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COMPOSITIONS AND METHODS FOR NEGATIVE SELECTION OF
NON-DESIRED NUCLEIC ACID SEQUENCES

CROSS REFERENCE

{6001] This claims the priority benefit of provisional patent application U.S. Serial No.
61/661,293, filed June 18, 2012, all of which is mcorporated herein by reference in its
entirety.

BACKGROUND OF THE INVENTION
[60062] Next generation sequencing (NGS) libraries are collections of DNA fragments whose
nucleotide sequences will be determined. The sources of DNA for insertion mto these
libraries are typically genomic DINA that has been fragmented to a desired length, or copies
of the transcriptome from a given cell population. Transcriptome libraries are generated by
making a cDNA copy of an RNA population, creating a complement to each DNA strand,
thereby generating double-stranded DNA, and then ligating the double-stranded DNAs to
library-specific adaptors. The ¢DNA can be synthesized by using random primers, sequence-
specific primers or primers containing oligo dT tails to prime . a population of transcripts that
are polyadenylated. Frequently, these fragment populations contain DNA that is not of
interest to a particular study, and in some cases, these non-desired DNA sequences represent
a very significant percentage of the overall DNA population. For example, in whole
transcriptome studies, ribosomal RNA (rRNA}) sequences comprise the majority (60-90%)
of all fragments in a typical cDNA library, absent steps to remove rRNA from the samples. In
another example, gene expression profiling from peripheral blood is primarily concerned with
mRNA from peripheral blood mononuciear cells (PBMCs), which make up less than 0.1 % of
the whole blood sample. Reduction of globin RNA from red blood cells, which make up
majority of the cells in the blood sample, is desirable in such assays.
[0003] In the case of fRNA removal or depletion, three general methods have been described:
1) removal of IRNA from the starting population; 2) differential priming using oligo dT
primers ( i.e. priming polyadenylated transcripts only); and 3) differential priming where
primers complementary to rRNA sequences are specifically eliminated (or under-represented)
in a primer pool (Not-So-Random or NSR primer approach; see Armour et al., 2009).
Priming a total RNA population with primers that only recognize poly(A)-sequences 1s
problematic for two reasons. First, it cannot be used with prokaryotic organisms because
prokaryotic mRNAs do not contain poly(A)- sequences at their 3" ends. Second, even with

cukaryotic RNA samples, many biologically important elements, such as regulatory
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transcripts, are not polyadenylated and are therefore lost from the library with oligo dT
priming. While NSR priming strategies can be effective when designed to specific
organisms, NSR priming can cause distortions in the sample populations when a less
optimized set of primers is employed across a broader range of sample types.
[0004] There is a need for improved methods for removal of specific non-desired DNA
fragments from NGS libraries. Such methods would ideally enable starting with an unbiased
template population and eliminating non-desired DNA fragments in a sequence-specific
manner after the NGS library has been generated. The invention described herein fulfills this
need. _
SUMMARY OF THE INVENTION

[0005] The present invention provides novel methods, compositions and kits for construction
of NGS libraries in which non-desired nucleic acid sequences have been depleted or
substantially reduced. Specifically, an important aspect of this invention is the methods and
compositions that allow for elimination or reduction of non-desired DNA sequences in a
sequence-specific manner after the generation of a NGS library in which all sequences of the
starting nucleic acid sequence population (for example, a transcriptome) are represented in an
undistorted, unbiased manner. The methods of the invention can be employed for the
elimination of non-desired nucleic acid sequences, such as ribosomal RNA, from a nucleic
acid library, and consequently, for the enrichment of nucleic acid sequences of interest in the
library.
[0003a] In one aspect, there is provided a method of reducing an abundance ratio of non-desired
and desired nucleic acid sequence from a single-stranded nucleic acid library, the method
comprising:

a) annealing a sequence-specific oligonucleotide probe to a non-desired nucleic

acid sequence in the single-stranded nucleic acid library, wherein the single-stranded

nucleic acid library comprises single stranded nucleic acid fragments comprising an

adaptor sequence;

b) extending the oligonucleotide probe to produce a partial double-stranded

nucleic acid;

c) selectively cleaving the partial double-stranded nucleic acid at a cleavage site

in the adaptor; and

d) amplifying the desired nucleic acid sequences, thereby reducing the abundance

ratio of non-desired and desired nucleic acid sequence from the single-stranded

nucleic acid library.



[0005b] In one aspect, there is provided a method of depleting a non-desired nucleic acid
sequences from a directional single-stranded nucleic acid library, the method comprising:
a)  ligating a double stranded nucleic acid template to a first double-stranded
adapter oligonucleotide and a second double-stranded adaptor oligonucleotide,
wherein the double stranded nucleic acid template comprises:
(i}  a first product strand that does not comprise a non-canonical nucleofide,
and
(ii) a second product strand comprising one or more non-canonical
nucleotides,
wherein the first double-stranded adaptor oligonucleotide comprises:
(i)  afirst adapter strand that does not comprise one or more non-canonical
nucleotides, and
(iil} a second adapter strand comprising one or more non-canonical
nucleotides,
and wherein the second double-stranded adapter oligonucleotide comprises a
recognition sequence for a restriction endonuclease specific for double-stranded DNA,
a third adapter strand that does not comprise one or more non-canonical nucleotides,
and a fourth adapter strand that does not comprises one or more non-canonical
nucleotides,
wherein the ligating creates a double stranded product comprising the first product
strand ligated to the first adapter strand and the fourth adapter strand; and
b) selectively cleaving the second product strand and second adapter strand,
thereby generating a directional single-stranded nucleic acid library;
c) hybridizing a probe to a non-desired sequence in the directional single-
stranded nucleic acid library,
d) extending the probe with a DNA polymerase, thereby producing a partial
duplex nucleic acid and
) treating the partial duplex nucleic acid with a restriction endonuclease specific
for double-stranded DNA, thereby cleaving double-stranded DNA fragments at the
recognition sequence.
[0005¢] In one aspect, there is provided a method of creating a strand retained library of nucleic

acids, the method comprising:
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a) annealing a partial duplex primer to a single-stranded nucleic acid template,

wherein the single-stranded nucleic acid template comprises a non-canonical

nucleotide, wherein the partial duplex primer comprises a 3° overhang,

b) extending the partial duplex primer to form a primer extension product strand,

thereby forming a double-stranded nucleic acid comprising (1) the primer extension

product strand and (ii) the template strand;

c) ligating an adapter to a 3° end of the primer extension product strand; and

d) cleaving the template strand from the double-stranded nucleic acid, wherein

the cleaving comprises use of a cleavage agent specific for the one or more non-

canonical nucleotides, thereby creating a strand retained library of nucleic acids.
[0006] In one aspect, the invention provides a method for the selective removal of non-
desired nucleic acid sequences in a sequence-specific manner from a nucleic acid library with
single-stranded DNA templates. In some embodiments, the method comprises: a) annealing a
sequence-specific oligonucleotide primer or a set of sequence-specific oligonucleotide
primers to the single-stranded DNA templates with adaptors of fixed orientation attached at
each end, wherein the sequence-specific oligonucleotides are designed to be complementary
to the non-desired nucleic acid sequences or regions adjacent to the non-desired nucleic acid
sequences, and wherein one of the two adaptor sequences contains a recognition sequence for
a restriction endonuclease specific for double-stranded DNA; b) extending the sequence-
specific primers with a DNA polymerase beyond the adaptor-DNA template junction, thereby
creating double-stranded DNA. fragments where the oligonucleotide primers are
complementary to the single-stranded DNA templates ; ¢) treating the population of DN
fragments (both single-stranded and double-stranded) with a restriction endonuclease specific

for double-stranded DNA, thereby cleaving only double-stranded DNA fragments at the
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adaptor restriction endonuclease site and thus removing adaptor from one end of the
fragments containing the non-desired nucleic acid sequences; and dj performing PCR using
primers specific to cach adaptor whereby exponential amplification only occurs when
fragments have both PCR priming sites on the same temp fate, thereby amplifying the desired
nucleic acid sequences only.

[8007] In another aspect, the invention provides a method for the construction of a nucleic
acid library from a sample of interest while retaining an unbiased nucleic acid template
population in which all sequences of the starting nucleic acid sequence population are
represented.

[0008] In some embodiments, the invention provides a method for the construction of a
directional (Le. strand-specific) nucleic acid library, the method comprising: a) reverse
transcribing an RNA sample; b) generating double-stranded cDNA from a reverse transcribed
RNA sample, wherein during the second strand ¢cDNA synthesis at least one modified
nucleotide is incorporated into the second strand of cDNA along the length of the strand; ¢)
performing end repair on the double-stranded cDNA; d) ligating adaptors to the double-
stranded cDNA, wherein one of the two adaptors has the modified nucleotide incorporated
into the ligation strand of the adaptor; ¢) performing gap repair; f) selectively removing the
second strand of cDNA by a suitable degrading agent; and g) removing the degradation
products from the sample, thereby resulting in a library of single-stranded DNA templates
with adaptors of fixed orientation attached to each end.

[0609] In a preferred embodiment, the modified nucleotide incorporated into the second
strand of cDNA is deoxyuridine triphosphate (dUTP), and the degrading agent is the nuclease
Uracil-N-Glycosylase (UNG).

[0016] In other embodiments, the nucleic acid library being constructed is not strand-
specific.

[6011] In some embodiments, the nucleic acid sample of interest comprises total RNA. In
some embodiments, the nucleic acid sample of interest is primed using a random primer
population. In other embodiments, the nucleic acid sample of interest is primed using a
partially selective primer population.

[0012] In various aspects the invention relates to methods for depleting undesired nucleic
acids from a pool of nucleic acids. Libraries may be prepared with the remaining nucleic
acids. Nucleic acid depletion and library generation may be performed in a strand specific
manner. According to a first aspect, the invention relates to a method for depleting or

reducing specific non-desired nucleic acid sequences from a nucleic acid Hbrary, the method
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comprising: () generating a nucleic acid library comprising single-stranded DNA fragments
with adaptors of fixed orientation attached to each end of cach DNA fragment; (b) annealng
sequence-specific oligonucleotide probes to the single-stranded DNA fragments with
adaptors of fixed orientation attached at each end, wherein the sequence-specific
oligonucleotide probes are designed to be complementary to the non-desired nucleic acid
sequences, and wherein at least one of the two adaptors comprises a recognition sequence for
a restriction endonuclease specific for double-stranded DNA,; (c) extending the sequence-
specific oligonucleotide probes with a DNA polymerase, thereby creating double-stranded
DNA fragments comprising at least a portion of the non-desired nucleic acid sequences; (d)
treating the population of DNA fragments comprising double-stranded and single-stranded
DNA with a restriction endonuclease specific for double-stranded DNA, thereby cleaving
double-stranded DNA fragments at the restriction endonuclease site; and () performing PCR
with a set of primers specific to the adaptor sequences, thereby amplifying the DNA
fragments comprising the desired nucleic acid sequences. In some embodiments, the method
further comprises an additional step of sequencing the amplified products. In some
embodiments, the nucleic acid library originates from a population of sorted cells. In some
embodiments, the nucleic acid library originates from a single cell. In some cmbodiments, the
method further comprises sorting cells into a multiwell plate, microarray, microfluidic device,
or slide and thereby generating the population of sorted cells. In some embodiments, the
sorting is performed according to a cell surface marker. In some embodiments, the sortmg 18
performed according to optical propertics of the cells. In some embodiments, the sorting is
performed according to cell size. In some embodiments, the non-desired nucleic acid
sequences comprise bacterial ribosomal RNA, mitochondrial DNA, human globin mRNA,
human cytoplasmic rRNA, human mitochondrial rRNA, grape cytoplasmic rRNA, grape
mitochondrial IRNA, or grape chloroplast FRNA. In some embodiments, the restriction
endonuclease of step d. is BspQl. In some embodiments, the DNA polymerase COMPTises a
hot start polymerase. In some cmbodiments, the DNA polymerase is MyTaq po lymerase. In
some embodiments, step (a) comprises i. reverse transcribing a RNA sample; ii. generating
double-stranded cDNA from the reverse transcribed RNA sample, wherein at least one of the
four dNTPs dATP, dCTP, dGTP or dTTP is replaced by a non-canonical dNTP during
second strand synthesis and incorporated into the sccond strand; iii. performing end repair on
the double-stranded cDNA; iv. ligating adaptorsto a 5” end of the double-stranded cDNA,
wherein one of the adaptor strands has the non-canonical nucleotide incorporated into a

ligation strand of the adaptor; v. performing gap repair; and iv. selectively removing the
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second strand by a cleavage agent. In some embodiments, the non-canonical nucleotide
comprises uridine or inosine. In some embodiments, step vi comprises cleaving a base
portion of the one or more non-canonical nucleotides, thereby forming an abasic site. In some
embodiments, the cleavage agent comprises a glycosylase. In some embodiments, the
glycosylase is UNG or UDG. In some embodiments, the cleavage agent comprises a primary
amine. In some embodiments, the cleavage agent comprises a polyamine. In some
embodiments, the polyamine is DMED, In some embodiments, the cleavage agent comprises
a glycosylase and a polyamine. In some embodiments, the cleavage agent comprises
endonuclease V.

[0013] In a second aspect, the invention relates to a method of adapter ligation to a pool of
nucleic acids, comprising: (a) ligating a nucleic acid comprising a first nucleic acid strand
comprising a 5’ phosphate, a second nucleic acid strand comprising a 5” phosphate and one or
more non-canonical nucleotides, with at least a first adapter comprising a first adapter strand
lacking a 5° phosphate and a second adapter strand lacking a 5” phosphate and one or more
non-canonical nucleotides; (b) performing a 3° extension reaction; and (c) performing a
cleavage reaction with an agent comprising one or more cleavage reagents, thereby cleaving
at least one nucleic acid strand comprising one or more non-canonical nucleotides; wherein
one of the one or more cleavage agents is specific for nucleic acid strands comprising the one
or more non-canonical nucleotides. In some embodiments, the method comprises ligating the
nucleic acid with a second adapter comprising a third adapter strand lacking a 57 phosphate
and a fourth adapter strand lacking a 5° phosphate and one or more non-canonical
muclectides, wherein the first and the second adapters are different. In some embodiments, the
nucleic acid is ligated with a first or second adapter at each end. In some embodiments, the
non-canonical nucleotide is selected from uracil and inosine. In some embodiments, step ¢
comprises cleaving a base portion of the one or more non-canonical nucleotides, thereby
forming an abasic site. Tn some embodiments, the one or more cleavage reagents comprises a
glycosylase. In some embodiments, the glycosylase is UNG or UDG. In some embodiments,
the one or more cleavage reagents comprises a primary amine. In some embodiments, the one
or more cleavage reagents comprises a polyamine. In some embodiments, the polyamine is
DMED. In some embodiments, the one or more cleavage reagents compriscs a glycosylase
and a polyamine. In some embodiments, the one or more cleavage reagents COmprises
endonuclease V. In some embodiments, the method further comprises performing an
amplification reaction comprising a first primer and second primer, wherein the first primer is

hybridizable to the first adapter strand and the second primer is hybridizable to the fourth
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adapter strand, thereby generating amplified products. In some embodiments, the first adapter
comprises a recognition sequence for a restriction endonuclease specific for double-stranded
DNA. In some embodiments, the method further comprises (d) hybridizing a probe to a
sequence on the first nucleic acid strand, (¢) extending the probe with a DNA polymerase,
thereby producing a partial duplex nucleic acid, and (f) treating the partial duplex nucleic
acid with a restriction endonuclease specific for double-stranded DNA, thereby cleaving
double-stranded DNA fragments at the recognition sequence. In some embodiments, the
method further comprises performing PCR with a set of primers specific to the adaptor
sequences, thereby amplifying at least a second nucleic acid in the pool of nucleic acids. In
some embodiments, the second nucleic acid lacks the sequence in step d. In some
embodiments, the method further comprises sequencing a portion of the second nucleic acid.
In some embodiments, the nucleic acid is generated by i. performing a first strand synthesis
on an RNA, thereby forming a first strand synthesis product; and ii. performing a second
strand synthesis on the first strand in the presence of a non-canonical nucleotide, thereby
forming a second strand synthesis product. In some embodiments, the method further
comprises selectively cleaving the RNA. In some embodiments, selectively cleaving the
RNA comprises treatment with RNAse H. In some embodiments, the method further
comprises iii. fragmenting the first and second strand synthesis products, thereby generating
fragmented first and second strand synthesis products; iv. performing end repair; and v.
performing 5° phosphorylation. In some embodiments, the pool of nucleic acids originates
from a population of sorted cells. In some embodiments, the pool of nucleic acids originates
from a single cell. In some cmbodiments, the method further comprises sorting cells into a
multiwell plate, microarray, microfluidic device, or slide and thereby generating the
population of sorted cells. In some embodiments, the sorting is performed according to a cell
surface marker. In some embodiments, the sorting is performed according to optical
properties of the cells. In some embodiments, the sorting is performed according to cell size.
In some embodiments, the pool of nucleic acids comprises bacterial ribosomal RNA,
mitochondrial DNA, human globin mRNA, human cytoplasmic rRNA, human mitochondrial
tRNA, grape cytoplasmmic rRNA, grape mitochondrial tRNA, or grape chloroplast tRNA. In
some embodiments, the restriction endonuclease is BspQI. In some embodiments, the 3’
extension reaction is performed using a hot start polymerase. In some embodiments, the 3’
extension reaction is performed using MyTaq polymerase.

[6014] In a third aspect, the invention relates to a method of adapter ligation to create a

strand retained library of nucleic acids comprising desired and undesired nucleic acids,
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comprising: () mixing pool of templates comprising an undesired nucleic acid comprising
one or more non-canonical nucleotides and a desired nucleic acid comprising one or more
non-canonical nucleotides with a plurality of partial duplex primers cach comprising a 3°
overhang, (b) annealing to the templates the plurality of partial duplex primers; (c)
performing primer extension reaction along the templates, thereby forming double-stranded
nucleic acids each comprising a primer extension product, (d) ligating an adapter to at least
one 5’ end of the primer extension products; and (e) cleaving the templates from the double-
stranded nucleic acids with a cleavage agent that is specific for nucleic acids comprising the
one or more nucleotides. In some embodiments, the plurality of partial duplex primers
comprise at least two partial duplex primers with dissimilar 3’ overhang sequences. In some
embodiments, the plurality of partial duplex primers co'mprisc a shared sequence within a
double-stranded portion. In some embodiments, the method further comprises a step
comprising performing a primer extension reaction along the adapter. In some embodiments,
step ¢ comprises cleaving a base portion of the one or more non-canonical nucleotides,
thereby forming an abasic site. In some embodiments, the cleavage agent comprises a
glycosylase. In some embodiments, the glycosylase is UNG or UDG. In some embodiments,
the cleavage agent comprises a primary amine. In some embodiments, the cleavage agent
comprises a polyamine. In some embodiments, the polyamine 1s DMED. In some
embodiments, the cleavage agents comprises a glycosylase and a polyamine. In some
embodiments, the cleavage agent comprises endonuciease V. In some embodiments, the one
or more non-canonical nuclcotides comprise uracil or inosine. In some embodiments, the one
or more non-canonical nucleotides comprise uracil and inosine. In some embodiments, the
pool of templates is generated by 1. performing a first strand synthesis on an RNA in the
presence of the one or more non-canonical nucleotides, thereby forming a first strand
synthesis product and ii. performing a fragmentation reaction. In some embodiments, the
method further comprises selectively cleaving the RNA. In some embodiments, selectively
cleaving the RNA comprises treatment with RNAse H. In some embodiments, the
fragmentation reaction comprises utilizing a cleavage agent targeting the one or more non-
canonical nucleotides. In some embodiments, fragmentation reaction comprises cleaving a
base portion of the one or more non-canonical nucleotides, thereby forming an abasic site. In
some embodiments, the cleavage agent comprises a glycosylase. In some embodiments, the
glycosylase is UNG or UDG. In some embodiments, the cleavage agent COMPpTiScs a primary
amine. In some embodiments, the cleavage agent comprises a polyamine. In some

embodiments, the polyamine is DMED. In some embodiments, the cleavage agents
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comprises a glycosylase and a polyamie. In some embodiments, the cleavage agent
comprises endonuclease V. In some embodiments, the adapter comprises a recognition
sequence for a restriction endonuclease specific for double-stranded DNA. In some
embodiments, the method further comprises (f), hybridizing a probe to a sequence of the
primer extension product; (g) extending the probe with a DNA polymerase, thercby
producing a partial duplex nucleic acid, and (h) treating the partial duplex nucleic acid with a
restriction endonuclease specific for double-stranded DNA, thereby cleaving double-stranded
DNA fragments at the recognition sequence. In some embodiments, the method further
comprises performing PCR with a primer that is hybridizable a sequence reverse
complimentary to the adapter, thereby arnplifying a desired nucleic acid in the pool of
templates. In some embodiments, the method further comprises sequencing a portion of the
dasired nucleic acid. Tn some embodiments, the pool of templates originates froma
population of sorted cells. In some embodiments, the pool of templates originates from a
single cell. In some embodiments, the method further comprises sorting cells into a multiwelt
plate, microarray, microfluidic device, or slide and thereby generating the population of
sorted cells. In some embodiments, the sorting is performed according to a cell surface
marker. In some embodiments, the sorting is performed according to optical properties of the
cells. Tn some embodiments, the sorting is performed according to cell size. In some
embodiments, the pool of templates comprises bacterial ribosomal RNA, mitochondrial
DNA, human globin mRNA, human cytoplasmic TRNA, human mitochondrial tRNA, grape
cytoplasmic TRNA, grape mitochondrial rRNA, or grape chloroplast rRNA. In some
embodiments, the restriction endonuclease is BspQL In some embodiments, the primer
extension reaction is performed using a hot start polymerase. In some embodiments, the
primer extension reaction is performed using MyTaq polymerase.

[0615] In a fourth aspect, the invention relates to a method of adapter higation to create a
strand retained library of nucleic acids with desired and undesired nucleic acids, comprising:
() mixing a pool of templates comprising an undesired nucleic acid and a desired nucleic
acid with a plurality of partial duplex primers cach comprising a 3° overhang; (b) annealing
to the templates the plurality of partial duplex primers; (¢) performing primer extension
reaction along the templates, thereby forming double-stranded nucleic acids each comprising
a primer extension product; (d) ligating an adapter to at least one 5° end of the primer
extension product; and () cleaving the primer extension products from the double-stranded
nucleic acids with a cleavage agent that is specific for nucleic acids comprising the one or

more nucleotides. In some embodiments, the plurality of partial duplex primers comprise at
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least two partial duplex primers with dissimilar 3* overhang sequences. In some
embodiments, the plurality of partial duplex primers comprise a shared sequence within a
double-stranded portion. In some embodiments, the strand of the plurality of partial duplex
primers with the 3" overhang lacks adenines in the shared sequence within the double-
stranded portion. In some embodiments, the method further comprising a step comprising
performing a primer extension reaction along the adapter. In some embodiments, the primer
extension reaction is performed in the presence of one or more non-canonical nucleotides. In
some embodiments, step e comprises cleaving a base portion of the one or more non-
canonical nucleotides, thereby forming an abasic site. In some embodiments, the cleavage
agent comprises a glycosylase. In some embodiments, the glycosylase is UNG or UDG. In
some embodiments, the cleavage agent comprises a primary amine. In some embodiments,
the cleavage agent comprises a polyamine. In some embodiments, the polyamine is DMED.
In some embodiments, the cleavage agents comprises a glycosylase and a polyamine. In some
embodiments, the cleavage agent comprises endonuclease V. In some embodiments, the one
or more non-canonical nucleotides comprise uracil or inosine. In some embodiments, the pool
of templates is generated by 1. performing a first strand synthesis on an RNA in the presence
of the one or more non-canonical nucleotides, thereby forming a first strand synthesis
product; and ii. performing a fragmentation reaction. In some embodiments, the method
further comprises selectively cleaving the RNA, In some embodiments, selectively cleaving
the RNA comprises treatment with RNAse H. In some embodiments, the fragmentation
reaction comprises utilizing a cleavage agent targeting the one or more non-canonical
sucleotides. In some embodiments, the fragmentation reaction comprises cleaving a base
portion of the one or more non-canonical nucleotides, thereby forming an abasic site. In some
embodiments, the cleavage agent comprises a glycosylase. In some embodiments, the
glycosylase is UNG or UDG. In some embodiments, the cleavage agent comprises a primary
amine. In some embodiments, the cleavage agent comprises a polyamine. In some
embodiments, the polyamine is DMED. In some embodiments, the cleavage agents
comprises & glycosylase and a polyamine. In some embodiments, the cleavage agent
comprises endonuclease V. In some embodiments, the adapter comprises a recognition
sequence for a restriction endonuclease specific for double-stranded DNA. In some
embodiments, the method further comprises, (£} hybridizing a probe to a sequence of the
undesired nucleic acid; (g) extending the probe with a DNA polymerase, thereby producing a
partial duplex nucleic acid, and (h) treating the partial duplex nucleic acid with a restriction

endonuclease specific for double-stranded DNA, thereby cleaving double-stranded DNA
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fragments at the recognition sequence. In some embodiments, the method further comprises
performing PCR with a set of primers that are hybridizable to a sequence reverse
complimentary to the adapter and the shared sequence of the partial duplex primers opposite
the 3’ overhang, thereby amplifying a desired nucleic acid in the pool of templates. In some
embodiments, the method further comprises sequencing a portion of the desired nucleic acid.
In some embodiments, the pool of templates originates from a population of sorted cells. In
some embodiments, the pool of templates originates from a single cell. In some
embodiments, the method further comprises sorting cells into a multiwell plate, microarray,
microfluidic device, or slide and thereby generating the population of sorted cells. In some
embodiments, the sorting is performed according to a cell surface marker. In some
embodiments, the sorting is performed according to optical properties of the cells. In some
embodiments, the sorting is performed according to cell size. In some embodiments, the pool
of terplates comprises bacterial ribosomal RNA, mitochondrial DNA, human globin mRNA,
human cytoplasmic rRNA, human mitochondrial rRNA, grape cytoplasmic rRNA, grape
mitochondrial rfRNA, or grape chloroplast rRNA. In some embodiments, the restriction
endonuclease is BspQL In some embodiments, the primer extension reaction is performed
using a hot start polymerase. In some embodiments, the primer extension reacfion is
performed using MyTaq polymerase.

