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(57) Abstract: Methods, polynucleotides, kits, and reaction mixtures are disclosed for the enriching of short polynucleotide molecules
that have a length within a desired target length range. A Type IIS or Type III restriction enzyme is used to cleave polynucleotides
at cleavage sites located at a distance from the restriction enzyme recognition sites. For example, a mixture of polynucleotides can
be formed by inserting DNA molecules between a recognition site for the restriction enzyme and a region of non-naturally-occurring
nucleotides that block cleavage by the restriction enzymes. If a polynucleotide contains a DNA molecule with a length within a target
range, then the cleavage site will be within the blocking region, and cleavage will not occur. Polynucleotides containing DNA molecules
with lengths outside the target range can be cleaved. By selectively enriching, through PCR or other means, polynucleotides that are
intact, a concentrated population of polynucleotides of a target length can be formed.
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mikNA TRARSCRIPTOME METHODS AND COMPOSITIONS

CROSS-REFERENCES TO RELATED APPLICATIONS
[6601] Ths application claims the benefit of U.S. Provisional Application No. 62/328,504,

filed April 27, 2016, which 1s mcorporated by reference in its entirety herein for all purposes.

BACKGROUND
[0002] Small RNAs are a category of RNA molecules that are typically less than 230
nucleotides m length and do not code for translation into a protein. These molecules often play a
regulatory role within the cell, interacting with coding RNAs to affect their translation. Example

types of such small RNAs include but are vot Iimited to miRNA, snoRNA, and piRNA.

[B003] AnnuRNA 15 a single-stranded non-coding RNA molecule containing approximately
bl bk PR v ; ; ‘ ; . . A N e .

22 nucleotides and functioning i the regulation of post-transcriptional gene expression and gene
silencing. As a result of this activity, the profiling of muRNA populations is an important tool in
the study of, for example, gene regulation, disease development, molecular diagnostics, and

pharmacogenetics.

[6604] To profile a transcriptome population of nuRNA molecules through, for example,
miRNA-seq, miRNA RT-gPCR, or tuRNA microarrays, the nuRNA present in a biological
sample frequently must be enriched using a technique such as size-selection gel electrophoresis.
Alternatives for producing muRNA hibraries include the use of muRNA-specific amphification
reactions or hybridization probes. These and other options for enriching miRNA or other small
polynucleotides can often be time consuming or difficult to apply to small samples, such as those

derived from a single cell.
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BRIEF SUMMARY
{8065} In general, provided herein are methods, kits, and materials for the enriching of short

polynucleotide molecules that have a length within a target range.

[8806] One provided polynuclestide comprises a DNA sequence, a first adaptor
oligonucleotide comprising a number of contiguous non-naturally-occurring nucleotides, and a
second adaptor oligonucleotide comprising a recognition site for a Type IS or Type I
restriction enzyme. The first and second adaptor oligonucleotides are linked to opposite ends of
the DNA sequence. The number of contiguous non-naturally occurring nucleotides 1s sufficient
to block cleavage by the Type IS or Type HI restriction enzyme if the DNA sequence has a

length within a target length range.
[6007]  Insome embodiments, the DNA sequence has a length within a target range.

{0008} In some embodiments, the DNA sequence has a length less than the minimum of the

target length range or greater than the maximum of the target length range.
{6089} Insome embodiments, the BNA sequence comprises a cDNA

{B016]  Insome embodiments, the DNA sequence comprises a cBNA formed through reverse

transcription of miRNA.

{0011} Insome embodiments, the DNA sequence comprises a cBNA formed through reverse

transcription of siRNA.

{0012] Insome embodiments, the recogmition site is for a Type 1S restriction enzyme.
{6013} Insome embodiments, the recognition site 1s for a Type [H restriction enzyme.
[B014] Insome embodiments, the Type IH restriction enzyme 13 EcoP15L

[6015] Insome embodiments, the first or second adaptor cligonucleotide comprises at least
one ribonucieotide.
[6016] In some embodiments, the number of contiguous non-naturally-occurring nucleotides 1s

between 3 and 20.

[6617] Insome embodiments, the non-naturally-occurring nucleotides comprise

phosphorothioated bases.
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{0018] Insome embodiments, the target length range is between 18 and 24 base pairs.

{6019} Insome embodiments, the first and second adaptor oligonucleotide each further

comprise a primer binding site.

{8028} One provided kat for enriching for short polynucleotide sequences from a sample
comprises a Type 1S or Type I restriction enzyme, and a first adaptor oligonucleotide

comprising a number of contiguous non-naturaliv-occurring nucleotides.

{0021} Insome embodiments, the kit further comprises a second adaptor oligonucieotide

comprising a recognition site for the Type HS or Type [ restriction enzyme.

{0022] Insome embodiments, the kit further comprises an RNA ligase.

[6023] Insome embodiments, the RNA ligase 1s T4 RNA Ligase 2, Deletion Mutant.
[8024] In some embodiments, the kit comprises a Type IIS restriction enzyme.
[6025] In some embodiments, the kit comprises a8 Type I restriction enzyme.

[8026] Insome embodiments, the Type IH restriction enzyme 13 EcoP15L

[6627] Insome embodiments, the first or second adaptor oligonucleotide comprises at least

one ribonuclectide.

[6028] In some embodiments, the number of contiguous non-naturally-occurning nucleotides is
between 1 and 20,

[6029] Insome embodiments, the non-naturally-occurring nucleotides comprise
phosphorothioated bases.

[6030] Insome embodiments, the target length range s between 18 and 24 base paurs.

[0031] Insome embodiments, the first and second adaptor oligonucleotides each further

comprise a primer binding site.

[8032] One provided method of enriching for short DNA sequences from a mixture of a
plurality of DNA sequences comprises providing a population of any of the previously described

polynucleotides, contacting the population with the Type IIS or Type I restriction enzyme

(V8]
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under reaction conditions sufficient to form a mixture of cleaved polynucleotides and intact

polynucleotides, and subsequently enriching for intact polynucleotides.

{#033] Insome embodiments, the population of polynucleotides s formed by providing a
sample comprising a population of RNA molecules having an RNA 5 end and an RNA 3 end,;
attaching a first linker oligonucleotide, comprising a first linker oligonucleotide sequence and a
first linker oligonucleotide 3” end, to the RNA 37 end of the RNA molecules, and attaching a
second linker oligonucleotide to the RNA 5’ end of the RNA molecules, such that hybrid RNA

molecules are formed having the structure as set forth below:
5" —second linker ohigonucleotide — RNA molecule — first linker oligonucleotide — 3.

The method further comprises forming first strand ¢cDNA molecules, comprising a first strand
cDNA seqguence and a first strand ¢cBNA 37 end, from the hybrid RNA molecules by extending a
first reverse transcription primer in a template-dependent manner using the hybrid RNA as a
template. The first reverse transcription primer s configured to anneal to the first linker
oligonuclestide proximate to the first linker oligonucieotide 37 end. The method further
comprises forming second strand ¢DNA molecules from the first strand cDNA molecules by
extending a second reverse transcription primer in a template-dependent manner using the first
strand cDNA as a template. The second reverse transcription primer is configured to anneal to
the first strand ¢cDNA sequence proximate to the first strand ¢cDNA 37 end. This forms double
stranded cDNA molecules comprising the first strand ¢DNA sequence and the second strand
cDNA sequence; wherein (a) the first linker oligonucleotide comprises a recognition sequence
for a Type IS or Type I restriction enzyme and the second reverse transcription primer
comprises a number of contiguous non-naturally-occurring nucleotides, or (b} the second linker
oligonucleotide comprises a recognition sequence for a Type IS or Type I restriction enzyme
and the first reverse transcription primer comprises a number of contiguous non-naturally-
occurring nucleotides. The number of contiguous non-naturally-occurring nucleotides
mcorporated into the first or second reverse transcription primer 1s sufficient to block cleavage
by the type HI or Type HS restriction enzyme if the double stranded ¢cDNA molecule was formed
from an RNA molecule having a length within a target fength range but does not block cleavage

by the Type HI or Type TIS restriction enzyme if the double stranded ¢cDNA molecule was
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formed from an RNA molecule having a length less than the minimum of the target length range

or more than the maximum of the target length range.
{0034] Insome embodiments, the enriching comprises amplifying the intact polynucieotides.

{6035} In some embodiments, the first and second adaptor oligonucleotides each further
comprise a primer binding site for amplification. The enriching further comprises amplifying the
intact polvnucleotides by extending a forward PCR primer and a reverse PCR primer. The
forward and reverse PCR primers are configured to anneal to the primer binding sites of the first

and second adaptor oligonucleotides.

