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Description

FIELD OF INVENTION

[0001] The invention generally relates to nucleic acid analysis. More specifically, the invention relates to a method for
the circularization of nucleic acid molecules via template-independent single-stranded DNA ligation, from a biological
sample. It further relates to the amplification and/or detection of the single-stranded DNA circles. Generation of single-
stranded DNA circles is performed in a single reaction vessel directly from a biological sample, without any intervening
isolation and/or purification steps. Kits for performing the methods are also disclosed.

BACKGROUND

[0002] The analysis of nucleic acids is widely used in clinical and applied fields, as well as in academic research. While
abundant supply of quality biological sample is available for some samples/fields, in many instances the sample may
be rare or damaged. For example, in cancer research and diagnostics, it is increasingly desirable to analyze nucleic
acids from formalin-fixed, paraffin embedded (FFPE) tissue samples, as well as from specific regions of interest within
a sample. In some cases, the analysis of only a few cells is desirable. Currently many fixed tissue samples following
DNA extraction do not provide sufficient DNA for analyses such as targeted resequencing and PCR-based diagnostic
tests and often the DNA is of poor quality, further limiting the effectiveness of these tests.
[0003] Whole-genome amplification (WGA) involves non-specific amplification of a target DNA. WGA is often achieved
by multiple displacement amplification (MDA) techniques employing random oligonucleotide primers for priming the DNA
synthesis at multiple locations of the target DNA along with a high fidelity DNA polymerase having strand displacing
activity (e.g., Phi29 polymerase) in an isothermal reaction. Even though currently available commercial WGA MDA
systems such as GenomiPhi (GE Healthcare, USA) and RepliG (Qiagen) kits provide optimal results with high molecular
weight target DNA, performance of these systems is poor when the target DNA is short and/or highly fragmented. When
the target sequence length is less than about 1,000 nucleotides, amplification of the target DNA using conventional
methods results in decreased amplification speed, significant sequence dropout particularly near the ends of the target
DNA, and highly sequence-biased amplification. Some of this is related to the observation that as the length of the
template DNA is decreased, the likelihood of the template being primed multiple times decreases in the MDA reaction.
This decreases the amplification potential of these shorter fragments. Efficient methods for non-specifically amplifying
short, fragmented DNA are therefore highly desirable.
[0004] Ligation-mediated polymerase chain reaction (PCR) has been used to amplify fragmented dsDNA. However,
only a small fraction of the fragmented DNA is amplified in these reactions leading to inadequate genome coverage. To
efficiently amplify fragmented dsDNA, the template may first be enzymatically repaired and then be concatemerized by
blunt-end ligation to generate sequences that are longer than 1000 base pairs (bp). However, a relatively high concen-
tration of the target DNA is often required to promote intermolecular concatemerization and subsequent amplification.
Circularization of double-stranded target DNA has also been employed in various nucleic acid based assays including
MDA, WGA, hyper-branched rolling circle amplification (RCA) and massively parallel DNA sequencing. To effectively
circularize and amplify fragmented dsDNA, the double-stranded ends of the fragmented DNA are first repaired, followed
by blunt-end ligation to form double-stranded DNA circles. However, it is difficult to circularize double-stranded DNA
fragments that are less than 250 bp in length, and impossible with DNA less than approximately 150 bp in length, as
that is the persistence length of double stranded DNA.
[0005] The double-stranded DNA may be first denatured to produce single-stranded DNA (ssDNA), and may further
be circularized in a template-dependent intramolecular ligation reaction using a scaffold/bridging oligonucleotide and a
ligase. However, prior sequence information of the target DNA is required to perform a template-dependent circularization.
Template-independent intramolecular ligation of ssDNA has also been documented. For example, TS2126 RNA ligase
(commercially available under the trademarks ThermoPhage™ RNA ligase II or ThermoPhage™ ssDNA ligase (Prokaria,
Matis, Iceland) or CircLigase™ ssDNA ligase (Epicentre Biotechnologies, Wisconsin, USA) has been used for making
digital DNA balls, and/or locus-specific cleavage and amplification of DNA, such as genomic DNA. From limited amounts
of fragmented DNA, DNA template for rolling circle amplification has also been generated by employing TS2126 RNA
ligase. The method involved denaturing the linear, fragmented dsDNA to obtain linear ssDNA fragments, ligating the
linear ssDNA with CircLigase™ ssDNA ligase to obtain single-stranded DNA circle, and then amplifying the single-
stranded DNA circle using random primers and Phi29 DNA polymerase via RCA.
[0006] Moreover, all attempts of ligation-amplification reactions involved intermediate isolation, purification and/or
cleaning steps, thus making the ligation-amplification workflow cumbersome. For example, analysis of forensic samples
of fragmented DNA by circularization followed by rolling circle amplification was carried out in multiple steps comprising
5’ DNA phosphorylation, adapter ligation, DNA circularization, and whole-genome amplification. Each step was subjected
to a reaction clean-up before performing the next step. No amplification advantage was observed when ligation and



EP 3 201 350 B1

3

5

10

15

20

25

30

35

40

45

50

55

amplification was performed in single reaction vessel. However, the multi-step process often resulted in the loss of
template DNA and led to failed analysis.
[0007] WO2010094040A1 (Epicentre) describes the discovery and use of pre-adenylated phage TS2126 RNA ligase
to address variable intramolecular ligation efficiency of linear single-stranded DNA molecules of different sequences
and sizes. This enzyme is sold commercially under the name CircLigase II. Only pre-purified DNA was used as the
starting material for the intramolecular ligation.
[0008] US2008/0131876 relates to sample processing for nucleic acid amplification.
[0009] In Forensic Sci Int Genet. 2012 Mar;6(2): 185-90, Tate et al. evaluated a multi-step process for the preparation
and treatment of pre-purified genomic DNA samples prior to single-stranded DNA circularization and rolling-circle am-
plification for the purpose of improving forensic STR profile analysis of limiting quantities of fragmented DNA. They found
that STR amplification efficiency was not improved and STR genotyping failed following their multi-step process "pre-
sumably due to loss of DNA template as a result of multiple intermediate silica column purification steps, each of which
resulted in a loss of template DNA."
[0010] Efficient methods for amplifying short DNA sequences in a single reaction vessel without any sequence bias
and any intervening cleaning steps, directly from a biological sample, are therefore highly desirable.

BRIEF DESCRIPTION

[0011] In one aspect of the invention, a method is provided for generating single-stranded DNA circles from a biological
sample. The method is defined in the appended claims and comprises the steps of: treating the biological sample with
an extractant to release nucleic acids, thereby forming a sample mixture; neutralizing the extractant; denaturing the
released nucleic acids to generate single-stranded nucleic acids; and contacting the single-stranded nucleic acids with
a ligase that is capable of template-independent, intramolecular ligation of a single-stranded DNA sequence to generate
single-stranded DNA circles. All the steps of the method are performed without any intermediate nucleic acid isolation
or nucleic acid purification.
[0012] In certain embodiments, the steps are performed in a sequential manner in a single reaction vessel.
[0013] In certain embodiments, the single-stranded DNA circles are amplified to enable subsequent analysis of the
biological sample.
[0014] In certain embodiments, the sample mixture is dried on solid matrix prior to the neutralizing step.
[0015] In certain embodiments, damage to the DNA is repaired enzymatically prior to the denaturing step.
[0016] In a second aspect of the invention, a method is provided for analyzing a biological sample. Thus, the single-
stranded DNA circles generated according to certain embodiments of the invention are amplified, and the amplification
product is analyzed. The analysis may be performed by, for example, targeted sequencing of the amplified product.
[0017] In another aspect of the invention, a method is provided for detecting chromosomal rearrangement breakpoints
from a biological sample. Thus, the single-stranded DNA circles generated according to certain embodiments of the
invention are amplified, and the amplification product is analyzed, e.g., by sequencing. Any chromosomal rearrangement
breakpoints are identified by comparing the sequences to a known reference sequence.
[0018] Further disclosed is a kit is provided that comprises an extractant for treating a biological sample to release
nucleic acids; a reagent for neutralizing the extractant; and a ligase that is capable of template-independent, intramolecular
ligation of a single-stranded DNA sequence.