[0016] According to any of the aspects, the invention relates to partially, substantially, or
completely depleting undesired sequences, wherein at least 2, 5, 10, 15, 20, 25, 30, 35, 40,
45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 98, 99, 99.5, 99.8, 99.9, 99.99 percent or more of
some or all of the undesired sequences is depleted and, optionally, partially substantially, or
completely retaining desired sequences, wherein less than 98, 95, 90, 85, 80, 75, 70, 65, 00,
55, 50, 45, 40, 35, 30, 25, 20, 15,10, 5,2, 1, 0.5, 0.2, 0.1, 0.05, 0.01 percent or less of some
or all of the desired sequences is depleted. In some embodiments, the methods in any of the
aspects deplete some or all of the undesired sequences completely. In some embodiments, the
methods in any of the aspects retain some or all of the desired sequences completely. In any
of the aspects, the methods described herein may decrease the abundance ratio between an
undesired and a desired nucleic acid sequence, between some undesired and some desired
nucleic acid sequences, or between all undesired and all desired nucleic acid sequences by
1.1,12,1.5,2,3,4,5,6,7,8,9,10, 15, 20, 25, 30, 35, 40, 50, 60, 75, 100, 200, 500, 1000,
5000, 10000, 100000, 1000000 fold or more.

§0017] In various aspects, the invention relates to kits. In a first aspect, the invention relates

to a kit comprising a restriction endonuclease, a first adapter comprising one.or more non-
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canonical nucicotides on one strand and lacking 5° phosphates, a second adapter lacking said
one or more non-canonical nucleotides and lacking 5’ phosphates, a ligase, a polymerase, a
cleavage agent, a library of probes, a set of primers specific to the adaptor sequences;
wherein the second adapter comprises a recognition sequence for the restriction
endonuclease.

10018] In a second aspect, the invention relates to a kit comprising a restriction endonuclease,
a first adapter lacking 5 phosphates, a plurality of partial duplex primers each comprising a
3° overhang and comprising a shared sequence within a double-stranded portion, a ligase, a
polymerase, & cleavage agent, a library of probes capable of acting as a primer for a primer
extension reaction; and a primer that is hybridizable a sequence reversc complimentary to the
adapter; wherein the first adapter comprises a recognition sequence for the restriction
endonuclease; and wherein the plurality of partial duplex primers comprise at least two
partial duplex primers with dissimilar 3° overhang sequences.

[6019] In a third aspect, the invention relates to a kit comprising a restriction endonuclease, a
first adapter lacking 5° phosphates, a plurality of partial duplex primers each comprising a 3’
overhang, comprising a shared sequence within a double-stranded postion, and the strand of
the plurality of partial duplex primers with the 3” overhang lacking adenines in the shared
sequence within the double-stranded portion, a ligase, a polymerase, a cleavage agent, a
library of probes capable of acting as a primer for a primer extension reaction; and a set of
primers that are hybridizable to a sequence reverse complimentary to the adapter and the
shared sequence of the partial duplex primers opposite the 3° overhang; wherein the first
adapter comprises a recognition sequence for the restriction endonuclease; and wherein the
plurality of partial duplex primers comprise at least two partial duplex primers with dissimilar
3’ overhang sequences.

[6020] In any of the aspects: The restriction endonuciease may be BspQl. In some
embodiments, the polymerase is a hot start polymerase, ¢.g. MyTaq. In some embodiments,
the kit further comprises one or more non-canonical nucleotides. In some embodiments, the
one ot more non-canonical nucleotides comprise uracil or inosine. In some embodiments, the
cleavage agent comprises a glycosylase. In some embodiments, the glycosylase is UNG or
UDG. In some embodiments, the cleavage agent comprises a primary amine. In some
embodiments, the cleavage agent comprises a polyamine. In some embodiments, the
polyamine is DMED. In some embodiments, the cleavage agent comprises a glycosylase and

a polyamine. In some embodiments, the cleavage agent comprises endonuclease V.
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[0021] Kits for performing any of the methods described herein are another feature of the
invention. Such kits may include reagents, enzymes and platforms for selective enrichment,
amplification, and sequencing of nucleic acids. In one embodiment, a kit is provided
comprising: a) an adaptor or several adaptors, b) one or more of oligonucleotide primers, and
¢) reagents for amplification. In another embodiment, the kit further comprises a sequence
and dsDNA-specific nucleic acid modifying enzyme, such as a restriction enzyme. In yet
another embodiment, the kit further comprises reagents for sequencing. A kit will preferably
include mstructions for employing the kit components as well as the use of any other reagent
not included in the kit.

[6022] In any of the aspects, the methods, compositions and kits of the invention relate to
primer probes that are capable of acting as primers targeting sequences on undesired nucleic
acids.

{0923] In any of the aspects, the invention relates to a set of primer probes that are generated
by, compiling undesired nucleic acid sequences, optionally compiling desired nucleic acid
sequences, choosing one or more strands in each undesired nucleic acid sequence,
computationally fragmenting each undesired nucleic acid sequence to stretches of a selected
length, for example 40-200, 50-180, 60-150, 70-120, 80-110, 90-100 bases long, selecting a
target melting temperature range, for example 40-90, 45-85, 50-80, 55-75, 60-70, 55-65°C
etc., for amplification primers, optionally selecting a target length range, for example 10-80,
11-70, 12-65, 13-60, 14-35, 15-50, 16-45, 17-40, 18-35, 19-30, 10-30, 11-28, 12-26, 13-24,
14-22, 15-20, 10-20, 11-19, 12-18, 13-17, 14-16 nucleotides long, etc., for amplification
primers, designing qualified amplification primers targeting a portion in the one or more
strands in each undesired nucleic acid sequence, with a predicted melting temperature within
the target temperature range and, optionally, with a length within the target length range,
optionally determining whether one or more of the designed amplification primers are
hybridizable to one or more of the desired nucleic acid sequences and optionally removing
any such designed amplification primers from a list of qualified amplification primers, and
synthesizing oligonucleotides from the list of qualified amplification primers. Those of skill
in the art appreciate that the target melting temperature range and the target length range may
fall within any range bounded by any of these values (e.g., 45-55° C or 1-12 nucleotides long
etc.). In some embodiments, the oligomucleotide synthesis is performed using standard
phosporamidite chemistries known in the art. In some embodiments, the synthesized

oligonucleotides are pooled.
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[0024] Tn any of the aspects the set of primer probes targeting undesired nucleic acid
sequences may comprise between 50-10000, 53-5000, 60-1000, 70-500, 80-250, 90-200, 100-
180, 110-170, 120-180, 130-170, 140-160, 100-150, 250-1000 distinct oligonucleotides.
Thus, a composition of the invention comprises, consists essentially of, or consists of, a set of
at least 50, 100, 150, 200, 250 different oligonucleotides wherein said oligonucleotides
selectively hybridize to mitochondrial RNA, mitochondtrial DNA, human rRNA,
mitochondrial rRNA, bacterial ribosomal RNA, mitochondrial DNA, human globin mRNA,
human cytoplasmic TRNA, human mitochondrial rRNA, grape cytoplasmic rRNA, grape
mitochondrial rRNA, or grape chloroplast rRNA. Such composition can be isolated in a vial
(e.g., a reagent). Each of the oligonucieotides can have the propertics (e.g., size and Tm)
described herein, Those of skill in the art appreciate that the target meltmg temperature range
and the target length range may fall within any range bounded by any of these values (e.g.,
60-70, 160-200, or 150-250 etc.).
INCORPORATION BY REFERENCE

[6625] All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if each individual publication, patent,
or patent application was specifically and individually indicated to be incorporated by
reference.

BRIEF DESCRIPTION OF THE DRAWINGS
[0026] The novel features of the invention are set forth with particularity in the appended
claims. A better understanding of the features and advantages of the present invention will be
obtained by reference to the following description that sets forth illustrative embodiments, in
which the principles of the invention are utilized, and the accompanying drawings of which:
{0027] Figure 1 depicts the elimination of non-desired nucleic acid sequences from a nucleic
acid library of single-stranded DNA fragments using insert-dependent adaptor cleavage
(InDA-C). The gene-specific primer (GSP) anneals to its complementary sequence only,
creating a population of double-stranded or partially double-stranded molecules following
polymerase-based extension. Subsequent treatment with an adaptor-specific restriction
endonuclease cleaves only fragments which were activated by the GSP extension reaction,
thereby removing one of the PCR priming sites from the non-desired fragments. PCR
amplification produces a library that is enriched for the nucleic acid sequences of interest.
[0028] Figure 2 depicts a summary of the results from an cxperiment depleting bacterial
tRNA fragments from strand-specific whole transcriptome cDNA libraries, as outlined in

Example I.
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[0029] Figure 3 depicts a comparison of the expression profiles from the four test libraries
described in Example 1.
[0036] Figure 4 depicts targeted depletion of 163 tRNA sites by universal prokaryotic InDA-
C probes in Example 1.
[6031] Figure 5 depicts a method of directional library construction.
[0032] Figure 6 depicts a method of nucleic acid depletion using InDA-C probes, comprising
double cDNA hydrolysis.
[6033] Figure 7 depicts another method of nucleic acid depletion using InDA-C probes.
[0034] Figure & depicts designs for two of the partial-duplex primers.
[6035] Figure 9 depicts a method for of undesired nucleic acids by universal prokaryotic
InDA-C probes.

DETAILED DESCRIPTION OF THE INVENTION
General
[0036] The methods of the invention can be used for the generation of next generation
sequencing (NGS) libraries in which non-desired nucleic acid sequences have been depleted
or substantially reduced. Such methods are useful, for example, for the production of
sequencing libraries with reduced ribosomal RNA representation, and for the enrichment of
nucleic acid sequences of interest in a nucleic acid library. Altogether, the methods of the
present invention provide an improvement over the existing methods for creating NGS
libraries which are depleted from non-desired nucleic acid sequences because the elimination
of non-desired nucleic acid sequences occurs after the generation of the nucleic acid library,
thereby enabling starting with a non-distorted, unbiased nucleic acid template population.
[8037] The methods and compositions of the invention can be used for directional library
construction. The methods of the invention can further be used to generate adaptor ligated
single stranded DNA samples, wherein the grientation of the adaptor is fixed.
[0038] As used herein, unless otherwise indicated, some inventive embodiments herein
contemnplate numerical ranges. A variety of aspects of this invention can be presented n a
range format. It should be understood that the description in range format is merely for
convenience and brevity and should not be construed as an mflexible limitation on the scope
of the invention. Accordingly, the description of a range should be considered to have
specifically disclosed all the possible subranges as well as individual numerical values within
that range as if explicitly written out. For example, description of a range such as from 1 to 6
should be considered to have specifically disclosed subranges such as from 1 to 3, from 1 to

4, from 1 to 5, from 2 to 4, from 2 to 6, from 3 to 6 etc., as well as individual numbers within
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that range, for example, 1, 2, 3,4, 5, and 6. This applics regardless of the breadth of the
range. When ranges are present, the ranges include the range endpoints.

[0039) Reference will now be made in detail to exemplary embodiments of the invention.
While the disclosed methods and compositions will be described in conjunction with the
exemplary embodiments, it will be understood that these exemplary embodiments are not
intended to limit the invention. On the contrary, the invention is intended to encompass
alternatives, modifications and equivalents, which may be included in the spirit and scope of
the invention.

[0040] Unless otherwise specified, terms and symbols of genetics, molecular biology,
biochemistry and nucleic acid used herein follow those of standard treatises and texts in the
field, ¢.g. Kornberg and Baker, DNA Replication, Second Edition (W.H. Freeman, New
York, 1992); Lehninger, Biochemistry, Second Edition (Worth Publishers, New York, 1975);
Strachan and Read, Human Molecular Genetics, Second Edition (Wiley-Liss, New York,
1999); Eckstein, editor, Oligonucleotides and Analogs: A Practical Approach (Oxford
University Press, New York, 1991); Gait, editor, Oligonucleotide Synthesis: A Practical
Approach (IRL Press, Oxford, 1984); and the like.

Oligonucleotides of the invention

[6041] As used within the invention, the term “oligonucleotide” refers to a polynucleotide
chain, typically less than 200 residues long, most typically between 15 and 100 nucleotides
Jong, but also intended to encompass longer polynucleotide chains. Oligonucleotides may be
single-or double-stranded. The terms “o ligonucleotide probe” or “probe”, as used in this
invention, refer to an oligonucleotide capable of hybridizing to a complementary nucleotide
sequence. As used in this invention, the term “o ligonucleotide” may be used interchangeably
with the terms “primer”, “adaptor” and “probe”.

[0042] As used herein, the terms “hybridization”/ “hybridizing™ and “anncaling” are used
interchangeably and refer to the pairing of complementary nucleic acids.

[0043] The term “primer”, as used herein, refers to an oligonucleotide, generally with a free
3’ hydroxyl group that is capable of hybridizing with a template (such as a target
polynucleotide, target DNA, target RNA or a primer extension product) and is also capable of
promoting polymerization of a polynucleotide complementary to the template. A primer may
contain a non-hybridizing sequence that constitutes a tail of the primer. A primer may still be
hybridizing to a target even though its sequences are not fully complementary to the target.
[0044] The primers of the invention are generally oligonucleotides that are employed in an

extension reaction by a polymerase along a polynucleotide template, such as in PCR or

-15-



WO 2013/191773 PCT/US2013/032606

¢DNA synthesis, for example. The oligonucleotide primer is often a synthetic polynucleotide
that is single stranded, containing a sequence at its 3"~end that is capable of hybridizing with a
sequence of the target polynucleotide. Normally, the 3’ region of the primer that hybridizes
with the target nucleic acid has at least 80%, preferably 90%, more preferably 95%., most
preferably 100%, complementarity to a sequence or primer binding site.

[0045] “Complementary”, as used herein, refers to complementarity to all or only to a
portion of a sequence. The number of nucleotides in the hybridizable sequence of a specific
oligonucleotide primer should be such that stringency conditions used to hybridize the
oligonucleotide primer will prevent excessive random non-specific hybridization. Usually,
the number of nucleotides in the hybridizing portion of the oligonucleotide primer will be at
least as great as the defined sequence on the target polynucleotide that the oligonucleotide
primer hybridizes to, namely, at least 5, at least 6, at least 7, at least 8, at least 9, at least 10, at
least 11, at least 12, at feast 13, at Jeast 14, at least 15, at least about 20, and generally from
about 6 to about 10 or 6 to about 12 of 12 to about 200 nucleotides, usually about 10 to about
50 nucleotides. In general, the target polynucleotide is larger than the oligonucleotide primer
or primers as described previously.

[0646] Complementary may generally refer to the capacity for precise pairing between two
nucleotides. Le., if a nucleotide at a given position of a nucleic acid is capable of hydrogen
bonding with a nucleotide of another nucleic acid, then the two nucleic acids are considered
to be complementary to one another at that position. A “complement” may be an exactly or
partially complementary sequence. Complementarity hetween two single-stranded nucleic
acid molecules may be “partial,” in which only some of the nucleotides bind, or it may be
complete when total complementarity exists between the single-stranded molecules. The
degree of complementarity between nucleic acid strands has significant effects on the
efficiency and strength of hybridization between nucleic acid strands. Two sequences that are
partially complementary may have, for example, at least 90% identity, or at least 95%, 96%,
97%. 98%, ot 99% identity sequence over a sequence of at feast 7 nucleotides, more typically
in the range of 10-30 nucleotides, and often over a sequence of at least 14-25 nucleotides. Tt
will be understood that the 3" base of a primer sequence will desirably be perfectly
complementary to corresponding bases of the target nucleic acid sequence to allow priming
to occur.

[6047] “Specific hybridization” refers to the binding of a nucleic acid to a target nucleotide
sequence in the absence of substantial binding to other nucleotide sequences present in the

hybridization mixture under defined stringency conditions. Those of skill in the art recognize

16-



WO 2013/191775 PCTAIS2013/032606

that relaxing the stringency of the hybridization conditions allows sequence mismatches to be
tolerated. In particular embodiments, hybridizations are carried out under stringent
hybridization conditions.

[0048] “Tm” refers to “melting temperature”, which is the temperature at which a population
of double-stranded nucleic acid molecules becomes half-dissociated into single strands. The
Tm of a single stranded oligonucleotide, as used heren, refers to the Tm of a double stranded
molecule comprising the oligonucleotide and its exact complement. Tm may be determined
by calculation. Specifically, the Tm of an oligonucleotide may be a calculated Tm according
to the equation: “Tm (° C.)=4(G+Cy+2(A+T)” (Thein and Wallace, 1986, in Human genetic
disorders, p 33-30, IRL Press, Oxford UK, incorporated herein by reference).

[6049] In some cases, the identity of the investigated target polynucleotide sequence 18
known, and hybridizable primers can be synthesized precisely according to the antisense
sequence of the aforesaid target polynucleotide sequence. In other cases, when the target
polynucieotide sequence is unknown, the hybridizable sequence of an oligonucleotide primer
is a random sequence. Oligonucleotide primers comprising random sequences may be
referred to as “random primers”, as described below. In yet other cascs, an oligonucleotide
primer such as a first primer or a second primer comprises a set of primers-such as for
example a set of first primers or a set of second primers. In some cases, the set of first or
second primers may comprise a mixture of primers designed to hybridize to a plurality (e.g.
2, 3, 4, about 6, 8, 10, 20, 40, 80, 100, 125, 150, 200, 250, 300, 400, 500, 600, 800, 1000,
1500, 2000, 2500, 3000, 4000, 5000, 6000, 7000, 8000, 10,000, 20,000, 25,000 or more) of
target sequences. In some cases, the plurality of target sequences may comprise a group of
related sequences, random sequences, & whole transcriptome or fraction {e.g. substantial
fraction) thereof, or any group of sequences such as mRNA.

[6050] In some embodiments of the invention, random priming is used. A “random primer”,
as used herein, is a primer that generally comprises a sequence that is not designed based on a
particular or specific sequence in a sample, but rather is based on a statistical cxpectation (or
an empirical observation) that a sequence of the random primer is hybridizable, under a given
sct of conditions, to one or more sequences in a sample. A random primer will generally be
an oligonucleotide or a population of oligonucleotides comprising a random sequence(s) in
which the nucleotides at a given position on the oligonucleotide can be any of the four
nucleotides A, T, G, C or any of their analogs. A random primer may comprisc a 5’ or 3’
region that is a specific, non-random sequence. In some embodiments of the invention, the

random primers comprise tailed primers with a 3’ random sequence region and a 5’ non-
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hybridizing region that comprises a specific, common adaptor sequence. The sequence of a
random primer, or its complement, may or may not be naturally occurring, and may or may
not be present in a pool of sequences in a sample of interest. A “random primer” can also
refer to a primer that is a member of a population of primers (a plurality of random primers)
which are collectively designed to hybridize to a destred target sequence or sequences.

[0051] The term “adaptor”, as used herein, refers to an oligonucleotide of known sequence,
the ligation or incorporation of which to a target polynucleotide or a target polynucleotide
strand of intercst enables the generation of amplification-ready products of the target
polynucieotide or the target polynucleotide strand of interest. Various adaptor designs are
envisioned. Various ligation processes and reagents are known in the art and can be useful for
carrying out the methods of the invention. For example, blunt ligation can be employed.
Similarly, a single dA nucleotide can be added to the 3"-end of the double-stranded DNA
product, by a polymerase lacking 3’-exonuclease activity and can anneal to an adaptor
comprising a dT overhang (or the reverse). This design allows the hybridized components to
be subsequently ligated (e.g., by T4 DNA ligase). Other ligation strategies and the
corresponding reagents and known in the art and kits and reagents for carrying out efficient
ligation reactions are commercially available (e.g., from New England Biolabs, Roche).
[0652] The term “insert-dependent adaptor cleavage” (InDA-C), as used herein, refers to a
multi-step process for depleting or removing specific nucleotide sequences from a nucleotide
library. The first step comprises annealing sequence-specific oligonucleotides, designed to be
complementary to non-desired nucleic acid sequences or sequences directly adjacent to
regions of non-desired sequence, to single-stranded nucleic acid templates with adaptors of
fixed orientation attached at each end. The adaptors at the 5° ends of each fragment contain a
recognition sequence for a restriction endonuclease specific for double-stranded DNA.
Following the annealing of the sequence-specific oligonucleotides, primer extension 18
performed, thereby creating double-stranded DNA fragments in the regions where the
oligonucleotides are complementary to the single-stranded nucleic acid templates. The
resulting nucleic acid library, containing both single-stranded and double-stranded fragments,
is treated with the restriction endonuclease, resulting in cleavage at the restriction
endonucicase site of the double-stranded fragments only, and thus, the removal of the
adaptor at one end of the fragments containing the non-desired nucleic acid sequences.
Following adaptor cleavage, PCR may be performed using primers specific to each adaptor,

resulting in amplification of the desired nucleic acid fragments only ( i.e. amplification of the
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fragments containing both PCR priming sites on the same template) . Insert-dependent
adaptor cleavage is depicted i Figure 1.

[0053] Methods for designing oligonucieotides of various lengths and melting temperatures
that are capable of hybridizing or that are excluded from hybridizing to a selected list of
sequences are well known in the art and are described in further detail in EP 1957645B1,
which is incorporated herein by reference in its entirety.

Nucleic acid modifying engynies

[6054] The methods of the invention employ the use of nucleic acid (NA) modifying
enzymes. The nucleic acid modifying enzyme can be DNA-specific modifying enzyme. The
NA-modifying enzyme can be selected for specificity for double-stranded DNA. The enzyme
can be a duplex-specific endonuclease, a blunt-end frequent cutter restriction enzyme, or
other restriction enzyme. Examples of blunt-end cutters include Dral or Smal. The NA-
modifying enzyme can be an enzyme provided by New England Biolabs. The NA-modifying
enzyme can be a homing endonuclease (2 homing endonuclease can be an endonuclease that
does not have a stringently-defined recognition sequence). The NA-modifying enzyme can be
a high fidelity endonuclease (a high fidelity endonuclease can be an engineered endonuciease
that has less “star activity” than the wild-type version of the endonuclease).

[6055] In some embodiments , the NA-modifying enzyme is a sequence- and duplex-specific
DNA-modifying restriction endonuclease. In a preferred embodiment, the NA-acid

modifying enzyme is the enzyme BspQl, a type 11S restriction endonuclease.

Attachment of Adaptors

Ligation

[0956] The terms “joining” and “ligation” as used herein, with respect to two
polynucleotides, such as a stem-loop adaptor/primer oligonucleotide and a target
polynucleotide, refers to the covalent attachment of two separate polynucleotides to produce
a single larger polynucleotide with a contiguous backbone, Methods for joiming two
polynucleotides are known in the art, and include without limitation, enzymatic and non-
enzymatic (e.g. chemical) methods. Examples of ligation reactions that are non-enzymatic
include the non-enzymatic ligation techniques described in U.S. Pat. Nos. 5,780,613 and
5,476,930, which are herein incorporated by reference. In some embodiments, an adaptor
oligonucieotide is joined to a target polynucleotide by a ligase, for example a DNA iigase or
RNA ligase. Multiple ligases, cach having characterized reaction conditions, are known in
the art, and include, without limitation NAD'-dependent ligases including tRNA ligase, Taq
DNA ligase, Thermus filiformis DNA ligase, Escherichia coli DNA ligase, Tth DNA ligase,
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Thermus scotoductus DNA ligase (1 and ID), thermostable ligase, Ampligase thermostable
DNA ligase, VanC-type ligase, 9° N DNA Ligase, Tsp DNA ligase, and novel ligases
discovered by bioprospecting; ATP-dependent ligases including T4 RNA ligase, T4 DNA
ligase, T3 DNA ligase, T7 DNA ligase, Pfu DNA ligase, DNA ligase 1, DNA ligase III, DNA
ligase IV, and novel ligases discovered by bioprospecting; and wild-type, mutant isoforms,
and genetically enginecred variants thereof. Ligation can be between polynucleotides having
hybridizable sequences, such as complementary overhangs. Ligation can also be between
two blunt ends. Generally, a 5 phosphate is utilized in a ligation reaction. The 5° phosphate
can be provided by the target polynucleotide, the adaptor oligonucleotide, or both. 5
phosphates can be added to or removed from po Iynucleotides to be joined, as needed.
Methods for the addition or removal of 5’ phosphates are known in the art, and include
without limitation enzymatic and chemical processes. Enzymes uscful in the addition and/or
removal of 53> phosphates include kinases, phosphatascs, and polymerases. In some
embodiments, both of the two ends joined in a ligation reaction (e.g. an adaptor end and a
target polynucleotide end) provide a 5° phosphate, such that two covalent inkages are made
in joining the two ends. In some embodiments, only one of the two ends joined in a ligation
reaction (e.g. only one of an adaptor end and a target polynucleotide end) provides a 5°
phosphate, such that only one covalent linkage is made in joining the two ends. In some
embodiments, only one strand at one or both ends of a target polynucleotide is joined to an
adaptor oligonucleotide. In some embodiments, both sirands at one or both ends of a target
polynucleotide are joined to an adaptor oligonucleotide. In some embodiments, 3’
phosphates are removed prior to ligation. In some smbodiments, an adaptor oligonucleotide
is added to both ends of a target polynucleotide, wherein one or both strands at each end are
joined to one or more adaptor oligonucleotides. When both strands at both ends are joined to
an adaptor oligonucleotide, joining can be followed by a cleavage reaction that leaves a 57
overhang that can serve as a template for the extension of the corresponding 3’ end, which 3°
end may or may not include one or more mucleotides derived from the adaptor
oligonucleotide. In some embodiments, a target polynucleotide is joined to a first adaptor
oligonucleotide on one end and a second adaptor oligonucieotide on the other end. In some
embodiments, the target polynucleotide and the adaptor to which it is joined comprise blunt
ends. In some embodiments, separate ligation reactions are carried out for each sample,
using a different first adaptor oligonucleotide comprising at least one barcode sequence for

each sample, such that no barcode sequence is joined to the target polynucleotides of more
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than one sample. A target polynucleotide that has an adaptor/primer oligonucleotide joined
to it is considered “tagged” by the joined adaptor.

[0857] In some embodiments, joining of an adaptor/primer to a target polynucleotide
produces a joined product polynucieotide having a 3’ overhang comprising a nucleotide
sequence derived from the adaptor/primer. In some embodiments, a primer oligonucleotide
comprising a sequence complementary to all or a portion of the 3’ overhang is hybridized to
the overhang and extended using a DNA polymerase to produce a primer extension product
hybridized to one strand of the joined product polynucleotide. The DNA polymerase may
comprise strand displacement activity, sach that one strand of the joined product
polynucleotide is displaced during primer extension.

Methods of Strand-specific Selection

[6058] The compositions and methods provided herein are useful for retaining directional
mformation in double-stranded DNA.

