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INTEGRATED SINGLE CELL SEQUENCING

RELATED APPLICATIONS

{0001} This application claims the priorily benefit of U.S. provisional patent appliaction 61/920,5%8,
filed May &, 2014; and U.8. provisional patent application 62/079,485, filed November 13, 2014, The
two aforesaid priority applications are hereby incorporated herain by reference in their entirety for all

pUrposes.

FIELD OF THE INVENTION

00021 The invention relates o nucleic acid assays and finds application in the fields of genetics,
medicine and agriculiure. The methods and compositions provided herein are useful for nucleic acid

sequencing and gene expression analysis in helerogeneous cell populations.

BACKGROUND

[a003] Nucleic acid sequencing is the process of delermining the nucleotide order of a given
nucieic acid fragment. The original chain termination method of sequencing uses sequenca-specific
fermination of a DNA synthesis reaction using modified nucleotide subsirates. New sequencing
technologies are being develooped to increase the speed and reduce the cost of determining the
saquence of nucleic acld in a biclogical sampile, such as a genome or an exprassion lbrary. Such
methods can be appuied commaearcially, for example, to identify, diagnose, and potentially develop

treatmenis for genelic or contageous diseases.

SUMMARY OF THE INVENTION

{00047 This disclosure provides a method of forming taggsed nucleic acid sequences. A farget
polynucleotide is immobilized on a solid support; a recognition-oligonuciectide is hybridized thereto;
the recognition-cligonuciectide-target polynuclectide hybrid is cleaved; and an adapter nucheic acid is
ligatad to the cleaved {arget polynuclectide, theraby forming a fagged nucleic acid sequence. Also
provided is a method of forming a tagged single stranded ¢cDNA; a2 method of forming a plurality of
tagged heterogeneous nucleic acid sequences; a library of recognition-oligonuciestides; and methods
for amplifying a cDNA sequence immohilized on a solid support. These methods and products can be
used alone or in combination for inlegrated single cell sequencing, and can be adapted foruse in a
microfiuidic apparatus or device.

[0005] A method of forming a tagged nucleic acid sequence according o this invention can include
the staps of: (i} immobilizing a targst polynuclsotide on a solid support, thereby forming an
imimobilized target polynucleotide; (i) hybridizing a recognition-oligonucleotide to said immobilized
target polynuclestide, thereby forming a recognition-oligonuclectide-targeat polynucieotids hybwid; {iif)

cleaving said recognition-oligonuclectide-target polvnucleotide hybrid with a cleaving agsnt, thereby
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forming a cleaved recognition-oligonuclectide-cleaved targst polynucleotids hybrid comprising 8
cleaved target polynuclectide; and {iv} ligating an adapter nucleic acid ssquencs to said clsaved
[0006]  Also provided is a method of forming a plurality of tagged hetsrogeneous polynuciestides.
This can include the steps of. (i} immobilizing a plurality of heteroganeous target polynuclectides on a
solid support, thereby forming a plurality of immobilized heterogenseous arget polynucleotides; (i}
hyhridizing a plurality of helerngeneocus recognition-oligonuclentides to said immaobilized
heterogeneous target polynucleotides, therehy forming a pluralily of recognition-oligonuclectide-target
polynucieotide hybrids; (iii} cleaving said recagnition-oligonucleotide-target polynucleotide hybrids with
a cleaving agent, thereby forming a pluralily of cleaved recognition-aligonucieotide-cleaved target
polynucleotide hybrids; and {iv) ligating an adapter nucleic acid sequence to said plurality of cleaved
target polynuclectides, thereby forming a plurality of tagged heterogensous polynucleotides.

100071  Also provided is a method of forming a tagged single stranded ¢cDNA. This can includs the
steps of: (i) immobilizing a target cBNA on a solid support, thereby forming an immaobilized farget
cONA; (i) hybridizing a recognition-oligonucdieotide o said immaobilized target cDNA, thereby forming
a recognition-oligonucieotide-cDNA hybrid; (ill) cleaving said recognition-cligonucieotide~-cENA hybrid
with a cleaving agent, thereby forming a cleaved recognition-cligonuciectide-cleaved cDNA hybrid;
and (iv} ligating an adapter nucleic acid {o said cleaved cDNA, thereby forming a tagged single
siranded cDNA.

106008} This invention further provides a method of forming a tagged nucleic acid sequence. This
can include: {i) immobilizing a {arget ribonucleic acid on a solid support, thereby forming an
immobilized target ribonucleic acid (RNAJ; (i) synthesizing a complementary DNA (cDNA) strand,
thereby forming an RNACDNA hybrid; (i) cleaving the RNACDNA hybrid with an RNACDNA clesaving
agent, (o generale a cleaved RNACDNA hybrid, wherein the ¢cBNA comprises 3 ligatable end; (v}
ligating an adapter oligonucleotids to the ligatable end ; and (v) ramoving the ribonucleic acid
sequence from said RNAICDNA hybrid, thereby forming a tagged nucleic acid sequence.

100091 Also provided is a method of forming a plurality of tagged heterogeneous nucleic acid
sequances. This can includs: (i} immobilizing a plurality of heterogenecus target ribonucleic acid
sequsnces on a solid support, thereby forming a plurality of immobilized heterogensous target
ribonucieic acid sequences; (Ii) reverse transcribing said immobilized heterogensous target
ribonucleic acid sequences, thereby forming a plurality of heterogeneous RNADNA hybvids; (i)
cleaving said plurality of heterogensous RNADNA hybrids with an RNA:DNA cleaving agsnt, theraby
forming a plurality of cleaved RNAIDNA hybwids; (v} Higating an adapter nucleic acid sequence to said
plurality of cleaved RNADNA hybrids; and (v} removing said ribonucleic acid sequences from said
cleaved RNABNA hybrids, thereby forming a plurality of tagged heteroganeous nucleic acid
sequences.

{0010 Such methods can be used o prepare a library of recognition-oligonucleotides that
comprise a plurality of heterageneous recognition-oligonucleotides sach comprising a restriction
anzyme recognition sequence flanked by degenerate nucleic acid sequences. The cleaving agent

may be a resiriction enzyme, and the library may be included as part of a microfluidic device.
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[0011] This invention furthar provides a method of amplifying a ¢cDNA sequencs. This can includs:
{1y immobilizing an RNA molecule extracted from an isolated cell on a solid support, thersby forming
an immobilized ribonucleic acid sequance; (i) reverse transcribing said immobilized ribonucleic acid
saquencs, thereby forming an immobilized RNADNA hylbwid; (i) remaving said ribonucisic acid
saquencs from said RNADNA hybrid, thereby forming an immobiiized cDNA sequence; {(iv)
hyhridizing a recognition oligonudcleotide to said immobilized cDNA sequence, thereby forming a
recoghnition- oligonucieotide:DNA hybrid; (v} cleaving said recagnition oligonucieotide:cDNA hybrid
with a cleaving agent, thereby forming a cleaved recognition oligonucleotide:cleaved cDNA hybrid; (vi)
ligating an adapter nucleic acid seqguence 10 said cleaved cDNA, thereby forming a tagged cDNA
sequence; {(vii} hybridizing said tagged cDNA sequence to an amplification nucleic acid sequence
under conditions allowing for PCR ampilification, thereby amplifying a ¢DNA sequence.

[0012]  Anocther meathod provided in this disclosure is a methad of amplifying a ¢DNA sequence.
This can include (i) immobilizing an RNA molecule extracted from an isolated cell on a solid support,
thereby forming an immobilized ribonucieic acid sequence; {ii) reverse transcribing said immaobilized
ribonucieic acid sequence, thereby forming an immobilized RNADNA hybrid; (i) cleaving said
RNADNA hybrid with an RNAIDNA cleaving agent, thereby forming a cleaved RNAIDNA hybrid; (iv)
ligating an adapler nucleic acid sequence {o said cleaved RNADNA hybrid; (v) removing said
ribonucleic acid from said cleaved RNA:DNA hybrid, thereby forming a tagged cDNA sequence; and
(vi) contacting said tagged cDNA sequence with an ampilification nucleic acid sequence under
conditions allowing for PCR ampilification, thereby amplifying said cDNA ssquence.

106013} In one aspect, a method of forming a tagged nucleie acid sequence is provided. The
method involvas (i) immobilizing a target ribonucleic acid on a solid support, thereby forming an
immobilized target ribonucleic acid (RNAJ; (i) synthesizing a complementary DNA (cDNA) strand,
thereby forming an RNACDNA hybrid; (i) cleaving the RNACDNA hybrid with an RNACDNA clesaving
agent, (o generale a cleaved RNACDNA hybrid, wherein the ¢cDNA comprises a ligatable end; (iv)
ligating an adapter oligonucleotids to the ligatable end ; and (v) ramoving the ribonucleic acid
sequsnce from said RNAICDNA hybrid, thereby forming a tagged nuclsic acid sequence. An
embaodiment of this approach is fliustrated in Figs. 1-7.

[0014] It a further aspect, a method of forming a tagged nucleic acid sequence is provided. The
method involvas{i} immobilizing a target ribonucieic acid on a solid support, thereby forming an
immaobilized target ribonucleic acid (RNA); (i) synthesizing a complementary DNA (cBNA) strand and
remaoving ths target RNA (i) hybridizing a recognition-oligonucleotide to the immobilized targst
cDONA, thereby forming a recognition-oligonuciectide:cDNA hybrid; (i) cleaving ths recognition-
oligonuciestide:cDNA hybrid with a cleaving agsnt, thereby forming a cleaved recognition-
oligonucieotide:cleaved dDNA hybrid, whersin the cBNA camprises a ligatable end; and (iv) ligating
an adapter oligonuclectide to the ligatable end, thereby forming a tagged nucleic acid sequence. An
ambadiment of this approach is lliustrated in Figs. 8-8.

[0015] Other inventive products, methods, and features that can be used alone or in combination

with the aforesaid products and methods are avidenced by the description and examples that follow.
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BRIEF DESCRIPTION OF THE DRAWINGS

a016] Fig. 1 is a stepwise depiclion of a method for tagging immobilized nucleic acid sequences.
00171 Fig. 2 lliustrales an KNA annealed to an anchor polynuciectide. Fig. 3 illustrates a first
strand cDNA and RNAcDNA hybrid. Fig. 4 illustrates the result of cleaving an RNA:cDNA hybrid
using a restriction endonucleass. Fig. § illustrates an adaptor oligonuclectide ligated to the free §
end of the cleaved cDNA molecule.

{0018} Fig. 8A illustrates a related approach in which the single-stranded overhang of RNACDNA
hybrid is contributed by the cDNA molecule. Fig. 68 illustrates another approach in which the single-
siranded overhang of RNAICDNA hybrid is contributed by the RNA molscule. Fig. 7 illustrates the
rasult of removing the RNA fromy the RNAICDNA hybid.

00191 Fig. 8 is a stepwise depiction of ancther method for tagging immobilized nucleic acid
ssquencss in which a cDNA:Oligonucleotide hybrid is cleaved. Fig. 8 is a stepwise depiction of
anocther method for tagging immobilized nucleic acid sequsnces in which a cBNA is amplified on a
surface.

