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ETERMINING NUCLEOTIDE SEQUENCE REPEATS

Field of the invention

The present invention relates to methods for determining the number of
nucleotides in homonucleotide stretches.

The present invention relates to the field of so-called next generation

sequencing methods.

Background of the invention

DNA (deoxyribonucleic acid) is the universal carrier of genetic information. DNA
IS an intertwined helix of two polymeric strands, each strand build up of
nucleotide units attached to a backbone of deoxyribose sugars and phosphate
groups joined by ester bonds. These two strands run in opposite, anti-parallel
directions. Each DNA strand is build up of 4 nucleotides A, C, G and T, in a
specific order for that DNA molecule. It is the sequence of these four bases
along the backbone that encodes genetic information.

The two DNA strands have a complementary nature. An A nucleotide forms a
base pair with a T nucleotide in the opposite strand, and vice versa; a G
nucleotide forms a base pair with a C nucleotide in the opposite strand, and vice
versa.

In eukaryotic cells, DNA is transcribed to RNA (ribonucleic acid). RNA
molecules are rather similar to DNA molecules, the single chains of nucleotides
are attached to a backbone of ribose sugars and phosphate. Depending on their
function, there are different types of RNA molecules. mRNA molecules are used
by cellular organisms to carry the genetic information encoded in DNA to direct
synthesis of proteins. In some viruses, RNA is even used as the genetic code
instead of DNA.

DNA can be replicated by DNA polymerases. A DNA polymerase can only
extend an existing DNA strand paired with a template strand. It cannot begin the
synthesis of a new strand as such. To begin synthesis, a short fragment of
DNA, an oligonucleotide or RNA molecule, called a primer, must be created and

paired with the template DNA strand.



10

15

20

25

30

CA 02854558 2014-05-05

WO 2013/068528 PCT/EP2012/072258

2

DNA polymerase synthesizes a new strand of DNA by extending the 3' end of
an existing nucleotide chain, adding new nucleotides to the template strand one
at a time through the creation of phosphodiester bonds. The incoming building
blocks are the nucleoside triphosphates (dNTPs: dATP, dCTP, dGTP, dTTP).
The oxygen of the 3'-hydroxyl end of the growing DNA strand makes a
nucleophilic attack on the alpha phosphate (the one closest to the sugar) of the
dNTP. The result i1s that the dNMP (deoxyribonucleoside monophosphate, or
nucleotide) becomes covalently bound to the 3' carbon of the sugar at the end
of the DNA strand, thus lengthening the strand by one nucleotide. Moreover,

pyrophosphate and a proton are released (Figure 1). Then the process repeats.

There is a huge interest in determining genetic DNA information, such as the
nucleotide found at a given position, the sequence order found at given
locus/loci In the genome, or even the complete genome. Even RNA can be
sequenced when it is first converted to cDNA. Genetic information is determined
by sequencing technologies, such as Maxim-Gilbert sequencing, Sanger
sequencing and derivatives thereof, parallel pyrosequencing (Roche 454 Life
Sciences), reversible terminator-based sequencing by synthesis (lllumina),
Sequencing by Oligonucleotide Ligation and Detection (SOLID) (Life
Technologies), lon Semiconductor Sequencing (lon Torrent, Life Technologies),
Single Molecule Real Time sequencing (SMRT) based on zero-mode
waveguides properties (Pacific Biosciences), nanopore sensing (Oxford
Nanopore Technologies), etc. Depending on the sensitivity of many sequencing
technologies, pools (clones) of identical DNA molecules are sequenced In
parallel. Sequencing of single DNA strands in parallel is only possible by Single
Molecule Real Time sequencing and nanopore sensing. In most sequencing
technologies, a double-stranded DNA molecule is denatured, and one of these
single-stranded DNA molecules is then sequenced. In essence, this single DNA
strand iIs used as a template in a sequencing reaction for the synthesis of a
second complementary DNA strand, based on the complementary nature of
DNA. A new DNA strand can be synthesized when a small DNA fragment, an

oligonucleotide, binds to the DNA template. This oligonucleotide is a primer for
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further extension of a new growing DNA strand by incorporation of nucleotides
on the complementary principle. Such oligonucleotides are typically about 10-25
nucleotides long and can be easily synthesized. By monitoring the synthesis of
this new DNA strand, i.e. the order in which nucleotides are incorporated in the
new DNA strand, the DNA sequence of that strand can be determined. Given
the complementary nature of the two DNA strands, the sequence of the other
original DNA strand is then also known.

Despite the progress in sequencing techniques, the sequence of the number of
nucleotides in homonucleotide stretches cannot be accurately determined with
certain  newer generation sequencing technologies. For example
pyroseguencing was invented in the early nineties, highly parallel sequencing
was introduced in 2005, while lon Semiconductor sequencing was only
introduced in 2009. The pitfall of inaccurate calling of homonucleotide stretches

IS already known for almost two decades.

