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ABSTRACT

Methods of uniquely labeling or barcoding molecules within
a cell, a plurality of cells, and/or a tissue are provided. Kits
for uniquely labeling or barcoding molecules within a cell,
a plurality of cells, and/or a tissue are also provided. The
molecules to be labeled may include, but are not limited to,
RNAs, cDNAs, DNAs, proteins, peptides, and/or antigens.
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METHODS AND KITS FOR LABELING
CELLULAR MOLECULES

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 17/122,321, filed Dec. 15, 2020, which
1s a continuation of U.S. patent application Ser. No. 14/941,
433, filed Nov. 13, 2015, now 1ssued U.S. Pat. No. 10,900,
065, 1ssued on Jan. 26, 2021, which claims the benefit of
U.S. Provisional Application No. 62/080,055, filed Nov. 14,
2014, each of which 1s hereby incorporated by reference 1n
its entirety.

STATEMENT OF GOVERNMENT LICENS.
RIGHTS

L1

[0002] This invention was made with government support

under Grant No. RO1 CA207029, awarded by the National
Institutes of Health, and Grant No. CCF-1317653, awarded
by the National Science Foundation. The government has
certain rights in the imvention.

STATEMENT REGARDING SEQUENC.
LISTING

[0003] The Sequence Listing XML associated with this
application 1s provided 1n XML format and 1s hereby incor-
porated by reference into the specification. The name of the
XML file containing the sequence listing 1s 3915_
P1043USCONI10UW_Seq_List_20230313. The XML file 1s
34 KB; was created on Mar. 13, 2023; and 1s being submitted
clectronically via Patent Center with the filing of the speci-
fication.

L1l

TECHNICAL FIELD

[0004] The present disclosure relates generally to methods
of uniquely labeling or barcoding molecules within a cell, a
plurality of cells, and/or a tissue. The present disclosure also
relates to kits for uniquely labeling molecules within a cell,
a plurality of cells, and/or a tissue. In particular, the methods
and kits may relate to the labeling of RNAs, cDNAs, DNAs,

proteins, peptides, and/or antigens.

BACKGROUND

[0005] Next Generation Sequencing (NGS) can be used to
identily and/or quantify individual transcripts from a sample
of cells. However, such techmques may be too complicated
to perform on individual cells 1n large samples. In such
methods, RNA transcripts are generally purified from lysed
cells (1.e., cells that have been broken apart), followed by
conversion of the RNA transcripts into complementary DNA
(cDNA) using reverse transcription. The cDNA sequences
can then be sequenced using NGS. In such a procedure, all
of the cDNA sequences are mixed together belore sequenc-
ing, such that RNA expression 1s measured for a whole
sample and individual sequences cannot be linked back to an
individual cell.

[0006] Methods for uniquely labeling or barcoding tran-
scripts from 1ndividual cells can involve the manual sepa-
ration of individual cells 1into separate reaction vessels and
can require specialized equipment. An alternative approach
to sequencing individual transcripts in cells 1s to use micros-
copy to 1dentity individual fluorescent bases. However, this
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technique can be difhcult to implement and limited to
sequencing a low number of cells.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The embodiments disclosed herein will become
more fully apparent from the following description and
appended claims, taken in conjunction with the accompa-
nying drawings.

[0008] FIG. 1 depicts ligation of nucleic acid tags to form
a label or barcode.

[0009] FIG. 2 1s a schematic representation of the forma-
tion of cDNA by 1n situ reverse transcription. Panel A
depicts a cell that 1s fixed and permeabilized. Panel B depicts
addition of a poly(T) primer, which can template the reverse
transcription of polyadenylated transcripts. Panel C depicts
addition of a random hexamer, which can template the
reverse transcription of substantially any transcript. Panel D
depicts the addition of a primer that 1s designed to target a
specific transcript such that only a subset of transcripts may
be amplified. Panel E depicts the cell of Panel A after reverse
transcription, i1llustrating a cDNA hybridized to an RNA.
[0010] FIG. 3A depicts non-templated ligation of a single-
stranded adapter to an RNA fragment.

[0011] FIG. 3B depicts ligation of a single-stranded
adapter using a partial duplex with random hexamer prim-
ers

[0012] FIG. 4 depicts primer binding.

[0013] FIG. 5 depicts primer binding followed by reverse
transcription.
[0014] FIG. 6 depicts DNA-tagged antibodies for use 1n

labeling cellular proteins.

[0015] FIG. 7 depicts aptamers for use 1n labeling cellular
proteins.
[0016] FIG. 8 1s a schematic representation of the divid-

ing, tagging, and pooling of cells, according to an embodi-
ment of the present disclosure. As depicted, cells can be
divided between a plurality of reaction vessels. One cell 1s
highlighted to show its path through the 1llustrated process.
[0017] FIG. 9A depicts an exemplary workilow, according
to an embodiment of the present disclosure.

[0018] FIG. 9B depicts an exemplary workilow, according
to another embodiment of the present disclosure.

[0019] FIG. 10 depicts a reverse transcription primer (BC_
00535), according to an embodiment of the present disclo-
sure.

[0020] FIG. 11 depicts an annealed, first-round barcode
oligo, according to an embodiment of the present disclosure.
[0021] FIG. 12 depicts an annealed, second-round barcode
oligo, according to an embodiment of the present disclosure.

[0022] FIG. 13 depicts an annealed, third-round barcode
oligo, according to an embodiment of the present disclosure.

[0023] FIG. 14 depicts ligation stop oligos, according to
an embodiment of the present disclosure.

[0024] FIG. 15 depicts a single-stranded DNA adapter
oligo (BC_0047) ligated to the 3' end of a cDNA, according
to an embodiment of the present disclosure.

[0025] FIG. 16 depicts a PCR product formed using prim-
ers BC_0031 and BC_0062 and the 3' adapter oligo (BC_
0047) after 1t has been ligated to barcoded cDNA.

[0026] FIG. 17 depicts BC_0027, which includes the tlow
cell binding sequence and the binding site for the
TRUSEQ™ read 1 primer and BC_0063, which includes the

flow cell binding sequence and the TruSeq multiplex read 2
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and 1ndex binding sequence. FIG. 17 also illustrates a region
for a sample index, which 1s GATCTG in this embodiment.
[0027] FIG. 18 1s a scatter plot, wherein for each unique
barcode combination the number of reads aligning to the
human genome (x-axis) and the mouse genome (y-axis) are
plotted.

DETAILED DESCRIPTION

[0028] The present disclosure relates generally to methods
of uniquely labeling or barcoding molecules within a cell, a
plurality of cells, and/or a tissue. The present disclosure also
relates to kits for uniquely labeling or barcoding molecules
within a cell, a plurality of cells, and/or a tissue. The
molecules to be labeled may include, but are not limited to,
RNAs, cDNAs, DNAs, proteins, peptides, and/or antigens.
[0029] It will be readily understood that the embodiments,
as generally described herein, are exemplary. The following
more detailed description of various embodiments 1s not
intended to limit the scope of the present disclosure, but 1s
merely representative of various embodiments. Moreover,
the order of the steps or actions of the methods disclosed
herein may be changed by those skilled 1n the art without
departing from the scope of the present disclosure. In other
words, unless a specific order of steps or actions 1s required
for proper operation of the embodiment, the order or use of
specific steps or actions may be modified.

[0030] The term “binding” 1s used broadly throughout this
disclosure to refer to any form of attaching or coupling two
Oor more components, entities, or objects. For example, two
or more components may be bound to each other via
chemical bonds, covalent bonds, 1onic bonds, hydrogen
bonds, electrostatic forces, Watson-Crick hybridization, etc.
[0031] A first aspect of the disclosure relates to methods of
labeling nucleic acids. In some embodiments, the methods
may comprise labeling nucleic acids i a first cell. The
methods may comprise: (a) generating complementary
DNAs (cDNAs) within a plurality of cells comprising the
first cell by reverse transcribing RNAs using a reverse
transcription primer comprising a 5' overhang sequence; (b)
dividing the plurality of cells into a number (n) of aliquots;
(¢) providing a plurality of nucleic acid tags to each of the
n aliquots, wherein each labeling sequence of the plurality of
nucleic acid tags provided into a given aliquot 1s the same,
and wherein a different labeling sequence 1s provided into
cach of the n aliquots; (d) binding at least one of the cDNAs
in each of the n aliquots to the nucleic acid tags; (e)
combining the n aliquots; and (1) repeating steps (b), (¢), (d),
and (e) with the combined aliquot. In various embodiments,
the plurality of cells may be selected from eukaryotic cells
and prokaryotic cells. In various other embodiments, the
plurality of cells may be selected from, but not limited to, at
least one of mammalian cells, yeast cells, and/or bacterial
cells.

[0032] In certain embodiments, each nucleic acid tag may
comprise a {irst strand including a 3' hybridization sequence
extending from a 3' end of a labeling sequence and a 5
hybridization sequence extending from a 3' end of the
labeling sequence. Fach nucleic acid tag may also comprise
a second strand including an overhang sequence. The over-
hang sequence may include (1) a first portion complementary
to at least one of the 3' hybridization sequence and the 5'
overhang sequence and (11) a second portion complementary
to the 3' hybridization sequence. In some embodiments, the
nucleic acid tag (e.g., the final nucleic acid tag) may
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comprise a capture agent such as, but not limited to, a 5'
biotin. A cDNA labeled with a 5' biotin-comprising nucleic
acid tag may allow or permit the attachment or coupling of
the cDNA to a streptavidin-coated magnetic bead. In some
other embodiments, a plurality of beads may be coated with
a capture strand (1.e., a nucleic acid sequence) that 1is
configured to hybridize to a final sequence overhang of a
barcode. In yet some other embodiments, cDNA may be
purified or 1solated by use of a commercially available kat
(c.g., an RNEASY™ kit).