DRAWINGS

[0019] These and other features, aspects and advantages of the invention will become better understood when the
following detailed description is read with reference to the accompanying figures.

FIG. 1 illustrates a graphical outline of a method workflow according to an embodiment of the invention.
FIG. 2 presents results of circularization reactions in the presence of varied amount of neutralized extractant.
FIG. 3 presents data showing that amplification reaction using high Tm primers are more resistant to carryover
inhibition.
FIG. 4 presents data which shows an example of direct amplification of fragmented DNA from human tissue, according
to an embodiment of the invention.
FIG. 5 presents data demonstrating improved sequence coverage and SNP detection after DNA repair and circu-
larization of a formalin fixed sample, according to an embodiment of the invention.

DETAILED DESCRIPTION

[0020] The following detailed description is exemplary and not intended to limit the invention or uses of the invention.
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Throughout the specification, exemplification of specific terms should be considered as non-limiting examples. The
singular forms "a", "an" and "the" include plural referents unless the context clearly dictates otherwise. Approximating
language, as used herein throughout the specification and claims, may be applied to modify any quantitative represen-
tation that could permissibly vary without resulting in a change in the basic function to which it is related. Accordingly,
a value modified by a term such as "about" is not to be limited to the precise value specified. Unless otherwise indicated,
all numbers expressing quantities of ingredients, properties such as molecular weight, reaction conditions, so forth used
in the specification and claims are to be understood as being modified in all instances by the term "about." Accordingly,
unless indicated to the contrary, the numerical parameters set forth in the following specification and attached claims
are approximations that may vary depending upon the desired properties sought to be obtained by the present invention.
At the very least, and not as an attempt to limit the application of the doctrine of equivalents to the scope of the claims,
each numerical parameter should at least be construed in light of the number of reported significant digits and by applying
ordinary rounding techniques. Where necessary, ranges have been supplied, and those ranges are inclusive of all sub-
ranges there between. To more clearly and concisely describe and point out the subject matter of the claimed invention,
the following definitions are provided for specific terms, which are used in the following description and the appended
claims.
[0021] As used herein, the term "nucleoside" refers to a glycosylamine compound wherein a nucleic acid base (nu-
cleobase) is linked to a sugar moiety. A "nucleotide" refers to a nucleoside phosphate. A nucleotide may be represented
using alphabetical letters (letter designation) corresponding to its nucleoside as described in Table 1. For example, A
denotes adenosine (a nucleoside containing the nucleobase, adenine), C denotes cytidine, G denotes guanosine, U
denotes uridine, and T denotes thymidine (5-methyl uridine). W denotes either A or T/U, and S denotes either G or C.
N represents a random nucleoside and dNTP refers to deoxyribonucleoside triphosphate. N may be any of A, C, G, or T/U.

[0022] As used herein, the term "nucleotide analogue" refers to compounds that are structurally analogous to naturally
occurring nucleotides. The nucleotide analogue may have an altered phosphate backbone, sugar moiety, nucleobase,
or combinations thereof. Nucleotide analogues may be a natural nucleotide, a synthetic nucleotide, a modified nucleotide,
or a surrogate replacement moiety (e.g., inosine). Generally, nucleotide analogues with altered nucleobases confer,
among other things, different base pairing and base stacking proprieties.
[0023] As used herein, the term "LNA (Locked Nucleic Acid) nucleotide" refers to a nucleotide analogue, wherein the
sugar moiety of the nucleotide contains a bicyclic furanose unit locked in a ribonucleic acid (RNA)-mimicking sugar
conformation. The structural change from a deoxyribonucleotide (or a ribonucleotide) to the LNA nucleotide is limited
from a chemical perspective, namely the introduction of an additional linkage between carbon atoms at 2’ position and

Table 1: Letter designations of various nucleotides.

