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METHODS AND COMPOSITIONS FOR ¢cDNA SYNTHESIS AND SINGLE-CELL
TRANSCRIPTOME PROFILING USING TEMPLATE SWITCHING REACTION

CROSS REFERENCE TO RELATED APPLICATIONS

The present application claims priority to U.S. Provisional Patent
Application Serial No. 61/869,220, filed August 23, 2014, the contents of which

are hereby incorporated by reference.
FIELD OF THE INVENTION

The presentinvention relates to methods for synthesis of double stranded
cDNA with improved yield and average length, and cDNA molecules synthesized

and cDNA libraries generated from individual cells.
BACKGROUND OF THE INVENTION

Single-cell gene expression analyses hold promise to characterize cellular
heterogeneity, but current methods sacrifice either the coverage, sensitivity or
throughput. Several methods exist for full-length cDNA construction from large
amounts of RNA, including cap enrichment procedures (Maruyama, K. & Sugano,
S., Gene 138, 171-174 (1994); Carninci, P. & Hayashizaki, Y., Meth. Enzymol. 303,
19-44 (1999); Das, M., et al.,, Physiol. Genomics 6, 57-80 (2001)), but it is still
challenging to obtain full-length coverage from single-cell amounts of RNA.
Existing methods use either 3’ end polyA-tailing of cDNA (e.g., Tang, F. et al, Nat.
Methods 6, 377-382 (2009); Sasagawa, Y. et al., Genome Biol. 14, R31 (2013)) or
template switching (Zhu, Y. Y., et al, BioTechniques 30, 892-897 (2001);
Ramskold, D. et al, Nat Biotechnol. 30, 777-782 (2012}), whereas other
methods sacrifice full-length coverage altogether for early multiplexing (islam, S.
et al, Genome Res. (2011). doi:10.1101/gr.110882.110; Hashimshony, T, et al.,
Cell Rep. 2, 666-673 (2012)). It has recently been shown that Smart-Seq, which
relies on template switching, has more even read coverage across transcripts
than polyA-tailing methods (Ramskold, D. et al, Nat. Biotechnol. 30, 777-782
(2012)), consistent with the common use of template switching in applications
designed to directly capture RNA 5’ ends, including nanoCAGE (Plessy, C. et al,
Nat. Methods 7, 528-534 (2010)) and STRT (Islam, S. et al., Genome Res. (2011).
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doi:10.1101/gr.110882.110).  Single-cell applications utilizing template
switching are dependent upon the efficiency of the reverse transcription, the
template switching reaction, and a uniform polymerase chain reaction (PCR)
preamplification to obtain representative cDNA in sufficient amounts for
sequencing. Despite the widespread use of these reactions, no systematic efforts
to improve cDNA library yield and average length from single-cell amounts have

been reported.
SUMMARY OF THE INVENTION

The present invention provides improved methods for synthesis of cDNA,
in particular, in the reverse transcription, template switching and
preamplification of single cell applications utilizing template switching reactions,
to increase both yield and average length of cDNA libraries generated from
individual cells. Single-cell transcriptome analyses incorporating these
differences have improved sensitivity and accuracy, and are less biased and

more amenable to cost-effective automation.

Specifically, to improve full-length transcriptome profiling from single
cells, this application discloses evaluation of a large number of variations to
reverse transcription, template switching oligonucleotides (TSO) and PCR
preamplification, and comparison of the results to commercial Smart-Seq
(hereafter called SMARTer®) in terms of cDNA library yield and length. The
modifications disclosed herein surprisingly and significantly increased both the

yield and length of the cDNA obtained from as little as 1 ng of starting total RNA.

In one embodiment, the present invention provides a method for
preparing DNA that is complementary to an RNA molecule, the method
comprising conducting a reverse transcription reaction in the presence of a
template switching oligonucleotide (TSO) comprising a locked nucleic acid

residue.

In another embodiment, the present invention provides a method of
increasing the yield of ¢cDNA, comprising use of an additive, such as a methyl
group donor, in the ¢cDNA synthesis. In one embodiment, the methyl group

donor is betaine.

PCT/US2014/052233
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In another embodiment, the present invention provides a method of
increasing the yield of ¢cDNA, comprising use of an increased concentration of

metal salt, for example, MgCly, in the synthesis of cDNA.

In a preferred embodiment, the method comprises use of a methyl group
donor in combination with an increased concentration of MgCl; in the cDNA
synthesis. In a particularly preferred embodiment, the method comprises use of
methyl group donor betaine in combination with an increased concentration of

MgCl,, which has shown a significant positive effect on the yields of cDNA.

In another embodiment, the present invention provides a method of
increasing the average length of a preamplified cDNA, comprising administering
dNTPs prior to the RNA denaturation rather than in the reverse transcriptase

(RT) master mix.

In another embodiment, the present invention provides a cDNA library

produced by a method according to any of the embodiments disclosed herein.

In another embodiment, the present invention provides use of a cDNA
library produced according to any of the embodiments disclosed herein for

single-cell transcriptome profiling.