{0036] One provided reaction mixture comprises a population of any of the previously

described polynucleotides and a Type IS or Type 1 resiriction enzyme.

BRIEF DESCRIPTION OF THE DRAWINGS

{0037 FIG 1 ilustrates a polynucieotide in accordance with an embodiment.
{6038} FIG 2 ilustrates a polynucleotide in accordance with an embodiment.
{0039] FIG. 3 illustrates a polynucieotide 1n accordance with an embodiment.
[6040] FIG. 4 illustrates a polynucieotide in accordance with an embodiment.
[B041] FIG 5 illustrates amplification of a polynucleotide in accordance with an embodiment.

[8042] FIG 6 illustrates prevention of amplification of a polynucleotide 10 accordance with an

embodiment.

[6043] FIG 7 illustrates the formation of a polynucleotide 1n accordance with an embodiment.
[0044] FIG. 8 illustrates the formation of a polynucleotide 1n accordance with an embodiment.
[0045] FIG 9 idlustrates a polynucieotide in accordance with an embodiment.

[8046] FIG 10 1s a graph of the effects of restriction enzyme recognition site numbers,

phosphorothicated bases, and RNA insert sizes on EcoP151 polynucleotide digestion.



10

15

20

30

WO 2017/189844 PCT/US2017/029831

DEFINITIONS
{8047} As used herein, the following terms have the meanings ascribed to them unless

specified otherwise.

{8048} 'The term "polvmerase” refers to an enzyme that performs template-directed svnthesis
of polynucleotides. The term encompasses both a full length polypeptide and a domain that has
polymerase activity. DNA polymerases are well-known to those skilled in the art, and include
but are not limited to DNA polymerases i1solated or derived from Pyrococcus furiosus,
Thermococcus litoralis, and Thermotoga maritime, or modified versions thereof. They include
both DNA-dependent polymerases and RNA-dependent polymerases such as reverse
transcriptase. At least five families of DNA-dependent DNA polymerases are known, although
most fall into families A, B and C. There is little or no sequence similarity among the various
families. Most fanuly A polymerases are single chain proteins that can contain multiple
enzymatic functions including polymerase, 3' to 5' exonuclease activity and §' to 3" exonuclease
activity. Family B polymerases typically have a single catalytic domain with polymerase and 3'
10 5' exonuclease activity, as well as accessory factors. Family C polymerases are typically
multi-suburnut proteins with polymerizing and 3' to 5' exonuclease activity. In E. cofi, three types
of DNA polymerases have been found, DNA polymerases T (famaly A), I (fanuly B), and HI
(family C). In eukaryotic cells, three different family B polymerases, DNA polymerases o, 8,
and €, are implicated in nuclear replication, and a family A polymerase, polymerase v, 1s used for
mitochondrial DNA replication. Other types of DNA polymerases inchide phage polymerases.
Similarly, RNA polymerases typically include eukaryotic RNA polymerases I, If, and 111, and
bacterial RNA polymerases as well as phage and viral polymerases. RNA polymerases can be

DNA-dependent and RNA-dependent.

[6049] "Thermally stable polymerase,” as used herein, refers to any enzyme that catalyzes
polynucleotide synthesis by addition of nucleotide units to a nucleotide chain using DNA or

RNA as a template and has an optimal activity at a temperature above 43°C.

{B056]  The term "nucleic acid amplification” or "amphification reaction” refers to any in vifre
means for multiplying the copies of a target sequence of nucleic acid. Such methods include but
are not limited to polymerase chain reaction (PCR), DNA ligase chain reaction (see U.S. Pat.

Nos. 4,683,195 and 4,083,202, PCR Protocols: A Guide to Methods and Applications (Innis er
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al., eds, 19903}), (LCR}, QBeta RNA replicase, and RNA transcription-based {such as TAS and

35R) amplification reactions as well as others known to those of skill in the art.

{0051 "Amplifying" refers to a step of submitting a solution to conditions sufficient to allow
for amplification of a polynucleotide. Components of an amplification reaction include, e.g.,
primers, a polynucleotide template, polymerase, nucleotides, and the like. The term amplifying
typically refers to an "exponential” increase in target nucleic acid. However, amplifying as used
herein can also refer to linear mncreases in the numbers of a select target sequence of nucleic acid,

such as is obtained with cvcle sequencing.

[6052] "Polymerase chain reaction” or "PCR" refers to a method whereby a specific segment
or subsequence of a target double-stranded DNA, 1s amplified in a geometric progression. PCR
is well known to those of skill in the art; see, e.g., US. Pat. Nos. 4,683,195 and 4,683,202; and
PCR Protocols: A Guide to Methods and Apphications, Innis er af. | eds, 1990 Exemplary PCR
reaction conditions typically comprise either two or three step cvcles. Two step cycles have a
denaturation step followed by a hybridization/elongation step. Three step cycles comprise a
denaturation step followed by a hybrnidization step followed by a separate elongation step. PCR
can be performed as end-point PCR (i e, only monitored at an end point) or as quantitative PCR

{monttored n “real time”)

i

{8053} An "olignucleotide primer" or "primer” refers to an oligonucleotide sequence that
anneals to a sequence on a target nucleic acid and serves as a point of itiation of nucleic acid
synthesis. Primers can be of a variety of lengths and are often less than 50 nucleotides in length,
for exarmple 12-30 nucleotides in length. The length and sequences of primers for use in PCR
can be designed based on principles known to those of skall in the art; see, e.g., Inmis ef al.,

SUpPra.

[0034] The terms "nucleic acid” and "polynucleotide” are used interchangeably herein to refer
to deoxyribonucleotides or ribonucleotides and polymers thereof i either single- or double-
stranded form. The term encompasses nucleic acids containing known nucleotide analogs or
modified backbone residues or hinkages, which are synthetic, naturally occurring, and non-
naturally occurring, which have sumilar binding properties as the reference nucleic acid, and

which are metabolized in a manner similar to the reference nucleotides. Examples of such

~1
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analogs mnclude, without limitation, phosphorothioates, phosphoramidates, methyl phosphonates,

chiral-methy! phosphonates, 2-O-methyl ribonucleotides, and peptide nucleic acids (PNAs).

{B085]  The term “hvbrid RNA” refers to an RNA molecule that is ligated to one or more linker

or adapter sequences.

{#086] Theterms “hinker” and “adapter” refer to nucleotide sequences that are attached to
another sequence of DNA or RNA. The linker or adapter can be single-stranded or double-
stranded. The linker or adapter can comprise both single- and double-stranded regions. The
linker or adapter can comprise RNA nucleotides. The linker or adapter can comprise DNA
nucleotides. The linker or adapter can comprise both RNA and DNA nucleotides. The linker or

adapter can comprise non-naturally-occurring nucleotides.

{B087] The terms “first” and “second” when used herein with reference to adapters, linkers,
recognition sites, cleavage sites, binding sites, primers, or other elements are simply to more

clearly distinguish the two elements and are not intended to indicate order.

{0058] The terms “about” and “approximately equal” are used herein to modify a numerical
value and indicate a defined range around that value. If “X” s the value, “about X” or
“approximately equal to X7 generally indicates a value from 0.90X to 1. 10X Any reference to
“about X indicates at least the values X, 0.90X, 0.912 0.92X, 0.93%, .94, .95X, 0.96X,
0.97X, 0.98X, 0.99X, 1.01X, 1.02X, 1.03X, 1.04X, 1.05X, 1.06X, 1.07X, 1.08X, 1.09X, and
1.10X. Thus, “about X” 1s intended to disclose, e.g., “0.98X.” When “about” is applied to the
beginning of a numerical range, it applies to both ends of the range. Thus, “from about 6 t0 8.5”
is equivalent to “from about 6 to about 8.5.” When “about” is applied to the first value of a set of
values, 1t applies to all values in that set. Thus, “about 7, 9, or 11%” 1s equivalent to “about 7%,

about 9%, or about 11%.”

DETAILED DESCRIPTION

f. Imtroduction

[6059] The inventor has discovered methods, materials, and kits for enriching for
polynucleotides of a certain desired size range by using restriction enzymes that cleave at a

distance from their recognition sequences {e.g., Type IIS and Type IH restriction enzymes). For
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example, the inventor has discovered that DNA molecules in a mixture can each be linked
between a pair of adaptor oligonucleotides wherein one adaptor has a recognition sequence for
the restriction enzyme, and the other adaptor has a region of non-naturally occurring nucleotides
that cannot be cleaved. If the original DNA molecule linked between the adaptor pair has a size
within a certain desired range, then the restriction enzyme will target a cleavage site within the
region of non-natural nucleotides. In this case, the enzyme will be unable to cut at the cleavage
site, and the construct will remain mtact. On other hand, if the original DNA molecule 1s longer
or shorter than the desired size range, then the restriction enzyme will target a cleavage site
outside of the region of non-naturally occurring nucleotides. In this case, the enzyme will be able
to cut at the cleavage site, and the construct will be digested into two fragments. By subsequently
enriching the sub-population of intact constructs from among the entire construct population, one

can then generate a mixture enriched in the polynucleotides having a certain desired size range.

