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SINGLE CELL NUCLEIC ACID DETECTION AND ANALYSIS

RELATED APPLICATION DATA

This application claims priority to U.S. Provisional Patent Application No.
61/467,037, filed on March 24, 2011 and U.S. Provisional Patent Application No.
61/583,787, filed on January 6, 2012, each of which is hereby incorporated by

reference in their entireties for all purposes.

STATEMENT OF GOVERNMENT INTERESTS

This invention was made with government support under HGO005097-01 and
IRC2HG005613-01 from the National Human Genome Research Institute. The

Government has certain rights in the invention.

BACKGROUND

Field of the Invention

Embodiments of the present invention relate in general to methods and compositions
for determining the expression profile of one or more (e.g., a plurality) nucleic acid

sequences in a sample.

Description of Related Art

Although an organism’s cells contain largely identical copies of genomic DNA, the
RNA expression levels vary widely from cell to cell. RNA expression profiling can
be measured. See Pohl and Shih (2004) Expert Rev. Mol. Diagn. 4:41 and Wang et
al., Nature Reviews 10, 57-63 (2009), W02007/076128, US2007/0161031 and
W02007/117620. Expression profiling has also been applied to single cells. See
Tang et al., Nature Methods, 6, 377-382 (2009) and Tang et al., Cell Stem Cell, 6,
468-478 (2010). However, many nucleic acids exist at low copy numbers in a cell
making detection difficult and a complete expression level profile involves a network

containing thousands of genes. Therefore, a technique for genome-wide, digital
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quantification of nucleic acid molecules with a high dynamic range and single

molecule sensitivity is needed to answer fundamental biological questions.

SUMMARY

Embodiments of the present disclosure are directed to a method of identifying target
molecules in a sample, such as a plurality of target molecules from a single cell, using
unique barcode sequences. According to one aspect, target molecules include nucleic
acid molecules such as DNA or RNA, for example cDNA or mRNA. According to
one aspect, a sample is provided including a plurality of nucleic acid molecules, such
as DNA or RNA molecules, for example cDNA or mRNA. A nucleic acid molecule
in the sample is tagged or labeled with its own unique barcode sequence, i.e. one
unique barcode sequence for that particular nucleic acid molecule in the sample, or a
combination of two or more barcode sequences providing a unique total barcode
sequence for that particular nucleic acid molecule in the sample. The terms unique
barcode sequence and unique total barcode sequence are used interchangeably herein.
Additional nucleic acid molecules in the sample are also tagged or labeled with their
own unique barcode sequences, i.e. one unique barcode sequence for that particular
nucleic acid molecule in the sample, or a combination of two or more barcode
sequences providing a unique total barcode sequence for that particular nucleic acid
molecule in the sample. In this manner, tagged nucleic acid molecules in the sample
have different barcode sequences, regardless of whether the individual nucleic acid
molecules have the same or a different sequence. A plurality of nucleic acid
molecules having the same sequence are referred to herein as having a copy number.
According to one aspect, the percentage of individual nucleic acid molecules having
their own unique barcode sequence is greater than 80%, greater than 90%, greater than
95%, greater than 96%, greater than 97%, greater than 98%, greater than 99%, greater
than 99.1%, greater than 99.2%, greater than 99.3%, greater than 99.4%, greater than
99.5%, greater than 99.6%, greater than 99.7%, greater than 99.8%, or greater than
99.9%. According to one aspect, each nucleic acid molecule, such as each molecule
of RNA, such as mRNA, or DNA, such as ¢cDNA in the sample has its own unique
barcode sequence, such that 100% of the nucleic acid molecules in the sample have

their own unique barcode sequence. The tagged nucleic acid molecules with their
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own unique barcode sequences are then amplified in the case of DNA, such as ¢cDNA,
or reverse transcribed into corresponding cDNA. According to one aspect, each
cDNA includes a barcode sequence unique to the corresponding RNA from which it
was transcribed. Each ¢cDNA is then amplified to produce amplicons of the ¢cDNA.
Each amplicon includes the barcode sequence from the particular cDNA that was
amplified to produce the amplicons. The amplicons are then sequenced whether
produced from DNA or RNA and the barcodes are identified. The number of different
or unique barcode sequences equates to the number of DNA or cDNA molecules that
were amplified and, accordingly, in the case of cDNA, the number of RNA molecules

uniquely tagged in the original sample.

According to one aspect, methods and compositions are provided for digital counting
of nucleic acids such as RNA and/or DNA with a high dynamic range by using a
nucleic acid tag or copy number barcode (CNB) in combination with DNA
sequencing, such as a massively parallel sequencing applied to genome-wide RNA
expression profiling as described in Wang et al. (2009) Nat. Rev. 10:57 hereby
incorporated by reference herein in its entirety for all purposes. The methods and
compositions described herein reduce or eliminate the amplification bias that typically

prevents high sensitivity counting of RNA and/or DNA molecules in a sample.

In an alternate embodiment, a method of identifying the total number of nucleic acid
molecules, such as DNA molecules in a sample, such as cDNA, or RNA molecules in
a sample, such as a plurality of RNA molecules from a single cell, using unique
barcode sequences is provided. According to one aspect, each molecule of DNA or
RNA in a sample is tagged or labeled with its own unique barcode sequence, i.e. one
unique barcode sequence for the molecule of DNA or RNA in the sample. In this
manner, no tagged DNA or RNA in the sample has the same barcode sequence,
regardless of whether DNA or RNA molecules are the same or different. This aspect
of the present disclosure utilizes a sufficient number of unique candidate barcode
sequences relative to the number of DNA or RNA molecules in a sample such that
probability ensures that each DNA or RNA molecule will be tagged with a unique

barcode sequence. One of skill in the art will recognize a finite probability of two
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DNA or RNA molecules being tagged with the same barcode sequence, but the
number of candidate barcode sequences is selected such that the chances of this
occurring is as infinitesimally small as possible. For RNA, each RNA with its own
unique barcode sequence is then reverse transcribed into cDNA. Each cDNA includes
a barcode sequence unique to the RNA from which it was transcribed. Each ¢cDNA is
then amplified to produce amplicons of the cDNA. Each amplicon includes the
barcode sequence from the particular cDNA that was amplified to produce the
amplicons. The amplicons are then sequenced and the barcodes are identified. The
number of different or unique barcode sequences equates to the number of cDNA
molecules that were amplified and, accordingly, the number of RNA molecules
present in the original sample. This aspect of the present disclosure provides an
elegant method for identifying the total number of RNA molecules in a sample. This
aspect also applies to identifying the total number of nucleic acids such as DNA in a
sample such as a single cell where one of skill in the art will recognize that reverse
transcription steps are not required when the nucleic acid is DNA. For example,
cDNA is tagged with its own unique barcode sequence. Each cDNA is then amplified
to produce amplicons of the cDNA. Each amplicon includes the barcode sequence
from the particular cDNA that was amplified to produce the amplicons. The
amplicons are then sequenced and the barcodes are identified. The number of
different or unique barcode sequences equates to the number of cDNA molecules that

were amplified.

According to aspects of the present disclosure, a method is provided for identifying
low copy number nucleic acids in a sample, such as a plurality of DNA and/or RNA
molecules from a single cell. According to one aspect, each molecule of RNA in a
sample is tagged or labeled with its own unique barcode sequence, i.e. one unique
barcode sequence for the molecule of RNA in the sample. Because each molecule of
RNA is tagged with its own unique barcode sequence regardless of copy number for a
particular RNA sequence, reverse transcription and amplification will reveal RNA of
a particular sequence having low copy number, as the sequencing and reading of
barcodes is independent of the copy number of the original RNA sequence. This

aspect of the present disclosure provides an elegant method for revealing the presence
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of low copy number RNA in a cell where the RNA was previously unknown or
undiscovered. This aspect also applies to identifying the total number of nucleic acids
such as DNA in a sample such as a single cell where one of skill in the art will
recognize that reverse transcription steps are not required when the nucleic acid is
DNA. For example, cDNA in low copy number in a sample is tagged with its own
unique barcode sequence. Each ¢cDNA is then amplified to produce amplicons of the
c¢DNA. Each amplicon includes the barcode sequence from the particular cDNA that
was amplified to produce the amplicons. The amplicons are then sequenced and the
barcodes are identified. The number of different or unique barcode sequences equates

to the number of cDNA molecules that were amplified.

According to certain aspects of the disclosure, a linear pre-amplification method is
provided where RNA tagged with its own unique barcode is repeatedly reverse
transcribed into multiple copies of cDNA with the unique barcode. The multiple
copies of ¢cDNA with the unique barcode may then be amplified to produce the
amplicons. The amplicons are then sequenced and the barcodes are identified. As
with the other described methods, the number of different or unique barcode
sequences ultimately equates to the number of RNA molecules present in the original
sample. This aspect of providing multiple copies of cDNA with the unique barcode
provides an elegant method for increasing the populace of c¢cDNA molecules
corresponding to a particular RNA molecule from one to between about 2 and about
1000 copies or between about 5 to about 100 copies, which improves the efficiency of
amplification and detection of the unique barcode sequence, thereby resulting in an
accurate count of the number to RNA molecules in a sample. According to certain
aspects, linear pre-amplification can be used in a method where DNA is tagged with
its own unique barcode. According to this aspect, repeated replication by a DNA
polymerase is used for increasing the copy number of a barcoded DNA molecule from

between about 2 to about 1000 copies or between about 5 to about 100 copies.

According to certain aspects of the disclosure, a method of making primers
personalized to the RNA of a particular cell is provided. According to this aspect,

genomic DNA obtained from a cell is fragmented into lengths of between about 5
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bases to about 50 bases, between about 10 bases to about 30 bases, or between about
15 bases to about 20 bases. The fragmented genomic DNA is then used as primers for
the reverse transcription of RNA from the same species of cell. According to this
aspect of the disclosure, the use of a genomic primer pool to reverse transcribe RNA
from the same species of cell increases the efficiency of reverse transcription of RNA

to cDNA.

According to an aspect of the present disclosure, a method of determining copy
number of a nucleic acid molecule in a sample including a plurality of nucleic acid
molecules is provided. According to an aspect, the method includes attaching a
unique barcode sequence or a unique barcode sequence-primer conjugate or a unique
barcode sequence-adapter conjugate to substantially each of the plurality of nucleic
acid molecules in the sample to produce a plurality of barcoded nucleic acid
molecules, amplifying the plurality of barcoded nucleic acid molecules in the sample
to produce amplicons of the plurality of barcoded nucleic acid molecules, sequencing
each amplicon to identify an associated nucleic acid sequence and an associated
barcode sequence, selecting a first target nucleic acid sequence and determining the
number of unique associated barcode sequences for the first target nucleic acid
sequence, wherein the number of unique associated barcode sequences is the copy
number of the first target nucleic acid sequence. According to an aspect, the nucleic
acid molecules are DNA or RNA. According to an aspect, the plurality of barcoded
nucleic acid molecules is a plurality of barcoded RNA molecules and further including
the steps of reverse transcribing the plurality of barcoded RNA molecules to produce
barcoded cDNA molecules and amplifying the barcoded cDNA molecules to produce
amplicons of the barcoded cDNA molecules. According to an aspect, a step is
provided of repeatedly reverse transcribing the plurality of barcoded RNA molecules
to produce linear pre-amplified barcoded cDNA molecules and amplifying the linear
pre-amplified barcoded cDNA molecules to produce amplicons of the linear pre-
amplified barcoded cDNA molecules. According to an aspect, the step of repeatedly
reverse transcribing the plurality of barcoded RNA molecules includes using reverse
transcriptase and a nicking enzyme. According to an aspect, the plurality of barcoded

nucleic acid molecules is a plurality of barcoded DNA molecules and further

6



WO 2012/129363 PCT/US2012/030039

[012]

including the steps of repeated replication of the plurality of barcoded DNA molecules
to produce a plurality of pre-amplified barcoded DNA molecules and amplifying the
plurality of pre-amplified barcoded DNA molecules to produce amplicons of the
plurality of pre-amplitied barcoded DNA molecules. According to an aspect, the step
of repeated replication of the plurality of barcoded DNA molecules includes using
DNA polymerase and a nicking enzyme. According to an aspect, the sample is
obtained from one or more cells of a first cell type and wherein the primer of the
unique barcode sequence-primer conjugate is generated from genomic DNA of the

first cell type.

According to an aspect of the present disclosure, a method of counting nucleic acid
molecules in a sample including a plurality of nucleic acid molecules is provided.
According to an aspect, the method includes attaching a unique barcode sequence or a
unique barcode sequence-primer conjugate or a unique barcode sequence-adapter
conjugate to substantially each of the plurality of nucleic acid molecules in the sample
to produce a plurality of barcoded nucleic acid molecules, amplifying the plurality of
barcoded nucleic acid molecules in the sample to produce amplicons of the plurality
of barcoded nucleic acid molecules, sequencing each amplicon to identify an
associated barcode sequence, and counting the number of unique associated barcode
sequences as a measure of the number of nucleic acid molecules in the sample.
According to an aspect, the nucleic acid molecules are DNA or RNA. According to
an aspect, the plurality of barcoded nucleic acid molecules is a plurality of barcoded
RNA molecules and further including the steps of reverse transcribing the plurality of
barcoded RNA molecules to produce barcoded cDNA molecules and amplifying the
plurality of barcoded ¢cDNA molecules to produce amplicons of the plurality of
barcoded cDNA molecules. According to an aspect, a step is provided of repeatedly
reverse transcribing the plurality of barcoded RNA molecules to produce linear pre-
amplified barcoded cDNA molecules and amplifying the linear pre-amplified
barcoded cDNA molecules to produce amplicons of the linear pre-amplified barcoded
cDNA molecules. According to an aspect, the step of repeatedly reverse transcribing
the plurality of barcoded RNA molecules includes using reverse transcriptase and a

nicking enzyme. According to an aspect, the plurality of barcoded nucleic acid
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molecules is a plurality of barcoded DNA molecules and further including the steps of
repeated replication of the plurality of barcoded DNA molecules to produce a plurality
of pre-amplified barcoded DNA molecules and amplifying the plurality of pre-
amplified barcoded DNA molecules to produce amplicons of the plurality of pre-
amplified barcoded DNA molecules. According to an aspect, the step of repeated
replication of the plurality of barcoded DNA molecules includes using DNA
polymerase and a nicking enzyme. According to an aspect, the sample is obtained
from one or more cells of a first cell type and wherein the primer of the unique

barcode sequence-primer conjugate is generated from genomic DNA of the first cell

type.

According to an aspect of the present disclosure, a method of determining copy
numbers of nucleic acid molecules in a sample is provided. According to an aspect,
the method includes attaching a unique barcode sequence or a unique barcode
sequence-primer conjugate or a unique barcode sequence-adapter conjugate to
substantially each of the nucleic acid molecules in the sample to produce a plurality of
barcoded nucleic acid molecules, amplifying the plurality of barcoded nucleic acid
molecules in the sample to produce amplicons of the plurality of barcoded nucleic
acid molecules, massively parallel sequencing the amplicons of the plurality of
barcoded nucleic acid molecules to identify for each amplicon an associated nucleic
acid sequence and an associated barcode sequence, and determining the number of
unique associated barcode sequences for each nucleic acid sequence in the sample.
According to an aspect, the nucleic acid molecules are DNA or RNA. According to
an aspect, the plurality of barcoded nucleic acid mqlecules is a plurality of barcoded
RNA molecules and further including the steps of reverse transcribing the plurality of
barcoded RNA molecules to produce barcoded cDNA molecules and amplifying the
plurality of barcoded ¢cDNA molecules to produce amplicons of the plurality of
barcoded cDNA molecules. According to an aspect, a step is provided of repeatedly
reverse transcribing the plurality of barcoded RNA molecules to produce linear pre-
amplified barcoded cDNA molecules and amplifying the linear pre-amplified
barcoded cDNA molecules to produce amplicons of the linear pre-amplified barcoded

cDNA molecules. According to an aspect, the step of repeatedly reverse transcribing

8
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the plurality of barcoded RNA molecules includes using reverse transcriptase and a
nicking enzyme. According to an aspect, the plurality of barcoded nucleic acid
molecules is a plurality of barcoded DNA molecules and further including the steps of
repeated replication of the plurality of barcoded DNA molecules to produce a plurality
of pre-amplified barcoded DNA molecules and amplifying the plurality of pre-
amplified barcoded DNA molecules to produce amplicons of the plurality of pre-
amplified barcoded DNA molecules. According to an aspect, the step of repeated
replication of the plurality of barcoded DNA molecules includes using DNA
polymerase and a nicking enzyme. According to an aspect, the sample is obtained
from one or more cells of a first cell type and wherein the primer of the unique

barcode sequence-primer conjugate is generated from genomic DNA of the first cell

type.

According to one aspect, one or more barcodes may be attached to a nucleic acid such
as DNA or RNA. The one or more barcodes may be attached at any location within
the nucleic acid. The one or more barcodes may be attached to either end of the
nucleic acid. The one or more barcodes may be attached to each end of the nucleic
acid. The one or more barcodes may be attached in tandem or in series to the nucleic

acid at one or both ends of the nucleic acid or within the nucleic acid.

According to one aspect, the methods described herein may utilize barcodes that are
random sequences or systematically designed sequences as are known in the art.
Additionally, the methods described herein may utilize barcodes resulting from an
optimization protocol, system or method. In such an optimization protocol, system or
method, barcodes are designed or selected such that they are not within a certain
distance and are sufficient to maintain uniqueness should a barcode sequence be
altered during the amplification and sequencing methods or other enzymatic reactions
described herein and known to those of skill in the art. For a given barcode length and
number of barcodes in a set, the “distance” refers to the number of times a barcode
can change a nucleotide before becoming identical to another barcode in the set. For
example, for a two member barcode set of AAA and AAT, the distance would be 1

because AAT need change only 1 nucleotide, i.e. the T to an A, to become identical
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with AAA. Likewise AAA need change only 1 nucleotide, i.c. the A to a T, to
become identical with AAT. For example, if the selected distance were 9, then the
members of the optimized set would have a distance greater than 9, as a barcode with
a distance of 9, if 9 nucleic acids were changed, would result in creation of a barcode
identical to another member of the set. An acceptable distance between barcodes to
maintain uniqueness for a given number of alterations is determined by one or more of
the particular application for the barcodes, the length of the barcode, the number of
barcodes, the amplification error rate, the copy error rate from enzymatic reactions
described herein, the sequencing error rate and the number of nucleic acids to be

uniquely tagged.

According to an aspect of the present disclosure, barcode sequences useful in the
methods described herein are optimized to produce an optimized set of barcodes. The
optimized set of barcodes minimizes sequence-dependent‘ bias and/or amplification
noise during digital RNA sequencing. The optimized set of barcodes is characterized
by a distance of its members such that any particular member may be altered up to and
including the selected distance and still maintain uniqueness within the optimized set.
If uniqueness were not maintained within the set, then alterations may produce
identical barcodes which may lead to a false data regarding the number of nucleic acid
molecules in a particular sample. A set of barcodes with members having a
predetermined distance allows counting of nucleic acids within a sample with single-
copy resolution despite bias from library preparation, sequence-dependent bias and
amplification noise. According to one aspect, alterations which may happen during
library preparation, amplification and sequencing do not reduce uniqueness of the set
of barcodes. According to one aspect, the optimized set of barcodes reduces false
original barcode reads that may otherwise result from sequencing errors. According to
one aspect, use of the optimized set of barcodes described herein lowers amplification
bias ordinarily resulting from such processes like PCR amplification. According to
one aspect, one or more optimized barcodes can be ligated to DNA or RNA and
amplified with minimal bias and distinguished from one another despite the

accumulation of PCR mutations and sequencing errors,
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According to one aspect, an optimized barcode set may be characterized as one
maintaining sequence uniqueness of its members to the extent of the predetermined
distance for the members. According to an aspect, an optimized set of barcodes is
provided whereby the optimized barcodes lack significant sequence overlap with other
barcodes, lack significant complementarity with other barcodes, lack significant
overlap and complementarity with adapter and primer sequences used in library
preparation and sequencing, lack significant sequence overlap and complementarity
with sequences of the nucleic acids of interest, such as the transcriptome of a cell, lack
significantly long homopolymers, lack high GC-content, lack low GC-content, lack

possible secondary structures, or lack repetitive sequences.

According to an aspect, a barcode described herein may be attached to two different
locations on target nucleic acid, such as at each end of a target nucleic acid. The two
barcode sequences independently attached to the nucleic acid along with the target
molecule sequence are then determined using methods known to those of skill in the

art, such single read sequencing or paired-end sequencing.