In another embodiment, the present invention provides a method for
analyzing gene expression in a plurality of single cells, comprising the steps of
preparing a cDNA library according to a method according to any embodiment

disclosed herein; and sequencing the cDNA library.

It has been demonstrated in accordance with the present invention that
these methods performed on purified RNA are applicable to individual metazoan

cells, including for example mammalian cells.

In another embodiment, the present invention provides a template

switching oligonucleotide (TSO) comprising an LNA at its 3"-end.

In another embodiment, the present invention provides use of a TS0
according to any of the embodiments disclosed herein for synthesis of double

stranded cDNA.

PCT/US2014/052233
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These and other aspects of the present invention will be better

appreciated by reference to the following drawings and detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates improvements in cDNA library yield and length. (A) Median
yield of preamplified ¢cDNA from 1 ng total RNA using different template
switching oligonucleotides, relative to those obtained using the rG3 oligo. All
oligo sequences are found in Table 1. (B) Median yield of preamplified cDNA
from 1 ng total RNA in reactions with betaine (black) or without (gray) and as a
function of increasing Mg2+ concentration, relative to cDNA yields obtained using
SMARTer®-like conditions (betaine and 6mM Mg?+). (C) Length of preamplified
cDNA generated from 1 ng total mouse brain RNA in reactions that deployed
dNTPs prior to RNA denaturation (early) or in RT master mix (late}. (D) Median
yield of preamplified cDNA from HEK293T cells using the LNA-G and SMARTer®
I1A template switching oligos with the optimized protocol. Dashed lines indicate
median yield from commercial SMARTer® reactions. (E) Median yield of
preamplified cDNA from DG-75 cells in reactions with or without betaine. (F)
Lengths of cDNA libraries generated from single HEK293T cells in reactions with
or without bead extraction. Note that brain mRNAs are naturally longer than cell
line mRNAs. (A-F) The replicate measurements are represented as boxplots with
the numbers of replicates per condition indicated in parenthesis. Significant

differences in mean yield or length were determined using the Student’s t-test.

Figure 2 illustrates sensitive full-length transcriptome profiling in single cells.
(A) Percentage of genes reproducibly detected in replicate cells, binned
according to expression level. All pair-wise comparisons were performed within
replicates for the optimized protocol and SMARTer® and reported as the mean
and 90% confidence interval. (B) Standard deviation in gene expression
estimates within replicates in bins of genes sorted according to expression levels.
Error bars, s.e.m. (n24). (C) The mean numbers of genes detected in HEK293T
cells using SMARTer® and optimized protocol, at different RPKM cut-offs.
Significant increase in gene detection in the optimized protocol was obtained at
all RPKM thresholds (all with p<0.5; Student's t-test). (D) The mean fraction of

genes detected as expressed (RPKM>1) in bins of genes sorted according to their

PCT/US2014/052233
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GC content. The mRNA-Seq data from a human tissue was included as a no-
preamplification control. Error bars denote SEM (n24), and the lower panel
shows the GC range for genes in each bin. (E) The mean fraction of reads aligning
to the 3' most 20% of the genes, 5' most 20% and the middle 60% for single-cell
data generated using different protocols. (F) Principal component analyses of
single-cell gene expression data showing the two most significant components.

Cells are colored according to preamplification enzyme and protocol variant,

Figure 3 shows cDNA yields using LNA bases in template switching

oligonucleotides.

Figure 4 illustrates single-cell RNA-Seq sensitivity and variability. (A)
Percentage of genes reproducibly detected in replicate cells. (B) Standard

deviation in gene expression estimates.

Figure 5 illustrates validation of single-cell RNA-Seq results using another
analysis pipeline. (A) Percentage of genes reproducibly detected in replicate
cells. (B) Standard deviation in gene expression estimates. {C) The mean
numbers of genes detected. (D) The mean fraction of genes detected as
expressed. (E) The mean fraction of reads aligning to the 3' most 20% of the
genes, 5' most 20% and the middle 60% for single-cell data generated using

different protocols.

Figure 6 illustrates comparison of single-cell transcriptomic data generated with
Smart-Seq2, Quartz-Seq and SMARTer. (A) Percentage of genes reproducibly
detected in replicate cells. All pair-wise comparisons were performed with
Smart-Seq2 and Quartz-seq, and reported as the mean and 90% confidence
interval. (B) Standard deviation in gene expression estimates in (A). (C)
Percentage of genes reproducibly detected in replicate cells. All pair-wise
comparisons were performed with Smart-Seq2 and SMARTer®, and reported as
the mean and 90% confidence interval. (D) Standard deviation in gene
expression estimates in (C). (E) Percentage of genes reproducibly detected in
replicate cells. All pair-wise comparisons were performed with Quartz-seq, and
reported as the mean and 90% confidence interval. (F) Standard deviation in

gene expression estimates in (E).