Symbol Letter Nucleotide represented by the symbol Letter

G G

A A

T T

C C

U U

R G or A

Y T/U or C

M A or C

K G or T/U

S G or C

W A or T/U

H A or C or T/U

B G or T/U or C

V G or C or A

D G or A or T/U

N G or A or T/U or C
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4’ position (e.g., 2’-C, 4’-C-oxymethylene linkage; see, for example, Singh, S. K., et. al., Chem. Comm., 4, 455-456,
1998, or Koshkin, A. A., et. al., Tetrahedron, 54, 3607-3630, 1998). The 2’ and 4’ position of the furanose unit in the
LNA nucleotide may be linked by an O-methylene (e.g., oxy-LNA: 2’-O, 4’-C-methylene-β-D-ribofuranosyl nucleotide),
an S-methylene (thio-LNA), or a NH-methylene moiety (amino-LNA), and the like. Such linkages restrict the conforma-
tional freedom of the furanose ring. LNA oligonucleotides display enhanced hybridization affinity toward complementary
single-stranded RNA and complementary single- or double-stranded DNA. The LNA oligonucleotides may induce A-
type (RNA-like) duplex conformations. Nucleotide analogues having altered phosphate-sugar backbone (e.g., PNA,
LNA) often modify, among other things, the chain properties such as secondary structure formation. A star (*) sign
preceding a letter designation denotes that the nucleotide designated by the letter is a phosphorothioate modified
nucleotide. For example, *N represents a phosphorothioate modified random nucleotide. A plus (+) sign preceding a
letter designation denotes that the nucleotide designated by the letter is a LNA nucleotide. For example, +A represents
an adenosine LNA nucleotide, and +N represents a locked random nucleotide (i.e., a random LNA nucleotide).
[0024] As used herein, the term "BNA (Bridged Nucleic Acid) nucleotide" (2’,4’-BNANC (2’-O,4’-aminoethylene bridged
nucleic acid), is a compound containing a six-member bridged structure with an N-O linkage. This novel nucleic acid
analogue can be synthesized and incorporated into oligonucleotides. When compared to the earlier generation of LNA,
BNA was found to possess: higher binding affinity against an RNA complement, excellent single-mismatch discriminating
power, enhanced RNA selective binding, stronger and more sequence selective triplex-forming characters, stronger
nuclease resistance to endo and exo-nucleases, i.e., even higher than the S(p)-phosphorothioate analogue.
[0025] As used herein, the term "oligonucleotide" refers to oligomers of nucleotides. The term "nucleic acid" as used
herein refers to polymers of nucleotides. The term "sequence" as used herein refers to a nucleotide sequence of an
oligonucleotide or a nucleic acid. Throughout the specification, whenever an oligonucleotide or nucleic acid is represented
by a sequence of letters, the nucleotides are in 5’→3’ order from left to right. For example, an oligonucleotide represented
by a letter sequence (W)x(N)y(S)z, wherein x=2, y=3 and z=1, represents an oligonucleotide sequence WWNNNS,
wherein W is the 5’ terminal nucleotide and S is the 3’ terminal nucleotide. The oligonucleotides or nucleic acids may
be a DNA, an RNA, or their analogues (e.g., phosphorothioate analogue). The oligonucleotides or nucleic acids may
also include modified bases and/or backbones (e.g., modified phosphate linkage or modified sugar moiety). Non-limiting
examples of synthetic backbones that confer stability and/or other advantages to the nucleic acids may include phos-
phorothioate linkages, peptide nucleic acid, locked nucleic acid, xylose nucleic acid, or analogues thereof.
[0026] As used herein, the term "primer" refers to a short linear oligonucleotide that hybridizes to a target nucleic acid
sequence (e.g., a DNA template to be amplified) to prime a nucleic acid synthesis reaction. The primer may be an RNA
oligonucleotide, a DNA oligonucleotide, or a chimeric sequence. The primer may contain natural, synthetic, or modified
nucleotides. Both the upper and lower limits of the length of the primer are empirically determined. The lower limit on
primer length is the minimum length that is required to form a stable duplex upon hybridization with the target nucleic
acid under nucleic acid amplification reaction conditions. Very short primers (usually less than 3 nucleotides long) do
not form thermodynamically stable duplexes with target nucleic acid under such hybridization conditions. The upper limit
is often determined by the possibility of having a duplex formation in a region other than the pre-determined nucleic acid
sequence in the target nucleic acid. Generally, suitable primer lengths are in the range of about 3 nucleotides long to
about 40 nucleotides long.
[0027] As used herein, the term "random primer" refers to a mixture of primer sequences, generated by randomizing
a nucleotide at any given location in an oligonucleotide sequence in such a way that the given location may consist of
any of the possible nucleotides or their analogues (complete randomization). Thus the random primer is a random mixture
of oligonucleotide sequences, consisting of every possible combination of nucleotides within the sequence. For example,
a hexamer random primer may be represented by a sequence NNNNNN or (N)6. A hexamer random DNA primer consists
of every possible hexamer combinations of 4 DNA nucleotides, A, C, G and T, resulting in a random mixture comprising
46 (4,096) unique hexamer DNA oligonucleotide sequences. Random primers may be effectively used to prime a nucleic
acid synthesis reaction when the target nucleic acid’s sequence is unknown or for whole-genome amplification reactions.
[0028] As used herein, the term "rolling circle amplification (RCA)" refers to a nucleic acid amplification reaction that
amplifies a circular nucleic acid template (e.g., single stranded DNA circles) via a rolling circle mechanism. Rolling circle
amplification reactions are initiated by the hybridization of a primer to a circular, often single-stranded, nucleic acid
template. The nucleic acid polymerase then extends the primer that is hybridized to the circular nucleic acid template
by continuously progressing around the circular nucleic acid template to replicate the sequence of the nucleic acid
template repeatedly (rolling circle mechanism). The rolling circle amplification typically produces concatemers comprising
tandem repeat units of the circular nucleic acid template sequence. The rolling circle amplification may be a linear RCA
(LRCA), exhibiting linear amplification kinetics (e.g., RCA using a single specific primer), or may be an exponential RCA
(ERCA) exhibiting exponential amplification kinetics. Rolling circle amplification may also be performed using multiple
primers (multiply primed rolling circle amplification or MPRCA) leading to hyper-branched concatemers. For example,
in a double-primed RCA, one primer may be complementary, as in the linear RCA, to the circular nucleic acid template,
whereas the other may be complementary to the tandem repeat unit nucleic acid sequences of the RCA product.
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Consequently, the double-primed RCA may proceed as a chain reaction with exponential (geometric) amplification
kinetics featuring a cascade of multiple-hybridization, primer-extension, and strand-displacement events involving both
the primers. This often generates a discrete set of concatemeric, double-stranded nucleic acid amplification products.
The rolling circle amplification may be performed in vitro under isothermal conditions using a suitable nucleic acid
polymerase such as Phi29 DNA polymerase.
[0029] As used herein, the term "inverse PCR" refers to a variant of the polymerase chain reaction that is used to
amplify DNA with only one known sequence. One limitation of conventional PCR is that it requires primers complementary
to both termini of the target DNA, whereas inverse PCR allows PCR to be carried out even if only one sequence is
available from which primers may be designed, although it requires a circularized DNA template or for linear template
to have direct repeats of the priming sequence. Thus, for a circularized DNA template, primer pairs that are normally
binding in the wrong orientation from one another (amplifying outward from a common loci on a linear DNA, which
provides only linear amplification kinetics) are instead converging as is required by the PCR for exponential amplification
kinetics, to produce an amplification product across the circularization point.
[0030] As used herein, the term "solid matrix" refers to a selective barrier that allows the passage of certain constituents
and retains other constituents found in the liquid (i.e. membrane), commonly composed of cellulose, glass or quartz
fiber/microfiber material, The solid matrix may also be comprised of a porous polymer, for example porous membrane
material such as polyester, polyether sulfone (PES), polyamide (Nylon), polypropylene, polytetrafluoroethylene (PTFE),
polycarbonate, cellulose nitrate, cellulose acetate, alginate or aluminium oxide. A solid matrix typically has a high surface
to volume ratio. The matrix can be either ordered or disordered. Some examples include glass fiber, nitrocellulose, quartz
fiber, 903 cards, FTA paper and FTA-elute paper.
[0031] In some embodiments, the disclosure relates to a method for the DNA extraction, optional enzymatic repair,
and single-stranded DNA circularization of fragmented DNA from a biological source. Thus, disclosed is a method for
generating single-stranded DNA circles from a biological sample, the method comprising:

(A) treating the biological sample with an extractant to release nucleic acids, thereby forming a sample mixture;
(B) neutralizing the extractant;
(C) denaturing the released nucleic acids to generate single-stranded nucleic acids; and
(D) contacting the single-stranded nucleic acids with a ligase that is capable of template-independent, intramolecular
ligation of a single-stranded DNA sequence to generate the single-stranded DNA circles,

