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INTRODUCTION

In 2004, there was an assumption that genome-wide association studies required
genotyping several hundreds to thousands of single nucleotide polymorphisms
(SNPs) in disease-associated gene mapping studies. In 2005, A.C. Syvinen
stated in a Nature Genetics genotyping supplement that efficient and cost-
effective SNP genotyping methods are required for routine clinical applications
once disease-predisposing genes have been identified (Syvdnen, 2005). She
continued: “A key technical obstacle is the PCR amplification step. /.../ The
multiplexing level that can be achieved in PCR does not match that of current
microarray-based methods, making PCR the limiting step in the assays.”

A.C. Syviénen’s group was one of many labs in which new genotyping method
development and multiplex PCR funing were the main subjects of research. In our
laboratory, Kurg and colleagues have published the arrayed primer extension
(APEX) protocol (Kurg et al, 2000) as an update of a original APEX paper
(Shumaker et al., 1996) and thereafter only minor changes were introduced. In the
APEX protocol, the complexity of genomic DNA was reduced by single (or up to
five) — plex PCR, making it a very useful method that has been employed in many
studies in our department (Koks et al., 2006; Canova et al., 2009) as well as by
other groups/laboratories (Jaakson ef al., 2003; Tebbutt et al., 2004; Schrijver et al.,
2005; Zernant et al., 2005; Lahermo et al., 2006). Concurrently, a large amount of
different PCR protocols were developed to increase multiplex size. For example, a
25-plex SNP typing assay for the Y chromosome DNA (Y-DNA) (Sanchez ef al.,
2003), a 39-plex genotyping system for distinguishing blood group loci (Inagaki et
al., 2004) and a 45-plex genotyping assay, based upon careful primer design using
the tag-complementary tag (tag-ctag) system (Kaderali et al., 2003), were
developed. The main hindrance of such multiplex assays was the necessity for
extensive optimization; the differences in primer concentrations varied up to 120
times (Inagaki et al., 2004) and due to the complexity of the reaction, 50-plex was
the approximate upper limit for any of the above-mentioned protocols. In the
beginning of 2000, the first papers, with hidden technical details, were published by
Oliphant and colleagues regarding the Illumina BeadArray platform (Oliphant et
al., 2002). In 2003, ParAllele BioScience described for the first time the scope of
molecular inversion probe (MIP) genotyping, wherein multiplex analysis of more
than 1,000 probes in a single tube was performed (Hardenbol ez al., 2003). Six
months later, Affymetrix introduced their large-scale whole-genome genotyping
technology (Kennedy et al., 2003), although they have published a 512-SNParray,
that was combined into a 46-plex PCR with carefully chosen primer pairs and
hybridization-based SNP detection, years ago (Wang ef al., 1998). This era, as we
realize now, was the beginning of an extensive growth in the field of genotyping.

In 2004, our laboratory received an invitation to participate in the FP6
MolTools project', in which one of the objectives was to develop an advanced

European Union Sixth Framework Program project Molecular Tools (LSHG-CT-
2004-503155)



multiplex PCR method for existing APEX technology. Our goal was to exploit
the direct selection of studied loci by microarray hybridization. Genomic DNA
was digested by DNA restrictase(s), universal linkers were ligated to the end of
the fragments (Lin et al., 1996; Matsuzaki et al., 2004) and the enrichment of
specific sequences was performed on a microarray. After capturing the hybri-
dized regions, PCR with a universal primer system was used to amplify all
selected genomic fragments (Fig. 1). The amplification results after enrichment
were promising, but single base extension (SBE) on a microarray revealed low
call rates and specificity. These problems hindered further progress in the
development of this technology. Later, in collaboration with NimbleGen Sys-
tems Inc, three papers describing microarray-based genomic selection for
second-generation resequencing (SGS), were published simultaneously (Fig. 1)
(Albert et al., 2007; Hodges et al., 2007; Okou et al., 2007).
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Figure 1. Microarray-based genomic selection and resequencing of complex genomes.
A similar principle was followed in our enrichment experiment in 2004.

Successful capturing of targeted DNA apparently relied upon the amount of
starting DNA, that was many times higher (20 pg) than we had used (<2 pg).
Also, oligonucleotide probes in our research did not facilitate sufficiently
specific and stable hybridization due to their short length (25 bp, whereas
NimbleGen probes were in the range of 60—90 bp). Today, such hybridization
based target enrichment systems™ have made great progress and are also being
used in whole exons (exome) SGS (Ng et al., 2009) or targeted research (Gnirke
et al., 2009). Using HybSelect as a microarray based sequence capture appli-
cation, can reduce the starting DNA requirement (1.5 pg), hybridization time
(16 h) and specific probe length (50 bp) before SGS (Bau et al., 2009; Sum-
merer et al., 2009). One can conclude that, in order to ensure a highly specific
capture system for APEX multiplex amplification, longer capturing probes
ought to been used in a much smaller volume in the specific microfluidic
hybridization system.

> Sequence capture 2.IM Human Exome Array from Roche NimbleGen, Inc.

(Madison, USA)
> SureSelect DNA Capture array from Agilent Technologies (Santa Clara, USA)
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When our first effort did not succeed, a new concept for multiplex PCR was
still on elaboration agenda. First, an idea worth testing was PCR with SBE
primers themselves (APEX array-attached SBE primers), where only the
nucleotide of interest would be amplified from the genomic DNA. In order to
get a positive outcome in amplification and on an array, a universal tag was
added to the 5° end of each oligonucleotide. As a result, ten improved APEX
(now APEX-2) primer pairs were incorporated in one primer mixture and on
May 20, 2005, the first correct signals were detected on a microarray. Later, 66-
plex was tested for the first time and at the end of the year, 1200 APEX-2
oligonucleotides for a real biological application® were ordered. In summary,
APEX-2 was created at a time when medium-scale multiplex PCR applications
were demanded. The developments were funded by FP6 (MolTools project) and
Enterprise Estonia’.

Why is multiplex-PCR development relevant if high-density genotyping com-
mercial microarrays and relatively cheap resequencing is currently available? First,
the application of multiplex PCR and basecalling on arrays are meant for SNP
rescreening, (e.g replication phase of the genome-wide association studies or
massive resequencing). The second use of our APEX-2 method is in molecular
diagnostics, where tens to hundreds of genomic loci (mutations) are analyzed in
diagnostic assays. Thirdly, custom-made microarrays and APEX-2 multiplex PCR
are affordable for many research or diagnostic laboratories. This is very important,
because a robust, cost-effective, and flexible genotyping assay is a basic tool in any
genomic laboratory now and in the near future.

The main goals of the present study were (i) to investigate the factors affecting
multiplex PCR, (ii) create an effective methodology to overcome multiplexing
limitations, and (iii) elaborate a simple protocol for the simultaneous analysis of
10 to 1,000 genetic markers for scientific and public research.

1. To create a multiplex-PCR protocol to amplify 10—1,000 loci of interest
in a single tube and detect them on an oligomicroarray. To test the primer
constructs in different genomic regions (SNP-, AT- or GC-rich) and find
out optimal conditions and solutions for cases in which close poly-
morphisms or INDELSs are being studied.

2. To experiment with different DNA sources simultaneously (genomic,
mitochondrial, and Y-chromosome DNA) as templates in one assay and
discover an appropriate saliva DNA extraction method as a promising
alternative to venous blood in everyday diagnostic or public research.

3. To apply the given protocol in population genetics research, genealogical
studies and in case-control genetic analysis wherein different plex sizes
are used.

Obesity candidate gene SNP based association study (not published)
Enterprise Estonia grant through Estonian Biocentre (EU19955)
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. REVIEW OF THE LITERATURE
I.1. Polymerase chain reaction

Skipping the origin of the polymerase chain reaction (PCR), we can generalize
that in 1993, when the PCR invention received the Nobel Prize in Chemistry, it
was ready for different applications. In PubMed, contains 400,000 references
citing PCR. The citations come from medical, infectious disease, forensic,
environmental science, and research applications. In clinical applications, there
are presently over 1,200 genetic tests® available and the number is predicted to
increase by 25% annually (Allingham-Hawkins, 2008). Also, PCR has revolu-
tionized the characterization and detection of organisms in infectious diseases.
A pioneering study described the detection of human immunodeficiency virus
(HIV) by PCR (Kwok et al., 1987). Many other viruses and their subtypes (e.g.
influenza and human papillomavirus) have reliable PCR-based tests available
(Brouqui et al., 2009; Weissenborn et al., 2010). Short tandem repeats and
miniSTR multiplex detection (Grubwieser et al., 2006), ABO genotyping (Doi
et al., 2004; Inagaki et al., 2004), and SNP marker profiling (Sanchez et al.,
2006) are used concurrently in forensic applications such as genetic finger-
printing.