PCT/US2014/052233
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Figure 7 illustrates mapping statistics for single-cell libraries generated using
SMARTer, optimized Smart-Seq and variants of the optimized protocol. (A)
Fraction of uniquely alinged reads with 1 to 9 mismatches for each single-cell
RNA-Seq library. (B) Percentage of reads that aligned uniquely, aligned to
multiple genomic coordinates, or did not align for all single-cell RNA-Seq
libraries. (C) Fraction of uniquely aligned reads that mapped to exonic, intronic
or intergenic regions. (D)} Number of sequenced reads per cell and library

preparation protocol.

Figure 8 illustrates gene expression and GC levels in single-cell RNA-Seq

protocols.

Figure 9 illustrates single-cell RNA-Seq sensitivity and variability. (A)
Percentage of genes reproducibly detected in replicate cells. (B) Standard

deviation in gene expression estimates.
Figure 10 illustrates read coverage across genes in single-cell RNA-Seq data.

Figure 11 illustrates read coverage across transcripts. (A) Mean fraction
coverage read for all genes. (B)-(F) Transcripts grouped by length into 5 equal-

sized bins.

Figure 12 illustrates read peaks in single-cell RNA-Seq data. (A) Number of
genes with one or mare high density peaks per single-cell RNA-Seq library. (B)
Heatmaps of read densities across genes with peaks in the highest number of
libraries.

Figure 13 illustrates assessment of the technical and biological variability in
single-cell transcriptomics using Smart-Seq2. (A) Percentage of genes
reproducibly detected in dilutions of HEK cells. (B) Standard deviation in gene
expression estimates for (A). (C) Percentage of genes reproducibly detected in
dilutions of HEK total RNA. (D) Standard deviation in gene expression estimates
for (D). (E) Standard deviation in gene expression estimates for (D) with pair-

wise comparisons of individual cells.

Figure 14 illustrates comparison of libraries generated with commercial TnS
(Nextera) to in-house produced Tn5. (A) Percentage of genes reproducibly

detected using in-house conditions. {B) Standard deviation in gene expression

PCT/US2014/052233
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estimates for (A). (C) Percentage of genes reproducibly detected using
commerical buffers and conditions. (D) Standard deviation in gene expression

estimates for (D). (E) Differences in reactions carried out in (A).
DETAILED DESCRIPTION OF THE INVENTION

This application discloses methods for ¢cDNA synthesis with improved
reverse transcription, template switching and preamplification to increase both

yield and average length of cDNA libraries generated from individual cells.

In one embodiment, the present invention provides a method for
preparing DNA that is complementary to an RNA molecule, comprising the steps

of:

annealing a cDNA synthesis primer to the RNA molecule and synthesizing

a first cDNA strand to form an RNA-cDNA intermediate; and

conducting a reverse transcriptase reaction by contacting the RNA-cDNA
intermediate with a template switching oligonucleotide (TSO), wherein the TSO
comprises a locked nucleic acid (LNA) at its 3"-end, under conditions suitable for
extension of the first DNA strand that is complementary to the RNA molecule,

rendering it additionally complementary to the TSO.

In another embodiment of the present invention, the reverse
transcription reaction is conducted in the presence of a methyl group donor and

a metal salt.

In another embodiment of the present invention, the methyl group donor
is betaine.
In another embodiment of the present invention, the metal salt is a

magnesium salt.

In another embodiment of the present invention, the magnesium salt has

a concentration of at least 7 mM, at least 8 mM, or at least 9 mM.

In another embodiment of the present invention, the template switching

oligonucleotide optionally comprises one or two ribonucleotide residues.

PCT/US2014/052233
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In another embodiment of the present invention, the template switching

oligonucleotide comprises at least one or two ribonucleotide residues and an

LNA residue.

In another embodiment of the present invention, the at least one or two

ribonucleotide residues are riboguanine.

[n another embodiment of the present invention, the locked nucleic acid
residue is selected from the group consisting of locked guanine, locked adenine,

locked uracil, locked thymine, locked cytosine, and locked 5-methylcytosine.

In another embodiment of the present invention, the locked nucleic acid

residue is locked guanine.

In another embodiment of the present invention, the locked nucleic acid

residue is at the 3'-most position.

In another embodiment of the present invention, the template switching
oligonucleotide comprises at the 3'-end two ribonucleotide residues and one
locked nucleotide residue characterized by formula rGrG+N, wherein +N

represents a locked nucleotide residue.

In another embodiment of the present invention, the template switching

oligonucleotide comprises rGrG+G.

In another embodiment of the present invention, the methyl group donor

is betaine, and the metal salt is MgCl; at a concentration of at least 9 mM.

In another embodiment of the present invention, the method further
comprises amplifying the DNA strand that is complementary to the RNA
molecule and the template switching oligonucleotide using an oligonucleotide
primer.

In another embodiment of the present invention, the template switching

oligonucleotide is selected from the oligonucleotides in Table S2..

In another embodiment of the present invention, the ¢cDNA synthesis

primer is an oligo-dT primer.

In another embodiment of the present invention, the cDNA is synthesized

on beads comprising an anchored oligo-dT primer.