wherein all the steps of the method are performed without any intermediate nucleic acid isolation or nucleic acid purifi-
cation. In certain embodiments, steps (A) to (D) are performed in a sequential manner in a single reaction vessel (e.g.,
eppendorf tube). Steps (B) and (C) can be performed in either order.
[0032] The biological sample (e.g., a sample obtained from a biological source) may be formalin-fixed tissue, fixed
individual cells, blood plasma, ancient tissue samples, or other environmentally exposed biological samples. For example,
the biological sample may be obtained from, but not limited to, bodily fluid (e.g., blood, blood plasma, serum, urine, milk,
cerebrospinal fluid, pleural fluid, lymph, tear, sputum, saliva, stool, lung aspirate, throat or genital swabs), organs, tissues,
cell cultures, cell fractions, sections (e.g., sectional portions of an organ or tissue) or cells isolated from the biological
subject or from a particular region (e.g., a region containing diseased cells) of the sample from a biological subject. The
biological sample may be of eukaryotic origin, prokaryotic origin, viral origin or bacteriophage origin.
[0033] The biological sample is treated with an extractant to release nucleic acids, thereby forming a sample mixture.
An extractant is added to the sample in order to lyse the tissue/cells, and/or solubilize/digest proteins, providing accessible
nucleic acids for downstream reactions. The extractant is then neutralized to inactivate the extractant which would
otherwise inhibit downstream enzymatic reactions. In certain embodiments, the extractant is neutralized by adding a
sequestrant. In other embodiments, the extractant is neutralized by a physical condition change, such as heating. The
term "extractant" refers to a composition that breaks up the tissue or cells, and solubilizes/digests proteins, to render
the nucleic acids amendable for the downstream reactions. The term "sequestrant" refers to a composition that neutralizes
the effect of the extractant. For example, if the extractant includes a base, then an acid may be used to bring the solution
to neutral. For example, proteinase K may be used as the extractant when the biological sample is blood plasma, and
a proteinase K inhibitor is used as the sequestrant to neutralize the proteinase K. Alternatively, a heating step may be
used to inactivate proteinase K. In certain embodiments, the extractant includes a detergent, such as SDS. A sequestrant
comprising a cyclodextrin may be used to neutralize the effect of SDS.
[0034] The nucleic acid from the biological sample may be genomic DNA, mitochondrial DNA, microbial DNA, viral
DNA or other DNA source. The DNA may be fragmented. The length of the nucleic acid from the biological sample may
range from 15 nucleotides to 21,000 nucleotides. Due to persistence length, it is not generally possible to circularize
dsDNA that has a sequence length smaller than 150 bp, and it is very difficult to circularize dsDNA until the DNA is
longer than 200 bp. In contrast, linear ssDNA molecules having a sequence length of 15 nucleotides (nt) or more are
very efficiently circularized by a suitable ligase provided the 5’ end is phosphorylated and the 3’ end is hydroxylated.
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For nucleic acids in plasma, they are generally about 150-180 bp long and thus circularize with low yield as double-
stranded DNA. In old FFPE sample (>20 years old), DNA is very fragments are mostly 60-70 nt long. The methods
according to certain embodiments of the present disclosure are uniquely suited for analysis of such biological samples.
[0035] The nucleic acid from the neutralized sample is denatured to a single-stranded form prior to the intramolecular
ligation reaction. This may be achieved by using any of the art-recognized methods for the conversion of dsDNA to
ssDNA sequences. For example, the dsDNA may be thermally denatured, chemically denatured, or both thermally and
chemically denatured. The dsDNA may be chemically denatured using a denaturant (e.g., base, glycerol, ethylene glycol,
formamide, urea or a combination thereof) that reduces the melting temperature of dsDNA. The denaturant may reduce
the melting temperature by 5°C to 6°C for every 10% (vol./vol.) of the denaturant added to the reaction mixture. The
denaturant or combination of denaturants (e.g., 10% glycerol and 6-7% ethylene glycol) may comprise 1%, 5%, 10%,
15%, 20%, or 25% of reaction mixture (vol./vol.). Salts that reduce hybridization stringency may be included in the
reaction buffers at low concentrations to chemically denature the dsDNA at low temperatures. The dsDNA may be
thermally denatured by heating the dsDNA, for example, at 95°C.
[0036] After the denaturing step, the generated ssDNA may be treated with a DNA or RNA ligase that is capable of
intra-molecular ligation of ssDNA substrates in the absence of a template to form the single-stranded DNA circles.
Suitable ligases that may be used for the ligation reaction include, but are not limited to, TS2126 RNA ligase, T4 DNA
ligase, T3 DNA ligase or E. coli DNA ligase.
[0037] In some embodiments, conversion of the ssDNA to single-stranded DNA circle is performed with a thermally
stable RNA ligase that has efficient template-independent, intramolecular ligation activity for linear ssDNA substrates
that have 5’ phosphoryl and 3’ hydroxyl groups. The ligase may be in a substantially pre-adenylated form. For example,
TS2126 RNA ligase derived from the Thermus bacteriophage TS2126 that infects the thermophilic bacterium, Thermus
scotoductus may be employed for template-independent circularization of the fragmented linear ssDNA to circular ssDNA.
TS2126 RNA ligase is more thermally stable (stable up to about 75 °C.) than many of the mesophilic RNA ligases such
as the T4 RNA ligases. The range of temperature for TS2126 RNA ligase activity can be greater than about 40 °C, for
example, from about 50 °C to about 75 °C. Due to this, TS2126 RNA ligase may be used at higher temperatures, which
further reduce undesirable secondary structures of ssDNA. The circularization of linear ssDNA may also be achieved
by a ligase other than TS2126 RNA ligase or by employing any other enzyme having DNA joining activity such as
topoisomerase. In some embodiments, the circularization of fragmented, single-stranded DNA molecule is achieved by
an RNA ligase 1 derived from thermophilic archeabacteria, Methanobacterium thermoautotrophicum (Mth RNA ligase)
that has high template-independent ligase activity in circularizing linear, fragmented ssDNA molecules.
[0038] In some embodiments, a method for improving the efficiency of circularization of ssDNA by TS2126 RNA ligase
is provided. Use of HEPES buffer having a pH of 8.0 for the ligation reaction increased the ligation efficiency. Template-
independent ssDNA ligation was inefficient when the reaction was performed in TRIS buffer (e.g., For CircLigase™ II,
the suggested 10x reaction buffer by EpiCentre comprises 0.33 M TRIS-Acetate (pH 7.5), 0.66 M potassium acetate,
and 5mM DTT). Further, manganese, an essential co-factor for the ligation reaction, is rapidly oxidized under alkaline
conditions and forms a precipitate in the presence of TRIS. Air oxidation of Mn2+ to Mn3+ may be facilitated by the anions
that can strongly complex the Mn3+ ions. For example, when equal volumes of 0.2 mol/liter Tris with pH appropriately
adjusted with HC1 and 2 mmol/liter MnCl2 were mixed, the color change was immediate at pH 9.3 (the pH of TRIS base
alone); had an initial time lag of about 3 minutes at pH 8.5. Although the reaction did not occur at lower pH, the changes
observed at higher pH were not reversed by adding acid. Due to rapid oxidation of manganese in TRIS buffer, a higher
concentration of manganese is essential for the ligation reaction (e.g., addition of MnCl2 to a final concentration of 2.5
mM) when the intramolecular ligation is performed in TRIS buffer. Further, it becomes difficult to accurately predict the
working concentration of manganese in the reaction as the manganese concentration continues to decrease over time.
Higher concentrations of manganese may lead to higher error-rate of the polymerase during amplification when the
ligation and amplification is performed in a single reaction vessel. By substituting TRIS buffer with HEPES buffer in the
ligation reaction, effective intra-molecular ligation may be achieved with manganese ion concentration less than 0.5 mM.
Apart from HEPES, any of other the Good’s buffers (see, for example, Good, Norman et al. Biochemistry, 5 (2): 467-477,
1966; and Good, Norman et al., Methods Enzymol., 24: 53-68, 1972.) may be employed for the intramolecular ligation
reaction.
[0039] In certain embodiments, after the biological sample is treated with an extractant to release nucleic acids, and
before the neutralizing step, the sample mixture is optionally subjected to a drying step on a solid matrix. The application
of the sample to a solid matrix may reduce shearing of the resulting nucleic acid by preventing shear forces associated
with sample handling, mixing and pipetting. This may result in more intact nucleic acid. The more intact nucleic acid may
be repaired more effectively. For instance, if the double stranded DNA is substantially nicked and the gentle handling
prevents the DNA from being dissociated between nick sites, the DNA ligation step is therefore more effective. The
drying step may increase cellular lysis and protein denaturation efficiency, thereby releasing a larger quantity and more
accessible nucleic acid. Furthermore, gentle lysis and immobilized DNA can promote more efficient repair reaction.
Additionally, drying also allows the sample to be stored temporarily in a stable format, allowing greater flexibility with
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regard to workflow timing.
[0040] In certain embodiments, the solid matrix is glass fiber filters or quartz fiber filters (QMA). In certain other
embodiments, the solid matrix is a cellulose fiber paper such as a FTA paper, FTA Elute paper, or Whatman 903 paper.
FTA paper (including FTA microcards, FTA indicating, and FTA classic) is a cellulose fiber paper treated with nucleic
acid extracting and stabilizing chemicals, for example a weak base, a chelating agent and an anionic surfactant, whereby
the support surface is impregnated with the stabilization chemicals. FTA Elute herein describes similar paper but coated
with a chaotropic agent such as guanidinium thiocyanate. Herein Whatman 903 describes uncoated cellulose fiber paper.
In certain embodiments the nucleic acid extracting and stabilizing chemicals can be added to the solid matrix after the
sample is applied.
[0041] In certain embodiments, after the neutralizing step but before the denaturing step, the sample mixture is op-
tionally subjected to a step of repairing DNA damage or removal of DNA lesions. For example, uracil DNA glycosylase
(UDG) may be used to excise uracil bases which can occur due to the deamination of cystosine. Formamidopyrimidine
[fapy]-DNA glycosylase (fpg) may be used to remove damaged purines. Apurinic apyrimidinic endonuclease (APE1 and
Endo IV) may be used to nick DNA at abasic sites and sites of oxidative damage. DNA polymerase I may be used to
replace damaged bases at or near nick sites, and T4 DNA ligase may be used to join nicked sites, Further, T4 polynu-
cleotide kinase may be used to generate DNA ends that are compatible for ligation on those fragments that normally
would not be competent for circularization (phosphorylate DNA ends that have a 5’-OH and dephosphorylate DNA ends
that have a 3’-phosphate group).
[0042] A major benefit of the method is the ability to perform each of the sequential manipulations without any inter-
mediate purification steps that would inevitably result in DNA loss. The method allows for the analysis of much smaller
amounts of biological material than would be possible if purification steps were required. Thus, the method enables DNA
analysis from a small amount of biological sample such as a few cells, or a small region of interest (ROI) or under
circumstances where the quantity of extracted DNA is limiting, or of low quality, and where DNA purification steps are
not feasible or would result in unsatisfactory DNA loss or require complicated and time-consuming sample manipulation.
[0043] For example, by selecting a small region of interest from an FFPE tissue slide this method would enable more
reliable detection of DNA sequence alterations and structural changes such as chromosomal rearrangements from
specific cells in a target region. This is advantageous as the small sample is more pure, as it is not diluted within a larger
tissue sample that may be heterogeneous in cell composition. In addition, this method may be utilized from fixed cells
either on a slide or otherwise collected. For example such as from isolated circulating tumor cells or a fine needle aspirate
where cells are discrete and in a mixture, and especially where DNA amplification is required for genetic analysis.
[0044] The circularization reaction is of particular importance when working with fragmented DNA sources because
it allows for subsequent amplification and analysis using reactions such as rolling-circle amplification and inverse PCR.
Standard multiple-displacement amplification reactions do not work efficiently on fragmented DNA less than approxi-
mately 1000 nt, producing DNA that has high levels of sequence dropout especially near the ends of the molecules and
in addition, produces highly biased amplification. Converting the fragmented input DNA into single-stranded circles
enables DNA amplification to proceed via a highly sensitive and efficient rolling circle mechanism.
[0045] Thus, according to the invention, the circularized single-stranded DNA circles are further amplified. The ampli-
fication may be performed using random primers comprising locked nucleic acid nucleotides or bridged nucleic acid
nucleotides or unmodified deoxyribonucleic acid nucleotides.
[0046] For example, the ssDNA circles in the ligation reaction mixture may be amplified under isothermal conditions
via rolling circle amplification (RCA) methods. The amplification reagents including DNA polymerase, primers and dNTPs
may be added to the same reaction vessel to produce an amplification reaction mixture and to initiate an RCA reaction.
The amplification reaction mixture may further include reagents such as single-stranded DNA binding proteins and/or
suitable amplification reaction buffers. The amplification of ssDNA circles is performed in the same reaction vessel in
which ligation is performed. Isolation or purification of the ssDNA circles and/or removal of the ligase is not necessary
prior to the amplification reaction. The amplified DNA may be detected by any of the currently known methods for DNA
detection or DNA sequencing.
[0047] RCA may be performed by using any of the DNA polymerases that are known in the art such as a Phi29 DNA
polymerase or Bst DNA polymerase. It may be performed using a random primer mixture or by using a specific primer.
In some embodiments, random primers are used for the RCA reaction. Primer sequences comprising one or more
nucleotide analogues (e.g., LNA nucleotides, 2-Amino-dA, or 2-Thio-dT modification) may also be used. In some em-
bodiments, nuclease-resistant primers (e.g., primer sequences comprising phosphorothioate groups at appropriate po-
sitions) are employed for the amplification reactions (e.g., NNNN*N*N). In some embodiments, RCA may be performed
by contacting the ssDNA circles with a primer solution comprising a random primer mixture to form a nucleic acid template-
primer complex; contacting the nucleic acid template-primer complex with a DNA polymerase and deoxyribonucleoside
triphosphates; and amplifying the nucleic acid template. In some embodiments the primers may have a randomized 3’
end, but with a fixed sequence at the 5’ end to enable further manipulation of the amplification product later.
[0048] Alternatively, the ssDNA circles in the ligation reaction mixture may be amplified by inverse PCR. The ampli-
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fication reagents including a thermostable DNA polymerase, primers and dNTPs may be added to the same reaction
vessel to produce an amplification reaction mixture and to initiate a PCR reaction. The amplification reaction mixture
may further include reagents such as single-stranded DNA binding proteins and/or suitable amplification reaction buffers.
The amplification of ssDNA circles is performed in the same reaction vessel in which ligation is performed. Isolation or
purification of the ssDNA circles and/or removal of the ligase is not necessary prior to the amplification reaction. The
amplified DNA may be detected by any of the currently known methods for DNA detection or DNA sequencing.
[0049] In certain embodiments, the single-stranded DNA circles may first be amplified via rolling circle amplification,
followed by PCR or inverse PCR or a combination of PCR and inverse PCR together.
[0050] Disclosed are methods to detect DNA from biological material that previously was impossible to detect. In the
past, before performing single-stranded DNA circularization reactions, it was necessary for DNA to be purified from the
other biological components after lysis of the sample. Epicentre (WO2010094040A1) provides only an optimized method
for converting purified single-stranded DNA fragments with 5’-phosphate and 3’-hydroxyl ends into single-stranded
circular molecules. In many situations, however, DNA quantity is limited, the DNA is damaged, and/or the DNA may not
have ligatable ends. In these situations, a purification step will result in an unacceptable DNA loss and can result in
shearing of the DNA because of the additional manipulation. Further, damaged DNA and DNA with incompatible ends
will further reduce the quantity of useful DNA for analysis. For example, attempts to circularize and amplify limited amount
of DNA using a method that includes multiple purification steps (Tate et al. Forensic Science International: Genetics
Volume 6, Issue 2, Pages 185 - 190) have failed presumable because of DNA loss. Disclosed are methods that allow
the DNA repair, single-stranded DNA circularization, and amplification reactions to proceed efficiently even with crude
lysate. The crude lysate contains a number of biological molecules such as proteins, lipids, carbohydrates, as well as
chemicals used for extracting the DNA. These molecules may potentially interfere with enzymatic reactions. Yet single-
stranded nucleic acid circles are successfully generated and further amplified using the novel methods.
[0051] Figure 1 is a graphical outline of a workflow according to an embodiment of the invention. As shown, fragmented
DNA is extracted directly from unpurified material using a buffer containing SDS and proteinase K. These chemicals are
then neutralized, followed by an optional repair of the DNA, denaturation into single strands, and circularization using a
single-stranded ligase. These circular molecules are suitable for amplification by RCA or by analysis using inverse PCR
and outward-facing primers. The following is a detailed description of each step:

Cell lysis/tissue digestion - A biological sample, such as a FFPE tissue sample, fixed individual cells, blood plasma,
ancient tissue sample, environmentally exposed sample, is incubated with a buffered solution containing SDS and
proteinase K for > 1 hour to break down the tissue, lyse cells, and extract DNA. Optionally, the lysate is dried onto
FTA paper, which aids in cell lysis, preserves the DNA, and aids with the subsequent DNA repair reaction.
Inactivation of proteinase K and SDS - Proteinase K and SDS are highly inhibitory to the subsequent optional repair,
circularization, and DNA amplification reactions and must be inactivated prior to these steps. The crude lysate/dried
punch is incubated with a solution that contains alpha-cyclodextrin to sequester free SDS to render it unable to
inhibit/denature enzymes in downstream reactions. One method for inactivating proteinase K is by heating at high
temperature, which has the drawback of denaturing DNA, preventing the repair reaction from utilizing complementary
sequence to fill gaps and synthesize intact DNA. Another method to inactivate proteinase K is to utilize a proteinase
K inhibitor (EMD Millipore, peptide sequence MeOSuc-Ala-Ala-Pro-Phe-CH2Cl), which irreversibly inactivates the
proteinase K at room temperature.
Optional DNA repair or DNA lesion removal - If needed, the crude DNA solution is incubated in a reaction with a
cocktail of one or more enzymes: uracil DNA glycosylase (UDG) to excise uracil bases which can occur due to the
deamination of cystosine, apurinic apyrimidinic endonuclease (APE1 and Endo IV) to nick DNA at abasic sites and
sites of oxidative damage, formamidopyrimidine [fapy]-DNA glycosylase (fpg) to remove damaged purines, DNA
polymerase I to excise damaged bases at both the 5’ and 3’ end of DNA, DNA polymerase I and T4 DNA ligase to
repair DNA at or near nicked sites, and T4 polynucleotide kinase to generate DNA ends that are compatible for
ligation on those fragments that normally would not be competent for circularization (phosphorylate DNA ends that
have a 5’-OH and dephosphorylate DNA ends that have a 3’-phosphate group).
DNA circularization - First, the fragmented input DNA is heated at 95 degrees C in order to denature the double-
stranded DNA into single strands. Next, a buffer containing HEPES, potassium acetate, manganese chloride, and
betaine is added, and the DNA is treated with a DNA or RNA ligase capable of intramolecular ligation of single-
stranded DNA substrates to form the single-stranded circles.

