Metspalu, A. (2000). Distribution
of CFTR gene mutations in cystic fibrosis patients from Estonia. J Med Genet 37:
Ele6.

Toczylowska-Maminska, R. and Dolowy, K. (2012). Ion transporting proteins of human
bronchial epithelium. J Cell Biochem 113: 426-32.

Tonisson, N., Zernant, J., Kurg, A., Pavel, H., Slavin, G., Roomere, H., Meiel, A.,
Hainaut, P. and Metspalu, A. (2002). Evaluating the arrayed primer extension
resequencing assay of TP53 tumor suppressor gene. Proc Natl Acad Sci U S 4 99:
5503-8.

Trewick, A.L., Moustafa, J.S., de Smith, A.J., Froguel, P., Greve, G., Njolstad, P.R.,
Coin, L.J. and Blakemore, A.l. (2011). Accurate single-nucleotide polymorphism
allele assignment in trisomic or duplicated regions by using a single base-extension
assay with MALDI-TOF mass spectrometry. Clin Chem 57: 1188-95.

Tsai, L.P., Cheng, CF., Chuang, S.H. and Lee, H.H. (2011). Analysis of the
CYP21AI1P pseudogene: indication of mutational diversity and CYP21A2-like and
duplicated CYP21A2 genes. Anal Biochem 413: 133-41.

Usami, S., Nishio, S.Y., Nagano, M., Abe, S. and Yamaguchi, T. (2012). Simultaneous
screening of multiple mutations by invader assay improves molecular diagnosis of
hereditary hearing loss: a multicenter study. PLoS One 7: €31276.

Van Camp, G., Willems, P.J. and Smith, R.J. (1997). Nonsyndromic hearing
impairment: unparalleled heterogeneity. Am J Hum Genet 60: 758—64.

Van Opstal, D., Boter, M., de Jong, D., van den Berg, C., Bruggenwirth, H.T.,
Wildschut, H.I., de Klein, A. and Galjaard, R.J. (2009). Rapid aneuploidy detection
with multiplex ligation-dependent probe amplification: a prospective study of 4000
amniotic fluid samples. Eur J Hum Genet 17: 112-21.

Vozzi, D., Aaspollu, A., Athanasakis, E., Berto, A., Fabretto, A., Licastro, D., Kulm,
M., Testa, F., Trevisi, P., Vahter, M., Ziviello, C., Martini, A., Simonelli, F., Banfi,
S. and Gasparini, P. (2011). Molecular epidemiology of Usher syndrome in Italy.
Mol Vis 17: 1662-8.

Wallace, R.B., Johnson, M.J., Hirose, T., Miyake, T., Kawashima, E.H. and Itakura, K.
(1981). The use of synthetic oligonucleotides as hybridization probes. II.
Hybridization of oligonucleotides of mixed sequence to rabbit beta-globin DNA.
Nucleic Acids Res 9: 879-94.

Wang, H., Kong, F., Sorrell, T.C., Wang, B., McNicholas, P., Pantarat, N., Ellis, D.,
Xiao, M., Widmer, F. and Chen, S.C. (2009). Rapid detection of ERGI11 gene
mutations in clinical Candida albicans isolates with reduced susceptibility to
fluconazole by rolling circle amplification and DNA sequencing. BMC Microbiol 9:

167.

Wang, W., Kham, S.K., Yeo, G.H., Quah, T.C. and Chong, S.S. (2003). Multiplex
minisequencing screen for common Southeast Asian and Indian beta-thalassemia
mutations. Clin Chem 49: 209-18.

Watson, M.S., Cutting, G.R., Desnick, R.J., Driscoll, D.A., Klinger, K., Mennuti, M.,
Palomaki, G.E., Popovich, B.W., Pratt, V.M., Rohlfs, E.M., Strom, C.M., Richards,

79



C.S., Witt, D.R. and Grody, W.W. (2004). Cystic fibrosis population carrier
screening: 2004 revision of American College of Medical Genetics mutation panel.
Genet Med 6: 387-91.

Witters, 1., Devriendt, K., Legius, E., Matthijs, G., Van Schoubroeck, D., Van Assche,
F.A. and Fryns, J.P. (2002). Rapid prenatal diagnosis of trisomy 21 in 5049
consecutive uncultured amniotic fluid samples by fluorescence in situ hybridisation
(FISH). Prenat Diagn 22: 29-33.

Wong, L.J., Wang, J., Zhang, Y.H., Hsu, E., Heim, R.A., Bowman, C.M. and Woo,
M.S. (2001). Improved detection of CFTR mutations in Southern California
Hispanic CF patients. Hum Mutat 18: 296-307.