[0033] In various embodiments, step (1) (1.e., steps (b), (c),
(d), and (e)) may be repeated a number of times suflicient to
generate a umque series ol labeling sequences for the
cDNAs 1n the first cell. Stated another way, step (1) may be
repeated a number of times such that the cDNAs 1n the first
cell may have a first unique series of labeling sequences, the
cDNAs 1n a second cell may have a second unique series of
labeling sequences, the cDNAs 1n a third cell may have a
third unique series of labeling sequences, and so on. The
methods of the present disclosure may provide for the
labeling of cDNA sequences from single cells with unique
barcodes, wherein the unique barcodes may i1dentify or aid
in 1dentifying the cell from which the cDNA originated. In
other words, a portion, a majority, or substantially all of the
cDNA from a single cell may have the same barcode, and
that barcode may not be repeated 1n cDNA originating from

one or more other cells 1n a sample (e.g., from a second cell,
a third cell, a fourth cell, etc.).

[0034] In some embodiments, barcoded ¢cDNA can be
mixed together and sequenced (e.g., using NGS), such that
data can be gathered regarding RNA expression at the level
of a single cell. For example, certain embodiments of the
methods of the present disclosure may be useful 1n assess-
ing, analyzing, or studying the transcriptome (1.e., the dii-
terent RNA species transcribed from the genome of a given
cell) of one or more individual cells.

[0035] As discussed above, an aliquot or group of cells can
be separated 1nto different reaction vessels or containers and
a first set of nucleic acid tags can be added to the plurality
of ¢cDNA transcripts. The aliquots of cells can then be
regrouped, mixed, and separated again and a second set of
nucleic acid tags can be added to the first set of nucleic acid
tags. In various embodiments, the same nucleic acid tag may
be added to more than one aliquot of cells 1n a single or
given round of labeling. However, after repeated rounds of
separating, tagging, and repooling, the cDNAs of each cell
may be bound to a unique combination or sequence of
nucleic acid tags that form a barcode. In some embodiments,
cells 1n a single sample may be separated into a number of
different reaction vessels. For example, the number of
reaction vessels may include four 1.5 ml microcentrifuge
tubes, a plurality of wells of a 96-well plate, or another
suitable number and type of reaction vessels.

[0036] In certain embodiments, step (1) (1.e., steps (b), (c),
(d), and (e)) may be repeated a number of times wherein the
number of times 1s selected from 1, 2, 3,4, 5, 6,7, 8, 9, 10,
11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 30,
35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 835, 90, 93, 100, etc.
In certain other embodiments, step (1) may be repeated a
suilicient number of times such that the cDNAs of each cell
would be likely to be bound to a umique barcode. The
number of times may be selected to provide a greater than
50% likelihood, greater than 90% likelihood, greater than
95% likelihood, greater than 99% likelihood, or some other




US 2023/0265487 Al

probability that the cDNAs in each cell are bound to a
unique barcode. In vet other embodiments, step (1) may be
repeated some other suitable number of times.

[0037] In some embodiments, the methods of labeling
nucleic acids i the first cell may comprise fixing the
plurality of cells prior to step (a). For example, components
of a cell may be fixed or cross-linked such that the compo-
nents are immobilized or held 1n place. The plurality of cells
may be fixed using formaldehyde in phosphate buflered
saline (PBS). The plurality of cells may be fixed, for
example, 1 about 4% formaldehyde 1n PBS. In various
embodiments, the plurality of cells may be fixed using
methanol (e.g., 100% methanol) at about —-20° C. or at about
25° C. In various other embodiments, the plurality of cells
may be fixed using methanol (e.g., 100% methanol), at
between about —20° C. and about 25° C. In yet various other
embodiments, the plurality of cells may be fixed using
cthanol (e.g., about 70-100% ethanol) at about —20° C. or at
room temperature. In yet various other embodiments, the
plurality of cells may be fixed using ethanol (e.g., about
70-100% ethanol) at between about -20° C. and room
temperature. In still various other embodiments, the plurality
of cells may be fixed using acetic acid, for example, at about
—20° C. In still various other embodiments, the plurality of
cells may be fixed using acetone, for example, at about —20°
C. Other suitable methods of fixing the plurality of cells are
also within the scope of this disclosure.

[0038] In certain embodiments, the methods of labeling
nucleic acids 1 the first cell may comprise permeabilizing,
the plurality of cells prior to step (a). For example, holes or
openings may be formed 1n outer membranes of the plurality
of cells. TRITON™ X-100 may be added to the plurality of
cells, followed by the addition of HCI to form the one or
more holes. About 0.2% TRITON™ X-100 may be added to
the plurality of cells, for example, followed by the addition
of about 0.1 N HCI. In certain other embodiments, the
plurality of cells may be permeabilized using ethanol (e.g.,
about 70% ethanol), methanol (e.g., about 100% methanol),
Tween 20 (e.g., about 0.2% Tween 20), and/or NP-40 (e.g.,
about 0.1% NP-40). In various embodiments, the methods of
labeling nucleic acids in the first cell may comprise fixing
and permeabilizing the plurality of cells prior to step (a).

[0039] In some embodiments, the cells may be adherent
cells (e.g., adherent mammalian cells). Fixing, permeabiliz-
ing, and/or reverse transcription may be conducted or per-
tformed on adherent cells (e.g., on cells that are adhered to
a plate). For example, adherent cells may be fixed, permea-
bilized, and/or undergo reverse transcription followed by
trypsinization to detach the cells from a surface. Alterna-
tively, the adherent cells may be detached prior to the
separation and/or tagging steps. In some other embodiments,
the adherent cells may be trypsinized prior to the fixing
and/or permeabilizing steps.

[0040] In some embodiments, the methods of labeling
nucleic acids in the first cell may comprise ligating at least
two of the nucleic acid tags that are bound to the cDNAs.
Ligation may be conducted before or after the lysing and/or
the cDNA punification steps. Ligation can comprise cova-
lently linking the 3' phosphate sequences on the nucleic acid
tags to the 3' end of an adjacent strand or nucleic acid tag
such that individual tags are formed into a continuous, or
substantially continuous, barcode sequence that 1s bound to
the 3' end of the cDNA sequence. In various embodiments,
a double-stranded DNA or RNA ligase may be used with an
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additional linker strand that 1s configured to hold a nucleic
acid tag together with an adjacent nucleic acid 1n a “micked”
double-stranded conformation. The double-stranded DNA or
RNA ligase can then be used to seal the “nick.” In various
other embodiments, a single-stranded DNA or RNA ligase
may be used without an additional linker. In certain embodi-
ments, the ligation may be performed within the plurality of
cells

[0041] FIG. 1 illustrates ligation of a plurality of nucleic
acid tags to form a substantially continuous label or barcode.
For example, after a plurality of nucleic acid tag additions,
cach cDNA ftranscript may be bound or linked to series of
nucleic acid tags. Use of a ligase may ligate or covalently
link a portion of the nucleic acid tags to form a substantially
continuous label or barcode that 1s bound or attached to a
cDNA transcript.

[0042] In certain other embodiments, the methods may
comprise lysing the plurality of cells (i.e., breaking down the
cell structure) to release the cDNAs from within the plurality
of cells, for example, after step (I). In some embodiments,

the plurality of cells may be lysed 1n a lysis solution (e.g.,
10 mM Tns-HCI (pH 7.9), 30 mM EDTA (pH 7.9), 0.2 M

NaCl, 2.2% SDS, 0.5 mg/ml ANTI-RNase (a protein ribo-
nuclease mnhibitor; AMBION®) and 1000 mg/ml proteinase
K (AMBION®)), for example, at about 35° C. for about 3
hours with shaking (e.g., vigorous shaking). In some other
embodiments, the plurality of cells may be lysed using
ultrasonication and/or by being passed through an 18-25
gauge syringe needle at least once. In yet some other
embodiments, the plurality of cells may be lysed by being
heated to about 70-90° C. For example, the plurality of cells
may be lysed by being heated to about 70-90° C. for about
one or more hours. The cDNAs may then be 1solated from
the lysed cells. In some embodiments, RNase H may be
added to the cDNA to remove RNA. The methods may
further comprise ligating at least two of the nucleic acid tags
that are bound to the released c¢cDNAs. In some other
embodiments, the methods of labeling nucleic acids in the
first cell may comprise ligating at least 3, 4, 5, 6,7, 8, 9, 10,
11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 30,
35, 40, 45, 50, etc. of the nucleic acid tags that are bound to
the cDNAs.

[0043] In various embodiments, the methods of labeling
nucleic acids 1n the first cell may comprise removing one or
more unbound nucleic acid tags (e.g., washing the plurality
of cells). For example, the methods may comprise removing
a portion, a majority, or substantially all of the unbound
nucleic acid tags. Unbound nucleic acid tags may be
removed such that further rounds of the disclosed methods
are not contaminated with one or more unbound nucleic acid
tags from a previous round of a given method. In some
embodiments, unbound nucleic acid tags may be removed
via centrifugation. For example, the plurality of cells can be
centrifuged such that a pellet of cells 1s formed at the bottom
of a centrifuge tube. The supernatant (1.e., liquid containing
the unbound nucleic acid tags) can be removed from the
centrifuged cells. The cells may then be resuspended 1n a
bufler (e.g., a fresh buller that 1s iree or substantially free of
unbound nucleic acid tags). In another example, the plurality
of cells may be coupled or linked to magnetic beads that are
coated with an antibody that 1s configured to bind the cell
membrane. The plurality of cells can then be pelleted using,
a magnet to draw them to one side of the reaction vessel. In
some other embodiments, the plurality of cells may be
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placed 1 a cell stramner (e.g., a PLURISTRAINER® cell
strainer) and washed with a wash bufler. For example, the
plurality of cells may remain in the cell strainer while the
wash bufler passes through the cell stramner. Wash bufler
may include a surfactant, a detergent, and/or about 3-60%
formamaide.

[0044] As discussed above, the plurality of cells can be
repooled and the method can be repeated any number of
times, adding more tags to the cDNAs creating a set of
nucleic acid tags that can act as a barcode. As more and more
rounds are added, the number of paths that a cell can take
increases and consequently the number of possible barcodes
that can be created also 1increases. Given enough rounds and
divisions, the number of possible barcodes will be much
higher than the number of cells, resulting 1n each cell likely
having a unique barcode. For example, i the division took

place 1n a 96-well plate, after 4 divisions there would be
964=84.,934,656 possible barcodes.