PCR itself is based on the very unique molecular mechanism of replication.
A DNA molecule can be copied from generation to generation remaining
(almost) identical to the initial molecule. The enzyme that catalyzes the natural
reaction is DNA polymerase, and the thermostable DNA polymerase from
Thermus aquaticus, for example, is a key compound in PCR. Other components
are 2’-deoxynucleotide 5’-triphoshates (ANTPs), DNA molecules of interest and
short oligonucleotides (primers) that specify the region of amplification and
offer the free 3’ hydroxyl group (3’-OH) for DNA polymerase as a starting
position for synthesis (Saiki er al, 1988). A standard PCR involves the
following three steps: (i) double-stranded DNA denaturation to produce single-
stranded DNA; (ii) primer hybridization to specific sites and (iii) enzymatic
primer extension from the annealed primer. Such a reaction order is repeated
20-35 times. Since the amount of amplified PCR product is doubled in each
cycle, the studied DNA region (amplicon) accumulates exponentially.

There are plenty of PCR modifications that have developed into new PCR-
based methods: real-time PCR, allele-specific PCR, competitive oligopriming
PCR, digital PCR and SBE are just a fraction of the list. In other words, as
Nathan Blow, technology editor for Nature and Nature Methods, said in 2007:
“PCR - the workhorse of modern molecular biology — is charging forward...”

6 Diagnostic testing, carrier testing, predictive and presymptomatic testing, prenatal

testing and newborn screening.
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1.2. Nucleic acid as a target for PCR

The sensitivity and reliability of PCR increased to a level where even a single
genomic copy was sufficient to carry out genetic testing. This allows to analyze
single cells, for example DNA removed from embryos at the preimplantation
stage (Handyside ef al., 1990). Subsequently, single-cell PCR has been used for
the molecular diagnostics of cystic fibrosis mutations (Drury et al., 2000),
diagnostics of human T-lymphotropic virus type I DNA in lymphocytes (Miyagi
et al., 1998) and B-thalassaemia mutation detection for preimplantation diagnosis
(el-Hashemite et al., 1997). These reports demonstrated the possibility of ana-
lyzing a single or a very restricted number of studied positions in the genome. To
overcome the scarcity of genomic DNA, one can use whole genome amplification
(WGA), which was developed in 1992 and then used for the degenerated oligo-
nucleotide primed (DOP) PCR system (Telenius et al., 1992). The most recently
developed WGA methods are based on ligation-mediated PCR (LMP), the T7-
based linear amplification of DNA (TLAD) and multiple displacement ampli-
fication (MDA), offering many prospects for DNA analysis. The usefulness of
these new WGA methods has been demonstrated in applications like MDA
amplification from a single sperm (Jiang et al, 2005) and a single-cell whole
genome MDA protocol (Spits et al., 2006a; Spits et al., 2006b).

One of the first challenges that PCR-based methods in modern forensic
testing faced at the beginning of the next millennium was the identification of
victims in the catastrophe of September 11" in 2001. The number and identity
of the victims were unknown and many victims were represented only by bone
and tissue fragments (~20,000 pieces of human remains were found). The
identification began initially by the Combined DNA Index System 13-locus
STR panel (CODIS, 500 persons identified) (Budimlija et al., 2003), continued
with mitochondrial DNA (mtDNA) analysis (57% of 2792 persons identified).
The medical examiner's office was reopened when Bode Technology Group
developed a new methodology of DNA extraction that required much less
sample material for analysis than before. Therefore, a trial for genetic en-
gineering in forensic application and in computer analysis took place because
there was a shortage of target DNA, and often it was also seriously obstructed
(Lovgren, 2003). This dramatic accident of 9/11 thus created a link between
forensic science, data analysis and public interest.

Fragmented DNA may push molecular diagnostics or genetic forensic tests
to their limits, whereas PCR using ancient or degraded input DNA (comprised
only of small (<200 bp) fragments) should amplify specific regions. In order to
do that, it is possible to (i) partially reconstruct the target DNA and amplify
larger fragments, so that the initial DNA is self-priming in the first phase and
then primer-specific PCR is carried out (Golenberg et al., 1996); (ii) use very
short amplicons (40—70 bp) for SNP analysis, universal fags in primers’ 5’ ends,
labeled universal primers in a gel-based system for allele detection (Asari et al.,
2009); or (iii) to use a carefully optimized genotyping strategy for highly
degraded DNA to perform a two-stage multiplex assay whereby multiple

12



fragments are first amplified in a single exponential reaction and the products of
this PCR are added to a linear single-base-extension reaction (Sanchez and
Endicott, 2006). The feasibility of size-reduced amplicons in cases of degraded
nuclear- or mtDNA has been proven in one study wherein high-quality results
were achieved from multiplex-PCR utilizing as little as 25 pg of target DNA
(von Wurmb-Schwark et al., 2009).

1.3. From single amplicon PCR to multiplex-PCR

Current genetic testing in molecular diagnostics mostly addresses certain causa-
tive alleles in disease genes. For example, more common genetic disorders like
color blindness, cystic fibrosis, haemophilia, phenylketonuria, and sickle-cell
anemia are caused mostly by point mutations within the transcribed area’.

In the research sector, there is a clear understanding that cost-effective and
more informative methods of analysis are always welcome. Multiplex level PCR
protocols, optimized to decrease the cost and hands-on work as much as possible,
have been put into practice in a huge number of independent and replication
studies. The first multiplex PCR (2-plex) application was directed toward
screening mutations of the Duchenne muscular dystrophy loci in 1988
(Chamberlain et al., 1988). Years later, this multiplex PCR technique had spread
to pathogen identification, gender screening, linkage analysis, and forensic
studies. Template molecule quantification and genetic disease diagnostics were
also found in the list of multiplex PCR usages (Edwards and Gibbs, 1994). This
area is described in detail by (Shuber ef al., 1995; Henegariu et al., 1997; Elnifro
et al., 2000) and there are numerous protocols for customizing multiplex PCR
assays, if commercial solutions®”'* do not match with one’s demands.

1.4. Multiplex PCR for large-scale sequencing

Multiplex PCR was originally developed for the detection of SNPs, mutations,
or short tandem repeats using different techniques (described in Chapter 1.5).
SGS initiated the publications of several original multiplex PCR techniques in
the last few years. Multiplex PCR in SGS is focused on reducing the complexity
of the genome studied, for example, by sequencing only certain genomic
regions, genes, exons, or mtDNA.

Three major publications demonstrate the impact of SGS on multiplex PCR.
Technical details of these papers are presented here because of their interesting
molecular engineering solutions to amplify many kilobases from distant regions

7
8

Online Mendelian Inheritance in Man database at http://www.ncbi.nlm.nih.gov/omim/
PowerPlex assay from Promega (Madison, USA)

’  SNaPshot kit from Applied Biosystems (Foster City, USA)

' Multiplex PCR Kit from QIAGEN (Hilden, Germany)
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simultaneously. Firstly, Varley and colleagues have published a protocol called
Nested Patch PCR which enables one to amplify many kilobases (kb) of
genomic DNA (in their case, colon cancer candidate gene exons) for further
analysis by sequencing (Varley and Mitra, 2008). Ninety-four non-overlapping
primer pairs were designed to amplify 94 exons from six genes, which were
located across four chromosomes and ranged in length from 74 to 438 bp
(21.6 kb total). All primer pairs were mixed together in equal concentrations
(50 nM each), and 10 cycles of multiplex PCR were performed using 1 pg of
input DNA. The PCR primers contained uracil substituted for thymine. In the
next step, primers were cleaved from the amplicons by the addition of uracil
DNA glycosylase and made blunt-ended using admixtures of other enzymes
(Fig. 2A). Oligonucleotides were then annealed to the target amplicons and
served as a patch between the correct amplicons and universal primers. Sub-
sequently, ligation and simultaneous PCR amplification using universal primers
was carried out. Using the above-described strategy, 96% of the targets (90 of
94) were amplified and thereby several germline SNPs and one colon tumor
specific nonsense mutation were successfully detected. A great advantage of
this method is its high specificity, ensured by specific PCR and ligation re-
actions, as the thermostable ligase is sensitive to mismatched bases near the
ligation junction site. Thus, the sequence determining the specificity of the
process is 40 to 60 bp on each end of the product (primer plus patch oligo-
nucleotides), making it a total of 80 to 120 bp per amplicon.