Summary of the invention

In this invention, the length of longer homonucleotide stretches is reduced to a
series of shorter nucleotide parts; either both parts are shorter nucleotide
stretches, or one part Is a shorter nucleotide stretch and the second part is only
1 nucleotide long. For example when a stretch of 8 T residues is modified at the
/th position, the above indicated shorter nucleotide stretch contains 6 T
nucleotides and the T at the 8th position represents the above mentioned *
second part of only 1 nucleotide long”. Both shorter nucleotide parts can be
more accurately determined, and the combined accurate analysis of the smaller
parts allows more accurate determination of the length of the original longer

homonucleotide stretch.

A first aspect of the invention relates to methods of generating one or more
copies of a target polynucleotide molecule, or part thereof, that contains a
repeat of identical nucleotides. These methods comprise the steps of :

- altering one nucleotide in this repeat of identical nucleotides, or

- altering different single nucleotides separated at intervals in said repeat of
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identical nucleotides into another nucleotide,

in order to divide said repeat of identical nucleotides into two or more smaller
altered parts of identical nucleotides in the copied molecules, wherein an
oligonucleotide is used for this purpose which extends in the unaltered repeat of
identical nucleotides, either until the end of the unaltered repeat of identical
nucleotides or not, and wherein said oligonucleotide primer is not 100%
complementary within the sequence complementary to the repeat in the target
seqguence.

In other words as illustrated in figure 4, the primer which is used which
hybridizes with a part of the homonucleotide stretch in the target molecule, but
does not hybridize completely with the homonucleotide stretch In the target
molecule. Within the portion of the oligonucleotide primer hybridizing to the
homonucleotide stretch In the target molecule, at least one mismatch Is
Incorporated, compared to the homonucleotide stretch in the target molecule.
Typically, the polynucleotide is DNA.

In certain embodiments of these methods, the smaller altered parts of identical
nucleotides are generated through an enzymatic or chemical reaction, such as
DNA synthesis, ligation and/or amplification.

In certain embodiments of these methods, one nucleotide in the repeat of
complementary identical nucleotides of the primer is replaced by another
nucleotide type so that the unaltered repeat of consecutive number of identical
nucleotides is split in two shorter altered parts of these identical nucleotides
iInterrupted by the replaced nucleotide type.

In certain embodiments of these methods the part of identical nucleotides at the
3’ of the primer is shorter than the part of identical nucleotides at the 5’ end of
the primer.

In certain embodiments of these methods, several single nucleotides in the
primer in the repeat of complementary identical nucleotides are replaced at
regular intervals so that all shorter parts of identical nucleotides do not exceed a
given length for example not longer than 5, 6 or 7 nucleotides.

In other embodiments of these methods the obtained shorter part of identical

nucleotides is no longer than 4-6 nucleotides.



10

15

20

25

30

CA 02854558 2014-05-05

WO 2013/068528 PCT/EP2012/072258

5

In particular embodiments, the primer contains in addition at the 5 end one or
more adapter nucleotides which are not complementary to the target sequence.
These adapter nucleotides can be used for discriminating them from other
fragment types and/or for further processing such as amplification, sequencing,
inclusion of bar code sequences.

In certain embodiments of these methods different DNA synthesis /ligation/
amplification reactions of the same type, or of different types, are combined in a
multiplex(-like) format.

A second aspect of the invention relates to a method for determining the
number of nucleotides in a nucleotide repeat of a template DNA molecule in
which the sequence of a copied DNA molecule is determined by sequencing,
and which uses the prior knowledge of the altered nucleotides and positions
generated in the copied molecules as described in the above cited methods of
the first aspect, comprising the step of counting the number of identical
nucleotides Iin the generated smaller parts and substituted nucleotides for
generating the smaller parts of identical nucleotides.

Counting is most important for the last shorter part, not necessary for the other
part were it can be assumed because they are provided by the primer for which
you already known the exact count, even if it is much longer than 7 nucleotides.
Optionally, these methods further comprise the step of performing a method of
determining the qualitative nature of the stretch of identical nucleotides and its
downstream and upstream DNA regions, wherein the fragments obtained from
each method are discriminated and separately analysed using said adapter
sequences.

A further aspect of the invention relates to a data carrier comprising program
instructions for analysing and providing the results of the above described
method, when executed on a compulter.

A further aspect of the invention relates to the use of one or more
oligonucleotides in a DNA synthesis, ligation, or amplification reaction to reduce
larger repeats of identical nucleotides in two or more smaller parts of identical

nucleotides In a method as described above.
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Figure legends:

Figure 1: Synthesis of a new DNA strand. A pyrophosphate is released from the
incoming new nucleotide, and a proton is released from the extending DNA
strand.