[0045] In some embodiments, the reverse transcription
primer may be configured to reverse transcribe all, or
substantially all, RNA 1n a cell (e.g., a random hexamer with
a S overhang). In some other embodiments, the reverse
transcription primer may be configured to reverse transcribe
RNA having a poly(A) tail (e.g., a poly(dT) primer, such as
a d1(15) primer, with a 3' overhang). In yet some other
embodiments, the reverse transcription primer may be con-
figured to reverse transcribe predetermined RNAs (e.g., a
transcript-specific primer). For example, the reverse tran-
scription primer may be configured to barcode specific
transcripts such that fewer transcripts may be profiled per
cell, but such that each of the transcripts may be profiled
over a greater number of cells.

[0046] FIG. 2 1llustrates the formation of cDNA by 1n situ

reverse transcription. Panel A depicts a cell that 1s fixed and
permeabilized. Panel B depicts addition of a poly('T) primer,
as discussed above, which can template the reverse tran-
scription of polyadenylated transcripts. Panel C depicts
addition of a random hexamer, as discussed above, which
can template the reverse transcription of substantially any
transcript. Panel D depicts the addition of a primer that 1s
designed to target a specific transcript, as discussed above,
such that only a subset of transcripts may be amplified. Panel
E depicts the cell of Panel A after reverse transcription,

illustrating a cDNA hybrnidized to an RNA.

[0047] Reverse transcription may be conducted or per-
formed on the plurality of cells. In certain embodiments,
reverse transcription may be conducted on a fixed and/or
permeabilized plurality of cells. In some embodiments,
M-MuLV reverse transcriptase (ENZY MATICS™) may be
used 1in the reverse transcription. Any suitable method of
reverse transcription 1s within the scope of this disclosure.
For example, a reverse transcription mix may include a
reverse transcription primer including a 5' overhang and the
reverse transcription primer may be configured to mmitiate
reverse transcription and/or to act as a binding sequence for
nucleic acid tags. In some other embodiments, a portion of
a reverse transcription primer that 1s configured to bind to
RINA and/or imitiate reverse transcription may comprise one
or more of the following: a random hexamer, a septamer, an
octomer, a nonamer, a decamer, a poly(T) stretch of nucleo-
tides, and/or one or more gene specific primers.

[0048] Another aspect of the disclosure relates to methods
of uniquely labeling molecules within a cell or within a
plurality of cells. In some embodiments, the method may

Aug. 24, 2023

comprise: (a) binding an adapter sequence, or universal
adapter, to molecules within the plurality of cells; (b)
dividing the plurality of cells mto at least two primary
aliquots, wherein the at least two primary aliquots comprise
at least a first primary aliquot and a second primary aliquot;
(c) providing primary nucleic acid tags to the at least two
primary aliquots, wherein the primary nucleic acid tags
provided to the first primary aliquot are different from the
primary nucleic acid tags provided to the second primary
aliquot; (d) binding the adapter sequences within each of the
at least two primary aliquots with the provided primary
nucleic acid tags; (¢) combining the at least two primary
aliquots; (1) dividing the combined primary aliquots into at
least two secondary aliquots, the at least two secondary
aliquots comprising at least a first secondary aliquot and a
second secondary aliquot; (g) providing secondary nucleic
acid tags to the at least two secondary aliquots, wherein the
secondary nucleic acid tags provided to the first secondary
aliquot are different from the secondary nucleic acid tags
provided to the second secondary aliquot; and (h) binding
the molecules within each of the at least two secondary
aliquots with the provided secondary nucleic acid tags.

[0049] In certain embodiments, the method may further
comprise step (1), 1.€., repeating steps (e), (1), (g), and (h)
with subsequent aliquots. Step (1) can be repeated a number
of times suflicient to generate a unique series ol nucleic acid
tags for the molecules 1n a single cell. In various embodi-
ments, the number of times may be selected from 1, 2, 3, 4,
5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22, 23, 24, 25, 30, 35, 40, 45, 50, 55, 60, 65,70, 75, 80, 85,
90, 95, 100, etc. In certain other embodiments, step (1) may
be repeated another suitable number of times.

[0050] In some embodiments, the molecules may be dis-
posed within the cell or withun the plurality of cells. In some
other embodiments, the molecules may be coupled to the
cell or to the plurality of cells. For example, the molecules
may be cell-surface molecules. In yet some other embodi-
ments, the molecules may be disposed within and/or coupled
to the cell or the plurality of cells.

[0051] As discussed above, the method may comprise
fixing and/or permeabilizing the plurality of cells prior to
step (a). In various embodiments, each of the nucleic acid
tags may comprise a lirst strand. The first strand may
comprise a barcode sequence including a 3' end and a 5' end.
The first strand may further comprise a 3' hybrnidization
sequence and a 5' hybridization sequence tlanking the 3' end
and the 3' end of the barcode sequence, respectively. In some
embodiments, each of the nucleic acid tags may comprise a
second strand. The second strand may comprise a first
portion complementary to at least one of the 5" hybridization
sequence and the adapter sequence and a second portion
complementary to the 3' hybridization sequence.

[0052] In certain embodiments, the molecules are macro-
molecules. In wvarious embodiments, the molecules are
selected from at least one of RNA, cDNA, DNA, protein,

peptides, and/or antigens.

[0053] In some embodiments, the molecules are RNA and
the adapter sequence may be single-stranded. Furthermore,
step (a) may comprise one ol ligating a 3' end of the
single-stranded adapter sequence to a 3' end of the RNA
and/or ligating a 3' end of the single-stranded adapter
sequence to a 5' end of the RNA. In some other embodi-
ments, the molecules are RNA and step (a) may comprise
hybridizing the adapter sequence to the RNA.
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[0054] Methods related to binding or coupling an adapter
sequence to an RNA can be used, for example, in RNA
transcriptome sequencing, ribosome profiling, small RNA
sequencing, non-coding RNA sequencing, and/or RNA
structure profiling. In some embodiments, the plurality of
cells may be fixed and/or permeabilized. The 5' end of a
single-stranded adapter sequence may be ligated to the 3
end of an RNA (see FIGS. 3A and 3B). In certain embodi-
ments, the ligation may be conducted or performed by T4
RNA Ligase 1. In certain other embodiments, the ligation
may be conducted by T4 RNA Ligase 1 with a single-
stranded adapter sequence including a 35' phosphate. In
vartous embodiments, the ligation may be conducted by

THERMOSTABLE 5' APPDNA/RNA LIGASE™ (NEW
ENGLAND BIOLABS®). In various other embodiments,
the ligation may be conducted by THERMOSTABLE 5’
APPDNA/RNA LIGASE™ with a 3' pre-adenylated single-
stranded adapter sequence. Other suitable ligases and
adapter sequences are also within the scope of this disclo-
Sure

[0055] In some embodiments, the RNA can be labeled
with adapter sequence using hybridization, for example, via
Watson-Crick base-pairing (see FIG. 4). After the labeling
steps and/or cell lysis, as discussed above, the adapter

sequence may be configured to prime reverse transcription
to form or generate cDNA (see FIG. 5).

[0056] The 3' end of a single-stranded adapter sequence
may be ligated to the 5' end of an RNA. In certain embodi-
ments, the ligation may be conducted or performed by T4
RNA Ligase 1. In certain other embodiments, the ligation
may be conducted by T4 RNA Ligase 1 with an RNA
including a 3' phosphate. In various embodiments, the
ligation may be conducted by THERMOSTABLE 3
APPDNA/RNA LIGASE™ (NEW ENGLAND BIO-
LABS®). In various other embodiments, the ligation may be
conducted by THERMOSTABLE 5 APPDNA/RNA
LIGASE™ with a 3' pre-adenylated RNA. As stated above,
other suitable ligases and adapter sequences are also within
the scope of this disclosure.

[0057] In some embodiments, the molecules may be
cDNA. Methods related to binding or coupling an adapter
sequence to a cDNA can be used, for example, in RNA
transcriptome sequencing. In certain embodiments, the plu-
rality of cells may be fixed and/or permeabilized. Reverse
transcription may be performed on the plurality of fixed
and/or permeabilized cells with a primer that includes the
adapter sequence on the 5' end. As discussed above, the 3
end of the primer may be gene-specific, a random hexamer,
or a poly(T) sequence. The resulting cDNA may include the
adapter sequence on its 5' end (see FIG. 5).

[0058] In some embodiments, wherein the molecules are
DNA (e.g., genomic DNA), the method may further com-
prise digesting the DNA with a restriction enzyme prior to
step (a). Furthermore, step (a) may comprise ligating the
adapter sequence to the digested DNA.

[0059] Methods related to binding or coupling an adapter
sequence to a DNA may be used, for example, in whole
genome sequencing, targeted genome sequencing, DNase-
Seq, ChIP-sequencing, and/or ATAC-seq. In certain embodi-
ments, one or more restriction enzymes may be used to
digest DNA 1nto at least one of blunt end fragments and/or
fragments having overhang sequences. A partial double-
stranded sequence with the single-stranded universal adapter
or adapter sequence protruding on one end can be ligated to
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the digested genomic DNA. For example, a partial double-
stranded sequence with the single-stranded adapter sequence
having an overhang, wherein the overhang 1s compatible
with the overhang generated by the one or more restriction
enzymes, may be ligated to the digested genomic DNA.

[0060] In various embodiments, adapter sequences can be
integrated (e.g., directly integrated) into genomic DNA
using Tn3 transposase and the transposase can be released to
expose the adapter sequences by addition of sodium dodecyl
sulfate (SDS). Other transposases and methods of integrat-
ing the adapter sequences into genomic DNA are also within
the scope of this disclosure.