[6060] FIG 1 idlustrates one embodiment as a descriptive example. Shown is a DNA construct
polynucleotide 101 that comprises a DNA sequence 102, a first adaptor oligonucleotide 103, and
a second adaptor ohigonucleotide 194, The second adaptor ohigonucleotide 184 comprises a
recognition site 195 for a restriction enzyme that cleaves DNA at a cleavage site 106 that s a
distance 187 from the recognition site. The cleavage site 15 not determuned by a particular
sequence of nucleotides but instead 1s determined as being a particular distance from the enzyme
recognition sequence. The first adaptor oligonucleotide 183 comprises a region 168 of
contiguous non-naturally-occurring nucleotides that cannot be cleaved by the restriction enzyme.
If the length of the DNA sequence 182 within the polynucleotide 161 1s such that the cleavage
site 106 15 within the region 108 of non-naturally-occurring nucleotides, then the polynucleotide

will not be cleaved when contacted with the restriction enzyme.

[B061]  As the cutting distance 187 of the restriction enzyme 15 a fixed length or range of
lengths determined by the choice of restriction enzyme, the position of the cleavage site 106
relative to that of the blocking region 168 will depend on several properties of the polynucleotide
161, These include the number of contiguous non-naturally-occurring nucleotides within the
region 108, the location of the region 108 within the first adaptor oligonucleotide 183, the
location of the restriction enzyme recognition site 165 within the second adaptor oligonuclestide

104, and the length of the DNA sequence 182, If the sequences of the first and second adaptor

9
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oligonucleotides are held constant and the DNA sequence 182 is allowed to vary, then it 1s the
length of the DNA sequence, and whether that length is within a target length range, that will
determine whether or not the cleavage site 106 lies within the region 108 of non-naturally-

occurring nucleotides.

{6062] FIG 2 idlustrates an alternative embodiment 1 which cleavage is not blocked because
the DNA sequence is longer than a target length range. Shown is a polynucleotide 201 that
comprises a DNA sequence 202, a first adaptor oligonucleotide 203, and a second adaptor
oligonucleotide 204. In this example, the cleavage site 208 of a restriction enzyme is not within
the region 206 of non-naturally-occurring nucleotides. As a result, cleavage can occur when the
polynucleotide 201 is contacted with the restriction enzyme. In the embodiment depicted i FIG.
2, the cleavage site 205 15 within the DNA sequence 202. Cleavage would also occur if the
cleavage stte 208 was within the first adaptor oligonucleotide 203 at a location between the
blocking region 206 and the junction 207 of the first adaptor oligonucleotide 203 and the DNA

sequence 202

[6063] FIG 3 idlustrates an alternative embodiment in which cleavage 1s not blocked because
the DNA sequence is shorter than a target length range. Shown is a polynucleotide 301 that
comprises a DNA sequence 302, a first adaptor oligonucleotide 383, and a second adaptor
oligonucleotide 304. In this example, the cleavage site 308 of a restriction enzyme is within the
first adaptor ohigonucleotide 383 but 15 not within the region 366 of non-naturally-occurring
nucleotides. As noted above, the cleavage site if not determined by the sequence but rather 1s a
function of the distance (number of nucleotides) from the recognition sequence. As a result,

cleavage can occur when the polynucleotide 301 1s contacted with the restriction enzyme.
If. Methods

[3064] Methods of enriching for polynucieotides comprising DNA sequences of certain
lengths are provided. In some embodiments, a population of polynucleotides 1s provided,
wherein the polynucleotides each comprise a DNA sequence, a first adaptor oligonucleotide
comprising a number of contiguous non-naturally-occurring nucleotides, and a second adaptor
oligonucleotide comprising a recognition site for a Type 1S or Type I restriction enzyme. The
first and second adaptor oligonucleotides can be linked {e.g., introduced by higation or

amplification} to opposite ends of the DNA sequence, and the nuomber of contiguous non-

10
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naturally-occurring nucleotides is sufficient to block cleavage by the Type 1S or Type
restriction enzyme if the DNA sequence has a length (not longer or shorter) within a target length
range. The population of polynucleotides 1s contacted with the Type HS or Type IH restriction
enzyme under reaction conditions sufficient to form a mixture of cleaved polynucleotides and
mtact polynucleotides. For example, if the DNA inserted between the first and second adaptor
oligonucleotides is either longer or shorter {e.g., as shown 1n FIGs. 2 and 3, respectfully) , then
the polynucleotide will be cleaved. If the DNA sequence between the adaptor oligonucleotides
15 of an appropriate length then the restriction enzymes will not be able to cut the polynucleotide
because the non-naturally-occurring contiguous nucleotides will be positioned to block cleavage.
Subsequently, the sub-population of intact polvnucleotides s enriched from the mixture. In
some embodiment, enrichment comprises amphifying the polynucleotides in the mixture using a
pair of primers based at or near the ends of the polynucleotides {e.g., designed to hyvbridize to the
first and second adaptor ohigonucleotides or their complements, as appropriate, such that intact
polynucleotides are amplified whereas cleaved polynucieotides are not. This will result inan

enrichment of intact polynucleotides over cleaved polynucleotides.

[8065] The DNA sequence can be one sequence among a larger population, mixture or hibrary
of DNA sequences. In some embodiments, the various DNA sequences are a mixture of cDNA
molecules. In some embodiments, the DNA sequences are a mixture of genomic DNA

fragments.

[8066] Insome embodiments, the first and second adaptor oligonucleotides are attached to
opposite ends of the DNA sequence. In some embodiments, the adaptors are attached through
primer extension {e.g., amphification}. In some embodiments, the adaptors are attached through
higation. The adaptors can contain polymerase chain reaction {(PCR) primer binding sites,
sequencing primer binding sites, barcode sequences, or other sequences useful for amplifying,

quantifying, or wdentifying the polynuclestide construct.

[8067] The number of contiguous non-naturally occurring nucleotides within the furst adaptor
oligonucleotide can be, for example, from 1 to 20, from 1 to 10, from 5 to 14, from & to 17, from
11 10 20, from 1 to 7, from 5 to 10, from & to 13, from 11 t¢ 16, from 15 to 20, or more than 20.
In some embodiments, the non-naturally-occurring nucleotides are located adjacent to the

junction of the first adaptor oligonucleotide and the DNA sequence. In some embodiments, the

i1
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first adaptor oligonucleotide contains one or more other nuclectides between the junction and the

contiguous non-naturally-occurring oligonucleotides.

{0068] The contiguous non-naturally-occurring nucleotides are selected based on their ability
to decrease (or block) the cleavage efficiencies of Type HS or Type 1 restriction enzymes. In
this way, these nucleotide analogs protect the polynucleotide construct from enzymatic digestion.
In some embodiments, the non-naturally-occurring nucleotides comprise 2°-O-methyl bases. In
some embodiments, the non-naturally-occurring nucleotides comprise 2°-fluoro bases. In some
embodiments, the non-naturally-occurring nucleotides comprise phosphorothioated bases. The
chirality of the phosphorous atoms of the internucleotide linkages among phosphorothioated
bases can affect the degree of protection the non-naturally-occurring nucleotides give to the
polynuclectide. The S, stereoisomer of this linkage provides significantly more cleavage
inhtbition than the R, stereoisomer. Because a region of phosphorothioated bases can comprise
an equal number of each hinkage chirality, the presence of 6 or more contiguous bases in the

blocking region can increase the overall blocking efficiency of the region.

[6069] The Type IS or Type Ul restriction enzyme can be selected based on its ability to
cleave polynucleotides at a cleavage site that is separate from the recognition site of the
restriction enzyme. The restriction enzyme can cleave double-stranded DNA to create a blunt
end, a 3 -overhang, or a 3 -overhang. The distance between the recognition site and the cleavage
site can be less than S base pars, from 5 to 10 base pawrs, from 10 to 15 base pairs, from 15 to 20
base pairs, from 20 to 25 base pairs, from 25 to 30 base pairs, from 5 1o 15 base pairs, from 10 1o
20 base pars, from 15 to 25 base pawus, from 20 to 30 base pairs, from S to 20 base pairs, from 15
to 30 base pairs, or more than 30 base patrs. In some embodiments, the restriction enzyme
recognition site 18 focated adjacent to the junction of the second adaptor oligonucleotide and the
DINA sequence. In some embodiments, the second adaptor oligonucleotide contains one or more

other nucleotides between the junction and the restriction enzyme recognition site.