According to an aspect, a set of barcodes are used as building blocks to create a
barcode attached to a particular nucleic acid. For example, one or more barcodes from
the set may be attached to a nucleic acid giving the nucleic acid a unique barcode. For
example, two or more barcodes from the set may be attached to a nucleic acid giving
the nucleic acid a unique barcode. In this manner, any number of barcodes within the
set can be added to a nucleic acid to provide a unique barcode. For example, a first
barcode from the set can be added to each nucleic acid in a sample. Then a second
barcode from the set can be added to each nucleic acid in a sample. In this manner,
the two barcodes combined provide a unique barcode sequence for the nucleic acid.
In addition, a third barcode from the set can be added to each nucleic acid in a sample.
In addition, a fourth barcode from the set can be added to each nucleic acid in a
sample, and so on up to the number of barcodes in the set. In this manner, the
barcodes within the set are used as building blocks to create a unique barcode
sequence of desired length for nucleic acids within a sample. In this manner, fewer

barcode sequences may be included in a set of unique barcodes to create unique

11
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barcode sequences for nucleic acids in a sample. For example, a set of barcodes, such
as an optimized set of barcodes described herein, including 145 barcodes with each
having a length of 20 nucleotides will produce 145 x 145 = 21,025 unique barcodes if
two barcodes from the set are independently attached to a nucleic acid to create a
unique barcode. According to certain aspects, attaching two barcodes to a nucleic
acid, such as aftaching a barcode at each end of a nucleic acid, may increase the
overall randomness of barcode sampling because in certain embodiments the two ends
of the nucleic acid may be unlikely to have a similar degree of bias. Although the use
of two barcode is exemplified, it is to be understood that any number of barcodes from
the set may be independently attached to a nucleic acid sequence to create a unique
total barcode sequence for the nucleic acid. In this manner, barcodes from the set can
be used as individual building blocks to create a unique barcode for each nucleic acid

in a sample.

According to one aspect, a method is provided for designing an optimized barcode set
by identifying sequences that lack significant sequence overlap with other barcodes,
lack significant complementarity with other barcodes, lack significant overlap and
complementarity with adapter and primer sequences used in library preparation and
sequencing, lack significant sequence overlap and complementarity with sequences of
the nucleic acids of interest, such as the transcriptome of a cell, lack significantly long
homopolymers, lack high GC-content, lack low GC-content, lack possible secondary
structures, or lack repetitive sequences. According to one aspect, a computer is used
with commercially available software to design the optimized barcode set which can
be created using random or systematic methods known to those of skill in the art by

which barcodes meet criteria described herein.

Further features and advantages of certain embodiments of the present disclosure will
become more fully apparent in the following description of the embodiments and

drawings thereof, and from the claims.

12
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BRIEF DESCRIPTION OF THE DRAWINGS

[022] The foregoing and other features and advantages of the present invention will be more
fully understood from the following detailed description of illustrative embodiments

taken in conjunction with the accompanying drawings in which:

[023] Figure 1 schematically depicts RNA sequencing (RNAseq) using copy number

barcode.

[024] Figure 2 schematically depicts hairpin primer configurations according to certain

embodiments.

[025] Figure 3 schematically depicts linear amplification of cDNA using a nicking enzyme
with reverse transcriptase. (1) A DNA primer which includes a double stranded
region, copy number barcode (CNB), and a nicking enzyme recognition site is
attached to the 3' end of RNA. (2) A reverse transcriptase generates cDNA which
includes the complementary sequence of CNB. (3) A nicking enzyme makes a nick.
(4) The reverse transcriptase, which has strand displacement activity, starts to generate
the ¢cDNA again from the nicking site. (5) The first generated cDNA completely
detaches from the template. (6) Multiple cDNAs which have the same CNB
(complementary sequence) are generated from the same RNA, meaning that the RNA

is linearly amplified such that digital counting is uncompromised.

[026] Figures 44-4C depict construction of a genomic primer pool (GPP). (A) One method
to make GPP according to certain embodiments. An adapter which has a restriction
enzyme recognition site is attached to Both ends of fragmented genomic DNA. The
enzyme cuts, for example, 20 bp away from the recognition site which is in the
genomic sequence. (B) Fragmentation of genomic DNA as a function of time.
Samples were loaded on an agarose gel. Length of fragmented DNA became shorter
over time. (C) After incubation with a restriction enzyme of PpuEl (cut at 16 bp
away), BpmlI (16 bp), or Mmel (20 bp) respectively, the samples were loaded on an
acrylamide gel. Separated DNA showed expected lengths.

13



WO 2012/129363 PCT/US2012/030039

[027]

[028]

[029]

[030]

[031]

[032]

[033]

Figure 5 illustrates that the CNB allows digital DNA counting in a single tube.
Sequencing of amplified DNA without CNB (above) and with CNB (bottom) are
shown. Top panel sequences are set forth as (SEQ ID NO:16). Bottom panel
sequences, starting at top and going downward are set forth as (SEQ ID NO:17),> (SEQ
ID NO:18), (SEQ ID NO:19), (SEQ ID NO:20), (SEQ ID NO:21), (SEQ ID NO:22),
(SEQ ID NO:23), (SEQ ID NO:24), respectively.

Figure 6 schematically depicts the principle of digital counting with CNB.

Figure 7 illustrates RNA counting in a single tube by using the CNB primer.
Sequencing of amplified cDNA without CNB (above) and with CNB (bottom) are
shown. Top panel sequences are set forth as (SEQ ID NO:30). Bottom panel
sequences, starting at top and going downward are set forth as (SEQ ID NO:31), (SEQ
ID NO:32), (SEQ ID NO:33), (SEQ ID NO:34), (SEQ ID NO:35), (SEQ ID NO:36),
(SEQ ID NO:37), (SEQ ID NO:38), respectively.

Figure 8 is a graph depicting the calculated fraction of molecules that are uniquely
barcoded as a function of barcode length for four different sample sizes

(N=105 ,106,107,108) based on the Poisson distribution.

Figure 9 is a graph depicting the results of gPCR on three DNA templates using a
common set of primers. The three templates have different amounts of secondary
structure, and are therefore amplified during gPCR with different efficiencies. The
graph shows both the relative amount of amplification product generated after 20
cycles of qPCR and the corresponding amplification efficiencies for the three

templates.

Figure 104 is an illustration of the digital counting method described herein for
cDNA. Figure 10B is an illustration of one aspect of the present disclosure where a
cDNA is tagged with one barcode at each end (i.e., two total barcodes) and the

sequence is determined using paired-end reading.

Figure 11A-C are graphs quantifying spike-in sequence.
14
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[034] Figure 12A4-C are histograms of unique barcodes from parallel simulation of the

theoretical library using optimized barcodes and random barcodes.

[035] Figure 13A-B are graphs of down-sampling of all spike-in data by a factor of 10 and

the resulting digital counts obtained.

[036] Figure 14 is a histogram of the number of bases between the center positions of all
pairs of molecules mapped to the same transcription unit that contain the same
barcodes for pairs of molecules both mapped to the sense or antisense strand of . coli
(light) and also for pairs of molecules mapping to different strands of E. coli genome

(dark).

[037] Figure 15 is a histogram of the difference in fragment length for all pairs of molecules
mapped to the same transcription unit that contain the same barcode for pairs of
molecules both mapped to the sense or antisense strand of . coli genome (light) and

also for pairs of molecules mapping to different strands of the E. coli genome (dark).

[038] Figure 16A-D are graphs showing digital quantification of the E.coli transcriptome.

[039] Figure 17A-D are comparisons of uniquely mapped reads per kilobase of each
transcription unit or gene per million total uniquely mapped reads (RPKM) and
uniquely mapped digital counts per kilobase of each transcription unit or gene per

million total uniquely mapped molecules (DPKM) for all detected transcription units.

[040] Figure 18A-C are graphs depicting reproducibility of digital and conventional

quantification of the E. coli transcriptome.

[041] Figure 19A-C are graphs depicting simulated RNA expression quantification.

[042] Figure 20 is a depiction of a barcoding method for digital counting utilizing
stochastic labeling (path B) as compared to a conventional dilution method for digital

counting (path A).
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[045]

DETAILED DESCRIPTION

The present invention is based in part on the discovery of methods and compositions
for expression profiling of nucleic acid sequences, such as RNA and DNA. In certain
exemplary embodiments, methods of individually counting RNA molecules or DNA
molecules in a sample are provided. In certain aspects, these methods include the step
of attaching a distinguishable or unique barcode, referred to herein as a copy number
barcode or CNB, to a respective nucleic acid molecule, such as a DNA molecule in a
sample, such as cDNA or such as a RNA molecule in a sample, such as RNA in a cell.
According to one aspect, DNA or RNA molecules in a sample receive their own
unique barcode. According to one aspect, RNA molecules in the sample with the
unique barcodes are then reverse transcribed into cDNA. The cDNA is then amplified
and the sequences of the amplified cDNA with the unique barcodes are then
determined using methods known to those skilled in the art, such as next generation
sequencing methods that simultaneously determine the sequences of the cDNA
molecules in a single sample. DNA, such as ¢cDNA in a sample, can similarly be

counted using unique barcode sequences.

Terms and symbols of nucleic acid chemistry, biochemistry, genetics, and molecular
biology used herein follow those of standard treatises and texts in the field, e.g.,
Komberg 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.

As used herein, the term “nucleoside” refers to a molecule having a purine or
pyrimidine base covalently linked to a ribose or deoxyribose sugar. Exemplary
nucleosides include adenosine, guanosine, cytidine, uridine and thymidine.
Additional exemplary nucleosides include inosine, 1-methyl inosine, pseudouridine,
5,6-dihydrouridine, ribothymidine, *N-methylguanosine and 22N,N-

dimethylguanosine (also referred to as “rare” nucleosides). The term “nucleotide”
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refers to a nucleoside having one or more phosphate groups joined in ester linkages to
the sugar moiety. Exemplary nucleotides include nucleoside monophosphates,
diphosphates and triphosphates. The terms “polynucleotide,” “oligonucleotide” and
“nucleic acid molecule” are used interchangeably herein and refer to a polymer of
nucleotides, either deoxyribonucleotides or ribonucleotides, of any length joined
together by a phosphodiester linkage between 5' and 3' carbon atoms. Polynucleotides
can have any three-dimensional structure and can perform any function, known or
unknown. The following are non-limiting examples of polynucleotides: a gene or gene
fragment (for example, a probe, primer, EST or SAGE tag), exons, introns, messenger
RNA (mRNA), transfer RNA, ribosomal RNA, ribozymes, cDNA, recombinant
polynuclebtides, branched polynucleotides, plasmids, vectors, isolated DNA of any
sequence, isolated RNA of any sequence, nucleic acid probes and primers. A
polynucleotide can comprise modified nucleotides, such as methylated nucleotides
and nucleotide analogs. The term also refers to both double- and single-stranded
molecules. Unless otherwise specified or required, any embodiment of this invention
that comprises a polynucleotide encompasses both the double-stranded form and each
of two complementary single-stranded forms known or predicted to make up the
double-stranded form. A polynucleotide is composed of a specific sequence of four
nucleotide bases: adenine (A); cytosine (C); guanine (G); thymine (T); and uracil (U)
for thymine when the polynucleotide is RNA. Thus, the term polynucleotide sequence
is the alphabetical representation of a polynucleotide molecule. This alphabetical
representation can be input into databases in a computer having a central processing
unit and used for bioinformatics applications such as functional genomics and

homology searching.

The terms “RNA,” “RNA molecule” and “ribonucleic acid molecule” refer to a
polymer of ribonucleotides. The terms “DNA,” “DNA molecule” and
“deoxyribonucleic acid molecule” refer to a polymer of deoxyribonucleotides. DNA
and RNA can be synthesized naturally (e.g., by DNA replication or transcription of
DNA, respectively). RNA can be post-transcriptionally modified. DNA and RNA
can also be chemically synthesized. DNA and RNA can be single-stranded (i.e.,
sSRNA and ssDNA, respectively) or multi-stranded (e.g., double stranded, i.e.,
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dsRNA and dsDNA, respectively). “mRNA” or “messenger RNA” is single-stranded
RNA that specifies the amino acid sequence of one or more polypeptide chains. This

information is translated during protein synthesis when ribosomes bind to the mRNA.

As used herein, the term “small interfering RNA” (“siRNA”) (also referred to in the
art as “short interfering RNAs”) refers to an RNA (or RNA analog) comprising
between about 10-50 nucleotides (or nucleotide analogs) which is capable of directing
or mediating RNA interference. In certain exemplary embodiments, an siRNA
comprises between about 15-30 nucleotides or nucleotide analogs, between about 16-
25 nucleotides (or nucleotide analogs), between about 18-23 nucleotides (or
nucleotide analogs), and even between about 19-22 nucleotides (or nucleotide
analogs) (e.g., 19, 20, 21 or 22 nucleotides or nucleotide analogs). The term “short”
siRNA refers to an siRNA comprising about 21 nucleotides (or nucleotide analogs),
for example, 19, 20, 21 or 22 nucleotides. The term “long™ siRNA refers to an siRNA
comprising about 24-25 nucleotides, for example, 23, 24, 25 or 26 nucleotides. Short
siRNAs may, in some instances, include fewer than 19 nucleotides, e.g., 16, 17 or 18
nucleotides, provided that the shorter siRNA retains the ability to mediate RNA..
Likewise, long siRNAs may, in some instances, include more than 26 nucleotides,
provided that the longer siRNA retains the ability to mediate RNAIi absent further

processing, e.g., enzymatic processing, to a short siRNA.

B A1

The terms “nucleotide analog,” “altered nucleotide” and “modified nucleotide™ refer
to a non-standard nucleotide, including non-naturally occurring ribonucleotides or
deoxyribonucleotides. In certain exemplary embodiments, nucleotide analogs are
modified at any position so as to alter certain chemical properties of the nucleotide yet
retain the ability of the nucleotide analog to perform its intended function. Examples
of positions of the nucleotide which may be derivitized include the 5 position, e.g., 5-
(2-amino)propyl uridine, 5-bromo uridine, S-propyne uridine, 5-propenyl uridine, etc.;
the 6 position, e.g., 6-(2-amino) propyl uridine; the 8-position for adenosine and/or
guanosines, e.g., 8-bromo guanosine, 8-chloro guanosine, 8-fluoroguanosine, etc.

Nucleotide analogs also include deaza nucleotides, e.g., 7-deaza-adenosine; O- and N-

modified (e.g., alkylated, e.g., N6-methyl adenosine, or as otherwise known in the art)
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[053]

nucleotides; and other heterocyclically modified nucleotide analogs such as those
described in Herdewijn, Antisense Nucleic Acid Drug Dev., 2000 Aug. 10(4):297-
310.

Nucleotide analogs may also comprise modifications to the sugar portion of the
nucleotides. For example the 2' OH-group may be replaced by a group selected from
H, OR, R, F, Cl, Br, I, SH, SR, NH;, NHR, NR,;, COOR, or OR, wherein R is
substituted or unsubstituted C;-Cs alkyl, alkenyl, alkynyl, aryl, etc.Other possible
modifications include those described in U.S. Pat. Nos. 5,858,988, and 6,291,438.

The phosphate group of the nucleotide may also be modified, e.g., by substituting one
or more of the oxygens of the phosphate group with sulfur (e.g., phosphorothioates),
or by making other substitutions which allow the nucleotide to perform its intended
function such as described in, for example, Eckstein, Antisense Nucleic Acid Drug
Dev. 2000 Apr. 10(2):117-21, Rusckowski et al. Antisense Nucleic Acid Drug Dev.
2000 Oct. 10(5):333-45, Stein, Antisense Nucleic Acid Drug Dev. 2001 Oct. 11(5):
317-25, Vorobjev et al. Antisense Nucleic Acid Drug Dev. 2001 Apr. 11(2):77-85,
and U.S. Pat. No. 5,684,143. Certain of the above-referenced modifications (e.g.,
phosphate group modifications) decrease the rate of hydrolysis of, for example,

polynucleotides comprising said analogs in vivo or in vitro.

As used herein, the term “isolated RNA” (e.g., “isolated mRNA™) refers to RNA
molecules which are substantially free of other cellular material, or culture medium
when produced by recombinant techniques, or substantially free of chemical

precursors or other chemicals when chemically synthesized.

The term “in vitro” has its art recognized meaning, e.g., involving purified reagents or
extracts, e.g., cell extracts. The term “in vivo” also has its art recognized meaning,
e.g., involving living cells, e.g., immortalized cells, primary cells, cell lines, and/or

cells in an organism.

As used herein, the terms “complementary” and “complementarity” are used in
reference to nucleotide sequences related by the base-pairing rules. For example, the
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sequence 5'-AGT-3' is complementary to the sequence 5'-ACT-3'. Complementarity
can be partial or total. Partial complementarity occurs when one or more nucleic acid
bases is not matched according to the base pairing rules. Total or complete
complementarity between nucleic acids occurs when each and every nucleic acid base
is matched with another base under the base pairing rules. The degree of
complementarity between nucleic acid strands has significant effects on the efficiency

and strength of hybridization between nucleic acid strands.

The term “homology” when used in relation to nucleic acids refers to a degree of
complementarity. There may be partial homology (i.e., partial identity) or complete
homology (i.e., complete identity). A partially complementary sequence is one that at
least partially inhibits a completely complementary sequence from hybridizing to a
target nucleic acid and is referred to using the functional term “substantially
homologous.” The inhibition of hybridization of the completely complementary
sequence to the target sequence may be examined using a hybridization assay
(Southern or Northern blot, solution hybridization and the like) under conditions of
low stringency. A substantially homologous sequence or probe (i.e., an
oligonucleotide which is capable of hybridizing to another oligonucleotide of interest)
will compete for and inhibit the binding (i.e., the hybridization) of a completely
homologous sequence to a target under conditions of low stringency. This is not to
say that conditions of low stringency are such that non-specific binding is permitted;
low stringency conditions require that the binding of two sequences to one another be
a specific (i.e., selective) interaction. The absence of non-specific binding may be
tested by the use of a second target which lacks even a partial degree of
complementarity (e.g., less than about 30% identity); in the absence of non-specific

binding the probe will not hybridize to the second non-complementary target.

When used in reference to a double-stranded nucleic acid sequence such as a cDNA or
genomic clone, the term “substantially homologous™ refers to any probe which can
hybridize to either or both strands of the double-stranded nucleic acid sequence under
conditions of low stringency. When used in reference to a single-stranded nucleic

acid sequence, the term “substantially homologous” refers to any probe which can
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hybridize to the single-stranded nucleic acid sequence under conditions of low

stringency.

The following terms are used to describe the sequence relationships between two or

bR 11 bR 11

more polynucleotides: “reference sequence,” “sequence identity,” “percentage of
sequence identity” and “substantial identity.” A “reference sequence” is a defined
sequence used as a basis for a sequence comparison; a reference sequence may be a
subset of a larger sequence, for example, as a segment of a full-length cDNA sequence
given in a sequence listing or may comprise a complete gene sequence. Generally, a
reference sequence is at least 20 nucleotides in length, frequently at least 25
nucleotides in length, and often at least 50 nucleotides in length. Since two
polynucleotides may each (1) comprise a sequence (i.e., a portion of the complete
polynucleotide sequence) that is similar between the two polynucleotides, and (2) may
further comprise a sequence that is divergent between the two polynucleotides,
sequence comparisons between two (or more) polynucleotides are typically performed
by comparing sequences of the two polynucleotides over a “comparison window” to
identify and compare local regions of sequence similarity. A “comparison window,”
as used herein, refers to a conceptual segment of at least 20 contiguous nucleotide
positions wherein a polynucleotide sequence may be compared to a reference
sequence of at least 20 contiguous nucleotides and wherein the portion of the
polynucleotide sequence in the comparison window may comprise additions or
deletions (i.e., gaps) of 20 percent or less as compared to the reference sequence
(which does not comprise additions or deletions) for optimal alignment of the two
sequences. Optimal alignment of sequences for aligning a comparison window may be
conducted by the local homology algorithm of Smith and Waterman (Smith and
Waterman (1981) Adv. Appl. Math. 2:482) by the homology alignment algorithm of
Needleman and Wunsch (J. Mol. Biol. 48:443 (1970)), by the search for similarity
method of Pearson and Lipman (Proc. Natl. Acad. Sci. USA 85:2444 (1988)]), by
computerized implementations of these algorithms (GAP, BESTFIT, FASTA, and
TFASTA in the Wisconsin Genetics Software Package Release 7.0, Genetics

Computer Group, 575 Science Dr., Madison, Wis.), or by inspection, and the best
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alignment (i.e., resulting in the highest percentage of homology over the comparison

window) generated by the various methods is selected.

The term “sequence identity” means that two polynucleotide sequences are identical
(i.e., on a nucleotide-by-nucleotide basis) over the window of comparison. The term
“percentage of sequence identity” is calculated by comparing two optimally aligned
sequences over the window of comparison, determining the number of positions at
which the identical nucleic acid base (e.g., A, T, C, G, U, or I) occurs in both
sequences to yield the number of matched positions, dividing the number of matched
positions by the total number of positions in the window of comparison (i.e., the
window size), and multiplying the result by 100 to yield the percentage of sequence
identity. The term “substantial identity” as used herein denotes a characteristic of a
polynucleotide sequence, wherein the polynucleotide comprises a sequence that has at
least 85 percent sequence identity, preferably at least 90 to 95 percent sequence
identity, more usually at least 99 percent sequence identity as compared to a reference
sequence over a comparison window of at least 20 nucleotide positions, frequently
over a window of at least 25-50 nucleotides, wherein the percentage of sequence
identity is calculated by comparing the reference sequence to the polynucleotide
sequence which may include deletions or additions which total 20 percent or less of
the reference sequence over the window of comparison. The reference sequence may
be a subset of a larger sequence, for example, as a segment of the full-length

sequences of the compositions claimed in the present invention.