Figure 2: Absolute and relative signal differences obtained in assays such a
pyrosequencing and lon Semiconductor Sequencing of  different
homonucleotide stretches.

Figure 3: A. Standard PCR in which the primers, indicated by arrows, flank the
region of interest, in this case a region which contains a homonucleotide
stretch. [prior art | B. hnr-PCR, in accordance with an embodiment of methods
of the present invention, in which one of the primers extends in the
homonucleotide stretch of interest. This hnr-primer contains one or more
mismatches at the (complementary site of the) homonucleotide stretch.

Figure 4.

A. hnr-PCR, In accordance with an embodiment of methods of the present
invention, in which one of the primers extends in the homonucleotide stretch of
Interest.

B. Example of hnr-PCR, in accordance with an embodiment of methods of the
present invention, in which the homonucleotide stretch contains a stretch of 9 T-
residues. The hnr-PCR-primer extends 5 nucleotides in the homonucleotide
stretch, and contains a mismatch at position 4 at the site of the homonucleotide
stretch. After synthesis of a new DNA strand, a homonucleotide stretch of 3 T-
residues and 5 T-residues, separated by one A-nucleotide will be obtained.
When after sequencing 5-T nucleotides are found in the last 3’ stretch, the
original stretch contained 9 T-nucleotides; if 4-T nucleotides are found in the
last stretch, the original stretch contained 8 T-residues, etc.

Figure 5: Example, in accordance with an embodiment of methods of the
present invention as shown in figure 4, wherein a sequence tag (a given
nucleotide sequence) is added to the primers as adapters. When both standard
and hnr-PCR is used in a multiplex(-like) PCR format, standard PCR primers
(one or both) may contain one type of adapter, while the primers used in hnr-

PCR (one or both) may contain another type of tag. |f more than one amplicon
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is generated in a multiplex(-like) PCR, the tags of the primers used for
generation of the ‘standard’-amplicons may be identical or not. If more than one
hnr-amplicon is generated in a multiplex(-like) format, the tags of the hnr-
primers may be identical or not. In this way all amplicons can be combined and

separated for analysis.

Figure 6: Example in accordance with an embodiment of methods of the
present invention as shown in figure 5, wherein one or more adapter sequences
or attached to the primers for further processing, such as a priming site for a
second DNA synthesis or PCR, sequencing, barcode, etc., or a combination

thereof

Detailed description of the invention

Different sequencing technologies use different technologies for determining the
nucleotide sequence of a DNA strand. A common feature of current high
throughput sequencing technologies is that many DNA strands are sequenced
in parallel, mostly on the surface of a small plate (picotiterplate, flow cell),
yielding up to more than 600 Gb (giga bases) sequence information. Typically,
these DNA fragments carry identical sequence ends, e.g. through the linking of
small nucleotide adapters during the DNA preparation phase for sequencing, so
that the same primer can be used for the sequencing of all DNA fragments in

parallel.

Current high throughput sequencing technologies can be broadly divided into
two categories on the basis by which sequencing is performed; sequencing by
synthesis (lllumina, Roche, lon Torrent, Helicos and Pacific Biosciences) and

sequencing by ligation (SOLID, Life Technologies).

Sequencing by synthesis can be further divided into two distinct categories. In
the first subcategory, each incorporated nucleotide is detected as such, such as
INn the reversible terminator approach in which each nucleotide is labelled with a

different fluorophore and a single base elongation with any base is assayed
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concurrently. Only one single base incorporation is possible in each cycle/step
of the sequencing reaction. Indeed, the nucleotides are protected, such that
they can be incorporated in a growing DNA strand, but once incorporated,
another nucleotide cannot be incorporated in the same cycle/step. In a new
cycle, the incorporated nucleotide of the previous cycle is first deprotected, so
that one new protected nucleotide can be incorporated in the new cycle. In the
second subcategory, a side product of nucleotide incorporation is monitored,
such as pyrophosphate in pyrosequencing or a proton in lon Semiconductor
Sequencing. In both the latter strategies, individual native nucleotides are
added sequentially. Pyrosequencing or lon Semiconductor Sequencing follows
DNA polymerase progression along a DNA strand by allowing only a single
dNTP to be available for incorporation in a given cycle, and then takes
advantage of the chemical reaction that occurs when the dNTP is incorporated
by the polymerase. This reaction is detected either by Iinducing a
bioluminescence cascade starting from pyrophosphate and detecting the
emitted light (pyrosequencing), or by directly detecting protons released during
incorporation as a change in pH (lon Semiconductor Sequencing). A new cycle
IS then started for another dNTP. The four different dNTPs are thus separately
added in four different cycles, and this is repeated for a given number of rounds,
in which each round is built up of the same order of 4 cycles of administration of
the 4 different dNTPs.