A Iu U T - 1 B

@ uracil DNA glycosylase
endonuclease VIII

@ Size-specific purification
1A

@ Blunt end repair

@ Exonuclease |

Random adapters ligation

I

1
]
Left ted patch Right nested patch
eft nested patcl ]
| = | =
| == Extension of adaptors =
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PCR L]
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Figure 2. Two principles of multiplex PCR in second-generation sequencing studies.
(A) Nested Patch PCR and (B) Direct MultiPlex Sequencing (DMPS). More detailed
description can be found in the text above.

The second paper presents direct multiplex PCR sequencing (DMPS), a novel
method for targeted SGS of ancient and degraded DNA, primarily mtDNA. It
combines standard multiplex PCR with sample bar-coding'' and SGS in a
straightforward way (Stiller et al., 2009). The aim of the study was to sequence

"' bar-code is a part of the linker, essential in SGS when different samples are
sequenced simultaneously
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mitochondrial genomes of 31 cave bears, a species that became extinct 25,000
years ago, using SGS. They designed 128 non-overlapping primer pairs, with
amplicons ranging in length between 150 and 180 bp, and performed 20-cycle
multiplex PCR in two equal separate reactions (64-plex PCR, 150 nM con-
centration of each primer). Next, a relatively stringent product length cutoff
separation and purification method'? was used, amplicon ends were polished to
blunt ends, and adapters were ligated to enable later bar-coding and universal
primer PCR (Fig. 2B). After the second round of sequencing, the average
coverage of the mitochondrial targets was 95.7%.

The third study, which demanded more labor force, was designed to amplify
seven CMT" disease associated genes (~8 kb of coding region, 14.4 kb total) by
multiplex PCR and SGS sequencing (Goossens et al., 2009). All 63 primer pairs
encompassed fragments ranging from 150 to 250 bp with adapter sequences
needed for the sequencing reaction. Multiplex PCRs were performed in seven
different reactions, using primer concentrations in the range of 50 to 200 nM
and 100 ng of input DNA. Next, all products were mixed, purified, concentrated
by column, and prepared for sequencing.

1.5. SNP genotyping methods

SNP genotyping methods have shown rapid progress throughout many years to
achieve higher throughput with inexpensive costs. Knowledge in molecular
engineering and new possibilities for detection instruments have unleashed the
development of genotyping methods in different ways. There are tens of diffe-
rent well-known genotyping methods, which are based on the dissimilar
detection principle. These methods start with the less-complex classic restriction
fragment length polymorphism (RFLP) analysis, Sanger gold standard dideoxy
sequencing, pyrosequencing, a high-resolution melting-based method, and
finish with ultra high-throughput SNP genotyping microarrays (Affymetrix and
[llumina) or (capture using) SGS. Subsequently, I briefly discuss different SNP
genotyping solutions which may offer interest and creates frameworks/material
for discussion of similar methods for small- and medium scale genotyping
projects. Also, I attempt to explain and argue why primer extension-based (in
addition to other enzyme-based) methods are still one of the most promising
from this selection.

Widely exploited microtiter plate-based fluorescent readout systems use
different commercial DNA probes in detection, such as Tagman, KASPar,
Molecular Beacons, Scorpion Probes and fluorescence polarization (Chapter
1.5.1.4). They all can be performed as an endpoint assay in a completely

' AMPure” PCR purification system from Agencourt Bioscience, a Beckman Coulter
Company

3 Charcot-Marie-Tooth disease, the most common inherited disorder of the peripheral
nervous system.
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homogeneous reaction. All the reagents and genomic DNA are mixed at the
beginning, and the fluorescent signal is read after the thermocycling step. There
is neither a separate pre-amplification step nor intermediate processing, making
them the simplest assay formats possible. However, only low-level (up to 3 or
4) multiplex is possible, restricting its potential for an even higher throughput.
This lack of multiplexing capability is largely due to the difficulty in dis-
criminating signals from different dyes with overlapping spectra, limiting the
number of compatible dye combinations.

Microarray-based assays can be divided into two major categories: (i) hybri-
dization based (Affymetrix) or (ii) hybridization and SBE based methods (more
specific and require fewer oligonucleotides per locus detection, discussed in
Chapter 1.5.1.1). A clear advantage of both approaches is the ability to genotype
a large number of loci in parallel. The throughput depends on the analyzed
DNA preparation method before detection: (i) classical PCR; (ii) restriction-
ligation based enrichment (Matsuzaki et al., 2004); or (iii) WGA before probe
hybridization and SBE (Steemers et al., 2006)), and microarray manufacturing
possibilities, especially the density of oligonucleotides on the array.

Mass spectrometry based genotyping assays (Chapter 1.5.1.2) have a steady
and very promising position for future developments due to their simple process
and low running costs. Although these assays require amplification, purifi-
cation, and detection as separate phases, the system is robust, enables simulta-
neous amplification, and the analysis is largely automated.

The flow cytometry-based commercial genotyping method, Luminex’s
xMAP®, uses microspheres, lasers, and allele-specific primer extension to detect
up to 50 loci simultaneously. DNA of interest is amplified by single or multi-
plex PCR, mixed with an allele-specific primer (containing a 5’ fag sequence)
and primer extension using biotinylated dCTPs or an oligonucleotide ligation
reaction is performed (Bruse et al., 2008). Next, fag sequence extended chains
are hybridized onto a microsphere-bounded ctag and the resulting complex is
analyzed by flow cytometry. The assay setup requires much optimization (pri-
mers, dye combinations, and tag-ctags) and preceding PCR amplification, but
the advantages include high throughput, simplicity of operation, and low
running cost.

An original genotyping method which enables one to detect loci without pre-
amplification is an endonuclease based Invader” assay (Lyamichev et al.,
1999). The Invader assay uses a structure-specific flap endonuclease to cleave a
three-dimensional complex formed by hybridization of allele-specific over-
lapping oligonucleotides. This assay targets DNA containing a SNP site and
requires at least 50 ng of genomic DNA or pre-amplified product. Cleavage can
be detected by three different approaches: (i) the cleavage product triggers a
secondary cleavage reaction on a fluorescence resonance energy transfer to
release a fluorescent signal, (ii) the cleavage can be detected directly by use of
fluorescence polarization probes, or (iii) by mass spectrometry. The main
obstacle of this Invader technology is the throughput, because the chemical
principle allows single-locus detection in one vessel. A meaningful develop-
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ment in the context of multiplex PCR is the link between 100-plex PCR and
Invader genotyping (Ohnishi et al., 2001). After testing the length and specifi-
city of these 100 primer pairs in silico (Andreson et al., 2006), we found that
the majority of the primers were specific, but product length varied between
1000 and 1600 bp. In addition, equal primer concentrations (50 pmol of each
primer in an unknown volume, which means an immense amount of primers per
reaction), tag-free primers (Wang et al., 1998), and the knowledge that high-
level specific multiplex can be successfully performed by short amplicons
(Sanchez et al., 2006; Podder et al., 2008) suggest that the 100-plex level
achieved in this report is a misleading result.

There are four post-amplification methods based on the physical properties
of DNA: (i) single strand conformation polymorphisms, where single stranded
DNA is analyzed by gel electrophoresis, which separates the different confor-
mations (not discussed here); (ii) temperature gradient gel electrophoresis (not
discussed here); (iii) denaturing high performance liquid chromatography
(DHPLC); and (iv) high-resolution melting (HRM) of the entire amplicon.
DHPLC, only one type of high performance liquid chromatography, is a well-
known commercialized method', which provides a useful platform for high-
throughput mutation or SNP discovery, but is not used in SNP calling. Geno-
typing by an HRM-based technology uses two PCR primers per locus and a
generic, saturating DNA dye that detects heteroduplexes as well as homo-
duplexes. Heterozygous genotypes have a characteristic melting curve shape
and a broader width than homozygous genotypes. Modern instruments" have
combined PCR and detection into a single procedure that enables 4-plex ana-
lysis (Seipp et al., 2009). The assay validation is relatively time-consuming and
sensitive for any other polymorphic site in the PCR amplicon. However, the
method is cost-effective, simple, and appropriate if only a few loci and thou-
sands of DNA samples are under study.