The term “hybridization” refers to the pairing of complementary nucleic acids.
Hybridization and the strength of hybridization (i.e., the strength of the association
between the nucleic acids) is impacted by such factors as the degree of complementary
between the nucleic acids, stringency of the conditions involved, the Ty, of the formed
hybrid, and the G:C ratio within the nucleic acids. A single molecule that contains
pairing of complementary nucleic acids within its structure is said to be “self-

hybridized.”
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The term “Ty” refers to the melting temperature of a nucleic acid. The melting
temperature is the temperature at which a population of double-stranded nucleic acid
molecules becomes half dissociated into single strands. The equation for calculating
the Ty, of nucleic acids is well known in the art. As indicated by standard references,
a simple estimate of the Ty, value may be calculated by the equation: Ty, = 81.5 + 0.41
(% G + C), when a nucleic acid is in aqueous solution at 1 M NaCl (See, e.g.,
Anderson and Young, Quantitative Filter Hybridization, in Nucleic Acid
Hybridization (1985)). Other references include more sophisticated computations that
take structural as well as sequence characteristics into account for the calculation of

T

The term “stringency” refers to the conditions of temperature, ionic strength, and the
presence of other compounds such as organic solvents, under which nucleic acid

hybridizations are conducted.

“Low stringency conditions,” when used in reference to nucleic acid hybridization,
comprise conditions equivalent to binding or hybridization at 42 °C in a solution
consisting of 5x SSPE (43.8 g/l NaCl, 6.9 g/l NaH,PO4(H,0) and 1.85 g/l EDTA, pH
adjusted to 7.4 with NaOH), 0.1% SDS, 5x Denhardt’s reagent (50x Denhardt’s
contains per 500 ml: 5 g Ficoll (Type 400, Pharmacia), 5 g BSA (Fraction V; Sigma))
and 100 pg/ml denatured salmon sperm DNA followed by washing in a solution
comprising 5x SSPE, 0.1% SDS at 42 °C when a probe of about 500 nucleotides in
length is employed.

“Medium stringency conditions,” when used in reference to nucleic acid
hybridization, comprise conditions equivalent to binding or hybridization at 42 °C in a
solution consisting of 5x SSPE (43.8 g/l NaCl, 6.9 g/l NaH,PO4(H,0) and 1.85 g/l
EDTA, pH adjusted to 7.4 with NaOH), 0.5% SDS, 5x Denhardt’s reagent and 100
ug/ml denatured salmon sperm DNA followed by washing in a solution comprising
1.0x SSPE, 1.0% SDS at 42 °C when a probe of about 500 nucleotides in length is
employed.
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“High stringency conditions,” when used in reference to nucleic acid hybridization,
comprise conditions equivalent to binding or hybridization at 42 °C in a solution
consisting of 5x SSPE (43.8 g/l NaCl, 6.9 g/l NaH,PO.(H;0O) and 1.85 g/l EDTA, pH
adjusted to 7.4 with NaOH), 0.5% SDS, 5x Denhardt’s reagent and 100 pg/ml
denatured salmon sperm DNA followed by washing in a solution comprising 0.1x
SSPE, 1.0% SDS at 42 °C when a probe of about 500 nucleotides in length is
employed.

It is well known that numerous equivalent conditions may be employed to comprise
low stringency conditions; factors such as the length and nature (DNA, RNA, base
composition) of the probe and nature of the target molecule (DNA, RNA, base
composition, present in solution or immobilized, etc.) and the concentration of the
salts and other components (e.g., the presence or absence of formamide, dextran
sulfate, polyethylene glycol) are considered and the hybridization solution may be
varied to generate conditions of low stringency hybridization different from, but
equivalent to, the above listed conditions. In addition, the art knows conditions that
promote hybridization under conditions of high stringency (e.g., increasing the
temperature of the hybridization and/or wash steps, the use of formamide in the

hybridization solution, etc.).

In certain exemplary embodiments, and with reference to Figure 1, cells are identified
and then a single cell or a plurality of cells are isolated. Cells within the scope of the
present disclosure include any type of cell where understanding the RNA content is
considered by those of skill in the art to be useful. A cell according to the present
disclosure includes a hepatocyte, oocyte, embryo, stem cell, iPS cell, ES cell, neuron,
erythrocyte, melanocyte, astrocyte, germ cell, oligodendrocyte, kidney cell, leukocyte,
thrombocyte, epithelial cell, adipocyte or fibroblast and the like. According to one
aspect, the methods of the present invention are practiced with the cellular RNA from
a single cell. However, according to certain aspects, the cellular RNA content from a
plurality of cells may be used. A plurality of cells includes from about 2 to about
1,000,000 cells, about 2 to about 10 cells, about 2 to about 100 cells, about 2 to about
1,000 cells, about 2 to about 10,000 cells, or about 2 to about 100,000 cells.
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As used herein, a "single cell" refers to one cell. Single cells useful in the methods
described herein can be obtained from a tissue of interest, or from a biopsy, blood
sample, or cell culture. Additionally, cells from specific organs, tissues, tumors,
neoplasms, or the like can be obtained and used in the methods described herein.
Furthermore, in general, cells from any population can be used in the methods, such as
a population of prokaryotic or eukaryotic single celled organisms including bacteria or
yeast. In some aspects of the invention, the method of preparing a collection of cDNA,
i.e. a cDNA library, can include the step of obtaining single cells. A single cell
suspension can be obtained using standard methods known in the art including, for
example, enzymatically using trypsin or papain to digest proteins connecting cells in
tissue samples or releasing adherent cells in culture, or mechanically separating cells
in a sample. Single cells can be placed in any suitable reaction vessel in which single
cells can be treated ihdividually. For example a 96-well plate, such that each single

cell is placed in a single well.

Methods for manipulating single cells are known in the art and include fluorescence
activated cell sorting (FACS), micromanipulation and the use of semi-automated cell

pickers (e.g. the Quixell™

cell transfer system from Stoelting Co.). Individual cells
can, for example, be individually selected based on features detectable by microscopic

observation, such as location, morphology, or reporter gene expression.

Aspects of the present disclosure include methods for identifying the RNA content
and copy number for certain RNA sequences in a cell. Using the methods disclosed
herein, the RNA content of cells can be compared at various stages or times and the
absolute amount of RNA or the relative amount of RNA can be used to diagnose or
treat certain diseases, disorders or conditions. Diseases, disorders or conditions within
the scope of the present disclosure include cancer, Alzheimer's disease, Parkinson's
disease, hepatitis, muscular dystrophy, psoriasis, tuberculosis, lysosome disease,
ulcerative colitis, and Ehlers-Danlos Syndrome, cystic fibrosis, diabetes, hemophilia,
sickle cell anemia, HIV, autoimmune diseases, Huntington’s disease, ALS, and Shy-

Drage syndrome.
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Once a desired cell has been identified, the cell is lysed to release cellular contents
including DNA and RNA, such as mRNA, using methods known to those of skill in
the art. The cellular contents are contained within a vessel. In some aspects of the
invention, cellular contents, such as mRNA, can be released from the cells by lysing
the cells. Lysis can be achieved by, for example, heating the cells, or by the use of
detergents or other chemical methods, or by a combination of these. However, any
suitable lysis method known in the art can be used. A mild lysis procedure can
advantageously be used to prevent the release of nuclear chromatin, thereby avoiding
genomic contamination of the cDNA library, and to minimise degradation of mRNA.
For example, heating the cells at 72°C for 2 minutes in the presence of Tween-20 is
sufficient to lyse the cells while resulting in no detectable genomic contamination
from nuclear chromatin. Alternatively, cells can be heated to 65°C for 10 minutes in
water (Esumi et al., Neurosci Res 60(4):439-51 (2008)); or 70°C for 90 seconds in
PCR buffer II (Applied Biosystems) supplemented with 0.5% NP-40 (Kurimoto et al.,
Nucleic Acids Res 34(5):e42 (2006)); or lysis can be achieved with a protease such as
Proteinase K or by the use of chaotropic salts such as guanidine isothiocyanate (U.S.

Publication No. 2007/0281313).

Nucleic acids from a cell such as DNA or RNA are isolated using methods known to
those of skill in the art. Such methods include removing or otherwise separating
genomic DNA and other cellular constituents from RNA. Methods of removing or

separating genomic DNA from RNA include the use of DNase I.

Synthesis of cDNA from mRNA in the methods described herein can be performed
directly on cell lysates, such that a reaction mix for reverse transcription is added
directly to cell lysates. Alternatively, mRNA can be purified after its release from
cells. This can help to reduce mitochondrial and ribosomal contamination. mRNA
purification can be achieved by any method known in the art, for example, by binding
the mRNA to a solid phase. Commonly used purification methods include
paramagnetic beads (e.g. Dynabeads). Alternatively, specific contaminants, such as

ribosomal RNA can be selectively removed using affinity purification.
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The nucleic acids, such as DNA or RNA, are then combined in a vessel with primers.
The primers include unique barcode sequences and the primers attached to nucleic
acid molecules. According to one aspect, nucleic acid molecules within the vessel
each have a unique barcode sequence. After primers have attached to the nucleic acid

molecules, excess primers are removed from the vessel.

According to one aspect, unique barcode sequences may be attached to each nucleic
acid, i.e. DNA or RNA in a sample. Then adapters and or primers or other reagents
known to those of skill in the art may be used as desired to reverse transcribe or

amplify the nucleic acid with the unique barcode sequence, as the case may be.

cDNA is typically synthesized from mRNA by reverse transcription. Methods for
synthesizing cDNA from small amounts of mRNA, including from single cells, have
previously been described (see Kurimoto et al., Nucleic Acids Res 34(5):e42 (2006);
Kurimoto et al., Nat Protoc 2(3):739-52 (2007); and Esumi et al., Neurosci Res
60(4):439-51 (2008)). In order to generate an amplifiable cDNA, these methods
introduce a primer annealing sequence at both ends of each cDNA molecule in such a
way that the cDNA library can be amplified using a single primer. The Kurimoto
method uses a polymerase to add a 3’ poly-A tail to the cDNA strand, which can then
be amplified using a universal oligo-T primer. In contrast, the Esumi method uses a
template switching method to introduce an arbitrary sequence at the 3’ end of the
cDNA, which is designed to be reverse complementary to the 3’ tail of the cDNA
synthesis primer. Again, the cDNA library can be amplified by a single PCR primer.
Single-primer PCR exploits the PCR suppression effect to reduce the amplification of
short contaminating amplicons and primer-dimers (Dai et al, J Biofechnol
128(3):435-43 (2007)). As the two ends of each amplicon are complementary, short
amplicons will form stable hairpins, which are poor templates for PCR. This reduces

the amount of truncated cDNA and improves the yield of longer cDNA molecules.

In some aspects of the invention, the synthesis of the first strand of the cDNA can be
directed by a cDNA synthesis primer (CDS) that includes an RNA complementary
sequence (RCS). In some aspects of the invention, the RCS is at least partially
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complementary to one or more mRNA in an individual mRNA sample. This allows
the primer, which is typically an oligonucleotide, to hybridize to at least some mRNA
in an individual mRNA sample to direct cDNA synthesis using the mRNA as a
template. The RCS can comprise oligo (dT), or be gene family-specific, such as a
sequence of nucleic acids present in all or a majority related genes, or can be
composed of a random sequence, such as random hexamers. To avoid the CDS
priming on itself and thus generating undesired side products, a non-self-
complementary semi- random sequence can be used. For example, one letter of the
genetic code can be excluded, or a more complex design can be used while restricting

the CDS to be non-self-complementary.

The RCS can also be at least partially complementary to a portion of the first strand of
cDNA, such that it is able to direct the synthesis of a second strand of cDNA using the
first strand of the cDNA as a template. Thus, following first strand synthesis, an
RNase enzyme (e.g. an enzyme having RNaseH activity) can be added after synthesis
of the first strand of cDNA to degrade the RNA strand and to permit the CDS to
anneal again on the first strand to direct the synthesis of a second strand of cDNA. For
example, the RCS could comprise random hexamers, or a non-self complementary

semi-random sequence (which minimizes self- annealing of the CDS).

A template-switching oligonucleotide (TSO) that includes a portion which is at least
partially complementary to a portion of the 3' end of the first strand of cDNA can be
added to each individual mRNA sample in the methods described herein. Such a
template switching method is described in (Esumi et al, Neurosci Res 60(4):439-51
(2008)) and allows full length cDNA comprising the complete 5’ end of the mRNA to
be synthesized. As the terminal transferase activity of reverse transcriptase typically
causes 2-5 cytosines to be incorporated at the 3' end of the first strand of cDNA
synthesized from mRNA, the first strand of cDNA can include a plurality of cytosines,
or cytosine analogues that base pair with guanosine, at its 3' end (see US 5, 962,272).
In one aspect of the invention, the first strand of cDNA can include a 3' portion

comprising at least 2, at least 3, at least 4, at least 5 or 2, 3, 4, or 5 cytosines or
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cytosine analogues that base pair with guanosine. A non-limiting example of a

cytosine analogue that base pairs with guanosine is 5-aminoallyl-2’-deoxycytidine.

In one aspect of the invention, the TSO can include a 3’ portion comprising a plurality
of guanosines or guanosine analogues that base pair with cytosine. Non-limiting
examples of guanosines or guanosine analogues useful in the methods described
herein include, but are not limited to, deoxyriboguanosine, riboguanosine, locked
nucleic acid-guanosine, and peptide nucleic acid-guanosine. The guanosines can be

ribonucleosides or locked nucleic acid monomers.

A locked nucleic acid (LNA) is a modified RNA nucleotide. The ribose moiety of an
LNA nucleotide is modified with an extra bridge connecting the 2' oxygen and 4'
carbon. The bridge "locks" the ribose in the 3’-endo (North) conformation. Some of
the advantages of using LNAs in the methods of the invention include increasing the
thermal stability of duplexes, increased target specificity and resistance from exo- and

endonucleases.

A peptide nucleic acid (PNA) is an artificially synthesized polymer similar to DNA or
RNA, wherein the backbone is composed of repeating N-(2-aminoethyl)-glycine units
linked by peptide bonds. The backbone of a PNA is substantially non-ionic under
neutral conditions, in contrast to the highly charged phosphodiester backbone of
naturally occurring nucleic acids. This provides two non-limiting advantages. First,
the PNA backbone exhibits improved hybridization kinetics. Secondly, PNAs have
larger changes in the melting temperature (Tm) for mismatched versus perfectly
matched basepairs. DNA and RNA typically exhibit a 2-4°C drop in Tm for an
internal mismatch. With the non-ionic PNA backbone, the drop is closer to 7-9°C.
This can provide for better sequence discrimination. Similarly, due to their non-ionic
nature, hybridization of the bases attached to these backbones is relatively insensitive

to salt concentration.

A nucleic acid useful in the invention can contain a non-natural sugar moiety in the

backbone. Exemplary sugar modifications include but are not limited to 2'
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modifications such as addition of halogen, alkyl substituted alkyl, SH, SCHs, OCN,
Cl, Br, CN, CF3, OCF3, SO,CH3, OSO,, SO5, CHs, ONO,, NO,, N3, NH,, substituted
silyl, and the like. Similar modifications can also be made at other positions on the
sugar, particularly the 3' position of the sugar on the 3’ terminal nucleotide or in 2'-5'
linked oligonucleotides and the 5' position of 5' terminal nucleotide. Nucleic acids,
nucleoside analogs or nucleotide analogs having sugar modifications can be further
modified to include a reversible blocking group, peptide linked label or both. In those
embodiments where the above-described 2° modifications are present, the base can

have a peptide linked label.

A nucleic acid used in the invention can also include native or non-native bases. In
this regard a native deoxyribonucleic acid can have one or more bases selected from
the group consisting of adenine, thymine, cytosine or guanine and a ribonucleic acid
can have one or more bases selected from the group consisting of uracil, adenine,
cytosine or guanine. Exemplary non-native bases that can be included in a nucleic
acid, whether having a native backbone or analog structure, include, without
limitation, inosine, xathanine, hypoxathanine, isocytosine, isoguanine, 5-
methylcytosine, S-hydroxymethyl cytosine, 2-aminoadenine, 6-methyl adenine, 6-
methyl guanine, 2-propyl guanine, 2-propyl adenine, 2-thioLiracil, 2-thiothymine, 2-
thiocytosine, 15 -halouracil, 15 -halocytosine, S-propynyl uracil, 5-propynyl cytosine,
6-azo uracil, 6-azo cytosine, 6-azo thymine, 5-uracil, 4-thiouracil, 8-halo adenine or
guanine, 8- amino adenine or guanine, 8-thiol adenine or guanine, 8-thioalkyl adenine
or guanine, 8- hydroxyl adenine or guanine, 5-halo substituted uracil or cytosine, 7-
methylguanine, 7- methyladenine, 8-azaguanine, 8-azaadenine, 7-deazaguanine, 7-
deazaadenine, 3-deazaguanine, 3-deazaadenine or the like. A particular embodiment
can utilize isocytosine and isoguanine in a nucleic acid in order to reduce non-specific

hybridization, as generally described in U.S. Pat. No.5,681,702.

A non-native base used in a nucleic acid of the invention can have universal base
pairing activity, wherein it is capable of base pairing with any other naturally
occurring base. Exemplary bases having universal base pairing activity include 3-

nitropyrrole and 5- nitroindole. Other bases that can be used include those that have
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base pairing activity with a subset of the naturally occurring bases such as inosine,

which basepairs with cytosine, adenine or uracil.

In one aspect of the invention, the TSO can include a 3’ portion including at least 2, at
least 3, at least 4, at least 5, or 2, 3, 4, or 5, or 2-5 guanosines, or guanosine analogues
that base pair with cytosine. The presence of a plurality of guanosines (or guanosine
analogues that base pair with cytosine) allows the TSO to anneal transiently to the
exposed cytosines at the 3' end of the first strand of cDNA. This causes the reverse
transcriptase to switch template and continue to synthesis a strand complementary to
the TSO. In one aspect of the invention, the 3' end of the TSO can be blocked, for
example by a 3’ phosphate group, to prevent the TSO from functioning as a primer
during cDNA synthesis.

In one aspect of the invention, the mRNA is released from the cells by cell lysis. If the
lysis is achieved partially by heating, then the CDS and/or the TSO can be added to
each individual mRNA sample during cell lysis, as this will aid hybridization of the
oligonucleotides. In some aspects, reverse transcriptase can be added after cell lysis to

avoid denaturation of the enzyme.

In some aspects of the invention, a tag can be incorporated into the cDNA during its
synthesis. For example, the CDS and/or the TSO can include a tag, such as a
particular nucleotide sequence, which can be at least 4, at least 5, at least 6, at least 7,
at least 8, at least 9, at least 10, at least 15 or at least 20 nucleotides in length. For
example, the tag can be a nucleotide sequence of 4-20 nucleotides in length, e.g. 4, 5,
6,7, 8,9, 10, 15 or 20 nucleotides in length. As the tag is present in the CDS and/or
the TSO it will be incorporated into the cDNA during its synthesis and can therefore
act as a ""barcode" to identify the cDNA. Both the CDS and the TSO can include a tag.
The CDS and the TSO can each include a different tag such that the tagged cDNA
sample comprises a combination of tags. Each cDNA sample generated by the above
method can have a distinct tag, or a distinct combination of tags, such that once the
tagged cDNA samples have been pooled, the tag can be used to identify from which
single cell each cDNA sample originated. Thus, each cDNA sample can be linked to a
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single cell, even after the tagged cDNA samples have been pooled in the methods

described herein.

Before the tagged cDNA samples are pooled, synthesis of cDNA can be stopped, for
example by removing or inactivating the reverse transcriptase. This prevents cDNA
synthesis by reverse transcription from continuing in the pooled samples. The tagged
c¢DNA samples can optionally be purified before amplification, ether before or after

they are pooled.

As used herein, the term “barcode” refers to a unique oligonucleotide sequence that
allows a corresponding nucleic acid base and/or nucleic acid sequence to be identified.
In certain aspects, the nucleic acid base and/or nucleic acid sequence is located at a
specific position on a larger polynucleotide sequence (e.g., a polynucleotide
covalently attached to a bead). In certain embodiments, barcodes can each have a
length within a range of from 4 to 36 nucleotides, or from 6 to 30 nucleotides, or from
8 to 20 nucleotides. In certain aspects, the melting temperatures of barcodes within a
set are within 10 °C of one another, within 5 °C of one another, or within 2 °C of one
another. In other aspects, barcodes are members of a minimally cross-hybridizing set.
That is, the nucleotide sequence of each member of such a set is sufficiently different
from that of every other member of the set that no member can form a stable duplex
with the complement of any other member under stringent hybridization conditions.
In one aspect, the nucleotide sequence of each member of a minimally cross-
hybridizing set differs from those of every other member by at least two nucleotides.
Barcode technologies are known in the art and are described in Winzeler et al. (1999)
Science 285:901; Brenner (2000) Genome Biol. 1:1 Kumar et al. (2001) Nature Rev.
2:302; Giaever et al. (2004) Proc. Natl. Acad. Sci. USA 101:793; Eason et al. (2004)
Proc. Natl. Acad. Sci. USA 101:11046; and Brenner (2004) Genome Biol. 5:240 each

incorporated by reference in their entireties.