Xia, J.H., Liu, C.Y., Tang, B.S., Pan, Q., Huang, L., Dai, H.P., Zhang, B.R., Xie, W.,
Hu, D.X., Zheng, D., Shi, X.L., Wang, D.A., Xia, K., Yu, K.P., Liao, X.D., Feng,
Y., Yang, Y.F., Xiao, J.Y., Xie, D.H. and Huang, J.Z. (1998). Mutations in the gene
encoding gap junction protein beta-3 associated with autosomal dominant hearing
impairment. Nat Genet 20: 370-3.

Yang, J.J., Wang, W.H., Lin, Y.C., Weng, H.H., Yang, J.T., Hwang, C.F., Wu, C.M.
and Li, S.Y. (2010). Prospective variants screening of connexin genes in children
with hearing impairment: genotype/phenotype correlation. Hum Genet 128: 303—13.

Yoshinaga-Itano, C., Sedey, A.L., Coulter, D.K. and Mehl, A.L. (1998). Language of
early- and later-identified children with hearing loss. Pediatrics 102: 1161-71.

Zafra-Ceres, M., de Haro, T., Gomez-Capilla, J.A., Farez-Vidal, E., Poyatos, A. and
Gomez-Llorente, C. (2012). Multiplex primer extension reaction and capillary
electrophoresis to study the frequency of thrombophilia-related mutations in a
spanish population. Clin Chim Acta 413: 1255-8.

Zaghloul, N.A. and Katsanis, N. (2009). Mechanistic insights into Bardet-Biedl synd-
rome, a model ciliopathy. J Clin Invest 119: 428-37.

Zainal, S.A., Md Daud, M.K., Abd Rahman, N., Zainuddin, Z. and Alwi, Z. (2012).
Mutation detection in GJB2 gene among Malays with non-syndromic hearing loss.
Int J Pediatr Otorhinolaryngol 76: 1175-9.

Zeitz, C., Jacobson, S.G., Hamel, C.P., Bujakowska, K., Neuille, M., Orhan, E.,
Zanlonghi, X., Lancelot, M.E., Michiels, C., Schwartz, S.B., Bocquet, B., Anto-
nio, A., Audier, C., Letexier, M., Saraiva, J.P., Luu, T.D., Sennlaub, F., Nguyen, H.,
Poch, O., Dollfus, H., Lecompte, O., Kohl, S., Sahel, J.A., Bhattacharya, S.S. and
Audo, 1. (2013). Whole-Exome Sequencing Identifies LRIT3 Mutations as a Cause
of Autosomal-Recessive Complete Congenital Stationary Night Blindness. Am J
Hum Genet 92: 67-75.

Zhu, J.L., Hasle, H., Correa, A., Schendel, D., Friedman, J.M., Olsen, J. and Ras-
mussen, S.A. (2012). Survival among people with Down syndrome: a nationwide
population-based study in Denmark. Genet Med.

Zielenski, J. (2000). Genotype and phenotype in cystic fibrosis. Respiration 67: 117-33.

Zielenski, J., Fujiwara, T.M., Markiewicz, D., Paradis, A.J., Anacleto, A.L,
Richards, B., Schwartz, R.H., Klinger, K.W., Tsui, L.C. and Morgan, K. (1993).
Identification of the M1101K mutation in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene and complete detection of cystic fibrosis
mutations in the Hutterite population. Am J Hum Genet 52: 609—15.

Zielenski, J., Rozmahel, R., Bozon, D., Kerem, B., Grzelczak, Z., Riordan, J.R.,
Rommens, J. and Tsui, L.C. (1991). Genomic DNA sequence of the cystic fibrosis
transmembrane conductance regulator (CFTR) gene. Genomics 10: 214-28.

80



WEB RESOURCES

Ciliopathy Alliance homepage: http://www.ciliopathyalliance.org
Connexin Deafness homepage: http://davinci.crg.es/deafness/

Cystic Fibrosis Mutation Database: http://www.genet.sickkids.on.ca/
Hereditary Hearing Loss homepage: http://hereditaryhearingloss.org
Human Gene Mutation Database: http://www.hgmd.cf.ac.uk/
Human Genome Variation Society: http://www.hgvs.org

Illumina Inc. homepage: http://www.illumina.com

International HapMap Project: http://hapmap.ncbi.nlm.nih.gov/
Mitomap database: http://www. mitomap.org

81



SUMMARY IN ESTONIAN

Praimerekstensiooni metoodil pohinevate DNA kiipide
vdljatootamine ja kasutamine molekulaardiagnostikas

Poliimeraasi ahelreaktsiooni ja DNA didesoksii (Sangeri) meetodil sekveneeri-
mise kasutuselevotmine 1980. aastatel voimaldas ka périlike haiguste moleku-
laarse diagnostika kiiret arengut. Jirgnevate aastate jooksul on nende meetodite
pohjal vilja arendatud mitmeid erinevaid tehnoloogilisi lahendusi, mida oleks
vOimalik rakendada rutiinses Kkliinilises praktikas véga erinevate périlike
haiguste diagnostikaks ja sdoeluuringuks.