PCT/US2014/052233
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In another embodiment of the present invention, the oligo-dT primer
comprises a sequence of 5'-AAGCAGTGGTATCAACGCAGAGTACT20VN-3", wherein
“N" is any nucleoside base, and “V” is selected from the group consisting of “A”,

ucu and "G".

5 In another embodiment of the present invention, the method further

comprises PCR preamplification, tagmentation, and final PCR amplification.

In  another embodiment of the present invention, the PCR
preamplification is conducted without purifying the cDNA obtained from reverse

transcription reaction.

10 In another embodiment of the present invention, the RNA is total RNA in a

cell.

In another embodiment, the present invention provides a cDNA library

produced by the method according to any embodiment disclosed herein.

In another embodiment, the present invention provides use of a cDNA
15 library produced by the method according to any embodiment disclosed herein

for single-cell transcriptome profiling.

In another embodiment, the present invention provides a method for
analyzing gene expression in a plurality of single cells, the method comprising
the steps of: preparing a cDNA library produced by the method according to any

20 embodiment disclosed herein; and sequencing the cDNA library.

In another embodiment, the present invention provides a template
switching oligonucleotide (TSO) comprising a locked nucleotide residue at the 3'-
end. The TSOs of the present invention can be used in the synthesis of cDNA to

improve yield and length.

25 In another embodiment, the TSO comprises three nucleotide residues at
the 3'-end, wherein said three nucleotide residues are selected from the group
consisting of +N+N+N, N+N+N, NN+N, rN+N+N, and rNrN+N, wherein N at each
occurrence is independently a deoxyribonucleotide residue, rN at each
occurrence is independently a ribonucleotide residue, and +N at each occurrence

30 isindependently a locked nucleotide residue.
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In one embodiment, the portion of the TSO that is on the 5" side of the
three nucleotide residues at the 3'-end, also referred to herein as the 5'-portion,
comprises an arbitrary nucleotide sequence comprised of ribonucleotides,
deoxyribonucleotides, or mixtures thereof. In one preferred embodiment, the
5'-portion of the TSO comprises all ribonucleotides. In another preferred

embodiment, the 5'-portion of the TSO comprises all deoxyribonucleotides.

In another embodiment, the locked nucleotide residue in the TSOs is
selected from the group consisting of locked guanine, locked adenine, locked

uracil, locked thymine, locked cytosine, and locked 5-methylcytosine

In another embodiment, the three nucleotide residues at the 3’-end of the
TSOs are NN+G or rNrN+G, wherein N at each occurrence is independently a
deoxyribonucleotide residue, and rN at each occurrence is independently a

ribonucleotide residue.

In another embodiment, the three nucleotide residues at the 3’-end of the

TSOs are rGrG+N, wherein +N is locked nucleotide residue.

In another embodiment, the three nucleotide residues at the 3'-end of the

TSOs are rGrG+G.

The TSOs preferably have a length of from about 10 to about 50
nucleotides, or from about 15 to about 45 nucleotides, or from about 20 to about
40 nucleotides, or from about 24 to about 35 nucleotides, or about 30

nucleotides.

In another embodiment, the present invention provides use of a TSO
according to any one of the embodiments disclosed herein in the synthesis of a

cDNA.

Examples of metal cations useful for the present invention include, but
are not limited to, Mg?* and Mn?*, with Mg2+ preferred; and their concentrations
can be in the range of 0- 30 pM, inclusive, with a preferred range of 3-20 uM, and
a more preferred range of 9-12 M.

In addition to methy!l donor betaine, other additives that may be added in
the cDNA synthesis of the present invention include, but are not limited to,

trehalose, sucrose, glucose, maltose, DMSO(dimethyl sulfoxide), formamide, non-

10

PCT/US2014/052233



WO 2015/027135

10

15

20

25

30

ionic  detergents, TMAC(tetramethylammonium  chloride), 7-deaza-2'-

deoxyguanosine (dC?GTP), bovine serum albumin (BSA), and T4 gene 32 protein.

The present invention is applicable to reactions using all reverse
transcriptases that are MMLV-related and have template switching activity.
MMLV-related reverse transcriptases include wild-type Moloney murine
leukemia virus and its variants, including for example derivatives lacking RNase
H activity such as SUPER-SCRIPT [l (Invitrogen), POWER SCRIPT (BD
Biosciences) and SMART SCRIBE (Clontech). TSOs useful for the present
invention may comprise barcodes, including but not limited to molecular

harcodes or sample barcodes.

The ¢DNA synthesized according to the present invention may have
applications as cDNA synthesized according to any literature methods, including
but not limited to construction of small quantity cDNA library, single-cell cDNA
analyses, single-cell gene expression analyses, few-cell cDNA analyses, few-cell
gene expression analyses, single-cell qPCR analyses (that use this

preamplification step), and cap capturing based amplification.

The following non-limiting examples illustrate certain aspects of the present

invention.