As used herein, the term “primer” includes an oligonucleotide, either natural or
synthetic, that is capable, upon forming a duplex with a polynucleotide template, of

acting as a point of initiation of nucleic acid synthesis and being extended from its 3'
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end along the template so that an extended duplex is formed. The sequence of
nucleotides added during the extension process are determined by the sequence of the
template polynucleotide. Usually primers are extended by a DNA polymerase.
Primers usually have a length in the range of between 3 to 36 nucleotides, also 5 to 24
nucleotides, also from 14 to 36 nucleotides. Primers within the scope of the invention
include orthogonal primers, amplification primers, constructions primers and the like.
Pairs of primers can flank a sequence of interest or a set of sequences of interest.
Primers and probes can be degenerate in sequence. Primers within the scope of the
present invention bind adjacent to a target sequence. A "primer" may be considered a
short polynucleotide, generally with a free 3' -OH group that binds to a target or
template potentially present in a sample of interest by hybridizing with the target, and
thereafter promoting polymerization of a polynucleotide complementary to the target.
Primers of the instant invention are comprised of nucleotides ranging from 17 to 30
nucleotides. In one aspect, the primer is at least 17 nucleotides, or alternatively, at
least 18 nucleotides, or alternatively, at least 19 nucleotides, or alternatively, at least
20 nucleotides, or alternatively, at least 21 nucleotides, or alternatively, at least 22
nucleotides, or alternatively, at least 23 nucleotides, or alternatively, at least 24
nucleotides, or alternatively, at least 25 nucleotides, or alternatively, at least 26
nucleotides, or alternatively, at least 27 nucleotides, or alternatively, at least 28
nucleotides, or alternatively, at least 29 nucleotides, or alternatively, at least 30
nucleotides, or alternatively at least 50 nucleotides, or alternatively at least 75

nucleotides or alternatively at least 100 nucleotides.

According to one aspect, a number of sufficient barcode sequences is required to
statistically ensure that each DNA or RNA in a sample has its own unique barcode.
For example, a barcode having six bases would generate 4° or 4096 unique barcode
sequences. According to one aspect, the number of RNA molecules is dependent
upon cell type and one of skill in the art will reference readily available literature
sources for estimates of the number of RNA molecules in a particular cell type.
Accordingly, a statistically greater number of barcodes, or primer-barcode
combinations or adapter-barcode combinations is required to facilitate the matching of

a unique barcode for each RNA molecule. In embodiments where copy number
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barcoding is applied to single cell gene expression profiling, a sufficient number or set
of unique barcodes for unique labeling of a substantial fraction of RNA molecules in
the sample is provided. Examples of single cell RNA samples include single E. coli
cells which contain ~260,000 RNA molecules (Neidhardt et al., Escherichia coli and
Salmonella: Cell. Mol. Bio., Vol. 1, pp. 13-16, 1996), embryonic stem cells which
contain ~10 pg mRNA/cell (~10’ molecules) (Tang et al., Nat. Protocols, 5, 517,
2010), and neurons which contain ~50 pg mRNA/cell (5x10’ molecules) (Uemura et
al., Experimental Neurobiology, 65, 107, 1979).

The barcoding process can be modeled analytically to calculate the barcode length
required to uniquely barcode a substantial fraction of a sample of target nucleic acid
molecules. A substantial fraction or percentage includes 80%, 90%, 95%, 96%, 97%,
98%, 99%, 99.5%, 99.9% and higher. According to one aspect, a pool of random
barcode sequences is provided. Consider a stock pool of barcodes with length L
containing multiple copies of the 4" barcodes. According to one embodiment, in
order to barcode a sample of N target nucleic acid molecules, a sample containing M
barcode molecules of random sequence is taken from a large barcode pool and added
to the sample of N target nucleic acid molecules such that M > N. Because the
identity of the M barcode molecules is random, the copy number distribution of the
barcode sequences added to the sample is given by the Poisson Distribution where
P(k) = (M/4")*e™* k1 where k is the copy number. A random subset of these M
barcode molecules will then label the N target nucleic acid molecules, a process which
is also described by the Poisson Distribution. Hence, the distribution of target nucleic
acid molecules for which a j-1 other target nucleic acid molecules share the same

barcode sequence is given by P(j) = (N/4LyeN*Lyjt

Figure 8 shows a plot of the
calculated fraction of molecules that are uniquely barcoded as a function of barcode
length for four different sample sizes (N=10°,10°,107,10%). Even for large samples
containing 10® target nucleic acid molecules (similar to the case in which the RNA
from a human cell is to be barcoded), a barcode length of L = 18 provides a unique
barcode sequence for >99.9% of target molecules According to one embodiment,

only target molecules with identical sequences need to be uniquely barcoded in order

to count the number of target molecules present, as target molecules having a unique

34



WO 2012/129363 PCT/US2012/030039

[092]

[093]

sequence can be identified based on their unique nucleic acid sequence and do not

necessarily need a unique barcode sequence.

Barcodes within the scope of the present disclosure include nucleic acids of between
about 3 and about 75 bases, about 5 and about 60 bases, about 6 and about 50 bases,
about 10 and about 40 bases, or about 15 and about 30 bases. Barcodes can be
comprised of any nucleic acid including DNA, RNA, and LNA. Random or pseudo-
random barcode sequences can be synthesized using automated DNA synthesis
technology that is known in the art (Horvath et al., Methods Enzymol., 153, 314-326,
1987). Several commercially available services exist for the synthesis of randomly or
pseudo-randomly barcoded nucleic acid oligonucleotides including Integrated DNA
Technologies, Invitrogen, and TriLink Biotechnologies. In addition, there are
enzymatic methods of synthesizing single-stranded nucleic acids. For example, non-
template-directed enzymatic synthesis of nucleic acids can be carried out with poly(U)
polymerase (for RNA) or terminal transferase (for DNA). For non-random barcode
sets, methods of highly parallel DNA synthesis of specific, pre-determined DNA
oligos are also known in the art such as the maskless array synthesis technology
commercialized by Nimblegen. All of these methods are capable of adding a random,
pseudo-random, or non-random barcode to a pre-determined sequence such as a

primer or adapter.

According to one aspect, a copy number barcode is 5’-conjugated to a primer such as
a poly-T primer. The barcode of the present disclosure is referred to as a copy number
barcode because the use of unique barcode sequences allows one of skill to determine
the total number of nucleic acids within the sample and also the copy number of
nucleic acids within a sample. A barcode sequence can be conjugated to a primer
using methods known to those of skill in the art. Such methods include the
combination of automated, random and directed nucleic acid synthesis where the
random component generates a barcode and the directed component generates a
specific primer (Horvath, S.J., Firca, J.R., Hunkapiller, T., Hunkapiller, M.W., Hood,
L. An automated DNA synthesizer employing deoxynucleoside 3’-phosphoramidites.
Methods Enzymol., 153, 314-326, 1987), single-stranded ligation (Tessier, D.C.,
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Brousseau, R., Vernet, T. Ligation of single-stranded oligodeoxyribonucleotides by
T4 RNA ligase, Anal. Biochem., 158, 171-178, 1986.), and double-stranded ligation
(Meyer, M., Stenzel, U., Myles, S., Prufer, K., Hofreiter, M., Targeted high-
throughput sequencing of tagged nucleic acid samples. Nucl. Acids Res., 35, €97,
2007).

According to one aspect, a copy number barcode is conjugated to a hairpin primer. A
variety of commercially available enzymes can be used to ligate DNA to RNA
including Circl.igase (Epicentre), CirclLigase Il (Epicentre), T4 RNA Ligase 1 (New
England Biolabs), and T4 RNA Ligase 2 (New England Biolabs), allowing the
ligation of specific DNA hairpin primers, as shown in Figure 2, to the 3' end of RNA
for reverse transcription. In certain exemplary embodiments, DNA hairpin primers
include a self-complementary region that folds into double-stranded DNA and serves
as a DNA primer for reverse transcriptase. The DNA hairpin can also optionally
include other features such as recognition sequences for enzymes that digest double-
stranded DNA, copy number barcodes, sample barcodes, PCR adapters and the like.
Because reverse transcriptase can replicate both DNA and RNA, the hairpin can

include a single-stranded DNA 5' overhang with any additional sequence content.

As shown in Figure 2-1, a hairpin primer includes a hairpin for priming reverse
transcription on its 3' end along with a copy number barcode and a sample barcode on
its 5' end. However, a hairpin primer could also include PCR adapters on the 5' end as
shown in Figure 2-2. PCR adapters should be compatible with the library preparation
protocols employed in an appropriate massively parallel sequencing platform. The
inclusion of two PCR adapters eliminates downstream ligation steps that are otherwise
typically needed for amplification and sequencing library preparation. Following
RNA/DNA ligation and reverse transcription, the resultant cDNA can be circularized
using, e.g., CircLigase (Epicentre), CircLigase II (Epicentre) or the like, allowing
exponential amplification of the c¢cDNA library via PCR.  Alternatively, if
circularization is undesirable, the hairpin primer can be designed to include only one
of two PCR adapters. A subsequent ligation step can then be included to attach a
second PCR adapter to the 3' end of cDNA.
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As shown in Figure 1, a linear pre-amplification step is provided where multiple
copies of cDNA are made by repeated reverse transcription of the RNA with the
primer-barcode conjugate. This method is useful when very low concentrations of the
nucleic acids of interest are available (e.g. in single cell or diagnostic applications).
Inefficiencies due to material loss can be mitigated without introducing bias by

incorporating the linear pre-amplification step into the reverse transcription process.

As shown in Figure 2-3, by including a recognition sequence for a nicking enzyme in
the hairpin primer, multiple copies of cDNA can be generated by the inclusion of the
corresponding nicking enzyme in the reverse transcriptase reaction mixture. Before
reverse transcribing the ligated RNA into cDNA, reverse transcriptase will convert the
single-stranded DNA recognition sequence into double-stranded DNA, allowing the
nicking enzyme to generate a nick at the recognition site as shown in Figure 3.
Reverse transcriptase can then use the nick as a priming site for additional replication
because its strand-displacement activity allows the removal of the most recently
generated cDNA copy from the RNA. Repeated cycles of nicking and reverse
transcription results in linear amplification of RNA such that multiple copies of each
barcoded cDNA are generated. The resultant cDNA library can be circularized and
amplified using PCR. The same method of linear pre-amplification can be applied to
a sample of uniquely barcoded DNA molecules. Instead of repeatedly reverse
transcribing the barcoded DNA, repeated cycles of nicking and DNA replication by a
strand-displacing DNA polymerase will result in linear amplification of DNA such
that multiple copies of barcoded DNA are generated. Strand-displacing DNA
polymerases are known in the art and include $29 DNA polymerase, Klenow
Fragment DNA polymerase, Bst Large Fragment DNA polymerase, Vent DNA
polymerase, Deep Vent DNA polymerase, and 9°N DNA polymerase.

Because an overwhelming amount of hairpin primer is included in certain of the
ligation reactions described herein, it may be important to remove excess hairpin
primer prior to PCR amplification. A circularization reaction performed prior to PCR
results not only in circularized cDNA, but also in circularization of excess, linearly

amplified 5' ends of the hairpin primer that were not ligated to RNA. The excess 5'
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ends that are circularized could cause premature saturation of PCR because, although
they are not attached to cDNA, they do include the two PCR adapters. The 5' ends of
the hairpin primers can be designed to form a restriction or cut site following
circularization to avoid exponential amplification during PCR and facilitate their
removal by exonuclease-mediated digestion. For example, Figure 2-4 shows a hairpin
primer containing not only a hairpin priming site for reverse transcriptase, a nicking
enzyme recognition sequence, a copy number barcode, a sample barcode, and two
PCR adapters, but also two separated halves of a restriction site. The first half of the
restriction site occurs on the 3' end of the copy number barcode, and the second half
occurs on the 5' end of the hairpin primer (i.e., the 5' end of the two PCR adapters).
The single stranded 5' end of any excess hairpin primer that is not ligated to an RNA
molecule will be linearly amplified by the combination of reverse transcriptase and a
nicking enzyme. In addition, the resultant amplicons will be circularized in the same
reaction that circularizes the cDNA library. However, for amplicons that do not
include cDNA, the circularization reaction will join the two halves of the restriction
site, allowing those amplicons to be selectively converted to linear DNA using a
restriction enzyme. The restriction digest product will not be exponentially amplified
by PCR. Furthermore, this linearized excess DNA can be eliminated by digestion
with an exonuclease (e.g., Exonuclease I, which will digest linearized DNA but not

circularized DNA).

Primers for specific reverse transcription of an organism’s RNA can be obtained from
the organism’s genomic DNA. Genomic DNA can be enzymatically fragmented and
ligated to PCR adapters that include restriction sites for downstream isolation of
primer-sized DNA fragments. The adapter-ligated fragments can be amplified by
PCR using PCR primers that include copy-number barcodes. In certain aspects, this
process results in a library of barcoded genomic fragments which can then be cut into
smaller fragments by one or more restriction enzymes. The smaller fragments are
referred to as a genomic primer pool which can serve as a set of specific primers for
capturing and reverse transcribing the RNA of the organism from which the pool was
isolated. Furthermore, the fragments comprising the genomic primer pool include not

only a specific, genomic primer sequence, but also a copy number barcode.
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[0100] Although random oligonucleotide sequences can serve as copy number barcodes, it
may be desirable in some cases to place certain constraints on the set of sequences
used for barcoding. For example, certain homopolymeric sequences and sequences
with very high G+C or A+T content may be difficult to amplify and sequence. In
addition, barcode sequences that include other specific sequences or the complements
of specific sequences to be used in library preparation (e.g., PCR adapters or sample
barcodes) may be undesirable in certain circumstances. For a given organism or
sample type, design principles may be applied to generate an optimized set of copy
number barcodes. An optimized set of barcodes would contain a minimal number of
members capable of hybridizing efficiently to genetic material in the target organism
or to adapters, amplification primers, capture primers, enzyme recognition sequences,
or sequencing primers used in sample preparation, quality control steps, or
sequencing. In addition, an optimized barcode set would not include barcode
sequences containing large homopolymeric tracts (e.g. >5 identical bases in a row), G-
quadraplexes, or highly GC- or AT-rich sequences (e.g. GC-fraction should lie
between 30-70%). Because such an optimized barcode set cannot be generated by
random DNA synthesis, methods of highly parallel, sequence-specific DNA synthesis
can be used. Methods for highly parallel, maskless array synthesis such as those

commercialized by Nimblegen, are known in the art.

[0101] In addition, computer based methods can be used to design an optimized barcode set
in silico using software and design parameters as described herein. The optimized
barcode set may then be synthesized using methods described herein and/or known to

those of skill in the art.

[0102] As shown in Figure 1, cDNA with the unique barcode sequence is prepared for
amplification using methods known to those of skill in the art. Such methods include,
for example, circularization as described in W0O/2010/094040, single-stranded adapter
ligation as described in W0/2010/094040, hybridization of random primers as
described in U.S. 6,124,120, or double-stranded adapter ligation as described in U.S.

7,741,463 each of which are hereby incorporated by reference in their entireties.
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[0103] As shown in Figure 1, cDNA with the unique barcode sequences are amplified using
methods known to those of skill in the art. In certain aspects, amplification is
achieved using PCR. The term “polymerase chain reaction” (“PCR”) of Mullis (U.S.
Pat. Nos. 4,683,195, 4,683,202, and 4,965,188) refers to a method for increasing the
concentration of a segment of a target sequence in a mixture of nucleic acid sequences
without cloning or purification. This process for amplifying the target sequence
consists of introducing a large excess of two oligonucleotide primers to the nucleic
acid sequence mixture containing the desired target sequence, followed by a precise
sequence of thermal cycling in the presence of a polymerase (e.g., DNA polymerase).
The two primers are complementary to their respective strands of the double stranded
target sequence. To effect amplification, the mixture is denatured and the primers
then annealed to their complementary sequences within the target molecule.
Following annealing, the primers are extended with a polymerase so as to form a new
pair of complementary strands. The steps of denaturation, primer annealing, and
polymerase extension can be repeated many times (i.e., denaturation, annealing and
extension constitute one “cycle;” there can be numerous “cycles™) to obtain a high
concentration of an amplified segment of the desired target sequence. The length of
the amplified segment of the desired target sequence is determined by the relative
positions of the primers with respect to each other, and therefore, this length is a
controllable parameter. By virtue of the repeating aspect of the process, the method is
referred to as the “polymerase chain reaction” (hereinafter “PCR”). Because the
desired amplified segments of the target sequence become the predominant sequences

(in terms of concentration) in the mixture, they are said to be “PCR amplified.”

[0104] With PCR, it is possible to amplify a single copy of a specific target sequence in
genomic DNA to a level detectable by several different methodologies (e.g.,
hybridization with a labeled probe; incorporation of biotinylated primers followed by
avidin-enzyme conjugate detection; incorporation of **P-labeled deoxynucleotide
triphosphates, such as dCTP or dATP, into the amplified segment). In addition to
genomic DNA, any oligonucleotide or polynucleotide sequence can be amplified with
the appropriate set of primer molecules. In particular, the amplified segments created

by the PCR process itself are, themselves, efficient templates for subsequent PCR

40



WO 2012/129363 PCT/US2012/030039

amplifications. Methods and kits for performing PCR are well known in the art. PCR
is a reaction in which replicate copies are made of a target polynucleotide using a pair
of primers or a set of primers consisting of an upstream and a downstream primer, and
a catalyst of polymerization, such as a DNA polymerase, and typically a thermally-
stable polymerase enzyme. Methods for PCR are well known in the art, and taught, for
example in MacPherson et al. (1991) PCR 1: A Practical Approach (IRL Press at
Oxford University Press). All processes of producing replicate copies of a
polynucleotide, such as PCR or gene cloning, are collectively referred to herein as
replication. A primer can also be used as a probe in hybridization reactions, such as

Southern or Northern blot analyses.

[0105] The expression "amplification" or "amplifying" refers to a process by which extra or
multiple copies of a particular polynucleotide are formed. Amplification includes
methods such as PCR, ligation amplification (or ligase chain reaction, LCR) and
amplification methods. These methods are known and widely practiced in the art. See,
e.g., U.S. Patent Nos. 4,683,195 and 4,683,202 and Innis et al., "PCR protocols: a
guide to method and applications” Academic Press, Incorporated (1990) (for PCR);
and Wu et al. (1989) Genomics 4:560-569 (for LCR). In general, the PCR procedure
describes a method of gene amplification which is comprised of (i) sequence-specific
hybaridization of primers to specific genes within a DNA sample (or library), (ii)
subsequent amplification involving multiple rounds of annealing, elongation, and
denaturation using a DNA polymerase, and (iii) screening the PCR products for a
band of the correct size. The primers used are oligonucleotides of sufficient length and
appropriate sequence to provide initiation of polymerization, i.e. each primer is
specifically designed to be complementary to each strand of the genomic locus to be

amplified.

[0106] Reagents and hardware for conducting amplification reaction are commercially
available. Primers useful to amplify sequences from a particular gene region are
preferably complementary to, and hybridize specifically to sequences in the target

region or in its flanking regions and can he prepared using the polynucleotide
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sequences provided herein. Nucleic acid sequences generated by amplification can be

sequenced directly.

[0107] When hybridization occurs in an antiparallel configuration between two single-
stranded polynucleotides, the reaction is called "annealing" and those polynucleotides
are described as "complementary”. A double-stranded polynucleotide can be
complementary or homologous to another polynucleotide, if hybridization can occur
between one of the strands of the first polynucleotide and the second.
Complementarity or homology (the degree that one polynucleotide is complementary
with another) is quantifiable in terms of the proportion of bases in opposing strands
that are expected to form hydrogen bonding with each other, according to generally

accepted base-pairing rules.

[0108] The terms “reverse-transcriptase PCR” and “RT-PCR?” refer to a type of PCR where
the starting material is mRNA. The starting mRNA is enzymatically converted to
complementary DNA or “cDNA” using a reverse transcriptase enzyme. The cDNA is

then used as a template for a PCR reaction.

[0109] The terms “PCR product,” “PCR fragment,” and “amplification product” refer to the
resultant mixture of compounds after two or more cycles of the PCR steps of
denaturation, annealing and extension are complete. These terms encompass the case
where there has been amplification of one or more segments of one or more target

sequences.

[0110] The term “amplification reagents” refers to those reagents (deoxyribonucleotide
triphosphates, buffer, etc.), needed for amplification except for primers, nucleic acid
template, and the amplification enzyme. Typically, amplification reagents along with
other reaction components are placed and contained in a reaction vessel (test tube,
microwell, etc.). Amplification methods include PCR methods known to those of
skill in the art and also include rolling circle amplification (Blanco et al., J. Biol.
Chem., 264, 8935-8940, 1989), hyperbranched rolling circle amplification (Lizard et
al., Nat. Genetics, 19, 225-232, 1998), and loop-mediated isothermal amplification
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(Notomi et al., Nuc. Acids Res., 28, €63, 2000) each of which are hereby incorporated

by reference in their entireties.