[0052] The single-stranded circles may be used as a template for subsequent amplification and analysis. Thus, in
certain embodiments, the single-stranded circles are subjected to rolling-circle amplification. Amplification reagents are
added to initiate the RCA reaction, producing up to microgram quantities or more of whole-genome amplified DNA for
downstream analysis.
[0053] In certain other embodiments, the single-stranded circles are subjected to inverse PCR. Inverse PCR on circular
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DNA would provide the ability to generate amplicons containing flanking sequence of a breakpoint in circumstances
where only a single sequence is known. Because the DNA is fragmented and the break points are random and unknown,
standard PCR will fail frequently because often the break point will lie within the desired amplicon sequence. Inverse
PCR on circular DNA would be successful regardless of the location of the breakpoint, thereby providing an ability to
recover these amplicons and allowing for more efficient analysis of fragmented DNA with random breakpoints.
[0054] In one aspect, the invention provides a method of analyzing a biological sample. Thus, single-stranded DNA
circles are first generated according to certain embodiments of the invention, followed by amplification of the single-
stranded DNA circles; and analyzing the amplified single-stranded DNA circles. The amplified nucleic acid may be
analyzed using any conventional method, such as sequencing, genotyping, comparative genomic hybridization, etc. In
certain embodiments, the amplified nucleic acid is analyzed by whole genome sequencing. In other embodiments, the
amplified nucleic acid is analyzed by targeted sequencing of the amplified single-stranded DNA circles.
[0055] In certain embodiments, the amplified nucleic acid is analyzed by sequencing using a DNA sequencing method
whose read length is longer than the initial fragment size, i.e., prior to circularization. Exemplary methods may include
nanopore sequencing and the SMRT (Single Molecule Real Time) sequencing technology from Pacific Biosciences.
The sequence information obtained through these methods is more accurate by virtue of redundant sequencing, to
compensate for the quality of the methods used, which are error prone.
[0056] In another aspect, the invention provides a method of detecting chromosomal rearrangement breakpoints from
a biological sample. Thus, single-stranded DNA circles are first generated according to certain embodiments of the
invention, followed by amplification of the single-stranded DNA circles; sequencing the amplified single-stranded DNA
circles; and identifying chromosomal rearrangement breakpoints by comparing the sequences to a known reference
sequence.
[0057] Also kits for analyzing a biological sample are disclosed. In one embodiment, the kit comprises an extractant
for treating the biological sample to release nucleic acids; a reagent for neutralizing the extractant; and a ligase that is
capable of template-independent, intramolecular ligation of a single-stranded DNA sequence. In some embodiments,
the extractant comprises proteinase K or a detergent. In some embodiments, the reagent for neutralizing the extractant
comprises a proteinase K inhibitor or a cyclodextrin. In other embodiments, the ligase is a TS2126 RNA ligase (CircLigase
II).
[0058] In one embodiment, the kit further comprises a solid matrix for drying the sample mixture.
[0059] In one embodiment, the kit further comprises enzyme(s) that repair some types of DNA damage. An exemplary
enzyme may be a polynucleotide kinase such as a T4 PNK.
[0060] The kit may further comprise buffers (e.g., HEPES), DNA amplification regents (e.g., DNA polymerase, primers,
dNTPs) and other reagents (e.g., MnCl2, betaine) that are employed for the generation of single-stranded DNA circle
by the provided methods. In some embodiments, the kit may include Phi29 DNA polymerase and random/partially
constrained primers. The kit may include other reagents for nucleic acid analysis, such as reagents for sequencing the
amplified nucleic acid sample. The kits may further include instructions for the generation of single-stranded DNA circles
from linear DNA.

EXAMPLES

Example 1: Circularization reaction in the presence of neutralized extractant

[0061] Neutralized tissue digestion buffer was prepared by combining a solution of 30 mM HEPES, pH 8.0, 1 mM
EDTA, 0.5% SDS, 0.01% Tween-20, and 2 mg/ml proteinase K with 2.5 % alpha cyclodextrin and 0.25 mM proteinase
K inhibitor (EMD Millipore, peptide sequence MeOSuc-Ala-Ala-Pro-Phe-CH2Cl). Increasing amounts of this neutralized
buffer were added to a 30 ml circularization reaction containing 48 mM HEPES, pH 8.0, 0.5 mM DTT, 49.3 mM KOAc,
2.5 mM MnCl2, 500 mM betaine, and 0.5 mM phosphorylated 64-mer oligonucleotide. After incubation for 60 min at 60
°C, reactions were analyzed by electrophoresis through a 10% polyacrylamide gel using TBE buffer, stained with SYBR
Gold (Invitrogen) and visualized using a Typhoon imager (FIG. 2 (A)). Relative intensities of linear and circular species
were quantified and plotted as percent of oligonucleotide circularized (FIG. 2 (B)).
[0062] As shown in Figure 2, tissue digestion buffer is neutralized and tested for its effect on the circularization reaction.
Even in the presence of 6 ml of tissue digest buffer, the efficiency of circularization of a 64-mer phosphorylated oligonu-
cleotide is relatively unaffected in a 30 ml reaction, indicating that the tissue digestion buffer has been neutralized
successfully.
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Example 2: Amplification reaction using high Tm primers

is more resistant to carryover inhibition

[0063] A carryover mixture was prepared by drying 1 ml of lysis buffer onto a 1.2 mm FTA punch and performing
neutralization. This carryover mixture contained 53 mM HEPES, pH 8.0, 0.18 mM EDTA, 0.05% SDS, 0.07 mg/ml
proteinase K, 0.01% Tween-20, 0.8% alpha-cyclodextrin, 16.7 mM NaCl, 2.6 mM Tris, pH 7.9, 3.3 mM MgCl2, 2.2 mM
DTT, 25 mM ATP, 3.3 mM dNTPs, 2.5 mM MnCl2, 500 mM betaine, 0.6 mM uric acid, and 0.08 mM proteinase K inhibitor.
Increasing amounts of the carryover mixture were added to a 20 ml amplification reaction containing 20 mM KCl, 1 ng
human genomic DNA, and the indicated random hexamer. Real-time amplification was performed by adding a small
amount of SYBR green I to the amplification mixture and monitoring fluorescence increase over time in a Tecan plate
reader. The time at which fluorescence reached a threshold of 4000 RFU was determined and plotted.
[0064] Figure 3 shows that whole-genome amplification reactions using either locked nucleic acid (LNA) or bridged
nucleic acid (BNA)-modified random hexamers are more resistant to the presence of carryover inhibitors than reactions
performed using a standard dN6 hexamer. Whereas the carryover of buffer components from the circularization reactions
had a significant negative impact on the whole-genome amplification reaction using standard dN6 hexamer "NNNN*N*N",
the inhibitory effect could be reduced by utilizing the LNA or BNA hexamer. The AT random hexamer has the sequence
"+N+N(atN)(atN)(atN)*N", where + precedes an LNA base, * represents a phosphorothioate linkage, and (atN) represents
a random mixture of 2-amino-dA, t-thio-dT, normal dC, and normal dG. The BNA hexamer has the sequence "-N-
NNN*N*N" where "-" represents a BNA3 base (Biosynthesis). The use of the LNA or BNA-containing random hexamer
allows for the use of less pure input material and for the amplification reaction to be conducted with components from
the single-tube lysis, neutralization, repair, and circularization reaction of DNA from a biological sample without prior
DNA purification.