[6059] The terms “strand specific” or “directional”, as used herein, may refer to the ability to
differentiate in a double-stranded polynucleotide between the original template strand and the
strand that is complementary to the original template strand. Further, methods and
compositions of the invention, in various embodiments, enable adapter ligation in a strand
specific manner. In various embodiments, an adapter is incorporated at a chosen end of a
strand, preferably a selected strand. Further, an adapter may be incorporated in a chosen
orientation. In various embodiments, strand specificity, directionality and orientation is
accomplished by selecting or enriching the desired configurations or strands.

100681 In some embodiments, the methods of the invention are used to preserve information
about the direction of single-stranded nucleic acid molecules while generating double-
stranded polynucleotides more suitable for molecular cloning applications. One of the strands
of the double-stranded polynucleotide is synthesized so that it has at least one modified
nucleotide incorporated into it along the entire length of the strand. In some embodiments,
the incorporation of the modified nucleotide marks the strand for degradation or removal.
[0061] The term “first strand synthesis” refers to the synthesis of the first strand using the
original nucleic acid (RNA or DNA) as a starting template for the polymerase reaction. The
nucleotide sequence of the first strand corresponds to the sequence of the complementary
strand. |

6662} The term “second strand syntheéis” refers to the synthests of the second strand that
uses the first strand as a template for the polymerase reaction, The nucleotide sequence of the

second strand corresponds to the sequence of the original nucleic acid template.
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[0863] The term “unmodified dNTPs” or “classic INTPs” refers to the four
deoxyribonucleotide triphosphates dATP (deoxyadenosine triphosphate), dCTP
(deoxycytidine triphosphate), dGTP (deoxyguanosine triphosphate) and dTTP
(deoxythymidine triphosphate) that are normally used as building blocks in the synthesis of
DNA. Similarly, the term “canonical ANTP” is used to refer to the four deoxyribonucleotide
triphosphates dATP, dCTP, dGTP and dTTP that are normally found in DNA. Generally,
nucleotides are present in nucleoside triphosphate form in a solution for a primer extension
reaction, During primer extension reactions, they are typically incorporated into a
polynucleotide in nucleoside form, e.g. adenosine, thymidine, guanosine, cytidine, uridine,
etc. losing two phosphates, while one of the phosphates forms part of the polynucleotide
backbone. The nucleobase, ¢.g. adenine, guanine, thymine, cytosine, uracil etc., of the
nucleotides may be removed according to various embodiments of the invention, forming an
abasic site. Various methods for removing nucleobases from polynucleotides, forming abasic
sites are explained in detail herein and known in the art.

{00664] The term “canonical” as used herein, refers to the nucleic acid bases adenine,
cytosine, guanine and thymine that are commonly found in DNA or their
deoxyribonucleotide or deoxyribonucleoside analogs. The term “noncanonical” refers to
nucleic acid bases in DNA other than the four canonical bases in DNA, or their
deoxyribonucieotide or deoxyribonucieoside analogs. Although uracil is a common nucleic
acid base in RNA, uracil is a non-canonical base in DNA.

[0065] The term “modified nucleotide” or “modified dNTP”, as used herein, refers to any
molectle suitable for substituting one corresponding unmodified or classic ANTP. Such
modified nucleotide must be able to undergo a base pair matching identical or similar to the
classic or unmodified ANTP it replaces. The modified nucleotide or dNTP can be suitable for
specific degradation in which it is selectively degraded by a suitable degrading agent, thus
rendering the DNA strand containing at least one modified and degraded dNTP essentially
unfit for amplification and/or hybridization. Alternatively, the modified nucleotide must
mark the DNA strand containing the modified nucleotide eligible for selective removal or
facilitate separation of the polynucleotide strands. Such a removal or separation can be
achieved by molecules, particles or enzymes interacting selectively with the modified
nucleotide, thus selectively removing or marking for removal only one polynucleotide
strand.

[6066] As used in this application, the term “strand marking” refers to any method for

distinguishing between the two strands of a double-stranded polynucleotide. The term
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“selection” refers to any method for selecting between the two strands of a double-stranded
polynucleotide. The term “selective removal” or “selective marking for removal” refers to
any modification to a polynucleotide strand that renders that polynucleotide strand unsuitable
for a downstream application, such as amplification or hybridization.

{6067] In a one embodiment, the selection is done by incorporation of at least one modified
nucleotide into one strand of a synthesized polynucleotide, and the selective removal 1s by
treatment with an enzyme that displays a specific activity towards the at least one modified
nucleotide. In a preferred embodiment, the modified nucleotide being incorporated into one
strand of the synthesized polynucleotide is deoxyuridine triphosphate (dUTP), replacing
dTTP in the ANTP mix, and the selective removal of the marked strand from downstream
applications is carried by the nuclease Uracil-N-Glycosylase (UNG). UNG selectively
degrades dUTP while it is neutral towards other ANTPs and therr analogs. Treatment with
UNG results in the cleavage of the N-glycosylic bond and the removal of the base portion of
dU residues, forming abasic sites. In a preferred embodiment, the UNG treatment is done in
the presence of an apurinic/apyrimidinic endonuclease (APE) to create nicks at the abasic
sites. Consequently, a polynucleotide strand with incorporated dUTP that is treated with
UNG/APE is cleaved and unable to undergo amplification by a polymerase. In another
embodiment, nick generation and cleavage is achieved by treatment with a polyamine, such
as N,N'-dimethylethylenediamine (DMED), or by heat treatment. In a preferred embodiment,
UNG treatment is conducted in a reaction buffer containing about 32 mM DMED,

[0068] As used in this application, the term “at least one nucleotide” or “at least one modified
mucleotide” refers to a plurality of dNTP molecules of the same kind or species. Thus, use of
“one modified nucleotide” refers to the replacement in the ANTP mix of one of the classic
dNTPs dATP, dCTP, dGTP or dTTP with a corresponding modified nucleotide species.
[0069] In a preferred embodiment, the at least one modified nucleotide is dUTP, replacing
dTTP in the INTP mix. In another embodiment, the at least one modified nucleotide is a
biotinylated dNTP. In another entbodiment, the at least one modified nucleotide contains a
thio group. In another embodiment, the at least one modified nucleotide is an aminoallyl
dNTP. In yet another embodiment, the at least one modified nucleotide is inosine, replacing
dGTP in the ANTP mix.

[0076] In some embodiments, the methods of the invention are used for construction of
directional cDNA librarics. Strand marking is necessary, but not sufficient for construction of
directional cDNA libraries when using adaptors that are not polarity-specific, i.e. adaptors

generating ligation products with two adaptor orientations. Construction of directional cDNA
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libraries according to the methods of invention requires strand marking of both the cDNA
insert and one of the two adaptors at the ligation strand of the adaptor. A useful feature of the
present invention is the ability to switch around the adaptor orientation. For example, in a
duplex adaptor system where P1/P2 designates adaptor orientation resulting in sense strand
selection and (optional) sequencing, and where the P2 adaptor has at least one modified
nucleotide incorporated along the ligation strand of the adaptor, modification of the protocol
such that the P1 adaptor (as opposed to P2 adaptor) has at least one modified nucleotide
incorporated along the ligation strand aliows for antisense strand selection and (optional)
sequencing.

[8071] The methods of the present invention may further include a step of cleaving the mput
nucleic acid template. In some cases, the input nucleic acid template may be cleaved with an
agent such as an enzyme. In the embodiment where the polynucleotide comprises a non-
canonical nucleotide, the polynucleotide may be treated with an agent, such as an enzyme,
capable of generally, specifically, or selectively cleaving a base portion of the non-canonical
deoxyribonucleoside to create an abasic site. As used herein, “abasic site” encompasses any
chemical structure remaining following removal of a base portion (including the entire base)
with an agent capable of cleaving a base portion of a nucleotide, e.g., by treatment of a non-
canonical nucleotide (present in a polynucieotide chain) with an agent (e.g., an enzyme,
acidic conditions, or a chemical reagent) capable of effecting cleavage of a base portion of a
non-canonical nucleotide. In some embodiments, the agent (such as an enzyme) catalyzes
hydrolysis of the bond between the base portion of the non-canonical nucleotide and a sugar
in the non-canonical nucleotide to generate an abasic site comprising a hemiacetal ring and
lacking the base (interchangeably called “AP” site), though other cleavage products are
contemplated for use in the methods of the invention. Suitable agents and reaction conditions
for cleavag-e of base portions of non-canonical nucleotides include: N-glycosylases (also
called “DNA glycosylases™ or “glycosidases™) including Uracil N-Glycosylase (“UNG”;
specifically cleaves dUTP) (interchangeably termed “uracil DNA glyosylase”),
hypoxanthine-N-Glycosylase, and hydroxy-methyl cytosine-N-glycosylase; 3-methyladenine
DNA glycosylase, 3- or 7-methylguanine DNA glycosylase, hydroxymethyluracile DNA
glycosylase; T4 endonuclease V. See, e.g., Lindahl, PNAS (1974) 71(9):3649-3653;
Jendrisak, 1U.S. Pat. No. 6,190,865 Bl or any of the glycosidases provided in Table 1 or
homologues thercof such as enzymes with greater than about 50%, 55%, 60%, 65%, 70%,
75%, 80%, 85%, 90%, 95%, 99%, 99.5%, or higher homology or identity at the amino acid or

nucleotide level with any of the glycosydases provided herein. In one embodiment,. uracil-N-
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glycosylase is used to cleave a base portion of the non-canonical nucleotide. In other
embodiments, the agent that cleaves the base portion of the non-canonical nucleotide is the

same dgent that cleaves a phospho diester backbone at the abasic site.

Table 1: lecosylases zn bactena, yeast and h"uma":" LI

§m0n0fu.nctional% 3 meA hypoxanthme

UNG  monofunctional  uracil |

" BOGG! bifenctional  8-ox0G,FapyG
hNTH1 bifunctional Tg, hoU, boC, urea, FapyG

© Tg, hoU, hoC, urea, FapyG,

hNEIL1
FapyA

Nei bifunctional -
s : hNEIL? AP s1te hoU

hNEIL?) unknown

CMutY . BMYH  momofunctional  AB-oxoG

" SMUGI  monofunctional. U, boU, hmU, U
' TDG  monofunctional  T:Gmispair
 MBD4  monmofunctional  T:Gmispair
[0072} Cleavage of base portions of non-canonical nucleotides may provide general, specific
or selective cleavage (in the sense that the agent (such as an enzyme) capable of cleaving a
base portion of a non-canonical nucleotide generally, specifically or selectively cleaves the
base portion of a particular non-canonical nucleotide), whereby substantially all or greater
than about 99.9%, 99.5%, 99%, 98.5%, 98%, about 95%, about 90%, about 85%, about 80%,
about 75%, about 70%, about 65%, about 60%, about 55%, about 50%, about 45%, or about
40% of the base portions cleaved are base portions of non-canonical nucleotides. However,
extent of cleavage can be less. Thus, reference to specific cleavage is exemplary. General,

specific or selective cleavage is desirable for control of the fragment size in the methods of

generating template polynucleotide fragments of the invention (L.e., the fragments generated
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by cleavage of the backbone at an abasic site). Reaction conditions may be selected such that
the reaction in which the abasic site(s) are created can run to completion, or the reaction may
be carried out until 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, 99%, or about
100% of the non-canonical nucleotides are converted to abasic sites. In some cases, the
reaction conditions may be selected such that the reaction in which abasic site(s) are created
at between about 10% and about 100% of the one or more non-canonical nucleotides present
in the template nucleic acid, between about 20% and about 90%, between about 30% and
about 90%, between about 50% and about 90% 95%, 99%, or 100% of the non-canonical
nucleotides in the template nucleic acid.

10973] In some embodiments, the template polynucleotide comprising a non-canonical
nucleotide is purified following synthesis of the template polynucleotide (to eliminate, for
example, residual free non-canonical nucleotides that are present in the reaction mixture). In
other embodiments, there is no intcrmediate purification between the synthesis of the
template polynucleotide comprising the non-canonical nucleotide and subsequent steps (such
as hybridization of primers, extension of primers to produce primer extension products that
do not comprise non-caneonical nucleotides, or do not comprise the same non-canonical
nucleotides as the template nucleic acid, cleavage of a base portion of the non-canonical
nucleotide and cleavage of a phosphodiester backbone at the abasic site).

[6074] It is understood that the choice of non-canonical nucleotide can dictate the choice of
enzyme to be used to cleave the base portion of that non-canonical enzyme, to the extent that
particular non-canonical nucleotides are recognized by particular enzymes that are capable of
cleaving a base portion of the non-canonical nucleotide. In some cases, the enzyme is a
glycosylase. For example, a template nucleic acid comprising non-canonical nucleotides
such as dUTP, 8-oxoguanine, or a methylated purine which may be cleaved by glycosylases
may be used in the methods of the present invention. Other suitable non-canonical
nucleotides include deoxyinosine triphosphate (dITP), 5-hydroxymethyl deoxycytidine
triphosphate (5-OH-Me-dCTP) or any of the non-canonical nucleotides provided in Table 1.
See, e.g., Jendrisak, U.S. Pat. No. 6,190,865. A glycosylase such as uracil DNA glycosylase
(known as UNG or UDG) which may act on dUTP to provide an abasic site, Oggl which
may act on 8-oxoguanine to provide an abasic site, or N-methy! purine DNA glycosylase
which may act on methylated purines to provide an abasic site may then be used in the
methods of the present invention to act on the input nucleic acid template comprising non-
canonical nucleotides to initiate a step of cleaving the input nucleic acid template. The

enzymes as provided herein may provide N-glycosydic bond cleavage of the input nucleic
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acid template at the one or more non-canonical nucleotides provided herein to produce one or
more abasic (apurinic or apyrimidic) sites.

[0675] Additional glycosylases which may be used in the methods of the present invention
and their non-canonical nucleotide substrates include 5-methylcytosine DNA glycosylase (5-
MCDG), which cleaves the base portion of 5-methyleytosine (5-MeC) from the DNA
backbone (Wolffe et al., Proc. Nat. Acad. Sci. USA 96:5894-5896, 1999), 3-
methyladenosine-DNA glycosylase I, which cleaves the base portion of 3-methyl adenosme
from the DNA backbone (see, e.g. Hollis et al (2000) Mutation Res. 460: 201-210); and/or 3~
methyladenosine DNA glycosylase II, which cleaves the base portion of 3-methyladenosine,
7-methylguanine, 7-methyladenosine, and/3-methylguanine from the DNA backbone. See
McCarthy et al (1984) EMBO J. 3:545-550. Multifunctional and mono-functional forms of 5-
MCDG have been described. See Zhu et al,, Proc. Natl. Acad. Sci, USA 98:5031-6, 2001,
Zhu ct al., Nue. Acid Res. 28:4157-4165, 2000; and Neddermann et al., J. B. C. 271:12767-
74, 1996 (describing bifunctional 5-MCDG; Vairapandi & Duker, Oncogene 13:933-938,
1996; Vairapandi et al., J, Cell. Biochem. 79:249-260, 2000 (describing mono-functional
enzyme comprising 5-MCDG activity). In some embodiments, 5-MCDG preferentially
cleaves fully methylated polynucleotide sites (e.g., CpG dinucleotides), and i other
embodiments, 5-MCDG preferentially cleaves a hemi-methylated polynucleotide. For
example, mono-functional human 3-methyleytosine DNA glycosylase cleaves DNA
specifically at fully methylated CpG sites, and is relatively inactive on hemimethylated DNA
(Vairapandi & Duker, supra; Vairapandi et al,, supra). By contrast, chick embryo 5-
methyleytosine-DNA glycosylase has greater activity directed to hemimethylated methylation
sites. In some embodiments, the activity of 3-MCDG is potentiated (increased or enhanced)
with accessory factors, such as recombinant CpG-rich RNA, ATP, RNA helicase enzyme,
and proliferating cell nuclear antigen {PCNA). See U.S. Patent Publication No. 20020197639
Al. One or more agents may be used. In some embodiments, the one or more agents cleave a
base portion of the same methylated nucleotide. In other embodiments, the one or more
agents cleave a base portion of different methylated nucleotides. Treatment with two or more
agents may be sequential or simultaneous.

[0076] Appropriate reaction media and conditions for carrying out the cleavage of a base
portion of a non-canonical nucleotide according to the methods of the invention are those that
permit cleavage of a basc portion of a non-canonical nucleotide. Such media and conditions
are known to persons of skill in the art, and are described in various publications, such as

Lindahl, PNAS (1974) 71(9):3649-3653; and Jendrisak, U.S. Pat. No. 6,190,865 BI, U.S. Pat.
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No. 5,035,996; and U.S. Pat. No. 5,418,149. For example, buffer conditions can be as
described above with respect to polynucleotide synthesis, In one embodiment, uDG
(Epicentre Technologics, Madison Wis.) is added to a nucleic acid synthesis reaction mixture,
and incubated at 37° C. for 20 minutes. In one embodiment, the reaction conditions are the
same for the synthesis of a polynucleotide comprising a non-cancnical nucleotide and the
cleavage of a base portion of the non-canonical nucleotide. In apother embodiment, different
reaction conditions are used for these reactions, In some embodiments, a chelating regent
(e.g. EDTA) is added before or concurrently with UNG in order to prevent a polymerase
from extending the ends of the cleavage products.

[6077] The polynucleotide comprising an abasic site may be labeled using an agent capable
of labeling an abasic site, and, in embodiments involving fragmentation, the phosphodiester
backbone of the polynucleotide comprising an abasic site may be cleaved at the site of
incorporation of the non-canonical nucleotide (i.e., the abasic site by an agent capable of
cleaving the phosphodiester backbone at an abasic site, such that two or more fragments are
produced. In embodiments involving fragmentation, labeling can occur before
fragmentation, fragmentation can occur before labeling, or fragmentation and labeling can
occur simultancously.

[0078] Agents capable of labeling (e.g., generally or specifically labeling) an abasic site,
whereby a polynucleotide (or polynucleotide fragment) comprising a labeled abasic site is
generated, are provided herein. In some embodiments, the detectable moiety (label) is
covalently or non-covalently associated with an abasic site. In some embodiments, the
detectable moiety is directly or indirectly associated with an abasic site. In some
embodiments, the detectable moiety (label) is directly or indirectly detectable. In some
embodiments, the detectable signal is amplified. In some embodiments, the detectable moiety
comprises an organic molecule such as a chromophore, a fluorophore, biotin or a derivative
thereof. In other embodiments, the detectable moiety comprises a macromolecule such as a
nucleic acid, an aptamer, a peptide, or a protein such as an enzyme or an antibody. In other
embodiments, the detectable signal is fluorescent. In other embodiments, the detectable signal
is enzymatically generated. In some embodiments, the label is selected from, fluorescein,
rthodamine, a cyanine dye, an indocyanine dye, Cy3, Cy3, an Alexa Fluor dye, phycoerythrin,
5-(((2~(ca1‘bohydrazino)—methy]f)thio)acetyl)aminoﬂuorescein, aminooxyacetyl hydrazide
(“FARP”), or N-(aminooxyacetyl)-N'-(D-biotinoyl} hydrazine, trifluoroacetic acid salt
(ARP).
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{0079] The cleavage of the input nucleic acid template comprising one or more abasic sies
may further be provided by the use of enzymatic or chemical means or by the application of
heat, or a combination thereof. For example the input nucleic acid template comprising one
or more abasic sites may be treated with a nucleophile or a base. In some cases, the
nucleophile is an amine such as a primary amine, a secondary amine, or a tertiary amine. For
example, the abasic site may be treated with piperidine, moropholine, or a combination
thereof. In some cases, hot piperidine (e.g., IM at 90°C) may be used to cleave the mput
micleic acid template comprising one or more abasic sites. In some cases, morpholine (e.g.,
3M at 37°C or 65°C) may be used to cleave the imput nucleic acid template comprising one or
more abasic sites, Alternatively, a polyamine may be used to cleave the input nucleic acid
template comprising one or more abasic sites. Suitable polyamines include for example
spermine, spermidine, 1,4-diaminobutane, lysine, the tripeptide K-W-K, N, N-
dimethylethylenediamine (DMED), piperazine, 1,2-cthylenediamine, or any combination
thereof. In some cases, the input nucleic acid template comprising one or more abasic sites
may be treated with a reagent suitable for carrying out a beta elimination reaction, a delta
elimination reaction, or a combination thereof. In some cases, the cleavage of input nucleic
acid template comprising one or more abasic sites by chemical means may provide fragments
of input nucleic acid template, which fragments comprise a blocked 3 end. In some cases,
the blocked 3” end lacks a terminal hydroxyl. In other cases, the blocked 3° end is
phosphorylated. In still other cases, cleavage of the input nucleic acid template comprising
one or more abasic sites by chemical means may provide fragments of input nucleic acid
template that are not blocked. In some cases, the methods of the present invention provide
for the use of an enzyme or combination of enzymes and a polyamine such as DMED under
mild conditions in a single reaction mixture which does not affect the canonical nucleotides
and therefore may maintain the sequence integrity of the products of the method. Suitable
mild conditions may include conditions at or near neutral pH. Other sunitable conditions
include pH of about 4.5 or higher, 5 or higher, 5.5 or higher, 6 or higher, 6.5 or lugher, 7 or
higher, 7.5 or higher, 8 or higher, 8.5 or higher, 9 or higher, 9.5 or higher, 10 or higher, or
about 10.5 or higher. Still other suitable conditions include between about 4.5 and 10.5,
between about 5 and 10.0, between about 5.5 and 9.5, between about 6 and 9, between about
6.5 and 8.5, between about 6.5 and 8.0, or between about 7 and 8.0. Suitable mild conditions
also may include conditions at or near room temperature. Other suitable conditions include a
temperature of about 10°C, 11°C, 12°C, 13°C, 14°C, 15°C, 16°C, 17°C, 18°C, 19°C, 20°C,
21°C, 22°C, 23°C, 24°C, 25°C, 26°C, 27°C, 28°C, 29°C, 30°C, 31°C, 32°C, 33°C, 34°C,
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35°C, 36°C, 37°C, 38°C, 39°C, 40°C, 41°C, 42°C, 43°C, 44°C, 45°C, 46°C, 47°C, 48°C,
49°C, 50°C, 51°C, 52°C, 53°C, 54°C, 55°C, 56°C, 57°C, 58°C, 59°C, 60°C, 61°C, 62°C,
63°C, 64°C, 65°C, 66°C, 67°C, 68°C, 69°C, or 70°C or higher. Still other suitable conditions
inchude between about 10°C and about 70°C , between about 15°C and about 65°C , between
about 20°C and about 60°C , between about 20°C and about 55°C , between about 20°C and
about 50°C, between about 20°C and about 45°C , between about 20°C and about 40°C,
between about 20°C and about 35°C | or between about 20°C and about 30°C. In some
cases, the use of mild cleavage conditions may provide for less damage to the primer
extension products produced by the methods of the present invention. In some cases, the
fewer damaged bases, the more suitable the primer extension products may be for
downstream analysis such as sequencing, or hybridization. In other cases, the use of mild
cleavage conditions may increase final product yields, maintain sequence integrity, or render
the methods of the present invention more suitable for automation.

[0080] In embodiments involving fragmentation, the backbone of the template
polynucleotide comprising the abasic site is cleaved at the abasic site, whereby two or more
fragments of the polynucleotide are generated. At least one of the fragments comprises an
abasic site, as described herein. Agents that cleave the phosphodiester backbone of a
polynucleotide at an abasic site are provided herein. In some embodiments, the agent is an
AP endonuclease such as E. coli AP endonuclease IV, In other embodiments, the agent is
N,N'-dimethylethylenediamine (termed “DMED™). In other embodiments, the agent is heat,
basic condition, acidic conditions, or an alkylating agent. In still other embodiments, the
agent that cleaves the phosphodiester backbone at an abasic site is the same agent that cleaves
the base portion of a nucleotide to form an abasic site. For example, glycosidases of the
present invention may comprise both a glycosidase and a lyase activity, whereby the
glycosidase activity cleaves the base portion of a nucleotide (e.g., a non-canonical nucleotide)
to form an abasic site and the lyase activity cleaves the phosphodiester backbone at the abasic
site so formed. In some cases, the glycosidase comprises both a glycosidase activity and an
AP endonuclease activity.

[8081] Depending on the agent employed for cleaving at the abasic site of the template
polynucleotide, the backbone can be cleaved 5 to the abasic site (e.g., cleavage between the
5’-phosphate group of the abasic residue and the deoxyribose ring of the adjacent nucleotide,
generating a free 3’ hydroxyl group), such that an abasic site is located at the 5’ cnd of the
resulting fragment. In other embodiments, cleavage can also be 3' to the abasic site (e.g.,

cleavage between the deoxyribose ring and 3'-phosphate group of the abasic residue and the
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deoxyribose ring of the adjacent nucleotide, generating a free 5" phosphate group on the
deoxyribose ring of the adjacent nucleotide), such that an abasic site is located at the 3" end of
the resulting fragment. In still other embodiments, more complex forms of cleavage are
possible, for example, cleavage such that cleavage of the phogphodiester backbone and
cleavage of a portion of the abasic nucleotide results, Selection of the fragmentation agent
thus permits control of the orientation of the abasic site within the polynucleotide fragment,
for example, at the 3" end of the resulting fragment or the 5" end of the resulting fragment.
Selection of reaction conditions also permits control of the degree, level or completeness of
the frapmentation reactions. In some embodiments, reaction conditions can be selected such
that the cleavage reaction is performed in the presence of a large excess of reagents and
allowed to run to completion with minimal concern about cleavage of the primer extension
products of the invention. By contrast, other methods known in the art, e.g., mechanical
shearing, DNase cleavage, cannot distinguish between the template polynucleotide and the
primer extension products. In other embodiments, reaction conditions are selected such that
fragmentation is not complete (in the sense that the backbone at some abasic sites remains
uncleaved (unfragmented)), such that polynucleotide fragments comprising more than one
abasic site are generated. Such fragments comprise internal (nonfragmented) abasic sites.
[0082] Following generation of an abasic site by cleavage of the base portion of the non-
canonical nucleotide if present in the polynucieotide, the backbone of the polynucleotide is
cleaved at the site of incorporation of the non-canonical nucleotide (also termed the abasic
site, following cleavage of the base portion of the non-canonical nucleotide) with an agent
capable of effecting cleavage of the backbone at the abasic site. Cleavage at the backbone
(also termed “fragmentation”) results in at least two fragments (depending on the number of
abasic sites present in the polynucleotide comprising an abasic site, and the extent of
cleavage).