[0061] In certain embodiments, the molecules are protein,
peptide, and/or antigen, and the adapter sequence may be
bound to a unique identifier sequence (e.g., comprising
nucleic acids) that 1s coupled to an antibody. The unique
identifier sequence may be configured to uniquely 1dentity
the antibody to which the unique identifier sequence 1s
bound. Furthermore, step (a) may comprise binding the
antibodies, which comprise each of the adapter sequence and
the unique 1dentifier sequence, to the protein, peptide, and/or
antigen. In certain other embodiments, the molecules are
protein, peptide, and/or antigen, and the adapter sequence
may be mntegrated in an aptamer. Furthermore, step (a) may
comprise binding the aptamer to the protein, peptide, and/or
antigen.

[0062] Methods related to binding or coupling an adapter
sequence to a protein, a peptide, and/or an antigen may be
used, for example, 1 protein quantification, peptide quan-
tification, and/or antigen quantification. In various embodi-
ments, the adapter sequence can be attached (e.g., chemi-
cally attached) to an antibody. For example, the adapter
sequence can be attached to an antibody using chemistry
known to the skilled artisan for mediating DNA-protein
bonds. Antibodies for different proteins can be labeled with
nucleic acid sequences or strands that include a unique
identifier sequence 1n addition to the adapter sequence. The
antibody, or set of antibodies, may then be used in an
immunostaining experiment to label a protein, or set of
proteins, i fixed and/or permeabilized cells or tissue (see
FIG. 6). Subsequently, the cells may undergo a labeling or
barcoding procedure as disclosed herein.

[0063] In some embodiments, the nucleic acid sequences
(e.g., the DNA molecules) attached or bound to the anti-
bodies can be released from the antibodies and/or adapter
sequences. A sequencing reaction can reveal a unique 1den-
tifier sequence associated with a given protein as well as the
label or barcode associated with a unique cell or cells. In
certain embodiments, such a method may reveal or identity
the number and/or type of proteins present 1in one or more

cells.

[0064] In various embodiments, a DNA aptamer and/or an
RNA aptamer can be used instead of, or in addition to, a
nucleic acid-modified (or DNA-modified) antibody as
described above (see FIG. 7). The adapter sequence (and
target protein-specific antibody) may be integrated (e.g.,
directly integrated) into the sequence of a given aptamer.

[0065] Another aspect of the disclosure relates to methods
of barcoding nucleic acids within a cell. In some embodi-
ments, the methods of barcoding nucleic acids within a cell
may comprise: (a) generating cDNAs within a plurality of
cells by reverse transcribing RNAs using a reverse tran-
scription primer comprising a 5' overhang sequence; (b)
dividing the plurality of cells 1nto at least two aliquots; (c)
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providing a plurality of nucleic acid tags to each of the at
least two aliquots, wherein each barcode sequence of the
plurality of nucleic acid tags introduced 1nto a given aliquot
1s the same, and wherein a different barcode sequence 1is
introduced into each aliquot; (d) binding at least one of the
cDNAs 1n each of the at least two aliquots to the nucleic acid
tags; (e¢) combining the at least two aliquots; and (I) repeat-
ing steps (b), (¢), (d), and (e) at least once with the combined
aliquot.

[0066] In certain embodiments, each nucleic acid tag may
comprise a first strand comprising a 3' hybridization
sequence extending from a 3' end of a barcode sequence and
a 3' hybnidization sequence extending from a 3' end of the
barcode sequence. Each nucleic acid tag may also comprise
a second strand comprising an overhang sequence, wherein
the overhang sequence comprises (1) a first portion comple-
mentary to at least one of the 3' hybridization sequence and
the 5' overhang sequence and (i1) a second portion comple-
mentary to the 3' hybridization sequence.

[0067] FIG. 8 depicts dividing, tagging, and pooling of
cells, according to an embodiment of the present disclosure.
Cells that have been reverse transcribed can be divided
between reaction vessels or wells. In FIG. 8, 4 wells are
shown. As discussed above, however, any suitable number
of reaction vessels or wells may be used. One cell 1s
highlighted to show i1ts path through the process. As
depicted, the highlighted cell first ends up 1 well ‘a’,
wherein it is the 1% tag added to it that hybridizes to the
overhang of all the cDNA transcripts (shown in the box).
The tag carries a unique barcode region ‘a’, identifying the
well that the cell was 1n. After hybridization, all cells are
washed to remove excess tags, regrouped, and then split
again between the same number of wells. The highlighted
cell then ends up in well ‘c’ and has a 2"¢ tag added to it
identifying the well 1t was 1n. After the second round, the
cells could have taken 4°=16 possible paths through the
tubes. The process can be repeated, adding more tags to the
cDNA transcripts and increasing the number of possible
paths the cells can take. FIGS. 9A and 9B depict two
exemplary workflows, according to embodiments of the
present disclosure.

[0068] Another aspect of the disclosure relates to kits for
labeling nucleic acids within at least a first cell. In some
embodiments, the kit may comprise at least one reverse
transcription primer comprising a 5' overhang sequence. The
kit may also comprise a plurality of first nucleic acid tags.
Each first nucleic acid tag may comprise a first strand. The
first strand may 1nclude a 3' hybridization sequence extend-
ing from a 3' end of a first labeling sequence and a 3
hybridization sequence extending from a 5' end of the first
labeling sequence. Each first nucleic acid tag may further
comprise a second strand. The second strand may 1include an
overhang sequence, wherein the overhang sequence may
comprise (1) a first portion complementary to at least one of
the 5' hybridization sequence and the 3' overhang sequence
of the reverse transcription primer and (11) a second portion
complementary to the 3' hybridization sequence.

[0069] The kit may further comprise a plurality of second
nucleic acid tags. Each second nucleic acid tag may com-
prise a first strand. The first strand may 1nclude a 3' hybrid-
ization sequence extending from a 3' end of a second
labeling sequence and a 5' hybridization sequence extending
from a 3' end of the second labeling sequence. Each second
nucleic acid tag may further comprise a second strand. The
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second strand may comprise an overhang sequence, wherein
the overhang sequence may comprise (1) a first portion
complementary to at least one of the 3' hybnidization
sequence and the 5' overhang sequence of the reverse
transcription primer and (1) a second portion complemen-
tary to the 3' hybridization sequence. In some embodiments,
the first labeling sequence may be different from the second
labeling sequence.

[0070] In some embodiments, the kit may also comprise
one or more additional pluralities of nucleic acid tags. Each
nucleic acid tag of the one or more additional pluralities of
nucleic acid tags may comprise a first strand. The first strand
may include a 3' hybridization sequence extending from a 3'
end of a labeling sequence and a 3' hybridization sequence
extending from a 5' end of the labeling sequence. Each
nucleic acid tag of the one or more additional pluralities of
nucleic acid tags may also comprise a second strand. The
second strand may include an overhang sequence, wherein
the overhang sequence comprises (1) a first portion comple-
mentary to at least one of the 3' hybridization sequence and
the 5' overhang sequence of the reverse transcription primer
and (1) a second portion complementary to the 3' hybrid-
ization sequence. In some embodiments, the labeling
sequence may be different 1n each given additional plurality
of nucleic acid tags.

[0071] In various embodiments, the kit may further com-
prise at least one of a reverse transcriptase, a fixation agent,
a permeabilization agent, a ligation agent, and/or a lysis
agent.

[0072] Another aspect of the disclosure relates to kits for
labeling molecules within at least a first cell. For example,
the kits as disclosed above may be adapted to label one or
more of RNA, cDNA, DNA, protein, peptides, or antigens
within at least a first cell.

[0073] As will be understood by one of ordinary skill 1n
the art, each embodiment disclosed herein can comprise,
consist essentially of, or consist of 1ts particular stated
clement, step, ingredient, or component. As used herein, the
transition term “comprise” or “‘comprises’’ means includes,
but 1s not limited to, and allows for the inclusion of
unspecified elements, steps, ingredients, or components,
even 1n major amounts. The transitional phrase “consisting
of” excludes any element, step, ingredient or component not
specified. The transition phrase “consisting essentially of”
limaits the scope of the embodiment to the specified elements,
steps, mgredients or components, and to those that do not
materially affect the embodiment.

[0074] Unless otherwise indicated, all numbers expressing
quantities of ingredients, properties such as molecular
weilght, reaction conditions, and so forth used in the speci-
fication and claims are to be understood as being modified
in all instances by the term “about.” Accordingly, unless
indicated to the contrary, the numerical parameters set forth
in the specification and attached claims are approximations
that may vary depending upon the desired properties sought
to be obtained by the present disclosure. At the very least,
and not as an attempt to limait the application of the doctrine
of equivalents to the scope of the claims, each numerical
parameter should at least be construed 1n light of the number
of reported significant digits and by applying ordinary
rounding techniques. When further clarity 1s required, the
term “about” has the meaning reasonably ascribed to 1t by a
person skilled 1n the art when used 1n conjunction with a
stated numerical value or range, 1.e., denoting somewhat
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more or somewhat less than the stated value or range, to
within a range of £20% of the stated value; £19% of the
stated value:; +18% of the stated value; +17% of the stated
value; £16% of the stated value; +15% of the stated value;
+14% of the stated value; +13% of the stated value; +12%
of the stated value; £11% of the stated value; £10% of the
stated value; +9% of the stated value; +8% of the stated
value; +7% of the stated value; 6% of the stated value; 5%
of the stated value; 4% of the stated value; +3% of the
stated value; +2% of the stated value; or £1% of the stated
value.

[0075] Notwithstanding that the numerical ranges and
parameters setting forth the broad scope of the disclosure are
approximations, the numerical values set forth 1n the specific
examples are reported as precisely as possible. Any numeri-
cal value, however, mherently contains certain errors nec-
essarily resulting from the standard deviation found 1n their
respective testing measurements.