[B076]  In some embodiments, the restriction enzyme can be EcoP151 The recognition site for
EcoP151 has the nucleotide sequence 5'-CAGUAG on one of the two complementary DNA
strands. Cleavage with EcoP1 51 typically occurs 25 base pairs away from the recognition site in
the 57 t0 37 direction and 27 base pairs away from the recognition site on the complementary

DNA strand. Cleavage with EcoP15] creates a 5°-NN overhang. In some embodiments, EcoP15]
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cuts DNA at a distance of 24, 25, 26, 27, or 28 base pairs away from the recognition site in the &

to 37 direction.

{0671} Insome embodiments, both the first and second adaptor sequence contain restriction
enzyme recognition sites. In some embodiments, the two recognition sites are located on
opposite adaptor sequences in a head-to-head orientation. In some embodiments, the recognition
sites are recognzed by EcoP151 The efficiency of cleavage by EcoP151 can be improved by the
presence of a second, inversely ortented EcoP151 recognition site. {See, e.g., Moncke-Buchner,
Elisabeth, Maja Rothenberg, Stefanie Reich, Kayja Wagenfithr, Hideo Matsumura, Ryohet
Terauchi, Detlev H. Kriiger, and Monika Reuter. Jowrnal of Molecular Biology 387.5 (2009):
1309-1319.) As long as the two restriction sites are located on the same DNA molecule, the
cleavage efficiency improvement is independent of the distance between the two recognition
sites. {See, e.g., Meisel, Andreas, Thomas A. Bickle, Detlev H. Kruiger, and Cornelia Schroeder.
Nature 3556359 (1992): 467-469.) It has also been shown that show that cleavage occurs at
only one of the two possible cleavage positions of an interacting pair of target sequences. (See,

e g., Micke, Merlind, Stefanie Reich, Elisabeth Moncke-Buchner, Monika Reuter, and Detlev H.
Kriger. Journal of Molecular Biology 312.4 (2001 687-698.) The second EcoP151 recognition
site can be positioned such that its cutting length s located n the protecting region of non-

naturally-occurring nucleotides

[6072] FIG 4 dlustrates an embodiment in which both the first and second adaptor sequences
have EcoP151 recognition sites in a head-to-head configuration. Shown 15 a DNA construct
polynucleotide 401 that comprises a DNA sequence 402, a first adaptor oligonucleotide 483, and
a second adaptor ohgonucleotide 404, The first adaptor oligonucleotide 403 comprises a first
EcoP151 recognition site 485 corresponding to a first cleavage site 406 that 15 24-28 base pairs
from the first EcoP 151 recogrution site. In the embodiment shown 1n FIG. 4, the first adaptor
oligonucleotide 483 further comprises a region 487 of contiguous non-naturally-occcurring
nucleotides that cannot be cleaved by EcoP151 The second adaptor oligonucleotide 404
comprises a second EcoP151 recognition stte 408 corresponding to a second cleavage site 409
that 1s 24-28 base pairs from the second EcoP151 recognition site. The cleavage sites are not
determined by a particular sequence of nucleotides but instead are determined as each being a

particular distance mn the 3”7 directions from one of the restriction enzyme recognition sequences.
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{B673]  Inthe embodiment illustrated in FIG. 4, the region 487 of non-naturally-occurring
nucleotides will prevent cleavage originating from a first EcoP151 enzyme bound to the first
recognition site 405 on the first adaptor sequence 483, This blockage at the first cleavage site
406 will occur independent of the length of the insert DNA sequence 402 attached to the first
403 and second 404 adaptor ohigonucleotides. The first EcoP151 enzyme can still influence the
cleavage efficiency of a second EcoP151 enzyme bound to the second recognition site 408. As
described above, the ability of this second EcoP151 enzyme to cleave the polynucleotide
construct will depend 1n part upon the length of the insert DNA sequence 402. In the
embodiment shown in FIG. 4, the DNA sequence 402 has a length long enough so that the
second cleavage site 409 is not within the blocking region 407, and cleavage of the

polynucleotide construct 481 can occur,

[8074] The polynucleotide can be configured such that cleavage 1s blocked, as shown 1n the
example of FIG. 1, f the insert DNA sequence 1s within a target length range. In this case, the
cleavage stte 13 located within the region of contiguous non-naturally-occurring nucleotides. The
target length range can be, for example, from 7 to 22 base pairs, from 14 to 29 base pairs, from
21 to 36 base pairs, from 7 to 17 base pairs, from 10 to 20 base pairs, from 13 to 23 base pairs,
from 16 to 26 base pairs, from 19 to 29 base pairs, from 22 to 32 base pairs, from 26 to 36 base
pairs, from 7 to 12 base pairs, from 10 to 15 base pairs, from 13 to 18 base pairs, from 16 to 21
base pairs, from 19 to 24 base parirs, from 22 to 27 base pairs, from 25 to 30 base patrs, from 18
to 33 base pairs, or from 31 to 30 base pairs. In some embodiments, the target length range 1s

from 19 to 24 base pairs.

[B075]  In one embodiment, a first adaptor ohigonucleotide comprises a region of 6 contiguous
phosphorothioated bases located adjacent to and 3”7 of the junction of the first adaptor
oligonucleotide and the BNA sequence. In this embodiment, a second adaptor oligonucleotide
comprises an EcoP151 recognition sequence adjacent to the junction of the second adaptor
oligonucleotide and the DNA sequence. Because the EcoP1 51 restriction enzyme typically
cleaves DNA at a distance of 25 base pairs removed from the recognition site mn the 37 direction,
this polynucleotide construct is configured to block cleavage by EcoP 151 if the inserted DNA
sequence has a length within a target range of from 19 to 24 base pairs. In the case of a 19-base-

pair DNA sequence, the blocking region of the polynuclestide would comprise
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phosphorothioated bases located 20 to 25 base pairs away from the restriction enzyme
recogmtion site, encompassing the EcoP15] cleavage site. In the case of a 24-base-pair DNA
sequence, the blocking region of the polynucleotide would comprise phosphorothioated bases
located 25 to 30 base pairs away from the restriction enzyme recognition site, again
encompassing the FcoP1 5] cleavage site. In the case of a DNA sequence length less than the 19-
base-pair nunimum of the target length range, the end of the blocking region farthest from the
restriction enzyme recognition site would be less than 25 base pairs away from the recognition
site, and EcoP151 cleavage would not be blocked. In the case of a DNA sequence greater than
the 24-base pair maximum of the target, the end of the blocking region closest to the restriction
enzyme recognition site would be greater than 25 base pairs away from the recognition site, and

EcoP15] would not be blocked.

[B076] If the region of 6 contiguous phosphorothioated bases of the above example was
nstead located on the complementary strand, and the region was 2 base paus removed from the
junction, then similar results would be seen. This is because the EcoP1 5] restriction enzyme
typically cleaves DNA at a distance of 27 base pairs removed from the recognition site on the
complementary strand in the 3” direction. This polynucleotide construct would then be
configured to block cleavage by EcoP151 if the mmserted DNA sequence has a length within a
target range of from 19 to 24 base pairs. In the case of a 19-base-pair DNA sequence, the
blocking region of the polynucleotide would comprise phosphorothioated bases focated 22 to 27
base pairs away from the restriction enzyme recognition site, encompassing the EcoP1 51
cleavage site. In the case of a 24-base-pair DNA sequence, the blocking region of the
polynucleotide would comprise phosphorothioated bases located 27 to 32 base patrs away from
the restriction enzyme recognition site, again encompassing the EcoP151 cleavage site. In the
case of a DNA sequence length less than the 19-base-pair minimum of the target length range,
the end of the blocking region farthest from the restriction enzyme recognition stte would be less
than 27 base pairs away from the recognition site, and EcoP151 cleavage would not be blocked.
In the case of a DNA sequence greater than the 24-base pair maximum of the target, the end of
the blocking region closest to the restriction enzyme recognition site would be greater than 27

base pairs away from the recogmtion site, and EcoP1 51 would not be blocked.
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{86771 Insome embodiments, the polynucleotide construct comprises one restriction enzyme
recogntion site as described above. In some embodiments, the polynucleotide construct can
comprise two or more restriction enzyme recognition sites. The multiple recognition sites can be
located on one or both of the first and second adaptor oligonucleotides. The multiple recognition
sites can have identical or different sequences, and can be recognized by one or multiple Type
IS or Type HI restriction enzymes. In some embodiments, two or more recognition sites located
on one of the first or second adaptor oligonucleotide can be recognized by Type [IS or Type HI
restriction enzymes that can cleave the polynuclectide at two or more cleavage sites located on
the opposite adaptor oligonucleotide. In some embodiments, one or more recognition sites
located on the first adaptor oligonucleotide can be recognized by a Type IS or Type I
restriction enzyme that can cleave the polynucleotide at one or more cleavage sites located on the
second adaptor oligonucleotide, and one or more recognition sites located on the second adaptor
oligonucleotide can be recognized by a Type IS or Type HI restriction enzyme that can cleave

the polynucleotide at one or more cleavage sites located on the first adaptor oligonucleotide.