[G083] Suitable agents (for example, an enzyme, a chemical and/or reaction conditions such
as heat) capable of cleavage of the backbone at an abasic site include: heat treatment and/or
chemical treatment (including basic conditions, acidic conditions, alkylating conditions, or
amine mediated cleavage of abasic sites, (sec e.g., McHugh and Knowland, Nucl. Acids Res.
(1995) 23(10):1664-1670; Bioorgan. Med. Chem (1991) 7:2351; Sugiyarna, Chem. Res.
Toxicol. (1994) 7: 673-83; Horn, Nucl. Acids. Res., (1988) 16:11559-71), and use of
enzymes that catalyze cleavage of polynucleotides at abasic sites, for example AP
endonucleases (also called “apurinic, apyrimidinic endonucleases”™) (e.g., E. coli

Endonuclease 1V, available from Epicentre Tech., Inc, Madison Wis.), E. colt endonuclease
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11T or endonuclease 1V, E. coli exonuciease 111 in the presence of calcium lons, See, e.g.
Lindahl, PNAS (1974) 71(9):3649-3653; Jendrisak, U.S. Pat. No. 6,190,865 B1; Shida,
Nucleic Acids Res. (1996) 24(22):4572-76; Srivastava, J. Biol Chem. (1998) 273(13):21203-
209; Carey, Biochem. (1999} 38:16553-60; Chem Res Toxicol (1994) 7:673-683. As used
herein “agent” encompasses reaction conditions such as heat. In one embodiment, the AP
endonuclease, E. coli endonuclease 1V, is used to cleave the phosphodiester backbone at an
abasic site. In another embodiment, cleavage is with an amine, such as N, N'-
dimethylethylenediamine. See, e.g., McHugh and Knowland, supra.

[6084] Cieavage of the abasic site may occur between the nucleotide immediately 5’ to the
abasic residue and the abasic residue, or between the nucleotide immediately 3’ to the abasic
residue and the abasic residue (though, as explained herein, 5’ or 3' cleavage of the
phosphodiester backbone may or may not result in retention of the phosphate group 5" or 3'to
the abasic site, respectively, depending on the fragmentation agent used). Cleavage can be 5
to the abasic site (such as endonuclease I'V freatment which generally results in cleavage of
the backbone at a location immediately 5’ to the abasic site between the 5'-phosphate group of
the abasic residue and the deoxyribose ring of the adjacent nucleotide, generating a free 3’
hydroxyl group on the adjacent mucleotide), such that an abasic site is located at the 3" end of
the resulting fragment. Cleavage can also be 3" to the abasic site (e.g., cleavage between the
deoxyribose ring and 3'-phosphate group of the abasic residue and the deoxyribose ring of the
adjacent nucleotide, generating a free 5" phosphate group on the deoxyribose ring of the
adjacent nucleotide), such that an abasic site is located at the 3" end of the resulting fragment.
Treatment under basic conditions or with amines {such as N, N'-dimethylethylenediamine)
results in cleavage of the phosphodiester backbone immediately 3’ to the abasic site. In
addition, more complex forms of cleavage are also possible, for example, cleavage such that
cleavage of the phosphodiester backbone and cleavage of (a portion of} the abasic nucleotide
results. For example, under certain conditions, cleavage using chemical treatment and/or
thermal treatment may comprise a B-elimination step which results in cleavage of a bond
between the abasic site deoxyribose ring and its 3" phosphate, generating a reactive o,[3-
unsaturated aldehyde which can be labeled or can undergo further cleavage and cyclization
reactions. See, e.g., Sugiyama, Chem. Res. Toxicol . (1994) 7: 673-83; Horn, Nucl. Acids.
Res., (1988) 16:11559-71. It is understood that more than one method of cleavage can be
used, including two or more different methods which result in multiple, different types of
cleavage products (e.g., fragments comprising an abasic site at the 3" end, and fragments

comprising an abasic site at the 5" end).
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[0085] Cleavage of the backbone at an abasic site may be general, specific or selective (in the
sense that the agent (such as an enzyme) capable of cleaving the backbone at an abasic site
specifically or sclectively cleaves the base portion of a particular non-canonical nucleotide),
whereby greater than about 98%, about 95%, about 90%, about 85%, or about 80% of the
cleavage is at an abasic site. However, extent of cleavage can be less. Thus, reference to
specific cleavage is cxemplary. General, specific or selective cleavage is desirable for control
of the fragment size in the methods of generating labeled po fynucleotide fragments of the
invention. In some embodiments, reaction conditions can be selected such that the cleavage
reaction is performed in the presence of a large excess of reagents and allowed to run to
cormpletion with minimal concern about excessive cleavage of the polynucleotide (i.e., while
retaining a desired fragment size, which is determined by spacing of the incorporated non-
canonical nucleotide, during the synthesis step, above). In other embodiments, extent of
cleavage can be less, such that polynucleotide fragments are generated comprising an abasic
site at an end and an abasic site(s) within or internal to the polynucleotide fragment (i.e., not
at an end).

[0886] In embodiments involving cleavage of the phosphodiester backbone, appropriate
reaction media and conditions for carrying out the cleavage of the phosphodiester backbone
at an abasic site according to the methods of the invention are those that permit cleavage of
the phosphodiester backbone at an abasic site. Such media and conditions are known to
pmmmoﬁmummmmﬂmm%&m%@hnwmmpwmmmmﬁmh%BMM@nMm.
Chem (1991) 7:2351; Sugiyama, Chem. Res. Toxicol . (1994) 7: 673-83; Horn, Nucl. Acids.
Res., (1988) 16:11559-71); Lindahl, PNAS (1974) 71(9):3649-3653; Jendrisak, U.S. Pat. No.
6,190,865 B1; Shida, Nucleic Acids Res. (1996) 24(22):4572-76; Srivastava, J. Biol Chem.
(1998) 273(13):21203-209; Carey, Biochem. (1999) 38:16553-60; Chem Res Toxicol (1994)
7:673-683.

[0687] In some cases, nucleic acids containing abasic sites are heated in a buffer solution
containing an amine, for example, 25 mM Tris-HC! and 1-5 mM magnesium ions, for 10-30
minutes at 70°C. to 95°C. Alternatively, 1.0 M piperidine (a base} is added to polynucleotide
comprising an abasic site which has been precipitated with ethanol and vacuum dried. The
sohution is then heated for 30 minutes at 90°C. and lyophilized to remove the piperidine. In
another example, cleavage is effected by treatment with basic solution, e.g., 0.2 M sodium
hydroxide at 37°C for 15 minutes. Sec Nakamura (1998) Cancer Res. 58:222-225. In yet
another example, incubation at 37°C. with 100 mM N, N'-dimethylcthylenediamine acetate,
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pH 7.4 is used to cleave. See McHugh and Knowland, (1995) Nucl. Acids Res. 23(10) 1664-
1670.

[0088] The cleavage of the input nucleic acid template comprising one or more abasic sites
may also be performed by enzymatic means. For example an apyrimidinic endonuclease or
an apurinic endonuclease (collectively known as AP endonucleases) may be used to cleave
the input nucleic acid template at the one or more abasic sites. In some cases, the mput
nucleic acid template comprising one or more abasic sites may be cleaved with a class 1, class
11, class 111, or class IV AP endonuclease or a combination thereof. In some cases, the
cleavage of input nucleic acid template comprising one or more abasic sites by enzymatic
means may provide fragments of input nucleic acid template, which fragments comprise a
blocked 3’ end. In some cases, the blocked 3’ end lacks a terminal hydroxyl. In other cases,
the blocked 3’ end is phosphorylated. In still other cases, cleavage of the input nucleic acid
template comprising one or more abasic sites by enzymatic means may provide fragments of
input nucleic acid template that are not blocked.

[6689] In some cases, the cleavage may be performed by use of a glycosylase and a
nucleophile, or a glycosylase and an amine, ot a glycosylase and an AP endonuclease such as
for example UDG and DMED or UDG and an AP endonuclease at the same time,
Alternatively, the input nucleic acid template comprising one or more non-canonical
nucleotides may first be treated with a glycosylase to produce one or more abasic sites, and
then be treated with an AP endonuclease or cleaved by chemical means. In some cases, the
hybridization, and extension reactions are performed first, and then the cleavage reaction is
performed after sufficient time. In other cases, the hybridization and extension reactions are
performed at the same time as the cleavage reactions. In still other cases, the hybridization
and extengion reactions are initiated and allowed to proceed for a set period of time (e.g., 1
minute, 2 minutes, 3 minutes, 5 minutes, 10 minutes, 15 minutes, 30 minutes, 1 hour, 2 hours,
3 hours ctc.) and then the cleavage reaction is initiated. In some cases, mitiation of the
cleavage reaction may stop the extension reaction; in other cases, the cleavage reaction and
the extension reaction may then proceed concurrently.

[06090] For example, E. coli AP endonuclease I'V may be added to reaction conditions as
described above. .AP Endonuclease IV can be added at the same or different time as the agent
(such as an enzyme) capable of cleaving the base portion of a non-canonical nucleotide. For
example, AP Endonuclease IV can be added at the same time as UNG, or at different times.
Alternatively, the template nucleic acid or a reaction mixture comprising template nucleic

acid may be treated with UNG and an amine at the same time. A reaction mixture suitable
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for simultaneous UNG treatment and N,N'-dimethylethylenediamine treatment may nclude
about 1,2,3,4,5,6,7,8,9,10,11, 12, 13, 14, 15,16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27, 28, 29, 30, 35, 40, or about 50mM DMED. Alternatively, the use of an agent that
comprises both glycosidase and lyase activity may be utilized in the reaction mixture to
cleave the input nucleic acid template.

[6091] Cleavage of the input nucleic acid template by chemical means, enzymatic means, or
a combination thereof may provide a mixture of double stranded products, single stranded
products, and partial duplexes. In some cases, the cleaved products of the cleavage reaction
may be removed by one or more methods of the present invention. In some cases, the
cleaved products of the cleavage reaction may be removed by purification. For example, the
cleaved products of the cleavage reaction may be removed by a size-dependent purification
method, or an affinity based purification method. For example, the single stranded nucleic
acids may be removed by an affinity hybridization step to capture probes. In some cases, the
capture probes may be hybridized to a solid substrate. In other cases, the cleaved nucleic acid
products of the cleavage reaction may be removed by an affinity capture step using 2 ligand
with affinity to a label that has been incorporated into the cleaved products of the cleavage
reaction. The label, or ligand, may be incorporated prior to cleavage (e.g. during synthesis of
the template nucleic acid), during cleavage, or afier the cleavage step. In some cases, the
jabel may be incorporated at the abasic site. In other cases, the cleaved nucleic acid products
of the cleavage reaction may be removed by a capture step using a reactive moiety (e.g., an
amine or a hydrazine) such as an immobilized reactive moiety that reacts with a reactive o,p-
unsaturated aldehyde present at the abasic site of the cleaved nucleic acid product of the
cleavage reaction. In some cases, the cleaved nucleic acid products of the cleavage reaction
may be removed by electrophoresis or ultrafiltration.

[0092] In other cases, the single stranded products may be removed by enzymatic means. For
example, a single stranded specific exonuclease or endonuclease can be used to cleave the
single stranded DNA. A variety of suitable single stranded DNA specific exonucleases are
suitable for the methods of the present invention such as for example exonuclease 1, and
exonuclease 7. Similarly a variety of suitable single stranded DNA specific endonucleases
are suitable for the methods of the present invention such as for example the single stranded
DNA specific endonuclease is a S1 endonuclease or a mung bean nuclease . In some cases,
any combination of single strand specific endonucleases or exonucleases known in the art

such as those provided herein may be utilized to degrade or remove single stranded products,
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such as single stranded fragmentation products or single stranded primer extension products
or a combination thercof.

[6093] In some cases, the products of the primer extension reaction generated in the methods
of the present invention may be purified from the reaction mixture comprising fragmented
target nucleic acid and primer extension products. For example, the primer extension step
may include the use of nucleotides comprising a purification label such as for cxample
biotin/avidin or any other suitable label {e.g. digoxin, fluorescein, an antigen, a ligand, a
receptor, or any nucleotide labels provided herein), Primer extension products may therefore
be understood to contain a member of the biotin/avidin ligand receptor pair or other
purification label, whereas primers and template nucleic acid may not. A simple purification
step may be performed to remove unincorporated nucleotides such as alcohol or polyethylene
glycol precipitation, ion exchange purification, ultrafiltration, silica absorption, or reverse
phase methods, and then the primer extension products may be recovered using an
appropriate affinity matrix such as a matrix comprising biotin or a derivative thereof, avidin
or a derivative thereof, streptavidin or a derivative thereof, an antibody or a derivative or
fragment thereof, an antigen, a ligand, or a receptor in the form of particies, beads, a
membrane or a column. Alternatively, the simple purification step to remove unincorporated
nucleotides may be omitted or performed after the affinity purification step.

[6094] 1n some embodiments, the methods of the present invention further provide for the
generation of one or more blunt ended double stranded products. In some embodiments the
blunt ended double stranded products are produced from a template not containing any non-
canonical nucleotides. In other embodiments the double stranded products are produced from
a template containing one or more non-canonical nucleotides. In some cases, the extension
step of the present invention directly provides blunt ended double stranded products. In other
cases, the extension step of the present mvention provides a mixture of blunt ended and non-
blunt ended double stranded products. In still other cases, the extension step does not provide
blunt ended double stranded products, or does not provide a substantial degree or amount of
blunt ended double stranded products. In some cases, the non-blunt ended products of the
primer extension reaction must be further treated by the methods of the present invention to
produce blunt ended double stranded products, or to convert a substantial fraction of the non-
blunt ended products to blunt ended products.

[6095] In some cases, the double stranded products generated by the method of the present
invention may be blunt ended, when blunt end dsDNA is desirable for downstream analysis

such as highly parallel sequencing, or other cloning or adaptor ligation applications, by the
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use of a single strand specific DNA exonuclease such as for example exonuclease 1,
exonuclease 7 or a combination thereof to degrade overhanging single stranded ends of the
double stranded products. Alternatively, the double stranded products may be blunt ended by
the use of a single stranded specific DNA endonuclease for example but not limited to mung
bean endonuclease or S1 endonuclease. Alternatively, the double stranded fragment products
may be blunt ended by the use of a polymerase that comprises single stranded exonuclease
activity such as for example T4 DNA polymerase, any other polymerase comprising single
stranded exonuclease activity or a combination thereof to degrade the overhanging single
stranded ends of the double stranded products. In some cases, the polymerase comprising
single stranded exonuclease activity may be incubated in a reaction mixture that does or does
not comprise one or more dNTPs. In other cases, a combination of single stranded nucleic
acid specific exonucleases and one or more polymerases may be used to blunt end the double
stranded products of the primer extension reaction. In still other cases, the products of the
extension reaction may be made blunt ended by filling in the overbanging single stranded
ends of the double stranded products. For example, the fragments may be incubated with a
polymerase such as T4 DNA polymerase or Klenow polymerase or a combination thereof in
the presence of one or more dNTPs to fill in the single stranded portions of the double
stranded products. Alternatively, the double stranded products may be made blunt by a
combination of a single stranded overhang degradation reaction using exonucleases and/or
polymerases, and a fill-in reaction using one or more polymerases in the presence of one or
more dNTPs.

10096] In some embodiments, the methods of the present invention provide for generation of
primer extension products comprising double stranded nucleic acids, single stranded nucleic
acids, and nucleic acids comprising partial double stranded and partial single stranded
portions, cither from a template not comprising any non-canonical nucleotides or from a
template nucleic acid comprising one or more non-canonical nucleotides; fragmentation of
the template nucleic acid; optional purification of the primer extension products; and
generation of double stranded products from the single stranded nucleic acid primer extension
products and/or from the primer extension products comprising partial double stranded and
partial single stranded portions. Methods for generation of double stranded products from
partial double stranded products are provided herein inciuding the methods for blunt ending
double stranded primer extension products. Methods for generation of double stranded
primer extension products from single stranded primer extension products include for

example annealing one or more primers, such as any of the primers provided herein, to the
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single stranded primer extension product and extending the one or more annealed primers
with a polymerase, such as any of the polymerases provided herein or a any suitable
polymerase in a reaction mixture comprised of one or more dNTPs, including labeled dNTPs,
canonical dNTPs, non-canonical dNTPs or a combination thereof. In some cases, the non-
canonical nucleotides utilized in the reaction mixture for generating double stranded products
from single stranded primer extension products or from partial double stranded products are
different from at least one of the non-canonical nucleotides present in the template
polynucleotide. Methods of generation of double stranded primer extension products from
single stranded primer extension products may further include for example annealing two or
more adjacent primers, such as any of the primers provided herein including random primers
(e.g. pentamers, hexamers, heptamers, octamers, nonamers, decamers, undecamiers,
dodecamers, tridecamers etc.), to the single stranded primer extension product and ligating
the adjacent primers. Methods for generating double stranded primer extension products
from single stranded primer extension products may further include for example annealing
one or more primers such as any of the primers provided herein including primers comprising
random hybridizing portions (e.g. random pentamers, hexamers, heptamers, octamers,
nonamers, decamers, undecamers, dodecamers, tridecamers etc.) to the single stranded primer
extension product and extending the annealed primers. In some cases, the extension step may
be performed using an enzyme (e.g., a DNA dependent DNA polymerase) comprising strand
displacement activity.

[6697] In some embodiments, the methods of the present invention provide for attachment
(e.g., ligation) of adaptor molecules to the double stranded DNA products of the primer
extension reaction, or double stranded products generated from the single stranded or
partially double stranded products of the primer extension reaction. The adaptor molecules
may be ligated to double stranded DNA fragment molecules comprising single stranded
overhangs, including but not limited to single, double, triple, quadruple, quintuple, sextuple,
septuple, octuple, or more base overhangs, or to double stranded DNA fragment molecules
comprising blunt ends. In some cases, the adaptor molecules are ligated to blunt end double
stranded DNA fragment molecules which have been modified by 5 phosphorylation. In
some cases, the adaptor molecules are ligated to blunt end double stranded DNA fragment
molecules which have been modified by 5° phosphorylation followed by extension of the 3’
end with one or more nucicotides. In some cases, the adaptor molecules are ligated to blunt
end double stranded DNA fragment molecules which have been modified by 5°

phosphorylation followed by extension of the 3 end with a single nucleotide (or 2, 3, 4, 5, 6,
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7,8,9, 10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20 or more)} such as for example adenine,
guanine, cytosine, or thymine. In still other cases, adaptor molecules can be ligated to blunt
end double stranded DNA fragment molecules which have been modified by extension of the
3’ end with one or more nucleotides followed by 5° phosphorylation. In some cases,
extension of the 3’ end may be performed with a polymerase such as for example Klenow
polymerase or any of the suitable polymerases provided herein, or by use of a terminal
deoxynucleotide transferase, in the presence of one or more dNTPs in a suitable buffer
containing magnesium. Phosphorylation of 5° ends of DNA fragment molecules may be
performed for example with T4 polynucleotide kinase in a suitable buffer containing ATP
and magnesium.

[6098] The adaptor molecules may comprise single or double stranded nucleic acids or &
combination thereof. In some cases, the adaptor molecules comprise a one, two, three, four,
five, six, scven, cight, nine, ten, cleven, twelve, thirteen, fourteen, fourteen, fifteen, sixteen,
seventeen, eighteen, nineteen, twenty or longer base long single stranded overhang at their 5°
ends, For example, the adaptor molecules may comprise a one base long thymine, adenine,
cytosine, or guanine overhang at their 5” ends. Adaptor molecule compositions are provided
herein.

[0099] In some embodiments, the methods of the present invention provide for ligation or
attachment of adaptor molecules to the single stranded DNA products of the extension
reaction. The adaptor molecules may comprise single stranded or double stranded nucleic
acids or a combination thercof. The adaptor molecules may be ligated to the single stranded
DNA products of the extension reaction nsing T4 RNA ligase which is capable of ligating
two single stranded nucleic acids (RNA or DNA) together in the absence of a template.
Alternatively, a single stranded DNA specific ligase such as for example CircLigase® may
be utilized in the methods of the present mvention.

[060100] In some embodiments, the methods of the present invention provide for
contacting an input nucleic acid template comprising one or more non-canonical nucleotides
with a reaction mixture. In some cases, the reaction mixture may comprise one or more
oligonucleotide primers as provided herein. For example, the reaction mixture may comprise
one or more oligonucleotide primers comprising random hybridizing portions. Additionally,
the reaction mixture may comprise one or more oligonucleotide primers comprising random
hybridizing portions and onc or more oligonucleotide primers comprising a polyT sequence.
[60101] In some cases, the reaction mixture may comprise one or more polymerases as

provided herem. For example, the reaction mixture may comprise one or mose polymerases

30



WO 2013/191775 PCT/US2013/032606

comprising strand displacement activity, such as for example, Klenow polymerase, exo —
Klenow polymerase, 5°-3” exo — Klenow polymerase, Bst polymerase, Bst large fragment
polymerase, Vent polymerase, Deep Vent (exo-) polymerase, 9°Nm polymerase, Therminator
polymerase, Therminator 11 polymerase, MMulV Reverse Transcriptase, phi29 polymerase,
or DyNAzyme EXT polymerase, or a combination thereof. In some cases, the reaction
mixture may be configured to provide double stranded products in the presence of the input
nucleic acid template, the one or more oligonucleotide primers, and the one or more
polymerases comprising strand displacement activity. Enzymes for use in the compositions,
methods and kits of the present invention may further include any enzyme having reverse
transcriptase activity. Such enzymes include, but are not limited to, retroviral reverse
transcriptase, retrotransposon reverse transcriptase, hepatitis B reverse transcriptase,
cauliflower mosaic virus reverse transcriptase, bacterial reverse transcriptase, E. coli DNA
polymerase and klenow fragment, Tth DNA polymerase, Taq DNA polymerase (Saiki, R. K.,
et al., Science 239:487-491 (1988); U.S. Pat. Nos. 4,889,818 and 4,965,188), Tne DNA
polymerase (WO 96/10640), Tma DNA polymerase (U.S. Pat. No. 5,374,553), C. Therm
DNA polymerase from Carboxydothermus hydrogenoformans (EP0921196A1, Roche,
Pleasanton, Calif, Cat. No. 2016338), ThermoScript (Invitrogen, Carsbad, Calif. Cat. No.
11731-015) and mutants, fragments, variants or derivatives thereof. As will be understood by
one of ordinary skill in the art, modified reverse transcriptases may be obtained by
recombinant or genetic engineering techniques that are routine and well-known in the art.
Mutant reverse transcriptases can, for example, be obtained by mutating the gene or genes
encoding the reverse transcriptase of interest by site-directed or random mutagenesis. Such
mutations may include point mutations, deletion mutations and insertional mutations.
Preferably, one or more point mutations (e.g., substitution of one or more amino acids with
one or more different amino acids) are used fo construct mutant reverse transcriptases of the
invention. Fragments of reverse transcriptases may be obtained by deletion mutation by
recombinant techniques that are routine and well-known in the art, or by enzymatic digestion
of the reverse transcriptase(s) of interest using any of a number of well-known proteolytic
enzymes. Mutant DNA polymerase containing reverse transcriptase activity can also be used
as described in U.S. Patent Application Ser. No. 10/433,766, incorporated herein by
reference.

[00102] In some cases, the reaction mixture may comprise one or more agents capable
of cleaving the base portion of a non-canonical nucleotide to generate an abasic site. In some

cases, the reaction mixture may contain the one or more agents capable of cleaving the base
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portion of a non-canonical nucleotide to generate an abasic site at the initiation of the
extension reaction. In some cases, the reaction mixture may be supplemented with the one or
more agents capable of cleaving the base portion of a non-canonical nucleotide to generate an
abasic sitc after a suitable period of time (e.g., about 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 45, 60,
90, 120, 180, 240, 300, 400, 500, 600 minutes) has passed for the generation of primer
extension products. Suitable agents capable of cleaving the base portion of a non-canonical
nucleotide to generate an abasic site include but are not limited to UDG and MPG.

[60163] In some cases, the reaction mixture may comprise one or more agents capable
of fragmenting a phosphodiester backbone at an abasic site to fragment the input nucleic acid
template. In some cases, the reaction mixture may contain the one or more agents capable of
fragmenting a phosphodiester backbone at an abasic site to fragment the input nucleic acid
template at the initiation of the extension reaction. In some cases, the reaction mixture may
be supplemented with the one or more agents capable of fragmenting a phosphodiester
backbone at an abasic site to fragment the input nucleic acid template after a suitable period
of time (e.g., about 1,2, 3, 4, 5, 10, 15, 20, 25, 30, 45, 60, 90, 120, 180, 240, 300, 400, 500,
600 minutes) has passed for the generation of primer extension products. Suitable agents
capable of fragmenting a phosphodiester backbone at an abasic site to fragment the input
nucleic acid template include but are not limited to an amine, a primary amine, a secondary
arnine, a polyamine as provided herein, a nucleophile, a base (e.g. NaOH), piperidine, hot
piperidine, and one or more AP endonucleases.

[060104] The methods of the present invention provide for downstream analysis of the
primer extension products generated in the methods of the present invention. Said
downstream analysis inctudes but is not limited to e.g. pyrosequencing, sequencing by
synthesis, sequencing by hybridization, single molecule sequencing, nanopore sequencing,
and sequencing by ligation, high density PCR, microarray hybridization, SAGE, digital PCR,
and massively parallel Q-PCR; subtractive hybridization; differential amplification;
comparative genomic hybridization, preparation of libraries (including ¢cDNA and differential
expression libraries), preparation of an immobilized nucleic acid (which can be a nucleic acid
immobilized on a microarray), and characterizing amplified nucleic acid products generated
by the methods of the invention, or a combination thereof.

Applications on single cells

[60165] Single cell sequencing and gene expression profiling is provided for a variety
of suitable methods known in the art, such as disease diagnostic or prognostic applications, as

well as a research tool, for example to identify novel drug targets. Diseases of interest
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include, without limitation, immune-mediated dysfunction, cancer, and the like. In the
methods of the invention, a heterogeneous cell mixture, e.g. a tumor needle biopsy,
inflammatory lesion biopsy, synovial fluid, spinal tap, etc., is divided randomly or in a certain
order into spatially separated single cells, €.g. into a multiwell plate, microarray, microfluidic
device, or slide. Cells are then lysed, and the contents amplified and individually analyzed for
sequencing or expression of genes of interest. The cells thus analyzed can be classified
according to the genetic signatures of individual cells. Such classification allows an accurate
assessment of the cellular composition of a test sample, which assessment may find use, for
example, in determining the identity and number of cancer stem cells in a tumor; in
determining the identity and number of immune-associated cells such as the number and
specificity of T cells, dendritic cells, B cells and the iike.