{00201 Figs. 10, 11, 12, and 13 illustrats different steps in the synthesis of the ¢DNA sacond
strand by bridge ampiification. Fig. 14 shows how one of the strands may be removed before
sequencing, which results in a lawn of single strands to be sequenced. Figs. 15 and 16 illustrate so-
called wildfire amplification in which polyadenyiated mRNA is prepared by hybridizing to an
immaobilized poly(T) sequence. Fig. 17 illustrates on-chip sequencing using a bead-based
sequencing reaction.

{00211  Fig. 18 is a fluorscence image showing that signals from individual beads can be
distinguished when sequencing beads {(or a surrogate) are seperated by filler beads. Fig. 19 is
ancther fluorwescence image showning how to distinguish individual sequencing beads in the
absense of filler beads.

100223 Fig. 20 is a depiction in which mRNA and beads are combined before entry into the first
chamber, following which ampilification and sequence imaging re carried out in a second chamber.
{00231 Fig. 21 is a chart showing possible chemistry for attachment of nucleic acids fo a surface,
Fig. 22 is a stepwise depiclion of the conjugation of an oligonucieotide onto a glass surface.

10024} Fig. 23 is an example of an apparatus in which signal from the second chamber is collected

USiﬂg a camera.
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DETAILED DESCRIPTION OF THE INVENTION

{0025 Provided herein are methods and compositions for lagging and amplifying nucleic acid
sequenceas. The methods and compositions provided are useful for, infer alis, single cell sequencing
procedures and may be used to determine RNA expression profiles of individual celis of a
heterogeneous cell population.

0028} Part 1 describes methods for tagging immobilized nucleic acid sequences.

00271 Part 2 describes amplification and sequencing tagged nuclsic acid sequences.
00281 Part 3 methods for sequencing and data collection.
10029]
{0030}

Part 4 describes integrated microfiuidic devices.

o O
o O
[0 I )
<o W

Part § describes additional description about certain elements described in Parts 1-4.

PART 1: Methods for Tagging immobiiized Nucleic Acid Sequencas

[0031] In one aspect tha invention relates to immobilizing a target RNA, producing a ¢BNA
saquencs complementary o at lsast a portion of the target RNA, cleaving the cDNA ssquence to
produce a new free terminus, and tagging the cDNA by ligating an adaptor sequence o ths new free
terminus.
1. First Approach — in which a cDNA:RNA hybrid is cleaved

1.1. Produce cBNA
[0032]  Afirst approach is sumimarized in FIG. 1 and illustrated in FIGS. 210 6B. ltwill be
appreciated that FIGS. 1-6 show an exemplary embodiment, fo which the invention is not limited, and
that a variety of variations are discussed herein below or will be apparent to the reader. Inthe
itusirated embodiment, an RNA 204, typically a mRNA, is immobilized {or “captured™) on a surface
108. See FIG. 2. In some embodiments surface 108 is a bead. In other embodiments the surface
may be substantially planar. As illustrated, the RNA may be captured by annealing to anchor
polynucieotide 58 which is immobilized on the surface. In one approach a polyA tall 33 of the mRNA
anneals o an oligo d(T) portion §1 of the anchor polynuclectide. Gligo d(T) portion §1 is suilable for
priming a pelymerase {(e.¢., reverse transoriptase) reaction, e.g., and comprises a free & end (FiG. 2).
In some embodiments the RNA is annealed to 3 sequence of the anchor polynucleotide other than
oligo d(T), such as a transcript specific sequence. In some embodiments the RNA does not comprise
a poly{A) tail. For simplicity, the RNA will be referred o as mENA and the capture sequence o which
the RNA anneals will be referred to as an oligo d{T) capture sequence.
10033} As discussed in greater detall below, in some embodiments the anchor polynucisotide
comprises, in addition to oligo d(T) capture sequence, an amplification primer sequence (AP1) 83.
The anchor polynucleotide may also comprise a cul sile sequence {C82) §2. The cul site sequence
may be a restriction endonuclease recogntion sequence
i0034]  The immobilized mRNA is reverse transcribed from the oligo d(T) primer, producing 1%
strand cDNA 381 and RNACDNA hybrid 388 (FIG. 3) immobilized on the surface. Following the

polymerization reaction, optionally the reverse transcriptase may be inactivated, e.g., by hsating.

i



WO 2015/172080 PCT/US2015/029986

1.2. Cleave RNA:cDNA hybrid
[0035] The RNA:cDNA hybrid is cleaved using a restriction endonucliease (RE) to produce a free
RNA & terminus and a free DNA 3" terminus (FIG. 4). The RE cleaves al a restriction site
(RSTHRSTT) in the cDNARNA hybrid. In one embodiment the termini resulting from the cleavage
are staggered crealing a sticky end (FIG. 4). In one embodiment the RE creates a blunt end.
Features of the RE are discussed below. After the cleavage step the RE may be inactivated {e.g.,
heat inactivated).

1.3. Ligate Adaptor Oligonucieotide
00361 An adaptor oligonucleotide 318 is ligated to the free 3 end of the cleaved cDNA molecule, 8.9,
using a DNA ligase. Any suitable method of ligation may be used. As illustrated in FIG. §, the adapior
oligonucieotide comprises a second copy of amplification primer sequence (APT) §3.
[0037] In one approach, ligation of the adaptor oligonuclectide comprises annsaling a partially
double stranded polynuclectide 320 (one strand of which is the adaptor oligonuciectide) to a sticky
end created by the RE cleavage. The nature of the sticky end will depend, typically, on the choice of
RE. In one approach, a single-stranded overhang of cleaved RNAcDNA hybrid is contributed by the
template mRNA molecule, as iflustrated in FIG. 4. In this approach, a partially double-stranded
adaptor construct, in which a protruding strand is complementary to the single-stranded overhang of
the RNA molecule, is annealed to the RNA. The 5" end of the profruding strand of the adaplor is
ligated to the 37 end of the cleavad cDNA, thereby producing a tagged nucisic acid molecule.
[0038]  In a related approach, the single-stranded overhang of RNA:cDNA hybrid is contributed by
the cBNA molecule, as illustrated in FIG. 8A. In this approach, a partially doubls-stranded adaptor
consiruct, in which a protruding strand has is complementary to the single-siranded overhang of the
cDONA moleculs, is annealed to the cBNA. The § end of the non-protruding strand of the adaptor is
ligated to the 3 end of the cleaved cDNA, thersby producing a tagged nucleic acid molscule.
100391 In ancther approach in which the single-stranded overhang of RNA:cDNA hybrid is
contributed by the RNA moleculs, a singls-stranded adaptor oligonuciectide 2 5 region
complemantary o the single-stranded overhang of the RNA molecule {rather than a partiaily double-
stranded molecule) is annealed RNA, with, as illustrated in Fig. 68. The § end of the single-stranded
adaptor oligonuclectide is ligated to the 3’ end of the cleaved cDNA, thereby producing a tagged
nucleic acid molecule.
0040 It ancther embodiment, the adaptor does not annaals directly adjacent o the ¢cDNA and a
polymerase is usad for gap filling prior toligation.
{0041} In anather approach, cleavage of the cBNARNA hybrid creates a blunt end. Ligation of the
adaptor oligonuclectide can be accompiished by ligating a double stranded polynucieotide comprising
adaptor oligonuciectide 318 1o the blunt end. This resuils i a helerogensous mixture of identically
tagged cDNA molecules.
100421 An exemplary ligase for ligation of an oligonuclectide to a single stranded cDNA is T4 RNA
ligase 1 (Troutt et al,, 1992, Proc. Natl, Acad. Sci. USA. 88:9823-25), optionally in the presence of
hexaming cobalt chiorids.

{00437 After the ligation step the ligase may be inactivated (e.g., heat inaclivated).
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1.4. Remove RNA
[0044]  The RNA is remaoved from the RNAICDNA hybrid. The RNA may be removed
enzymatically, chemically, or thermally. In some smbodiments the RNA is degraded. The resuit is an
imimobilized bound single-stranded cDNA tagged with an adaptor (FIG. 7), {.e., a tagged nucleic acid
molecule. In one embodiment RNA is removed from the hylwid using a ribonuclease, such as RNass
H.

1.5. Multipis Adaptor Cligonucleotides
[0045]  (Often, as illustrated in the drawings, a single adaptor oligonucleotide 318 is used.
However, in some embodiments, two or more different adaptor oligonucieotides are used. Inone
approach, the different adaptor oligonuciectides are compatibie with different RE sites, allowing RNAs
with different RE sites {o be processed in the same reaction.
[0048] i a different example, different adaptor oligonucleotiudes are distinguished by having
differant APT sequences. For example, a first cDNA anchor oligonuclentide 58 comprising a first AP
sequence 83, a first sequence-specific capture sequance, a first restriction site, and an adaptor
ofigonuciectide comprising the first ARPT sequence may be used in combination with a second anchor
ofigonuciectide §8 comprising a second AP 1 sequence §3, a second-sequence specific caplure
sequence different from the first, a second restriclion site, and an adaplor oligonucieotide comprising
the second AP1 sequence. In this fashion i is possible using multiple sequence specific capture
sequences, fo produce a heterogeneous mixiure in which some nucleic acid species {e.g., cDNA) are
tagged with one 13y and some nucleic acid species {e.g., cDNA) are lagged with a different tag.

1.8. Additional Processing Steps
100471 Typically, the immobilized tagged nuclsic acid moleculs is subjected to additional

procassing steps, such as clonal ampilification on the surface, and sequencing, as discussed below.

2. Second Approach ~ In which a cDNA:Oligonucleotide hybrid is cleaved
16048} A second tagging approach is illustrated in FIGS. 8-8. it will be appreciated that FIGS. 89
show a certain embodiment, to which the invention is not limited, and that a variety of variations are
discussed hersin below or will be apparent to the reader.
2.4, Produce cDNA
00491 It this embodiment, an mRNA 88 is immobilized on a surface {e.g., bead) §1 as described
in §1.1, above, e.g., via annealing of a polyA tall o an immobilized ofige d(T)-containing anchor
polynuciectide. The immaobilized mRNA is reverse transcribed, as also described in §1.14, abovs, t©
produce an RNA:CDNA hybrid §2 in which the first strand cDNA §3 is immobilized on the surface.
2.2. Remove RNA
1005037  The RNA s removead from the hybrid, e.q., using chemical, thermal or enzymatic methods,
such as treatment with a ribonuclease such as RNass H, leaving the singie-stranded immobilized
cDNA,
2.3. Produce ¢DNA: Recognition Oligonucieotide Hybrid
{00511 The immobilized cDNA is subsequently hybridized o a recognition oligonucieotide 4,

which is at least partially complementary to a portion of the cDNA, rendering a portion of the cDNA
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doubls-stranded and susceptible o digestion with a restriction endonuclease. The degree of
complementarity between the cDNA and the recognition oligonuclectide is a degree sufficient to result
in a double-strandead ragion (e.g., the cBNAligo hybrid) that can be recognized by a specifisd
rastriction endonuclease. which recognizes the oligonuclestide:cDNA hybrid and cleaves ths cDNA
Typically the recognition oligonuciestide will be at least 12, usually at least 15 and sometimes at least
25 bases in length.
10052} In some embaodiments, an assay is carried out using a single recognition oligonucieotide. in
some embodiments multiple different recognition oligonucleotides are used. When different
recoghnition oligonucleotides are used, they may anneal o different cDNA sequences o create
double-stranded regions recognized by different restriction endonucleases. Allernatively, they may
anneal to different cDNA sequences to create double-stranded regions recognized by the same
restriction endonuclease, but having flanking sequences (for example) that increase the stability of the
oligo:cDNA hybrid. This provides increased flexibility when working with a populations of highly
helerogeneous sequences, because a combination of different restriction endonucieases o generale
a igatable end, or a single restriction endonuclease may be used to generate ligatable ends from
substrates with diverse restriction site or flanking sequences.
10053] In some cases a degenerate population of recognition oligonuclectides, as described in
Section 4.2, Is used to generate ligatable ends of a helerogensous population.