More specifically for pyrosequencing, a sequencing primer is hybridized to a
single stranded DNA template and incubated with the enzymes DNA
polymerase, ATP sulfurylase, luciferase, the substrates adenosine 9%
phosphosulfate (APS) and luciferin. The addition of one of the four
deoxynucleotide triphosphates (ANTPs) (dATP is not used, but rather dATPaS
which is not a substrate for luciferase) initiates the second step. DNA
polymerase incorporates only the given dNTP if it is complementary onto the
template. This Incorporation releases pyrophosphate (PPi) stoichiometrically.
ATP sulfurylase then guantitatively converts PPi to ATP in the presence of

adenosine 5 phosphosulfate. This ATP acts as fuel to the luciferase-mediated
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conversion of luciferin to oxyluciferin that generates visible light in amounts that
is proportional to the amount of ATP. The light produced in the luciferase-
catalysed reaction Is detected by a camera and analysed In a program.
Unincorporated nucleotides and ATP are then degraded by apyrase, and the
reaction can restart with another nucleotide. The four DNA nucleotides are
added sequentially in a fixed order across the picotiterplate. During the
nucleotide flow, thousands of copies of DNA bound to each of the beads are
seqguenced in parallel. When a nucleotide complementary to the template strand
IS added into a well, the polymerase thus extends the existing DNA strand by
adding nucleotide(s). In case that the template carries a stretch of identical
nucleotides, a number of nucleotides equal to the length of the stretch can be
incorporated in the same cycle/step. Indeed, native unprotected dNTPs are
used, so that more than one nucleotide can be incorporated in a given cycle.
The signal strength is proportional to the number of nucleotides. The signal
strength for homopolymer stretches, however, is only linear up to seven
consecutive nucleotides. The sequence of solutions which produce
chemiluminescent signals allows the determination of the sequence of the

template in the end.

More specifically for lon Semiconductor Sequencing, a microwell containing
clonal template DNA strands on a bead is flooded with a single species of
deoxyribonucleotide (ANTP). If the introduced dNTP is complementary to the
leading template, the nucleotide is incorporated into the growing complementary
strand. This causes the release of a hydrogen ion that triggers a hypersensitive
ilon sensor, which indicates that a reaction has occurred. If the introduced dNTP
IS not complementary to the leading template nucleotide, no nucleotide is
iIncorporated and no hydrogen ions are released. The chip I1s sequentially
flooded with one nucleotide after another. Again here, since native unprotected
dNTPs are used, multiple dNTP molecules will be incorporated in a single cycle
at homonucleotide stretches. This leads to a corresponding number of released

hydrogens and a proportionally higher electronic signal. Again here, the
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accuracy of correct calling of the number of nucleotides in homonucleotide

stretches decreases for longer homonucleotide stretches.

The lon Semiconductor Sequencing technology differs from other sequencing
technologies in that no optics is used. lon semiconductor sequencing may also
be referred to as lon Torrent sequencing, pH-mediated sequencing, silicon
sequencing, or semiconductor sequencing. lon Semiconductor Sequencing
creates a direct connection between the chemical and the digital worlds,
enabling fast, simple, massively scalable sequencing. lon Semiconductor
Sequencing Chips are designed, manufactured and packaged like any other
semiconductor chips. Wafers are cut from a silicon boule. The transistors and
circuits are then pattern-transfterred and subsequently etched onto the wafers
using photolithography. This process iIs repeated 20 times or more, creating a
multi-layer system of circuits. lon Semiconductor sequencing benefits from four
decades of exponential improvement in semiconductor technology, also known

as Moore's Law.

Pyrosequencing and lon Semiconductor Sequencing allows sequencing to
proceed at a much faster rate than e.g. reversible terminator sequencing,
because fewer steps are required to detect a base and to continue the
extension of a template. As such, it is common to achieve currently 100-base-
pair reads in fewer than 3 h with pyrosequencing or lon Semiconductor
Sequencing. Moreover, longer sequence reads can be obtained in
pyrosequencing and lon Semiconductor sequencing, of which the templates can
be generated by classical PCR amplification. In diagnostics this is highly
desirable, since PCR is much less labour-intensive then other template
preparation technologies such as the construction of DNA libraries. Another
plus of the preparation of sequencing template by PCR is that the standard
length of obtained amplicons, as well as the read lengths obtained with these
sequencing technologies, are in the range of the size, or over the size, of the
average length of exons. Therefore the number of amplicons needed for the

sequencing of a given gene is of the same order of the exons in most genes, so
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that most amplicons cover single exons. When performed in a multiplex format,
all exons of interest can be enriched in one or a limited number of steps. This
can also achieved in a multiplex-like format, such as highly parallel amplification
on integrated fluidic circuits (Fluidigm). Indeed, although each PCR reactor of
the integrated fluidic circuit generates only one type of amplicon, the parallel
nature of the integrated fluidic circuit achieves and assures a multiplex-like

format.