1.5.1. Primer extension

Primer extension is a comprehensive term in molecular engineering. Primer
extension refers to the following: (i) As a method it is known as the RNA or
DNA 5’ end mapping technique, wherein labeled oligonucleotides (*°P) are used
to determine potential transcriptional start sites and localize promoters or TATA
boxes. (ii) In sequencing, primer extension and random termination with
ddNTPs in simultaneous polymerase reactions are the main principles of the
Sanger method. In addition, SGS techniques like sequencing by synthesis from
Roche (Margulies et al., 2005; Droege and Hill, 2008; Wheeler et al., 2008) and
from Illumina (Bentley et al., 2008) (one exception is the ABI ligation based
SOLiD™ system) use primer extension for detecting nucleotides of interest.

4 Agilent Technologies, PerkinElmer, Beckman Coulter, Hitachi, Transgenomics and
others
5 LightScanner-32 from Idaho Technology (Salt Lake City, USA)
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(iil) Modern genotyping systems are fully dependent on primer extension, with
minor exceptions: restriction fragment length polymorphisms, short tandem
repeats, and some mass-spectrometry solutions analyze the PCR product for
genotyping (Pitterl et al., 2008). Consequently, hereinafter I focus on primer
extension in the field of genotyping. Particularly SBE on primers’ 3’ ends as a
nucleotide identification technique if small- to medium-scale numbers of loci
are under study. Different SBE-based genotyping methods are described, and
advantages and limitations are highlighted.

1.5.1.1. Single Base Extension

Single base extension, also called as minisequencing or APEX, was published
in the beginning of the 1980s by three independent laboratories (Sokolov, 1990;
Syvinen et al., 1990; Kuppuswamy et al., 1991) as a very promising reaction
concept for analyzing point mutations and SNPs. Later, different strategies and
assay formats by A.C. Syvénen were suggested, and these are listed in Fig. 3A
(Syvdnen, 1999). In the same year, the template-directed dye-terminator
incorporation assay with fluorescence polarization detection (FP-TDI)'® was
published (Chen et al., 1999), providing a basis for high-throughput analysis in
a simple, fully-automated format.

A B
1.Primer-guided nucleotide Syvénen et al. (1990) #
incorporation G PCR product
2 Primer extension technique Sokolov (1990) C
Single nucleotide primer Kuppuswami ef al. (1991) Separation from PCR reagents
extension, SNuPE P
3.Solid-phase minisequencing Syvinen ef al. (1992a) T
4.Allele-specific primer-extension Ugozzoli et al. (1992)
5 ggﬁ:{;’ bAltSalrjl]il cap tu(ch A Nikif £ al. (1994 Primer annealing & Addition of DNA polymerase,
d ysis, ikiforov et al. ( ) extension N
6.Arrayed primer extension, APEX Shumaker et al. (1996) prmet N
7.First nucleotide change, FNC Pecheniuk ef al. (1997) =
8 Template-directed dye- Chen & Kwok (1997) —
terminator incorporation, TDI _8\*

9.Primer oligo base extension,
PROBE
10.The PinPoint assay

Braun et al. (1997)

Haff & Smirnov (1997)

l Separation from excess dclNTI}f3

—a ——G~ DETECTION

Figure 3. (A) Names and acronyms for the single base extension assay (Syvénen,
1999). (B) Reaction steps of the single base extension assay to analyze a G—A tran-
sition, with minor modifications from Syvénen, 1999.

In SBE, a DNA synthesis reaction catalyzed by DNA polymerases is used to
distinguish between sequence variants. The concept of the assays is to allow a
detection primer to anneal to the nucleic acid sequence immediately 3’ of the

' Commercially available from PerkinElmer Inc. (Waltham, USA)
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nucleotide position to be analyzed, and to extend this primer with a single
labeled 2’-dideoxynucleotide 5’-triphoshate (ddNTP) that is complementary to
the nucleotide to be detected using DNA polymerase (Fig. 3B) (Syvénen, 1999).
Currently, many SBE-based assays are successfully in use, and offer such
commercial products as iPLEX (Sequenom), SNPstream (Beckman Coulter), a kit
solution for SBE detection like SNaPshot from Applied Biosystems, or template-
directed dye-terminator incorporation with fluorescence polarization detection
systems (Chen et al., 1999; Kwok, 2002). Custom solutions like tag ctag SBE from
the Syvénen group (Lindroos et al., 2002; Lovmar and Syvénen, 2005) and APEX
(Shumaker et al, 1996; Kurg et al., 2000; Tonisson et al., 2002), are often
applicable and easily available due to their flexibility and cost-effectiveness.

1.5.1.2. iPLEX® from Sequenom, Inc.

Several versions of primer extension assays using MALDI-MS as the detection
platform have been developed and commercialized (Haff and Smirnov, 1997,
Wenzel et al., 2003), but perhaps the most widely applied SNP genotyping
assay using MALDI-MS for detection is provided by Sequenom. Two en-
zymatic reactions are involved: (i) locus-specific multiplex PCR amplification
and (ii) SBE using allele-specific primers and acyclic mass-modified ddNTP
terminators, which create mass differences large enough to differentiate
between all four bases (Tost and Gut, 2006) (Fig. 4A). Using MALDI-TOF
mass spectrometry, the distinct mass of the one nucleotide-extended primer
identifies the SNP allele (Gabriel et al., 2009). The iPLEX Gold assay provides
multiplexing and high throughput, enabling researchers to perform large fine-
mapping and SNP validation studies, or any routine applications that employ
focused SNP panels. The system’s chemistry enables one to create up to 40-plex
reactions and analyze up to 384 samples with one multiplex assay or up to 384
different multiplexed assays with one DNA sample. In practice, smaller plex
sizes are more reliable and assay optimization is more labor-intensive.

1.5.1.3. SNPstream® from Beckman Coulter, Inc.

The SNPstream genotyping system provides an automated scalable system
capable of performing from 4,600 to over 3,000,000 SNP genotypes per day. By
combining it with multiplexing and operational flexibility, this enables one to
conduct a wide range of studies'’. The assay enables one to create up to 48-plex
reactions by carefully designed locus-specific primers. SBE requires a third
primer with a fag sequence that enables fag-ctag hybridization in the detection
step on tag microarrays in a glass-bottom microtiter plate (Fig. 4B). All
components of the SNPstream system are provided by Beckman Coulter and are
optimized for most applications.

7" www.beckmancoulter.com/Literature/BioResearch/T-2050A.pdf

19



1.5.1.4. Fluorescence polarization after SBE

The template-directed dye-terminator incorporation assay with fluorescence
polarization detection (FP-TDI) is a highly sensitive and robust method for the
simultaneous analysis of large numbers of samples, and uses one reaction tube
per SNP. PCR is usually run in 384-well microtiter plates, followed by en-
zymatic inactivation of PCR primers/nucleotides and cyclic primer extension
reactions with fluorescently labeled ddNTPs (Fig. 4D). The presence of one or
both SNP allele(s) is determined by measuring fluorescence polarization using a
fluorometer. In this instrument, plane-polarized light excites the fluorophores,
and the degree of polarization in the emitted light is measured. The differences
between polarized and depolarized fluorescence from each sample is displayed
in a scatter plot, with three separated clusters representing each of the three
genotypes (Chen et al., 1999). The principle of discrimination between single
base extended/unextended primers lies in the fact that incorporated labeled
ddNTP molecules rotate (depolarize) faster than primer-bounded molecules.
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Figure 4. Different applications of primer extension. (A) iPLEX® MALDI mass-
spectrometry based commercial platform, (B) commercial fag-ctag based SBE and
detection on the botton of the reaction plate vessel, (C) fag-ctag principle using micro-
array, (D) fluorescence polarization after SBE and (E) array-based SBE (APEX).
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1.5.1.5. Solid-phase minisequencing

Ten years after SBE in solid-phase was published by Syvénen in the beginning
of the 1990s (Syvénen et al., 1992), more effective and robust four-color micro-
array-based SBE assays were developed by the same group (Hirschhorn et al.,
2000; Lindroos et al., 2002). In a study by Lindroos et al., 125 candidate SNPs
were amplified in three-plex PCR reactions, amplicons were pooled together,
and unused primers and dNTPs were removed using Exonuclease I and shrimp
alkaline phosphatase, respectively. A cyclic SBE reaction was performed, using
primers with 5°-tag sequences, followed by capture of the products on micro-
arrays by hybridization to ctag oligonucleotides (Fig. 4C). Before tag-ctag
hybridization and signal detection, cyclic SBE was performed in liquid phase
and repeated 34 times. The advantage of this method lies in the signal ampli-
fication during the cycling procedure and in parallel DNA analysis on a micro-
array, using a custom chamber system. Nevertheless, as a disadvantage, the
method demands a substantial amount of hands-on work.