[060106] In some embodiments, the cell sample to be analyzed is a primary sample,
which may be freshly isolated, frozen, etc. However, cells to be analyzed can be cultured
cells. Usually the sample is a heterogeneous mixture of cells, comprising a plurality of
distinct cell types, distinct populations, or distinct subpopulations, for example 2, 3,4, 5,6, 7,
8.9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 or more cell types, populations, or
subpopulations . In some embodiments the sample is a cancer sample from a solid tumor,
leukemia, lymphoma, etc., which may be a biopsy, e.g. a needle biopsy, etc., a blood sample
for disseminated tumors and leukemias, and the like. Samples may be obtained prior to
diagnosis, may be obtained through a course of treatment, and the like.

100167] For isolation of cells from tissue, an appropriate solution can be used for
dispersion or suspension. Such solution will generally be a bal&n&:ed salt sotation, e.g. normal
saline, PBS, Hank’s balanced salt solution, etc., conveniently supplemented with fetal calf
serum or other naturally occurring factors, in conjunction with an acceptabie buffer at low
concentration, generally from 5-25 mM. Convenient buffers include HEPES, phosphate
buffers, lactate buffers, etc. The separated cells can be collected in any appropriate medium
that maintains the viability of the cells, usually having a cushion of serum at the bottom of the
collection tube. Various media are commercially available and may be used according to the
nature of the cells, 'including dMEM, HBSS, dPBS, RPMI, Iscove’s medium, etc., frequently
supplemented with fetal calf serum.

[00108] Systems such as Beckman MoFlo cell sorter, Becton Dickenson Influx, or
Bio-Rad S3 can be used to sort heterogeneous mixtures of cells based on surface markers,

size, cte. into distinct populations.
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R In some embodiments, cells in a sample are separated on a microarray. For
example, a highly mtegrated live-cell microarray system may ufilize microwells each of
which is just large enough to fit a single cell (see Tokimitsu et al. (2007) Cytometry Part A
71k 1003:1010; and Yamamura et al. (2005) Analytical Chemistry 77:8050; each heremn
specifically incorporated by reference). Prior enrichment of cells of interest - such as by
FACS or other sorting - is optional and in some embodiments, cells from a sample are
divided into discrete locations without any prior sorting or enrichment. For example, cells
from a sample (e.g., blood sample, biopsy, solid tumor) can be individually isolated into
distinct positions. Typically, for solid tissue samples, the samples are mechanically,
chemically, and/or enzymatically separated (e.g., by treatment with trypsin or sonication).
Cells from a sample can be placed into any cell sorting device (e.g., a microfruidic cell sorter)
such that individual cells are isolated, such as at an addressable position on a planar surface.
Planar surfaces can have indentations, barricrs or other features ensuring isolation of
individual cells. Isolated cells can then be analyzed according to the methods herein.
Preferably, cells are separated into distinct positions wherein each position contains 1 or O
cells.

[00110) Cells are optionally sorted, e.g. by flow cytometry, prior to the separation. For
example, FACS sorting or size-differential sorting, can be used to increase the initial
concentration of the cells of interest by at least 1,000, 10,000, 160,000, or more fold,
according to one or more markers present on the cell surface. Such cells are optionally sorted
according to the presence and/or absence of cell surface markers particularly markers of a
population or subpopulation of interest.

Cell sorters

[66111] Where the cells are isolated into distinct positions for analysis, the cells may
be sorted with a microfluidic sorter, by flow cytometry, microscopy, etc. A microfabricated
fluorescence-activated cell sorter is described by Fu et al. (1999) Nature Biotechnology 17:
1109 and Fu et al. (2002) Anal. Chem. 74:2451-2457, each herein specifically incorporated
by reference. A sample can be sorted with an integrated microfabricated cell sorter using
multitayer soft lithography. This integrated cell sorter may incorporate various microfluidic
functionalities, including peristaltic pumps, dampers, switch valves, and input and output
wells, to perform cell sorting in a coordinated and automated fashion, The active volume of
an actuated valve on this integrated ccll sorter can be as small as 1 pL, and the volume of
optical interrogation as small as 100 fL.. Compared with conventional FACS machines, the

microfluidic FACS provides higher sensitivity, no cross-contamination, and lower cost.
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[00112] Individual cells can be isolated into distinct positions (e.g., a 96-well plate or a
microatray address) for further analysis and/or manipulation. For example, a cell population
containing a desired cell type, such as, hematopoietic stem cells (HSCs) is sorted by FACS
analysis utilizing antibodies capable of distinguishing HSCs from mature cells. The cells are
sorted into 96-well plates, lysed by appropriate methods and the lysates are analyzed by
qPCR, microarray analysis, and/or sequencing.

|00113] Devices for single cell 1solation include a microfluidic cell sorter, which
isolates live cells from cellular debris and sorts cells from a single cell suspension.
Microfluidic devices can be used in combination with fluorescent signals (e.g., labeled
antibodies to markers for a target population or subpopulation) from 1, 2, 3, 4, 5 or more
different surface markers, and places them in individual bins for subsequent genetic studics.
Other upstream steps such as digesting the tumor or cell culture to obtain a cell suspension
and staining the cells with fluorescent surface markers may be incorporated in this system.
The number of cells to be analyzed depends on the heterogeneity of the sample, and the
expected frequency of cells of interest in the sample. Usually at least about 107 cells are
analyzed, at least about 10°, at least 5 x 10°, at least about 107, at least about 10°, at least
about 10°, at least about 107, at least about 10°, at least about 10°, at least about 10'%, at least
about 10", at least about 10*%, at least about 10", at least about 10", at least about 10%°, or
more cells are analyzed.

(00114} In some instances, a single cell analysis device (SCADY) is modular and can
perform multiple steps, such as digestion of the tissue, separation of live cells from the debris,
staining, or sorting in an integrated, fully antomated fashion.

[00115] Sorted cells can be individually lysed to perform analysis of genetic (RNA,
DNA) and/or protein composition of the cells. mRNA can be captured on a colurmn of oligo-
dT beads, reverse transcribed on beads, processed off chip, transferred to a macroscopic well,
etc. Optionally, DNA or RNA is preamplified prior to analysis. Preamplification can be of an
entire genome or transcriptome, or & portion thereof (e.g., genes/transcripts of interest). A
polynucleotide sample can be transferred to a chip for analysis (e.g., by QqRT-PCR) and
determination of an expression profile.

[00116] A nucleic acid sample includes a plurality or population of distinct nucleic
acids that can include the expression mformation of the phenotype determinative genes of
interest of the individual cell. A nucleic acid sample can include RNA or DNA nucleic acids,
e.g., mMRNA, cRNA, cDNA, etc. Expression profiles can be generated by any convenient

means for determining differential gene expression between two samples, e.g. quantitative
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hybridization of mRNA, labeled mRNA, amplified mRNA, ¢cRNA, etc., quantitative PCR,
and the like. A subject or patient sample, .g., cells or collections thereof, ¢.g., tissues, 18
assayed. Samples are collected by any convenient method, as known in the art.

[00117] The sample can be prepared in a number of different ways, as 1s known in the
art, e.g., by mRNA isolation from a single cell, where the isolated mRNA is used as is,
amplified, employed to prepare cDNA, cRNA, etc., as is known in the differential expression
art (for example, sec Marcus, et al.,, Anal. Chem. (2006); 78(9): 3084-89). The sample can be
prepared from any tissue (e.g., a lesion, or tumor tissue) harvested from a subject. Analysis of
the samples can be used for any purpose (e.g., diagnosis, prognosis, classification, tracking
and/or developing therapy). Cells may be cultured prior to analysis.

[00118] The expression profile may be generated from the initial nucleic acid sample
using any conventional protocol. While a variety of different manners of generating
expression profiles are known, such as those employed in the ficld of differential gene
expression analysis, one representative and convenient type of protocol for generating
expression profiles is quantitative PCR (QPCR, or QT-PCR). Any available methodology for
performing QPCR can be utilized, for example, as described Valera, et al., /. Neurooncol.
(2007) 85(1):1-10.

Sorting of cells

[66119] Cells with selected properties, for exarmple cells with selected surface proteins,
cells with a disrupted cell membrane, cells infected with a pathogen, dying cells or dead cells
can be detected in a sample by a variety of techniques well known in the art, including cell
sorting, especially fluorescence-activated cell sorting (FACS), by using an affinity reagent
bound to a substrate (c.g., a plastic sarface, as in panning), or by using an affinity reagent
bound to a solid phase particle which can be isolated on the basis of the properties of the
beads (e.g., colored latex beads or magnetic particles). Naturally, the procedure used to detect
the cells will depend upon how the cells have been labelled. In one example, any detectable
substance which has the appropriate characteristics for the cell sorter may be used (e.g., in the
case of a fluorescent dye, a dye which can be excited by the sorter’s light source, and an
emission spectra which can be detected by the cell sorter’s detectors). In flow cytometry, a
beam of laser light is projected through a liquid stream that contains cells, or other particles,
which when struck by the focussed light give out signals which are picked up by detectors.
These signals arc then converted for computer storage and data analysis, and can provide
information about various cellular properties. Cells labelled with a suitable dye are excited by

the laser beam, and emit light at characteristic wavelengths. This emitted light is picked up by
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detectors, and these analogue signals are converted to digital signals, allowing for their
storage, analysis and display.

[60120] Many larger flow cytometers are also “cell sorters”, such as fluorescence-
activated cell sorters (FACS), and are instruments which have the ability to selectively
deposit cells from particular populations into tubes, or other collection vessels. In a
particularly preferred embodiment, the cells are isolated using FACS. This procedure 18 well
known in the art and described by, for example, Melamed et al., Flow Cytometry and Sorting,
Wiley-Liss, Inc., (1990); Shapiro, Practical Flow Cytometry, 4th Edition, Wiley-Liss, Inc.,
(2003); and Robinson et al., Handbook of Flow Cytometry Methods, Wiley-Liss, Inc. (1993).
{06121} In order to sort cells, the instruments electronics interprets the signals
collected for each cell as it is interrogated by the laser beam and compares the signal with
sorting criteria set on the computer. If the cell meets the required criteria, an electrical charge
is applied to the liquid stream which is being accurately broken into droplets containing the
cells. This charge is applied to the stream at the precise moment the cell of interest is about to
break off from the stream, then removed when the charged droplet has broken from the
stream. As the droplets fall, they pass between two metal plates, which are strongly positively
or negatively charged. Charged droplets get drawn towards the metal plate of the opposite
polarity, and deposited in the collection vessel, or onto a microscope slide, for further
examination. The cells can automatically be deposited in collection vessels as single cells or
as a plurality of cells, e.g. using a laser, e.g. an argon laser (488 nm) and for example with a
Flow Cytometer fitted with an Autoclone unit (Coulter EPICS Altra, Beckman- Coulter,
Miarmi, Fla., USAY, Other examples of suitable FACS machines/usefu! for the methods of the
invention include, but are not limited to, MoFlo™ Highspeed cell sorter (Dako-Cytomation
itd), FACS Aria™ (Becton Dickinson), FACS Diva (Becton Dickinson), ALTRA™ Hyper
sort (Beckman Coulier) and Cy Flow™ sorting system (Partec GmbH).

[66122] The enrichment or sorting of desired cells and/or or precursors thereof from a
sample may be accomplished using solid-phase particles. Any particle with the desired
properties may be utilized. For example, large particles (e.g., greater than about 90-1060 pm in
diameter) may be used to facilitate sedimentation. In some cases, the particles are “magnetic
particles” (i.e., particles which can be collected using a magnetic ficld). Labeled cells may be
retained in a column (held by the magnetic field), whilst unlabelled cells pass straight through
and are chited at the other end. Magnetic particles are now commonly available from a

variety of manufacturers including Dynal Biotech {Oslo, Norway) and Milteni Biotech
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GmbH (Germany). An example of magnetic cell sorting (MACS) is provided by Al-Mufli et
al. (1999).

[060123] Laser-capture microdissection can also be used to selectively enrich labelled
dendritic cells or precursors thereof on a slide using methods of the invention. Methods of
using laser-capture microdissection are known 1in the art (see, for example, U.S. 20030227611
and Bauer et al, 2002).

Target polynucleotides

[60124] In various embodiments of the invention, nucleic acid are used as substrates
for further manipulation. The input nucleic acid can be DNA, or complex DNA, for example
genomic DNA. The input DNA may also be cDNA. The cDNA can be generated from RNA,
¢.g., MRNA, The input DNA can be of a specific species, for example, human, grape, rat,
mouse, other animals, plants, bacteria, algae, viruses, and the like. The input nucleic acid also
can be from a mixture of genomes of different species such as host-pathogen, bacterial
populations and the like. The input DNA can be ¢cDNA made from a mixture of genomes of
different species. Alternatively, the input nucleic acid can be from a synthetic source. The
input DNA can be mitochondrial DNA or choloroplast DNA. The input DNA. can also
comprise cDNA generated from one or more of cytoplasmic, mitochondrial, or chloroplast
mRNA, rRNA, or tRNA The input DNA can be cell-free DNA. The cell-free DNA can be
obtained from, e.g., a serum or plasma sample. The input DNA can comprise one or more
chromosomes. For example; if the input DNA is from a human, the DNA can comprise one
or more of chromosome 1,2, 3,4,5,6,7,8,9,10,11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22, X, or Y. The DNA can be from a linear or circular genome. The DNA can be plasmid
DNA, cosmid DNA, bacterial artificial chromosome (BAC), or yeast artificial chromosome
(YAC). The input DNA can be from more than one individual or organism. The input DNA
can be double stranded or single stranded. The inpui DNA can be part of chromatin. The
input DNA can be associated with histones. The methods described herein can be applied to
high molecular weight DNA, such as is isolated from tissues or cell culture, for example, as
well as highly degraded DNA, such as cell-free DNA from blood and urine and/or DNA
extracted from formalin-fixed, paraffin-embedded tissues, for example.

[00125] The different samples from which the target polynucleotides are derived can
comprise multiple samples from the same individual, samples from different individuals, or
combinations thereof. In some embodiments, a sample comprises a plurality of
polynucleotides from a single individual. In some embodiments, a sample comprises a

plurality of polynucleotides from two or more individuals. An individual 18 any organism or
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portion thereof from which target polynucleotides can be derived, non-limiting examples of
which include plants, animals, fungi, protists, monerans, viruses, mitochondria, and
chloroplasts. Sample polynucleotides can be isolated from a subject, such as a cell sample,
tissue sample, or organ sample derived therefrom, including, for example, cultured cell lines,
biopsy, blood sample, or fluid sample containing a cell. The subject may be an animal,
including but not limited to, an animal such as a cow, a pig, a mouse, a rat, a chicken, a cat, a
dog, etc., and is usually a mammal, such as a human. Samples can also be artificially
derived, such as by chemical synthesis. In some embodiments, the samples comprise DNA.
In some embodiments, the samples comprise genomic DNA. In some embodiments, the
samples comprise mitochondrial DNA, chloroplast DNA, plasmid DNA, bacterial artificial
chromosomes, yeast artificial chromosomes, oligonucieotide tags, or combinations thereof.
In some embodiments, the samples comprise DNA generated by primer extension reactions
using any suitable combination of primers and a DNA polymerasc, including but not limited
to polymerase chain reaction (PCR), reverse transcription, and combinations thereof. Where
the template for the primer extension reaction is RNA, the product of reverse transcription is
referred to as complementary DNA (¢cDNA). Primers useful in primer extension reactions
can comprise sequences specific to one or more targets, random sequences, partially random
sequences, and combinations thereof. Reaction conditions suitable for primer extension
reactions are known in the art. In general, sample polynucleotides comprise any
polynucleotide present in a sample, which may or may not include target polynucieotides.
[80126] Methods for the extraction and purification of nucleic acids are well known in
the art. For example, nucleic acids can be purified by organic extraction with phenol,
phenol/chloroform/isoamyl alcohol, or similar formulations, including TRIzol and
TriReagent. Other non-limiting examples of extraction techniques mclude: (1) organic
extraction followed by ethanol precipitation, ¢.g., using a phenol/chloroform organic reagent
(Ausubel et al., 1993), with or without the use of an automated nucleic acid extractor, e.g.,
the Model 341 DNA Extractor available from Applied Biosystems (Foster City, Calif); (2)
stationary phase adsorption methods (U.S. Pat. No. 5,234.809; Walsh et al., 1991); and (3)
salt-induced nucleic acid precipitation methods (Miller et al., (1988), such precipitation
methods being typically referred to as “salting-out” methods. Another example of nucleic
acid isolation and/or purification includes the use of magnetic particies to which nucleic acids
can specifically or non-specifically bind, followed by isolation of the beads using a magnet,
and washing and eluting the nucleic acids from the beads (see e.g. U.S. Pat. No. 5,705,628).

In some embodiments, the above isolation methods may be preceded by an enzyme digestion
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step to help eliminate unwanted protein from the sample, e.g., digestion with proteinase K, or
other like proteases. Sece, e.g., U.S. Pat. No. 7,001,724, If desired, RNase inhibitors may be
added to the lysis buffer. For certain cell or sample types, it may be desirable to add a protein
denaturation/digestion step to the protocol. Purification methods may be directed to isolate
DNA, RNA, or both, When both DNA and RNA are isolated together during or subsequent
to an extraction procedure, further steps may be employed to purify one or both separately
from the other. Sub-fractions of extracted nucleic acids can also be generated, for example,
purification by size, sequence, or other physical or chemical characteristic. In addition to an
initial nucleic isolation step, purification of nucleic acids can be performed after any step in
the methods of the invention, such as to remove excess or unwanted reagents, reactants, or
products.

Single Cells Suitable for Analysis

[60127] Samples containing nucieic acids or single cells can be obtained from
biological sources and prepared using conventional methods known in the art. In particular,
DNA or RNA uscful in the methods described herein can be extracted and/or amplified from
any source, including bacteria, protozoa, fungi, viruses, organelles, as well higher organisms
such as plants or animals, ¢.g., mammals, and particularly humans. Suttable nucleic acids can
also be obtained from an environmental source (¢.g., pond water), from man-made products
{(e.g., food), from forensic samples, and the like. Nucleic acids can be extracted or amplified
from cells, bodily fluids (e.g., blood, a blood fraction, urine, etc.), or tissue samples by any of
a variety of standard techniques. Cells may either be cultured or from primary isolates such as
clinical samples. Hlustrative samples include samples of plasma, serum, spinal fluid, lymph
fluid, peritoneal fluid, pleural fluid, oral fluid, and external sections of the skin; samples from
the respiratory, intestinal, genital, and urinary tracts, samples of tears, saliva, blood cells,
stem cells, or tumors. For example, samples of fetal DNA can be obtained from an embryo
(e.g., from one or a few embryonic or fetal cells) or from maternal blood. Samples can be
obtained from live or dead organisms or from in vitro cultures. Iilustrative samples can
include single cells, paraffin-embedded tissue samples, and needle biopsies. Nucleic acids
useful in the methods described herein can also be derived from one or more nucleic acid
librarics, including cDNA, cosmid, YAC, BAC, P1, PAC librarics, and the like.

[60128] Samples may reflect particular states, e.g., cell proliferation, cell
differentiation, cell death, disease, exposure fo stimuli, and/or stages, e.g., stages of

development.
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[00129] In particular embodiments, the methods described herein can carried out on a
smgle cell from a preimplantation embryo, a stem cell, a suspected cancer cell, a cell from a
pathogenic organism, and/or a cell obtained from a crime scene. For example, a human
blastomere (e.g., from an eight-cell stage embryo or later) can be analyzed to determine
whether the genome includes one or more genetic defects.

[00136] Nucleic acids of interest can be isolated using methods well known in the art,
with the choice of a specific method depending on the source, the nature of nucleic acid, and
similar factors. The sample nucleic acids need not be in pure form, but are typically
sufficiently pure to allow the amplification steps of the methods described herein to be
performed. Where the target nucleic acids are mRNA, the RNA can be reversed transcribed
into ¢cDNA by standard methods known in the art and as described in Sambrook, J., Fritsch,
E. F., and Maniatis, T., Molecular Cloning: A Laboratory Manual. Cold Spring Harbor
Laboratory Press, NY, Vol. 1, 2, 3 (1989), for example. The ¢DNA can then be analyzed
according to the methods described herein.,

{00131} In certain embodiments, a single cell can be added directly to a suitable WGA
reaction mixture and WGA carried out. In other embodiments, the RNA of a single cell can
be converted to DNA (e.g., cDNA) or the RNA directly amplified.

Fragmentation methods

[00132] In some embodiments, sample polynucleotides are fragmented into a
population of fragmented insert DNA molecules of one or more Speciﬁc size range(s). In
some embodiments, fragments are generated from at least about 1, 10, 100, 1000, 10000,
100000, 300000, 5080000, or more genome-equivalents of starting DNA. Fragmentation may
be accomplished by methods known in the art, including chemical, enzymatic, and
mechanical fragmentation. In some embodiments, the fragments have an average length from
about 10 to about 10,000 nucleotides. In some embodiments, the fragments have an average
length from about 50 to about 2,000 nucleotides. In some embodiments, the fragments have
an average length from about 100-2,500, 10-1,000, 10-800, 10-500, 50-500, 50-250, or 50-
150 nucleotides. In some embodiments, the fragments have an average length less than 500
nucleotides, such as less than 400 mucleotides, less than 300 nucleotides, less than 200
nucleotides, or less than 150 nucleotides. In some embodiments, the fragmentation is
accomplished mechanically comprising subjecting sample polynucleotides to acoustic
sonication. In some embodiments, the fragmentation comprises treating the sample
polynucleotides with one or more enzymes under conditions suitable for the one or more

enzymes to generate double-stranded nucleic acid breaks. Exarnples of enzymes useful in the
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generation of polynucleotide fragments include sequence specific and non-sequence specific
nucleases. Non-limiting examples of nucleases include DNase 1, Fragmentase, restriction
endonucleases, variants thereof, and combinations thereof. For example, digestion with
DNase I can induce random double-stranded breaks in DNA in the absence of Mg++ and in
the presence of Mn++. In some embodiments, fragmentation comprises treating the sample
polynucleotides with one or more restriction endonucleases. Fragmentation can produce
fragments having 5’ overhangs, 3’ overhangs, blunt ends, or a combination thereof. In some
embodiments, such as when fragmentation comprises the use of one or more restriction
endonucleases, cleavage of sample polynucleotides leaves overhangs having a predictable
sequence. In some embodiments, the method includes the step of size selecting the fragments
via standard methods such as column purification or isolation from an agarose gel.
Combination of fragmentation methods can be utilized, such as a combination enzymatic and
chemical methods. In a particular example, an abasic site can be generated, e.g. using a
glycosylase (Uracil-DNA glycosylase, Thymine-DNA glycosylase etc.), and the abasic site
can be cleaved using a chemical method, such as by contacting the abasic site with
dimethylethylenediamine (DMED).

[60133] In some embodiments, the 5° and/or 3° end nucleotide sequences of
fragmented DNA are not modified prior to ligation with one or more adaptor
oligonucleotides. For example, fragmentation by a restriction endonuclease can be used to
leave a predictable overhang, followed by ligation with one or more adaptor oligonucleotides
comprising an overhang complementary to the predictable overhang on a DNA fragment. In
another example, cleavage by an enzyme that leaves a predictable blunt end can be followed
by ligation of blunt-ended DNA fragments to adaptor oligonucleotides comprising a blunt
end. In some embodiments, the fragmented DNA molecules are blunt-end polished (or “end
repaired”) to produce DNA fragments having blunt ends, prior to being joined to adaptors.
The blunt-end polishing step may be accomplished by incubation with a suitable enzyme,
such as a DNA polymerase that has both 3” to 5’ exonuclease activity and 57 to 3’ polymerase
activity, for example T4 polymerase. In some embodiments, end repair is followed by an
additionof 1, 2,3,4,5,6,7,8,9, 10,11, 12, 13, 14, 15, 16, 17, 18, 19, 20 or more
nucleotides, such as one or more adenine, one or more thymine, one or more guanine, or one
or more cytosine, to produce an overhang. DNA fragments having an overhang can be joined
to one or more adaptor oligonucleotides having a complementary overhang, such as in a
ligation reaction. For example, a single adenine can be added to the 3’ ends of end repaired

DNA fragments using a template independent polymerase, followed by ligation to one or
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more adaptors each having a thymine at a 3" end. In some embodiments, adaptor
oligonucleotides can be joined to blunt end double-stranded DNA fragment molecules which
have been modified by extension of the 3’ end with one or more nucleotides followed by 5°
phosphorylation. In some cases, extension of the 3’ end may be performed with a
polymerase such as for example Klenow polymerase or any of the suitable polymerases
provided herein, or by use of a terminal deoxynucleotide transferase, in the presence of one
or more ANTPs in a suitable buffer containing magpesium. In some embodiments, target
polynucleotides having blunt ends are joined to one or more adaptors comprising a blunt end.
Phosphorylation of 5° ends of DNA fragment molecules may be performed for example with
T4 polynucleotide kinase in a suitable buffer containing ATP and magnesium. The
fragmented DNA molecules may optionally be treated to dephosphorylate 57 ends or 3’ ends,
for example, by using enzymes known in the art, such as phosphatases.

[06G134] Tn some embodiments, each of the plurality of independent samples comprises
at least about Ipg, 10pg, 100pg, Ing, 10ng, 20ng, 30ng, 40ng, 50ng, 75ng, 100ng, 150ng,
200ng, 250ng, 300ng, 400ng, 500ng, Iug, 1.5ug, 2ug, or more of nucleic acid material. In
some embodiments, each of the plurality of independent samples comprises less than about
1pg, 10pg, 100pg, Ing, 10ng, 20ng, 30ng, 40ng, 50ng, 75ng, 100ng, 150ng, 200ng, 250ng,
300ng, 400ng, 500ng, 1ng, 1.5ug, 2ng, or more of nucleic acid.

[00135] In some embodiments each of the individual or plurality of samples comprises
a single polynucleotide target or a simgle genome.

[60136] In another aspect, the invention provides compositions that can be used in the
above described methods. Compositions of the invention can comprise any one or more of
the elements described herein. In one embodiment, the composition comprises a plurality of
target polynucleotides, each target polynucleotide comprising one or more barcode sequences
selected from a plurality of barcode sequences, wherein said target polynucleotides are from
two or more different samples, and further wherein the sample from which each of said
polynucleotides is derived can be identified in a combined sequencing reaction with an
accuracy of at least 95% based on a single barcode contained in the sequence of said target
polynucleotide. In some embodiments, the composition comprises a plurality of first
adaptor/primer oligonucleotides, wherein cach of said first adaptor/primer oligonucleotides
comprises at least one of a plurality of barcode sequences, wherein each barcode sequence of
the plurality of barcode sequences differs from every other barcode sequence in said plurality

of barcode sequences at at least three nucleotide positions.
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Methods of Amplification

100137] The methods, compositions and kits described herein can be useful to generate
amplification-ready products for downstream applications such as massively parallel
sequencing or hybridization platforms. Methods of amplification are well known in the art. In
some embodirnents, the amplification is exponential, e.g. in the enzymatic amplification of
specific double stranded sequences of DNA by a polymerase chain reaction (PCR). In other
embodiments the amplification method is linear. In other embodiments the amplification
method is isothermal.