[0111] The cDNA samples can be amplified by polymerase chain reaction (PCR) including
emulsion PCR and single primer PCR in the methods described herein. For example,
the cDNA samples can be amplified by single primer PCR. The CDS can comprise a
5" amplification primer sequence (APS), which subsequently allows the first strand of
cDNA to be amplified by PCR using a primer that is complementary to the 5' APS.
The TSO can also comprise a 5 APS, which can be at least 70% identical, at least
80% identical, at least 90% identical, at least 95% identical, or 70%, 80%, 90% or
100% identical to the 5' APS in the CDS. This means that the pooled cDNA samples
can be amplified by PCR using a single primer (i.e. by single primer PCR), which
exploits the PCR suppression effect to reduce the amplification of short contaminating
amplicons and primer-dimers (Dai et al., J Biotechnol 128(3):435-43 (2007)). As the
two ends of each amplicon are complementary, short amplicons will form stable
hairpins, which are poor templates for PCR. This reduces the amount of truncated
cDNA and improves the yield of longer cDNA molecules. The 5° APS can be
designed to facilitate downstream processing of the cDNA library. For example, if the
cDNA library is to be analyzed by a particular sequencing method, e.g. Applied
Biosystems® SOLiD sequencing technology, or Illumina’s Genome Analyzer, the 5’
APS can be designed to be identical to the primers used in these sequencing methods.
For example, the 5° APS can be identical to the SOLiD PI primer, and/or a SOLID P2
sequence inserted in the CDS, so that the PI and P2 sequences required for SOLIiD

sequencing are integral to the amplified library.

[0112] For emulsion PCR, an emulsion PCR reaction is created by vigorously shaking or
stirring a "water in oil" mix to generate millions of micron-sized aqueous
compartments. The DNA library is mixed in a limiting dilution either with the beads
prior to emulsification or directly into the emulsion mix. The combination of
compartment size and limiting dilution of beads and target molecules is used to
generate compartments containing, on average, just one DNA molecule and bead (at

the optimal dilution many compartments will have beads without any target) To
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[0113]

[0114]

facilitate amplification efficiency, both an upstream (low concentration, matches
primer sequence on bead) and downstream PCR primers (high concentration) are
included in the reaction mix. Depending on the size of the aqueous compartments
generated during the emulsification step, up to 3x10° individual PCR reactions per ul
can be conducted simultaneously in the same tube. Essentially each little compartment
in the emulsion forms a micro PCR reactor. The average size of a compartment in an
emulsion ranges from sub- micron in diameter to over a 100 microns, depending on

the emulsification conditions.

"Identity," "homology" or "similarity" are used interchangeably and refer to the
sequence similarity between two nucleic acid molecules. Identity can be determined
by comparing a position in each sequence which can be aligned for purposes of
comparison. When a position in the compared sequence is occupied by the same base
or amino acid, then the molecules are homologous at that position. A degree of
identity between sequences is a function of the number of matching or identical
positions shared by the sequences. An unrelated or non-homologous sequence shares
less than 40% identity, or alternatively less than 25% identity, with one of the

sequences of the present invention.

A polynucleotide has a certain percentage (for example, 60%, 65%, 70%, 75%, 80%,
85%, 90%, 95%, 98% or 99%) of "sequence identity" to another sequence means that,
when aligned, that percentage of bases are the same in comparing the two sequences.
This alignment and the percent sequence identity or homology can be determined
using software programs known in the art, for example those described in Ausubel et
al., Current Protocols in Molecular Biology, John Wiley & Sons, New York, N.Y.,
(1993). Preferably, default parameters are used for alignment. One alignment program
is BLAST, using default parameters. In particular, programs are BLASTN and
BLASTP, using the following default parameters: Genetic code = standard; filter =
none; strand = both; cutoff- 60; expect = 10; Matrix = BLOSUMG62; Descriptions = 50
sequences; sort by = HIGH SCORE; Databases = non-redundant, GenBank + EMBL
+ DDBJ + PDB + GenBank CDS translations + SwissProtein + SPupdate + PIR.
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Details of these programs can be found at the National Center for Biotechnology

Information.

[0115] As shown in Figure 1, the amplified cDNA is sequenced and analyzed using methods
known to those of skill in the art. In certain exemplary embodiments, RNA
expression profiles are determined using any sequencing methods known in the art.
Determination of the sequence of a nucleic acid sequence of interest can be performed
using a variety of sequencing methods known in the art including, but not limited to,
sequencing by hybridization (SBH), sequencing by ligation (SBL) (Shendure et al.
(2005) Science 309:1728), quantitative incremental fluorescent nucleotide addition
sequencing (QIFNAS), stepwise ligation and cleavage, fluorescence resonance energy
transfer (FRET), molecular beacons, TagMan reporter probe digestion,
pyrosequencing, fluorescent in situ sequencing (FISSEQ), FISSEQ beads (U.S. Pat.
No. 7,425,431), wobble sequencing (PCT/US05/27695), multiplex sequencing (U.S.
Serial No. 12/027,039, filed February 6, 2008; Porreca et al (2007) Nat. Methods
4:931), polymerized colony (POLONY) sequencing (U.S. Patent Nos. 6,432,360,
6,485,944 and 6,511,803, and PCT/US05/06425); nanogrid rolling circle sequencing
(ROLONY) (U.S. Serial No. 12/120,541, filed May 14, 2008), allele-specific oligo
ligation assays (e.g., oligo ligation assay (OLA), single template molecule OLA using
a ligated linear probe and a rolling circle amplification (RCA) readout, ligated padlock
probes, and/or single template molecule OLA using a ligated circular padlock probe
and a rolling circle amplification (RCA) readout) and the like. High-throughput
sequencing methods, e.g., using platforms such as Roche 454, Illumina Solexa, AB-
SOLiD, Helicos, Complete Genomics, Polonator platforms and the like, can also be
utilized. A variety of light-based sequencing technologies are known in the art
(Landegren et al. (1998) Genome Res. 8:769-76; Kwok (2000) Pharmacogenomics
1:95-100; and Shi (2001) Clin. Chem. 47:164-172).

[0116] The method of preparing a ¢cDNA library described herein can further comprise
processing the cDNA library to obtain a library suitable for sequencing. As used
herein, a library is suitable for sequencing when the complexity, size, purity or the like

of a ¢cDNA library is suitable for the desired screening method. In particular, the
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cDNA library can be processed to make the sample suitable for any high-throughout
screening methods, such as Applied Biosystems' SOLiD sequencing technology, or
Illumina's Genome Analyzer. As such, the cDNA library can be processed by
fragmenting the cDNA library (e.g. with DNase) to obtain a short- fragment 5 '-end
library. Adapters can be added to the cDNA, e.g. at one or both ends to facilitate
sequencing of the library. The cDNA library can be further amplified, e.g. by PCR, to

obtain a sufficient quantity of cDNA for sequencing.

[0117] Embodiments of the invention provide a cDNA library produced by any of the
methods described herein. This cDNA library can be sequenced to provide an analysis

of gene expression in single cells or in a plurality of single cells.

[0118] Embodiments of the invention also provide a method for analyzing gene expression in
a plurality of single cells, the method comprising the steps of preparing a cDNA
library using the method described herein and sequencing the cDNA library. A "gene"
refers to a polynucleotide containing at least one open reading frame (ORF) that is
capable of encoding a particular polypeptide or protein after being transcribed and
translated. Any of the polynucleotide sequences described herein can be used to
identify larger fragments or full- length coding sequences of the gene with which they
are associated. Methods of isolating larger fragment sequences are known to those of

skill in the art.

[0119] As used herein, "expression" refers to the process by which polynucleotides are
transcribed into mRNA and/or the process by which the transcribed mRNA is
subsequently being translated into peptides, polypeptides, or proteins. If the
polynucleotide is derived from genomic DNA, expression can include splicing of the

mRNA in an eukaryotic cell.

[0120] The cDNA library can be sequenced by any suitable screening method. In particular,
the cDNA library can be sequenced using a high-throughout screening method, such
as Applied Biosystems’ SOLiD sequencing technology, or Illumina's Genome

Analyzer. In one aspect of the invention, the cDNA library can be shotgun sequenced.
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[0121]

[0122]

[0123]

The number of reads can be at least 10,000, at least 1 million, at least 10 million, at
least 100 million, or at least 1000 million. In another aspect, the number of reads can
be from 10,000 to 100,000, or alternatively from 100,000 to 1 million, or alternatively
from 1 million to 10 million, or alternatively from 10 million to 100 million, or
alternatively from 100 million to 1000 million. A "read" is a length of continuous

nucleic acid sequence obtained by a sequencing reaction.

"Shotgun sequencing” refers to a method used to sequence very large amount of DNA
(such as the entire genome). In this method, the DNA to be sequenced is first shredded
into smaller fragments which can be sequenced individually. The sequences of these
fragments are then reassembled into their original order based on their overlapping
sequences, thus yielding a complete sequence. "Shredding" of the DNA can be done
using a number of difference techniques including restriction enzyme digestion or
mechanical shearing. Overlapping sequences are typically aligned by a computer
suitably programmed. Methods and programs for shotgun sequencing a cDNA library

are well known in the art.

The expression profiles described herein are useful in the field of predictive medicine
in which diagnostic assays, prognostic assays, pharmacogenomics, and monitoring
clinical trails are used for prognostic (predictive) purposes to thereby treat an
individual prophylactically. Accordingly, one aspect of the present invention relates
to diagnostic assays for determining the expression profile of nucleic acid sequences
(e.g., RNAs), in order to determine whether an individual is at risk of developing a
disorder and/or disease. Such assays can be used for prognostic or predictive purposes
to thereby prophylactically treat an individual prior to the onset of the disorder and/or
disease. Accordingly, in certain exemplary embodiments, methods of diagnosing
and/or prognosing one or more diseases and/or disorders using one or more of

expression profiling methods described herein are provided.

Yet another aspect of the invention pertains to monitoring the influence of agents
(e.g., drugs or other compounds administered either to inhibit or to treat or prevent a

disorder and/or disease) on the expression profile of nucleic acid sequences (e.g.,
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RNAS) in clinical trials. Accordingly, in certain exemplary embodiments, methods of
monitoring one or more diseases and/or disorders before, during and/or subsequent to
treatment with one or more agents using one or more of expression profiling methods

described herein are provided.

[0124] Monitoring the influence of agents (e.g., drug compounds) on the level of expression
of a marker of the invention can be applied not only in basic drug screening, but also
in clinical trials. For example, the effectiveness of an agent to affect an expression
profile can be monitored in clinical trials of subjects receiving treatment for a disease
and/or disorder associated with the expression profile. In certain exemplary
embodiments, the methods for monitoring the effectiveness of treatment of a subject
with an agent (e.g., an agonist, antagonist, peptidomimetic, protein, peptide, nucleic
acid, small molecule, or other drug candidate) comprising the steps of (i) obtaining a
pre-administration sample from a subject prior to administration of the agent; (ii)
detecting one or more expression profiled in the pre-administration sample; (iii)
obtaining one or more post-administration samples from the subject; (iv) detecting
one or more expression profiles in the post-administration samples; (v) comparing the
one or more expression profiled in the pre-administration sample with the one or more
expression profiles in the post-administration sample or samples; and (vi) altering the

administration of the agent to the subject accordingly.

[0125] As used herein, the term “biological sample” is intended to include, but is not limited
to, tissues, cells, biological fluids and isolates thereof, isolated from a subject, as well
as tissues, cells and fluids present within a subject. Many expression detection
methods use isolated RNA. Any RNA isolation technique that does not select against
the isolation of mRNA can be utilized for the purification of RNA from biological
samples (see, e.g., Ausubel et al., ed., Current Protocols in Molecular Biology, John
Wiley & Sons, New York 1987-1999). Additionally, large numbers of tissue samples
can readily be processed using techniques well known to those of skill in the art, such
as, for example, the single-step RNA isolation process of Chomczynski (1989, U.S.
Pat. No. 4,843,155).
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[0126] The expression profiling methods described herein allow the quantitation of gene
expression. Thus, not only tissue specificity, but also the level of expression of a
variety of genes in the tissue is ascertainable. Thus, genes can be grouped on the basis
of their tissue expression per se and level of expression in that tissue. This is useful,
for example, in ascertaining the relationship of gene expression between or among
tissues. Thus, one tissue can be perturbed and the effect on gene expression in a
second tissue can be determined. In this context, the effect of one cell type on another
cell type in response to a biological stimulus can be determined. Such a determination
is useful, for example, to know the effect of cell-cell interaction at the level of gene
expression. If an agent is administered therapeutically to treat one cell type but has an
undesirable effect on another cell type, the invention provides an assay to determine
the molecular basis of the undesirable effect and thus provides the opportunity to co-
administer a counteracting agent or otherwise treat the undesired effect. Similarly,
even within a single cell type, undesirable biological effects can be determined at the
molecular level. Thus, the effects of an agent on expression of other than the target

gene can be ascertained and counteracted.

[0127] In another embodiment, the time course of expression of one or more nucleic acid
sequences (e.g., genes, mRNAs and the like) in an expression profile can be
monitored. This can occur in various biological contexts, as disclosed herein, for
example development of a disease and/or disorder, progression of a disease and/or
disorder, and processes, such a cellular alterations associated with the disease and/or

disorder.

[0128] The expression profiling methods described herein are also useful for ascertaining the
effect of the expression of one or more nucleic acid sequences (e.g., genes, mRNAs
and the like) on the expression of other nucleic acid sequences (e.g., genes, mRNAs
and the like) in the same cell or in different cells. This provides, for example, for a
selection of alternate molecular targets for therapeutic intervention if the ultimate or

downstream target cannot be regulated.
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[0129] The expression profiling methods described herein are also useful for ascertaining
differential expression patterns of one or more nucleic acid sequences (e.g., genes,
mRNAs and the like) in normal and abnormal cells. This provides a battery of nucleic
acid sequences (e.g., genes, mRNAs and the like) that could serve as a molecular

target for diagnosis or therapeutic intervention.

[0130] In certain exemplary embodiments, electronic apparatus readable media comprising
one or more expression profiles described herein is provided. As used herein,
“electronic apparatus readable media” refers to any suitable medium for storing,
holding or containing data or information that can be read and accessed directly by an
electronic apparatus. Such media can include, but are not limited to: magnetic storage
media, such as floppy disks, hard disk storage medium, and magnetic tape; optical
storage media such as compact disc; electronic storage media such as RAM, ROM,
EPROM, EEPROM and the like; general hard disks and hybrids of these categories
such as magnetic/optical storage media. The medium is adapted or configured for

having recorded thereon one or more expression profiles described herein.

[0131] As used herein, the term “electronic apparatus™ is intended to include any suitable
computing or processing apparatus or other device configured or adapted for storing
data or information. Examples of electronic apparatuses suitable for use with the
present invention include stand-alone computing apparatus; networks, including a
local area network (LAN), a wide area network (WAN) Internet, Intranet, and
Extranet; electronic appliances such as a personal digital assistants (PDAs), cellular

phone, pager and the like; and local and distributed processing systems.

[0132] As used herein, “recorded” refers to a process for storing or encoding information on
the electronic apparatus readable medium. Those skilled in the art can readily adopt
any of the presently known methods for recording information on known media to

generate manufactures comprising one or more expression profiles described herein.

[0133] A variety of software programs and formats can be used to store the marker

information of the present invention on the electronic apparatus readable medium.
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For example, the marker nucleic acid sequence can be represented in a word
processing text file, formatted in commercially-available software such as
WordPerfect and Microsoft Word, or represented in the form of an ASCII file, stored
in a database application, such as DB2, Sybase, Oracle, or the like, as well as in other
forms. Any number of data processor structuring formats (e.g., text file or database)
may be employed in order to obtain or create a medium having recorded thereon one

or more expression profiles described herein.

[0134] By providing one or more expression profiles described herein in readable form, one
can routinely access the expression profile information for a variety of purposes. For
example, one skilled in the art can use the one or more expression profiles described
herein in readable form to compare a target expression profile with the one or more
expression profiles stored within the data storage means. Search means are used to

identify similarities and/or differences between two or more expression profiles.

[0135] Figure 10(A) depicts the general concept of digital counting by random labeling of all
target nucleic acid molecules in a sample with unique barcode sequences. Assume the
original sample contains two cDNA sequences, one with three copies and another with
two copies. An overwhelming number of unique barcode sequences are added to the
sample in excess, and five are randomly ligated to the cDNA molecules. Ideally, each
c¢DNA molecule in the sample receives a unique barcode sequence. After removing
the excess barcodes, the barcoded cDNA molecules are amplified by PCR. Because of
intrinsic noise and sequence-dependent bias, the barcoded cDNA molecules may be
amplified unevenly. Consequently, after the amplicons are sequenced, it may appear
that there are three copies of cDNATI for every four copies of cDNA2 based on the
relative number of reads for each sequence. However, the ratio in the original sample
was 3:2, which is accurately reflected in the relative number of unique barcodes
associated with each cDNA sequence. In the implementation of the method depicted
in Figure 10(A), it may be advantageous to randomly ligate both ends of each
phosphorylated ¢cDNA fragment to a barcoded phosphorylated Illumina Y-shaped
adapter as shown in Figure 10(B). Note that the single T and A overhangs present on

the barcodes and ¢cDNA, respectively, are to enhance ligation efficiency. After this
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step, the sample is amplified by PCR and prepared for sequencing using the standard
[llumina library protocol. For each amplicon, both barcode sequences and both strands
of the cDNA sequence are read using paired-end deep sequencing. According to one
aspect, the paired-end strategy, i.e. attaching a barcode to each end of the nucleic acid
in a sample, reduces the number of barcodes that must be designed and synthesized
while allowing conventional paired-end library protocols and providing long-range

sequence information that improves mapping accuracy.

[0136] It is to be understood that the embodiments of the present invention which have been
described are merely illustrative of some of the applications of the principles of the
present invention. Numerous modifications may be made by those skilled in the art
based upon the teachings presented herein without departing from the true spirit and
scope of the invention. The contents of all references, patents and published patent
applications cited throughout this application are hereby incorporated by reference in

their entirety for all purposes.

[0137] The following examples are set forth as being representative of the present invention.
These examples are not to be construed as limiting the scope of the invention as these
and other equivalent embodiments will be apparent in view of the present disclosure,

figures and accompanying claims.

EXAMPLE I
Single Cell RNA Quantification with Copy Number Barcodes

Cell Selection by Laser Dissection Microscopy

[0138] Prior to cell selection, the intracellular RNA is stabilized by adding 0.5 mL of
RNALater (Ambion) to every 0.1 mL of cell culture. A cell is then selected, cut from
a culture dish, and dispensed in a tube using a laser dissection microscope (LMD-
6500, Leica). The cells are plated onto a membrane-coated culture dish and observed
using bright field microscopy with a 10x objective (Leica). A UV laser is then used
to cut the membrane around an individually selected cell such that it falls into the cap

of a PCR tube containing 20 pL of buffer. The captured cell is then thermally lysed.
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Genomic DNA Removal

[0139] Genomic DNA can be removed from the sample by the addition of 1 pL of 0.1 U/uL
DNase I (New England BiolLabs) and incubation at 37 C for 15 minutes. The
reaction is the quenched by the addition of EDTA to a final concentration of 5 mM

and heat inactivation at 75 C for 10 minutes.

Reverse Transcription and Copy Number Barcoding using RNA Ligation with Linear
Amplification

[0140] To facilitate reverse transcription, a DNA oligonucleotide with the following

sequence is ligated to each RNA molecule in the sample:

[0141] 5'-P
GCAGATCGGAAGAGGCTCGTTGAGGGAACAGGTTCAGAGTTCTACAGT
CCGACGATCGGCNNNNNNNNNNNNNNNNNNNNTCCAACCGAAGAGCGG
TGCACCGTCCGAGTCGACGTCTGGATCCTGTTCTTTCTCAGGATCCAGAC
GTCGACTCGGACGGTGCACCGCTCTTCG-3' (SEQ ID NO:1)

[0142] This oligonucleotide includes a hairpin primer for reverse transcription, two PCR
adapters, the recognition sequence of a nicking enzyme, a sample barcode (for
massively parallel sequencing), and a 20-base copy number barcode, and the 5' end is
phosphorylated. The hairpin primer set is added to the single cell RNA sample to a
final concentration of 1 uM such that nearly every RNA molecule in the sample will
be conjugated to a different copy number barcode. The hairpin primers are ligated to

the RNA molecules using T4 RNA Ligase 1 under the following conditions:

1x T4 RNA Ligase 1 Reaction Buffer (New England Biolabs, Ipswich, MA)
0.7 units/uL. T4 RNA Ligase 1
10% (v/v) DMSO

[0143] The reaction mixture is incubated for 12 hours at 16 °C. Lambda Exonuclease and
Exonuclease I are then added to the sample at final concentrations of 1 unit/uL, and
the sample is incubated at 37 °C for one hour to digest excess hairpin primer. The

two exonucleases are then heat inactivated by incubation at 80 °C for 20 minutes.
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[0144] The hairpin primed RNA templates are then linearly amplified by the combination of
a reverse transcriptase with strand-displacement activity and a nicking enzyme. The
nicking enzyme cuts at a recognition sequence adjacent to the hairpin primer
whenever reverse transcriptase generates double-stranded DNA at the recognition
site. This cut site allows reverse transcriptase to copy the RNA template repeatedly,
removing the previously generated cDNA with its strand-displacement activity. To
accomplish this, MonsterScript (Epicentre) and Nt.BspQI (New England Biolabs) are
added to the sample at final concentrations of 0.5 units/ul. and 2 units/uL,
respectively, along with 0.2 mM dNTPs. The reaction mixture is then incubated for

one hour at 50 °C,

[0145] The linearly amplified ¢cDNA is then circularized using CircLigase II (Epicentre
Biotechnologies, Madison, WI). Manganous chloride, betaine, and CircLigase II are
added to the sample at final concentrations of 2.5 mM, 1 M, and 5 units/uL,

respectively. The new reaction mixture is then incubated for one hour at 60 °C.