2.4, Cleave cDNA:Qligonuciectide hybrid
[0054]  The oligonucleotide:cDNA hybrid comprising a restriction endonuclease recognition site is
recognized by a specified restriction endonuclease {or endonucieases) cleaves the immobilized
cDONA. The action of the RE produces 3 free 3 ¢DNA terminus. Depending on the choice of
recognition oligonucleotide(s) and rastriction endonuclease(s), the immobilized cleavage product can
have a blunt end or sticky end. The sticky end can comprise a single-stranded overhang contributed
by the cDNA or by the recognition oligonucleotide, analogous o the cDNARNA clsavage products
discussed above in §1.3, above, for RNA:cDNA hybrids.

2.8, Ligate Adaptor Qligonucieotide
[0055] An adaptor oligonucieotide may be ligated o the free 3’ end of the cleaved cDNA molecule,
analogous to the description in §1.3 above for RNA:CDNA hybrids, resulting in a tagged cBNA or,
more generally, a swrface or plurality of surfaces comprising a heterogeneous popuiation of tagged
immobilized cDiNAs,

2.6. Additional Processing Steps
[0056]  Typically, the immobilized tagged nuclsic acid moleculs is subjected to additional

procassing steps, such as clonal amplification on the surface, and sequencing, as discussed below.

3. Sslection Of A Restriction Endonuclsase{s)Restriction Endonuclease Recognition Site(s}
3.1. General Properties

100571  As discussed above, prior to addition of the Adaptor Oligonuclectide, the cDNARNA hybrid

or the cDNARecognition Oligonuclentide hybrid is cleaved with a restriction endonuclease. As used

herein, restriction endonucleases are enzymaeas that cleave DNA at or near specific recognition
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nucleotide sequences (restriction sites). See, e.g., Roberts st al,, 2007 "REBASE—enzymes and
genes for DNA restriction and modification,” Nucleic Acids Res 35 (Database issue): D269-70; see
hitp site rebass.neb.com). For llustration and not limitation, restriction enzymes for use in the present
invention include Type | enzymes (EC 3.1.21.3), Type It enzymes (EC 3.1.21.4}, e.g., Type lis and
Type HP, and Type il enzymes (EC 3.1.21.5). Restriction enzymes occur in nature, may be
recombinantly produces, and may be artificial (e.g., comprising sequences from multiple different
proteins).

[0058] In some aembadiments, the RE produces a 37 protruding sticky end. In some embodiments,
the RE produces a & protruding sticky end. in some embodiments, the RE produces a blunt end.
[0058] In some aembadiments the RE cleaves DNA and RNA strands of 2 RNADNA hybrid.

10060} In some embodiments, the RE is BaeG1, which recognizes the following restriction site:

{0061} It soms embodiments the RE is a Type-lis restriction endonuclease that clsaves 2 15 30
nucleotides away from the recagnition site. Some Type-ls endonucleases are “exact cutters” that cut
a known number of bases away from their recognition sitas. In some embodiments, the overhang of
the sticky end is at least 2 bases in length, at least least 2 bases in length, least 3 bases in length, at
lzast 4 basas in length, atleast 5 bases in length, at least 6 bases in length, or atleast more than 6
hases in length.
10062} The selection of the restriction endonuclease or rastriction endonucleases, and, in the case
of the cDNARecognition Gligonuciestide hybrid, the design of the Recognition Oligonucleotide
sequence takes into account several desired goals.

i} For the First Approach — In which a cDNAIRNA hybrid is cleaved, the enzyme should be
capable of cleaving such a hybrid.

i) The site{s) should be present in a large number of different RNA species, so that a
sufficient number of cDNAs is tagged. A “sufficient number” may be most, almaost ali, a majority, or a
subset less than a majority.

it} The length of the immobilized cleaved cBDNA shouid be sufficient for the sequencing goal
{usually af least 15-20 basss) and sufficiently far away from the substrate on which it is immobilized
for sequencing reactions o occur. As discussed below, only a portion of the ¢DNA or genomic
sequence is needed {o identify many RNA or genomic DNA sequences {e.g., partial sequence is
sufficient to identify a specific RNA by reference o a databse of known sequences.

iv) The length of the immobilized cleaved cDNAs should be compatible with the
amplification method usad.

3.2. Cleavage of DNA:RNA hybrids
[0063] For method in which a cRDNACRNA hybrid is cleaved, suitable enzymes will recognize such
hybrids. For example and without limitation, suitable enzymes include Avall, Avrll, Banl, Haelll, Hind
and Tagl (see Murray et al., 2010, Sequence-specific clsavage of RNA by Type |l restriction
enzymes” Nucleic Acids Res. 38:8257-88).

3.3. Cleavage Freguesncy
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[0064] In one approach the restriclion enzyms site{s) accurs in the RNA {cDNA) of the source
organism at a frequency that aliows for the formation of target polynucleotides with an average length
of about 250 base pairs, e.g., 50-500 basepairs, or 150-350 basepairs. Preferably, most (g.g., more
than 50%, more than 75%, more than 80%, more than 80%, or more than 95%) of the immaobilized
cDNMNAs are cleaved and tagged, and of the immobilized tagged cDNAs most {e.g., more than 50%,
more than 75%, more than 80%, more than 80%, or more than 95%) have a length of al least 25
bases, or al least 40 bases, or at least 50 bases, or at least 75 bases, or at least 100 bases, or at
least 150 bases.

[3065] Table 1, below, provides the specificities for a selection of REs and provides the calculated
average fragment length based on human genomic DNA (adapted from of New England Biol.abs;

v neb.comitools-and-resources/selection-chartsffrequencies-of-restriction-sites). Most RNA
samples can be expected to deviale from the frequency and lenghts calculated for genomic
sequencas, but Table 1 llustrates that enzymes (individually or in combination) can be selected to
achieve goals (i)-(iii} above. {t should be clearly understood that not all of the enzymes in Table 1 will
be useful {&.g., the BsiEl recognition site may be too infrequent for most samples) and not all of the
useful enzymes are included in Table 1 {s.g., BaeG1is not in Tabls 1),

10066}  Alternatively, enzyme(s) can be sselecied based on emperical analysis of the lengths of

cDNAs produced by digestion with the enzyme.

TABLE 1

Cleaving Agents And Frequencies Of Restriction sites In The Human Genome

Enzyme Specificity Site Countds E.\?:g;gi; Aveii%e;tir?ggem
Bstkl GGTNACC 335885 114 8746
BamHl GEATCC 365988 124 8026
Smal CCCGGEE 376934 128 7793
Xmal CCCGEE 376939 128 7793
Sapl GCTCTTO 377161 128 7789
Spel ACTAGT 400286 136 7339
EcoRV GATATC 446473 151 6580
Apal GERCCC 450339 156 6381
Apall GTGCAC 486255 168 5420
Scal AGTACT 543793 185 5402
Sphi GCATGC 550951 187 5332
Mfel CAATTG 564303 192 5208
Ecil GGCEGA 571273 194 5142
Hgal GACGC 571889 194 5137
Avrl CCTAGG 584956 202 4938
Beivi GTATCCO 598003 236 4220
BoeAl ACGGC 705176 240 4166
BsaAl YACGTR 713800 242 4115
FruDil CGOG 733938 249 4003

ki)
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Enzyme Specificity Site Counts ﬁggﬁ;ﬁ; Aveizgnz ;r?bgs; ent
Bell TGATCA 738785 251 35876
Ncol CCATGG 759594 258 3867
Bgill AGATCT 774732 263 3792
EcoRi GAATTC 847341 288 3467
Xbal TCTAGA 850898 289 3452
Hindil AAGCTT 860361 292 3414
Ndel CATATG 903380 307 3252
Stud AGGCCT 28728 315 3173
Avalll ATGCAT 933357 317 3147
BspHl TCATGA 978289 333 3003
Pvull CAGCTG 1084260 369 2709
PouMi RGGWCCY 1085138 369 2707
Accl GTMKAC 1101063 374 2668
BseGl CCCGT 1231061 419 2386
Psti CTGCAG 1321468 449 2223
BsphMi ACCTGC 1438128 489 2043
Faul CCCGC 1439772 490 2040
AR ACRYGT 14585394 505 1878
Bsmi GAATGC 1549349 527 1896
HgiCl GGEYRCC 1530876 B27 1894
EsaBC3l TCGA 1603335 545 1832
Tagl TCGA 1603339 545 1832
Psil TTATAA 1647911 580 1783
Biil ACTGGG 1706593 580 1721
Hhal GCGC 1756498 597 1672
HinkP 1l GCGC 1756488 597 1672
Hpall CCGG 2317719 788 1267
Sspl AATATT 2377267 809 1236
Smill CTYRAG 2727866 928 1077
Nspl RCATGY 3104357 1058 Q46
Sty COWWGG 31141467 10640 943
Sfel CTRYAG 3531009 1201 832
BacAl GCATC 3652424 1243 804
SfaNi GCATC 3652924 1243 a04
Miyi GAGTC 3931690 1338 747
Plat GAGTC 3831644 1338 747
Tspdsi GTSAC 4021757 1368 730
Acil CCGC 42(16123 1431 698
THHl GAWTC 4884358 1898 589
CviQl GTAC 51158077 1741 574
Pabl GTAC 115077 1741 574
Rsal GTAC 5115077 1741 574
Fokl GGATG 52011413 1770 5365
Bbvl GCAGC 5290042 18040 555
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Enzyme Specificity Site Counts ﬁggﬁ;ﬁ; Aveizgnz ;r?bgs; ent
R1.BceSIV GCAGC 5290042 18040 555
Tsel GOWGC 5290042 1800 555
Cacsi GONNGC 5481330 1859 538
Barl ACTGG 5741305 1954 512
Hphi GGTGA 8007328 2044 439
Bead CCATC 8170919 2100 476
Bth(Cl GONGC 6209919 2113 473
FriudHi GONGO 6209919 2113 473
Apol RAATTY 6382371 2172 460
Mialy GTNNAC 6385575 2173 480
BsmAl GTCTC 6631583 2257 443
Hindil CCTTC 7059911 2403 416
Nialv GGNNCC 7118874 2423 413
BspKTo! GATC 7199381 2450 408
BspNCI CCAGA 7282435 2479 403
Haelll GGCC 8562227 2914 343
TspRl CASTG 8765234 2883 335
Hinfl GANTC 8816048 3035 329
Hpy 1881 TONGA 8842142 3043 329
Mbuotl GAAGA 9102487 3131 319
BsiN| COWGGE 9855638 3354 298
Sorfd CONGG 11805089 4118 249
Ssoll CONGG 11805088 4018 249
Alul AGCT 13027766 4434 225
CviAll CATG 13815688 4702 213
Fatl CATG 13815688 4702 213
Niaill CATG 13815688 4702 213
Ddel CTNAG 14312039 4871 205
Msel TTAA 19214668 6540 153
Mnil CCTC 27738484 9442 108

BxCoGaT,D=zAcGorT)H=z=AwCor T, K=CGorT,;
MzAOCNzAwCorGorT,R=Ar G 8=CorG VAo Ca G W=zAorT;Y=CorT.