EXAMPLES
EXAMPLE 1
Methods
Experiments using total RNA

RNA experiments were performed using the Control Total RNA supplied
with the SMARTer® Ultra Low RNA Kit for Ilumina Sequencing (Clontech},
extracted from mouse brain. One microliter of a 1 ng/ul solution was used in
each experiment and mixed with 1 ul of anchored oligo-dT primer (10 mM, 5'-
AAGCAGTGGTATCAACGCAGAGTACT30VN-3", where “N” is any base and “V” is
either “A”, “C" or “G") and 1 pl of dNTP mix (10 mM, Fermentas), denaturated at
72°C for 3 min and immediately placed on ice afterwards. Seven pl of the first
strand reaction mix containing 0.50 ul SuperScript Il RT (200 U ml-1, Invitrogen),
0.25 ul RNAse inhibitor (20 U ml-1, Clontech), 2 pl Superscript Il First-Strand

11
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Buffer (Sx, Invitrogen), 0.25 ul DTT (100 mM, Invitrogen), 2 pl betaine (5 M,
Sigma), 0.9 pl MgCl2 (100 mM, Sigma), 1 1 TSO (10 M, the complete list of the
oligos can be found in Table S1) and 0.1 pl Nuclease-free water (Gibco) were
added to each sample. Reverse transcription reaction was carried out by
incubating at 42°C for 90 min, followed by 10 cycles of (50°C for 2 min, 42°C for 2

min). Finally, the RT was inactivated by incubation at 70°C for 15 min.
PCR pre-amplification

In the original Smart-Seq protocol purification with Ampure XP beads is
performed after first strand cDNA synthesis. PCR is then carried out directly on
the cDNA immobilized on the beads, after adding 2 ul Advantage 2 Polymerase
Mix (50X, Clontech), 5 pul Advantage 2 PCR Buffer (10X, Clontech), 2 pl dNTP mix
(10 mM, Clontech), 2 ul IS PCR primer (12 pM, Clontech) and 39 ul nuclease-free
water to a final reaction volume of 50 ul. In the present examples the cDNA was
not purified after RT but just added the same PCR master mix, taking into
account that the volume after first strand cDNA synthesis is 10 pl and adjusting
the amount of water accordingly. Reaction was incubated at 95°C 1 min, then
cycled 15 times between (95°C 15 sec, 65°C 30 sec, 68°C 6 min), with a final

extension at 72°C for 10 min.

A second modification that significantly improved c¢DNA yield was the
replacement of Advantage 2 Polymerase mix with KAPA HiFi HotStart ReadyMix
{(KAPA Biosystems). Purification after first strand cDNA synthesis was omitted
also in this case. The PCR master mix had the following composition: 25 ul KAPA
HiFi HotStart ReadyMix (2X, KAPA Biosystems), 1 ul IS PCR primers (10 mM, 5'-
AAGCAGTGGTATCAACGCAGAGT-37) and 14 pl nuclease-free water (Gibco). The
program used was as follows: 98°C 3 min, then 15 cycles of (98°C 15 sec, 67°C 20

sec, 72°C 6 min), with a final extension at 72°C for 5 min.

Regardless of the PCR protocol used, PCR was purified using a 1:1 ratio of
AMPure XP beads (Beckman Coulter), performing the final elution in 15 ul of EB
solution (Qiagen). Library size distribution was checked on a High-Sensitivity
DNA chip (Agilent Bioanalyzer) after a 1:5 dilution. The expected average size
should be around 1.5-2.0 kb and the fraction of fragments below 300 bp should

be negligible. To evaluate the performance of the different modifications

12
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introduced in the protocol, the amount of cDNA comprised in the interval 300-

9000 bp in the Agilent Bioanalyzer plot was assessed.
Tagmentation reaction and final PCR amplification

Five nanograms of cDNA were then used for the tagmentation reaction
carried out with Nextera® DNA Sample Preparation kit (Illumina), adding 25 ul of
2X Tagment DNA Buffer and 5 pl of Tagment DNA Enzyme, in a final volume of 50
pl. Tagmentation reaction was incubated at 55°C for 5 min, followed by
purification with DNA Clean & Concentrator™-5 kit (Zymo Research) with a final
elution in 20 pl Resuspension Buffer (RSB) from the Nextera® kit. The whole
volume was then used for limited-cycle enrichment PCR, along with 15 pl of
Nextera® PCR Primer Mix (NPM), 5 ul of Index 1 primers (N7xx), 5 ul of Index 2
primers (NSxx) and 5 ul of PCR Primer Cocktail (PPC). A second amplification
round was performed as follows: 72°C 3 min, 98°C 30 sec, then 5 cycles of (98°C
10 sec, 63°C 30 sec, 72°C 3 min). Purification was done with a 1:1 ratio of AMPure
XP beads and samples were loaded on a High-Sensitivity DNA chip to check the
quality of the library, while quantification was done with Qubit High-Sensitivity
DNA kit (Invitrogen). Libraries were diluted to a final concentration of 2 nM,