Example 3: Amplification of Fragmented DNA Directly From Human Tissue

[0065] A deparaffinized section containing fixed SKOV3 xenograft tissue was scraped and underwent digestion in a
lysis buffer containing 30 mM HEPES, pH 8.0, 1 mM EDTA, 0.5% SDS, 0.01% Tween-20, and 0.5 mg/ml proteinase K
for 1 hour at 50 °C. 1 ml lysate corresponding to approximately 1 ng of fragmented DNA was applied to a 1.2 mm FTA
punch and allowed to dry. After neutralization in 5 ml with 2.5 % alpha cyclodextrin and 0.25 mM proteinase K inhibitor
(EMD Millipore, peptide sequence MeOSuc-Ala-Ala-Pro-Phe-CH2Cl), tissue lysate was used directly for repair and
circularization. Repair reactions (10 ml) additionally contained 50 mM NaCl, 10 mM MgCl2, 5 mM DTT, 75 uM ATP, 10
mM dNTPs, NEB enzymes E. coli polymerase I (1 U), T4 DNA ligase (40 U), Endonuclease IV (1 U), UDG (0.5 U), APE1
(1 U), and T4 polynucleotide kinase (0.5 U) and were incubated at 37°C for 30 min followed by 85 °C for 15 min. The
repair reaction were heated at 95°C to denature the DNA, then quickly cooled on ice. Circularization reactions (30 ml)
additionally contained 48 mM HEPES, pH 8.0, 0.5 mM DTT, 49.3 mM KOAc, 2.5 mM MnCl2, 500 mM betaine. 120 U of
CircLigase II (EpiCentre) was added, then reactions were incubated at 60°C for 8 hours, then enzyme was inactivated
by incubating at 80°C for 10 minutes. Rolling-circle amplification reactions (60 ml) additionally contained 25 mM HEPES,
pH 8.0, 19 mM MgCl2, 400 mM dNTPs, 1 mM TCEP, 2.5 % PEG-8000, 40 mM AT random hexamer, and 1.2 mg Phi29
DNA polymerase. Real-time amplification was performed by adding a small amount of SYBR green I to the amplification
mixture and monitoring fluorescence increase over time in a Tecan plate reader (FIG. 4 (A)). The time at which fluores-
cence reached a threshold of 4000 RFU was determined and plotted in (FIG. 4 (B)). Top graph in FIG. 4 (A) corresponds
to first data point in FIG. 4 (B) (K562), and bottom graph in FIG. 4 (A) corresponds to last data point in FIG. 4 (B) (FFPE
plus repair and circularization).
[0066] Figure 4 shows an example of direct amplification of fragmented DNA from human tissue. SKOV3 xenograft
tissue was digested, the reaction was neutralized, and lysate corresponding to approximately 1 ng of the fragmented
DNA was subjected to combinations of repair and circularization as indicated. Whole-genome amplification kinetics of
the treated DNA shows that reactions that underwent circularization proceeded more rapidly, indicating that the frag-
mented DNA had successfully undergone circularization under these conditions and the amplification reaction had
switched to a faster rolling-circle mechanism.

Example 4: Improved sequence coverage and SNP detection after repair and circularization

[0067] A piece of SKOV3 xenograft tissue was fixed in 25% neutral-buffered formalin for 10 days at room temperature
and DNA was purified. 50 ng of this fragmented DNA was subjected to repair and/or circularization as described in Figure
3 except that the repair enzyme mixture contained only T4 polynucleotide kinase, UDG, and 0.8 U Fpg. Real-time DNA
amplification was performed by adding a small amount of SYBR green I to the amplification mixture and monitoring
fluorescence increase over time in a Tecan plate reader (FIG. 5 A). Following purification, amplified DNA was analyzed
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by preparing a barcoded Illumina TruSeq Amplicon Cancer Panel library and sequencing using the MiSeq sequencer
(Illumina) according to manufacturer’s instructions. Reads were mapped to the human genomic DNA reference sequence
and depth of coverage was plotted (FIG. 5B). In addition, a variant analysis was performed to determine the number of
SNPs detected and the coverage depths at these positions (FIG. 5B).
[0068] In Figure 5, DNA from highly formalin-fixed SKOV3 xenograft tissue underwent a multi-step single-tube ampli-
fication protocol involving tissue lysis, neutralization, treatment with repair and/or circularization enzymes as indicated,
followed by amplification of the DNA via RCA. The faster amplification kinetics of reactions in which the DNA had
undergone circularization indicates successful neutralization of the proteinase K and SDS from the tissue lysis step and
conversion of the fragmented DNA to a circular form. In addition, amplified DNA was analyzed by preparing an Illumina
TruSeq Amplicon Cancer Panel library and sequencing using the MiSeq sequencer (Illumina). Results demonstrated
significantly improved depth of coverage for reactions that underwent repair and circularization. Comparing the unam-
plified FFPE DNA sequence to reference genome sequence revealed a total of 21 single-nucleotide polymorphisms
(SNPs). For the amplified DNA, we found that more of these SNPs were detected and the average coverage depth at
these positions was higher when DNA was treated with repair and circularization.
[0069] While the particular embodiment of the present invention has been shown and described, it will be obvious to
those skilled in the art that changes and modifications may be. The matter set forth in the foregoing description and
accompanying drawings is offered by way of illustration only and not as a limitation. The actual scope of the invention
is intended to be defined in the following claims.

Claims

1. A method for generating and amplifying single-stranded DNA circles from a biological sample, the method comprising:

A. treating the biological sample with an extractant to release nucleic acids, thereby forming a sample mixture;
B. neutralizing the extractant;
C. denaturing the released nucleic acids to generate single-stranded nucleic acids; and
D. contacting the single-stranded nucleic acids with a ligase that is capable of template-independent, intramo-
lecular ligation of a single-stranded DNA sequence to generate the single-stranded DNA circles,

wherein the quantity of DNA extracted from the biological sample is limiting or of low quality, wherein the DNA
sequences are fragmented DNA from a biological source, and wherein all the steps of the method are performed
without any intermediate nucleic acid isolation or nucleic acid purification,
and wherein the method further comprises amplifying the single-stranded DNA circles.

2. The method of claim 1, wherein the single-stranded DNA circles are amplified via rolling circle amplification or inverse
PCR or via rolling circle amplification followed by PCR or inverse PCR and optionally wherein the amplification is
performed using random primers comprising locked nucleic acid nucleotides or bridged nucleic acid nucleotides or
unmodified deoxyribonucleic acid nucleotides.

3. The method of claim 1, wherein the extractant comprises proteinase K or a detergent.

4. The method of claim 3, wherein the extractant is neutralized by adding a sequestrant comprising a proteinase K
inhibitor or a cyclodextrin.

5. The method of claim 1, wherein steps (A) to (D) are performed in a sequential manner in a single reaction vessel.

6. The method of claim 1, wherein the ligase is a TS2126 RNA ligase (CircLigase II).

7. The method of claim 1, wherein the biological sample is an FFPE tissue sample, fixed individual cells, blood plasma,
ancient tissue sample, or an environmentally exposed sample or the biological sample is from a region of interest
of an FFPE tissue section on a slide or individual cells of interest from fixed cells on a slide.

8. The method of claim 1, further comprising, between steps (A) and (B), a step of drying the sample mixture on solid
matrix or between steps (B) and (C), a step of enzymatically repairing DNA damage.

9. A method of analyzing a biological sample, comprising
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1) generating and amplifying single-stranded DNA circles according to claim 1; and
2) analyzing the amplified single-stranded DNA circles.

10. The method of claim 9, wherein step 2) is by targeted sequencing of the amplified single-stranded DNA circles or
wherein step 2) is by sequencing using a DNA sequencing method whose read length is longer than the initial
fragment size.

11. A method of detecting chromosomal rearrangement breakpoints from a biological sample, comprising

1) generating and amplifying single-stranded DNA circles according to claim 1;
2) sequencing the amplified single-stranded DNA circles; and
3) identifying chromosomal rearrangement breakpoints by comparing the sequences to a known reference
sequence.