4. Design of Recognition QGligonuciestides

{3067} in the methods provided herein a Recognition Oligonucleotids is hybridized o the
immaobilized target polynucleotide, thereby forming a recognition-oligonucleotide-target polynucleoctide
hybrid. Formation of the hybrid allows cleavage by a restriction enzyme and subsequent formation of

a free DNA terminus {o which a double stranded “adaptor” construct is ligated.
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4.1. Structure of Recognaition Oligonucieotide
10068} it will be appreciated that the Recognition Oligonucleotide should be designed taking info
account the considerations of §3(a)(ii)-(iv), above, because the Recognition Oligonucleotide and the
RE together determine what positions in the cDNA are cleavad.
(00691  The Recognition Gligonucleotide is a single stranded nucleic acid, typically single stranded
DNA. The Recognition Oligonucleoctide” is generally less than 300 bases in length, and more often the
Recognition Gligonuclectide is from about 1{ to about 80 bases in length. For example, the In
embodiments, the Recognition Oligonucleotids is about 15 to about 85 bases in length. In
embodiments, the Recognition Oligonucleotide has a length in the range of 35 1o 85 bases; 40t 60
bases; 15 to 55 bases; 50 to 55 bases; In embodiments, Recognition Oligonuclectide is about 12,
about 15, about 18, about 2{, about 22, about 25, about 26, about 28, about 30, about 35, about 4{3,
about 45, about 50, about 55, about 60 bases, aboutl 65 bases, about 70 bases, about 75 bases or
aboul 80 bases in length. In embodiments, Recognition Gligonucleotide is 26 bases in length.
{0070} In some embodiments the Recognition Oligonuciestide has a sequence exactly
complementary to the portion of the sequence of the cDNA Lo which the Recognition Oligonuciectide
hvbridizes. However, hybridization between the Recognition Oligonuclestide and immobilized cDNA
does nof require 100% complementary. Recognition Cligonuclestide and the immobilized target
polynucieotide are hybridizable when there is a sufficient degree of complementarity {o avoid non-
specific binding of Recognition Qligonuclestide o non-target sequences under conditions where
specific binding is desired, Tor example under conditions that allow for site-specific restriction enzyme
digestion. Typically there is exact complementarity at the RE recognition site. In some embadimenis,
the Recognition Oligonuclestide (i) has the struclure 5-A-X-B.-3 whers sach n is independently an
integer from 5-40, X is a2 RE recognition sequence, and m is an integer from 4 to 10 and (i) hybridizes
io 3 cDNA seguence the structure 5-A7-X~B” -3, wherein A and B are nuclestide sequences
complemsniary or partially complementary to sequence A” and B” and X s exaclly complementary
o X

4.2 Degenerate Recognition Oligonucieotides
{0071} It soms embodiments the Recognition Oligonucleotide is a library or population of
oligonuciectides in which certain positions are completely degenerate (i.e., oligonuclectides with A, T,
G and C are reprasented), partially degensrate (i.e., oligonucleotides with two or three of the bases A,
T, G and C are represented), and/or represenied by a ‘universal’ base, such as deoxyinosine) is
used.
100721 Two types of degeneracy may be considered. First, there may be degeneracy at positions
in the RE recognition site, to account for REs with more than one cleavage sequence. For example,
BaeG1 recognizes 5-GKGOMC-3F where K= GorTand M= Aor C. In the case of BaaGt, for
itustration and not limitation, the library could contain Recognition Cligonucleotides with Tour different
RE recognition sites: 5-GGGCAC-3; §-GGGCCE-3; 5-GTGCAC-3,; 5-and GTGCCE-3.
{00731 The second type of degeneracy is degeneracy in the sequences flanking the RE recognition

sites. In ane embadiment the flanking sequences are fully degenerate, so that some oligonucleotide



WO 2015/172080 PCT/US2015/029986

from the library of Recognition Cligonucieotides can hybridize to any cDNA that comprises the
appropriate RE recognition site.

4.3. Muitiple Recognition Qligonucleotides
10074} In some embodiments, a library comprises more than one cleaving agent recognition
saquencs, such as two, thres or four diffsrent sequences. In embodimsnts, the different cleaving
agent recognition sequences are recognized by different cleaving agents.

4.4 Specific Targetls
10075} In some embaodiments, recognition oligonuciectides are selecied o bind only one or more
particular subsets of sequencas. For example, recagnition oligonuclestides could be selected so that
only ¢cDNMNAs encoding actin are tagged.

4.5 Seqguencing Genomic or Mitochondiral DNA
10076} it will be recognized that methods, sysiems and devices described here in the context of
characterizing RNA can be used for DNA sequencing, with madifications that will be clear to one of
skill in the art guided by this specification {e.g., genomic DNA is fragmented and individual fragments
are sequenced, single-stranded DNA is made double-stranded using a DNA-dependent DNA

polymerase .

PART 2. ANMPLIFICATION AND SEQUENCING TAGGED NUCGLEIC ACID SEQUENCES
10077] Additional processing steps, as shown below, may be used to sequence the tagged
molecule.

&.1 Clonai Ampiification On Surface
16078} In certain embodiments, the tagged cDNA templates are amplified prior to sequencing io
result in a clonal (bi-clonal, or oligo-clonal) population of template molecules on the surface (e.g. on
an individual bead, at a particular position on a surface, ete.). Examples of clonal amplification
methods include bridge ampilification and wildfire amplification. However, the invention is not limited
o any particular method of amplification. Further, amplification is not required. For example, single
polynuciectides may be characterized.
(00791  As discussed below, individual tagged cDNA maolecules may be amplifisd to create clusters
of copies of the same molscule, an approach useful for certain sequsncing metheds. Inone
embaodiment, the mRNAs ars captured in physically distinct surfaces or arsas on a swface (e.g., on
heads, in wells, at positions on an array). In an embadiment, the mRNAs are captured so that at least
some physically distinct areas capture a single mRNA (e.g., one mRNA per bead, or one mRNA per
well). In an embodiments, each some physically distinct area comyprises, on average, one mRNA
{e.g., on average from 0.5 to 1.5 mRNA maolecules per physically distinct area).

5.1.1. Bridge amplification

1008 Fig. 1€ shows synthesis of the ¢DNA second strand. The AP T tag sequence of the first
strand hybridizes to immobilized oligonucleotide comprising a complementary sequence (AP1)
which acts as primer to synthesize the second strand. The well-known process of bridge amplification
continues as illustrated in Figs. 11-13. Fig. 12 illustrates the surface after amplification, resulting in

clonal templates for sequencing. Fig. 13 illustrales sequencing by synthesis using a primer

14
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complementary to AP1. Fig. 14 illustrates that one of the strands (l.e., the population of forward
strands or the population of reverse strands may be removed before sequeancing resulting in a lawn of
single strands that may be seguenced.
00811  As described hersinbelow, the steps above may be carried out with a large and
heterogeneous mixture of mRNA molecules, such as a population of mRNA molecules from a single
cell of a small number of cells.
§.1.2 Wiidfire ampiification

100821 “Wildfire” ampiification (Ma el al., 20113, Isothermal amplification method for next-generation
sequencing” Proc Nat Acad Sci 10:14320-23)can be used for solid-phase clonal amplification. See US
2012/0156728 (Wildfire amplification) and US 2013/0203607 (WildFirePaired-End sequencing). Ina
modification of this approach, illustrated at Figs. 1518, polyadenylated mRNA is hybridized to an
immaobilized poly(T) sequence, first strand cDNA synthesis is carried out, and the RNA template is
removed, leaving an immobiiized first strand cDNA. The cDNA is tagged as described above, and
then amplified using the Wildfire method.

5.2 Sequencing
10083] Sequencing of Individual molecules (single molecule sequencing) or clonal populations can
he carried out using known methods such as Solexa (llumina) sequencing, pyrosequencing (454},
SOLID sequencing, and Polonator sequencing. See, e.¢., Shendure and Ji, 2008, *Nexi-generation
DNA sequencing” Nature Biotechnology 26:1135-45, especially Figure 3 and references cited thersin,
Shendure and said references are incorporated hersin by refersnce in their entirety for all purposes.
In some embodiments sequencing-by-synthesis methods are used. In some embodimenis the
sequencing method is a sequencing-by-synthesis methed. In some embodiments, reversible
terminators are used.

5.3 Seguencing without clonal amplification
10084} In some embodiments, mRNA is sequenced directly, or after, or coincident with cDNA
synthesis without clonal amplificaition. Ses, e.g., Causey et al, US Pat. Pub 20110129827 “Methods
For Transcript Analysis™; Ozsolak et al., 2010 "Amplification-free digital gene expression profiling from
minute cell quantities Nature Methods 7:618-21; Ozsolak et al., 2011 “Single-molecuile direct RNA
sequencing without cDNA synthesis” Wilsy Interdiscip Rev RNA. 2011 Jul-Aug; 2(4): 565-570;
Hebenstreit, 2012, “‘Methods, Challenges and Potentials of Single Cell RNA-seq” Biology (Basel).
1(3):658-687; Saliba et al., 2014, “Single-celi RNA-seq: advances and future challenges,” Nucleic
Acids Res. 42:8845-60.

PART 3: METHODS FOR SEQUENCING AND DATA COLLECTION
6. Sesquence Determination
[0085] Highthrouput sequencing methods are known in which a nucleic acid template to be
sequenced is immobilized or positioned on a solid support, such as a bead, flow cell surface,
semiconductor, or the like. A variety of different sequencing approaches may be used. For
sequencing methods in which a fiuorscense or other light is detected it is desirable that the different

template molecules or clonal populations {s.q., amplification clusters) are physicially separated and

I
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arranged so thatl signals corresponding to differsnt the templates are optically distinguishable.
Sequences of tagged nucleic acid molscules of the invention may be determined using such methods.
Exemplary approachss for sequencing include sequencing on heads and sequencing on a planar
substrate.

8.0. Seguencing on beads
0086] In some approaches templates on beads are sequenced, including beads comprising clonal
populations prepared as described in Part 1.
00871 Fig. 17 illustrates a different on-chip sequencing using bead-based sequencing reactions.
As used herein, beads on which target nucleic acids or their ampiification products are, or may be,
immaobilized are referred o as “saquencing beads.” In an embodiment llustrated in Fig. 17, one or
more pre-sequencing steps {e.q., reverse transcription, cleavage, ligation, amplification) may occur on
sequencing beads in a first chamber (shown left) and the sequencing beads may be transported to a
sacond chamber (shown right) for the sequencing reaction and oplionally, additional pre-sequencing
reactions {&.g., amplification). in this context, “sequencing reaction” refers to the generation and
detection of signal (typically detection of visible or flucrescent radiation) that provides nucleic acid
sequence information. For example, in the case of Hiumina/Solexa type sequencing, bridge
amplification would be considered a pre-sequencing step, and could occur in either chamber. In
some ¢ases there may be multiple pre-sequencing chambers.