[6078] In some embodiments comprising two or more restriction enzyme recognition sites, the
polynucleotide construct can further comprise two or more regions of contiguous non-naturally-
occurring nucleotides. These blocking regions can be contigured to have lengths and positions
sufficient to block cleavage of the polvnucleotide if the polynucleotide 1s contacted with the
Type IS or Type HI restriction enzymes that recognize the two or more restriction enzyme
recognition sites. The polynucleotide construct can alse comprise one or more regions of
contiguous non-naturally occurring nucleotides configured to have lengths and positions
sufficient for a single blocking region to prevent cleavage by two or more Type [IS or Type HI

restriction enzymes in contact with the polynucleotide.

[B879] Ome or both of the first and second adaptor oligonucleotides can further comprise one
or more primer binding sites. The primer binding sites can be located on one of erther the first or
second adaptor chigonucleotides, or they can be located on both the fust and second adaptor
oligonucleotides. In some cases, a primer, or portion thereof, can bind or hybridize to a primer
binding site if the primer or primer portion comprises at least 6, 8, 10, 12, 14, 16, or 18
contiguous oligonucleotides that are together complementary to a sequence of the primer binding

site. The contiguous oligonucleotides can also comprises “universal” nucleotides that are
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complementary to more than one nucleotide partner. Alternatively, a primer, or portion thereof,
can hybridize to a primer binding site if there are fewer than 1 or 2 complementary mismatches

over at least 12, 14, 16, or 18 contiguous complementary nucleotides.

{6080} In some cases, the primer binding sites are PCR primer binding sites. In some
embodiments, the first oligonucleotide adaptor comprises a forward PCR primer binding site and
the second oligonucleotide adaptor comprises a reverse PCR primer binding site. In some
embodiments, the first oligonucleotide adaptor comprises a reverse PCR binding site and the
second oligonucleotide adaptor comprises a forward PCR primer site. The PCR primer binding
sites can be configured to enable the generation of DNA amplification product molecules that
each comprise the msert DNA sequence, under conditions sufficient for carrying outa PCR
amplification reaction comprising PCR primers that hybridize to the forward and reverse PCR

primer binding sites.

{6081} FIG 5 ilustrates an embodiment in which an insert DNA sequence has a length within
a target length range, cleavage by restriction enzyme is blocked, and amphification of the DNA
sequence can occur. Shown in the figure is a double~stranded polynucleotide 861 comprising a
DNA sequence 862, a double-stranded first adaptor ohgonucleotide 583, and a double-stranded
second adaptor oligonucleotide 384 The first adaptor oligonucleotide comprises a region 503 of
contiguous non-naturally-occurring nucleotides, and a first PCR primer binding site 386. The
second adaptor oligonucleotide 304 comprises a recognition site 387 for a Type IS or Type HI
restriction enzyme, and a second PCR primer binding site 308, Because the DNA sequence 502
has a length within the target length range, the cleavage site 509 for a restriction enzyme that
recognizes the restriction site 867 1s within the blocking region S88. As a result, if the
polynucleotide 381 15 contacted with the restriction enzyme in a digestion step 518, digestion of
the polynucleotide does not occur. A subsequent denaturation step 511 can then separate the two
strands 512 and 513 of the polynucleotide. In an annealing step 514, a first PCR primer 518 can
hybridize with the first PCR primer binding site, and a second PCR primer 316 can hybridize
with the second PCR primer binding site. An elongation step 517 can then be used to create new
complementary DNA strands 518 and 519, These new complementary DNA strands 518 and 519
can then anneal to form a new copy of the original DNA sequence 5¢1. In view of this

elongation, amplification of intact polynuclectides occurs, resulting in enrichment compared to
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other polynucleotides (e.g., those discussed below) in the mixture that are cleaved and thus not

amplified to the same extent.

[0082] FIG. o illustrates an embodiment in which an insert DNA sequence has a length outside
of a target length range, cleavage by restriction enzyme is not blocked, and amplification of the
DNA sequence cannot occur. Shown in the figure 1s a double-stranded polynucleotide 601
comprising a DNA sequence 602, a double-stranded first adaptor oligonucleotide 683, and a
double-stranded second adaptor oligonucleotide 664, The first adaptor oligonucleotide comprises
a region 605 of contiguous non-naturally-occurring nucleotides, and a first PCR primer hinding
site 606. The second adaptor ohigonucleotide 604 comprises a recognition site 647 for a Type [IS
or Type I restriction enzyme, and a second PCR primer binding site 608. Because the DNA
sequence 602 has a length outside the target length range, the cleavage site 609 for a restriction
enzyme that recognizes the restriction site 687 is outside the blocking region 605, As a result, if
the polynucleotide 601 is contacted with the restriction enzyme in a digestion step 618, the
enzyme digests the polynucleotide into two double-stranded DNA fragments 611 and 612. A
subsequent denaturation step 613 can then separate each of fragments 611 and 612 into two
strands, generating four strands 614, 6185, 616, and 617. In an annealing step 618, a first PCR
primer 619 can hybridize with the first PCR primer binding site, and a second PCR primer 620
can hybridize with the second PCR primer binding site. An elongation step 621 can then be used
to create new DNA strands 622 and 623, Because these new DNA strands 622 and 623 are not
complementary to one another, and do not both contan regions identical to entire length of the
original DNA sequence 602, they cannot then anneal to form a new copy of the original DNA
sequence. Therefore, successful amplification of the cleaved polynucieotide 15 not possible.
While FIG 5 and 6 are depicted separately, the mitial nuxture of polynucleotides can include
polynucleotides of desired and undesired lengths resulting mn a mixture of the polynucleotides
depicted 1 FIG 5 and 6 and enrichment of the polynucleotides as depicted in FIG. 5 as a result of

their amplification.

[6683] One or both of the first and second adaptor oligonucleotides can further comprise one
or more capture regions. The capture regions can be any sequence in which the reverse
complement thereof is capable of capturing or hybridizing to a target polynucleotide or a

plurality of polynucleotides of interest. In some cases the capture region of the reverse
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complement comprises one or more inosine, nitroindole, or other universal nucleotides. In some

embodiments, the capture regions comprise biotinylated nucleotides.

{0084] One or both of the first and second adaptor ohigonucleotides can further comprise one
or more barcode regions used to identify the polynucleotide that contains the adaptor or adaptors.
The barcode regions can each containat least 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, 31, 32, 33, 34, or 35 barcode nucleotides. For
example, a barcode region of 20 nucleotides can be used to uniquely identify 4 polynucleotides.
In some cases, the barcode regions can each contain from 5 to 25 barcode nucleotides, from 8 to

20 barcode nucleotides, or from 10 to 14 barcode nucleotides.

{0085] Inaddition to containing sequences complementary to the first and second PCR primer
hinding sites, one or both of the PCR primer can also contain one or more sequences that
function as further binding sites, capture regions, capture regions, or barcode regions. The PCR
primers or adaptor oligonucleotides can further contain any additional sequences needed for any
desired downstream application. Non-hmiting examples of these applications include RNA
sequencing (RNA-seq), real-time PCR or gquantitative PCR (¢PCR), microarrays, or biomarker

detection.

{0086] Insome embodiments, the insert DNA sequence is a cDNA generated from the reverse
transcription of an RNA molecule. In some embodiments, DNA are cDNAs generated from a
maixture of RNA molecules. The mixture of RNA molecules can be of a single type of RNA
molecules, or of two or more types of RNA molecules. The RNA molecules can be coding RNA
or noncoding RNA. The RNA molecules can be, for example, messenger RNA (mRNA),
ribosomal RNA (rfRNA), signal recognition particle RNA (SRP RNA), transfer RNA (1IRNA)
Jransfer-messenger RNA (tmRNA), guide RNA (gRNA), SmY RNA, small Cajal body-specific
RNA (scaRNA), ribonuclease P (RNase P}, ribonuclease MRP (RNase MRP), Y RNA,
telomerase RNA component (TERC), spliced leader RNA (8L RNA)}, antisense RNA {(aRNA),
cis-natural antisense transcript {¢1s-NAT), CRISPR RNA (crRNA), and small mterfering RNA

(51RNA}. The RNA molecules can be fragments of any one or more types of RNA.