These sequencing formats, especially lon Semiconductor Sequencing, has the
highest potential to become the most important sequencing format in future
routine genetics tests, especially tests in which only one or a few genes are
analysed. The inaccurate calling of (longer) homonucleotide stretches, however,
IS a serious pitfall. Especially homonucleotide stretches of 7 nucleotides long, or
longer, are not always correctly called. Most genes carry at least 1 or a few
homonucleotide-stretches In this size range. Moreover, homonucleotide
stretches are prone to mutations, e.g. because of slippage of DNA polymerase.
A correct characterization of homonucleotide stretches is therefore a
prerequisite for a diagnostic test that aims to analyse complete regions of a
genome, such as (a) gene(s). For example, the coding region and exon/intron
junctions of the CFTR gene, in which mutations cause cystic fibrosis, contains
three homonucleotide stretches of at least 7 nucleotides. Most commercial
CFTR tests, the most common genetic tests performed in the Caucasian
population and which are so far not based on sequencing, only screen for about
the 30 most common CFTR mutations, which include three mutant loci located
iIn these homonucleotide stretches. The pitfall of inaccurate characterization of
homonucleotide stretches thus prohibits the implementation of pyrosequencing
and lon Semiconductor Sequencing in routine genetic diagnostics. Indeed,
either no accurate typing can be performed at these homonucleotide-stretches,
or a second assay such as classical Sanger is performed across these
problematic homonucleotide-stretches. This is not desirable in routine genetic

testing, and a ‘one-stop’ or ‘'one-shop’ test is preferred.
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For most routine diagnostic genetic tests, there Is only an interest in the
analysis of one or a few genes. In fact, only the exons and exon/intron junctions
of these genes are characterized. These DNA regions of interest are therefore
first enriched from the total genome in order to reduce the 'background signal’ of

DNA regions not of interest, and to increase the sensitivity of detection.

Detailed description of the invention

Neighbouring nucleotide positions in a DNA molecule may harbour a(n)
identical nucleotide(s). In the context of the present invention a repeat of
identical nucleotides is also called a "homonucleotide stretch”. A repeat can
have as little as 2 or 3 identical nucleotides, and can extend up to more than 15
to 25 identical nucleotides. Repeats of 7, 8, 9 or 10 are more common, repeats
of more than 15 are less common. Because of unpredictable structural
conformations, some repeats of 5 or 6 repeats may be difficult to type.
Particular embodiments include ranges having as lower and upper limit any of
the above cited values, For example, 7 T-nucleotides in a row would thus be

called a homonucleotide stretch of 7 nucleotides.

In pyrosequencing and lon Semiconductor sequencing, native (unprotected)
nucleotides are added to the sequencing reaction in each cycle. At a given
homonucleotide-stretch, more than 1 nucleotide will thus be incorporated in a
sequencing reaction. The number of complementary nucleotides that will be
incorporated equals the number of nucleotides in the homonucleotide stretch,
so that the signal strength is proportional to the number of nucleotides. The
signal strength for homopolymer stretches, however, is only linear up to seven
consecutive nucleotides. Indeed, the longer the homonucleotide stretch, the
smaller the difference in signal intensity for 1 less or 1 more nucleotide in the
homonucleotide stretch (Figure 2). For example, a 3-homonucleotide stretch
results in a 50% higher signal then a 2-homonucleotide stretch, while a 8-
homonucleotide stretch only results In a 14 % higher signal then a 7-
homonucleotide stretch. At a given moment, the signal difference that needs to

be detected in order to determine the exact length of a homonucleotide-stretch
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is of the same order as the variability in background signal, so that the system
reaches its limit of detection of signal differences. Some shorter homonucleotide
stretches than 7 nucleotides might even incorrectly called since seguence-

context specific secondary structures may hamper DNA polymerization.

In this invention, the longer homonucleotide stretch which cannot be accurately
determined is reduced to two, or more (e.g. 3, 4, 5 or 6), smaller parts, in which
at least the 3 part can each be accurately determined In sequencing assays,
such as pyrosequencing and lon Semiconductor sequencing. Only the last one
of the repeats needs to be in this range of less than 5 to -7 identical nucleotides,
the first one may still be more than 5 to 7 nt, since the first one is completely
located in the oligonucleotide and should have the expected number when well
synthesized and purified. However, to control for lower quality oligo’s, a very
long stretch might be reduced to more than 2 parts so that they are all less than
5 to/7 nt long so that they can be counted as an extra control. Their combined
length then allows an accurate determination of the original longer
homonucleotide stretch. Typically only the last smaller homonucleotide-stretch

thus has a length that can be typed at the highest accuracy.