6.1. Use of filler beads fo produce optically distinguishable signals
10088} in the approach illustrated in Fig. 17, when the sequencing beads are transportad from the
first to the second chamber they are ‘diluted’ by the introduction of Hiller beads.” Filler beads are
“Inert,” in the sense that template nucleic acids are not immobilized on filler beads, and they do not
produce delectable signal during the sequencing process. The effect of the addition of the filler beads
is to spatially separate the sequencing beads from sach other so that signals from individual
sequencing beads are optically distinguishable.
{00891 Generally the sequsncing beads and filler beads are roughly spherical. Although a
spherical shape is not required, for purposes of simplicity, and not imitation, beads will be referrsd to
as having ‘diamsters’ although beads of other shapes {e.g., having a simlar volume as a sphersa) are
contemplated. Typically the filler beads are smallsr than ths sequencing beads, for exampis, having a
diameter that is about 173 to 1/40™ the diameter of the sequencing beads. [n one embodimsnt, the
sequencing beads are aboul 1 to about 3 microns in diameter (e.g., about 2, such as 2.02 microns)
and the filler beads are about 0.05 to about 0.4 microns in diameter (a.g., about 0.3, such as 0.28
micrans). For example and not limitation, the ratio of sequencing beads io filler beads in the
sequencing chamber may be in the range of 1:10° to 1:10° (numbers of beads) and/or in the range of
1:2 to 1:20 {(volume of beads).
005 In some embodiments the packing density (the fraction of the tolal bead volume, or
chamber volume, filled by the sequencing beads is in the range of 20% - 85%, such as 40 - 70%,
such as 55% - 65%, e.¢., about 60%. For illustration, a chamber 1 mm wide and § mm long {(an arsa

of 5 x 10° square microns) accomadates 1.5 million sequencing beads at 60% packing density.

—
[ox]
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[0081] In an alternative approach the sequencing steps and the detection steps ocour i the same
chamber, and filler beads are introduced in to the chamber, diltting and seperating the sequencing
beads, after at least one pre-sequencing stap and before the dstection stap.

{0082} In one aspect, the invention provides a microfluidic device comprising a first, or “pre-

5

saquencing,” chamber (in which one or more pre-sequencing reactions occur) and a second, or
“sequencing,” chamber {(suitable for sequencing and deteaction reactions) connected by a channel
having a dimension large enough to allow the sequencing beads fo travel from the first to the second
chamber. In an embodiment the channel has no crass-sectional dimension {e.g., diameter, width,
depth} smaller than 1 micron {(e.¢., a diameter 1 micron or greater) and preferably no dimension
sralier than 2 microns, maore preferably no dimension smaller than 3 microns. In one embodiment the
dimensions of the first channel are selected o allow sequencing beads to fiow though only, or
prirmarily, in “single-file.”

{0093} In some aembaodiments, filler beads are combined with sequencing beads bafore they enter
the sequencing chamber, as iflustrated in the figure. Thus, in one embodiment the device comprises
a second microfiuidic channel in fluidic communication with (a) the first channel or with the second
chamber and (b) with a source of filler beads. The dimensions of the second channel are selected to
afiow the passage of filler beads and may be smaller than those of the first channel. in allernative
embodiments, the filler beads and sequencing beads enter the sequencing chamber (i) through
separate ports and/or (i) at separate times. In one embodiment the filler beads are added first and
mixing occurs whan the sequencing beads are addsd.

00%94] Fig. 18 is a fluorscence image that Hlustrales delection of fluorscent signal from a chamber
showing that signals from individual beads can be distinguished when sequencing beads {ora
surrogate) are seperaied by filler beads, The fluorescent beads have a diameter of 2.02 microns
(1.05x 10° heads/microliter). The filler beads have a diamester of §.28 microns (3.8 x 10°
heads/microliter).

[0045] Fig. 19 illustrates that it is more difficult, but possible, to distinguish individual sequencing
beads in the absense of filler beads (3.14 x 10° beads/microliter).

100981  The dimensions of the first and second chambers may vary depending on the needs of the
aperator, sequencing method selected, and the method of signal detsction. The size and dimensions
of the first chamber will be selected basad, in part, on the desired capacity to carry out the pre-
ampiification steps.

[0097]  The size and dimensions of the second (sequencing) chamber will take into account three
factors. First, generally the second chamber will be large enough o process the reaction products of
the first chamber. That is, the size of the second chamber will tend to increase with the size of the
first chamber. Second, the second chamber should be large enough 1o accommadate the filler beads,
when used and/or large encugh to allow for physical {and oplical) separation of sequencing
templates. As will be appreciates, optical separation generally requires that the beads be separated in
the X-Y dimensions, rather than simply the Z dimension (where the signal detection is roughiy

orthoginal or incidental to the X-Y dimension). Simply put, it is difficult, for example, to distingush
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signal from two heads stacked in the Z plane, ons above the other or other. The reference to heads
that ars ‘optically distinguishable’ captures this fact.
[0088] In one approach, the sequencing chamber accomodates only a single laver of beads. For
exampls, the depth of the sequencing chamber may be closs to the diameter of the sequencing
beads.
{00881  The swface area (i.e., X-Y dimension) of the chamber may be any suitable area, such as
0.1 mm”t0 50 mm®. In one approach {e.g., for single cell mRNA sequencing the area may be in the
range of 0.3 mm" to 6 mm’, assuming about 200,000 to 5 M reads are required for appropriare
coverage). In some embadiments the aregisintherange 1 -2 mm” for sequencing mRNA from a
single call.
{0100} If it is assumed there are 100-300 x 10° transcripts per cell at least 1-3 million beads would
be required. Howevar, for certain applications fewer reads and fewer beads are required. For
example, 200,0{0 reads are sufficient to differentiate cell phenotype (and possibly detect
heterogeneily). AA Pollen et al., Nat Biotechnol 2014 Qo 32(1031053-8.

8.2 Minimizing movement of beads in the second chamber
10101} In some embodiments sequencing beads and filler beads are packed lightly in the second
chamber o minimize movement during the sequencing reactions {(e.g., during wash steps between
sequencing cycles). Movement of beads makes it more computationally challenging to inferpret
signais.
16102} In one approach, after sequencing beads and filler beads are introduced into the second
chamber, the beads are cross-linked to lock them in place {(8.g., by exposure to a chemical or physical
agent). In one embaodiment only the filler beads are cross-linkad to each other. Linkers, cross-linking
agents, and cross-linking conditions that do not interfere with the sequencing and delection steps
should be used.
16103} Other ways to minimize bead movement is o infroduce beads into nanowells, or immobilize
them on a substrate within the chamber.

8.3 Other ways to generafe optically distinguishable signals
01041 As noted above, in one bead based method, the sequsncing chamber accomodatas only a
single laver of beads because the depth of the chamber. I alternative bead-based approaches, {i)
heads may be immobilized in spaced compariments or pads an the floor of the chamber; (i} may be
consirainad by a ligand-antiligand based interaction with the chamber floor {e.g., an antiligand spotted
at separate positions on the chamber floor intaracts with a ligand on the bead); (iii} may be
consirainad by a physical interaction with the floor (for exampls, the floor may be patierned with
negatively charged spots seperated by a hydrophobic or inert surface such that nucleic acid-covered
heads are immobilized on the separated spots. in some embadiments beads are randomy distributed
on the chamber floor at sufficiently low density 10 achisve optically separated signals. This has the
obvious disadvantage of reducing capacity.
[0105] In one approach beads are introduced into a chamber comprising a substrate with at least

10,000 reaction chambers {cavities or wells) sized o accomadate a single bead {(e.g., similarto a
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PicoTiterPlate™; see International patent publication WO 2005003375). The beads are physically
separated in the wells.

8.4 Sequencing modules
[0106] The combination of the first and second chambers, optionally a source of filler beads, and
connecting channel(s} may ha referred 1o as a “sequencing module.” As lllustrated, cells may be
captured, wahed, and lysed in the microfluidic device outside the sequencing madule, followed by
introduction of the cell lysate {or an RNA containing fraction) into the first chamber of the module.
First strand cDNA synthesis, cleavage and ligation of the adaptor oligonucieatide may be carried out
in the first chamber.
[0107] In one embaodiment mRNA and beads are combined before entry into the “first” chamber,
for example, RNA may be capiured in a bead column or ‘pre-chamber’ and the beads then transferred
to the first chamber’
[0108]  As illustrated in Fig. 20, amplification and sequencing/imaging may be carried oul In the
second chamber.

6.5 Embodiments not using beads
13109} In some embodiments, RNA or DNA templates that are not immobilized on beads are
transported into the sequencing chamber and are immobilized on a substantially planar substrate. In
embodiments the is glass or PDMS on, or comprised by, the chamber floor. A number of approaches
o such immobilization are known and could be adapied o the present invention. In ons approach a
cell lysate is contacted with a poly d{T) coated surface followed by reverse transcription and cBNA
sequencing. Figs. 21 and 22 show exemplary msthods for immobilizing oligonuclestides to a surface
and may other methods are know in the art. In an approach RNA is infroduced into the chamber
containing a lawn of caplure sligonuclectides at low enough density that individual RNA molecules
{and consequently, clonal populations derived fro the RNASs) are physically seperated and signals
eminating thersfrom are optically distinguishable. Methods for making random or ordered arrays of
templats for sequencing are well known. See, for example, US Fat. Pub. 2013/0118153; C. Adessi et
al., Nucleic Acids Res. 2000 Oct 15;28(203E87; M. Fedurco et al., Nucleic Acids Res. 2008 Feb
9;34(3):e22

{01104 It one embodiment, cell lysis and RNA capture take placs in the same chamber.
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6.8 Performing multiple cycles
0111} The sequencing-by-synthesis reaction involves multiple cycles of incorporation of a
nucleotide or nuclectide analog and detection of signal. This is typically carried out by introducing
rsagents into the sequencing chamber at a point in the cycle, and removing the reagents and
praducts prior to the baginning of a subsequent cycle. This is accomplished by introducing reagents,
reagent sclutions, wash solution, and the like into the chamber, and removing them using standard
microfluidic methods. In some embodiments, the microfluidic device is preloaded with sequencing
reagents and/or wash solutions prior to sequencing.

6.7 imaging and Analysis
{01121  Signal from the second chamber can be collected using a camera (e.g., CCD camera) and
optical systems developed by Fluidigm Corp. and known in the art. See, e.g, Fig. 23. In such
embodiments, the material batween the camera and the signal origin wili be transparent to the signal.
10113} in other embodiments, wignal detection may rely on fiber optic or other sensors associated

with a particular bead or well.

PART 4: INTEGRATED MICROFLUIDIC DEVICES
7. Infegrated Devices
10114} Fig. 20 dlusirales one way a sequencing casselte can be integrated inio a microfluidic chip.
In the approach shown the following steps may be carried out, in which steps 2-8 {(and optionally step

1) are carried out in the microfluidic device, and steps 6-9 are carried out in the sequencing module:

TABLE 2
Step
1 Envich
2 Load and capture single cells
3 Wash and oplionally stain cells
4 Optionally image captured cells
5 Lyse cells
6 Capture mRNA on substrate {(e.g., beads)
7 Synthesize cDNA {e.g., cDNA synthesis,
cleavage, adaptor ligation
8 Clonal amplification
Ssquencs (8.¢., SES)
10 Analyss

0115} it will be recognized that Fig. 20 and Table 2 are for illustration and not limitation, and that

numerous variations of the process are possible.
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7.1 Cell Enrichment
[0116] Cell enrichment may accur within the microfluidic devics, “off-chip,” or both. Envichment
parameters include physical properties {e.g., size, deformaty, densily, charge) and biological
propertias (e.g., expression of marker proteins.