1.5.1.6. Arrayed Primer Extension

Arrayed primer extension (APEX) principle was primarily described by Shu-
maker and colleagues (Shumaker et al., 1996) and Pastinen (Pastinen et al.,
1997). It was called SBE in solid-phase, wherein template DNA was annealed to
an oligonucleotide array, extended with o’>-P dNTPs and analyzed by a Phosphor
Imager. The grid position of the oligonucleotide identified the mutation site and
the extended base identified the mutation (Shumaker et al., 1996). Later, when
fluorescently labeled ddNTPs were used (Kurg et al., 2000), simultaneous four-
color multiplex primer extension on an array was available because the mutation
was detected by a change in the color code of the primer sites, where each ddNTP
is provided with a different fluorescent label (Fig. 4E). Although multiplex SBE
on an array enabled a high signal-to-noise ratio (40:1), in the analysis of tens to
hundreds of positions, a key technical obstacle was the PCR amplification step in
a very low plex level. The exception was resequencing APEX assays, where
many exons can be amplified simultaneously by three PCR reactions and the PCR
throughput was not a limitation (Tonisson et al., 2002).

In January of 2008, a summarizing report was published about the APEX
assay and using multiplex PCR, wherein the completion rate, call rate and the
accuracy of APEX were objectively evaluated (Podder et al., 2008). Fifty SNPs
across the hundreds of HapMap Coriell DNA samples were amplified (products
100 to 700 bp) in a total of 7 multiplex PCRs. Good results for 41 SNPs, with
99.8% genotype concordance, at a call rate of 94.9% (Podder et al., 2008) were
obtained. The call rate and accuracy increasing factor were presented in the
same paper. In their second experiment, involving modifications in the initial
DNA amplification step, a single 50-plex PCR was achieved. 50-plex ampli-
fication (products 100 to 200 bp) across 49 DNA samples demonstrated 100%
assay completion rate, 100% call rate and >99.9% accuracy using 5 ng of input
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DNA. The modifications involved shortening the amplicon lengths to less than
200 bp, avoiding of SNPs at the primer-site (Tebbutt and Ruan, 2008), and the
addition of a common linker sequence (tag) at its 5" end (5’-TACGACTC
ACTTAGGGAG-3’ 18 bp, Ty, 54°C) for each of the left hand primers and at its
3’ end (5’-CGATGTAGGTGACACTAG-3" 18 bp, T\, 54°C) for each of the
right hand PCR primers. The fags have many properties: a balanced GC content
(50%) to increase the melting temperature of the primer in AT rich regions,
reduced primer-dimer formation during PCR, and a unique sequence which is
not found in the human DNA template (Brownie et al., 1997; Wang et al., 1998;
Wang et al., 2005; Podder et al., 2008). In the reaction, after the first cycles of
PCR, the tag sequence becomes incorporated into the amplicon and is amplified
together with the template sequence.

1.5.1.7. SNaPshot® from Applied Biosystems

The SNaPshot® multiplex kit is a primer extension system that enables multi-
plexing of up to 10 SNPs at known and previously amplified locations and
offers a one-tube SBE reagent to label DNA fragments. Labeled fragments are
analyzed with a (gel-based) capillary electrophoresis instrument using the size
standard reference marker. Due to an unknown set of ddNTP conjugates, this
fully commercial system also requires Applied Biosystems’ capillary analyzers
for detection. In summary, although ABI analyzers are widely used in research
and clinical labs and the SNaPshot®™ kit has been successful, the system has two
disadvantages: (i) The customer is fully dependent on ABI, which reflects in its
price and (ii) sometimes the assay needs additional optimization for high quality
results (Pati et al., 2004).
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2. PRESENT INVESTIGATIONS,
RESULTS AND DISCUSSION

A four-color APEX genotyping method was published in 2000, but years later it
became clear that despite the brilliant SBE solution, in which multiplex was
achievable on a microarray, the template preparation procedure still required
considerable labor and laboratory resources. The available multiplex-PCR
protocols were modified for APEX applications but the throughput of sample
preparation did not satisfy expectations: reagent and plastic costs stayed almost
at the same level, each multiplex (2 to 5-plex) demanded individual optimi-
zation, products required visualization on agarose gels, and there was a lack of
reliability. The limitations of multiplex PCR merited ongoing scientific atten-
tion and listed it among the top of problems demanding molecular engineering
solutions (FP6 MolTools).

There were different scientific and technical obstacles which demanded
solutions in order to develop a high-level multiplex PCR for mutation and SNP
calling using the APEX principle:

1. Customized in silico primer design and product prediction software together
with a unique (non-binding in the human genome) and highly efficient
universal primer were required.

2. Reaction conditions for multiplex PCR. To ensure low side-product levels in
multiplex reactions, all parameters for PCR mixture and cycling conditions
needed systematic optimization. The effect of high-level multiplex PCR
conditions on primer hybridization stringency had not been previously
characterized in situ.

The primer design was performed by the modified version of the GenomeTester
1.3 software (Andreson et al., 2006). Specificity analysis was performed by
analysis of the results from first 10- and 66-plex reactions. To overcome the
multiplex PCR limitations, we created a new primer construct, which could be
used simultaneously in the template DNA amplification and detection step on
an array. Microarray-specific SBE primers were supplied with universal se-
quences. Two separate amplification reactions in a single tube, specific- and
universal primer PCR, were performed. Such primer constructs and optimized
protocols enabled us to uphold the principle that one DNA sample could be
amplified in a single tube. We performed studies wherein 124- (Ref. IV) and
640-plex (Ref. II) PCR was applied to analyze the respective number of genetic
markers.

The name APEX originally meant only arrayed primer extension where
“traditional” PCR was used in the sample preparation step. Here, the described
multiplex PCR principle is an improvement on the basic APEX amplification
protocol, and indicates that (an improved) high-level and specific multiplex
PCR and SBE detection are incorporated into the second version of APEX
(APEX-2).
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2.1. APEX-2 primer construction and reaction protocol
2.1.1. APEX-2 primer construct and working schema (Ref. | and II)

APEX-2 is a nucleic acid variation detection method, which uses multiplex
PCR as template amplification and SBE on an array as the detection step. The
APEX-2 protocol consists of three main parts — primer constructs, nested-PCR-
like cycling, and optimal reaction conditions. Two primers for the amplification
of one locus are used and they differ from each other in by the specific region.
The universal sequence and amino-modified 5’ end are common to all primers,
like those shown in Table 1 in Ref. II. The Ty, of the specific regions is in the
range of 57-62°C"® and the T, of the 21 bp universal sequence is 58°C".

The primer binding location and the amplification schema are depicted in
Fig. 5 (Fig. 1 in Ref. I). APEX-2 primers bind specifically to genomic DNA se-
quences immediately up- or downstream of the position of interest (Fig. 5A).
After primer extension, the synthesized product contains the complementary
sequence of the respective APEX-2 primer and the position of interest
(SNP/mutation). The second cycle of primer extension generates a comple-
mentary strand for the universal sequence. Next, during template amplification
(Fig. 5B), the universal primer hybridizes to the 3’ end of the previously ge-
nerated product, followed by microarray genotyping using SBE. It can be noted
that APEX-2 primers also have a 5’-amino modification, enabling spotting and
immobilization on the microarray. The purified phase 2 PCR product hybridizes
to the immobilized APEX-2 primers and genotyping as a four-color SBE
reaction is performed (Fig. 5C). The maximum amplification multiplex level
which we have achieved is 640-plex (Ref. II) and many smaller plexes in other
studies, such as 124-plex in a forensic testing assay (Ref. IV), 600-plex in a
cleft-lip and palate case-control study (manuscript in review), 350-plex in a
coronary artery disease case-control study (manuscript in review), and 68-plex
in a practical course of biotechnology for undergraduate students (unpublished
protocol).