[0076] The terms “a,” “an,” “the” and similar referents
used 1n the context of describing the disclosure (especially
in the context of the following claims) are to be construed to
cover both the singular and the plural, unless otherwise
indicated herein or clearly contradicted by context. Recita-
tion of ranges of values herein 1s merely 1ntended to serve as
a shorthand method of referring individually to each sepa-
rate value falling within the range. Unless otherwise indi-
cated herein, each individual value 1s incorporated 1nto the
specification as if it were individually recited herein. All
methods described herein can be performed 1n any suitable
order unless otherwise imdicated herein or otherwise clearly
contradicted by context. The use of any and all examples, or
exemplary language (e.g., “such as™) provided herein 1is
intended merely to better 1lluminate the disclosure and does
not pose a limitation on the scope of the disclosure otherwise
claimed. No language in the specification should be con-
strued as indicating any non-claimed element essential to the
practice of the disclosure.

[0077] Groupings of alternative elements or embodiments
of the disclosure disclosed herein are not to be construed as
limitations. Each group member may be referred to and
claimed individually or imm any combination with other
members of the group or other elements found herein. It 1s
anticipated that one or more members of a group may be
included 1n, or deleted from, a group for reasons of conve-
nience and/or patentability. When any such inclusion or
deletion occurs, the specification 1s deemed to contain the
group as modified thus fulfilling the written description of
all Markush groups used 1n the appended claims.

[0078] Definmitions and explanations used in the present
disclosure are meant and intended to be controlling 1n any
future construction unless clearly and unambiguously modi-
fied 1n the following examples or when application of the
meaning renders any construction meaningless or essentially
meaningless 1 cases where the construction of the term
would render 1t meaningless or essentially meaningless, the
definition should be taken from Webster’s Dictionary, 3rd
Edition or a dictionary known to those of ordinary skill in
the art, such as the Oxford Dictionary of Biochemistry and
Molecular Biology (Ed. Anthony Smith, Oxford University
Press, Oxiord, 2004).

EXAMPLES

[0079] The following examples are illustrative of dis-
closed methods and compositions. In light of this disclosure,
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those of skill in the art will recognize that vanations of these
examples and other examples of the disclosed methods and
compositions would be possible without undue experimen-
tation.

Example 1—Fixation and Reverse Transcription

[0080] NIH/3T3 (mouse) and Hela-S3 (human) cells can
be grown to confluence on two separate 10 cm cell culture
plates. The cells can be rinsed twice with 10 ml 1x phos-
phate bufllered saline (PBS), 1 ml of 0.05% trypsin can be
added to each plate, and the plates can be incubated at 37°
C. for 5 minutes. The cells can be detached by tilting each
plate at a 45° angle while pipetting trypsin across the plates,
which can be continued until all, or substantially all, of the
cells are detached. Each cell line can be transferred into 1ts
own 15 ml conical centrifuge tube (FALCON™), 2 ml of
Dulbecco’s Modified Eagle Medium (DMEM) with 10%
tetal bovine serum (FBS) can be added to each tube. The
number of cells in each tube can be calculated (e.g., with a
hemocytometer or on a flow cytometer). For example, 200
uwl of the sample can be transferred from each tube into
separate 1.7 ml microcentrifuge tubes (EPPENDORF®) and
100 ul of the sample can be run on an ACCURI™ Flow
Cytometer to calculate the cell concentration.

[0081] The same number of cells from each tube can be
combined 1nto a new single 15 ml conical centrifuge tube
(FALCONT™), using as many cells as possible. A 5 minute
spin can be conducted at 500xg 1n a 15 ml conical centrifuge
tube (FALCON™), It may be helpful to use a bucket
centrifuge so that the cells are pelleted at the bottom of the
tube rather than on the side of the tube. The liquid can be
aspirated without disturbing the cell pellet and the cells can
be resuspended 1n 500 ul of 4% formaldehyde. The cells can
then be left at room temperature (1.e., 20-25° C.) for 10
minutes. 1.5 ml of 0.5% TRITON™ X-100 can be added to
the tube and mixed gently with a pipette. The tube can them
be spun at 500xg for 5 minutes. Again, the liquid can be
aspirated without disturbing the pellet and the pellet can be
washed twice with 1 ml PBS without resuspending the
pellet. If washing disturbs the pellet, the second wash can be
skipped. The pellet can then be resuspended in 1 ml 0.1 N
HCI and incubated at room temperature for 5 minutes.
[0082] 2 ml of Tris-HCI (pH 8.0) can be added to a new
15 ml conical centrifuge tube (FALCONT™), The fixed cells
in HCI, from above, can be transferred to the tube with
Tr1s-HC1 so as to neutralize the HCI. The number of cells 1n
the tube can then be calculated as discussed above (e.g., with
a hemocytometer or on a flow cytometer). The fixed cells 1n
Tr1s-HCI can be spun down at 500xg for 5 minutes and the
liguid can be aspirated without disturbing the pellet. The
pellet can be washed twice with 1 ml RNase-free molecular
grade water, without disturbing the pellet. The cells can then
be resuspended to a concentration of 2.5 million cells/ml (to
do this, the concentration calculated before the last spin step
can be used).

[0083] A reverse transcription mix can be made (35 ul
M-MuLV reverse transcriptase bufler (ENZYMATICS™),
55 ul M-MuLV reverse transcriptase (ENZYMATICS™),
5.5 ul dNTPs (25 mM per base), 3.44 ul RNase inhibitor
(ENZYMATICS™, 40 units/ul), 210.4 ul nuclease-iree
water, and 2.75 ul RT Primer (BC_00535, 100 uM)). In a well
of a 24-well cell culture plate, 300 ul of the reverse tran-
scription mix can be combined with 200 ul of the fixed cells
(~500,000 cells) and mixed gently by pipetting. The mixture
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can then be incubated at room temperature for 10 minutes to
allow the reverse transcription primer to anneal and the
mixture can then be incubated at 37° C. 1n a humidified
incubator overnight (1.e., ~16 hours).

[0084] A primer that can be used for reverse transcription
(BC_0033) 1s depicted in FIG. 10. This 1s an anchored
primer, designed to bind the start of a poly(A) tail of a
messenger RNA. The primer may be synthesized with all 4
bases at the 3' end (N) and every base except T at the
second-most 3' position (V). The primer can also include 15
consecutive dTs. In some embodiments, the primer may
include more than 15 dTs. In some other embodiments, the
primer may include fewer than 15 dTs. In embodiments
wherein the primer includes fewer than 15 dTs, the melting,
temperature of the primer may be lowered. The domain sO
may not hybridize to messenger RNAs, but may instead
provide an accessible binding domain for a linker oligo. The
primer also includes a 5' phosphate that can allow ligation of
the primer to another oligo by T4 DNA ligase.

Example 2—Preparation of Barcodes

[0085] The barcodes were ordered 1n 96-well plates at 100
uM concentrations. Fach barcode was annealed with 1ts
corresponding linker oligo (see FIGS. 10-12).

[0086] FIG. 11 depicts an annealed, first-round barcode
oligo. 96 first-round barcode oligos with unique sequences
in domain 18a were used. In the first round, the unique
sequence 1 domain 18a 1s the region of the sequence that 1s
used as a barcode. By varying 8 nucleotides, there are
65,536 possible unique sequences. In some embodiments,
more than 8 nucleotides may be present 1n domain 18a. In
some other embodiments, fewer than 8 nucleotides may be
present 1n domain 18a. The first-round barcodes were pre-
annealed to a linker strand (BC_0056) through complemen-
tary sequences 1 domain sl. The linker strand can include
complementary sequence to part of the reverse transcription
primer (domain s0) that can allow 1t to hybridize and bring
the 3' end of the first-round barcodes 1n close proximity to
the 3' end of the reverse transcription primer. The phosphate
of the reverse transcription primer can then be ligated to the
3" end of the first-round barcodes by T4 DNA ligase. The
domain s2 can provide an accessible binding domain for a
linker oligo to be used in another round of barcoding. The
first-round barcode oligos can include a 3' phosphate that
can allow ligation to the 3' end of another oligo by T4 DNA
ligase.

[0087] FIG. 12 depicts an annealed, second-round barcode
oligo. 96 second-round barcode oligos with unique
sequences 1n domain 18b were used. In the second round, the
unique sequence in domain 18b 1s the region of the sequence
that 1s used as a barcode. By varying 8 nucleotides, there are
65,536 possible unique sequences. In some embodiments,
more than 8 nucleotides may be present 1n domain 18b. In
some embodiments, less than 8 nucleotides may be present
in domain 18b. The second-round barcodes can be prean-
nealed to a linker strand (BC_0058) through complementary
sequences 1n domain s3. The linker strand can include
complementary sequence to part of the first-round barcode
oligo (domain s2) that can allow 1t to hybridize and bring the
3" end of the first-round barcodes 1n close proximity to the
St end of the second-round barcode oligo. The phosphate of
the first-round barcode oligo can then be ligated to the 3' end
of the second-round barcodes by T4 DNA ligase. The

domain s4 can provide an accessible binding domain for a
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linker oligo to be used 1n another round of barcoding. The
second-round barcode oligos can include a 5' phosphate that
can allow ligation to the 3' end of another oligo by T4 DNA
ligase.