[6G138] Thus, it is understood that the methods, compositions and kits described herein
can be useful to generate amplification-ready products directly from genomic DNA or whole
or partial transcriptome RNA for downstream applications such as massively parallel
sequencing (Next Generation Sequencing methods), multiplexed quantification of large sets
of sequence regions of interest, such as by high density qPCR arrays and other highly paraliel
quantification platforms (selective massively parallel target pre-amplification), as well as
generation of libraries with enriched population of sequence regions of interest. The methods
described herein can be used to generate a collection of at least 25, 50, 75, 100, 500, 1000,
2500, 5000, 10,000, 25,000, 50,000, 100,000, 500,000, or 1,000,000 amplification-ready
target sequence regions of interest directly from a sample of complex DNA using a plurality
of oligonucieotides.

[00139] Methods of nucleic acid amplification are well known in the art. In some
embodiments, the amplification method is isothermal. In other embodiments the
amplification method is linear. In other embodiments the amplification is exponential,
Amplification

[06146] In some embodiments, amplification methods can be solid-phase
amplification, polony amplification, colony amplification, emulsion PCR, bead RCA, surface
RCA, surface SDA, etc., as will be recognized by one of skill m the art. In some
embodiments, amplification methods that results in amplification of free DNA molecules in
solution or tethered to a suitable matrix by only one end of the DNA molecule can be used.
Methods that rely on bridge PCR, where both PCR primers are attached to a surface (see,
e.g., WO 2000/018957 and Adessi et al., Nucleic Acids Research (2000): 28(20): E87) can be
used. In some cases the methods of the invention can create a “polymerase colony
technology”, or “polony”, referring to a multiplex amplification that maintains spatial
clustering of identical amplicons (see Harvard Molecular Technology Group and Lipper

Center for Computational Genetics website). These include, for example, in situ polonies
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(Mitra and Church, Nucleic Acid Research 27, ¢34, Dec. 15, 1999), in situ rolling circle
amplification (RCA) (Lizardi et al., Nature Genetics 19, 225, July 1998), bridge PCR (U.S,
Pat. No. 5,641,65R), picotiter PCR (Leamon et al., Electrophoresis 24, 3769, November
2003), and emulsion PCR (Dressman et al.,, PNAS 100, 8817, Jul. 22, 2003).

[60141] The methods of the present invention may further include a step of hybridizing
one or more oligonucleotide primers to an input nucleic acid template, The template can
optionally comprise one or more non-canonical nucleotides. In some cases the
oligonucleotide primers may comprise a hybridizing portion which comprises random
nucleotides, such as for example random dimers, trimers, tetramers, pentamers, hexamers,
heptamers, octomers, nonomers, decamers, undecamers, dodecamers, tridecamers,
tetradecamers, or longer. In other cases, the hybridizing portion may comprise a non random
sequence such as a polyT sequence. In still other cases, the hybridizing portion of some of
the oligonucleotide primers may comprise random nucleotides, while the hybridizing portion
of some of the nucleotides comprise non-random sequences, such as polyT or “not so random
sequences.” In some cascs, the hybridizing portion of the oligonucleotide primers may
comprise “not so random sequences” such as for example a pool of sequences which
randomly or pseudo-randomly prime desired sequences such as total mRNA or a substantial
fraction thereof, but do not prime undesired sequences such as rRNA.

[00142] A “random primer,” as used herein, can be a primer that generally comprises a
sequence that is designed not necessarily based on a particular or specific sequence in a
sample, but rather is based on a statistical expectation (or an empirical observation) that the
sequence of the random primer is hybridizable {under a given set of conditions) to one or
more sequences in the sample. A random primer can generally be an oligonucleotide or a
population of oligonucleotides comprising a random sequence(s) in which the nucleotides at a
given position on the oligonucleotide can be any of the four nucleotides, or any of a selected
group of the four nucleotides (for example only three of the four nucleotides, or only two of
the four nucleotides). In some cases all of the positions of the oligonucicotide or population
of oligonucleotides can be any of the four nucleotides; in other cases, only a portion of the
positions, for instance a particular region, of the oligonucleotide will comprise positions
which can be any of the four bases. In some cases, the portion of the oligonucleotide which
comprises positions which can be any of the four bases isabout 1,2, 3,4, 5,6,7, 8,9, 10, 11,
12, 13, 14, or about 15-20 nucleotides in length. In some cascs, the portion of the
oligonucleotide which comprises positions which can be any of the four bases is about 5-20,

5-15, 5-10, 4-8, 10-20, 15-20, or 10-15 nucleotides in length. In some cases, a random
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primer may comprise a tailed primer having a 3’-region that comprises a random sequence
and a 5'-region that is a non-hybridizing sequence that comprises a specific, non-random
sequence. The 3’-region may also comprise a random sequence in combination with a region
that comprises poly-T sequences. The sequence of a random primer {or its complement) may
or may not be naturally-occurring, or may or may not be present in a pool of sequences in a
sample of interest. The amplification of a plurality of RNA species in a single reaction
mixture would generally, but not necessarily, employ a multiplicity, or a large multiplicity, of
random primers. As is well understood in the art, a “random primer” can also refer to a
primer that is a member of a population of primers (a plurality of random primers) which
collectively are designed to hybridize to a desired and/or a significant number of target
sequences. A random primer may hybridize at a plurality of sites on a nucleic acid sequence.
The use of random primers provides a method for generating primer extension products
complementary to a target polynucleotide which does not require prior knowledge of the
exact sequence of the target. In some embodiments one portion of a primer is random, and
another portion of the primer comprises a defined sequence. For example, in some
embodiments, a 3 -portion of the primer will comprise a random sequence, while the 5°-
portion of the primer comprises a defined sequence. In some embodiments a 3’-random
portion of the primer will comprise DNA, and a 5’-portion defined portion of the primer will
comprise RNA; in other embodiments, both the 3’ and 5’-portions will comprisc DNA. In
some embodiments, the 5°-portion will contain a defined sequence and the 3’-portion will
comprise a poly-dT sequence that is hybridizable to a multiplicity of RNAs in a sample (such
as all mRNA),

[66143} The hybridizing portion of the oligonucleotide primers may comprise a pool of
hybridizing portions which hybridize to a number of sequences or fragments to be analyzed
such as for example, 1;2; 3,45, 6,7, 8; 9; 10; 11; 12; 13; 14; 15; 16; 17; 18; 19; 20; 25; 30;
35; 40; 45; 50; 55; 60; 75, 100; 150; 260; 250; 300; 400; 500; 600; 750; 1000; 10,000,
15,000; 20,000; 25,000; 30,000, 40,000; 50,000; 60,000; 75,000, 100,000; 150,000; 200,000;
250,000 or more sequences or fragments. In some cases, each fragment may be hybridized to
one primer, in other cases, each fragment is hybridized on average to 1,2, 3,4,5,6,7, 8,9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 or more oligonucleotide primers. Oligonucieotide
primers suitable for the methods of the present invention are provided herein.

[00144] The olignucleotide primers may be extended along the input nucleic acid
template to which they are hybridized. In some cases, the extension may be performed with a

polymerase such as for example any of the polymerases provided herein including
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polymerases comprising strand displacement activity. Exemplary DNA dependent DNA
polymerases suitable for the methods of the present invention include but are not limited to
Klenow polymerase, with or without 3’-exonuclease, Bst DNA polymerase, Bea polymerase,
929 DNA polymerase, Vent polymerase, Deep Vent polymerase, Taq polymerase, T4
polymerase, and E. coli DNA polymerase 1, derivatives thereof, or mixture of polymerases.
In some cases, the polymerase does not comprise a 5°-exonuclease activity. In other cases,
the polymerasc comprises 5° exonuclease activity. In some cases, the primer extension of the
present invention may be performed using a polymerase comprising strong strand
displacement activity such as for example Bst polymerase. In other cases, the primer
extension of the present invention may be performed using a polymerase comprising weak or
no strand displacement activity. One skilled in the art may recognize the advantages and
disadvantages of the use of strand displacement activity during the primer extension step, and
which polymerases may be expected to provide strand displacement activity (see ¢.g., New
England Biolabs Polymerases). For cxample, strand displacement activity may be useful in
ensuring whole genome or whole transcriptome coverage during the random priming and
extension step. Strand displacement activity may further be useful in the generation of
double stranded amplification products during the priming and extension step. Alternatively,
a polymerase which comprises weak or no strand displacement activity may be useful in the
generation of single stranded nucleic acid products during primer hybridization and extension
that are hybridized to the template nucleic acid.

[00145] An “RNA-dependent DNA polymerase” or “reverse transcriptase” (“RT7) is
an enzyme that synthesizes a complementary DNA copy from an RNA template. All known
reverse transcriptases also have the ability to make a complementary DNA copy from a DNA
template; thus, they are both RNA- and DNA-dependent DNA polymerases. Reverse
transcriptases may also have an RNase H activity. Some examples of reverse transcriptases are
reverse transcriptase derived from Maloney murine leukemia virus (MMLV-RT), avian
myeloblastosis virus, retroviral reverse transcriptase, retrotransposon reverse transcriptase,
hepatitis B reverse transcriptase, cauliflower mosaic virus reverse transcriptase, bacterial
reverse transcriptase, E. coli DNA polymerase and klenow fragment, and Tth DNA
polymerase. A primer can be used to initiate synthesis with both RNA and DNA templates. In
other examples a DNA dependent DNA polymerase may also comprise an RNA-dependent
DNA polymerasc such as Klenow polymerase, Bst DNA polymerase and the like.

[60146] The extension of hybridized oligonucleotide primers, at least a portion of

which may comprise random hybridizing portions, non-random hybridizing portions, not-so
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random hybridizing portions or a combination thereof, with a polymerase comprising strand
displacement activity may provide for the generation of double stranded nucleic acid product
fragments. In some cases, the extension of hybridized oligonucleotide primers, at least a
portion of which comprise random hybridizing portions, with a polymerase comprising strand
displacement activity may produce double stranded nucleic acid products comprising a
mixture of double stranded nucleic acid fragment products produced in the polymerization
reaction as well as double stranded molecules comprising template nucleic acid hybridized to
one or more oligonucleotide primers.

[60147] In the embodiment where the template contains one or more non-canonical
nucleotides, the products of the primer extension reaction, e.g. single or double stranded,
partially double stranded, or mixtures thereof, may be distinguished from the template nucleic
acid in that the template nucleic acid comprises one or more non-canonical nucleotides
whereas the products of the primer extension reaction do not comprise non-canonical
nucleotides, or do not comprise the same one or more non-canonical nucleotides. In some
cases, double stranded products of the primer extension reaction comprise a hybrid duplex of
a single strand of template nucleic acid comprising one or more non-canonical nucleotides
and a single strand of primer extension product that does not comprise one or more non-
canonical nucleotides, or does not comprise the same one or more non-canonical nucleotides.
In other cases, double stranded products of the primer extension reaction comprise two
strands, of which neither strand comprises one or more non-canonical nucleotides, or of
which neither strand comprises the same one or more non-canonical nucleotides as the
template nucleic acid.

[00148] The extension of hybridized oligonucleotide primers may be carried out for a
suitable period of time. The period of time for the extension reaction may be anywhere from
seconds to minutes to hours. For example, the extension step may include incubation of the
input nucleic acid template in a reaction mixture such as the reaction mixtures provided
herein with one or more oligonucleotide primers at a temperature suitable for the extcnsion
reaction (e.g., 15°C-80°C) for a period of between about 5 minutes and about 24 hours.
Other suitable extension times include between about 1 minute and about 8 hours, about 2
minutes and about 7 hours, about 3 minutes and about 6 hours, about 4 minutes and about 5
hours, about 5 minutes and about 4 hours, about 5 minutes and about 3 hours, about 5
minutes and about 2 hours, about 10 minutes and about 2 hours, about 15 minutes and about
2 hours, about 20 minutes and about 2 hours, about 30 minutes and about 2 hours, or between

about 30 minutes and about 1 hour. Still other suitable extension times include 1 minute, 2
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minutes, 3 minutes, 4 minutes, 5 minutes, 6 minutes, 7 minutes, 8 minutes, 9 minutes, 10
minutes, 12 minutes, 15 minutes, 20 minutes, 30 minutes, 45 minutes, 60 minutes, 1 hour, 1.5
hours, 2 hours, 2.5 hours, 3 hours, 3.5 hours, 4 hours or more. Still other suitable extension
times include about 1 minute, 2 minutes, 3 minutes, 4 minutes, 5 minutes, 6 minutes, 7
minutes, § minutes, 9 minutes, 10 minutes, 12 minutes, 15 minutes, 20 minutes, 30 minutes,
45 minutes, 60 minutes, 1 hour, 1.5 hours, 2 hours, 2.5 hours, 3 hours, 3.5 hours, 4 hours or
more.

[66149] The extension step may be performed in a reaction mixture comprising
nucleotides, labeled nucleotides or a combination thereof. For example, the hybridized
oligonucleotides may be extended by one or more polymerases, such as polymerases
comprising strand displacement activity or polymerases comprising weak or no strand
displacement activity, along the input nucleic acid template n the presence of a mixture of
dNTPs and amino allyl dNTPs. The use of amino-allyl dNTPs may allow further labeling
and modification of the products of the extension reaction such as double stranded DNA
fragment products. For example, the amino allyl dNTPs may provide for biotinylation,
fluoresceination, labelling with Cy dyes (e.g., Cy3 or Cy5), or any other nucleic acid
modification known in the art. Other modified nucleotides which are suitable for post
amplification labeling by either covalent or non-covalent attachment of labels (e.g.,
fluorophores, chromophores, biotin, antibodies, antigens, or enzymes such as alkaline
phosphatase or horse radish peroxidase) are also applicable including for example thio,
phosphorothio, and amino modified nucleotides and oliognucicotides as described in U.S.
Patent Nos. 6172209, 5679785, and 5623070, or any other modified nucleotides provided
herein.

SPIA Amplification

100156} Amplification of the sequence regions of interest employing a linear
amplification method such as the single primer isothermal amplification (SPIA) can be used.
SPIA enables generation of multiple copies of the strand specific sequence regions of interest
and employs a single amplification primer, thus reducing the complexity associated with
multiple oligonucleotide design and manufacturing, enables the use of a generic amplification
primer, and can be linear. The fidelity of quantification of the copy number of the sequence
regions of interest in the complex genomic NA sample is a highly desirable feature of the
presented methods of the invention.

(00151} Amplification by SPIA can occur under conditions permitting composite

primer hybridization, primer extension by a DNA polymerase with strand displacement
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activity, cleavage of RNA from a RNA/DNA heteroduplex and strand displacement. In so far
as the composite amplification primer hybridizes to the 3'-single-stranded portion (of the
partially double stranded polynucleotide which is formed by cleaving RNA in the complex
comprising a RNA/DNA. partial heteroduplex) comprising, generally, the complement of at
least a portion of the composite amplification primer sequence, composite primer
hybridization may be under conditions permitting specific hybridization. In SPIA, all steps
are isothermal (in the sense that thermal cycling is not required), although the temperatures
for each of the steps may or may not be the same. It is understood that various other
embodiments can be practiced given the general description provided above. For example, as
described and exemplified herein, certain steps may be performed as temperature is changed
(e.g., raised, or lowered).

[66152] Although generally only one composite amplification primer is described
above, it 18 further understood that the SPIA amplification methods can be performed in the
presence of two or more different first and/or second composite primers that randomly prime
template polynucleotide. In addition, the amplification polynucleotide products of two or
more separate amplification reactions conducted using two or more different first and/or
second composite primers that randomly prime template polynucleotide can be combined.
[66153] The composite amplification primers are primers that are composed of RNA
and DNA portions. In the amplification composite primer, both the RNA and the DNA
portions are generally complementary and can hybridize to a sequence in the amplification-
ready product to be copied or amplified. In some embodiments, a 3'-portion of the
amplification composite primer is DNA and a 5-portion of the composite amplification
primer i8 RNA. The composite amplification primer is designed such that the primer is
extended from the 3-DNA portion to create a primer extension product. The 5'-RNA portion
of this primer extension product in a RNA/DNA heteroduplex is susceptible to cleavage by
RNase H, thus freeing a portion of the polynucleotide to the hybridization of an additional
composite amplification primer. The extension of the amplification composite primer by a
DNA polymerase with strand displacement activity releases the primer extension product
from the original primer and creates another copy of the sequence of the polynucleotide.
Repeated rounds of primer hybridization, primer extension with strand displacement DNA
synthesis, and RNA cleavage create multiple copies of the strand-specific sequence of the
polynucleotide.

[060154) In some embodiments, the composite amplification primer is generated in the

amplification reaction mixture from a stem-loop chimeric pro-primer. The amplification
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reaction mixture can comprise a target partial duplex nucleic acid, for example a target partial
duplex DNA, a chimeric stem-ioop pro-primer, DNA polymerase with strand displacement
activity, and an RNase targeting RNA in a RNA/DNA heteroduplex, for example RNase H.
The RNA portion of the RNA/DNA heteroduplex at the stem of the chimeric stem-ioop pro-
primer can be cleaved by RNase H to generate, for example, a linear composite primer
comprising a 3’-DNA and 5°-RNA. The linearized amplification primer can hybridize to a
3’-single stranded DNA portion (overhang) of a target partial duplex and can be extended by
the DNA polymerase with strand displacement activity. The RNA portion of the hybridized
primer in a heteroduplex can be cleaved by RNase H to free a portion of the primer binding
site. A second lincar composite amplification primer can hybridize to the freed primer
binding site, and can be extended along the target DNA strand. The previously synthesized
primer extension product (amplification product) can be displaced by the newly extended
primer. Repeated cycles of primer hybridization, primer extension by strand displacement
DNA polymerase, and cleavage of the RNA portion of the hybridized primer can generate
multiple copies of a target nucleic acid.

Other Amplification Methods

[00155] Some aspects of the invention comprise the amplification of polynucleotide
molecules or sequences within the polynucleotide molecules. Amplification generally refers
to & method that can result in the formation of one or more copies of a nucleic acid or
polynucleotide molecule or in the formation of one or more copies of the complement of a
nucleic acid or polynucleotide molecule. Amplifications can be used in the invention, for
cxample, to amplify or analyze a polynucleotide bound to a solid surface. The amplifications
can be performed, for example, after archiving the samples in order to analyze the archived
polynucleotide.

[60156] In some aspects of the invention, exponential amplification of nucleic acids or
polynucleotides is used. These methods often depend on the product catalyzed formation of
multiple copies of a nucleic acid or polynucleotide molecule or its complement. The
amplification products are sometimes referred fo as “amplicons.” One such method for the
enzymatic amplification of specific double stranded sequences of DNA is polymerase chain
reaction (PCR), This in vitro amplification procedure is based on repeated cycles of
denaturation, oligonucleotide primer annealing, and primer extension by thermophilic
template dependent polynucieotide polymerase, resulting in the exponential increase in
copies of the desired sequence of the polynucleotide analyte flanked by the primers. The two

different PCR primers, which anneal to opposite strands of the DNA, are positioned so that
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the polymerase catalyzed extension product of one primer can serve as a template strand for
the other, leading to the accumulation of a discrete double stranded fragment whose length is
defined by the distance between the 5" ends of the oligonucleotide primers. Other
amplification techniques that can be used in the methods of the provided invention include,
¢.g., AFLP (amplified fragment length polymorphism) PCR (see ¢.g.: Vos et al. 1995. AFLP:
a new technique for DNA fingerprinting. Nucleic Acids Research 23: 4407-14), allele-
specific PCR (see e.g., Saiki R K, Bugawan T L, Horn G T, Mullis K B, Erfich H A (1986).
Analysis of enzymatically amplified beta-globin and HLA-DQ alpha DNA with allele-
specific oligonucleotide probes Nature 324: 163-166), Alu PCR, assembly PCR (see e.g.,
Stemmer W P, Crameri A, Ha K D, Brennan T M, Heyneker H L (1995). Single-step
assembly of a gene and entire plasmid from large numbers of oligodeoxyribonucleotides
Gene 164: 49-53), assymetric PCR (see ¢.g., Saiki R K supra}, colony PCR, helicase
dependent PCR (see ¢.g., Myriam Vincent, Yan Xu and Huimin Kong (2004). Helicase-
dependent isothermal DNA amplification EMBO reports 5 (R): 795-800), hot start PCR,
inverse PCR (see e.g., Ochman H, Gerber A S, Hartl D L. Genetics. 1988 November;
120(3):621-3), in situ PCR, intersequence-specific PCR or 1S SR PCR, digital PCR, linear-
after-the-exponential-PCR or Late PCR (sce e.g., Pierce K E and Wangh L T (2007). Linear-
afier-the-exponential polymerase chain reaction and allied technolo gies Real-time detection
strategies for rapid, reliable diagnosis from single cells Methods Mol. Med. 132: 65-85), long
PCR, nested PCR, real-time PCR, duplex PCR, multiplex PCR, quantitative PCR, or simgle
cell PCR.

[00157] Another method for amplification involves amplification of a single stranded
polynucleotide using a single oligonucleotide primer. The single stranded polynucleotide that
is to be amplified contains two non-contiguous sequences that are substantially or completely
complementary to one another and, thus, are capable of hybridizing together to form a stem-
loop structure. This single stranded polynucleotide already may be part of a polynucleotide
analyte or may be created as the result of the presence of a polynucleotide analyte.

[66158] Another method for achieving the result of an amplification of nucleic acids is
known as the ligase chain reaction (LCR). This method uses a ligase enzyme W join pairs of
preformed nucleic acid probes. The probes hybridize with each complementary strand of the
nucleic acid analyte, if present, and ligase is employed to bind each pair of probes together
resulting in two templates that can serve in the next cycle to reiterate the particular nucleic

acid sequence.
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160159} Another method for achieving nucleic acid amplification is the nucleic acid
sequence based amplification (NASBA). This method is a promoter-directed, enzyniatic
process that induces in vitro continuous, homogencous and isothermal amplification of a
specific nucleic acid to provide RNA copies of the nucleic acid. The reagents for conducting
NASRA include a first DNA primer with a 5'-tail comprising a promoter, a second DNA
primer, reverse transcriptase, RNase-H, T7 RNA polymerase, NTP's and dNTP’s.

{00160] Another method for amplifying a specific group of nucleic acids is the Q-beta-
replicase method, which relies on the ability of Q-beta-replicase to amplify its RNA substrate
exponentially. The reagents for conducting such an amplification include “midi-variant
RNA” (amplifiable hybridization probe), NTP’s, and Q-beta-replicase.

[06161] Another method for amplifying nucleic acids is known as 3SR and is similar
to NASBA except that the RNase-H activity is present in the reverse transcriptase.
Amplification by 3SR is an RNA specific target method whereby RNA is amplified in an
isothermal process combining promoter directed RNA polymerase, reverse transcriptase and
RNase H with target RNA. See for example Fahy et al. PCR Methods Appl. 1:23-33 (1991).
106E62) Another method for amplifying nucleic acids is the Transcription Mediated
Amplification (TMA) used by Gen-Probe. The method is similar to NASBA in utilizing two
enzymes in a self-sustained sequence replication. See U.S. Pat. No. 5,299,491 herein
incorporated by reference.

[66163] Another method for amplification of nucleic acids is Strand Displacement
Amplification (SDA) (Westin et al 2000, Nature Biotechnology, 18, 199-202; Walker ct al
1992, Nucleic Acids Research, 20, 7, 1691-1696), which is an isothermal amplification
technique based upon the ability of a restriction endonuclease such as Hincll or BsoBl to nick
the unmodified strand of a hemiphosphorothioate form of its recognition site, and the ability
of an exonuclease deficient DNA polymerase such as Klenow exo minus polymerase, or Bst
polymerase, to extend the 3-end at the nick and displace the downstream DNA strand.
Exponential amplification results from coupling sense and antisense reactions in which
strands displaced from a sense reaction serve as targets for an antisense reaction and vice
VETSA.

[00164)] Another method for amplification of nucleic acids is Rolling Circle
Amplification (RCA) (Lizardi et al. 1998, Nature Genetics, 19:225-232). RCA can be used to
amplify single stranded molecules in the form of circles of nucleic acids. In its simplest form,

RCA involves the hybridization of a single primer to a circular nucleic acid. Extension of the
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primer by a DNA polymerase with strand displacement activity results in the production of
multiple copies of the circular nucleic acid concatenated into a smgle DNA strand.

[066165] In some embodiments of the invention, RCA is coupled with ligation. For
example, a single oligonucleotide can be used both for ligation and as the circular template
for RCA. This type of polynucleotide can be referred to as a “padlock probe” or a “RCA
probe.” For a padlock probe, both termini of the oligonucleotide contain sequences
complementary to a domain within a nucleic acid sequence of interest. The first end of the
padlock probe is substantially complementary to a first domain on the nucleic acid sequence
of interest, and the second end of the padlock probe is substantially complementary to a
second domain, adjacent to the first domain near the first domain. Hybridization of the
oligonucleotide to the target nucleic acid results in the formation of a hybridization complex.
Ligation of the ends of the padlock probe results in the formation of a modified hybridization
complex containing a circular polynucleotide. In some cases, prior to ligation, a polymerase
can fill in the gap by extending one end of the padlock probe. The circular polynucleotide
thus formed can serve as a template for RCA that, with the addition of a polymerase, results
in the formation of an amplified product nucleic acid. The methods of the invention described
herein can produce amplified products with defined sequences on both the 5'- and 3'-ends.
Such amplified products can be used as padlock probes.

[80166] Some aspects of the invention utilize the linear amplification of nucleic acids
or polynucleotides. Linear amplification generally refers to.a method that involves the
formation of one or mote copies of the complement of only one strand of 2 nucleic acid or
polynucleotide molecule, usually a nucleic acid or polynucleotide analyte. Thus, the primary
difference between linear amplification and exponential amplification is that in the latter
process, the product serves as substrate for the formation of more product, whereas in the
former process the starting sequence is the substrate for the formation of product but the
product of the reaction, i.¢. the replication of the starting template, is not a substrate for
generation of products. In linear amplification the amount of product formed increases as a
linear function of time as opposed to exponential amplification where the amount of product
formed is an exponential function of time.