[B087] The RNA molecules can be small noncoding RNA molecules including, but not himited
to miRNA, snRNA, snoRNA, piRNA, or IncRNA. MicroRNAs (miRNAs), typically 18 or 1910

25 nt in length, are non-protein-coding RNAs that can inhibit the translation of target mRNAs
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{see, e.g., Croce and Calin, Ce// 122¢1): 6-7 (2005)). Other small RNAs include small
nucleoplasmic RNAs (snRNAs}) and small nucleolar RNAs (snoRNAs). These small RNA
molecules can function, for example, in mRNA splicing (U1, U2, and U4 to U6 snRNAs),
mRNA and rRNA processing (U7 snRNA; U3 and U¥ snoRNAs), and site selection for RNA
modification by methylation of the 2" hydroxy! group (box C/D snoRNAs) or by pseudouridine
formation (box H/ACA snoRNAs). Piwi-interacting RNAs (ptRNAs) were identified through
association with Piwt proteins i mammalian. piRNAs can range from 26-30 nucleotides in

length. Long noncoding RNA (IncRNA) have also been described.

{6088] Also provided are methods for forming a population of DNA sequences from the
reverse transcription of a mixture of RNA molecules. In some embodiments, a sample
comprising a population of RNA molecules is provided, wherein the RNA molecules have an
RNA 5 end and an RNA 37 end. In some embodiments, a first linker oligonucleotide,
comprising a first inker ohigonucleotide sequence and a first linker oligonucieotide 3™ end, 13
attached to the RNA 37 end of the RNA molecules, and a second linker oligonucleotide 13
attached to the RNA 5 end of the RNA molecules, such that hybrid RN A molecules are formed.
Subsequently, first strand ¢cDNA molecules can be formed from the hybrid RNA molecules by
extending a first reverse transcription primer in a template~dependent manner using the hybrid
RNA as a teraplate. The cDNA molecules comprise a first strand ¢cDNA sequence and a first
strand ¢cDNA 37 end, and the first reverse transcription primer 18 configured to anneal to the first
linker ohigonucleotide proximate to the first hinker oligonucleotide 37 end. Second strand ¢cDNA
molecules can then be formed from the first strand ¢cDNA molecules by extending a second
reverse transcription primer in a template-dependent manner using the first strand cDNA as a
template, thereby forming double stranded cDNA molecules comprising the first strand ¢cDNA
sequence and the second strand ¢DNA sequence. The second reverse transcription primer can be
configured to anneal to the first strand ¢BNA sequence proximate to the first strand ¢cDNA 37
end. Also, either {a) the first linker oligonucleotide can comprise a recognition sequence for a
Type IS or Type HI restriction enzyme and the second reverse transcription primer can Comprise
a number of contiguous non-naturally-occurring nucleotides, or (b} the second linker
oligonucleotide can comprise a recognition sequence for a Type HS or Type I restriction
enzyme and the first reverse transcription primer can comprise a number of contiguous non-

naturally-occurring nucleotides. The nomber of contiguous non-naturally-occurring nucleotides
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incorporated into the first or second reverse transcription primer can be sufficient to block
cleavage by the type Il or Type IS restriction enzyme if the double stranded ¢cDNA molecule
was formed from an RNA molecule having a length within a target length range but to not block
cleavage by the Type [II or TypellS restriction enzyme if the double stranded cDNA molecule
was formed from an RNA molecule having a length less than the minimum of the target length

range or more than the maximum of the target length range.

{6089] The attachment of the first linker or adaptor oligonucleotide to the RNA molecule can
be formed in a ligation reaction. In some embodiments, the ligation reaction is catalyzed by the
activity of an RNA Ligase 2 enzyme. The RNA Ligase 2 can be T4 RNA Ligase 2. T4 RNA
Ligase 2 catalyzes the formation of phosphodiester bonds between the 5 -phosphate end of the
first linker and the 3’-hydroxyl end of the RNA molecule in a reaction that requires ATP as a

cofactor.

[6090] In some embodiments, the ligation of the first linker oligonucleotide to the DNA
sequence 1s catalyzed by T4 RNA Ligase 2, Deletion Mutant. This enzyme is also known as T4
RNA Ligase 2, truncated or Runl2 (1-249), and contains the first 249 amino acids of the full-
length T4 RNA Ligase 2. In these embodiments, the 57 end of the first linker 13 pre-adenylated
and the 37 end of the first linker 1s blocked by, for example a —-NHz group, prior to the higation
reaction. The higation reaction does not require ATP as a cofactor. Because the deletion mutant is
unable to adenvlated the 5 end of a substrate, only those linkers that have been pre-adenylated at
their 57 end can be higated to the 37-hydroxyl end of the RNA sequence. This results ina
reduction of background hgation. T4 RNA Ligase 2, Deletion Mutant has been used for

optimized linker higation for the cloning of miRNA for RNA-seq library construction.

[6091] The attachment of the second linker or adaptor ohigonucleotide to the 57 end of the
RNA molecule can be formed 1n a bigation reaction. In some embodiments, the higation reaction
is catalyzed by the activity of an RNA Ligase | enzyme. The RNA Ligase I can be T4 RNA
Ligase 1. T4 RNA Ligase 1 catalyzes the formation of a phosphodiester bond between the 57-
phosphate end of the RNA molecule and the 37-hydroxyl end of the second linker 1n a reaction

that requires ATP as a cofactor.

{6092} FIG 7 illustrates an embodiment in which the BDNA sequence 1s formed from the

reverse transcription of an RNA molecule transcription. Shown 1s an RNA sequence 781 having
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a5 end 782 and a 3” end 783, A first linker cligonucleotide 784 comprising a recognition
sequence 705 for a Type S or Type Il restriction enzyme 1s attached the 3° end 703 of the
RINA sequence 701 in a first ligation step 706. A second linker oligonucleotide 787 is then
attached to the 5 end 702 of the RNA sequence 701 in a second ligation step 788, Alternatively,
the second linker oligonucleotide 787 can be attached to the RNA sequence 701 prior to the
attachment of the first adaptor oligonucleotide 704. In either case, the result is the formation of a

hybrid RNA molecule 709 having the structure:
5” — second linker oligonuclectide — RNA molecule — first hinker oligonucleotide — 37

[0093] First strand ¢cDNA 711 1s then formed in a first strand ¢cDNA synthesis step 710 by
annealing a first reverse transcription primer 712 to the hybrid RNA 709 proximate to 1ts 37 end,
and then extending the primer in a template-dependent manner using the hybrid RNA molecule
as a guide. Second strand cDNA 713 is subsequently formed in a second strand cDNA synthesis
step 714 by annealing a second reverse transcription primer 715 to the first strand ¢cDNA 711
proximate to its 37 end, and then extending the primer in a template-dependent manner using the
first strand ¢cDNA as a guide. The second reverse transcription primer 715 can comprise a region
716 of contiguous non-naturally-occurring nucleotides. In this way, the two ¢cDNA strands
combine to form a polynucleotide construct comprising (a) a DNA sequence reverse transcribed
from an original RNA sequence, (b} a number of contiguous non-naturally-occurring
nucleotides, and (¢} a recognition site for a Type IS or Type HI restriction enzyme. The region
of non-naturally-occurring nucleotides i1s on the opposite side of the DNA sequence than the
restriction enzyme recogmition site, and the number and position of non-naturally-occurring
nucleotides in the region 1s block cleavage by the restriction enzyme if the original RNA

sequence has a length within a target length range.

[8094] FIG. 8 illustrates an alternate embodiment in which the DNA sequence is formed from
the reverse transcription of an RNA molecule transcription. Shown 13 an RNA sequence 8§81
having a 5" end 802 and a 3” end 803. A first inker oligonucleotide 804 1s attached the 37 end
803 of the RNA sequence 801 1n a first ligation step 786. A second linker ohigonucleotide 806
comprising a recognition sequence 837 for a Type IS or Type IH restriction enzyme 1s then
attached to the 57 end 802 of the RNA sequence 8081 1 a second ligation step 868, Alternatively,

the second linker oligonucieotide 806 can be attached to the RNA sequence 801 prior to the

b2
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attachment of the first adaptor oligonucleotide 804. In either case, the result is the formation of a

hybrid RNA molecule 839 having the structure:
5" — second linker oligonucleotide — RNA molecule — first hnker oligonuclectide - 3°

{B095] First strand cDINA 811 is then formed 1n a first strand cDBNA synthesis step 816 by
annealing a first reverse transcription primer 812 to the hybrid RNA 809 proximate to 1ts 37 end,
and then extending the primer in a template-dependent manner using the hybrid RNA molecule
as a guide. The first reverse transcription primer 812 can comprise a region 813 of contiguous
non-naturally-occurring nucleotides. Second strand cDNA 814 is subsequently formed ina
second strand cDNA synthesis step 815 by annealing a second reverse transcription primer 816
to the first strand cDNA 811 proximate to 1ts 3° end, and then extending the primer in a template-
dependent manner using the first strand cDNA as a guide. In this way, the two cDNA strands
combine to form a polynucleotide construct comprising {(a} a DNA sequence reverse transcribed
from an original RNA sequence, (b} a number of contiguous non-naturally-occurring
nucleotides, and {c}) a recognition site for a Type 1S or Type U1 restriction enzyme. The region
of non-naturally-occurring nucleotides 15 on the opposite side of the DNA sequence than the
restriction enzyme recognition site, and the number and position of non-naturally-occurring
nucleotides 1n the region 15 block cleavage by the restriction enzyme if the original RNA

sequence has a length within a target length range.