[0088] FIG. 13 depicts an annealed, third-round barcode
oligo. 96 third-round barcode oligos with umique sequences
in domain 18¢ were used. In the third round, the unique
sequence 1 domain 18c¢ 1s the region of the sequence that 1s
used as a barcode. By varying 8 nucleotides, there are
65,536 possible unique sequences. In some embodiments,
more than 8 nucleotides may be present 1n domain 18c. In
some other embodiments, less than 8 nucleotides may be
present 1n domain 18c. The third round of barcodes can be
preannealed to a linker strand (BC_0060) through comple-
mentary sequences in domain s5. The linker strand can
include complementary sequence to part of the second-
round barcode oligo (domain s4) that can allow 1t to hybrid-
ize and bring the 3' end of the second-round barcodes 1n
close proximity to the 35' end of the third-round barcode
oligo. The phosphate of the second-round barcode oligo can
then be ligated to the 3' end of the third-round barcodes by
T4 DNA ligase. The third-round barcode oligos can be
synthesized with unique molecular identifiers (UMI; see
Islam, et. al. Nature Methods, 2014) consisting of 10 random
nucleotides (domain UMI: NNNNNNNNNN). Due to PCR
amplification bias, multiple sequencing reads can originate
from the cDNA. Using a UMI, each cDNA may be counted
only once. The third-round barcodes can also include a
domain corresponding to part of the ILLUMINA® TruSeq
adapter. The third-round barcodes can be synthesized with a
biotin molecule at the 5' end so that fully barcoded cDNA
can be 1solated with streptavidin coated magnetic beads.
[0089] Starting from a 100 uM stock of each barcode oligo
(1.e., 1n 96-well plates, one for each round), 11 ul of barcode
oligo were transierred to 96-well PCR plates. To the plate
with the round 1 barcodes, 9 ul of BC_0056 (100 uM stock)
were added to each well. To the plate with the round 2
barcodes, 9 ul of BC_0038 (100 uM stock) were added to
cach well. To the plate with the round 3 barcodes, 9 ul of
BC_0060 (100 uM stock) were added to each well. Each
plate was then placed 1n a thermocycler, with the following
program, to anneal the barcodes with the corresponding
linker oligo: heat to 90° C., reduce heat 0.1° C./second, and
stop when the temperature reaches 25° C. 2.2 ul were
transterred from each well having the round 1 barcodes mnto
a new 96-well plate (referred to as plate L1). 3.8 ul were
transierred from each well with the round 2 barcodes 1nto a
new 96-well plate (referred to as plate L2). 6.1 ul were
transferred from each well with the round 3 barcodes into a
new 96-well plate (referred to as plate L3).

Example 3—Preparation of Ligation Stop Oligos

[0090] After each round of ligation, the ligation can be
stopped by adding an excess of oligo that 1s complementary
to the linker strands (see FIG. 14). To stop each barcode
ligation, oligo strands that are fully complementary to the
linker oligos can be added. These oligos can bind the linker
strands attached to unligated barcodes and displace the
unligated barcodes through a strand displacement reaction.
The unligated barcodes can then be completely single-
stranded. As T4 DNA ligase i1s unable to ligate single-
stranded DNA to other single-stranded DNA, the ligation
reaction will stop progressing. To ensure that all linker
oligos are bound by the complementary oligos, a molar
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excess ol the complementary oligos (relative to the linker
oligos) 1s added. To stop the first-round ligation, BC_0064
(complementary to BC_0056) 1s added. To stop the second-
round ligation, BC_0065 (complementary to BC_0058) 1s
added. To stop the third-round ligation, BC_0066 (comple-
mentary to BC_0060) 1s added.

[0091] Dilutions can be prepared for each stop ligation
strand (BC_0064, BC_0065, BC_0066) as follows: 264 ul
stop ligation strand (BC_0064, BC_0065, BC_0066), 300 ul
10xT4 DNA Ligase Builer, and 636 ul nuclease-iree water.

Example 4—Ligation of Barcodes to cDNA

[0092] 5 ul 10% TRITON™ X-100 can be added to the
reverse transcription reaction (to a final concentration of
0.1%) 1n the above-described 24-well plate. The reverse
transcription (RT) reaction with cells can be transferred to a
15 ml conical centrifuge tube (FALCONT™), The RT reac-
tions can be spun for 10 minutes at 500xg and resuspended
in 2 ml nuclease-iree water. The cells can be combined with
ligase mix (600 ul 10xT4 ligase bufler, 2040 ul of nuclease-
free water, all of the resuspended cells (2000 ul), 100 ul of
T4 DNA Ligase (NEW ENGLAND BIOLABS®, 400,000
units/ml), and 60 ul of 10% TRITON™ X-100) 1n a dispos-
able pipetting reservoir (10 ml)). The cells and ligase mix
can be mixed by gently tilting the reservoir back and forth
several times. Using a multichannel pipette, 40 ul of the cells
in the ligase mix can be added to each well of annealed
round 1 barcodes (plate LL1). Each well can be mixed by
pipetting up and down gently 2-3 times. The cells 1n the
ligase mix can be mcubated at 37° C. for 60 minutes.
[0093] 10 ul of the diluted BC_0064 can be added to each
well to stop the ligation. The samples can then be incubated
at 37° C. for 30 minutes. All of the cells can be collected 1n
a new disposable pipetting reservoir (10 ml). The cells can
be passed through a 40 uM strainer into a new disposable
pipetting reservoir (10 ml) using a 1 ml pipette. 100 ul of T4
DNA ligase (NEW ENGLAND BIOLABS®, 400,000 units/
ml) can be added to the cells in reservoir. The cells and
ligase mix can be mixed by gently tilting the reservoir back
and forth several times and using a multichannel pipette, 40
wl of the cells 1n the ligase mix can be added to each well of
annealed round 2 barcodes (plate L2). Each well can be
mixed by pipetting up and down gently 2-3 times and the
samples can then be incubated at 37° C. for 60 minutes.
[0094] 10 ul of the diluted BC_00635 can be added to each
well to stop the ligation. The samples can be incubated at 37°
C. for 30 minutes and the cells can then be collected 1n a new
disposable pipetting reservoir (10 ml). The cells can be
passed through a 40 uM strainer into a new disposable
pipetting reservolr (10 ml) using a 1 ml pipette. 100 ul of T4
DNA ligase (NEW ENGLAND BIOLABS®, 400,000 units/
ml) can be added to the cells 1n the reservoir. The cells and
ligase mix can be mixed by gently tilting the reservoir back
and forth several times. Using a multichannel pipette, 40 ul
of the cells 1n the ligase mix can be added to each well of
annealed round 3 barcodes (plate LL3). Each well can then be
mixed by pipetting up and down gently 2-3 times and the
samples can be incubated at 37° C. for 60 minutes.

[0095] 10 ul of the diluted BC_0066 can be added to each
well to stop the ligation. The samples can be incubated at 37°
C. for 30 minutes. All the cells can be collected 1n a new
disposable pipetting reservoir (10 ml). The cells can be
transierred to a 15 ml conical centrifuge tube (FALCONTM)
and the tube can be filled with wash bufler (nuclease-iree
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water, 0.05% Tween 20, and 25% formamide) to 15 ml. The
samples can be incubated for 15 minutes at room tempera-
ture. The cells can then be pelleted at 500xg for 10 minutes
and the liquid can be removed without disturbing the pellet.
Each tube of cells can be resuspended in 100 ul PBS and the
cells can be counted (e.g., on a hemocytometer or on a tlow
cytometer). In one example, 57,000 cells were retained. The
number of cells to be sequenced can be chosen. In one
example, the cells were split into 25 cell, 250 cell, 2,500 cell,
and 25,000 cell aliquots. 300 ul of lysis buffer (10 mM NaF,
1 mM Na,VO,, 0.5% DOC bufler, and 0.5% TRITON™
X-100) can be added to each of the cell aliquots and each of
the cell aliquots can be passed through a 25 gauge needle
cight times.

Example 5—Binding Barcoded cDNA to
Streptavidin Coated Beads

[0096] First, DYNABEADS® MYONE™ Streptavidin Cl
beads can be resuspended. 20 ul of resuspended DYNA-
BEADS® MYONE™ Streptavidin Cl beads (for each ali-

quot of cells) can be added to a 1.7 ml microcentrifuge tube
(EPPENDORF®). The beads can be washed 3 times with

1 xphosphate buflered saline Tween 20 (PBST) and resus-
pended 1n 20 ul PBST. 900 ul PBST can be added to the cell
aliquot and 20 ul of washed Cl beads can be added to the
aliquot of lysed cells. The samples can be placed on a gentle
roller for 15 minutes at room temperature and then washed

3 times with 800 ul PBST using a magnetic tube rack
(EPPENDORF®). The beads can then be resuspended in

100 ul PBS.

Example 6—RNase Treatment of Beads

[0097] A microcentrifuge tube (EPPENDORF®) compris-
ing a sample can be placed against a magnetic tube rack
(EPPENDORF®) for 2 minutes and then the liquid can be
aspirated. The beads can be resuspended in an RNase
reaction (3 ul RNase Mix (ROCHE™), 1 ul RNase H (NEW
ENGLAND BIOLABS®), 5 ul RNase H 10xBufler (NEW
ENGLAND BIOLABS®), and 41 ul nuclease-free water).
The sample can be incubated at 37° C. for 1 hour, removed
from 37° C., and placed against a magnetic tube rack
(EPPENDORF®) for 2 minutes. The sample can be washed
with 750 ul of nuclease-free water+0.01% Tween 20 (H,O-
T), without resuspending the beads and keeping the tube
disposed against the magnetic tube rack. The liquid can then
be aspirated. The sample can be washed with 750 ul H,O-T
without resuspending the beads and while keeping the tube
disposed against the magnetic tube rack. Next, the liquid can
be aspirated while keeping the tube disposed against the
magnetic tube rack. The tube can then be removed from the
magnetic tube rack and the sample can be resuspended 1n 40
wl of nuclease-free water.

Example 7-3' Adapter Ligation

[0098] With reference to FIG. 15, to facilitate PCR ampli-
fication, a single-stranded DNA adapter oligo (BC_0047)
can be ligated to the 3' end of cDNA. To prevent concate-
mers of the adapter oligo, dideoxycytidine (ddC) can be
included at the 3' end of the adapter oligo. BC_0047 was
generated with a phosphate at the 5' end and ddC at the 3

end. Several enzymes are capable of ligating single-stranded
oligo to the 3' end of single-stranded DNA. Herein, T4 RNA

ligase 1 (NEW ENGLAND BIOLABS®) was used. Ther-
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mostable 5' AppDNA/RNA Ligase (NEW ENGLAND BIO-
LABS®) can also be used with a preadenylated adaptor
oligo.

[0099] Specifically, 20 ul of the RNase-treated beads can
be added to a single PCR tube. 80 ul of ligase mix (5 ul T4
RNA Ligase 1 (NEW ENGLAND BIOLABS®), 10 ul
10xT4 RNA ligase butter, 5 ul BC_0047 oligo at 50 uM, 50
ul 50% PEG 8000, and 10 ul 10 mM ATP) can be added to
the 20 ul of beads 1n the PCR tube. 50 ul of the ligase mixed
with the beads can be transferred into a new PCR tube to
prevent too many beads from settling to the bottom of a
single tube and the sample can be incubated at 25° C. for 16
hours.