The reduction iIn homonucleotide stretch can be achieved in a DNA synthesis
reaction, which is defined in this invention as ‘homonucleotide-stretch-reduction
(hnr) DNA synthesis. When a PCR reaction is used for DNA
synthesis/amplitication, the technique is defined in this Invention as

‘homonucleotide-stretch-reduction PCR” (hnr-PCR).

In fact, in order to obtain sufficient strong sequencing signals and/or to
sequence specific regions of the total genome only, the DNA molecules to be
sequenced have to be enriched by copying or even amplification. hnr-PCR can
be a means of copying/amplification so that the homonucleotide stretch
reduction and amplification of DNA target can be performed at the same time in

a single step.
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For amplification, primers are designed so that they bind to their complementary
target DNA through hybridization. Primers are normally designed to be 100%
complementary to their target DNA. However, even a primer that is not 100%
complementary may bind to its target DNA region, especially when DNA
synthesis is performed in less stringent conditions. A new DNA strand is then
synthesized through extension of the 3’ end of the primer. Although a primer
needs not to be 100% complementary in order to prime DNA synthesis, the 3
nucleotide needs to be 100% complementary and be hydrogen-bounded with its
DNA target in order to initiate the synthesis of a new DNA strand. For hnr-PCR,
an hnr-primer can be designed at a homo-nucleotide stretch which extends in
the homonucleotide-stretch (Figures 3 and 4), either partly In the
homonucleotide stretch or until its complete end. Of course, the primer
preferably needs to contain more unique complementary sequences 9
preceding the targeted homo-nucleotide-stretch In order to Increase the
specificity of binding. In practice, additional adapter sequences may be added
5, to allow further processing of the newly synthesized DNA strands such as
adapter sequences for primer needed in sequencing, second PCR steps,
emulsion-PCR, barcode sequences, etc. The 3’ end of an hnr-primer will thus
harbour a homonucleotide stretch, or even 1 nucleotide, in which the nucleotide
type I1s complementary to the nucleotide type In the target homonucleotide
stretch. Since a primer needs not to be necessarily 100% complementary to its
target region, non-complementary nucleotides can be incorporated at certain
positions to obtain an hnr-primer, e.g. the 2" last 3’ position of the hnr-primer,
the 3™ last 3’ position of the hnr-primer, etc. ... (in this context the nucleotide at
the 3’ end is at the “first” 3" position”). When one nucleotide is substituted for a
non-complementary nucleotide in the region of the homonucleotide-stretch, the
homonucleotide-stretch gets disrupted and split in two smaller parts so that the
original homo-nucleotide-stretch Is reduced to two smaller parts. The two parts
might be either two smaller homonucleotide stretches of the same length, or
not. The 3" part might even become one nucleotide long, and may thus even not
be a homonucleotide stretch anymore. An hnr-primer which does not extend

until the end of the homonucleotide stretch will detect deletions and insertions in
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the homonucleotide stretch. An hnr-primer which does extend until the end of
the homonucleotide stretch will detect insertions, but not deletions In the

homonucleotide stretch.

For example, for a homonucleotide stretch of 8 nucleotides, an hnr-primer which
extends 6 nucleotides in the homonucleotide-stretch and in which the second
last nucleotide of the hnr-PCR is substituted by a non-complementary
nucleotide, a newly synthesized DNA strand will contain a 4-homonucleotide
stretch, followed by the non-complementary nucleotide, and followed by a 3-
homonucleotide stretch. If a sequencing reaction detects at this last position a
homonucleotide-stretch of 3 nucleotides long, the DNA fragment under
iInvestigation then harbours 8 nucleotides in the original homonucleotide stretch.
If a sequencing reaction detects at this position a homonucleotide stretch of 2
nucleotides long, the DNA fragment under investigation then harbours 7
nucleotides in the homonucleotide stretch. And it a sequencing reaction detects
at this position a homonucleotide stretch of 4 nucleotides long, the DNA
fragment under investigation then harbours 9 nucleotides in the homonucleotide
stretch. In this way, and in this example, the inaccurate calling of 7, 8 or 9
nucleotides in a homonucleotide stretch is transformed to an accurate calling of
2, 3 or 4 nucleotides respectively.

In another example, for a homonucleotide stretch of 8 nucleotides, an hnr-
primer which extends until the of the homonucleotide-stretch and in which the
second last nucleotide of the hnr-PCR is substituted by a non-complementary
nucleotide, a newly synthesized DNA strand will contain a 6-homonucleotide
stretch, followed by the non-complementary nucleotide, and 1 nucleotide of the
same type as the 6-homonucleotide stretch.