Sequencing Library Preparation and Massively Parallel Sequencing

[0146] Using the two adapters included in each cDNA molecule, the cDNA is amplified by
PCR. This is accomplished using the manufacturer’s instructions for library
preparation and varies slightly for different massively parallel sequencing platforms
(e.g., Roche/454 Life Sciences, SOLID by Life Technologies, HiSeq 2000 or
Genome Analyzer by Illumina). In this particular example, Illumina adapter
sequences are included in the cDNA library such that the circularized templates can
be amplified using the standard Illumina library preparation kit (e.g. TruSeq) and
sequenced on a HiSeq 2000.

EXAMPLE II
DNA Quantification Using Copy Number Barcodes

[0147] Eight DNA template oligos (135 bases) were purchased from Integrated DNA

Technologies along with two primers:
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[0148] Template A: 5'-
ACAGGTTCAGAGTTCTACAGTCCGACGATCAGCTNNNNNNNN
NNNNNNNNTGGTGGAGCTGGCGGGAGTTGAACCCGCGTCCGAAATTCCT
ACATCCTCGGTACTACATGGCCGTCGTATGCCGTCTTCTGCTTG-3' (SEQ ID
NO:2)

[0149] Template B: 5'-ACAGGTTCAGAGTTCTACAGTCCGACGATCAGCTNNNNNN
NNNNNNNNNNTCGGGCCGGGGGTTGGGCCAGGCTCTGAGGTGTGGGGGA
TTCCCCCATGCCCCCCGCCGTGCCGTCGTATGCCGTCTTCTGCTTG-3' (SEQ
ID NO:3)

[0150] Template C: 5'-ACAGGTTCAGAGTTCTACAGTCCGACGATCAGCTNNNNNN
NNNNNNNNNNTTATAAATACCGGCCCCGGCGGAAAACCAAGACGCTCAT
GAAGAAGGATAAGTACACGCTGCCGTCGTATGCCGTCTTCTGCTTG-3'
(SEQ ID NO:4)

[0151] Template D: 5-ACAGGTTCAGAGTTCTACAGTCCGACGATCAGCTNNNNNN
NNNNNNNNNNCGCCGCGGGGTGCACCGTCCGGACCCTGTTTTCAGGGTC
CGGACGGTGCACCCCGCGGCGGCCGTCGTATGCCGTCTTCTGCTTG-3!
(SEQ ID NO:5)

[0152] Template E: 5°-~ACAGGTTCAGAGTTCTACAGTCCGACGATCAGCTNNNNNN
NNNNNNNNNNCAAGCAGAAGACGGCTCCGGGACCGTCCGGACCCTGTTT
TCAGGGTCCGGACGGTCCCGGGCCGTCGTATGCCGTCTTCTGCTTG-3’
(SEQ ID NO:6)

[0153] Template F: 5-ACAGGTTCAGAGTTCTACAGTCCGACGATCAGCTNNNNNN
NNNNNNNNNNGTTGCAGAAGACGGCTCCGGGACCGTCCGGACCCTGTTT
TCAGGGTCCGGACGGTCCCGGGCCGTCGTATGCCGTCTTCTGCTTG-3!
(SEQ ID NO:7)

[0154] Template G: 5’-ACAGGTTCAGAGTTCTACAGTCCGACGATCAGCTNNNNN
NNNNNNNNNNNCGCCGCGGTGCACCTTTTGGTGCACCGCGGCGCCCGCG
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TCCGAAATTCCTACATCCTCGGGCCGTCGTATGCCGTCTTCTGCTTG-3'
(SEQ ID NO:8)

[0155] Template H: 5-ACAGGTTCAGAGTTCTACAGTCCGACGATCAGCTNNNNN
NNNNNNNNNNNGTGAGAGAGTGAGCGAGACAGAAAGAGAGAGAAGTGC
ACCAGCGAGCCGGGGCAGGAAGAGCCGTCGTATGCCGTCTTCTGCTTG-3'
(SEQ ID NO:9)

[0156] Primer 1:

5'-AATGATACGGCGACCACCGACAGGTTCAGAGTTCTACAGTCCGA-3'
(SEQ ID NO:10)

[0157] Primer 2:

5'-CAAGCAGAAGACGGCATACGACGGC-3' (SEQ ID NO:11)

[0158] “N” designates a random base. The 3' and 5' ends of each template are
complementary to Primer 1 and the complement of Primer 2, respectively. Each of
the eight DNA oligos includes 16 random bases which serve as a copy number
barcode. The templates are diluted identically in two different tubes containing a

PCR Master Mix such that the average copy number of each template is as follows:

Templates A-D: 1 copy per tube
Template E: 10 copies per tube
Template F: 100 copies per tube
Template G: 10,000 copies per tube
Template H: 1,000,000 copies per tube.

[0159] The PCR Master Mix consists of:

0.5 uM Primer 1
0.5 uM Primer 2
0.2 mM dNTPs (New England Biolabs, Ipswich, MA)
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1x Phusion HF Buffer (New England Biolabs)
0.02 units/uL. Phusion DNA Polymerase (New England Biolabs)
at a final volume of 50 pL.

[0160] The two PCR samples are then thermocycled as follows:

1) 98 C for 30 s

2) 98 Cfor 10s

3) 60 C for 30 s

4) 72 C for 30 s

5) Repeat steps 2-4 19 times.
6) 72 C for 10 minutes.

[0161] The two PCR samples are combined with 20 pl. of ExoSAP-IT PCR Product
Cleanup mixture (USB) and incubated for 15 minutes at 37 C followed by heat
inactivation for 15 minutes at 80 C. Each of the two samples is then sequenced in
one lane of a HiSeq 2000 (Illumina) sequencer according to the manufacturer’s
instructions resulting in approximately 10° reads per sample. For each template
sequence, the number of different copy number barcode sequences is counted to

determine the copy number of the template sequence in the original sample.

EXAMPLE IIT

Generation of a Genomic Primer Pool with Copv Number Barcodes

[0162] Genomic DNA is fragmented using Fragmentase (New England Biolabs) by
combining 5 pg of purified genomic DNA (Figure 4B), 10 uL of NEBNext dsDNA
Fragmentase, 1x NEBNext dsDNA Fragmentation Reaction Buffer (New England
Biolabs), and 0.1 mg/mL BSA in a final volume of 100 uL.. The reaction mixture is
then incubated at 37 C for 30 minutes, quenched by the addition of 100 mM EDTA,
purified on a DNA purification column (Zymo Research), and eluted in a final
volume of 35 uL.. Figure 4B depicts an electrophoretic gel in which samples taken
from different time points in the Fragmentase reaction were run in different lanes of
the gel. The first and second lanes contain standard DNA ladder sequences, and the
third, fourth, and fifth lanes contain samples taken 20 minutes, 30 minutes, and 40
minutes from the initiation of DNA fragmentation, respectively. The gel shows that

the average DNA length in the sample decreases as the reaction progresses.
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[0163] Fragment end repair is accomplished using the NEBNext End Repair Enzyme Mix
from New England Biolabs. The entire 35 pL of purified DNA fragments from the
previous step are combined with 5 pul. of NEBNext End Repair Enzyme Mix, 1x
NEBNext End Repair Reaction Buffer, and E. coli Ligase (New England Biolabs) at
0.1 units/pL in a final volume of 100 pl.. The reaction mixture is then incubated for
30 minutes at 20 C followed by purification with a DNA purification column (Zymo
Research) and elution into a final volume of 42 pl.. Deoxyadenosine tails (dA-tails)
are then added to the purified, end-repaired DNA by combining all 42 pL of purified
DNA with 1x NEBNext dA-Tailing Reaction Buffer and 3 pl. Klenow fragment
exo- (New England Biolabs) in a final volume of 50 pl. This reaction mixture is
then incubated for 30 minutes at 37 C followed by purification with a DNA

purification column (Zymo Research) and elution into a final volume of 8 pL.

[0164] Figure 4A shows a schematic of a DNA fragment after adapter ligation. Two PCR
adapter oligonucleotides are ligated to the 5’-end and 3’-end of each DNA fragment
in the sample. As shown in Figure 4A, the two PCR adapters are not only
complementary to a éet of PCR primers, they also contain a recognition sequence for
Mmel, a restriction enzyme whose cut site is ~20 bases away from the recognition
sequence. Oligonucleotides that include PCR adapters at their 5' end and a
recognition site for the restriction enzyme Mmel at their 3° end are ligated onto the
purified, dA-tailed genomic DNA fragments using Quick Ligase (New England
Biolabs). This is accomplished by combining all 8 uL. of purified DNA from the
previous step with the oligonucleotides at a final concentration of 2 uM, 5 uL of
Quick T4 DNA Ligase, and 1x Quick Ligation Reaction Buffer in a final volume of
50 pL. This reaction mixture is then incubated for 15 minutes at 20 C and loaded
onto a 1.5% agarose gel which is run at 120 V for 50 minutes. The gel is stained
with SybrSafe (Invitrogen), and the band that appears on the gel between 300 and
400 bp is then cut and the DNA is isolated from the gel using a gel purification kit

(Qiagen) according to the manufacturer’s instructions.

[0165] Following adapter ligation, the genomic fragments are amplified with PCR. The

PCR primers used in this amplification step include copy number barcodes on their
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5’ ends so that the final amplicons are randomly or pseudo-randomly barcoded. In
addition, the PCR primers can be biotinylated to facilitate isolation of the genomic
primer pool in the final step of this protocol. For PCR, the purified, adapter-ligated
genomic fragments are diluted to a final concentration of 100 fM and combined with
0.5 uL of Phusion DNA polymerase (New England Biolabs), 1x Phusion High
Fidelity Buffer (New England Biolabs), 0.2 mM dNTPs, and 2 uM primers in a final

volume of 50 pul.. The PCR mixture is then thermocycled as follows:

1) 98 Cfor 30 s

2) 98 Cfor5s

3) 68 Cfor 15 s

4) 72 Cfor 10 s

5) Repeat steps 2-4 24 times.
6) 72 C for 10 minutes.

[0166] The resulting PCR amplicons are then purified with a DNA purification column
(Zymo Research).

[0167] Figure 4C depicts an electrophoretic gel with lanes corresponding to samples in
which different restriction enzymes were used to generate genomic primers. The
first, second, and third lanes contain digestion products for BpuE1, Bpml, and Mmel,
respectively. In each case, the lowest band corresponds to the digestion product
which can be used as a pool of genomic primers. In order to isolate the genomic
primer pool, the PCR amplicons are cut using Mmel, a restriction enzyme that cuts
the double-stranded amplicons 20 bases from its recognition site, as shown in Figure
4C. The recognition site for Mmel was included in the oligonucleotides that were
ligated to the genomic fragments such that digestion by Mmel will result in
fragments that include a copy number barcode, a PCR adapter, a single-A base, and
19 bases of the genomic fragment. The restriction digest mixture includes 9 pL. of
purified PCR product, 1x NEB Buffer 4, 0.2 units/uL. Mmel (New England Biolabs),
and 50 uM S-adenosylmethionine in a final volume of 20 puL. The reaction mixture
is incubated at 37 C for one hour followed by purification of single stranded
fragments using streptavidin-coated magnetic beads according to the manufacturer’s

instructions for Roche/454 library preparation.
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EXAMPLE IV
DNA Counting with a Copvy Number Barcode using Sanger Sequencing

[0168] A series of DNA templates that either contained or did not contain a copy number
barcode were amplified in a single tube by PCR with a common set of primers. This
was accomplished by combining 1x Taq Master Mix (New England Biolabs), 0.5 uM
of each PCR primer, and 10 fM of each DNA template in a final volume of 20 uL.

The reaction mixture was thermocycled under the following conditions:

1) 94 C for 10 min

2) 94 C for 30 s

3) 58 Cfor30s

4) 72 Cfor4ds

5) Repeat steps 2-4 29 times.
6) 72 C for 10 minutes.

[0169] The two DNA templates and PCR primers had the following sequences:

[0170] Template 1 (with copy number barcode):
5'-
CCCTACACGACGCTCTTCCGATCTNNNNNNAATGATACGGCGACCACCGA
G ATCTACACT-3' (SEQ ID NO:12)

[0171] Template 2 (without copy number barcode):

5'-CCCTACACGACGCTCTTCCGATCTAGCTCAAATGATACGGCGACCACCG
AGATCTACACT-3' (SEQ ID NO:13)

[0172] PCR Primer 1: 5'-AGTGTAGATCTCGGTGGTCGCCG-3' (SEQ ID NO:14)
[0173] PCR Primer 2: 5'-CCCTACACGACGCTCTTCCGATC-3' (SEQ ID NO:15)

[0174] The amplicons were then cloned using a TA cloning kit (Invitrogen) and sent out for

Sanger sequencing (Genewiz). As shown in Figure 5, variant sequenced at the copy
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number barcode site were only found when the DNA template and copy number

barcode were used, showing that there are at least seven DNA copies in the sample.

EXAMPLE V
Copy Number Barcode Incorporation and RNA Counting

[0175] Reverse transcription was performed using DNA primers that either contained or did
not contain a copy number barcode just as in the two cases shown in Figure 6. In this
example, there are two copies of RNA in the original solution. As a first step, reverse
transcription is performed by using DNA primer without (above) and with (bottom)
CNB (6 bases in Figure 6). The CNB is actually a random nucleotide sequence which
can be sequenced. The cDNA generated by reverse transcription is amplified and
sequenced. By counting the CNBs, one can learn how many copies of RNA were in
the original solution. This technique can be applied to a mixture of multiple RNA

sequences in a single tube.

[0176] RNA was first obtained using an in vitro transcription kit (Ambion) to extract RNA

from the $X 174 viral genome with the following sequence:

5
AATCGCGTAGAGGCTTTGCTATTCAGCGTTTGATGAATGCAATGCGACAG
GCTCATGCTGATGGTTGGTTTATCGTTTITGACACTCTCACGTTGGCTGAC
GACCGATTAGAGGCGTTTTATGATAATCCCAATGCTTTGCGTGACTATTTT
CGTGATATTGGTCGTATGGTTCTTGCTG-3' (SEQ ID NO:25)

[0177] The reverse transcription primer that includes a copy number barcode has the

following sequence:

5
GAATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC
T TCCGATCTNNNNNNCGGTCGTCAGCCAACGTGAGAGTG-3' (SEQ ID
NO:26)
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[0178] This primer is phosphorylated on its 5' end. The sequence of the reverse transcription

primer that does not include a copy number barcode is as follows:

[0179] 5'-GAATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCTAGCTGTCGGTCGTCAGCCAACGTGAGAGTG-3' (SEQ ID NO:27)

[0180] The primers at a final concentration of 2.2 UM were first annealed to the RNA
sample at a final concentration of 2.1 uM in a total volume of 4.5 pL by heating the
sample to 90 C and cooling gradually to 25 C, pausing every 5 C for one minute.
The RNA sample was then reverse transcribed by combining 1x First-Strand Buffer
(Invitrogen), 5 mM DTT, 0.5 mM dNTPs, and SuperScript III (Invitrogen, Carlsbad,
CA) at a final concentration of 20 units/puL. The reaction mixture was then incubated
at 37 C for 30 minutes. The sample was then treated with Exonuclease I (New
England Biolabs) at a final concentration of 2 units/uL. and incubated for 60 minutes
at 37 C. The exonuclease was then inactivated by adding EDTA to a final
concentration of 7.7 mM and incubating at 80 C for 25 minutes. The RNA was then
digested by combining RNase H (Invitrogen) at 0.06 units/ul, RNase A (Qiagen) at
0.28 mg/mL, and 5.6 mM magnesium chloride. The reaction mixture was incubated
for 30 minutes at 37 C followed by purification with a PuriZymo column (Zymo
Research Corporation, Irvine, CA) and elution into a final volume of 6 pL.. The final

concentration of cDNA was found to be 1.6 uM,

[0181] The purified cDNA was circularized by combining 0.4 uM ¢DNA with 2.5 mM
manganous chloride, 1 M betaine, 1x CIRCLIGASE™ 1II Reaction Buffer
(Epicentre), and 0.1 uM CIRCLIGASE™ II (Epicentre). The reaction mixture was
incubated for 1.5 hours at 60 C followed by heat inactivation for 10 minutes at 80 C.
Any remaining linear DNA was then removed by the addition of Exonuclease I at a
final concentration of 0.5 units/uL and incubation at 37 C for 30 minutes followed by

heat inactivation for 20 minutes at 80 C.

[0182] The cDNAs were then amplified by PCR using two primers:
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[0183] 5S-"AGTGTAGATCTCGGTGGTCGCCG-3' (SEQ ID NO:28)

[0184] 5-CCCTACACGACGCTCTTCCGATC-3' (SEQ ID NO:29)

[0185] By combining the cDNA with primers at 0.5 uM, dNTPs at 0.2 mM, 1x Phusion
High Fidelity Buffer (New England Biolabs), and 0.5 pL of Phusion DNA
polymerase (New England Biolabs) in a final volume of 20 uL.. The reaction mixture

was thermocycled under the following conditions:

1) 98 C for 30 s

2) 98 Cfor 10 s

3) 58 Cfor 15 s

4) 72 Cfor35s

5) Repeat steps 2-4 29 times.
6) 72 C for 8 minutes.

[0186] The PCR product was gel purified on a 1.5% agarose gel run at 120 V for 30 minutes
followed by purification with a DNA purification column (Zymo Research
Corporation). The purified PCR product was then cloned using a TA Cloning Kit
(Invitrogen) and sent out for Sanger sequencing (Genewiz, South Plainfield, NJ).
Just as in the case of DNA counting, variant sequences at the copy number barcode
site were found only when the DNA primer containing the copy number barcode was
used, showing that there are at least eight different RNA copies in the original

sample. See Figure 7.

EXAMPLE VI
Investigation of PCR Bias using gPCR

[0187] The amplification bias associated with three DNA oligos was investigated using
quantitative PCR (qPCR). The sequences of the three DNA templates were as

follows:

Template A (SEQ ID NO:2)

ACAGGTTCAGAGTTCTACAGTCCGACGATCAGCTNNNNNNNNNNN
NNNNNTGGTGGAGCTGGCGGGAGTTGAACCCGCGTCCGAAATTCC
TACATCCTCGGTACTACATGGCCGTCGTATGCCGTCTTCTGCTTG
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Template I (SEQ ID NO:30)

ACAGGTTCAGAGTTCTACAGTCCGACGATCNNNNNNNNNNNNNNN
NCCGGGACCGTCCGAGCTTCGGATACCTAGACAAGCAGAAGACGG
CTGACCCTGTTTTCAGGGTCGCCGTCGTATGCCGTCTTCTGCTTG

Template J (SEQ ID NO:31)

ACAGGTTCAGAGTTCTACAGTCCGACGATCNNNNNNNNNNNNNNN
NCGTAGTACCGTCCGGACCCTGTTTTCAGGGTCCGGACGGGCACAG
ATTAGCACCCTATCGACGAGCCGTCGTATGCCGTCTTCTGCTTG

[0188] The amplification efficiency of the three DNA templates was measured using qPCR.
Primer 1 (SEQ ID NO:10) and Primer 2 (SEQ ID NO:11) were added to 1x Fast
SYBR Green Master Mix (Applied Biosystems) to a final concentration of 0.5 pM.
One of the three DNA template samples was then added to the PCR reaction mixture
to one of four final concentrations (0.1 pM, 1 pM, 10 pM, or 100 pM).
Amplification efficiencies were obtained for each reaction mixtures using a Fast
Real-Time PCR 7500 System (Applied Biosystems) under the following

thermocycling conditions:

1) 98 Cfor 20 s

2) 98 Cfor3s

3) 60 C for 30 s

4) Repeat steps 2-3 59 times

The resultant amplification efficiencies are shown in Figure 9.

EXAMPLE VII

Generation and Optimization of Barcodes

[0189] A set of 2,358 random 20-base optimized barcodes having a distance of nine was
prepared using a computer such that even if a barcode accumulated nine mutations, it
would not take the sequence of any other generated barcode sequences. Suitable
software programs are commercially available that can be used to generate optimized
barcode sequences inm silico such as Python version 3.2.1 (world wide web

python.org) and gcc compiler for C version 4.1.2 (world wide web gcc.gnu.org)
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which were used for the generation and filtering of the barcode candidates described

below.