7.2 Capture of Single Celis
[0117] Capture of single celis may be carried out using a variety of method. In one approach, a
single csll capluring microfluidic device having features desaribed in WG-2013/1307 14 ("Methods,
systems, and devices for muitiple single-cell capturing and processing using microfluidics™) is used to
isolate individual cells, process and sequence nucleic acids. It will be within the ability of one skilled
in the art guided by this specification to make certain modifications, if desired, such as, for example,
incorporating a sequencing module as described above. in one approach a single cell capturing
microfluidic device having features described in WO-2014/144789 (*Methods and devices for analysis
of defined multicellular combinations”) is used to isolate individual celis, procass and sequence
nucieic acids. It will be within the ability of one skilled in the art guided by this specification to make
certain modifications, if desired, such as, for example, incorporating a sequencing module as
described above, WO-2013/1307 14 and WG-2014/144780 are incorporated herein by reference for all

purposes, including descriptions a microdiuidic elements such as channels, pumps, elc.

PART & ADDITIONAL FEATURES

8. Additional Features
6118} This seclion provides additional description about certain elemenis described above.

8.1 Anchor polynucieotides
0119] The anchor polynuclestides provided herein are used o caplure mRNA molecules to a solid
support. Anchor polynucleotides may therefore include an oligo d{T) primer to capture mRNA
molecules. The anchor polynuciectide may further provide means to amplify a target polynuclestide
{e.g., cBNA) after it has been lagged with the adapter nucleic acid. The anchor polynucleotide may
further include a resiriction enzyme racoghnition sequence to provids means for removal of the
immaobilized target polynucleotids from the solid support after ampiification and/or sequencing.
Examples, for Hustration and not limitation, of anchor polynuciectides are illustrated in Fig. 2. In this
embodiment, two anchor polynuclectides attached o a solid support (head) are shown. One anchor
polynuciectide, referred to hersin as “first anchor polynuclectide” includes an amplification primer
{AP1} and a restriction recognition site {e.g., cut site 1 or C51). The anchor polynucleotide including
an oligo &{T) primer, an amplification primer complementary o AP1 (AP 1) and a restriction
recogrition site (2.q., cut site 2 or C82} is referred 10 herein as “second anchor polynuclentide.”
Further examples of anchor polynucleotides are illustrated in Fig. 3. Fig. 3 shows afirstand a
second anchor polynucieotide, wherein a mRNA template is annealed via its polyA tail to the oligo
d{T) of the second anchor polynuclectide.

8.2 First anchor polynuciegtide
{01204 In embodiments, a first anchor polynuclectide is immobilized on the solid support. in

ambadiments, the first anchor polynuclectide includes a first amplification nucleic acid sequence and
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sarves as an amplification primer {also referred (o as “amplification primer 17 ar “AP1"). In
embodiments, the first anchor polynucleotide includes a first release nucleic acid sequence such as a
restriction enzyme recogrnition sits {(also referred o as “cut site 17 or “*C817). In embodiments, the
first relsase nucleic acid sequencs (8.g., C81} connects the first amplification nucleic acid sequence
{8.g., AP1} to the solid support.

8.3 Second anchor polynuciectids
0121} In some aembaodiments a second anchor polynucleotide is immaobilized on the solid support.
In embodiments, the second anchor polynuclectide includes a second amplification nucleic acid
sequencs (also referred to as amplification primer 2 or AP2). In embodiments, the second anchor
polynucieotide includes a second release nucleic acid sequence such as a restriction enzyme
recognition site (also referrad to as cut site 2 or C32). In embodiments, the second release nucleic
acid sequence {(8.g., C82) connects the second amplification nucisic acid sequence (e.g., AP2) to the
sodidd support. In embodiments, the second amplification nucleic acid sequence {e.g., AP2) connecis
the second release nucleio acid sequence (a.g., C8Z) v the targst polynucieoiide capluring sequence
(e.g., oligo dTT°). Thus, the single stranded cDNA as provided herein may be immobilized on the
solid support by being covalently attached to the deoxy-thymine sequence (e.q., oligo dTT?‘O), wherein
the deoxy-thymine sequence is linked to the second amplification nucleic acid sequence (e.g., AF2),
which is bound o the solid support through the second release nucleic acid sequence {e.g., G52}
01221  As describe above, the larget polynucleotide may be a single stranded DNA {s.g., cDNA).
Where the target polynucleoctide is a cDNA| the target polynuclectide may be linked o the solid
suppott through a second anchor polynucleotids. The second anchor polynuclestide includes 3 targst
polynucleotide capturing sequence. In embodiments, the target polynucleotide capluring sequence is
a deony-thymine sequencs, also referred to herain as oligo d{ T,
0123]  Where the target polynucleotids is an RNA (target ribonucleic acid), the targst ribonucisic
acid may be immobilized on a solid support through hybridization to a target polynuciectide capturing
sequence {e.g., an oligo d{T ). As described above, the target polynucieotide capturing sequence
may form part of a sscond anchor polypeptide provided hersin. Where the target polynucleotids
capturing sequsnce is oligo d(T )., the target ribonucleic acid hybridizes through its polyadenylated 3
end {o ths target polynuclectide capturing sequeance.

8.4 Adapter nucieic acid
[0124] It the methods provided herein, an adapter nuclsic acid sequence is ligated o the cleaved
target polynucleotids, thereby forming 3 tagged nucleic acid sequence. The adapter nucleic acid
sequence as provided herein may be any nucleic acid capable of being ligated to the cleaved target
polynuciectide {(e.g., cONA)Y. The adapter nucleic acid sequence inciudes a primer amplification
sequence therefore provides for means of amplification of the target polynuciestide. Inan
ambadiment, the adapter nucleic acid includes an amplification primer complement (AP1), which may
he used o anneal to the amplification primer (AP 1) of the first anchor polynuclentide, thereby
providing the means for amplification of the target polynucleotide by, e.g., bridge PCR.
10125} In embodiments, the adapter nucleic acid includes an ampilification primer complement

{APT), which may be annsaled to an amplification primer (AP1), which is not attached to the solid
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support, but added to the reaction solution, thereby allowing for amplification of the targst
polynuclteotide by isothermal template, also referred to herein as wildfire PCR.
[0128] In embadiments, the adapter nucleic acid sequencs is a double stranded nucleic acid. In
embodiments, the adapter nucleic acid sequence is a singls stranded nucleic acid. in embodiments,
the adaptor nucleic acid sequsince includes a first amplification nucleic acid ssquence complement. A
first amplification nucleic acid sequence complement is a nucleic acid sequence specifically
complementary to the first amplification nucleic acid sequence described above. The terms “first
amplification nucleic acid sequence” and “second ampiification nucleic acld sequence” as provided
herain refer to isolated nucleic acids that recognize a target nucleic acid sequence (first and second
amplification nucleic acid ssquence complement). The first and second amplification nucleic acid
sequencas are short nucleic acid molecules, for instance DNA oligonucleotides 10 nuclentides or
more in length. A contiguous complementary oligonucleotide {(8.g., & first amplification nucleic acid
sequenca complement or a second amplification nucleic acid sequence complemant) may be
annealed through hybridization fo the first andfor second ampiification nuclelc acid sequence. The
contiguous complementary oligonucieotide may be exiended along the target polyniucieotide by a
DNA polymerase enzyme using PCR or other nucleic-acid amplification methods known in the art,
thereby amplhifying the target polynuciectide. In embodiments, the first and second amplification
nucieic acid sequence are independently about 15, 20, 25, 30 or 50 nucieotides or more in length. in
embodimeants, the first amplification nucleic acld sequence and the second amplification nucleic acid
sequence are independently about 10 to about 100 nucleotides in length. In embodiments, the first
amplification nuclele acid sequence and the second amplification nucleic acid sequence are
independently about 15 to about 95 nucleotides in length
6127} Where the adaptor nucleic acid sequence includes a first amplification nucleic acid
sequence complemant, the first amplification nucleic acid sequence complement may hybridize to a
first amplification nucleic acid sequance. As describad above, the first ampilification nucleic acid
sequance is also referred o hersin as amplification primer 1, or AP1 and forms parnt of a first anchor
polynuciectide, which is immobilized to ths solid support. In the methods provided herein the first
anchor polynuclestide may be covalently bound to the solid support. In embodiments, the first
amplification nucleic acid sequence complement is hybridized to the first amplification nucleic acid
sequence under conditions allowing for PCR ampiification, thereby amplifving the target
polynuciectide (e, tagged nudleic acid sequence). In embodiments, aftsr the ligating of step {iv} the
tagged nucleic acid sequence is contacted with a first amplification nuclsic acid sequence under
conditions allowing for PCR amplification. In embuodiments, the first ampiification nucleic acid
sequsnce is at lsast partially complementary to the first amplification nucleic acid sequence
complemsnt. In embodiments, the first ampilification nucleic acid is not attached to the solid support.
in further embodiments, the first amplification nucleic acid hybridizes to the first amplification nucleic
acid.

8.5 Array of tagged polynuciectides
[0128] A person of ordinary skill in the art will inwnediately recognize that the methods of tagging a

nucieic acid sequence as provided herein may be applicable to tag a plurality of nucleic acid
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saquencas. Where the methad provided hersin includes tagging a plurality of nucleic acid sequences,
each of the target polynucleotides may be independently diffsrent. Therafore, ths target
polynucleotides may be helerogeneous. In embodiments, the plurality of target polynuclectides is a
plurality of cDNA sequences. In smbodiments, the plurality of target polynucleotidas is a plurality of
ribonucieic acid sequences. The plurality of target polynucleotidas may bs derived from an isolated
cell. Anisolaied cell as provided herein is a cell that has been substantially separated or purified
away from other components {celis) in a cell cullure, Hssue, organ or organism in which the cell
praviously occurred. Cells that have been “isolated” include cells purified by standard purification
methads,
10129} In one aspect, a method of forming a plurality of tagged heterogenenus polynuclectides, is
pravided. According to the method (i} a plurality of helerogeneous target polynucientides is
immaobilized on a solid support, thereby forming a pluraiity of immobilized helerogeneous target
polynucieotides. (i) A plurality of heterogeneous recognition-oligonuclectides is hybridized to the
immaobilized helerogeneous target polynucieotides, thereby forming a plurality of recognition-
ofigonuciectide-target polynuclectide hybrids. (i} The recognition-oligonucieotide-target
polynucieotide hybrids are cleaved with a cleaving agent, thereby forming a plurality of cleaved
recognition-oligonuclectide-cleaved target polynucleotide hybrids. {(iv} An adapler nucleic acid
sequence is ligated {o the plurality of cleaved target polynucieotides, thereby forming a plurality of
tagged heterogeneous polynucleotides. As described above the same definitions apply o the aspecis
of forming a plurality of tagged heterogensous polynucleotides including smbodiments, thersof. For
example, the solid support may be a bead structure. The plurality of helerogeneous target
polynuciectides may be single stranded cDNA sequences. The cleaving agent may be a restriction
enzyme.