'8 Calculated using Primer3 software from
http://biotools.umassmed.edu/bioapps/primer3_www.cgi
' Basic calculation from www.basic.northwestern.edu/biotools/oligocalc.html
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Figure 5. The principle of the APEX-2 assay. APEX-2 primers bind to genomic DNA
immediately upstream of the position of interest (SNP/mutation/INDEL). After primer
extension, the synthesized sequence contains the complementary strand of the respec-
tive APEX-2 primer and the position of interest. (B) The universal primer hybridizes to
the 3’ end of the previously-generated product during template amplification. (C) The
purified universal amplification phase PCR products hybridizes to the immobilized
APEX-2 primers that have a 5’-amino modification. The 5’ amino group enables
spotting and immobilization of the primers on the array surface. Genotyping is per-
formed as a four-color single-base extension reaction. Modification from Fig. 1 in Ref.
11

Advantages of such primer constructs, where specific and universal sequences
are incorporated and supplied with amino modification, are time and cost
effective and enable to create 10- to 100-fold higher multiplexes than previously
demonstrated (Lahermo et al., 2006; Sanchez et al., 2006; Meuzelaar et al.,
2007; Podder et al., 2008). The foundation of this advancement include: (i)
generation of short products (~100 bp) due to the close proximity of hybridizing
APEX-2 primers (primers are only separated by the position of interest) and (ii)
incorporation of the universal primer in the APEX-2 oligonucleotide sequence,
allowing phase two PCR amplification under optimal conditions, which is not
feasible using PCR primers containing only unique sequences. Four core factors
of APEX-2 design allow to increase signal specificity and strength compared
with alternative techniques: (i) APEX-2 primers anneal to both strands of geno-
mic DNA within 26 bp up- and downstream of the position of interest; (ii)
universal primer PCR amplification favors a high yield of short products
(~100 bp); (iii) the universal primer has no homologous binding sites in
published human genome sequences. Therefore, templates lacking the universal
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primer sequence will not be amplified and (iv) prior to SBE, the probe-target
hybridization control step on a solid surface ensures a high signal-to-noise ratio.
While primer specificity is assured by a short region of interaction with geno-
mic DNA (median of 26 bp), microarray hybridization involves a longer region
of interaction (median 48 bp). Therefore, microarray specificity is influenced by
probe length and distance from the 3’end of the primer (Suzuki et al., 2007), as
well as distance between the complementary region and the solid surface of the
array.

APEX-2 analysis is unsuitable only for analysis of SNPs and mutations, (i)
where multiple short amplicons could be generated during PCR using one
praimer pair, (ii) for very similar flanking sequences, due to the cross-hybri-
dization considerations, and (iii) for DNA methylation analysis. Methylation
analysis is complicated only in case of methylated sites locate close together
and there is “no room” for primers.

2.1.2. Multiplex PCR
2.1.2.1. PCR components (Ref. Il and 1V)

The optimization of reaction components in the first, specific PCR step required
systematic research to find out appropriate 7ag polymerase, buffer, primer and
Mg"™ concentrations for high quality specific multiplex PCR. The second phase,
universal primer PCR, is a fast-moving reaction producing high yield and
reliable amplicons for SBE (Page 3 in Ref. Il and page 3 in Ref. IV). TrueStart™
polymerase has been used in all APEX-2 applications because of its high
specificity and sensitivity. This enzyme provides the convenience of room
temperature reaction set-up, has a 1 minute activation time and high stability in
long-lasting in PCR. Our multiplex assay also requires K™ and NH," in buffer at
a 50-70 mM concentration each and 4.75 mM*' Mg™". The effect of KCI on
multiplex PCR is previously characterized (Henegariu et al., 1997) and the
concentration we used correlates with prior published reports where high-level
PCR has been achieved using 50 mM KCIl (Wang et al., 2005; Sanchez et al.,
2006; Luo et al., 2009). In addition, commercial producers** have designed
their multiplex mastermixes at the same level. The other buffer component,
NH,", is also widely used at a regular concentration in the range of 5 to 15 mM
(15 mM in the APEX-2 assay). Using concurrently offers a balance in reaction
specificity and product yield for multiplex PCR and available premade master-

? TrueStart™ Hot Start Tag DNA Polymerase from Fermentas Ltd. (Vilnius,
Lithuania)

I May vary in different applications and depend on plex size.

2 NewEngland Biolabs multiplex mastermix:
www.neb.com/nebecomm/products/productM0284.asp

»  Epicentre MasterAmp PCR PreMix: www.epibio.com/f5_3/f5_3mb.asp
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mixes>** follows the same principle, albeit the precise concentrations of those
are not available.

Minimal specific primer concentrations can start from 30 nM of each primer
in the case of larger multiplexes (Ref. II, IV) and up to ~200 nM for tens of
plexes (not published) which is similar to the primer concentration in “tradi-
tional” PCR (100 nM and higher).

2.1.2.2. Studied DNA amount and quality (Ref. Il, IV and V)

The required amount of starting DNA was investigated in Ref. IV and Ref. Il
Six hundred forty-plex APEX-2 and 124-plex forensic assays require 150 ng per
reaction (0.25 ng/locus, 42 human genome equivalents per locus) and 50 ng
(0.4 ng/locus) of total DNA, respectively. Dr. Podder and colleagues have
published 50-plex PCR and APEX-based genotyping (Podder et al., 2008)
which another group has used for 65-plex sperm-based genotyping (Luo ef al.,
2009) using only 5 ng of starting DNA (~0.1 ng/locus). Outstanding results in
that field have been achieved in genetic forensics where the DNA amount is
limited and the reaction conditions are pushed to their limits. Fifty two-plex
amplification and gel-based detection were performed using as low as 500 pg of
starting DNA (0.001 ng/locus) (Sanchez et al., 2006). Remarkable in this
research was the fact that the ANTP concentration was 700 uM, and MgCl, was
8 mM, although the manufacturer-recommended MgCl, optimum is 1-4 mM.
However, if dNTP concentration is more than three times higher than re-
commended, it is well balanced with higher MgCl, concentration. The positive
effect of high dNTP concentration is unknown, but after careful optimization of
other reaction components, it is possible to use this to relieve the scarcity of
template DNA (Sanchez et al., 2003; Sanchez and Endicott, 2006; Sanchez et
al., 2006; Sanchez et al., 2008). Unfortunately, the influence of higher dNTP
concentration on the other PCR enzymes in multiplex applications has not been
studied.

Using the genealogical APEX-2 assay (Ref. 1V), we compared six DNA
extraction methods for obtaining DNA from whole blood and saliva and
published the results in Ref. V. Saliva is an alternative to blood DNA samples
because saliva collection is a painless procedure with no risk of disease
transmission and no requirements for specialized medical personnel. Also,
saliva collection allows wider population sampling because it is possible to
collect DNA samples by mail (Freeman et al., 1997; Hansen et al., 2007). First,
we were curious about DNA quality parameters between commercially avail-
able saliva DNA extraction kits. Secondly we had the hypothesis that different
DNA extraction methods can yield different ratios of mtDNA and autosomal

** Gene Choice multiplex mastermix:
www.geneseesci.com/ProductInfo.php?productID=42-301
* Qiagen booklet: www1.qiagen.com/literature/brochures/per/pdf/percha3s.pdf
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DNA. In Fig. 1, Ref. V we demonstrated all measured parameters and reported
different mitochondrial/genomic DNA ratios than in one previous study (Guo et
al., 2009) where similar results were measured and significant differences were
detected. In the context of PCR, the copy number of target DNA, especially Y
chromosome DNA, may influence the multiplex PCR outcome if different
targets are used simultaneously. Also it can influence primer pair dropout at a
higher multiplex level or lower template DNA concentrations and has an impact
if the DNA extraction method is replaced in an already working assay. In
addition, we detected significant differences in control-system PCR efficiency
and total yield of extracted DNA (especially in the case of one saliva DNA
extraction kit). Although there were variations between the obtained DNA
extraction methods, no significant differences in the efficiency of multiplex
APEX-2 PCR and oligomicroarray signals after SBE were detected. Thus, DNA
extraction from saliva is a user-friendly and reliable alternative to DNA
extraction from blood to obtain DNA for the use in further applications, such as
the APEX-2 genotyping assay in science, molecular diagnostics and in genea-
logical studies.