[0190] A first barcode candidate containing 20 nucleotides was randomly generated in
silico. Then, a second 20 nucleotide potential barcode candidate was randomly
generated in silico and the number of sequence mismatches required to regenerate the
first barcode candidate from the potential candidate (threshold value) was
determined. If the threshold value is greater than 9 (i.e., the distance), the potential
candidate is kept and added to the set of final barcode candidates; if not, the potential
candidate is discarded and new potential candidates are generated randomly until the
threshold value between the new potential candidate and the first barcode candidate
is greater than 9; this new potential barcode candidate is then kept and added to the
set of final barcode candidates. Subsequent sequences are then generated randomly
and compared to all previously kept barcode candidates and discarded if allowing 9
or fewer sequence mismatches will allow the new potential barcode candidate to
exactly take on the sequence of any previously kept barcode candidate. This process
was repeated until we achieved a set of 2,358 final barcode candidates. It is to be
understood that one can use this procedure on barcode candidates of any length or
multiple lengths and with any threshold value criterion. Running this procedure
multiple times should not result in the exact same set of barcode candidate sequences

between runs.

[0191] One is also able to systematically generate barcode candidates by using the
Hadamard Code as described in Bose RC, Shrikhande SS (1959) A note on a result in
the theory of code construction. Information and Control 2:183-194 hereby
incorporated by reference herein in its entirety, which allows generation of a set
number of barcode candidates each a set, specific threshold value (number of allowed
sequence mismatches required for a barcode candidate to exactly match the sequence
of another barcode candidate) apart from all other barcode candidates. However, this

technique is limited in that it requires that the length of the barcode be a power of 2.
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[0192] Barcode candidates containing homopolymers longer than four bases or GC-content
less than 40% or greater than 60% were discarded. Barcode candidates were also
discarded if each exceeded a certain degree of complementarity or sequence identity
(total matches and maximum consecutive matches) with (1) the Illumina paired-end
sequencing primers described in Bentley, Nature 456:53-59 (2008) hereby
incorporated by reference in its entirety, (2) the Illumina PCR primers PE 1.0 and
2.0, (3) the 3’ end of the Illumina PCR primers PE 1.0 and 2.0, (4) the whole E. coli
genome [K-12 MG1655 strain (U00096.2)], and (5) all other generated barcode
candidates. Any barcode candidate for which an indel mutation would place it within
five point mutations of another barcode candidate was also discarded. The final
population consisted of 150 barcodes the sequences of which were identified, of
which 145 were randomly chosen and used. It is to be understood that the present
disclosure is not limited to specific sequences of barcodes within a set as the design
of each set is likely to vary depending on the criteria used to identify barcodes and

the methods to create them in silico.

[0193] Specifically, each of the 2,358 barcodes was analyzed for sequence characteristics

that would contribute to either amplification or sequencing errors as follows.

[0194] Initial Filtering. All barcodes with less than 40% or greater than 60% GC content or
containing homopolymers greater than length four were deleted. All barcode
sequences were compared to the PE 1.0 and 2.0 [llumina PCR primer sequences and
discarded if there were more than 10 total base matches or more than five
consecutive base matches in any possible alignment with either primer sequence
(sense and antisense). Each barcode was compared to the final four, five, and six
bases closest to the 3’ end of the PCR primer sequence (sense and antisense),
respectively. The final six bases for both the PE 1.0 and PE 2.0 are identical. If any
of these regions contained more than three consecutive base matches with a given
barcode in any possible alignment, that barcode was discarded. All barcode
sequences were compared to all other barcode sequences (including cases of offset
sequences), and a barcode was discarded if there were more than 15 total base

matches or 10 consecutive base matches to any other barcode sequence (sense and
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antisense) in any possible alignment. The total number of hydrogen bonds in the
longest consecutive matching region of each barcode to any other barcode sequence
was calculated, and barcodes with greater than 26 total hydrogen bonds in that region
were discarded. Each barcode was aligned with the entire E. coli genome (sense and
antisense). If at any position in the genome a barcode contained more than 16 total
matching bases, 12 consecutive matching bases, or 32 hydrogen bonds present in any
given consecutively matching region, that barcode was discarded. Finally, all
possible indels were generated for each barcode and the resulting sequence was
compared to each original barcode sequence. If the resulting indel sequence could
incur less than five point mutations and result in the exact sequence of any barcode,

the barcode sequence that generated the given indel was deleted.

[0195] Score Filtering. In addition to the thresholds described above for characterizing an
optimized barcode set, a more in-depth analysis of barcode-barcode and barcode-E.
coli genome hybridization was performed particularly regarding barcode
hybridization melting temperatures with respect to PCR amplification. Although for
a given barcode sequence, when comparing complementarity to a large set of
reference sequences through sequence alignment there will be an alignment condition
which results in a region in the barcode sequence where the absolute maximum
number of consecutive base matches is achieved (as described above); there are other
possible conditions when a barcode contains a region where the number of
consecutive bases in the region of maximum consecutive base matches does not
reach the absolute maximum value as described above. This value for any given
region is referred to as the score. When comparing a barcode to the sense and
antisense sequences of all other barcodes, all alignment conditions were determined
in the cases where the score of the region that contained the highest number of
consecutive base matches (first score) were 10, nine, eight, and seven bases,
respectively. For each of these four first scores, the condition where the maximum
score of the region where the secohd—highest number of consecutive base matches
(second score) occurred was determined. For example, a condition where the first
score is 10 and the second score is three is denoted as 10-3 and this condition is

defined as the duplex. If the sum of the first score and the second score compared to
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all other barcode sequences for any barcode was greater than 12, that barcode was
discarded. If the distance between these two regions (maximum and second-most
consecutive matches) was one base, and the sum of the first score and the second
score was greater than 11, the barcode was discarded. The maximum value of the
number of consecutive base matches for a region under all alignment conditions that
contained the third-highest number consecutive base matches (third score) was also
determined for all barcodes. Given the maximum third score, the respective
maximum first score was determined; the maximum second score given both of these
conditions was also determined. This condition is defined as the triplex and denoted,
for example, as 7-4-3. Barcodes with the following triplexes were manually deleted:
7-3-3, 6-5-4, 6-5-3, 6-4-4, 5-5-4, and 5-4-4. Barcodes with a triplex of 6-4-3 were
deleted where both the distances between adjacent regions corresponding to the

scores was one base,

[0196] The same analysis was done for all barcodes aligned against the entire . coli genome
(sense and antisense). Barcodes with a first score and second score sum of greater
than 15 were discarded. Barcodes where the first score region and the second score
region were separated by one nucleotide and had a first score and second score sum
of more than 14 were discarded as well. Barcodes with the following triplexes were
deleted: 8-4-4, 7-5-4, 6-6-4, 6-5-5, and 5-5-5. After filtering, a total of 150 barcodes

remained.

EXAMPLE VIII
In-Depth Design and Preparation of Adapter

[0197] Adapter Design. To avoid sequencing errors resulting from cluster overlap (i.e. low
sequence complexity) and to reduce potential ligation bias, an additional two to five
base extension—CT, ACT, GACT, or TGACT—was added to the 3’-end of each
barcode. These sequences mimic the T-overhang in the conventional Illumina
paired-end adapter and conserve the sequence of the last two bases. For each of the
150 final barcodes, these four different adapter extensions were attached to the 3 end
of the barcode. The same values as used in the initial filtering step (see above) were

obtained for each of the four adapter candidates for all 150 barcodes. The following
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four parameters of analysis were determined: PCR primer matching (PC), 3’ end of
PCR primer matching (TP), barcode-barcode matching (BB), and barcode-E.coli
genome matching (EC) and calculated the complementarity score of each category
for all barcode-adapter candidates as follows: PC = {Sum of [maximum total base
matches to the PE 1.0 and PE 2.0 PCR primers (sense and antisense for a total of four
terms)]} + 2-{Sum of [maximum consecutive base matches to the PE 1.0 and PE 2.0
PCR primers (sense and antisense for a total of four terms)]’}; TP = {Sum of
[maximum total base matches to the final four bases of the PCR primer sequence
(sense and antisense for a total of two terms)]z} + 1.5-{Sum of [maximum total base
matches to the final five bases of the PCR primer sequence (sense and antisense for a
total of two terms)]°’} + 2-{Sum of [maximum total base matches to the final six
bases of the PCR primer sequence (sense and antisense for a total of two terms)]*};
BB = {Sum of [maximum total base matches to all other barcode candidates (sense
and antisense for a total of two terms)]*} + 2-{Sum of [maximum consecutive base
matches to all other barcode candidates (sense and antisense for a total of two
terms)]’}; EC = Maximum total base matches to entire E. coli genome (sense only)

+2- [maximum consecutive base matches to the entire E. coli genome (sense only)]°.

[0198] The total complementarity score (T'C) for each barcode candidate was calculated as
follows: TC =3-PC + 15-TP + BB + EC. The TC value gives a metric to determine
the expected efficacy of each barcode candidate during PCR amplification. A low TC
represents a lower chance of amplification errors caused by unwanted hybridization
between barcodes and adapters, primers, or the sample. For each barcode, the
barcode-adapter candidate was selected that had either the lowest or second lowest
TC among the four. This resulted in 150 final barcode-adapter sequences, of which
145 were randomly chosen and used. 37 CT extensions and 36 of each of the other
three extensions were used. Adapters were then designed in the same Y-shaped
construct as the conventional Illumina paired-end adapter with a 22 to 25 base-pair
extension that contained the barcode and a T-overhang (Fig. 10B). Both strands (A
and B) of the adapter were ordered from Integrated DNA Technologies (IDT).
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[0199] Adapter Generation. The 5’-end of strand B was phosphorylated in T4 DNA Ligase

[0200]

Reaction Buffer (New England Biolabs, (NEB)) containing 40 uM strand B and 20 U
T4 polynucleotide kinase (NEB) at 37 °C for 60 min in 20 pL, followed by a 25
minute incubation at 70 °C, and a 5 minute incubation at 90 °C for enzyme
inactivation. The phosphorylated strand B was annealed to each respective strand A
in NEB Buffer 2 (NEB). Each solution contained 20 uM strand A and 20 pM strand
B in a total volume of 20 pL. The solutions were first raised to 90 °C and cooled to
25 °C at a rate of 5 °C /minute (Annealing Temperature Condition). Finally, equal

volumes of all 145 annealed adapters were mixed.

EXAMPLE IX

Design and Preparation of Spike-in and Normalization DNA

15,000 random 30 base-pair sequences were generated such that even if a sequence
accumulated 15 mutations, it would still be identifiable and distinguishable from all
other generated sequences. Spike-in and normalization candidates with a maximum
homopolymer length of greater than 3, or a GC-content less than 11 or greater than
19 were discarded. Spike-in and normalization candidates were also discarded if
they exceeded a certain degree of complementarity or sequence identity (total
matches and maximum consecutive matches) with (1) the Illumina paired-end
sequencing primers, (2) the 3’-end of the sequencing primers, (3) the whole E. coli
genome [K-12 MGI1655 strain (U00096.2)], and (4) all other generated spike-in
candidates in the same fashion as barcode design. The final population consisted of
40 spike-in and normalization DNA candidates, of which three were chosen at
random seven times (without replacement) and concatenated, with one deletion at the
60™ base of strand A (corresponding to the 31* base of strand B) and an addition of a
single A to the end of the sequence to form seven 90-base spike-in DNA sequences
and one normalization DNA sequence. Both strands of 5’-end phosphorylated DNA
oligos were ordered from IDT and were annealed in 0.3x NEB Buffer 2 (NEB) with
50 uM of each strand using the Annealing Temperature Gradient. All seven spike-in
sequences were ligated to the barcoded adapter mixture in NEBNext Quick Ligation
Reaction Buffer (NEB) with 6.7 uM annealed spike-in, 6.7 pM barcoded adapter, and
6 uM Quick Ligase (NEB) by incubating at 25 °C for 30 min. The product was run
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on a 5% polyacrylamide gel (Bio-Rad), and the targeted band (at ~270 bp) was
removed from the gel.  The gel slice was cut into small pieces and the embedded
DNA was extracted into diffusion buffer (10 mM Tris-Cl pH 8.0, 50 mM NacCl, 0.1
mM EDTA) by overnight incubation at room temperature. Then, the extracted spike-
ins were purified on a column (Zymo Research). Sequence analysis (GeneWiz)
confirmed that the band contained the expected ligation product. The concentration
of each spike-in was estimated by qPCR (Fast SYBR Master Mix, Applied
Biosystems) using sequence-specific qQPCR primers against a known-concentration
Y-shaped Reference DNA (below). The concentrations of spike-ins for the second
deep sequencing run were measured in parallel by digital PCR (Fluidigm) at
Molecular Genetics Core Facility of Children’s Hospital Boston Intellectual and
Developmental Disabilities Research Center. Each spike-in was measured a total of

ten times on two separate chips (48.770).

EXAMPLE IX
Design and Preparation of Y-shaped Reference DNA

[0201] From the original list of 150 barcode candidates, we chose two barcodes that were
not present in the final list of 145 used. Then we concatenated the two barcodes with
the Y-shaped adapter sequences and a 90-base pair targeted sequence mimic such
that the targeted sequence mimic was between the barcodes, which were between the
adapters. The 90-base pair targeted sequence mimic was designed the same way as
the spike-in and normalization DNAs. Both strands of DNA oligos were ordered
from IDT and their concentrations were measured by absorbance at 260 nm using the
extinction coefficient provided by IDT. The DNA oligos were annealed in water

with 5 pM of each strand using the Annealing Temperature Gradient.

EXAMPLE X
E.coli RNA Preparation and cDNA Generation

[0202] E. coli [K-12 MG1655 strain (U00096.2)] was grown overnight at 30 °C in LB
medium. The resulting culture was diluted 500-fold in fresh LB medium and grown
at 30 °C for 3.5 hours such that O.D. at 600 nm became 0.30-0.35. 1 mL of cells was
quickly killed by addition of 0.1 mL stop solution (90% (v/v) Ethanol and 10% (v/v)
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Phenol). The cells were collected by centrifugation (9,100 x g, 1.5 min, room
temperature), suspended in 1 mL cooled PBS (Lonza), and centrifuged again (16,000
xg, 1.5 min, room temperature). The supernatant was removed and the cells were
suspended in 0.1 mL of 1 mg/mL lysozyme in TE Buffer (pH 8.0) (Ambion). 0.1 mL
of lysis buffer (Genosys) was added and the mixture was vortexed for 5 s. After
adding 0.2 mL of Phenol Chloroform pH 4.5 (Sigma) and vortexing three times for 5
s, the mixture was centrifuged (16,000 x g, 3 min, room temperature). The top layer
of solution was taken and 0.15 mL of 100 % 2-Propanol (Sigma) was added; the
mixture was left on ice for 30 min. The solution was centrifuged (16,000 x g, 30
min, 4°C) to precipitate the RNA. The RNA pellet was washed twice by
centrifugation (16,000 x g, 5 min, 4°C) with 0.75 mL of cold 70% (v/v) ethanol.
After the second centrifugation, the supernatant was removed and the pellet was
dried for 15 min at room temperature. Then, 88 pL of water was added and the
mixture was incubated for 15 min at room temperature, followed by resuspension.
The resulting solution was mixed with 0.04U/uL. DNase I (NEB) in DNase I
Reaction Buffer (NEB) for a total volume of 100 pL, and the mixture was incubated
at 37 °C for 30 min followed by addition of EDTA (Sigma) to a final concentration
of 5 mM. The mixture was incubated at 75 °C for 10 min to inactivate DNase I,
followed by column purification. Ribosomal RNA was removed using Ribo-Zero
rRNA Removal Kit (Gram-Negative Bacteria) (Epicentre, Illumina). From this
point, the conventional Illumina protocol for mRNA Sequencing Sample Preparation
was followed with a few modifications. The purified RNA was fragmented in 0.5x
fragmentation buffer (Ambion) with ~500 ng RNA in a 100 pL reaction solution.
The solution was incubated on ice for 1 min after the fragmentation buffer was added
followed by a 6 min incubation at 70 °C. The tube was placed on ice and incubated
for 1 min followed by addition of 4 pL stop solution (Ambion). The fragmented
RNA was purified with a column and eluted in 11.1 uL in water. 1 pL of 50 uM
Random Hexamer Primer (Applied Biosystems) was added to this solution and
incubated at 65°C for 5 minutes and then placed on ice. 4 uL 5x First Strand Buffer
(Invitrogen), 2 uL 100 mM DTT (Invitrogen), 0.4 uL 25 mM dNTP Mix (Applied
Biosystems), and 0.5 pL. RNase inhibitor (Applied Biosystems) was added to the
mixture. This was incubated at 25°C for 2 minutes, followed by the addition of T uL
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Superscript IT (Invitrogen). It was then incubated at 25 °C for 10 minutes, 42°C for
50 minutes, and 70°C for 15 minutes to synthesize the first strand of the cDNA and
inactivate the enzyme, which was placed on ice and then purified on a column. The
eluate from this column was used to generate the second strand of cDNA in
NEBNext Second Strand Synthesis Reaction Buffer (NEB) with 0.3 U/ul. DNA
polymerase I (E. coli)y (NEB), 1.25 U/uL E.coli DNA Ligase, and 0.25 U/uLL RNase
H in an 800 pL total volume solution at 16 °C for 2.5 hours followed by the column
purification. The eluted double stranded cDNA was end-repaired in T4 DNA Ligase
Buffer (NEB) with 0.4 mM Deoxynucleotide Solution Mix (NEB), 0.5 U/uL T4
DNA polymerase (NEB), 0.5 U/pL T4 Polynucleotide Kinase (NEB) in a 200 pL
reaction solution by incubating at 20 °C for 30 min followed by column purification.
The eluted end-repaired cDNA was dA-tailed in NEB 2 buffer (NEB) with NEBNext
dA-tailing Reaction Buffer with ImM dATP (NEB) and 0.3 U/pL Klenow Fragment
(3> —5’ exo-) in a 50 pL solution by incubating at 37 °C for 30 min followed by

column purification.

EXAMPLE XI

Sample-Adapter Ligation, Sequencing Sample Preparation, and Sequencing

[0203] The cDNA library was ligated to the barcoded adapter mixture and conventional
[llumina paired-end adapter (without phosphorothioate bond) (IDT) respectively in
the NEBNext Quick Ligation Reaction Buffer (NEB) with 5.4 puL of the cDNA
produced above, 1.9 pM barcoded adapter or conventional Illumina Paired-end
adapter, and 3.6 uM Quick Ligase (NEB) for a total volume of 10 pL by incubating
at 25 °C for 15 min. The two solutions were separately run on a 5% polyacrylamide
gel and the portion between 250-300 bp was cut. The gel slice was cut into small
pieces and the embedded DNA was extracted into diffusion buffer (10 mM Tris-Cl
pH 8.0, 50 mM NacCl, 0.1 mM EDTA) by overnight incubation at room temperature.
Then, the extracted DNAs were column purified. The concentrations of purified
products were measured by qPCR (Fast Fast SYBR Master Mix, Applied
Biosystems) against a known-concentration Y-shaped reference sequence using
designed qPCR primers purchased from IDT. The sample ligated to the barcoded

adapter and the conventional Illumina Paired-end adapter were amplified by PCR (1
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cycle of 98 °C for 1 min, 18 cycles of 98 °C for 1 s, 65 °C for 45 s, 72 °C for 40 s,
and 1 cycle of 72 °C for 5 min) in HF buffer (NEB) with 0.63 mM dNTP, 0.5 mM of
each amplification primer modified from Illumina PCR primer PE 1.0 and 2.0 (IDT),
25 fM DNA sample, and Phusion DNA polymerase (NEB) in 20 pl, with spike-in
DNAs (0.71 aM Spike-in 1, 1.0 aM Spike-in 2, 4.4 aM Spike-in 3, 18 aM Spike-in 4,
150 aM Spike-in 5, 480 aM Spike-in 6 for the first sequencing run, and 1.3 aM
Spike-in 1, 6.9 aM Spike-in 3, 36 aM Spike-in 4, 150 aM Spike-in 5, 770 aM Spike-
in 7 for the second sequencing run). Then, 10 pM Normalization DNA was added to
both PCR products, and the DNA was purified twice on a column. The concentration
of the purified product was measured by qPCR (Fast Fast SYBR Master Mix,
Applied Biosystems) using the conventional Illumina qPCR primer (IDT) against a
PCR product amplified from Y-shaped reference DNA using modified Illumina PCR
primers whose concentration was measured by NanoDrop (LMS). The final
concentration of each spike-in and normalization DNA in the purified products was
measured by qPCR using sequence-specific qPCR primers described above and
compared by normalization. The length distribution of the purified PCR product was
measured by Bioanalyzer (Agilent). Samples with barcoded adapters were sequenced
on an Illumina HiSeq 2000 with 2x100 (for the first sequencing run) and 2x50 (for

the second) base paired-end reads in one lane.