[6096] Any of a varniety of reverse transcriptases can be used to reverse transcribe the RNA
molecule to the fust strand ¢cDNA. Exemplary reverse transcriptases include but are not hmaited
to murive leukema virus (MLV) reverse transcriptase, Avian Myeloblastosis Virus (AMV)
reverse transcriptase, Respiratory Syncytial Virus (RSV) reverse transcriptase, Equine Infectious
Anemia Virus (EIAV) reverse transcriptase, Rous-associated Virus-2 (RAV2) reverse
transcriptase, SUPERSCRIPT H reverse transcriptase, SUPERSCRIPT 1 reverse transcriptase,
THERMOSCRIPT reverse transcriptase and MMLV RNase H reverse transcriptases. In
additional emnbodiments, a DNA polymerase that functions as an RNA polymerase can be used.
For example, Tth and Z05, which are DNA polymerases, can function as reverse transcriptase in
the presence of manganese. The concentration of the reverse transcriptase can vary and optimal
concentrations can be determimed empirically and depend on the particular reverse transcriptase

used.
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{8697]  Insome embodiments, the second linker adaptor is attached through the method of
template switching. (See, e.g., U. §. Patent No. 5,962,271 .} In this method, a first cDNA
synthesis primer 15 annealed to an RNA molecule proximate to the 3’ end of the RNA molecule.
The first synthesis primer is extended in a template-dependent manner using the RNA molecule
as a template. When the reverse transcriptase enzyme catalyzing the primer extension reaches the
5" end of the RNA molecule, the enzyme switches templates such that an adaptor oligonucleotide
serves as a template extension. In some embodiments, this adaptor oligonucleotide comprises a
region of contiguous non-naturally occurring nuclectides. In some embodiments, the adaptor

oligonucleotide comprises a recognition sequence for a Type 1S or Type HI restriction enzyme.

[8098] FIG. 9 illustrates an embodiment for enriching muRNA molecules from a mixed
population of RNA molecules. The upper polynucleotide in FIG. 9 shows an example of an
niRNA molecule serving as the sequence source for the DNA mnsert between a 5 adaptor and a
3" adaptor. The lower polynucleotide in FIG. 9 shows an example of a non-nuRNA molecule
serving as the sequence source for the DNA imsert between a 5™ adaptor and a 3” adaptor. The 37
adaptors contain EcoP151 binding sites, and the 3 adaptors contain modified bases capable of
preventing clones constructed with miRNA molecules from bemg cut by the action of an
EcoP15] restriction enzyme. In the case of the upper polynucieotide constructed with miRNA
having a length of 19-24 nucleotides, the polynucleotide 1s not cleaved. This intact
polynucleotide can then be amphified through PCR using a PCR forward primer that recognizes a
portion of the 57 adaptor, and a PCR reverse primer that recognizes a portion of the 37 adaptor. In
the case of the lower polynucieotide constructed from a non-tuRNA having a length greater than
25 nucleotides or less than 19 nucleotides, the polynucleotide can be cleaved. This cleaved
polynucleotide then cannot be amphifies through PCR using the PCR forward and reverse
primers as the 5™ adaptor and the 37 adaptor will no longer be part of the same molecule. The
result of cleavage and amplification then will be a population of polynucleotides that is enniched

for those members derived from miRNA molecules.

[6099] After the intact polynucleotides have been enriched from a mixture of mtact and
cleaved polynucleotides, the enriched population may be used 1n one or more downstream
processes famihiar to a person of ordinary skill in the art. As non-limiting examples, the enriched

population can be subjected to microarray hybridization, RNA-seq or next-generation
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sequencing, qPCR or real-time PCR, library construction, subtractive hybridization,

amplification, or the creation of assay probes

{0186]  The polynucleotides can be present i libraries, mixtures, or populations of a plurality
of polynucleotides. In some embodiments, the polynuclestides each comprise one of a
population of cDNA molecules that have been cloned into adaptors. The cDNA molecules can be
generated from the reverse transcription of a mixed population of RNA In some embodiments,
the mixed populations of RNA, ¢cDNA or polynucleotides have at least 10, at least 100, at least
500, at least 1000, at least 2000, at least 3000, at least 4000, at least S000, at least 6000, at least
7000, at least 8000, at least 9000, at least 10,000, or more than 10,000 different sequences among

the population members.

{0101] The RNA mixture can be a sample derived from one or more organisms. The sample
can be from a single cell. The sample can be from two or more cells. The cells can be of the
same or different species. The RNA sample can be from a bacterial source. The RNA sample can
be from a viral source. The RNA sample can be from a mammalian source.

L. Kits
{8102] Also provided are kits for enriching short polynucleotide sequences from a sample.
The kits can contain any combination of reagents as described elsewhere heremn. In some
embodiments, the kit comprises a Type IS or Type Il restriction enzyme and a first adaptor
oligonucleotide. The first adaptor oligonucleotide can comprises a number of contiguous non-
naturally-occurring nucleotides. The first adaptor oligonucleotide can comprise at least one
ribonucleotide. The number of non-naturally-occurring nucleotides can be, for example, from 2
10 20, from 2 to 11, from 5 to 14, from 8 to 17, from 11 16 20, from 2 to 7, from 5 to 10, from &
10 13, from 11 to 16, from 15 to 20, or more than 20. In some embodiments, the non-naturally-
occurring nucleotides are phosphorothiolated bases. In some embodiments, the Type IS or Type

T restriction enzyme 1s EcoP15L

[0103] The kit can further comprise an RNA higase. The RNA higase can be RNA ligase 2. In
some embodiments, the RNA ligase 1s T4 RNA Ligase 2, Deletion Mutant or T4 RNA Ligase 2,
Truncated. The kit can further comprise an RNase inhibitor. The kit can further comprise a

ligation reaction buffer. The buffer can contain one or more butfer components and salts. In
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some embodiments, the buffer component 18 Tris-HCL In some embodiments, the salts are KCl

and MgCl.

{0184]  In some embodiments, the kit comprises a second adaptor oligonucieotide. The second
adaptor oligonucleotide can comprise a recognition sequence for a Type 1S or Type I
restriction enzyme. In some embodiments, the Type IIS or Type HI restriction enzyme 13
EcoP151 The kit can further comprise a second RNA ligase. In some embodiments, the second

RINA ligase 1s T4 RNA Ligase 1. The kit can further comprise ATP.

{0105} In some embodiments, the kit further comprises a first reverse transcription primer. The
kit can further comprise a second reverse transcription primer. One of the first or second reverse
transcription primers can either comprise a region of non-naturally-occurring nucleotides, or be
complementary to a region of non-naturally-occurring nucleotides that is on the first or second
adaptor oligonucleotide. The kit can further comprise a reverse transcriptase. The kit can further
comprise a Type 1S or Type Ul restriction enzyme. In some embodiments, the Type IIS or Type

I restriction enzyme is EcoP15E

{0106] In some embodiments, the kit further comprises a forward PCR primer and a reverse
PCR primer. The forward and reverse PCR primers can be configured to selectively anneal to
PCR primer binding sequences of or complementary to the first and second adaptor
oligonucleotides, or of or complementary to the first and second reverse transcription primers.
The kit can further comprise a thermostable DNA polymerase. In some embodiments, the DNA
polymerase 1s Tag DNA polymerase or 1Prood DNA polymerase. The kit can further comprise a

mixture of dNTPs and a PCR reaction buffer.
IV. Example

{0167} The following example is provided in order to better enable one of ordinary skill in the
art to make and use the disclosed compositions and methods, and 15 not intended to himit the

scope of the mvention in any way.