Example 8—Generating ILLUMINA® Compatible
Sequencing Products

[0100] Ligation reactions from both PCR tubes can be
combined mnto a single 1.7 ml microcentrifuge tube (EP-
PENDORF®). 750 ul of H,O-T can be added to each
sample. Fach of the tubes can be placed on a magnetic tube
rack (EPPENDORF®) for 2 minutes, the liquid can be
aspirated, and the samples can be resuspended 1n 40 ul water.
The samples can be transierred to PCR tubes. 60 ul of PCR
mix can be added to each tube (350 ul 2xPHUSION® DNA
Polymerase Master Mix (THERMO FISHER™ Scientific),
5 ul BC_00351 (10 uM), and 5 ul BC_0062 (10 uM)). 10
cycles of PCR can be run (98° C. for 3 minutes, repeat 10
times (98° C. for 10 seconds, 65° C. for 15 seconds, and 72°
C. for 60 seconds), and 72° C. for 5 minutes). FIG. 16
depicts the PCR product. After the 3' adapter oligo (BC_
0047) has been ligated to barcoded cDNA, the cDNA can be
amplified using PCR. As shown in FIG. 16, the primers
BC 0051 and BC 0062 were used.

[0101] The PCR samples from the previous step can be
procured and the magnetic beads can be displaced to the
bottom of each tube with a magnet. 90 ul of PCR reaction
can be transierred to a new 1.7 ml without transferring any
of the magnetic beads. 10 ul of nuclease-free water can be
added to each of the 1.7 ml tubes to a total volume of 100
wl. 60 ul of AMPURE™ beads can be added to the 100 ul of
PCR reaction (0.6xSPRI) and bound for 5 minutes. The
tubes can be placed against a magnet for 2 minutes and the
samples can be washed with 200 ul of 70% ethanol (30
second wait) without resupending the beads. The samples
can be washed again with 200 ul of 70% ethanol (30 second
wait) without resuspending the beads and then the samples
can be air dried for 5-10 minutes until the ethanol has
evaporated.

[0102] Each of the samples can be resuspended 1 40 ul of
nuclease-free water. The tubes can be placed against a
magnetic rack for 2 minutes. While the microcentrifuge
tubes (EPPENDORF®) are still disposed against the mag-
netic rack, 38 ul of solution can be transferred to a new 1.7
ml tube, without transferring beads. 62 ul of nuclease-iree

water can be added to the samples to a total volume of 100
ul. 60 ul of AMPURE™ beads can then be added to 100 ul

of the PCR reaction (0.6xSPRI) and bound for 5 minutes.
The tubes can be placed against a magnet for 2 minutes and
then the samples can be washed with 200 ul of 70% ethanol
(30 second wait) without resupending the beads. The
samples can be washed again with 200 ul 70% ethanol (30
second wait) without resupending the beads and then the
samples can be air dried for 5-10 minutes until the ethanol
has evaporated.
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[0103] The samples can be resuspended 1n 40 ul of nucle-
ase-Iree water and each tube can be placed against a mag-
netic rack for 2 minutes. While the tube 1s still disposed
against the magnetic rack, 38 ul of solution to a new 1.7 ml
tube, without transierring any beads. 20 ul of the 38 ul
clution can be added to an optical PCR tube. Furthermore,
a PCR mix can be added to the tube (25 ul PHUSION®
DNA Polymerase Master Mix (THERMO FISHER™ Sci-
entific), 2.5 ul BC_0027 (10 uM), 2.5 ul BC_0063 (10 uM),
and 2.5 ul 20xEVAGREEN® (Biotium)). Following the
PCR depicted in FIG. 16, the full ILLUMINA® adapter
sequences can be itroduced through another round of PCR.
As depicted 1n FIG. 17, BC_0027 includes the flow cell
binding sequence and the binding site for the TRUSEQ™
read 1 primer. BC_0063 includes the flow cell binding
sequence and the TruSeq multiplex read 2 and index binding,
sequence. There 1s also a region for the sample index, which
1s GATCTG 1n this example.

[0104] The above samples can be run on a qPCR machine

with the following cycling conditions: 1) 98° C. for 3
minutes, 2) 98° C. for 10 seconds, 3) 65° C. for 15 seconds,

4)°72° C. for 60 seconds, and 3) repeat steps 2-4 (e.g., 10-40
times, depending on when fluorescence stops increasing
exponentially). The tube can be transferred to a thermocy-
cler set to 72° C. for 5 minutes. The qPCR reaction can be
run on a 1.5% agarose gel for 40 minutes and a 450-550 bp
band can be removed and gel extracted (QIAQUICK® Gel
Extraction Kit). The products can be sequenced on an
ILLUMINA® MISEQ™ using paired end sequencing. The
sequencing primers can be the standard TRUSEQ™ multi-
plex primers. Read 1 can sequence the cDNA sequence,
while read 2 can cover the unique molecular identifier as
well as the 3 barcode sequences (8 nucleotides each). Index
read 1 can be used to sequence sample barcodes, so multiple
samples may be sequenced together.

Example 9—Data Analysis

[0105] Sequencing reads were grouped by cell barcodes
(three barcodes of eight nucleotides each, 96x96x96=884,
736 total combinations). Each barcode combination should
correspond to the cDNA from a single cell. Only reads with
valid barcodes were retained. The sequencing reads with
cach barcode combination were aligned to both the human
genome and the mouse genome. Reads aligning to both
genomes were discarded. Multiple reads with the same
unmique molecular identifier were counted as a single read.
Reads with unique molecular identifiers with two or less
mismatches were assumed to be generated by sequencing
errors and were counted as a single read. For each unique
barcode combination the number of reads aligning to the
human genome (x-axis) and the mouse genome (y-axis)
were plotted (see FIG. 18). As each cell 1s either mouse or
human, i1t should 1deally imnclude only one type of RNA. So
an 1deal plot would have every point along the x- or y-axis.
The fact that most points 1n the plot of FIG. 18 are near an
axis indicates that the method 1s viable.

[0106] FEach point in the plot corresponds to cDNA with
the same combination of barcodes and should represent the
cDNA from a single cell. For each point, the number of reads
that map uniquely to the mouse genome are plotted on the
y-axis, while the number of reads that map umquely to the
human genome are plotted on the x-axis. If cDNAs with a
specific combination of barcodes came from a single cell, all
of the cDNA with the specific combination of barcodes
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should map completely to the human genome or completely
to the mouse genome. As stated above, the fact that most
barcode combinations map close to either the x-axis (human
cells) or the y-axis (mouse cells) indicates that the method
can 1ndeed produce single-cell RNA sequencing data.

[0107] Certain embodiments of this disclosure are
described herein, including the best mode known to the
inventors for carrying out the disclosure. Of course, varia-
tions on these described embodiments will become apparent
to those of ordinary skill in the art upon reading the
foregoing description. The applicants expect skilled artisans
to employ such variations as appropriate, and the applicants
intend for the various embodiments of the disclosure to be
practiced otherwise than specifically described herein.
Accordingly, this disclosure includes all modifications and
equivalents of the subject matter recited in the claims
appended hereto as permitted by applicable law. Moreover,
any combination of the above-described elements 1n all
possible variations thereof 1s encompassed by the disclosure
unless otherwise indicated herein or otherwise clearly con-
tradicted by context.

[0108] Furthermore, numerous references have been made
to patents and printed publications throughout this specifi-

SEQUENCE LISTING

Sequence total quantity: 15

SEQ ID NO: 1 moltype = DNA length = 32

FEATURE Location/Qualifiers
source 1..32
mol type = other DNA
organism = synthetic construct

SEQUENCE: 1
nbaaaaaaaa aaaaaaacga atgctctggce ct
SEQ ID NO: 2

moltype = DNA length = 32

FEATURE Location/Qualifiers
source 1..32
mol type = other DNA
organism = synthetic construct

SEQUENCE: 2
aggccagagce attcegttttt tttttttttt vn

SEQ ID NO: 3 moltype = DNA length = 30

FEATURE Location/Qualifiers
source 1..30
mol type = other DNA
organism = synthetic construct

SEQUENCE: 3
cgaatgctct ggccttcecgga cgatcatggg

SEQ ID NO: 4 moltype = DNA length = 38

FEATURE Location/Qualifiers
gource 1..38
mol type = other DNA
organism = synthetic construct

SEQUENCE: 4
cgcgctgcecat acttgnnnnn nnncccatga tcegtcecga
SEQ ID NO: b

moltype = DNA length = 30

FEATURE Location/Qualifiers
source 1..30
mol type = other DNA
organism = synthetic construct

SEQUENCE: b5
caagtatgca gcgcggggaa gcacgtggat

SEQ ID NO: o
FEATURE
source

moltype = DNA length = 38
Location/Qualifiers
1..238
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cation. Each of the above-cited references and printed pub-
lications are individually incorporated herein by reference 1n

their entirety.

[0109] It 1s to be understood that the embodiments of the
present disclosure are illustrative of the principles of the
present disclosure. Other modifications that may be
employed are within the scope of the disclosure. Thus, by
way ol example, but not of limitation, alternative configu-
rations of the present disclosure may be utilized 1n accor-
dance with the teachings herein. Accordingly, the present
disclosure 1s not limited to that precisely as shown and
described.

[0110] The particulars shown herein are by way of
example and for purposes of illustrative discussion of the
preferred embodiments of the present disclosure only and
are presented in the cause of providing what 1s believed to
be the most usetul and readily understood description of the
principles and conceptual aspects of various embodiments of

the disclosure.

[0111] It will be apparent to those having skill in the art
that many changes may be made to the details of the
above-described embodiments without departing from the
underlying principles of the disclosure. The scope of the
present mvention should, therefore, be determined only by
the following claims.