In another example, for a homonucleotide stretch of 8 nucleotides, an hnr-
primer which extends 7 nucleotides in the homonucleotide-stretch and in which
the third last nucleotide of the hnr-PCR is substituted by a non-complementary
nucleotide, a newly synthesized DNA strand will contain a 4-homonucleotide
stretch, followed by the non-complementary nucleotide, and followed by a 3-

homonucleotide stretch.
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More than 1 nucleotide mismatch can be incorporated at regularly intervals in a
hnr-primer, so that different smaller homonucleotide stretches are obtained as a
further control. For a homonucleotide stretch of 15 nucleotides in which the 6"
and 12" nucleotide is mismatched in the hnr-primer, the 15-homonucleotide
stretch will be reduced to two 5-homonucleotide stretches and a third 3-

homonucleotide stretch.

Of course, sequencing reactions of such hnr-amplicons provide no information
about potential mutations at the site of the primer, since the observed
sequenced sequence at that site is derived from the primer instead of the target
DNA under investigation. In the example above in which an 8 nucleotide long
homonucleotide stretch is reduced by hnr-PCR, in which the hnr-primer extends
6 nucleotides In the homonucleotide-stretch and In which the second last
nucleotide of the hnr-PCR is substituted by a non-complementary nucleotide,
the 4 nucleotides of the first smaller homonucleotide stretch, the mismatched
nucleotide, and the first nucleotide of the second 3-homonucleotide stretch,
does not provide sequence information of the DNA fragment under investigation
since it is derived from primer sequence. The second and third nucleotide of the
second 3-homonucleotide stretch, however, does provide sequence information
of the DNA under investigation. Also for this reason it may be preferable that
hnr-primers do not extend until the complete end of the homonucleotide stretch,
so that sequence information is obtained of the junction of the homonucleotide

stretch.

In many instances, the sequence nevertheless needs to be determined at the
site of the hnr-primer or even upstream. Indeed, in many instances, a
homonucleotide stretch is located somewhere in an exon, and the complete
sequence of the exon and exon/intron junctions needs to be determined.
Therefore, a classical PCR amplification may also be performed using primers

flanking the complete region of interest, including the homonucleotide stretch
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(Figure 3). hnr-PCR might thus be used as such, or in combination with
classical PCR.

The combined analysis of a standard amplicon and hnr-amplicon against a
given region will then conclude the actual sequence, In which the standard
amplicon provides the qualitative information of the sequence, except the exact
length of the homonucleotide stretch, while the hnr-amplicon will determine the

exact length of the homonucleotide stretch.

One single type of hnr-fragment, or homonucleotide stretch, might be generated
and analysed, and therefore a single pair of primers is used. On the other hand,
a combination of different types of hnr-fragments, directed against different
homonucleotide stretches may be generated and analysed in a multiplex(-like)
format in which multiple pairs of primers are used. In such a multiplex-format,
even the respective standard amplicons might be included, such as amplicons
containing the complete homonucleotide stretches under investigation

When multiplex-(like) PCR formats are used in which standard amplicons and
hnr-amplicons are amplified together, the non-hnr-primer used for generation of
the hnr-amplicon might be either the same, or not the same, as the one used for

the amplification of the respective standard amplicon.

In new generation sequencing technologies many sequence reads need to be
analysed at any position and need to be aligned to the reference sequence.
Indeed, the analysis has a probabilistic nature and these seguencing
technologies have a relatively high sequencing error per segquencing read.
Typically, every nucleotide In a sequence under investigation needs to be
detected in 20 to 30 sequence reads to deduce a diploid sequence with a high
accuracy. Moreover, all sequences of multiple amplicons or DNA targets are
generated in a single experiment and a mixture of sequence reads of all these
amplicons will be obtained. Typically, a mixture of reads derived from a mixture
of amplicons derived from different targets, such as all exons of a gene, are
obtained. When standard amplicons and hnr-amplicons to the same target are

combined, the obtained mixture will be even more complex and will contain for a
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given homonucleotide stretch both sequence reads obtained from standard
PCR amplicons and reads from hnr-PCR amplicons. Apart from their difference
in length (the hnr-PCR amplicon only starts or ends around the homonucleotide
stretch sequence), the hnr-amplicon contains one or more intently introduced
mismatched nucleotide(s) which behave as (a) point mutation(s). When
standard amplicons and hnr-amplicons are aligned together, both types of
amplicons will correctly align to the reference sequence, and the mismatched
nucleotide will be wrongly called as a mutation. The standard amplicons and
hnr-amplicons thus need to be separated for analysis and separately aligned so
that their alignment and analysis does not interfere. This can be easily realized
when different 5° adapter sequences are introduced in the primer used for
standard amplification and hnr-amplification (Figure 5). Although the adapter
sequences may differ for each amplicon, all standard amplicons preferably
contain the same adapter sequence, and if more than one homonucleotide
stretch needs to be analysed by hnr-PCR, all hnr-amplicons preferably contain
a same different adapter sequence. The pool of obtained sequence reads may
then be separated in two pools based on the adapter sequence, so that a pool
of standard amplicons and a pool of hnr-amplicons is obtained. Each pool will
then be separately aligned to the reference sequence so that their alignment
and analysis does not interfere. Preferably the reference sequence for the
homonucleotide stretch may be adapted so that the mismatched nucleotide is
taken up in the reference sequence. To all primers, both standard primers and
hnr-primers, additional adapter sequences may be added for further processing,
such as sequences for oligonucleotide hybridization for another amplification,

seguencing, and barcode sequences (Figure 6).