8.6 Embodimenis of cDNA fagging
106130} As dascribed above the target polynuclsotide may be a cBNA. Thus, in one aspect a
method of forming a tagged single stranded cDNA is provided. According io the methad (i) a target
cDNA s immobilized on a solid support, thereby forming an immaobilized target cDNAL (i} A
recognition-oligonuclectide is hybridized to the immahilized targst cDNA, thereby forming a
recognition-oligonuclectide-cDNA hybrid. (iil) The recognition-oligonucleotide-cDNA hybrid is cleaved
with g cleaving agent, thereby forming a clsaved recognition-oligonucdlectide-cleaved cDNA hybrid.
{iv) An adapter nuclsic acid is ligated to the cleaved cDNA, thereby forming a tagged single stranded
cDNA  Where the target polvnuciectide is a ¢BNA, the cDNA may be immobilized on the solid
support using immobilization methods commonly known in the art and as described above. For
exaample, the cBNA may be directly immobilized to a chemically modified (functionalized) solid support
by covalent attachment. In other embadiments, the cDNA is attached to the solid support through a
second anchor polynucieotide as described above. Whers the ¢cDNA s attached to the solid support
through a second anchor polynuclectide, an mRNA moleculs is hybridized on a solid support by
hydrogen bonding between the polyadenylated 3" end of the mRNA and the nucleic acid sequence of
a target polynucientide capturing sequence {e.¢., deoxy-thymine sequence or oligo dTT™%, thereby

forming an immobilized mRNA. As described above the target polynucieotide capluring sequence
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may form part of a second anchor polypepiide. The immobilized mRNA is subsaquently reverse
transcribed, thershy forming an RNAIDNA hybrid. The mRNA of the RNADNA hybrid may be
degraded by contacting the hybrid with a endaribonucisase enzyms {e.g., RNAse H), thereby forming
a single stranded cDNA atlached on a solid suppaort through a target polynucleotide capturing
saquencs. The immobilized single stranded ¢cDNA {(targst cONA}Y may be hybridized to a recognition-
oligonucieotide as described above, thereby forming a recognition-cligonuclentide-cDNA hybrid. As
described above Recognition Cligonuclectide may include a cleaving agent recognition sequence
(s.g. a Bas(G1 recognition sequence) flanked by degenerate nucleic acid sequences. The
recognition-oligonucleatide-cBNA hybrid may be cleaved with a cleaving agent {e.g., BaeG1), thereby
forming a cleaved recognition-oligonuciectide-cleaved cDNA hybrid. As described abave the cleaved
recognition-oligonuclectide-cleaved cDNA hybwid may include a § overhang. An adapter nucleic acid
as described above is ligated fo the cleaved cDNA, thereby forming a tagged single stranded cDNA.
Any ligation mathod and DNA ligase commonly known in the art may be used o ligate the adapter
nucleic acid 1o the cleaved cDNA,

8.7 Embodiments of RNA tagging
0131}  As described above the target polynuclectide may be a ribonucleic acid. Thus, in another
aspect, a method of forming a tagged nucleic acid sequence is provided. According to the method (i)
a target ribonucleic acid is immobilized on a solid support, thereby forming an immobilized target
ribonucleic acid. (i) The immobilized target ribonucleic acid is reverse transcribed, thereby forming an
RNADNA hybrid. (it} The RNADNA hybrid is cleaved with an RNADNA cleaving agent, thereby
forming a cleaved RNA:DNA hybrid. (iv) An adapter nuclsic acid sequence is ligated 1o the cleaved
RENADNA hybrid. (v} The ribonucleic acid sequence is removed from the RNADNA hybrid, thereby
forming a fagged nucleic acid sequence. Where a target ribonucieic acid is immobilized on a solid
suppott, the targel ribonucleic acid may be an mRNA and the immobilization may be performed as
described above through hydrogen bonding between the polyadenylation sequence of the mRNA and
the polynucleotide capluring sequence describad herein. By reverss transcription of the mRNA an
RNADNA hybrid is formed and the RNADNA hybrid may be cleaved using a cleaving agant. The
cleaving agent may be a restriction endonuciease capable of cleaving double-stranded hybrids of
DNA and RNA, wherein one strand is a DNA and the other strand is a RNA. Upon cleavage of the
RNADNA hybrid a 5 overhang, 3’ overhang or blunt ends without overhang may be generated.
Therefore, the cleaved RNAIDNA hybrid may include a 8 overhang, 3’ overhang or blunt ends and
may subssquently be ligated to an adapier nucleic acid. Once the adapter nucisic acid has been
ligated to the RNADNA hybrid, the RNA may be removed by digestion using an endoribonuclease as
described abovs, resulting in the formation of a tagged nucleic acid ssquencs.
{01321 A person of ordinary skill in the art will immnediately recognize that the methods of tagging a
nucieic acid sequence as provided herein may be applicable to tag a plurality of nucleic acid
sequences. Thus, in another aspect a method of forming a plurality of tagged heterogeneous nucleic
acid sequences is provided. According to the method (i) a plurality of heterogenesous target
ribonucieic acid sequences are immobilized on a solid support, thereby forming a plurality of

immaobilized heterogenenus target ribonucleic acid sequences. (i} The immaobilized heterogeneous
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target ribonucleic acid sequences are reverse lranscribed, thereby forming a plurality of
heterogeneous RNADNA hybwids. (i) Ths plurality of heterogensous RNADNA hybrids are cleaved
with an RNA:DNA cleaving agent, thereby forming a plurality of cleaved RNADNA hybrids. (v} An
adapter nucleic acid sequence is ligated {o the plurality of cleaved RNADNA hybrids and (v} the
ribonucieic acid sequences are ramoved from the cleaved RNADNA hybrids, thereby forming a
plurality of tagged heterageneous nucleic acid sequeances.

8.8 Recognition-Oligonuciectide Libraries
10133} in another aspect, a library of recognition-oligonuclectides including a plurality of
heterogeneous recognition-oligonuclentides each including a restriction enzyme recognition sequence
flanked by degenerate nucleic acid sequences is provided. The degenerate nucleic acid sequences
as provided herein flank the restriction enzyme recognition sequence (also referred to hersin as
cleaving agent recognition sequence) and include degenerate nucleotides. The degenerate
nucieotides may be complementary or partially complementary {o different target polynuclentides (e.g.
single stranded cDNA). The lerm “partially complementary” refers o a recognition-oligonucieotide
which is capable of hybridzing o more than target polynucieotide, wherein each target polynucleoctide
is different. In embodiments, the cleaving agent recognition sequence is flanked by degenerate
nucieic acid sequences. In embodiments, the degenerale nucieic acid sequences are partially
complementary o a target polynucieotide (e.g., a ¢cDNA). In embodiments, the degenerate nucleic
acid sequences are speacifically complementary o a target polynuciectide. In embodiments, the
recognition-oligonuclectides have a structure of 5 A -X,-B,, &', wherein A and B are nucleolide
sequences complementary or partially complemeantary {o a sequence comprised by a largst
polynucieotide and n is indspendently an integer from 10-40. X is a cleaving agsnt recognition
sequence and mis an integer from 4 to 10. The cleaving agent may be a restriction enzyme as
described above {g.g., BasG1). In embodiments, the library forms part of a microfluidic device,

8.9 PCR Amplification
6134} The tagged polynuclestides provided herein may be amplified and subsequently
sequanced. Any nucleic acid amplification method known in the art may be ussd. In one specific,
non-limiting example, polymerase chain reaction (PCR} is used to amplify the tagged polynucleotides
provided hsrein. In embodiments, the tagged polynuclestides provided herein are ampiified using
bridge PCR. Thus, in embodiments, the PCR amplification is bridge PCR.  The technique of bridge
PCR is well known in the art and has been described for example in published international
application WO2013/131962 A1, which is hereby incorporated by reference in iis entirety and for ali
purposes. In embodiments, the tagged polynucleotidas provided herein are amplified using
isothermal template walking. Thus, in embodiments, the PCR ampilification is isothermal tamplate
walking. Isothermal template walking is an amplification method weli known in the artand is
described for example by Ma Z et &f., PNAS 2013;110:14320-14323, which is hereby incorporated by
reference in ifs entirety and for all purposes. In embaodiments, the method includes after the
contacting of step sequencing the amplified cBNA. In embadiments, sach step occurs ina
microfluidic device. Examples of a microfluidic device useful for the invention provided are disclosed
in published US application number US201.3/0302883, USZ2013/0302884, US2013/0296196,
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US2013/0295602, and US2013/0302807, which are hereby incorporated by reference in their entirety
and for all purposes.

[0135] In another aspect, a methad of amplifying a ¢cDNA sequencs is provided. According ta the
method (I} an RNA molecule extracted from an isolated cell is simmobilized on a solid support,
thereby forming an immohilized ribonucleic acid ssquencs. (i) The immaobilized ribonuclsic acid
sequencs is reverss transcribed, thereby forming an immobilized RNADGNA hybrid. (iil) The
ribonucieic acid sequence is removed from the RNADNA hybrid, thereby forming an immobilized
cDNA sequence. (iv) A recognition-oligonucleotids is hylwidized o the immobilized cDNA sequence,
thereby forming a recognition- oligonuciectide-cDNA hybrid. (v} The recognition- oligonucieatide-
cDNA hybirid is cleaved with a cleaving agent, thereby forming a cleaved recognition- oligonucieotide-
cleaved cDNA hybrid. {vi) An adapter nucleic acid sequence is ligated to the cleaved cDNA, thereby
forming a tagged cDNA sequence. (vii} The tagged cDNA sequence is hybridized to an amplification
nucleic acid sequence under conditions allowing for PCR amplification, thereby amplifying a cDNA
sequence. in embodiments, amplification nucleic acid sequence is covalently bound to the solid
support. In embodiments, the amplified cDNA is sequenced after the hybridizing of step (vil). Any
sequencing method known in the art may be used for sequencing the amplified cDNA

10136} In another aspect, a method of amplifving a cDNA sequence is provided. According to the
method (i) an RNA molecule extracted from an isolated cell is immobilized on a solid support, thereby
forming an immobilized ribonucleic acid sequence. (1) The immaobilized ribonucleic acid sequence is
raeversed transcribed, thereby forming an immobilized RNA:DNA hybrid. (il)) The RNADNA hybrid is
cleaved with an RNA:DNA cleaving agent, thereby forming a cleaved RNACDNA hybrid. (iv) An
adapter nucleic acid sequence is ligated to the cleaved RNADNA hybrid. {v) The ribonucleic acid is
removed from the cleaved RNADNA hybrid, thereby forming a tagged cDNA sequence and (vi} the
fagged cDNA sequence is contacted with an amplification nucleic acid sequence under conditions
allowing for PCR amplification, thereby amplifying said cDNA sequence. In embodiments, the
amplification nuclele acid sequence is covalently bound to the solid support {e.g. AP1). In
embodiments, the amplified cDNA is sequenced after the contacting of step {vi). It embodiments, the
PCR ampilification is PCR bridge ampilification. In embodiments, the PCR ampiification is isothermal
templats walking. In embadiments, the single cell is isolated from a heterogensous population of
isolatad cells. In embodiments, sach step of the methods provided herein occurs in a8 microfiuidic

device.
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[0137] While the foregoing invention has been described in some datall for purposes of clarity and
understanding, it will be appreciated by those skilled in the relevant arts, oncs they have been made
familiar with this disclosure, that various changes in form and deiall can be made without departing
from the trus scope of the invention in the appendad claims. The invention is therefore not to be
limited o ths exact components or details of methodolagy or construction set forth above. Except o
the extent necessary or inherent in the processes themselves, no particular order to steps or stages of
methods or processes described in this disclosure, including the Figures, is intended or implied. In
many cases the order of process steps may be varied without changing the purpose, effect, or import

of the methods describad.