{00167} In some embodiments, amplification methods can be solid-phase
amplification, polony amplification, colony amplification, emulsion PCR, bead RCA, surface
RCA, surface SDA, etc., as will be recognized by one of skill in the art. In some
embodiments, amplification methods that results in amplification of free DNA molecules in

solution or tethered to a suitable matrix by only one end of the DNA molecule can be used.
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Methods that rely on bridge PCR, where both PCR primers are attached to a surface (see,
e.g., WO 2000/018957 and Adessi et al., Nucleic Acids Research {2000): 28(20): ER7) can be
used. In some cases the methods of the invention can create a “‘polymerase colony
technology,” or “polony.” referring to a multiplex amplification that maintains spatial
clustering of identical amplicons (see Harvard Molecular Technology Group and Lipper
Center for Computational Genetics website). These include, for example, in situ polonies
(Mitra and Church, Nucleic Acid Research 27, €34, Dec. 15, 1999), in situ rolling circle
amplification (RCA) (Lizardi et al., Nature Genetics 19, 225, July 1998), bridge PCR (U.S.
Pat. No. 5,641,658), picotiter PCR (Leamon et al., Electrophoresis 24, 3769, November
2003), and emulsion PCR {Dressman et al., PNAS 100, 8817, Jul. 22, 2003). The methods of
the invention provide new methods for generating and using polonies.

Downstream Applications for Whole Transcriptome Analysis

[60163] An important aspect of the invention is that the methods and compositions
disclosed herein can be efficiently and cost-effectively utilized for downstream analyses, such
as next generation sequencing or hybridization piatforms, with minimal loss of biological
material of interest. Specifically, the methods of the invention are useful for sequencing a
whole transcriptome from a NGS library with depleted or reduced rRNA content.
Sequencing

160169] In one embodiment, the imvention provides for products ready for
amplification in preparation for sequencing. In some embodiments, the target polynucleotides
are pooled followed by sequencing one or more polynucleotides in the pool. Sequencing
methods utilizing adaptor incorporated sequences are well known in the art and are further
described, for example, in US Patent No.s §,053,192 and §,017,335.

[00170] Sequencing processes are generally template dependent. Nucleic acid
sequence analysis that employs template dependent synthesis identifies individual bases, or
groups of bases as they are added during a template mediated synthesis reaction, such as a
primer extension reaction, where the identity of the base is complementary to the template
sequence to which the primer sequence s hybridized during synthesis. Other such processes
include ligation driven processes, where oligonucleotides or polynucleotides are complexed
with an underlying template sequence, in order to identify the sequence of nucleotides in that
sequence, Typically, such processes are enzymatically mediated using nucleic acid
polymerases, such as DNA polymerases, RNA polymerases, reverse transcriptases, and the

like, or other enzymes such as in the case of Hgation driven processes, e.g., ligases.
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[60171] Sequence analysis using template dependent synthesis can include a number of
different processes. For example, in the ubiquitously practiced four-color Sanger sequencing
methods, a population of template molecules is used to create a population of complementary
fragment sequences. Primer extension is carried out in the presence of the four naturally
occurring nucleotides, and with a sub-population of dye labeled terminator nucleotides, e.g.,
dideaxyribonucieotides, where each type of terminator (ddATP, ddGTP, ddTTP, ddCTP)
includes a different detectable label. As a result, a nested set of fragments is created where
the fragments terminate at each nucleotide in the sequence beyond the primer, and are labeled
in a manner that permits identification of the terminating nucleotide. The nested fragment
population is then subjected to size based separation, e.g., using capillary electrophoresis, and
the labels associated with each different sized fragment is identified to identify the
terminating nucleotide. As a result, the sequence of labels moving past a detector in the
separation system provides a direct readout of the sequence information of the synthesized
fragments, and by complementarity, the underlying template (See, e.g., U.S. Pat. No.
5,171,534, incorporated herein by reference in its entirety for all purposes).

[60172] Other examples of template dependent sequencing methods include sequence
by synthesis processes, where individual nucleotides are identified iteratively, as they are
added to the growing primer extension product.

[60173; Pyrosequencing is an example of a sequence by synthesis process that
identifies the incorporation of a nucleotide by assaying the resulting synthesis mixture for the
presence of by-products of the sequencing reaction, namely pyrophosphate. In particular, a
primer/template/polymerase complex is contacted with a single type of nucleotide. If that
nucleotide is incorporated, the polymerization reaction cleaves the nucleoside triphosphate
between the o and B phosphates of the triphosphate chain, releasing pyrophosphate. The
presence of released pyrophosphate is then identified using a chemiluminescent enzyme
reporter system that converts the pyrophosphate, with AMP, into ATP, then measures ATP
using a luciferase enzyme to.producc measurable light signals. Where light is detected, the
base is incorporated, where no light is detected, the base is not incorporated. Following
appropriate washing steps, the various bases are cyclically contacted with the complex fo
sequentially identify subsequent bases in the template sequence. See, e.g., U.S. Pat. No.
6,210,891, incorporated herein by reference in its entirety for all purposes).

[60174] In related processes, the primer/template/polymerase complex is immobilized
upon a substrate and the complex is contacted with labeled nucleotides. The mmmobilization

of the complex may be through the primer sequence, the template sequence and/or the
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polymerase enzyme, and may be covalent or noncovalent. For example, immobilization of
the complex can be via a linkage between the polymerase or the primer and the substrate
surface. A variety of types of linkages are useful for this attachment, including, e.g.,
provision of biotinylated surface components, using ¢.g., biotin-PEG-silane hinkage
chemistries, followed by biotinylation of the molecule to be immobilized, and subsequent
linkage through, e.g., a streptavidin bridge. Other synthetic coupling chemistries, as well as
non-specific protein adsorption can also be employed for immobilization. In alternate
configurations, the nucleotides are provided with and without removable terminator groups.
Upon incorporation, the label is coupled with the complex and is thus detectable. In the case
of terminator bearing nucieotides, all four different nucleotides, bearing individuaily
identifiable labels, are contacted with the complex. Incorporation of the labeled nucleotide
arrests extension, by virtue of the presence of the terminator, and adds the label to the
complex. The label and terminator are then removed from the incorporated nucleotide, and
following appropriate washing steps, the process is repeated. In the case of non-terminated
nucleotides, a single type of labeled nucleotide is added to the complex to determine whether
it will be incorporated, as with pyrosequencing. Following removal of the label group on the
nucleotide and appropriate washing steps, the various different nucleotides are cycled through
the reaction mixture in the same process. See, e.g., U.S. Pat. No. 6,833,246, incorporated
herein by reference in its entirety for all purposes). For example, the Hlumina Genome
Analyzer System is based on technology described in WO 98/44151, hereby incorporated by
reference, wherein DNA molecules are bound to a sequencing platform (flow cell) via an
anchor probe binding site (otherwise referred to as a flow cell binding site) and amplified in
situ on a glass slide. The DNA molecules are then annealed to a sequencing primer and
sequenced in paraliel base-by-base using a reversible terminator approach. Typically, the
[Humina Genome Analyzer System utilizes flow-cells with 8 channels, generating sequencing
reads of 18 to 36 bases in length, generating >1.3 Gbp of high quality data per run.
Accordingly, the methods of the invention are uscful for sequencing by the method
commercialized by Illumina, as described U.S. Pat. Nos. 5,750,341, 6,306,597, and
5,969,119. Directional (strand-specific) cDNA libraries are prepared using the methods of the
present invention, and the selected single-stranded nucleic acid is amplified, for example, by
PCR. The resulting nucleic acid is then denatured and the single-stranded amplified
polynucleotides are randomly attached to the inside surface of flow-cell channels. Unlabeled
nucleotides are added to initiate solid-phase bridge amplification to produce dense clusters of

double-stranded DNA. To initiate the first base sequencing cycle, four labeled reversible
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terminators, primers, and DNA polymerase are added. After laser excitation, fluorescence
from each cluster on the flow celi is imaged. The identity of the first base for each cluster is
then recorded. Cycles of sequencing are performed to determine the fragment sequence one
base at a time.

[00175] In yet a further sequence by synthesis process, the incorporation of differently
labeled nucleotides is observed in real time as template dependent synthesis is carried out. In
particular, an individual immobilized primer/template/polymerase complex is observed as
fluorescently labeled nucleotides are incorporated, permitting real time identification of each
added base as it is added. In this process, label groups are attached to a portion of the
nucleotide that is cleaved during incorporation. For example, by attaching the label group to
a portion of the phosphate chain removed during incorporation, i.e., a B, v, or other terminal
phosphate group on a nucleoside polyphosphate, the label is not incorporated mto the nascent
strand, and instead, natural DNA is produced. Observation of individual molecules typically
involves the optical confinement of the complex within a very small illumination volume. By
optically confining the complex, one creates a monitored region in which randomly diffusing
nucleotides are present for a very short period of time, while incorporated nucleotides are
retained within the observation volume for longer as they are being incorporated. This results
in a characteristic signal associated with the incorporation event, which is also characterized
by a signal profile that is characteristic of the base being added. In related aspects,
interacting label components, such as fluorescent resonant energy transfer (FRET) dye pairs,
are provided upon the polymerase or other portion of the complex and the incorporating
nucleotide, such that the incorporation event puts the labeling components in interactive
proximity, and a characteristic signal results, that is again, also characteristic of the base
being incorporated (See, e.g., U.S. Pat. Nos. 6,056,661, 6,917,726, 7,033,764, 7,052,847,
7,056,676, 7,170,050, 7,361,466, 7,416,844 and Published U.S. Patent Application No. 2007-
0134128, the full disclosures of which are hereby incorporated herein by reference in their
entirety for all purposes).

[60176] In some embodiments, the nucleic acids in the sample can be sequenced by
ligation. This method uses a DNA ligase enzyme to identify the target sequence, for
example, as used in the polony method and in the SOLID technology (Applied Biosystems,
now Invitrogen). In general, a pool of all possible oligonucleotides of a fixed length is
provided, labeled according to the sequenced position. Oligonucleotides arc anncaled and
ligated; the preferential ligation by DNA ligase for matching sequences results in a signal

corresponding to the complementary sequence at that position.
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[00177] Thus, in some embodiments, the methods of the invention are useful for
preparing target polynucleotides for sequencing by the sequencing by ligation methods
commercialized by Applied Biosystems (e.g., SOLID sequencing). In other embodiments, the
methods are useful for preparing target polynucleotides for sequencing by synthesis using the
methods commercialized by 454/Roche Life Sciences, including but not limited fo the
methods and apparatus described in Margulies et al., Nature(2005) 437:376-380 (2005); and
U.S. Pat. Nos. 7,244,559, 7,335,762; 7,211,390; 7,244,567, 7,264,929; and 7,323,305. In
other embodiments, the methods are useful for preparing target polynucleotide(s) for
sequencing by the methods commercialized by Helicos BioSciences Corporation (Cambridge,
Mass.) as described in U.S. application Ser. No. 11/167,046, and U.S. Pat. Nos. 7,501,245;
7.491,498; 7,276,720; and in U.S. Patent Application Publication Nos, US20090061439;
US20080087826; US20060286566; US20060024711; US20060024678; US20080213770;
and US20080103058. In other embodiments, the methods are useful for preparing target
polynucleotide(s) for sequencing by the methods commercialized by Pacific Biosciences as
described in U.S. Pat, Nos, 7,462,452, 7,476,504; 7,405,281; 7,170,050, 7,462,468,
7.476,503; 7,315,019; 7,302,146, 7,313,308; and US Application Publication Nos.
US20090029385; US20090068655; 1US20090024331; and US20080206764. In general,
double stranded fragment polynucleotides can be prepared by the methods of the present
invention. The polynucleotides can then be immobilized in zero mode waveguide arrays. The
methods may include a step of rendering the nucleic acid bound to the waveguide arrays
single stranded or partially single stranded. Polymerase and labeled nucleotides are added mn a
reaction mixture, and nucleotide incorporations are visualized via fluorescent labels attached
to the terminal phosphate groups of the nucleotides. The fluorescent labels are clipped off as
part of the nucieotide incorporation. In some cases, circular templates are utilized to enable
multiple reads on a single molecule.

[06178] ~ Another example of a sequencing technique that can be used in the methods of
the provided invention is nanopore sequencing (sce ¢.g. Soni G V and Meller A. (2007) Clin
Chem 53: 1996-2001). A nanopore can be a small hole of the order of 1 nanometer in
diameter. Immersion of a nanopore in a conducting fluid and application of a potential across
it can result in a slight electrical current due to conduction of ions through the nanopore. The
amount of current that flows is sensitive to the size of the nanopore. As a DNA molecule
passes through a nanopore, cach nucleotide on the DNA molecule obstructs the nanopore to a
different degree. Thus, the change in the current passing through the nanopore as the DNA

molecule passes through the nanopore can represent a reading of the DNA sequence.
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[66179] Another example of a sequencing technique that can be used in the methods of
the provided invention is semiconductor sequencing provided by Ion Torrent (e.g., using the
Ion Personal Genome Machine (PGM)). Ion Torrent technology can use 2 semiconductor
chip with multiple layers, e.g., a layer with micro-machined wells, an ion-sensitive layer, and
an ion sensor layer. Nucleic acids can be introduced into the wells, e.g., a clonal population
of single nucleic can be attached to a single bead, and the bead can be introduced into a well.
To nitiate sequencing of the nucleic acids on the beads, one type of deoxyribonucleotide
(e.g., dATP, dCTP, dGTP, or dTTP) can be mtroduced into the wells. When one or more
nucleotides are incorporated by DNA polymerase, protons (hydrogen ions) are released in the
well, which can be detected by the 1on sensor. The semiconductor chip can then be washed
and the process can be repeated with a different deoxyribonucleotide. A plurality of nucleic
acids can be sequenced in the wells of a semiconductor chip. The semiconductor chip can
comprise chemical-sensitive ficld effect transistor (chemFET) arrays to sequence DNA (for
example, as described in U.S. Patent Application Publication No. 20090026082).
Incorporation of one or more triphosphates into a new nucleic acid strand at the 3’ end of the
sequencing primer can be detected by a change in current by a chem¥FET, An array can have
multiple chemFET sensors.\

[00180] In some embodiments, sequencing comprises extension of a sequencing
primer comprising a sequence hybridizable to at least a portion of the complement of the first
adaptor oligonucleotide. In some embodiments, sequencing comprises extension of a
sequencing primer comprising a sequence hybridizable to at least a portion of the
complement of the second adaptor oligonucleotide. A sequencing primer may be of any
suitable length, such as about, less than about, or more than about 10, 13, 20, 25, 30, 353, 40,
45, 50, 55, 60, 65, 70, 75, 80, 90, 100, or more nucleotides, any portion or all of which may
be complementary to the corresponding target sequence (e.g. about, less than about, or more
than about 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, or more nucleotides). In some embodiments,
sequencing comprises a calibration step, wherein the calibration is based on cach of the
nucleotides at one or more nucleotide positions in the barcode sequences. Calibration can be
useful in processing the sequencing data, for example, by facilitating or increasing the
accuracy of identifying a base at a given position in the sequence.

(60181} In some embodiments, accurate identification of the sample from which a
target polynucleotide is derived is based on at least a portion of the sequence obtained for the
target polynucleotide and is at least 90%, 95%, 96%, 97%, 98%, 99%, 99.5%, 99.8%,
99.85%, 99.9%, 99.95%, 99.99%, or more accurate. In some embodiments, the sample
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-~ source of a target polynucleotide is identified based on a single barcode contained in the
sequence. In some embodiments, accuracy can be increased by identifying the source of a
target polynucleotide using two or more barcodes contained i the sequence. Multiple
barcodes can be joined to a target polynucleotide by the incorporation of multiple barcodes
into a single .adaptor/pﬁmer to which a target polynucleotide is joined, and/or by joming two
or more adaptors/primers having one or more barcodes to a target polynucleotide. In some
embodiments, the identity of the sample source of a target polynucleotide comprising two or
more barcode sequences may be accurately determined using only one of the barcode
sequences that it comprises. In general, accurate identification of a sample from which a
target polynucleotide is derived comprises correct identification of a sample source from
among two or more samples in a pool, such as about, less than about, or more than about 2, 3,
4,5,6,7,8,9,10, 12, 16, 20, 24, 28, 32, 36, 40, 50, 60, 70, 80, 90, 100, 128, 192, 384, 500,
1000 or more samples in a pool.

[00182] In some embodiments, the methods are useful for preparing target
polynucleotide(s) from selectively enriched populations of specific sequence regions of
interest in a strand-specific manner for sequencing by the methods well known in the art and
further described below.

[80183] For example the methods are useful for sequencing by the method
commercialized by Illumina as described U.S. Pat. Nos. 5,750,341; 6,306,597, and 5,969,119.
In general, double stranded fragment polynucleotides can be prepared by the methods of the
present invention to produce amplified nucleic acid sequences tagged at one (e.g., (A)/(A") or
both ends {e.g., (AV(A") and (C)/(C). In some cases, single stranded nucleic acid tagged at
one or both ends is amplified by the methods of the present invention (¢.g., by SPIA or linear
PCR). The resulting nucleic acid is then denatured and the single stranded amplified
polynucleotides are randomly attached to the inside surface of flow-cell channels. Unlabeled
nucleotides are added to initiate solid-phase bridge amplification to produce dense clusters of
double-stranded DNA. To initiate the first base sequencing cycle, four labeled reversible
terminators, primers, and DNA polymerase are added. After laser excitation, fluorescence
from each cluster on the flow cell is imaged. The identity of the first base for cach cluster is
then recorded. Cycles of sequencing are performed to determine the fragment sequence one
base at a time. For paired-end sequencing, such as for example, when the polynucleotides are
labeled at both ends by the methods of the present invention, sequencing templates can be

regenerated in-situ so that the opposite end of the fragment can also be sequenced.
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Kits

[60184] Any of the compositions described herein may be comprised in a kit. In a non-
limiting example, the kit, in a suitable container, comprises: an adaptor or several adaptors,
one or more of oligonucleotide primers and reagents for ligation, primer extension and
amplification. The kit may also comprise means for purification, such as a bead suspension,
and nucleic acid modifying enzymes.

[060185] The containers of the kits will generally include at least one vial, test tube,
flask, bottle, syringe or other containers, into which a component may be placed, and
preferably, suitably aliquotted. Where there is more than one component in the kit, the kit
also will generally contain a second, third or other additional container into which the
additional components may be separately placed. However, various combinations of
components may be comprised in a container.

{00186} When the components of the kit are provided in one or more liquid solutions,
the liquid solution can be an aqueous solution. However, the components of the kit may be
provided as dried powder(s). When reagents and/or components are provided as a dry
powder, the powder can be reconstituted by the addition of a suitable solvent,

[06187] In various embodiments, a kit according to the invention comprises one or
more of a restriction endonuclease, ¢.g. BspQl, a ligase, a polymerase, e.g. a hot start
polymerase such as MyTaq, a cleavage agent, a library of probes capable of acting as a
primer for a primer extension reaction, and one or more non-canonical nucleotides, ¢.g. uracil
or inosine. In some embodiments, the cicavage agent comprises one or more of a glycosylase,
e.g. UNG or UDG, a primary amine, a pelyamine, e.g. DMED, and endonuclease V.

[66188] In some embodiments, a kit comprises one or more of a first adapter
comprising one or more non-canonical nucleotides on one strand and lacking 5° phosphates, a
second adapter lacking said one or more non-canonical nucleotides and lacking 5’
phosphates, and a set of primers specific to the adaptor sequences. In some embodiments, the
seccond adapter comprises a recognition sequence for a restriction endonuclease.

J0G189] In some embodiments, a kit comprises one or more of a first adapter lacking 5°
phosphates, a plurality of partial duplex primers each comprising a 3’ overhang and
comprising a shared sequence within a double-stranded portion, and a primer that 18
hybridizable a sequence reverse complimentary to the adapter. In some embodiments, the
first adapter comprises a recognition sequence for a restriction endonuclease. In some
embodiments, the plurality of partial duplex primers comprise at least two partial duplex

primers with dissimilar 3° overhang sequences.
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{60196} In some embodiments, the kit comprises one or more of a first adapter lacking
5" phosphates, a plurality of partial duplex primers each comprising a 3’ overhang,
comprising a shared sequence within a double-stranded portion, and the strand of the plurality
of partial duplex primers with the 3’ overhang lacking adenines in the shared sequence within
the double-stranded portion, and a set of primers that are hybridizable to a sequence reverse
complimentary to the adapter and the shared sequence of the partial duplex primers opposite
the 3’ overhang. In some embodiments, the first adapter comprises a recognition sequence for
the restriction endonuclease. In some embodiments, the plurality of partial duplex primers
comprise at least two partial duplex primers with dissimilar 3° overhang sequences.

(04191} A kit will preferably include instructions for emploving, the kit components as
well the use of any other reagent not included in the kit. Instructions may include variations
that can be implemented.

[0G192] In onc aspect, the invention provides kits containing any one or more of the
elements disclosed in the above methods and compositions. In some embodiments, a kit
comprises a composition of the invention, in one or more containers. In some embodiments,
the invention provides kits comprising adaptors, primers, and/or other oligonucleotides
described herein. The adaptors, primers, other oligonucleotides, and reagents can be, without
limitation, any of those described above. Elements of the kit can further be provided, without
limitation, i any suitable amounts and/or using any of the combinations (such as in the same
kit or same container) described above or any other suitable combination known in the art.
The kits may further comprise additional agents, such as those described above, for use
according to the methods of the invention. The kit elements can be provided in any suitable
container, including but not limited to test tubes, vials, flasks, bottles, ampules, syringes, or
the like. The agents can be provided in a form that may be directly used in the methods of
the imvention, or in a form that requires preparation prior to use, such as in the reconstitution
of lyophilized agents. Agents may be provided in aliquots for single-use or as stocks from
which multipie uses, such as in a number of reaction, may be obtained.

Products based on the Methods ef the Invention

[¢0193] Products based on the methods of the invention may be commercialized by the
Applicants under the trade name Encore Complete Prokaryotic RNA-Seq™™. Encoreis a

trademark of NuGEN Technologics, Inc.
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EXAMPLES
Example 1 — Depletion of bacterial ribosomal RNA fragments from directional (i.e.
strand-specific) whole transcriptome libraries,
[60G194] This example describes the depletion of bacterial fRNA fragments from four
directional cDNA libraries generated from £.coli total RNA, using insert-dependent adaptor
cleavage (InDA-C) probes that target highly conserved prokaryotic 168 and as 238 rRNA
transcript regions.

Probe design and synthesis

[00195) InDA-C probes that target prokaryotic rRNA transcripts were designed by
comparing the ribosomal operons from a phylogenetically diverse set of 40 bacterial strains
and 10 archaeal strains using the ClustalW multipie sequence alignment program (European
Bioinformatics Institute). Candidate primer sequences were first selected from highly
conserved sequences identified i 168 rRNA (9 sites) and 238 rRNA (7 sites) subunits. These
conserved regions were computationally fragmented and analyzed by Primer3 (Steve Rozen
and Helen J. Skaletsky (2000} Primer3 on the WWW for general users and for biologist
programmers. In: Krawetz S, Misener S (eds) Biomformatics Methods and Protocols:
Methods in Molecular Biology. Humana Press, Totowa, NJ, pp 365-386). These sequences
were then filtered for optimal predicted melting temperatures ranging from 55-65° C and
length. Oligonucleotides corresponding to the rRNA sense strand were synthesized
individually and pooled in equimolar proportions. The final primer pool was comprised of
205 oligonucleotides ranging from 14-18 nt in length. Some primers were synthesized with
one or more nucleotide analogues, such as Locked Nucleic Acid (LNA) bases, to increase
their respective melting temperatures. The probe mix was diluted to 25 times the final
concentration used in InDA-C depletion reactions (375 nM per species, 15 nM final).
Generation of strand-specific cDNA libraries

{00:1906] The Encore Complete RNA-Seq Library System (NuGEN Technologies, p/n
(311) was used to generate four strand-specific cDNA libraries from 100 ng of E. coli total
RNA (Life Technologies, p/n AM7940) extracted from a liquid culture harvested at the mid-
log phase of growth in rich media. The reverse transcription reaction was carried out
according to the manufacturer’s instructions except that the primer supplied in the kit was
replaced with the first strand primer from the Ovation Prokaryotic RNA-Seq System
{(NuGEN Technologies, p/n 9030). Sccond strand DNA synthesis was performed as
recommended in the kit and the double-stranded cDNA was sheared with a Covaris S-series

device using the 200 bp sonication protocol provided with the mstrument (10% duty cycle,
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200 cycles/burst, 5 intensity, 180 seconds). Purification of'the fragmented cDNA was
accomplished by adding 2 volumes of Ampure XP beads (Agencourt Genomics), washed
twice with 70% ecthanol and eluted with 15 pL of water, Ten microliters of each sample were
prepared for ligation using the End Repair reaction as described in the kit. Ligation was
performed with the reverse adaptor provided in the kit and a custom forward adaptor
containing deoxyuridine and a single base substitution in the BspQI recognition site (5°-
TACACTCUTTCCCUACACGACGAUCTTCCGAUCT-3"). Following the Strand
Selection 1 reaction, samples were purified with beads as before except that clution volume
was 25 uL with 18 pL of that taken forward.

Ribosomal RNA depletion

[00197] Ribosomal DNA ﬁagmeﬁts were selectively depleted from the library in three
distinct steps: 1) base excision/rRNA-specific primer extension, 2} reverse adaptor cleavage
and 3) PCR enrichment. The first step was performed by combining each 18 ul sample with
7 ul of mastermix containing 1 pL of InDA-C rRNA probes, 5 uL of 5X MyTaq polymerase
buffer, 0.5 pL of Strand Sclection 11 enzyme (S54) from the Encore Complete RNA-Seq
system and 0.5 uL of HS MyTaq polymerase (Bioline p/n BIO-21111). This solution was
placed in a thermal cycler, heated to 37°C for 10 minutes to complete strand selection and
generate single-stranded library fragments, heated to 95°C for 2 minutes to activate the hot
start polymerase, cooled to 50°C for 30 seconds to anneal rRNA probes, heated to 65°C for 5
minutes to allow primer extension from insert into the reverse adaptor sequence. Samples
were cooled to 4°C before adding 25 pl. of adaptor cleavage mastermix containing 1X
MyTag polymerase buffer and 2.5 units of BspQ! restriction enzyme (New England Biolabs
p/n RG712). Reactions were carried out in a thermal cycler by heating to 55°C for 5 minutes
and 95°C for 5 minutes before cooling to 4°C. Enrichment of non-rRNA fragments was
accomplished by adding 50 uL. of 2X PCR mastermix containing 1X MyTaq polymerase
buffer, 2.5 units of HS MyTag polymerase and 8 pL of P2 primer mix provided in the kit.
Samples were placed in a thermal cycler, heated to 95°C for 2 minutes to activate the
polymerase and amplified using a 2-step temperature routine: 2 cycles of 95°C for 30
seconds, 60°C for 90 seconds and 18 cycles of 95°C for 30 second, 65° C for 90 seconds.
PCR products were purified using AMPure XP beads and analyzed with a 2100 Bioanalyzer
(Agilent Technologies). Libraries were sequenced in single end format on an IHlumina GA2X
instrument, Raw data were processed using [llumina base calling software and mapped to the

E. coli K-12 (substrain MG 1655) reference genome (Genbank Accession #AP009048). The
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orientation of reads 1s expected to be in the sense.strand orientation relative to RNA
templates.