Kéesolev t60 keskendus APEX / APEX-2 kiibitehnoloogial pdhineva nelja

erineva molekulaardiagnostilise testi véljatdotamisele. Antud t60 tulemused
voib kokkuvdtvalt sdnastada jargmiselt:

1)

2)

3)

Arendasime vélja APEX meetodil pohineva tsiistilise fibroosi (CF) testi, mis
voimaldab teha nii molekulaardiagnostikat kui ka mutatsioonikandluse
madramist. Selleks valisime vélja 204 erinevates populatsioonides sage-
dasemat haigus-seoselist mutatsiooni tsiistilise fibroosi transmembraanse
regulaatori geenist. Arendustdd tulemusena saime 100% sensitiivsuse ja
100% spetsiifilisusega CF APEX testi, mis vorreldes teiste kasutusel olevate
paneelidega voimaldab kuluefektiivselt médérata {ile kahe korra rohkem CF
seoselisi mutatsioone nii kaukasoididel kui ka mitte-kaukasoidsete populat-
sioonide ja segunenud etnilise taustaga indiviididel (Schrijver et al., 2005).
Arendasime vilja APEX meetodil pShineva geenitesti peamiselt mitte-
siindroomse sensorineuraalse kuulmislanguse (SNHL) patsientide diagnoosi
molekulaarseks kinnitamiseks ja retsessiivse SNHL kandluse méédramiseks.
Selleks valisime vélja 198 jérjestuse varianti pohiliselt mittesiindroomse
SNHL fenotiitibi viljakujunemisega seotud 8 geenist. Valideerimise tule-
musena saime 100% tundlikkuse ja 100% spetsiifilisusega SNHL APEX
testi. Selle testi kasutamine vdimaldab kuulmislanguse geneetilisi pdhjuseid
tuvastada nii vastsiindinute kuulmise sdeluuringu nn. jérelkontrollis kui ka
kuulmispuudega tiiskasvanutel ja seeldbi parandada nii patsientide ravi kui
nende perekondade geneetilist ndustamist (Gardner ef al., 2006).

Disainisime ja valideerisime APEX kiibi, mis vdimaldab mutatsiooni-
analiiiisi BBS ja ALMS patsientidel. Selleks valisime 253 DNA jirjestuse
varianti ALMSI geenist ja 10 erinevast BBS geenist. Antud uuringugrupi
patsientide hulgas tuvastasime 40.5% BBS perekondadest ja 26.7% ALMS
perekondadest véhemalt iihe mutatsiooni. Lisaks leidsime kahes BBS
perekonnas 3 haigus-seoselise alleeli parandumisjuhtu, mis kinnitab haiguse
oligogeensust vOi védhemalt modifitseeriva mutatsiooni osalust haiguse
véljakujunemisel. ALMS perekondades me {iile kahe mutatioonialleeli ei
leidnud. Selle uuringu tulemuste pdhjal voib delda, et BBS-ALMS test on
piisavalt tShus ja kuluefektiivne, et tema kasutamine esmase testina diag-
nostilises skriiningus oleks digustatud (Pereiro et al., 2011).
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4) Tootasime vilja APEX-2 tehnoloogial pdhineva molekulaardiagnostiline
testi Downi siindroomi kiireks siinnieelseks tuvastamiseks kultiveerimata
looterakkudest. Valideerimise tulemusena saime kiire ja usaldusvéirse,
100% spetsiifilisuse ja 100% tundlikkusega testi Downi siindroomi mééra-
miseks. Kuna see meetodika vdimaldab loote ancuploidiat midrata kulti-
veerimata looterakkudest on analiilisiks kuluv aeg (kuni 30 tundi) viga
lithike vorreldes standardse kariiotiipiseerimise ajakuluga (2-3 nédalat).
Antud testi kasutamine geneetilise ndustamise skeemis vdimaldaks kiiret
loote eeluuringut Downi siindroomi suhtes ja seega lithendaks oluliselt vane-
matel pingerohket vastuste ootamise aega (Oitmaa et al., 2010).
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