32

32

30

38

30
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12

-continued

mol type = other DNA

organism = synthetic construct
SEQUENCE :
catcggcgta cgactnnnnn nnnatccacg tgcecttcecce
SEQ ID NO: 7 moltype = DNA length = 30
FEATURE Location/Qualifiers
source 1..30

mol type = other DNA

organism = gsynthetic construct
SEQUENCE: 7
agtcgtacge cgatgcgaaa catcggccac
SEQ ID NO: 8 moltype = DNA length = 55
FEATURE Location/Qualifiers
source 1..55

mol type = other DNA

organism = synthetic construct

SEQUENCE: 8

cagacgtgtg ctcttccgat ctnnnnnnnn nnnnnnnnnn gtggccgatg tttcg

SEQ ID NO: 9 moltype = DNA length = 191

FEATURE Location/Qualifiers
source 1..191
mol type = other DNA
organism = synthetic construct

SEQUENCE: ©

nnnnnnnnnn
tcggacgatc
nagtcgtacg
gcacacgtct

SEQ ID NO:
FEATURE
source

SEQUENCE :

cagacgtgtyg
gcgtacgact
tgatcgtccyg
nnnnnnnnnn

SEQ ID NO:
FEATURE
source

SEQUENCE :

ggatgtgctyg
CCCCCLLLttgc
ccecttegtyg

NNNMNMInnrnnn

SEQ ID NO:
FEATURE
source

SEQUENCE :
cctacacgac
aaaaaaaacg

gyddaagCcac
NNNNNnNnnnn

SEQ ID NO:
FEATURE
source

SEQUENCE :

cagacgtgtg
gcgtacgact
tgatcgtccg
nnnnnnnnnn

nnnnnnnnnn nnnnnnnnnb aaaaaaaaaa
atgggnnnnn nnncaagtat gcagcgcggy
ccgatgcgaa acatcggcecca cnnnnnnnnn

J

10

10

moltype =

DNA length

Location/Qualifiers

1..191
mol type
organism

other DHNA
synthetic

ctcttececgat ctnnnnnnnn nnnnnnnnnn
nnnnnnnnat ccacgtgctt ccccgcgcetg
aaggccagag cattcgtttt tttttttttt

I

11

11

cgagaaggct
ttacgagacc
cacctannnn

nntctagcct

12

12

gctcttccga
aatgctctygg

gtggatnnnn
nnagatcgga

13

13

ctcttecgat
nnnnnnnnat

aaggccagag
nagatcggaa

moltype =

DNA length

Location/Qualifiers

1..214
mol type
organism

AYarIllnrirnrirn

ggaagcctgce
nnnntcagca
tctogtgtgc

moltype =

other DNA
synthetic

NNNNMMNnnn
tagtacccnn

tgcggctacy
agac

DNA length

Location/Qualifiers

1..214
mol type
organism

t ctnnnnnnn
cctteggacy

nnnnagtcgt
agagcacacg

moltype =

other DNA
synthetic

nnnNNnNnnNnn
atcatgggnn

acgccgatgce
tctyg

DNA length

Location/Qualifiers

1..214
mol type
organism

cthnnnnnnn
ccacgtgctt
cattcgtttt

gagcgtcegtyg

other DNA
synthetic

nnnnnnnnnn
cceecgegcety
CCCCCCCCCLC
tagg

aaaaacgaat gctctggcct
gaagcacgtg gatnnnnnnn
nnnnnnnnna gatcggaaga

= 191

congtruct
gtggccgatg tttcecgcatceg

catacttgnn Nnnnnnneccca
tvnnnnnnnn nnnnnnnnnn

= 214

construct
nnnnnnnnnn nnvcttttttc

nnnnnngttc atacgtcgcg
ctttgtagce ggtgnnnnnn

= 214

construct

nnnnnnnnnn nnbaaaaaaa
nnnnnncaag tatgcagcgc

Jgaaacatcgg ccacnnnnnn

= 214

construct

gtggccgatyg tttcecgcatcyg
catacttgnn nnnnnnccca
t vnnnnnnnn nnnnnnnnnn

38

30

55

60

120
180
191

60

120
180
191

60

120
180
214

60
120

180
214

60

120
180
214
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13

-continued

SEQ ID NO: 14 moltype = DNA length = 292
FEATURE Location/Qualifiers
source 1..292

mol type = other DNA

organism = synthetic construct
SEQUENCE: 14
aatgatacgg cgaccaccga gatctacact ctttccecctac acgacgctct tceccgatctnn 60
nnnnnnnnnn hnnnnnnnnn nhnhnhnnnba aaaaaaaaaa aaaacgaatg ctcectggectt 120
cggacgatca tgggnnnnnn nncaagtatg cagcgcgggg aagcacgtgg atnnnnnnnn 180
agtcgtacge cgatgcgaaa catcggccac nnnnnnnnnn nnnnnnhnag atcggaagag 240
cacacgtctg aactccagtc acgatctgat ctcecgtatgcce gtcttcectget tg 292
SEQ ID NO: 15 moltype = DNA length = 292
FEATURE Location/Qualifiers
source 1..292

mol type = other DNA

organism = synthetic construct
SEQUENCE: 15
caagcagaag acggcatacg agatcagatc gtgactggag ttcagacgtg tgctcttececg 60
atctnnnnnn nnnnnnnnnn nngtggccga tgtttcgcat cggcgtacga ctnnnnnnnn 120
atccacgtgce ttcceccecgege tgcatacttg nnnnnnnncece catgatcgtce cgaaggccag 180
agcattcgtt tttttttttt tttvnnnnnn nnnnnnnnnn nnnnnnnnnn nnnnagatcg 240
gaagagcgtc gtgtagggaa agagtgtaga tctcggtggt cgccgtatca tt 292
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1. A method of cell-specifically labeling RNA molecules
within cells, the method comprising:

(a) fixing and permeabilizing a plurality of cells;

(b) generating complementary DNA (cDNA) molecules
within the plurality of cells by reverse transcribing
RNA molecules within the cells, wherein the RNA
molecules are reverse transcribed using reverse tran-
scription (RT) primers each comprising:

a poly(T) sequence or a random nucleotide sequence,
and

a 5' overhang comprising a 5' overhang sequence; and

(¢) tagging the cDNA molecules with one or more bar-
code sequences by performing steps (1) through (i11)
one or more times:

(1) dividing the plurality of cells comprising the cDNA
molecules into a plurality of aliquots, wherein each
aliquot comprises more than one cell;

(11) coupling nucleic acid tags to cDNA molecules
within cells of the aliquots, wherein each nucleic

acid tag comprises a barcode sequence, and wherein
the barcode sequences present within the nucleic
acid tags are specific to each aliquot; and

(111) combining the cells from the plurality of aliquots.
2. The method of claim 1, turther comprising;:

(d) dividing the combined cells from the plurality of
aliquots 1nto a plurality of samples;

() lysing the cells 1n the plurality of samples to release
the cDNA molecules; and

(1) amplifying the released ¢cDNA molecules in the plu-
rality of samples using one or more amplification
primers, wherein at least one of the amplification
primers used i1n each sample comprises an index
sequence, and wherein the index sequences present
within the amplification primers are specific to each
sample.

3. The method of claim 1, wherein steps (1) through (111)
are repeated 1, 2, 3, 4, or 5 times.

4. The method of claim 1, wherein steps (1) through (111)
are repeated a number of times suflicient to generate at least

as many unique barcode sequence combinations as the total
number of cells in the plurality of cells.

5. The method of claim 1, wherein steps (1) through (111)
are repeated a number of times sutlicient to provide a greater
than 50%, 90%, 95%, or 99% probability that the cDNA
molecules 1 each cell are bound to a unmique barcode
sequence combination.

6. The method of claim 1, wherein the nucleic acid tags
cach comprise a 3' region and/or a 5' region flanking the
barcode sequence.

7. The method of claim 1, wherein the coupling comprises
ligating 3' ends of the nucleic acid tags to 5' ends of the
cDNA molecules.

8. The method of claim 7, wherein the 3' ends of the
nucleic acid tags are brought into proximity of the 3' ends of
the cDNA molecules by prehybridizing the nucleic acid tags
with linker nucleic acid strands that are each complementary
to a 3' terminal sequence of a nucleic acid tag and a 5'
terminal sequence of a cDNA molecule.

9. The method of claim 8, wherein the 5' terminal
sequence ol the cDNA molecule comprises a 5' overhang
sequence from an RT primer or a 5' region from a previously
coupled nucleic acid tag.

10. The method of claim 8, wherein the coupling 1s
stopped by introducing a plurality of ligation stop oligos that
are each complementary to all or part of a linker nucleic acid
strand.

11. The method of claim 1, wherein the nucleic acid tags
are DNA tags.

12. The method of claim 1, wherein the nucleic acid tags
that are coupled to the cDNA molecules during the last of the
one or more times comprise a unique molecular 1dentifier
(UMI), a capture agent, a flow-cell binding site, and/or a
primer-binding site.

13. The method of claim 13, wherein the capture agent
comprises biotin.

14. The method of claiam 1, wherein the barcode
sequences each comprise at least 8 nucleotides.

15. The method of claim 1, wherein the plurality of cells
1s selected from the group consisting of mammalian cells,
yeast cells, bacterial cells, and combinations thereof.
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16. The method of claim 1, wherein all of the RT primers
comprise a poly(T) sequence.

17. The method of claim 1, wherein all of the RT primers
comprise a random nucleotide sequence.

18. The method of claim 2, further comprising;:

(g) sequencing the cDNA molecules amplified 1n step (1).

19. The method of claim 18, further comprising:

(h) grouping the sequencing reads obtained 1n step (g) by

barcode sequence and/or index sequence.

20. The method of claim 19, wherein the sequencing reads
are grouped by a combination of barcode sequence and
index sequence.

21. The method of claim 20, wherein grouping by barcode
sequence comprises grouping by barcode sequence combi-
nation.

22. The method of claim 1, wherein the plurality of
aliquots comprises 96 aliquots distributed 1n a 96-well plate.
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