pooled and sequenced on lllumina HiSeq 2000.
Single-cell cDNA isolation

Single HEK293T (human), DG-75 (human), C2C12 (mouse) and MEF
(mouse) cells were manually picked under the microscope after resuspension in
PBS. Volume of liquid was kept as low as possible, usually below 0.5 ul and
preferably below 0.3 ul. Cells were then transferred to a 0.2 ml thin-wall PCR tube
containing 2 pl of a mild hypotonic lysis buffer composed of 0.2% Triton X-100
(Sigma) and 2 U/ul of RNAse inhibitor (Clontech). Cells already picked were kept
on ice throughout the process or stored at -80°C if not used immediately. All the
downstream steps were the same as when using total RNA (see above), with the
only exception of the quality control with the High Sensitivity DNA chip, where
samples were loaded pure {without dilution), due to the limited amount of cDNA

obtained from RT in single cells.

When working with total RNA it was observed that cDNA yield could be

increased using a double amount of TSO or different combinations of TSOs and
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PCR enzymes (data not shown). To validate this finding, some experiments on
HEK293T cells were repeated using different amounts of TSO (1 or 2 pl of a 10
uM solution), TSO types (rGrGrG, rGrG+G or rGrG+N) or PCR enzymes (KAPA
HiFi or Advantage 2). Sequencing results for the most significant comparisons
are reported in Figures S2-S7. The final protocol (i.e. “optimized”) refers to the
one using only 1 ul of the 10 pM rGrG+G TSO and KAPA HiFi HotStart ReadyMix

as enzyme in the first PCR (without AMPure XP bead purification).
Smart-Seq experiments

To evaluate and compare the performance of the present method, cDNA
libraries were generated with the same total RNA and single cells using the
Smart-Seq protocol, following manufacturer’s instructions (see Clontech
manual). After PCR pre-amplification, 5 ng of ¢cDNA were used for the
tagmentation reaction and processed exactly in the same way as described

above.
Statistical analyses of cDNA yield and length

Performances of the different protocols were evaluated with regard to
cDNA yield and average cDNA length according to the Bioanalyzer in the range of
3009,000 bp. For mouse brain total RNA samples, each experimental variable
was evaluated in a pairwise manner selecting a set of experiments where all
other variables are identical. Within that set of experiments, the significance for a
change in yield or length, between the two variables, was evaluated using

Student’s t-test and Wilcoxon rank sum test (Table 1, sheet B).

In the HEK293T cell experiments each optimized experimental setting
was compared to each other, as well as to the SMARTer® protocol, using
Student’s t-test and Wilcoxon rank sum test (Table 3, sheet B). All analyses and

figures were produced with using R.
Read alignments and gene expression estimation

Single-cell libraries were sequenced with Nextera dual indexes (i7+i5) on
an llumina HiSeq 2000, giving 43bp insert reads after demultiplexing and
removing cellular barcodes. The reads were aligned to human (hgl9) or mouse

(mm10) genomes using STAR v2.2.0 (Dobin et al. Bioinformatics 2013 29(1): 15-
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21) with default settings and filtered for uniquely mapping reads. Gene
expression values were calculated as RPKM values for each transcript in Ensembl
release 69 and RefSeq (February 2013) using rpkmforgenes (Ramskéld et al.
Pl.oS Comp Biol, 5,e1000598, 2009).

Single-cell RNA-Seq sensitivity and variability

Analyses of gene detection in single HEK293T cells (Fig. 2A, Fig. 5A, and
7A) were calculated over all possible pairs of technical replicates from each
experimental setting. Genes were binned by expression level in the two samples,
and were considered detected if the RPKM was above 0.1 in both samples. The
mean for all possible pairs of technical replicates within a group was used
together with standard deviation using the adjusted Wald method. Analyses of
variation (Fig. 2B and Fig. 5B & 7B) were also calculated on pairs of samples,
binning genes by the mean of log expression, excluding genes below 0.1 RPKM in
either sample. As gene expression levels across single cells are often log normally
distributed (Bengtsson Genome Res 2005 15(10): 1388-1392), absolute
difference in logio expression values and s.d. were calculated by multiplying

mean difference in a bin with 0.886.
Analyses of read coverage and GC tolerance

Gene body coverage was calculated using the RSeQC-2.3.4 package (Wang,
Wang and Li. Bioinformatics 2012 ;28(16):2184-5) for the longest transcript of
all protein coding genes (Fig. 2E and Fig. 8). Gene detection at different GC-
content was calculated using longest transcript for all protein coding RefSeq
genes that were binned by GC-content into 10 equal sized bins, and the numbers
of genes with no detection, or detection at different RPKM cutoffs were
calculated (Fig. 2D and Fig. 6).