EXAMPLE XII
Quantification Accuracy Using Digital PCR and Digital RNA-Seq of Spike-ins

[0204] Spike-in Analysis. From the raw sequencing data, reads were isolated which
contained barcode sequences that corresponded to the original 145 barcodes in both
forward and reverse reads for each sequencing cluster that had at most one mismatch.
The first 28 bases (26 bases for the second sequencing run) of the targeted sequence
of both the forward and reverse reads of each cluster were aligned to each Spike-in
sequence, which is known. Sequences with more than two mismatches were
discarded. The number of unique tags present in each spike-in were counted to

determine the number of copies of each spike-in.
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[0205] To calibrate the digital RNA-Seq system, the concentrations of five synthetic DNA
spike-in sequences were measured using the Fluidigm digital PCR platform and used
as internal standards. The spike-in samples were barcoded, added to the barcoded E.
coli cDNA library, and quantified using the sequencing-based digital counting
strategy described above. Fig. 114 shows that the number of digital counts (i.e.
unique barcodes) observed in deep sequencing is well-correlated with the digital PCR

calibration of the spike-in sequences.

[0206] To evaluate the difference between using random barcode sequences and optimized
barcode sequences, two experiments were conducted. In one experiment, the spike-
in molecules were labeled with random barcode sequences, and in the second
experiment, the optimized, pre-determined barcode set was used. The histograms of
the number of reads for all barcodes observed from the most abundant spike-in
sequence were constructed (Fig. 11B). When using random barcodes (light
histogram in Fig. 11B, the left-most bin exhibits a large peak because a substantial
fraction of barcodes are infrequently read due to sequencing errors. This causes
barcodes to interconvert, generating quantification artifacts. In stark contrast, the
left-most bin when using optimized barcodes (dark histogram in Fig. 11B) has no
such peak because the optimized barcode sequences avoid misidentification due to
sequencing errors. The effect of sequencing error on both random and optimized

barcode counting is clearly shown by simulation (Fig. 12).

[0207] The dark histogram in Fig. 11B is the distribution of the number of reads for the
5,311 uniquely barcoded molecules from a particular spike-in. Assuming each
barcoded spike-in molecule is identical, the dark histogram in Fig. 11B is essentially
the probability distribution of the number of reads for a single molecule, which spans
three orders-of-magnitude. This broad distribution arises primarily from intrinsic
PCR amplification noise in sample preparation. Given this broad single molecule
distribution, for low copy molecules in the original sample, counting the total number
of reads (conventional RNA-Seq) would lead to inaccuracies. On the other hand, this
problem can be circumvented if one counts the number of different barcodes

(integrated area of the histogram) using the digital RNA-Seq approach, yielding
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accurate quantification with single copy resolution. The two counting schemes give
same results only when the copy number in the original sample is high, assuming
there is no sequence-dependent bias. Random sampling of the barcode sequences by
each target sequence is essential for accurate digital counting. Fig. 11C shows that
the distribution of observed molecule counts is in excellent agreement with Poisson
statistics. Therefore the five spike-in sequences sample the 21,025 barcode pairs

without bias.

EXAMPLE X111

Efficacy of Downsampling of Spike-in Reads

[0208] The spike-in reads in the replicate experiment were randomly downsampled by a
factor of 10. For each read of each of the five spike-ins, there was a 10% chance that
it was kept and counted, whereas the other 90% was discarded. Fig. 13A shows that
there is little dropout between these two conditions (the data show the average
dropout rate for the five spike-ins to be 1.6%) and that for the spike-in with the
highest number of molecules, the change in the single molecule coverage histogram

is minimal.

EXAMPLE X1V

Digital Quantification of the E. coli Transcriptome

[0209] E. coli Transcriptome Analysis. Reads were isolated which contained barcode
sequences that corresponded to our original list of 145 barcodes in both forward and
reverse reads for each sequencing cluster that had at most one mismatch. The first 28
bases (26 bases for the second sequencing run) of the targeted sequence of both the
forward and reverse reads of each cluster were aligned to the E. coli genome and the
sequences that uniquely align fewer than three mismatches and where the two reads
did not map to the same sense or antisense strand of the genome were kept. The
remaining sequences were mapped to transcription units as described in Keseler,
Nucleic Acids Res 39(Database issue):D583-D590 (2011) and sorted by starting and
ending position as well as forward and reverse barcodes (unique tag). Mapped

sequence fragments with a length of at least 1,000 bases were discarded. All

76



WO 2012/129363 PCT/US2012/030039

sequences within the same transcription unit that had the same unique tag were
analyzed further. It was determined that more than one sequence with the same
unique tag were identical if the distance between their center positions was less than
four base-pairs and if the difference in length was less than 9 base-pairs (Fig. 14 and
Fig. 15). Thus, the read counts for sequences deemed identical were summed and the
sequence with more read counts was deemed as the actual correct sequence. Then
for each unique sequence, the number of unique barcode tags that appeared to

determine the copy number of each sequence were counted.

[0210] Comparison of Noise in Conventional vs. Digital Counting for the E. coli
Transcriptome. The total number of reads and the total number of digital counts for
each base in each of the mapped sequences were summed. For each transcription
unit, bins were created that were 99 base-pairs long and the total number of reads and
the total number of digital counts present in each bin were summed. Bins that yielded
an average number of digital counts per base of greater than or equal to 1 were
selected and from these bins, the average and sample standard deviation of the
summed reads and summed digital counts were counted, respectively. The noise was
defined as the sample standard deviation divided by the mean and this value was
calculated for both reads and digital counts; the ratio of the noise for reads to digital

counts was computed for each transcription unit (Fig. 16D).

[0211] We obtained 26-32 million reads from the barcoded cDNA libraries that uniquely
mapped to the E. coli genome in two replicate experiments. Fig. 164 shows the
number of conventional and digital counts (unique barcodes) as a function of
nucleotide position for the fumA transcription unit (TU). Not surprisingly, the read
density is considerably less uniform across the TU than the number of digital counts,

presumably due to intrinsic noise and bias in fragment amplification.

[0212] It is advantageous for transcripts across the E. coli transcriptome to sample all
barcodes evenly. Fig. 16B shows this distribution, which is close to Poisson but is
somewhat overdispersed. Such biased sampling reduces the effective number of

barcode sequences Nesr available. However, in the E. coli transcriptome sample, the
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copy number of the most abundant ¢cDNA ranges from 10-40 copies for both
counting methods. Based on Poisson statistics, even for the most abundant cDNA
fragments in our sample, the required Neg is ~100-400 for 95% unique labeling of all
molecules. Because there are 21,025 barcode pairs available, on average the degree

of randomness observed in Fig. 16B is sufficient.

[0213] Conventional methods count the number of amplicons, a quantity that is subject to
bias and intrinsic amplification noise, rather than the number of molecules in the
original sample. Conversely, in the digital counting scheme described herein, unique
barcode sequences distinguish each molecule in the sample, and so the effects of
intrinsic noise are minimized, especially when an optimized barcode set is used. Fig.
16C shows how drastically different digital counting can be from conventional
counting at low copy numbers, implying that digital counting of unique barcodes is
advantageous, particularly for quantifying low copy fragments. The correlation is
stronger for high copy fragments and the same phenomenon is also observed for

whole TUs and genes (Fig. 17).

[0214] To demonstrate the superior accuracy of digital counting, the uniformity of
abundance measurements within individual transcripts was examined. Because
individual TUs were, by-and-large, intact RNA molecules following RNA synthesis,
the ¢cDNA fragments that map to one region of a given TU should have the same
abundance as fragments that map to a different region of the same TU. The ratio
between the variation in conventional counting v¢ and variation in digital counting
vp for TUs in different abundance ranges were histogrammed (Fig. 16D). A
variation ratio of v¢/vp = 1 indicates that both conventional and digital counting give
similarly uniform abundances along the length of a TU. For a TU where vc/vp
exceeds one, conventional counting measures abundance less consistently along the
TU than digital counting. The mean values of v¢/vp in the two replicates are 1.4
(s=1.5, where s is sample standard deviation) and 1.2 (s=0.5) for the complete set of
analyzed TUs, indicating that conventional counting is less consistent than digital
counting across an average TU. Furthermore, the mean value of v¢/vp increases with

decreasing copy number and its distribution becomes broader (Fig. 16D). For TUs in
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the lowest abundance regime, the mean values of v¢/vp are 1.9 (s=2.4) and 1.3
(s=0.9) for the two replicates. On average, digital counting outperforms conventional
counting in terms of accuracy, and its performance advantage is most pronounced for

low abundance TUs.

[0215] While Fig. 16 demonstrates that digital counting is less noisy and more accurate than
conventional counting, Fig. 18 shows that digital counting is also more reproducible.
This is demonstrated on the level of a single TU in Fig. 184, which shows the ratio
of counts between the two replicates for both conventional and digital counting along
the fumA transcript. This ratio is consistently close to one for digital counting, but
fluctuates over three orders-of-magnitude for conventional counting. We analyzed
the global reproducibility of the whole transcriptome for quantification of TUs and
genes for both conventional and digital counting in Fig. 18B and Fig. 18C,
respectively. In both cases, the correlation between replicates is noticeably better for

digital counting than conventional counting, particularly for low copy transcripts.

[0216] Fig. 19 is a simulation demonstrating the advantageous performance of digital
counting methods described herein over conventional counting in differential
expression analysis. ~ RNA expression quantification was simulated using
experimentally measured copy numbers, barcode sampling, and amplification noise
distributions for two different libraries for each of three different systems (E. coli
transcriptome fragments in Figure 19A, E. coli transcription units in Figure 19B, and
human stomach microRNA in Figure 19C. The ratio of simulated to actual fold-
change for each gene as a function of the lower of two copy numbers for the two
compared libraries is plotted. Ideally, the value of this ratio is one for all genes.
Because digital counting is almost completely immune to amplification noise, it
gives consistently superior performance to conventional counting for differential
expression, even at low copy numbers. The discrepancy between conventional and
digital counting is smaller for the E. coli transcription unit library in (B) than for the
fragment library in (4) because amplification noise can be averaged over many

fragments in the case of long transcription units.
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EXAMPLE XV

Digital Quantification of Copy Numbers
of Different Sequences at Different Concentrations

[0217] According to an aspect of the present disclosure, methods are provided for counting
copy numbers of different sequences that are present in a sample at different
concentrations using unique barcodes. Unlike conventional methods for counting
molecules with very different copy numbers, the methods described herein using unique

barcodes allows the entire sample to be processed in a single tube.

[0218] As a precursor, consider the conventional method which uses a dilution scheme
requiring many tubes. In this implementation of molecular counting, one is able to
combine sample dilutions by attaching the same barcode to all molecules in the same
tube for all tubes to achieve digital counting. Consider the Path A in Figure 20 in which
a sample containing two species (DNA 1 and DNA 2) which have copy numbers of 1111
and 11, respectively. After performing order-of-magnitude serial dilutions several times,
the sample is now split into five different tubes, where each sequential tube contains 10-
fold fewer copies of each DNA than the previous tube (Path A). The tubes are numbered
from the left as tube 0, tube 1, etc. During the serial dilution process, at some point a
given tube (tube 2) will no longer contain any copies of DNA2 but will still contain 10
copies of DNA1 due to a much higher number of DNAI1 molecules in the original
sample. The final tube (tube 4) has been diluted such that both DNA1 and DNA2 are no
longer present. All molecules in a given tube are labeled with the same barcode
sequence and the procedure repeated for all tubes such that each different tube has a
unique barcode sequence which maps to the specified tube. For example, all DNA
molecules from tube 0 will be labeled by a specific barcode, whereas all DNA molecules

from tube 1 will be labeled by a different barcode as illustrated.

[0219] After this process, all molecules from all tubes are combined together. Despite mixing
together the DNA from all tubes, the barcoding scheme still allows tracking of which
tube a given molecule is originally from. The combined sample will then be subjected to
PCR amplification and then massively parallel sequencing; conventional PCR can easily
be implemented by designing barcodes which contain the amplification primer

sequences. After sequencing, four types of barcodes are detected for DNA1: barcode 1
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(tube 0), barcode 2 (tube 1), barcode 3 (tube 2), and barcode 4 (tube 3). However, the
barcode 5 representing dilution by 104 (tube 4) does not appear. This suggests that the
copy number of DNAT1 originally present is at least (and is the same order-of-magnitude
as) 10°+ 10" +10% + 10° = 1,111, which is the same as the known original copy number
of DNAI. Similarly, only two types of barcodes are detected for DNAZ2: barcode 1 (tube
0) and barcode 2 (tube 1), which suggests that the copy number of DNA2 originally

present is at least (and is the same order-of-magnitude as) 10°+ 10" =11,

[0220] The same process may be applied to the same sample using only one tube and without
any serial dilutions by utilizing stochastic labeling of DNA molecules by barcodes.
Consider now the same original tube in Figure 20 which contains 1111 DNA1 molecules
and 11 DNA2 molecules. Instead of making serial dilutions, we will instead add a
barcode set to the original tube (Path B), which contains five barcodes in the ratio
10,000:1,000:100:10:1. By adding the entire barcode set to the original sample tube, one
would expect that labeling of all copies of both DNA molecules by said barcodes would
also follow the same ratio. After barcode labeling and PCR amplification, the original
tube is subjected to massively parallel sequencing, and the results are exactly the same
as in Path A; there were at least 1111 DNA1 molecules and at least 11 DNA2 molecules.
In effect, this labeling procedure is identical to the dilution protocol presented above.
According to method B, digital counting is performed in a single tube by using a small
number of barcodes (only one per order-of-magnitude) on a large number of unique
DNA molecules with highly varying copy numbers. Accordingly a method is provided
of determining the copy number of different nucleic acids in a sample by adding to the
sample a set number of barcodes in a ratio to one another, allowing the barcodes to
attach to the nucleic acids according to the ratio and, sequencing the nucleic acids to
determine the copy number. Accordingly a method is provided of determining the copy
number of different nucleic acids in a sample by attaching barcodes to the nucleic acids
where the barcodes have an order of magnitude ratio to one another and, sequencing the
nucleic acids to determine the copy number. The methods of attaching barcodes to
nucleic acids in a sample, amplifying and sequencing as describe herein can be used

with the methods of this Example XV.
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[0221] Both methods A and B have probabilistic uncertainty and these uncertainties are
essentially the same. One can decrease this uncertainty dramatically and as a result
accurately count all molecules on average by performing multiple replicate experiments.
A consideration of this technique is the copy number of the highest copy barcode, which
must be higher than the copy number of the most abundant DNA species in the original
tube. Otherwise, there may not be enough resolution to determine the exact copy number
of the higher copy templates. Although relatively low resolution is required for the
example in Figure 20, as the ratio of barcode copy numbers is separated by an order of
magnitude each, it is very plausible to have many more barcodes each separated by a
factor of two or less. Although this would increase the number of barcodes required,
precision is also increased. To cover a 10°-fold range, one only needs 20 barcodes,
assuming the case of two-fold separation. With this method, one can easily determine
the copy number of multiple nucleic acid templates within a single tube without

excessive or complicated sample preparation protocols.
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What is claimed is:

1. A method of determining copy number of a nucleic acid molecule in a sample
including a plurality of nucleic acid molecules comprising

attaching a unique barcode sequence to substantially each of the plurality of nucleic
acid molecules in the sample to produce a plurality of barcoded nucleic acid molecules,

amplifying the plurality of barcoded nucleic acid molecules in the sample to produce
amplicons of the plurality of barcoded nucleic acid molecules,

sequencing each amplicon to identify an associated nucleic acid sequence and an
associated barcode sequence,

selecting a first target nucleic acid sequence and determining the number of unique
associated barcode sequences for the first target nucleic acid sequence, wherein the number of

unique associated barcode sequences is the copy number of the first target nucleic acid

sequence.
2. The method of claim 1 wherein the nucleic acid molecules are DNA or RNA.
3. The method of claim 1 wherein the plurality of barcoded nucleic acid

molecules is a plurality of barcoded RNA molecules and further including the steps of reverse
transcribing the plurality of barcoded RNA molecules to produce barcoded cDNA molecules
and amplifying the barcoded cDNA molecules to produce amplicons of the barcoded cDNA
molecules.

4. The method of claim 3 comprising repeatedly reverse transcribing the plurality
of barcoded RNA molecules to produce linear pre-amplified barcoded cDNA molecules and
amplifying the linear pre-amplified barcoded cDNA molecules to produce amplicons of the

linear pre-amplified barcoded cDNA molecules.
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5. The method of claim 4 wherein the step of repeatedly reverse transcribing the
plurality of barcoded RNA molecules includes using reverse transcriptase and a nicking
enzyme.

6. The method of claim 1 wherein the plurality of barcoded nucleic acid
molecules is a plurality of barcoded DNA molecules and further including the steps of
repeated replication of the plurality of barcoded DNA molecules to produce a plurality of pre-
amplified barcoded DNA molecules and amplifying the plurality of pre-amplified barcoded
DNA molecules to produce amplicons of the plurality of pre-amplified barcoded DNA
molecules.

7. The method of claim 6 wherein the step of repeated replication of the plurality
of barcoded DNA molecules includes using DNA polymerase and a nicking enzyme.

8. The method of claim 1 wherein the sample is obtained from one or more cells
of a first cell type and wherein amplification includes use of a primer generated from genomic
DNA of the first cell type.

9. A method of counting nucleic acid molecules in a sample including a plurality
of nucleic acid molecules comprising

attaching a unique barcode sequence to substantially each of the plurality of nucleic
acid molecules in the sample to produce a plurality of barcoded nucleic acid molecules,

amplifying the plurality of barcoded nucleic acid molecules in the sample to produce
amplicons of the plurality of barcoded nucleic acid molecules,

sequencing each amplicon to identify an associated barcode sequence, and

counting the number of unique associated barcode sequences as a measure of the
number of nucleic acid molecules in the sample.

10. The method of claim 9 wherein the nucleic acid molecules are DNA or RNA.
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11.  The method of claim 9 wherein the plurality of barcoded nucleic acid
molecules is a plurality of barcoded RNA molecules and further including the steps of reverse
transcribing the plurality of barcoded RNA molecules to produce barcoded cDNA molecules
and amplifying the plurality of barcoded cDNA molecules to produce amplicons of the
plurality of barcoded cDNA molecules.

12. The method of claim 11 comprising repeatedly reverse transcribing the
plurality of barcoded RNA molecules to produce linear pre-amplified barcoded cDNA
molecules and amplifying the linear pre-amplified barcoded cDNA molecules to produce
amplicons of the linear pre-amplified barcoded cDNA molecules.

13.  The method of claim 12 wherein the step of repeatedly reverse transcribing the
plurality of barcoded RNA molecules includes using reverse transcriptase and a nicking
enzyme.

14.  The method of claim 9 wherein the plurality of barcoded nucleic acid
molecules is a plurality of barcoded DNA molecules and further including the steps of
repeated replication of the plurality of barcoded DNA molecules to produce a plurality of pre-
amplified barcoded DNA molecules and amplifying the plurality of pre-amplified barcoded
DNA molecules to produce amplicons of the plurality of pre-amplified barcoded DNA
molecules.

15. The method of claim 14 wherein the step of repeated replication of the
plurality of barcoded DNA molecules includes using DNA polymerase and a nicking enzyme.

16.  The method of claim 9 wherein the sample is obtained from one or more cells
of a first cell type and wherein amplification includes use of a primer generated from genomic

DNA of the first cell type.
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17. A method of determining copy numbers of nucleic acid molecules in a sample
comprising

attaching a unique barcode sequence to substantially each of the nucleic acid
molecules in the sample to produce a plurality of barcoded nucleic acid molecules,

amplifying the plurality of barcoded nucleic acid molecules in the sample to produce
amplicons of the plurality of barcoded nucleic acid molecules,

massively parallel sequencing the amplicons of the plurality of barcoded nucleic acid
molecules to identify for each amplicon an associated nucleic acid sequence and an associated
barcode sequence, and

determining the number of unique associated barcode sequences for each nucleic acid
sequence in the sample.

18.  The method of claim 17 wherein the nucleic acid molecules are DNA or RNA.

19.  The method of claim 17 wherein the plurality of barcoded nucleic acid
molecules is a plurality of barcoded RNA molecules and further including the steps of reverse
transcribing the plurality of barcoded RNA molecules to produce barcoded cDNA molecules
and amplifying the plurality of barcoded ¢cDNA molecules to produce amplicons of the
plurality of barcoded cDNA molecules.

20. The method of claim 19 comprising repeatedly reverse transcribing the
plurality of barcoded RNA molecules to produce linear pre-amplified barcoded cDNA
molecules and amplifying the linear pre-amplified barcoded cDNA molecules to produce
amplicons of the linear pre-amplified barcoded cDNA molecules.

21. The method of claim 20 wherein the step of repeatedly reverse transcribing the

plurality of barcoded RNA molecules includes using reverse transcriptase and a nicking

enzyme.
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22.  The method of claim 17 wherein the plurality of barcoded nucleic acid
molecules is a plurality of barcoded DNA molecules and further including the steps of
repeated replication of the plurality of barcoded DNA molecules to produce a plurality of pre-
amplified barcoded DNA molecules and amplifying the plurality of pre-amplified barcoded
DNA molecules to produce amplicons of the plurality of pre-amplified barcoded DNA
molecules.

23.  The method of claim 22 wherein the step of repeated replication of the
plurality of barcoded DNA molecules includes using DNA polymerase and a nicking enzyme.

24.  The method of claim 17 wherein the sample is obtained from one or more cells
of a first cell type and wherein amplification includes use of a primer generated from genomic

DNA of'the first cell type.
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