Patentansprüche

1. Verfahren zum Erzeugen und Amplifizieren von einzelstrangigen DNA-Ringen aus einer biologischen Probe, wobei
das Verfahren umfasst:

A. Behandeln der biologischen Probe mit einem Extraktionsmittel, um Nucleinsäuren freizusetzen, dadurch
Bilden einer Probenmischung;
B. Neutralisieren des Extraktionsmittels;
C. Denaturieren der freigesetzten Nucleinsäuren, um einzelstrangige Nucleinsäuren zu erzeugen; und
D. Kontaktieren der einzelstrangigen Nucleinsäuren mit einer Ligase, welche für matrizenunabhängige, intra-
molekulare Ligation einer einzelstrangigen DNA-Sequenz geeignet ist, um die einzelstrangigen DNA-Ringe zu
erzeugen,

wobei die Menge von aus der biologischen Probe extrahierter DNA einschränkend oder von niedriger Qualität ist,
wobei die DNA-Sequenzen fragmentierte DNA aus einer biologischen Quelle sind, und wobei alle Schritte des
Verfahrens ohne jede zwischenzeitliche Isolation von Nucleinsäure oder Reinigung von Nucleinsäure durchgeführt
werden,
und wobei das Verfahren weiter Amplifizieren der einzelstrangigen DNA-Ringe umfasst.

2. Verfahren nach Anspruch 1, wobei die einzelstrangigen DNA-Ringe mittels Rolling-Circle-Amplifizierung oder inverse
PCR oder mittels Rolling-Circle-Amplifizierung, gefolgt von PCR oder inverser PCR amplifiziert werden, wobei
optional die Amplifizierung unter Verwendung von Zufallsprimern durchgeführt wird, welche blockierte Nucleinsäure-
Nucleotide oder überbrückte Nucleinsäure-Nucleotide oder nicht modifizierte Desoxyribonukleinsäure-Nucleotide
umfassen.

3. Verfahren nach Anspruch 1, wobei das Extraktionsmittel Proteinase K oder ein Reinigungsmittel umfasst.

4. Verfahren nach Anspruch 3, wobei das Extraktionsmittel durch Hinzufügen eines Sequestrierungsmittels neutralisiert
wird, welches einen Proteinase K-Hemmstoff oder ein Cyclodextrin umfasst.

5. Verfahren nach Anspruch 1, wobei Schritte (A) bis (D) in einer aufeinanderfolgenden Weise in einem einzelnen
Reaktionsgefäß durchgeführt werden.

6. Verfahren nach Anspruch 1, wobei die Ligase eine TS2126 RNA-Ligase (CircLigase II) ist.

7. Verfahren nach Anspruch 1, wobei die biologische Probe eine FFPE-Gewebeprobe, fixierte individuelle Zellen,
Blutplasma, historische Gewebeprobe oder eine der Umwelt ausgesetzte Probe ist, oder die biologische Probe aus
einem Bereich von Interesse eines FFPE-Gewebeabschnitts auf einem Objektträger oder individuellen Zellen vom
Interesse aus fixierten Zelle auf einem Objektträger ist.

8. Verfahren nach Anspruch 1, weiter zwischen Schritten (A) und (B) einen Schritt des Trocknens der Probenmischung
auf fester Matrix, oder zwischen Schritten (B) und (C) einen Schritt des enzymatischen Reparierens von DNA-
Beschädigung umfassend.
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9. Verfahren zum Analysieren einer biologischen Probe, umfassend:

1) Erzeugen und Amplifizieren von einzelstrangigen DNA-Ringen nach Anspruch 1; und
2) Analysieren der amplifizierten einzelstrangigen DNA-Ringe.

10. Verfahren nach Anspruch 9, wobei Schritt 2) mittels gezieltem Sequenzieren der amplifizierten einzelstrangigen
DNA-Ringe ist, oder wobei Schritt 2) mittels Sequenzieren unter Verwendung eines DNA-Sequenzierungsverfahren
ist, dessen Leselänge länger ist als die ursprüngliche Fragmentgröße.

11. Verfahren zum Erkennen von chromosomalen Umlagerungsfixpunkten aus einer biologischen Probe, umfassend:

1) Erzeugen und Amplifizieren von einzelstrangigen DNA-Ringen nach Anspruch 1;
2) Sequenzieren der amplifizierten einzelstrangigen DNA-Ringe; und
3) Identifizieren von chromosomalen Umlagerungsfixpunkten durch Vergleichen der Sequenzen mit einem
bekannten Referenzsignal.

Revendications

1. Procédé de génération et d’amplification de cercles d’ADN à simple brin à partir d’un échantillon biologique, le
procédé comprenant :

A. le traitement de l’échantillon biologique avec un agent d’extraction pour libérer les acides nucléiques, pour
ainsi former un mélange d’échantillon ;
B. la neutralisation de l’agent d’extraction ;
C. la dénaturation des acides nucléiques libérés pour générer des acides nucléiques à simple brin ; et
D. la mise en contact des acides nucléiques à simple brin avec une ligase qui est capable de ligature intramo-
léculaire indépendante d’une matrice d’une séquence d’ADN à simple brin pour générer les cercles d’ADN à
simple brin,

dans lequel la quantité d’ADN extrait à partir de l’échantillon biologique est limitée ou de faible qualité,
dans lequel les séquences d’ADN sont un ADN fragmenté provenant d’une source biologique, et dans lequel toutes
les étapes du procédé sont effectuées sans aucun isolement intermédiaire d’acide nucléique ou aucune purification
d’acide nucléique,
et dans lequel le procédé comprend en outre l’amplification des cercles d’ADN à simple brin.

2. Procédé selon la revendication 1, dans lequel les cercles d’ADN à simple brin sont amplifiés par amplification en
cercle roulant ou par PCR inverse ou par amplification en cercle roulant suivie d’une PCR ou d’une PCR inverse et
facultativement dans lequel l’amplification est effectuée en utilisant des amorces aléatoires comprenant des nu-
cléotides d’acide nucléique verrouillés ou des nucléotides d’acide nucléique pontés ou des nucléotides d’acide
désoxyribonucléique non modifiés.

3. Procédé selon la revendication 1, dans lequel l’agent d’extraction comprend la protéinase K ou un détergent.

4. Procédé selon la revendication 3, dans lequel l’agent d’extraction est neutralisé en ajoutant un séquestrant com-
prenant un inhibiteur de protéinase K ou une cyclodextrine.

5. Procédé selon la revendication 1, dans lequel les étapes (A) à (D) sont effectuées de manière séquentielle dans
un seul récipient réactionnel.

6. Procédé selon la revendication 1, dans lequel la ligase est une ARN ligase TS2126 (CircLigase II).

7. Procédé selon la revendication 1, dans lequel l’échantillon biologique est un échantillon de tissu FFPE, des cellules
individuelles fixées, un plasma sanguin, un échantillon de tissu ancien, ou un échantillon exposé à l’environnement
ou l’échantillon biologique provient d’une région d’intérêt d’une section de tissu FFPE sur une lame ou de cellules
individuelles d’intérêt provenant de cellules fixées sur une lame.

8. Procédé selon la revendication 1, comprenant en outre, entre les étapes (A) et (B), une étape de séchage du
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mélange d’échantillon sur une matrice solide ou entre les étapes (B) et (C), une étape de réparation enzymatique
des dommages de l’ADN.

9. Procédé d’analyse d’un échantillon biologique, comprenant

1) la génération et l’amplification de cercles d’ADN à simple brin selon la revendication 1 ; et
2) l’analyse des cercles d’ADN à simple brin amplifiés.

10. Procédé selon la revendication 9, dans lequel l’étape 2) est par séquençage ciblé des cercles d’ADN à simple brin
amplifiés ou dans lequel l’étape 2) est par séquençage en utilisant un procédé de séquençage d’ADN dont la
longueur de lecture est plus longue que la taille du fragment initiale.

11. Procédé de détection de points de rupture de réarrangement chromosomique à partir d’un échantillon biologique,
comprenant

1) la génération et l’amplification de cercles d’ADN à simple brin selon la revendication 1 ;
2) le séquençage des cercles d’ADN à simple brin amplifiés ; et
3) l’identification de points de rupture de réarrangement chromosomique en comparant les séquences à une
séquence de référence connue.
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