Read peak analyses

Some genes displayed unexplained peaks with high density of reads
within the gene body. To identify these regions, the gene bodies of each gene
were divided into 101 equally sized bins and each gene with at least one bin with
>5 standard deviation read density over the mean read distribution within that

gene. In these analyses genes with low expressed genes (those with fewer reads
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than around 2,000---10,000 reads depending on the sequencing depth per cell)
were discarded. The number of such genes in each cell is represented in Fig. 9A.
And the genes with peaks in the highest number of HEK239T cells are displayed
as heatmaps in Fig. 9B illustrating that the peaks are consistently found at the

same position in all experiments.

EXAMPLE 2

To improve full-length transcriptome profiling from single cells, a large
number of variations to reverse transcription, template switching
oligonucleotide (TSO) and PCR preamplification (in total 457 experiments) were
evaluated, and the results were compared to commercial Smart-Seq (hereafter
called SMARTer®) in terms of ¢cDNA library yield and length (Table 1).
Importantly, modifications were identified that significantly increased both

cDNA yield and length obtained from 1 ng of starting total RNA (Table 1).

In particular, exchanging only a single guanylate for a locked nucleic acid
(LNA) guanylate at the TSO 3' end (rGrG+G), led to a 2-fold increase in ¢cDNA
yield relative to the SMARTer® IlA oligo used in commercial Smart-Seq (p=0.003,
Student's t-test; Fig. 1a, Table 2 and Fig, 3).

Additionally, it was discovered that the methyl group donor betaine in
combination with higher MgCl, concentrations had a significant positive effect on
yield (2-4 fold increase, p=0.0012, Student’s t-test, for all comparisons) (Fig. 1b).
The commercial Smart-Seq buffer has a final concentration of 6 mM MgClz, but it
was found herein that higher yield is obtained when increasing the
concentration to 9 mM or beyond. Finally, the average length of the preamplified
c¢DNA increased with 370 nts when administering dNTPs prior to the RNA
denaturation rather than in the RT master mix (p=7.8x10-, Student’s ¢t-test; Fig.
1c).

It was further demonstrated that these improvements obtained with
purified RNA extended to ¢DNA reactions performed directly in lysates of
individual human and mouse cells. To this end, single-cell cDNA libraries were

generated from a total of 262 individual human or mouse cells (159 HEK293T,
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34 DG-75, 30 C2C12 and 39 MEF cells) spanning different cell sizes and total
RNA cantents (Table 3). Analyses of the single-cell cDNA libraries demonstrated
higher ¢cDNA yields both with the use of the LNA-containing TSO (3-fold increase,
p<0.001, Student’s t-test; Fig. 1d) and with betaine together with high Mg?

concentrations (4-fold increase, p=3.7x10-%, Student’s t-test; Fig. 1e).

The sensitivity and accuracy of single-cell methods are limited by the
efficiency of each sample-processing step. The SMARTer® protocol uses bead
purification to remove unincorporated adaptors from the first strand cDNA
reaction before the preamplification with Advantage 2 Polymerase (Adv2).
However, performing bead purification in small volumes poses a significant
recovery challenge for liquid handling automation. It was determined herein that
KAPA HiFi Hot Start (KAPA) DNA Polymerase efficiently amplified first-strand
cDNA directly after reverse transcription, with no need for prior bead
purification. Libraries preamplified without bead purification had no reduction
in yield, but the average cDNA length increased with 450 nts (p=2.6x10-12,
Student’s t-test; Fig. 1f) demonstrating that KAPA preamplification improves

¢DNA generation and offers a viable approach for Smart-Seq automation.

To demonstrate the significance of the improved cDNA generation on
downstream applications, its impact on single-cell transcriptome profiling was
assessed. To this end, single HEK293T cell libraries generated both according to
the commercial SMARTer (n=4) and using variations of the present protocol

were sequenced (Smart-SeqZ2, n=35) (Table 4).

The improved conversion of RNA to c¢DNA should improve gene
expression profiling as more original RNA molecules are accessible for
sequencing. Indeed, both a significant increase in the ability to detect gene
expression (Fig. 2a) and lowered technical variation for low and medium
abundance transcripts were observed (Fig. 2b and Fig. 4). The improved
sensitivity of the optimized protocol led to the average detection of 2,372 more
genes in each cell (p<0.05 Student’s t-test; Fig. 2¢). All these improvements were
independently validated using an alternative RNA-Seq alignment and analyses
strategy (Fig. 5). Moreover, both better sensitivity and lower variability in

single-cell transcriptome data generated with Smart-Seq2 than for data available
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for Quartz-Seq were obtained (Fig. 6). Although the sequenced libraries had
similar mappings characteristics as SMARTer libraries, a 7% increase in

unmapped reads was noted (Fig. 7).