[0138] Al publications and patent documents cited hersin ars incorporated herein by reference as
if each such publication or document was specifically and individually indicated o be incorporated
herain by referance. Citation of publications and patent documents {patents, publishad patent
applications, and unpublishsd patent applications) is not intended as an admission that any such
documasrit is pertinent prior art, nor doss it constitute any admission as to the contents or date of the

same.
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WHAT 15 CLAIMED 13:

1. A method of forming a tagged nucleic acid sequence, said method comprising:

(i} immobilizing a target polvnucleotide on a solid support, thereby forming an immobilized
farget polynuclectide;

(it} hybridizing a recognition-oligonucleotide to said immobilized target polynucleotide, thereby
forming a recoghition-oligonuclectide-target polynucieotide hybrid,

{ilt) cleaving said recognition-oligonuclectide-targe! polynucieotide hybrid with a cleaving
agent, thereby forming a clsaved recognition-oligonucleotide-~cleaved target polynuciestide hybrid
comprising a cleaved target polynucleotide; and

{iv} ligating an adapter nucleic acid sequence o said cleaved target polynucieotide, thersby

forming a tagged nucleic acid sequence

2. The mesthod of the preceding claim, wherein said immobilizing of step (i) comprises:
{a) capturing an RNA molecule to 3 solid support, thereby forming a captured RNA; and
{Iv) reverse transcribing said captured RNA, thareby forming a target polynuciectide

immobilized to said solid support.

3. The method of either preceding claim, wherein said target polynucleotide is a single
siranded cDNA.

4. The method of any preceding claim, wherain said solid support comprises a bead

structure.

5. The method of claim 4, wherein said bead siructure is a biotin bead.

g. The method of any preceding claim, wherein a first anchor polynuclectide is covalently

bound to said solid support.

7. The method of claim 8, wherein said first anchor polynucleotide comprises a first

amplification nucleic acid sequence,

&. The method of claim 7, wherein said first anchor polynuclectide further comprises a first

release nucleic acid sequence.

9. The method of claim §, wherein said first release nucleic acid sequence connects said first

amplification nuclels acid sequence o said solid support.



WO 2015/172080 PCT/US2015/029986

10. The method of claim 9 or claim 10, wherein sald first release nucleic acid sequence

comprises a restriction enzyme cleavage sequence.

11, The method of claim 3, wherein said ¢cDNA is linked to said solid support through a

second anchor polynucieotide.

12. The method of claim 11, wherein said second anchor polynucleotide comprises a target

polynuciectide capturing sequence.

13. The method of claim 12, wherein said target polvnucisolide capturing sequence is a

deoxy-thymine sequsnce.

4. The mesthod of claim 12 or claim 13, wherein said second anchor polynuclectids further

comprises a second amplification nuclsic acid sequence.

15. The method of any of claims 12 to 14, wherein said second anchor polynuclectide further

comprises a second release nuclsic acid sequencs.

18. The msthod of claim 15, wherein said second release nucleic acid seguence connects

said sscond amplification nucleic acid ssquence to said solid support.

17. The method of claim 16, wherain said second amplification nucleic acid sequence
connects sald second release nucleic acid sequence o said target polynuclectide capturing

saguencs.

18. The method of any of claims 15 to 17, wherein said second release nucleic acid

sequencs is a restriction enzyme cleavage sequence.

19. The method of any preceding claim, wherein said recognition-oligonuclectide comprises

a cleaving agent recognition seguence.

2{. The method of claim 19, wherein said cleaving agent recognition sequences is flanked by

degenerate nucleic acid sequences.

21. The method of claim 20, wherein said degenerate nucleic acid sequences are al least

partially complementary to said {argst polynucleotids.

22, The method of claim 19, whersin said cleaving agent is a restriction enzyme.
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23. The method of any preceding claim, wherein said adaptor nucleic acid sequence

comprises a first ampiification nucleic acid sequence complement.

24, The method of claim 23, comprising hybridizing said first amplification nucleic acid
sequence complement to said first amplification nucleic acld sequence under conditions allowing for

PCR amplification, thereby amplifying said tagged nucleic acid sequence.

25, The method of any preceding claim, further comprising after said ligatling of step (iv)
contacting said tagged nucleic acid ssquence with a first amplification nucleic acid sequence under

conditions allowing for PCR amplification.

28. The mesthod of claim 23, wherain said amplification nucleic acid sequence is at least

partially complemeantary to said first amplification nucleic acid ssquence complement.

27. A method of forming a plurality of tagged heterogsneous polynuclectides, said method
comprising:

(i} immobilizing a plurality of heterogeneous arget polynuclectidss on a solid support, theraby
forming a plurality of immobilized heterogensous target polynuclectides;

{iiy hybridizing a plurality of heterageneocus racognition-oligonuclsaotides to said immahilized
heterogeneous target polynucleotides, thershy forming a plurality of racognition-oligonucleatide-target
polynucteotide hybrids;

{iii) cleaving said recognition-oligonuclectide-target polynucieotide hybrids with a cleaving
agent, thereby forming a plurality of cleaved recognition-aligonucieotide-cleaved target polynuclectide
hyhrids; and

{iv) ligating an adapter nucleic acid sequence to said plurality of cleaved target

polynucieotides, thereby forming a plurality of tagged hetercgensous polynuclectides.

28. The meathod of claim 27, wherein said solid support comprises a bead structure.

29, The method of claim 27 or claim 28, wherein said plurality of heterogeneocus targst

polynucieotides are single stranded cDNA sequences.

3. The method of any of claims 27 o 29, wherein said cleaving agent is a restriction

enzyme.

3. A method of forming a lagged single stranded ¢DNA, said method comprising:
{i} immobilizing a target cDNA on a solid support, theraby forming an immobilized target
cNA;
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{il) hybridizing a recognition-oligonucleotide to said immobilized target cONA, thereby forming
a recognition-oligonucleotide-cDNA hybrid;

(i) cleaving said recognition-oligonuclentide-cDNA hybrid with a cleaving agent, thereby
farming a cleaved recognition-cligonucleotide-cleaved ¢cDNA hybrid; and

{iv} ligating an adapter nucleic acid o said cleaved cDNA, thereby forming a tagged single
stranded cDNA,

32. A method of forming 2 tagged nucleio acid sequence, said method comprising:

{1} immobilizing a targst ribonucisic acid on a solid support, thersby forming an immaobilized
target ribonucleic acid {(RNA)Y,

{ii) synthesizing a complemeantary DNA (cDNA) strand, thereby forming an RNA:cDNA
hyhrid;

{iii) cleaving the RNACDNA hybrid with an RNACBNA clsaving agent, o generals 3 cleaved
RNACDNA hybrid, wherein the ¢cDNA comprises a ligatable end;

{iv} ligating an adapter oligonucleotids to the ligatable end ; and

{v} removing the ribonucleic acid ssquencs from said RNAcDNA hybrid, thereby forming a

tagged nucleic acid sequencs.

33. A method of forming a plurality of tagged heterogenesous nucleic acid sequences, said
method comprising:

(i} immobilizing a plurality of heterogeneous targst ribonucisic acid sequences on a solid
support, thereby forming a plurality of immobilized heterogensous target ribonucleic acid sequences;

{ii) reverse transcribing said immobilized heterogeneocus target ribonucieic acid sequences,
thereby forming a plurality of heterogensous RNADNA hybrids;

{iif) cleaving said plurality of helerngenecus RNADNA hybrids with an RNA:DNA cleaving
agent, thereby forming a plurality of cleaved RNADNA hybrids;

{iv) ligating an adapter nudleic acid sequence to said plurality of cleaved RNADNA hybrids;
and

{v} removing said ribonucleic acid sequences from said cleaved RNA:DNA hybrids, thereby

forming a plurality of tagged helerogeneous nucleic acid sequences.
34, Alibrary of recognition-cligonucieotides comprising a plurality of helerogeneous
recognition-oligonuclectides each comprising a restriction enzyme recognition sequence flanked by

degenerate nucleic acid sequences.

35, The library of claim 34, wherein said cleaving agent is a restriction enzyme, and/or said

library forms part of a microfluidic device.

3G. The library of claim 34 or 35, configured for use in the methad of any of claims 1 to 33.
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37. A method of amplifying a cDNA sequence, said method comprising:

(i} immaobilizing an RNA molecule extracted from an isolated cell on a solid support, thereby
forming an immobilized ribonucleic acid sequence;

(i} reverse lranscribing said immobilized ribonucieic acid sequence, thereby forming an
immaobilized RNADNA hybrid,

(i) removing said ribonucleic acid sequence from said RNADNA hybrid, thereby forming an
immobilized cDNA sequence;

{iv} hybridizing a recognition oligonuciectide o said immobilized cDNA sequence, thereby
forming a recognition- oligonuclectide:DNA hybrid;

{v} cleaving said recognition oligonucleotide:cDNA hybrid with 3 cleaving agent, thereby
forming a cleaved recognition oligonucleotide: cleaved cDNA hybrid;

{vi} ligating an adapter nucleic acid sequence to said cleaved cDNA, theraby forming 3 tagged
cDNA sequence;

{vii) hybridizing said tagged cBNA sequence to an amplification nucleic acid sequence under

conditions allowing for PCR ampilification, thershy amplifying a cDNA sequence.

38. The method of claim 37, wherein said ampiffication nucleic acid sequance is covalently

hound o said solid suppoit.

38. The method of claim 37 or 38, further comprising after said hybridizing of step {vii)

sequencing said amplifisd cDNA.

40. A method of amplifying a cDNA sequence, said method comprising:

(i} immobilizing an RNA malecule exdracted from an isolated cell on a solid support, thereby
forming an immobilized ribonucieic acid sequence;

{il) reverse transcribing said immobilized ribonucisic acid sequence, thereby forming an
immaobilized RNA:DNA hybrid,;

(i) cleaving said RNADNA hybrid with an RNADNA cleaving agent, thereby forming a
cleaved RNADNA hybrid;

{iv} ligating an adapter nucleic acld sequence to said cleaved RNADNA hybrid,

{v} removing said ribonucleic acid from said cleaved RNA:DNA hybrid, thereby forming a
fagged cDNA sequence; and

{vi} contacting said tagged cDNA sequence with an amplification nucleic acid sequence under

conditions allowing for PCR ampilification, thereby amplifying said cDNA sequence.

41. The method of claim 40, wherein said amplification nucleic acid sequence is covalently

bound to said solid support.
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42. The method of claim 40 or 41, further comprising after said contacting of step {vi)

sequencing said amplified cDNA.

43. The method of claim 37 or 40, wherein said PCR amplification is PCR bridge

amplification.

44, The method of claim 37 or 40, wherein said PCR amplification is isothermal template

walking.

45. The method of any of claims 39-44, comprising isolating said singls cell from a

heterogeneous population of isolated cells.

48. The mesthod of any of claims 1-33 or 37-45, wherein sach step is performed in a

microfluidic devics.