2.1.2.3. Cycling conditions
(Ref. I, 11l and 1V)

To perform such complicated reaction as multiplex-PCR, flexible and stringent
cycling conditions are required to assure high success rate within different
amplicons and minimize side-products. Diverse PCR cycle principles, which
have been utilized in different studies, are summarized in Fig. 6. Variant A,
optimized for a 100-plex study (Ref. III) using low ramp speed between
annealing and extension, was chronologically the first. Variant B was developed
to control the annealing step more precisely, but the lowest annealing point after
denaturation step may cause nonspecific hybridization (Ref. II, IV). Version C
is used in commercial assays®® and the latest, variant D, has been used in a
practical student course and seems promising for future studies. In all cases,
hybridization is done by using a touchdown amplification protocol, where the
lowest annealing temperature is easily controllable and offers a nice balance
between a high success rate and a low amount of side products.

Working with relatively low specific primer concentrations (30 nM in 640-
plex in Ref. II) the annealing time is a key parameter in the multiplex PCR
cycle. Primers have various hybridization efficiencies, due to their thermo-
dynamic parameters (AH, AS and AG (Sugimoto et al., 1996)) and genomic
context (number of binding sites on genome). In a multiplex reaction, all oligo-
nucleotides are mixed and they hybridize with their specific part simulta-
neously, producing amplicons with different efficiencies. The conditions are
similar to “less primer method” multiplex where the decreased primer con-

% Asper Biotech Ltd. (Tartu, Estonia)
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centration (2.5-5% from initial) is compensated with longer annealing time
(5 min) and using 40 cycles (Kane et al., 2007). As a result, smaller amount of
primers with a higher number of PCR cycles permits the specific amplification
due to the plateau effect: efficiently amplified loci reach to the plateau during
early PCR cycles, the remaining PCR cycles employ to the production of lower
efficient loci. Similar results were observed in APEX-2 optimization experi-
ments where 4 to 5 minutes annealing time was sufficient to achieve high suc-
cess rate within different amplicons. In addition, annealing stringency was
ensured by the increasing/decreasing temperature gradient, which minimized
the yield of side-products. The temperature gradient effect in multiplex con-
ditions in annealing phase has still not in depth been characterized.

95°C -, g 2200 |
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04
B 4 Whl T o g
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. e S— E_
——— 5 cycles e 20 cycles ©
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o
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Figure 6. Different PCR cycling principles for the APEX-2 reaction. The Y axis depicts
the annealing temperature in different PCR cycles.

2.2. Quality parameters of the APEX-2 assay
(Ref. 1, 1V)

The specificity representing “correctly identified negative calls” is generally not
under question, as missing calls can be caused by reasons such as a poly-
morphic site under the primer or microarray production errors, which do not
reflect a failure of the detection method. To test the sensitivity of APEX-2, we
performed a concordance study with the Illumina genotyping method, family
trio Mendelian heredity testing, and Y-chromosome DNA and mtDNA haplo-
group determination using direct Sanger sequencing as a control method.

For the Illumina concordance study (Ref. II, page 5) 173 SNPs in 19 indi-
viduals were observed. From a total of 3242 comparisons, 3195 matches and 47
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genotyping errors were detected. To analyze discordant calls with a third
method, we chose 4/29 discordant SNPs (in 10 error-causing loci) in which case
the polymorphic position was located at the restriction cleavage site. The
restriction results showed that APEX-2 had generated six errors, the Illumina
platform made two mistakes, and in two cases the calls of both methods differed
from the results obtained from the restriction analysis.

In Ref. IV (page 3—4), Mendelian heredity testing was performed to compare
family genotypes by Y-DNA patrilineal, mitochondrial matrilineal, and auto-
somal analyses. Family scanning of 1783 positions exposed three Mendelian
inconsistencies in autosomal loci where the heterozygosity of the child had been
left undetected by the genotyping software. In the same report, internal control
DNA samples (wherein genotyping was performed previously with APEX)
were under investigation and one typing error was detected within 562 com-
parisons. Hence, the autosomal SNP concordance rate across family trios and
internal controls was estimated as 99.83%.

The third possible criterion of genotyping accuracy, which was used in Ref.
IV to characterize the sensitivity of APEX-2, was mtDNA and Y-DNA haplo-
group determination. This can be used to define the genetic population origin of
studied DNA of interest. Y-DNA is passed solely along the patrilineal line,
from father to son, while mtDNA is passed down the matrilineal line, from
mother to offspring. Neither recombines, and thus Y-DNA and mtDNA change
only by chance mutations in each generation with no intermixture between
parents’ genetic material. Each haplogroup is the collection of well-characte-
rized genetic loci (SNPs) and all deviations were analyzed using direct se-
quencing. Six markers, which needed a confirmation of the assay in haplogroup
analysis, were studied. No discordance between APEX-2 genotyping and direct
sequencing results were found.

2.3. APEX-2 applications and feedback
(Ref. 11I-V)

APEX-2 has found usage in many projects and has been tested in various
conditions and in different plex sizes. In our first research project (Ref. III), a
total set of studied markers (624 SNPs) was divided into six individual 104-plex
PCR reactions and analyzed on 347 individuals. Using first preliminary APEX-
2 protocol, the allele drop-out rate of 624-plex was ~35% that did not satisfy
our expectations. This has led us to crate 104-plex groups. Finally, after ampli-
fication, all six PCR-plexes were combined and prepared for oligomicroarray
hybridization as a separate step before SBE (Ref. III, Supplement X). That was
a labour-intensive procedure, due to the hybridization and multi-step washing.
As an alternative, column purification and a regular APEX SBE protocol could
have been used. In 2006, due to the lack of commercial purification columns,
which can only recover short PCR products (75—120 bp), this strategy was not
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employed. Later, appropriate purification columns®’, providing a giving high-
quality template for SBE with minimal time consumption, simplified the PCR
product purification procedure.
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Figure 7. Histogram illustrating the distribution of 124 specific regions’ lengths and
autosomal drop out positions after validation (one star represents a single locus). 124
amplicons are divided into groups according to the length of primer binding region and
displayed as frequency of representation (y-axis). The primer binding region, on x-axis,
is calculated as a sum of both lengths of APEX-2 primer specific sequences plus the
locus of interest (SNP = 1 bp). Specific region lengths of each locus oligonucleotide are
displayed on the right.

The original APEX-2 heredity assay (Ref. IV) in which three different targets
(autosomal DNA, Y-DNA and mtDNA) were detected in a single tube was
developed in 2008. The 124-plex assay was designed for the simultaneous
genotyping of SNPs from single copy loci (46 autosomal and 29 Y chromo-
somal genetic markers) and SNPs from the mitochondrial genome (49 markers).
As the mitochondrial genome is present in up to thousands of copies per cell in
different tissue types, the concentrations of specific primers in the first PCR
phase have to compensate for this abundance. For that assay design, our know-
ledge about primer design and reaction conditions had improved and the assay
success rate was 94%. The initial number of loci was 132 and 124 of them
passed validation. A relatively high failure rate (6 of 8) in autosomal positions

*" NucleoSpin® Extract II from Macherey-Nagel (Diiren,Germany)
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may have been caused by the fact that these loci were taken from the SNPforID
Consortium database®™ (Sanchez et al., 2006). Validation of these loci was
performed using gel-based length separation after SBE. The GC% around SNPs
diverged greatly and caused many APEX-2 primer pairs to fail in AT-rich
regions (long products). The failed products are shown in Fig. 7 as red stars on
the primer binding region length diagram (modified from Ref. IV Fig. I; the
drop out information can be found in Supplementary Table 1). In addition to
Ref. 1V, other APEX-2 studies have indicated that the optimal length of the
specific region is approximately 25 bp, but should not be shorter than 20 bp or
exceed 30 bp level and should fall between 58-65°C T, if possible (un-
published data).

2.4. Closing remarks

APEX-2 is a flexible, highly multiplex and SBE based genotyping method. The
primer design depends greatly on candidate gene/region or replication study
loci, which may be located at SNP-, AT- or GC-rich regions (Ref. IV) making
the analysis more complicated. Fig. 9 in Ref I and Fig. 3 in Ref. II depict the
primer design concept in SNP-rich regions, where the polymorphic site is
located under the primer binding sequence, and demonstrates how to analyze
insertion or deletion polymorphisms in such cases (details in Ref. IV, Supple-
mentary Table 1). It has become clear that for successful analysis of a certain
locus, one of the APEX-2 primers needs to be redesigned if basecalling of
genetic marker calling fails in the first validation step. Therefore, in order to
increase the specificity of the primer, another binding site ought to be chosen
for that certain locus. After that, only one primer is left for SBE detection on a
microarray (unpublished data). Comparing APEX-2 as a medium-scale specific
multiplex PCR method with some previously published protocols (Wang et al.,
2005; Fredriksson et al., 2007), one can see that APEX-2 is robust, needs less
molecular engineering steps, and requires only two oligonucleotides per locus
detection.