[0108] FIG 10 presents results from the digestion with the Type III restriction enzyme
EcoP151 of different populations of polynucleotides. Some of the populations were generated as
described above with a single EcoP15: recognition site. Some populations were generated with

two EcoP151 recognition sites. From the data shown in FIG. 10, upon exposure to the restriction
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enzyme, the polynucieotide populations having two EcoP151 recognition sites had much larger
percentages cut than the polynucleotide populations having a single recognition site. These
results demonstrate the improved cutting efficiency that can be achieved by including a second

EcoP151 recognition stie within the polynucleotide.

{01069] Some of the polynucleotide populations included non-naturally-occurring
phosphorothioated bases in the EcoP'151 cleavage site. Some of the polynucleotides did not
mnclude phosphorothioated bases. From the data shown 1in FIG. 10, upon exposure to the
restriction enzyme, the polynucleotide populations that included two EcoP151 recognition sites
and phosphorothioated bases in the cleavage site had smaller percentages cut than the
polynucleotide populations having two EcoP151 recognition sites and no phosphorothioated
bases. These results demonstrate the ability of the non-naturally occurring phosphorothioated

bases to at least partially block the digestion of the polynuclectides by the restriction enzyme.

{61106] Some of the polynucleotide populations were generated as described above using
miRNA sequences having lengths within the desired target range. Some of the polynucleotide
populations were generated as described above using sequences having lengths greater than or
less than the desired target range. From the data shown in FIG. 10, for polynucleotide
populations having two EcoP1 51 recognition sites and phosphorothioated bases in the cleavage
site, the ability of the phosphorothicated bases to at least partially block EcoP151 digestion was
greater for populations generated using miRNA sequences than for populations generated using
non-miRNA sequences. These results demonstrate the ability of the provided methods to
discriminate between sequence msert sizes, and to preferentially enrich populations having a

targeted sequence length.

{0111} Tt 1s understood that the examples and embodiments described herein are for illustrative
purposes only and that various modifications or changes in hight thereof will be suggested to

persons skilled in the art and are to be included within the spirit and purview of this application
and scope of the appended claims. All publications, patents, patent applications, websites, and

databases cited heren are hereby incorporated by reference in thetr entireties for all purposes.

b2
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WHATIS CLAIMED IS:

L. A polynucleotide comprising

a DNA sequence,

a first adaptor oligonucleotide comprising a number of contiguous non-naturally-
occurring nucleotides, and

a second adaptor oligonucleotide comprising a recognition stte for a Type IIS or
Type [ restriction enzyme, wherein

the first and second adaptor oligonucleotides are linked to opposite ends of the
DNA sequence, and wherein the number of contiguous non-naturally occurring nucleotides s
sufficient to block cleavage by the Type IS or Type HI restriction enzyme if the DNA sequence

has a length within a target length range.

-~

2. The polynucleotide of claim 1, wherein the DNA sequence has a length

within a target length range.

3. The polynuclestide of claim 1, wherein the DNA sequence has a length
less than the minimum of the target length range or greater than the maximum of the target

length range.

4. The polynucleotide of claim 1, wherein the DNA sequence comprises a

cDNA.

5. The polynucleotide of claim 1 wherein the DNA sequence comprises a

cDNA formed through reverse transcription of miRNA.

6. The polynucleotide of claim 1 wherein the DNA comprises a cDNA

formed through reverse transcription of SiRNA.

7. The polynucleotide of any of claims 1-6, wheremn the recognition site 18

for a Type IS restriction enzyme.

8. The polynucleotide of any of claims 1-6, wheremn the recognition site 18

for a Type I restriction enzyme.
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9. The polynucleotide of claim &, wherein the Type I restriction enzyme is

EcoPl15L

10. The polynucleotide of any of claims 1-9, wheremn the first or second

adaptor oligonucleotides comprises at least one ribonucleotide.

It The polynucleotide of any of claims 1-10, wherein the number of

contiguous non-naturally-occurring nucleotides 1s between 1 and 20,

12, The polynucleotide of any of claims 1-11, wherein the non-naturally-

occurring nucleotides comprise phosphorothicated bases.

13 The polynucleotide of any of claims 1-12, wherein the target length range

1s between 18 and 24 base pairs.

14 The polynucleotide of any of claims 1-13, wherein the first and second

adaptor oligonucleotides each further comprise a primer binding site.

15. A it for enriching for short polynucleotide sequences from a sample, the
kit comprising

a Type HS or Type I restriction enzyme, and

a first adaptor oligonucleotide comprising a number of contiguous non-naturally-

occurring nucleotides.

i6. The kit of claim 15, wherein the kit further comprises a second adaptor

oligonucleotide comprising a recognition site for the Type 1S or Type HI restriction enzyme.
17. The kit of claim 15 or 16, wherein the kit further comprises a higase.
18 The kit of claim 17, wherein the ligase 15 an RNA hgase.

19. The kit of claim 18, wherein the RNA ligase 15 T4 RNA Ligase 2,

Deletion Mutant.
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20. The kit of any of claims 15-19, wherein the kit further comprises a Type

IS restriction enzyme.

21 The kit of any of claims 15-20, wherein the kit further comprises a Type

T restriction enzyme.

22, The kit of claim 21, wherein the Type I restriction enzyme i1s EcoP15L
23, The kit of any of claims 15-22, wherein the first or second adaptor

oligonucleotides comprises at least one ribonucieotide.

24 The kit ot any of claims 15-23, wherein the number of contiguous non-

naturally-occurting nucleotides is between 1 and 20.

25, The kit of any of claims 15-24, wheren the non-naturallv-occurring

nucleotides comprise phosphorothioated bases.

26. The kit ot any of claims 15-23, wherein the first and second adaptor

oligonucleotides each further comprise a primer binding site.

27. A method of enriching for short DNA sequences from a mixture of a
plurality of DNA sequences, the method comprising,

providing a population of polynucleotides of any of claims 1-13,

contacting the population with the Type IS or Type HI restriction enzyme under
reaction conditions sufficient to form a mixture of cleaved polynucleotides and mntact
polynucleotides, and subsequently

enriching for intact polynucleotides.

28. The method of claim 27, wherein the population of polynucleotides is
formed by
providing a sample comprising a population of RNA molecules having an RNA §°

end and an RNA 37 end;

30
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attaching a first linker oligonuclectide to the RNA 37 end of the RNA molecules,
and attaching a second linker oligonucleotide to the RNA 57 end of the RNA molecules, such
that hybrid RNA molecules are formed having the structure as set forth below:

5" — second hinker oligonucleotide — RNA molecule — first linker oligonucieotide — 37;

forming first strand cDNA molecules, comprising a first strand cDNA sequence
and a first strand cDNA 37 end, from the hybrid RNA molecules by extending a first reverse
transcription primer in a template-dependent manner using the hybrid RNA as a template, the
first reverse transcription primer configured to anneal to the first linker oligonucleotide;

forming second strand cDNA molecules from the first strand cDNA molecules by
extending a second reverse transcription primer in a template-dependent manner using the first
strand ¢cDNA as a template, the second reverse transcription primer configured to anneal 1o the
first strand ¢DNA sequence proximate to the first strand ¢DNA 37 end, thereby forming double
stranded cDNA molecules comprising the first strand ¢DNA sequence and the second strand
cDNA sequence; wherein

(a) the first linker oligonucleotide comprises a recognition sequence for a Type
IS or Type HI restriction enzyme and the second reverse transcription primer comprises a
number of contiguous non-naturally-occurring nucleotides, or

(b} the second hinker oligonucleotide comprises a recognition sequence for a Type
I8 or Type I restriction enzyme and the first reverse transcription primer comprises a number
of contiguous non-naturally-occurring nucleotides, wherem

the number of contiguous non-naturally-occurring nucleotides incorporated mto
the first or second reverse transcription primer 1s sufficient to block cleavage by the type Il or
Type US restriction enzyme if the double stranded cDBNA molecule was formed from an RNA
molecule having a length within a target length range but does not block cleavage by the Type I
or TypellS restriction enzyme if the double stranded cDBNA molecule was formed from an RNA
molecule having a length less than the minimum of the target length range or more than the

maximum of the target length range.

29, The method of claim 27 or 28, wherein the enriching comprises

amplifying the intact polynucleotides.

31
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30 The method of claim 29, wherein the first and second adaptor
oligonuclestides each further comprise a primer binding site for amplification, and wherein the
enriching further comprises amphifying the intact polynucleotides by extending a forward PCR
primer and a reverse PCR primer, wherein the forward and reverse PCR primers are configured

to anneal to the primer binding sites of the first and second adaptor oligonucleotides.

31 A reaction mixture Comprising
a population of polynucleotides of any of claims 1-14, and

a Type HS or Type Il restriction enzyme.
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