[00198] Only one of the four cDNA aliquots was converted to a library using the full
complement of InDA-C components (Test4). The other three libraries were constructed with
one or more of the InDA-C reagents missing (Testl, Test2 and Test3). A control library
generated with random primers from the same RNA was used as a benchmark for the
undepleted input sample (ctrl). The mapping statistics for the control and cach of the test
libraries are shown in Figure 2. A comparison of expression profiles from the four test
libraries is shown in Figure 3. The targeted depletion of 168 rRNA sites by universal
prokaryotic InDA-C probes is depicted in Figure 4.

Example 2 - Depletion of mitochondrial DNA fragments from a genomic DNA library.
[00199] This example describes the depletion of mitochondrial DNA fragments from a
genomic DNA library, using insert-dependent adaptor cleavage (InDA-C) probes that target
the mitochondrial genome.

Probe design and synthesis

[60200] InDA-C probes that anneal to both strands of the hgl9 version of the human

mitochondrial genome sequence were selected within mitochondrial-specific segments
identified by the “Duke 20 bp uniquencss™ tracks provided by the UCSC Genome Browser.
These sequences were then filtered for optimal predicted melting temperatures and length.
Oligonucleotides ranging from 20-25 nt in length were synthesized individually and pooled in
equimolar proportions. The resulting probe mix was diluted to 25 times the final
concentration used m inDA-C depletion reactions (375 uM per species, 15 nM final).
Generation of genomic DNA libraries

(00201} The Ovation Ultralow Library System (NuGEN Technologics, San Carlos,
CA) was used to generate DNA libraries from 10 ng of human male DNA (Promega ). The
DNA was sheared with a Covaris S-series device using the 200 bp sonication protocol
provided with the instrument (10% duty cycle, 200 cycles/burst, 5 i.htcnsity, 180 scconds).
Purification of the fragmented DNA was accomplished by adding 2 volumes of Ampure XP
beads (Agencourt Genomics), washed twice with 70% ethanol and ehuted with 15 pL of
water. Ten microliters of each sample were prepared for ligation using the End Repair
reaction as described in the kit. Ligation was performed with a custom forward adaptor and
the lllumina TruSeq reverse adaptor. The forward adaptor contained an AsiSI recognition
site {5’-GCGATCGC-3) near the ligation junction (5°-
AATGATACGGCGACCACCGAAGATAAGAAGAaTGACGTcAARTGCGATCGCAGGA
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TAGAT-3). The reverse adapter contained a BspQ1 recognition site (5°-GCTCTTC-37) near
the ligation junction (5°-
CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATCT-3"). Samples were purified with beads as before except that elution volume was 25
uL with 18 plL of that taken forward.

Mitochondrial DNA depletion

106202] Mitochondrial DNA fragments were selectively depleted from the hibrary
three distinct steps: 1) denaturation/mitochondrial-specific primer extension, 2} adaptor
cleavage, and 3) PCR enrichment. The first step was performed by combining each 18 pL.
sample with 7 pL of mastermix containing 1 ul. of nDA-C mitochondrial probes, 5 pL of 5X
MyTaq polymerase buffer, and 0.5 pL. of HS MyTaq polymerase (Bioline p/n BIO-21111).
This solution was placed in a thermal cycler, heated to 95°C for 10 minutes fo complete
strand separation, geperate single-stranded library fragments, and to activate the hot start
polymerase, cooled to 50°C for 30 seconds to anneal TRNA probes, heated to 65°C for 5
minutes to allow primer extension from insert into the reverse adaptor sequence. Samples
were cooled to 4° C before adding 25 pL of adaptor cleavage mastermix containing 1X
MyTaq polymerase buffer, 2.5 units of BspQl restriction enzyme (New England Biolabs p/n
R0712), and 2.5 units of AsiSI restriction enzyme (New England Biolabs p/n R0630).
Reactions were carried out in a thermal cycler by heating to 40°C for 5 minutes and 95" C for
5 minutes before cooling to 4°C. Enrichment of non-mitochondrial fragments was
accomplished by adding 50 uL of 2X PCR mastermix containing 1X MyTaq polymerase
buffer, 2.5 units of HS MyTaq polymerase and 8 ul of 10X PCR primer mix containing 10
1M forward primer (5°-AATGATACGGCGACCACCGA-3") and 10 pM reverse primer (5°-
CAAGCAGAAGACGGCATACG-3"). Samples were placed in a thermal cycler, heated to
95°C for 2 minutes to activate the polymerase and amplified using a 2-step temperature
routine: 2 cycles of 95° C for 30 seconds, 60° C for 90 seconds and 18 cycles of 95°C for 30
second, 65° C for 90 seconds. PCR products were purified using AMPure XP beads and
analyzed with a 2100 Bioanalyzer (Agilent Technologies). Libraries were sequenced in
single end format on an Ifhumina GA2X instrument. Raw data were processed using Ilumina
base calling software and mapped to human reference genome.

Example 3 — Generation of a directional cDNA library (Figure 5).

[66203] This example describes the generation of a directional cDNA library using
conventional blunt-end ligation with modified duplex adaptors and 50 ng of poly(A) +

selected messenger RNA as a starting material.
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First strand svathesis

(00204} First strand ¢cDNA was generated using random hexamer priming. The first
strand synthesis reaction was conducted using the Invitrogen SuperScript HI Reverse
Transcriptase kit, with 10 uM of random hexamers, 3.0 mM MgCl, and 1.0 mM dNTPs. The
cDNA synthesis reaction was carried out in 10 pL volume, incubated at 40 degrees Celsius
for 60 minutes and chilled to 4 degrees Celsius.

Second strand svnthesis with dUTP incorporation

{60265] Second strand synthesis was performed using the New England Biolabs NEBNext
Second Strand Synthesis Module, where the Second Strand Synthesis (INTP-free) Reaction
Buffer was supplemented with dNTP mix containing 0.2 mM of dATP, dCTP and dGTP, and
0.54 mM dUTP. RNAse H-mediated nick translation was carried out by adding 65 uL of
second strand synthesis master mix and incubating for one hour at 16 degrees Celsius. The

reaction was stopped by adding 45 uL of 25 mM EDTA. Fragmentation and purification of

cDNA fragments

[60206] The 120 uL second strand synthesis reaction was subjected to acoustic
fragmentation using the Covaris S-series System according to the manufacturer’s
instructions, using the manufacturer recommended settings to produce fragmented DNA with
an average fragment size of 150-200 bases. Fragmented DNA was concentrated using
QIlAquick PCR purification kit, according to the manufacturer’s mstructions. The fragmented
and concentrated DNA was quantitated and run on Agilent Bioanalyzer DNA 1000 chip to

ensure fragment distribution of 150-200 bp length.

End repair
{66207} The ends of the fragmented ¢DNA were repared to generate blunt ends with

5" phosphates and 3° hydroxyls. End repair of the fragmented DNA was performed according
to the Encore ™ Ultra Low Input NGS Library System [ User Guide instructions using End
Repair Master Mix.

Ligation with dU marked adaptors

[00208] Duplex adaptors were ligated to blunt-ended ¢cDNA fragments according to the
Encore "™ Ultra Low Input NGS Library System I User Guide Instructions, with the
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exception that the Ligation Adaptor Mix contained one adaptor where the ligation strand of
the adaptor had at least one dU incorporated into it.

Nick repair/adaptor fill-in

[06209] Ligation of unphosphorylated adaptors leaves a single-strand nick that must be
repaired prior to strand selection and amplification. To fili in the adaptor sequence and
generate full-length double-stranded DNA (dsDNA), the reaction mix was heated at 72
degrees Celsius, resulting in the extension of the 3’ end of the cDNA insert by Tag DNA
polymerase (thereby filling in the adaptor sequence), and the melting of the unligated adaptor
strand. The repaired dsDNA fragments with ligated adaptors were then purified using
Agencourt RNAClean XP Beads , according to the Encore "™ Ultra Low Input NGS Library
System 1 User Guide Instructions.

Strand selection with UDG/APE 1 treatment

(00210} Uridine digestion was performed with 1 unit of UNG and 1,000 units of APE
I at 37° C for 20 minutes. Incorporation of dUTP into one strand of the cDNA insert and the

ligation strand of one of the two adaptors allowed for selective removal of the products with
the undesired adaptor orientation. Consequently, a polynucleotide strand with incorporated
dUTP that is treated with UNG/APE I was unable to undergo amplification by a polymerase.
Library amplification

[00211] To produce a final directional cDNA library, the UNG-selected fragments
were amplified by PCR according to the Library Amplification Protocol in the Encore ™
Ultra Low Input NGS Library System I User Guide.

Example 4 — Depletion of ribosomal RNA fragments from a genomic DNA library from
cells sorted by size

[60212) Cells from a human blood sample are sorted on a Beckman MoFlo cell sorter,
based on surface markers into distinct populations and individuals within those populations
are separated and lysed using NuGEN's Prelude Direct Lysis Module according to
manufacturer’s recommendations.

100213} The resulting RN A containing solution is used as input into NuGEN’s
Fncore® Whole Blood RNA-Seq with care being taken to avoid lysis of the nucleus.
Following first strand synthesis, second strand synthesis performed in the presence of dUTPs,
and adapters comprising a restriction endonuclease recognition sequence are ligated and
filled-in. The second strand is degraded by UNG treatment. The reaction mixture is
incubated with a set of probes designed fo anneal to sequences in rRNA transcripts that are

converted into cDNAs.
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[00214] The hybridized probes are extended using a DNA polymierase all the way to
the adapter sequence, generating double stranded adapters on undesired nucleic acids,
comprising the restriction endonuclease recognition sequence. Adapters on nucleic acids that
are not probe targets, remain single stranded. The double stranded adapter sequences are
digesied with a restriction enzyme to remove the adapter rendering them unable to amplify
during the PCR enrichment step. PCR primers targeting the adapters, master mix and a
thermophilic polymerase are added and thermal cycled 20 cycles. The resultant library is
quantified and applied to an Itlumina flow cell for sequencing.

Example 5 — Depletion of ribosomal RNA fragments from a genomic DNA library on a
microfluidic system

[00215] CD4+CD25+ cells are sorted from a blood sample into a pool using a Becton
Dickenson Influx cell sorter based on surface markers lysed using NuGEN's Prelude Direct
Lysis Module according to manufacturer’s recommendations.

[60216] The resulting RNA containing solution is gently introduced to Agencourt
rmagnetic beads to a final volume of 50ul under conditions that favored RNA vs. DNA
binding. Care is taken to avoid lysis of the cell nucleus. The bead containing solution is then
loaded to NuGEN’s Mondrian  digital microfluidic system Encore Complete SP cartridge,
the cartridge applied to the workstation and the appropriate script selected. Following first
strand synthesis, second strand synthesis is performed in the presence of the suitable
nucleotide analog according to manufacturer’s instructions, Manufacturer’s instructions are
followed through fragmentation, ligation with suitable adapters comprising nucleotide
analogs and a restriction endonuclease recognition sequence, and strand selection The
products are retricved from the system following strand selection and before the PCR
enrichment step. The sample ~1ul in 19ul of cartridge filler fluid, was diluted to 10ulina
solution containing InDA-C probes designed to anneal to sequences in human rRNA
transcripts.

[86217] The hybridized probes are extended using a DNA polymerase all the way to
the adapter sequence, generating double stranded adapters on undesired nucleic acids,
comprising the restriction endonuclease recognition sequence. Adapters on nucleic acids that
are not probe targets, remain single stranded. The double stranded adapter sequences are
digested with a restriction enzyme to remove the adapter rendering them unable to amplify
during the PCR enrichment step (Figure 5). PCR primers targeting the adapters, master mix
and a thermophilic potymerase are added and thermal cycled 20 cycles. The resultant library

is quantified and applied to an Illumina flow cell for sequencing.
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Example 6 — Depletion of ribosomal RNA fragments from a genomic DNA library from
single cells expressing GFP

[06218] Cells expressing GFP from a human blood sample are sorted on a FACS
Vantage SE Cell sorter (BD Biosciences, San Diego, CA, http://www.bdbiosciences.com)
based on color into distinct populations. Cells above a threshold GFP expression are
separated into individual microwells and lysed using NuGEN’s Prelude Direct Lysis Module
according to manufacturer’s recommendations.

[00219] The resulting RNA containing solution is primed for first strand synthesis with
either N6 or USP primers (NuGEN Encore Complete first strand primer mix). The primers
are extended with a Reverse Transcriptase and nucleotide solution containing dUTP and dITP
at a ratio of canonical to non-canonical nucleotides for enabhing fragementation to a desired
size range. Following synthesis, the cDNA is fragmented by treatment with UNG (Figure 6)
to gencrate fragments of the desired size range comprising blocked 3’-end.

[60220] The resulting ¢cDNA product with inosines is primed with a partial duplex
oligonucleotide complex comprising 33 bases of double stranded structure appended with 8
random nucleotides of single stranded DNA at one 3° end (Figure 8). A 37 extension reaction
follows using the cDNA product comprising inosines as a template. Following ligation of an
adapter comprising a restriction endonuclease recognition sequence to the end of the double
stranded molecule and fill-in to produce blunt ends, the library is treated with Endomuclease
V to remove the inosine residues and fragment the cDNA product.  The resulting single
stranded DNA with adapter sequences appended to each end is incubated with a set of probes
designed to anneal o sequences within ¢cDNAS corresponding to tRNA sequences.

[00221] The hybridized probes are extended using a DNA polymerase all the way to
the adapter sequence, generating double stranded adapters on undesired nucleic acids,
comprising the restriction endonuclease recognition sequence. Adapters on nucleic acids that
are not probe targets, remain single stranded. The double stranded adapter sequences are
digested with a restriction enzyme to remove the adapter rendering them unable to amplify
during the PCR enrichment step (Figure 9). PCR primers targeting the adapters, master mix
and a thermophilic polymerase are added and thermal cycled 20 cycles. The resultant library
is quantified and applied to an Ilumina flow cell for sequencing.

Example 7 — Depletion of ribosomal RNA fragments from a genomic DNA library from
single cells expressing a CFP-YFP FRET system

[60222] Cells expressing a CFP-YFP FRET system are sorted on a FACS Vantage SE

Cell sorter {BD Biosciences, San Diego, CA, http://www .bdbiosciences.com) based on the
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FRET emission signa! into distinct populations. Cells above a threshold FRET emission are
separated into individual microwells and lysed using NuGEN’s Prelude Direct Lysis Module
according to manufacturer’s recommendations.

[00223] The resulting RNA containing solution is primed for first strand synthesis with
either N6 or USP primers (Encore Complete first strand primer mix, NuGEN). The primers
are extended with a Reverse Transcriptase and nucleotide solution containing dUTP.
Following synthesis the cDNA is fragmented by treatment with UNG (Figure 7) to generate
fragments of the desired size range. This cDNA product is primed with a partial duplex
oligonucieotide complex library, each complex comprising 33 bases of double stranded
structure appended with & random nucleotides of single stranded DNA ag 3” overhang
(Figure 8). The oligo complexes are made up of 2 strands comprising 33 nucleotides on the
short strand and 41 nucleotides on the long strand, respectively. The 33 bases of the ling
strand falling within the double-stranded portion lacks any adenine nucleotides.

[06224) The & base random sequence is annealed to the fragmented cDNA and
extended with a DNA polymerase in the presence of dUTP. At the same time, the 33 base
oligo is displaced by the DNA polymerase producing a blunt ended molecule. By virtue of
lacking adenines in the double stranded portion of the long strand of the ofigo complex, the
extengion product displacing the short strand does not incorporate any uracils. Following
ligation of an adapter cormprising a restriction endonuclease recognition sequence to the end
of the double stranded molecule to the end of the double stranded molecule and fill-in to
produce blunt ends, the library is treated with UNG to fragment the DNA where dUs residues
are incorporated. The resulting single stranded DNA with adapter sequences appended to
cach end is incubated with a set of probes designed to anneal to sequences within cDNAs
corresponding to TRNA sequences.

[00225] The hybridized probes are extended using a DNA polymerase all the way to
the adapter sequence, generating double stranded adapters on undesired nucleic acids,
comprising the restriction endonuclease recognition sequence. Adapters on nucleic acids that
are not probe targets, remain single stranded. The double stranded adapter sequences are
digested with a restriction enzyme to remove the adapter rendering them unable to amplify
during the PCR enrichment step (Figure 9). PCR primers targeting the adapters, master mix
and a thermophilic polymerase are added and thermal cycled 20 cycles. The resultant lbrary
is quantified and applied to an Illumina flow cell for sequencing.

Example § — Probe design for the depletion of undesired nucleic acid fragments from

library.
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[60226] This example describes the depletion of undesired nucleic acid fragments from
a library of various origins, using insert-dependent adaptor cleavage (InDA-C) probes that
target the undesired nucleic acid fragments.

Probe design and synthesis

[00227] Target sequences for depletion are compiled for transcripts that might
frequently be found in high abundance within a given sample type. Examples of such
transcripts are ribosomal RNA (rRNAs) and mitochondrial RNAs in most sample types,
globin within blood samples and chloroplast RNAs within plant samples. These sequences
are compiled from public data such as RefSeq when available or from empirical data sources
(Grape Genome Browser available online from Genoscope, Denoecud et al. Annotating
genomes with massive-scale RNA sequencing. Genome Biology 2008, 9:R175
doi:10.1186/gb-2008-9-12-¢r173:

http://www.genoscope.cns. fr/externe/GenomeBrowser/Vitis/) as was the case with grape,
which does not have a well annotated or complete reference genome. Orientation of probes is
determined based on which strand of template is to be retained following adapter ligation.
Each undesired transcript is computationally “fragmented” into 70 base regions and these
regions are queried using PCR primer design software such as Primer3 (Steve Rozen and
Helen J. Skaletsky (2000) Primer3 on the WWW for general users and for biologist
programmers. In: Krawetz S, Misener S (eds) Bioinformatics Methods and Protocols:
Methods in Molecular Biology. Humana Press, Totowa, NJ, pp 365-386). Target melting
temperature is set to 60° C for human cytoplasmic and mitochondrial rRNA and human
globin message and 65° C for grape cytoplasmic and mitochondrial rRNA and grape
chloroplast rRNA.

[06228] Primer sequences proposed by Primer3 are BLASTed against known
transcript sequences from the same organism to limit or eliminate off-target interactions.
Probes determined to have off-target interactions are removed from the pool. The primer
probe oligonucleotides are produced using standard phosporamidite chemistries.

Denletion of RNA and DNA seguences

[60229] The designed primer probes specific for undesired nucleic acid sequences,
such as human cytoplasmic and mitochondrial rRNA, human globin mRNA, grape
cytoplasmic and mitochondrial rRNA, grape chloroplast rRNA, are utilized in depleting the
undesired sequences in one of the ways described herein, such as one of the methods
exemplified in Examples 1, 2, 4, 5, 6, or 7 (Figures 1, 5-7, and 9). Lower annealing and

extension temperatures may be used for more aggressive strand depletion conditions. Briefly,
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single stranded nucleic acids in various adapter configurations are hybridized with a set of
designed primer probes for depleting undesired nucleic acids. The nucleic acid is prepared
with a restriction endonuclease recognition sequence supplied on the 5” end. The primer
probes are extended resulting in a double-stranded structure around the restriction
endonuclease recognition sequence. Cleaving the nucleic acid at the restriction endonuclease
recognition site further destroys a primer annealing sequence targeted by a subsequent
amplification reaction, e.g. PCR. Thus, nucleic acids targeted by the primer probes are

unavailable for amplification, enriching the remainder of the nucleic acids in a sample.
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CLAIMS

WHATIS CLAIMED IS:

1. A method of reducing an abundance ratio of non-desired and desired nucleic acid
sequence from a single-stranded nucleic acid library, the method comprising:
a) annealing a sequence-specific oligonucleotide probe to a non-desired nucleic
acid sequence in the single-stranded nucleic acid library, wherein the single-stranded
nucleic acid library comprises single stranded nucleic acid fragments comprising an
adaptot sequence;
b) extending the oligonucleotide probe to produce a partial double-stranded
nucleic acid;
c) selectively cleaving the partial double-stranded nucleic acid at a cleavage site
in the adaptor; and
d) amplifying the desired nucleic acid sequences, thereby reducing the abundance
ratio of non-desired and desired nucleic acid sequence from the single-stranded
nucleic acid library.
2. The method of claim 1, wherein the single stranded nucleic acid fragments comprise
an adaptor sequence at both ends.
3. The method of claim 2, wherein the amplifying comprises amplifying with a primer
that is specific for the adaptor sequence.
4. The method of claim 1, wherein the cleavage site is capable of recognition by a
cleavage agent.
5. The method of claim 4, wherein the cleavage site comprises a recognition sequence
for the restriction endonuclease.
6. The method of claim 1, wherein the selectively cleaving comprises cleavage with a
cleavage agent specific for a double-stranded nucleic acid sequence in the partial double-
stranded nucleic acid. |
7. The method of claim 6, wherein the cleavage agent is a restriction endonuclease.
. 8 The method of claim 1, wherein the non-desired nucleic acid sequence comprises a
sequence of ribosomal RNA (fRNA), mitochondrial DNA, or human globin mRNA.-
9. The method of claim 1, further comprising sequencing the amplified products.
10. A method of depleting a non-desired nucleic acid sequences from a directional single-

stranded nucleic acid library, the method comprising:
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a) ligating a double stranded mucleic acid template to & first double-stranded
adapter oligonucleotide and a second double-stranded adaptor oligonuclectide,
wherein the double stranded nucieic acid template comprises:
(i}  afirst product strand that does not comprise a non-canonical nucleotide,
and
(i} = second product strand comprising one or more non-canonical
nucieotides,
wherein the first double-stranded adaptor oligonucleotide comprises:
(i)  afirst adapter strand that does not comprise one or more non-canomical
nucleotides, and
(if) asecond adapter strand comprising one or more non-canonical
nucleotides, .
and wherein the second double-stranded adapter oligonucieotide comprises a
recognition sequence for a restriction endonuclease specific for double-stranded DNA,
a third adapter strand that does not cOmprise one or More non-canonical nucleotides,
and a fourth adapter strand that does not comprises one or more pon-canonical
nucleotides,

wherein the ligating creates a double stranded product comprising the first product

strand ligated to the first adapter strand and the fourth adapter strand; and

11
dNTP.
12,

b) selectively cleaving the second product strand and second adapter strand,
thereby generating a directional single-stranded nucleic acid library;

c) hybridizing a probe to a non-desired sequence in the directional single-
stranded nucleic acid Library,

d) extending the probe with a DNA polymerase, thereby producing a partial
duplex nucleic acid and

e) treating the partial duplex nucleic acid with a restriction endonuclease specific
for double-stranded DNA, thereby cleaving double-siranded DNA fragments at the
recognition sequence.

The method of claim 10, whereir the non-canonical nucleotide is a non-canonical

The method of ¢laim 11, wherein the non-canonical dNTP comprises uracil or

nosine.

13.

The method of claim 10, wherein the selectively cleaving comprises cleaving with a

glycosylase and a polyamine.
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14.  The method of claim 10, further comprising performing an amplification reaction
comprising a first primer and second primer, wherein the fiist primer is hybridizable to the
first adapter strand and the second primer is hybridizable to sequence complementary to the

fourth adapter strand, thereby generating amplified products.

15. The method of claim 14, further comprising sequencing a portion of the amplified
products,
16.  The method of claim 10, wherein the directional single-stranded nucieic acid library

comprises bacterial ribosomal RNA, mitochondrial DNA, human globin mRNA, human
cytoplagmic rRNA, human mitochondrial sRNA, grape cytoplasmic rRNA, grape
mitochondrial rRNA, or grape chloroplast rRNA.

17.  The method of claim 10, wherein the restriction endonuclease is BspQl.
i8. A method of creating a strand retained library of nucleic acids, the method
comptrising:

a) annealing a partial duplex primer to a single-stranded nucleic acid template,

wherein the single-stranded nucleic acid template comprises a non-canonical
nucleotide, wherein the partial duplex primer comprises a 3 overhang,

b) extending the partial duplex primer to form a primer extension product strand,
thercby forming a double-stranded nucleic acid comprising (i) the primer extension

product strand and (i} the template strand;

c) ligating an adapter to a 3° end of the primer extension product strand; and
d) cleaving the temyplate strand from the double-stranded nucleic acid, wherein

the cleaving comprises use of a cleavage agent specific for the one or more non-

canonical nucleotides, thereby creating a strand retained lbrary of nucleic acids.

19.  The method of claim 18, wherein the cleavage agent éoznprises a glycosylase and a
polyamine. -
20,  The method of claim 18, wherein the one or more non-canonical macleotides comprise

uracil or inosine.
21.  The method of claim 18, wherein the single-stranded nucleic acid template is
generated by:
i. performing a first strand synthesis on an RNA in a presence of the one or n{ore
non-canonical nuclectides, thereby forming a first strand synthesis product; and
i. performing a fragmentation reaction.
22.  The method of any one of claims 18-21, wherein the adapter comprises a recognition

sequence for a restriction endonuclease specific for double-stranded DNA.
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23.  The method of claim 22, further comprising,
e) hybridizing a probe to a sequence of the primer extension product;
f) eﬁmmmgﬂmpmbeWMJaDNApdmnw%@ﬂmmﬁymn&mmgapmﬂﬂ
duplex nucleic acid; and '
£) treating the partial duplex nucleic acid with a restriction endonuclease specific
for double-stranded DNA, thereby cleaving double-stranded DNA fragments at the
recognition sequence
74.  The method of claim 23, further comprising performing PCR with a primer that is
1nmﬂdmmﬂewasmmmweofmsadmnm;ﬂwmbymuwﬁymgadﬁﬁmdnuddcadd
25 The method of claim 24, further comprising sequencing a poition of the desired
nucleic acid.
26.  The method of claim 18, wherein the single-stranded nu'cleic acid template comprises
bacterial ribosomal RNA, mitochondrial DNA, human globin mRNA, human cytoplasmic
rRINA, human mitochondrial rRNA, grape cytoplasmic rRNA, grape mitochondrial fRNA, or
grape chloroplast IRNA.
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