The microarray era was roughly a dozen years old, when manufacturers
made initial efforts to create arrays, which now enable one to analyze hundreds
of thousands of SNPs simultaneously. An astounding expansion of arrays to
many research fields, has brought an enormous amount of knowledge to the
field of human genomics. The peak of the microarray expansion took place in
the summer of 2007 when Affymetrix and Illumina released high-density
microarrays (LaFramboise, 2009). This is when SGS platforms were introduced
and the microarrays, previously the most promising genomic research tools, lost
the leading position. Although the long-term future of large-scale SNP arrays is
unclear, the cost considerations still ensure their relevance for at least the next

* www.snpforid.org/
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several years. However, there is still great potential for (i) replication study
tools, where meaningful loci after whole-genome analysis need confirmation,
(i) different clinical genetic testing tools (e.g mutation specific of copy-number
variation arrays), and (iii) public study tools for genealogy and personalized
medicine testing, which seems to be in the beginning of an expansion as a new
field (Ikediobi, 2009). APEX-2 is a robust and reliable method, which has the
potential to be cost-effective if the number of loci of interest is in the range of
tens to a thousand and 50 ng of starting genomic DNA is attainable. Its flexi-
bility does not only mean the ability to design original primers to specific sites,
but also the fact that custom-made arrays, where loci exchange or supple-
mentation is not complicated, can be used.
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II.

II1.

CONCLUSIONS

I have developed, optimized and applied a novel and flexible genotyping
tool, APEX-2, which enables one to amplify hundreds of studied genetic
loci in a single reaction vessel and to analyze the products on a single
microarray.

Nineteen hundred APEX-2 primer pairs were tested in various genome
contexts (SNP-, AT- or GC-rich) in order to work out basic rules for the
APEX-2 assay development. The assay enables one to detect closely
located polymorphisms or INDELs without primer pair drop-out or lower
calling quality. Different DNA sources (genomic, mitochondrial, and Y
chromosome DNA) have been tested successfully for simultaneous
analysis in APEX-2 application (Ref. IV). Additionally, DNA extraction
methods from blood and saliva, as an initial step of the genotyping
procedure, have been studied from several aspects (Ref. V).

APEX-2 has been used as a genotyping method in four published original
reports. The method was described in an international patent (2009) (Ref.
I) and later published as a research paper (Ref. II). Forensic testing in a
124-plex application assay (Ref. IV) characterized the influence of calling
signals in the multiplex reaction if target DNA concentrations are not equal
in the multiplex reaction. An allele and haplotype diversity study, (Ref.
III), is an example wherein methods like APEX-2 can be applied.
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SUMMARY IN ESTONIAN

Geenikiibil pohinev genotiipiseerimise meetod, APEX-2,
kui uudne ja paindlik lahendus DNA variatsioonide
maaramiseks

DNA mutatsioonide ja poliimorfismide médiramise meetodid on muutunud laial-
daselt kasutatavaks nii geneetika- kui ka molekulaardiagnostika laboratooriu-
mites. Vilja on todtatud mitmeid protokolle akadeemilise sektori poolt, mille
kasutamine on suhteliselt lihtne ning ei ndua spetsiaalset ja kulukat aparatuuri.
Naéiteks restriktsiooni pShine DNA fragmentide pikkuste analiilis voi alleel-
spetsiifiline PCR. Erinevad firmad pakuvad keerukamaid ja suurema lébilaske-
voimega lahendusi, kus tarbijale avanevad laiemad vdimalused, kuid suureneb
ka kulutus analiiiisitava lookuse kohta. Numbriliste kvaliteedinditajate korval
peetakse oluliseks veel paindlikkust, inimt66 hulka ja lihtsust projekti alusta-
mise ja valideerimise etapis. Kokkuvotlikult, on mitmeid toimivaid lahendusi,
kuid kuna genotiipiseerimise vOi mutatsioonide midramise iseloom on mitme-
kesine siis iihte kindlat ja domineerivat meetodit ei ole siiani vélja kujunenud.

Kéesoleva doktoritod kirjanduse iilevaade keskendub PCR reaktsiooni
arengule iihe-reaktsiooni formaadist kuni keerukama multipleks PCRini, kus
ainsas reaktsioonituubis toimuvad iiheskoos kiimned ja sajad paralleelsed reakt-
sioonid. Lisaks antakse iilevaade kaasaegsetest genotiipiseerimise meetoditest ja
tuuakse vélja sealsed molekulaar-tehnilised lahendused, plussid ja kitsaskohad.

Antud doktorit6d eesmargiks oli luua paindlik, kasutajasobralik ja hasti t66-
tav genotiipiseerimise meetod kuni tuhande erineva lookuse samaaegseks ana-
liiisiks. Lisaks leida reaktsiooni tingimused ja praimerite disaini kriteeriumid,
mis tagaksid vOimalikult madala analiilisitavate alleelide viljalangemise vali-
mist ja korge tulemuste usaldusvédrsuse. Lisaks uurida erinevaid DNA eraldus-
meetodeid verest ja siiljest, teostada DNA proovide vdrdlevad analiiiisid ja
testida analiilisitavaid DNA proove APEX-2 protokolliga.

APEX-2 véimalikud rakendused saavad tulevikus olla molekulaardiagnosti-
lised DNA testid, kordusuuringud tdhendusrikaste poliimorfismi alleelide kinni-
tamiseks ja genealoogilised testid nii isiklikuks kui ka perekondlikuks ana-
liiisiks.

Doktorité6 pohineb neljal eel-retsenseeritud publikatsioonil ja {ihel USA
patendil. Artiklid kirjeldavad APEX-2 meetodi olulisi komponente: praimerite
iilesehitus multipleks PCR jaoks, optimaalseid reaktsiooni- ja paljundustsiikli
tingimusi, vajamineva DNA kogust ja olukorda, kus alg-DNA hulk ei ole iihes
reaktsioonis kdigile uuritavatele lookustele vordne. Kaks artiklit kirjeldavad
APEX-2 rakendust erinevas genoomika uuringus. Patent (Ref. I) toob vilja
APEX-2 reaktsiooni pohimotte, erisused ja uudsuse vorreldes olemasolevate
meetoditega. Ref. II kirjeldab detailselt reaktsioonitingimusi ja praimerite di-
sainimise pohimdtteid ning tdestab katseliselt 640-plex PCR tootamist ja
signaalide lugemist geenikiibil. Ref. III on iihest kiiljest ndide APEX-2 raken-
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dusest, kus genoomse DNA uurimisega on 14bi viidud populatsioonide vordlus,
kuid teisalt annab antud artikkel edasi APEX-2 arengut. Selles t06s kasutasime
104-plex siisteeme ja iihe DNA analiiiisimiseks viisime ldbi kuus paralleelset
reaktsiooni. Produktide puhastus- ja kontsentreerimise etapp pohines DNA
viljasoolamisel ning enne ithenukleotiidilist detekteerimise reaktsiooni geeni-
kiibil teostati spetsiifiline hiibridisatsioon ja pesuetapid. Ref. IV 124-plex
APEX-2 demonstreeris iitheaegset genotiipiseerimist edukalt mitmelt erinevalt
DNA allikalt (mitokondriaalne-, autosomaalne ja Y kromosoom) ning iseloo-
mustab olukorda, kus uuritavate DNA proovide kontsentratsioon reaktsiooni-
segus erineb oluliselt, peegeldades nii reaalset olukorda. Ref. V vordleb erine-
vaid DNA eraldusmeetodeid nii verest kui ka siiljest, et leida sobivaim APEX-2
stisteemile. Nii molekulaardiagnostikas kui ka (tulevikus) personaalses medit-
siinis on oluline kasutada voimalikult edukalt DNA allikat, mille hankimine ei
pohjusta valu, vihe aegandudev ning ei eelda meditsiinitddtaja osavottu. Lahen-
duseks on néditeks DNA eraldus siiljest.
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