In the context of the present application, PCR, and therefore hnr-PCR s
typically the method of hnr-DNA-synthesis. However the methods of the present
invention can be performed with any technique that syntheses one or more new
DNA strands from an original DNA strand.. Suitable methods known in the art
are for example, isothermal amplification (rolling circle amplification), single

strand displacement amplification, nucleic acid sequence-based amplification



CA 02854558 2014-05-05

WO 2013/068528 PCT/EP2012/072258

19

(NASBA), solid phase PCR (on beads or arrays) (Raindance), padlock probes,
selector probes, collector probes, Haloplex PCR (Halogenomics), ligase chain
reaction and amplification of ‘extension-ligation of bound oligos’-products

(TSCA; TruSeqg Custom Amplicon, lllumina), or a combination thereof.
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Claims

A method of generating one or more copies of a target polynucleotide
molecule, or part thereof, that contains a repeat of identical nucleotides,
comprising the steps of :

- altering one nucleotide in this repeat of identical nucleotides, or

- altering different single nucleotides separated at intervals in said repeat
of identical nucleotides into another nucleotide, in order to reduce said
repeat of identical nucleotides into two or more smaller altered parts of
said identical nucleotides Iin the copied molecules,

- wherein this alternation is performed by using an oligonucleotide primer
which extends in the unaltered repeat of identical nucleotides of the target
polynucleotide, and wherein said oligonucleotide primer is not 100%
complementary within the sequence complementary to the repeat in the

target sequence.

The method according to claim 1, wherein said oligonucleotide primer
does not extend until the end of the unaltered repeat of identical

nucleotides of the target polynucleotide

The method according to claim 1 or 2, in which the polynucleotide is DNA.

The method according to any one of claims 1 to 3, wherein the smaller
altered parts of identical nucleotides are generated through an enzymatic
or chemical reaction, such as DNA synthesis, ligation and/or amplification,

or a combination thereof.

The method according to any one of claim 1 to 4, in which one nucleotide
in the repeat of complementary identical nucleotides of the primer is
replaced by another nucleotide type so that the unaltered repeat of

consecutive number of identical nucleotides is reduced to two shorter
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2

altered parts of these identical nucleotides interrupted by the replaced

nucleotide type.

The method according to any one of claims 1 to 5, wherein the repeat of
identical nucleotides at the 3’ of the primer is shorter than the repeat of

identical nucleotides at the 5’ end of the primer.

The method according to any one of claims 1 to 6, wherein the nucleotide
in the repeat of complementary identical nucleotides of the primer which is
replaced by another nucleotide type is at the second, third, fourth or fifth

position counted from the 3’ end of the oligonucleotide primer.

The method according to any one of claims 1 to 7, wherein several single
nucleotides in the primer in the repeat of complementary identical
nucleotides are replaced at regular intervals so that all shorter parts of

identical nucleotides do not exceed a given length.

The method according to claim any one of claim 1 to 8, wherein the

obtained 3’ part is no longer than 4, 5 or 6 nucleotides.

The method according to any one of claims 1 to 9, wherein the primer
contains In addition at the 5 end one or more adapter nucleotides which

are not complementary to the target sequence.

The method according to any one of claims 1 to 10, wherein different DNA
synthesis/ligation/amplification reactions of the same type, or of different

types, are combined in a multiplex(-like) format.

The method according to any one of claims 1 to 11 further comprising the
step of performing a method of determining the qualitative nature of the

stretch of identical nucleotides and its downstream and upstream DNA
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regions, wherein the fragments obtained from each method are

discriminated and separately analysed using said adapter sequences.

A method for determining the number of nucleotides in a nucleotide repeat
of a template DNA molecule in which the sequence of a copied DNA
molecule Is determined by sequencing, and which uses the prior
knowledge of the altered nucleotides and positions generated in the
copied molecules according to any one of claims 1 to 12, comprising the
step of counting the number of identical nucleotides in the generated
smaller parts and substituted nucleotides for generating the smaller parts

of identical nucleotides.

A data carrier comprising program instructions for analysing and providing
the results of a method according to claim 12 or 13, when executed on a

computer.

Use of one or more oligonucleotides in a DNA synthesis, ligation, or
amplification reaction, or combinations thereof, to reduce larger repeats of
identical nucleotides in two or more smaller parts of identical nucleotides

in a method according to any one of claims 1 to 12.
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Figure 3
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