Several preamplification enzymes have lower GC bias than the
Advantage2 (Adv2) that is used with SMARTer®, indicating that single-cell
profiling could also improve with cDNA preamplifications using KAPA. Indeed,
the single-cell libraries preamplified with KAPA detected more genes at higher
GC levels (Fig. 2d and Fig. 8) and improved sensitivity and accuracy (Fig. 9).
When compared with the low coverage of 5' regions in single-cell data generated
through 3" end polyA-tailing of cDNA, single-cell RNA-Seq libraries that had been
preamplified with KAPA had significantly better coverage across the full length
of transcripts (p<10-%, 1.6x10 for 5' and 3’ ends respectively, Student’s ¢t-test),
as they approached the expected fraction of reads at the 5' and 3" ends (Fig. 2¢
and Figs. 10-11). Importantly, global gene expression profiles from cells
preamplified with KAPA and Adv2 separated on the first principal component
(Fig. 2f), demonstrating that preamplification bias had significant impact on
absolute expression levels. Regions with artificially large number of reads
aligned (i.e. peak) appearing systematically in Smart-Seq irrespectively of
preamplification enzyme that necessitated filtering were sequenced (Fig. 12).
Together, the data show that preamplification using KAPA improved GC

tolerance and read coverage across transcripts.

To determine the extent of technical variability in the single-cell
transcriptome profiling with Smart-Seq2, sequencing libraries were generated
from dilution series of HEK293T cells (100, 50 and 10 cells) and total RNA (1ng,
100pg, 10pg). Technical losses and variations were small when analyzing 10
cells or more, but considerable variability exists at single-cell levels, as
previously observed. It is informative to contrast the technical variability with
the biological variability present in cells of the same or different cell type origin
(Fig. 13A-D). To this end, additional single-cell transcriptomes were sequenced
from DG-75 (n=7), C2C12 (n=6) and MEF (n=7) cells. Analyzing the biological
variability between and within cell populations revealed that biological

variability associated with cell type specific expression exceeded technical
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variability at around 50 RPKM, but the exact threshold will depend on the RNA

content present in the cell types studied (Fig. 13E).

This invention provides a new protocol that improves sensitivity,
accuracy and coverage across transcripts and is more amenable to automation.
Moreover, the new protocol costs less than 12% of the current cost per reaction

and only 3% when using in-house produced TnS (Fig. 14).

Although these results were reached in the context of Smart-Seq single-
cell gene expression analyses, these modifications are applicable other single-cell
methods that rely on template switching, including those carried out on

microfluidic chips (e.g. Fluidigm C1) or inside emulsion droplets.

The foregoing examples and description of the preferred embodiments
should be taken as illustrating, rather than as limiting the present invention as
defined by the claims. As will be readily appreciated, numerous variations and
combinations of the features set forth above can be utilized without departing
from the present invention as set forth in the claims. Such variations are not
regarded as a departure from the spirit and script of the invention, and all such

variations are intended to be included within the scope of the following claims.

All references cited herein are incorporated herein by reference in their

entireties.
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CLAIMS

1. A method for preparing DNA that is complementary to an RNA

molecule, comprising the steps ofs

anneaiing a cDNA synthesis primer to said RNA molecule and

5§  synthesizing a first cDNA strand to form an RNA-cDNA intermediate; and

conducting a reverse transcriptase reaction by contacting said RNA-cDNA
mtermediate with a template switching oligonucdleotide (TS0}, wherein the TSO
comprises a locked nucleic acid {LNA]) at its 37-end, under conditions suitable for
extension of the first DNA strand that is complementary to the RNA molecule,

10 rendering it additionally complementary to the TS0,

2. The method of claim 1, wherein said reverse transcription reaction

is conducted in the presence of a methyl group donor and a metal salt.

3. The method of claim 2, wherein said methyi group donor is
hetaine.
15 4, The method of claim 2, wherein said metal salt is magnestum salt.
&, The method of claim 4, wherein said magnesium salt hasa

concentration of at least 7 mM, at least B mM, or al least 9 mM.

6. The method of any one of claims 1 to 5, wherein said template
switching oligonucleotide comprises at least one or two ribonuclentide residues

20 and zaid LNA residuoe.

7. The method of claim &, wherein said at least one or two
ribonucleotide residues are riboguanine,
8. The method of any one of claims 1 to 7, wherein said locked

nucleic acid residue is selected from the group consisting of locked guanine,

A
oy

locked adenine, locked urac, focked thymine, locked cytosine, and locked 5-

methyleytosine.

g, The method of any one of claims 1 to 8, wherein said locked

micieic acid residue is locked guanine,

|
<
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10, The method of any one of claimis 1 to 9, wherein said locked

nucieir acid residue is at the 3'-most position.

11.  The method of any one of claims 1 to 10, whevrein said template
switching oligonucleotide comprises at the 3%-end three nucleotide residaes
S  characterized by formula rGri+N, wharein +N represents a locked nucleotide

residue.

12, The method of claim 11, wherein said template switching

oligonucleotide comprises rirG+G.

13, The method of any one of claims 2 to 12, wherein said methyl
16 group donor is betaine, and satd metal salt is MgCls at a concentration of at least
9 mM.

14.  The method of any one of claims 1 to 13, further comprising
amplifying said DNA strand that s complementary to said RNA moleculs and
said template switching oligonucleotide using an oligonucleotide primer.

15 15, The method of any one of claims 1 to 14, wherein said template
switching oligonucieotide is selected from the oligonucleotides in Table S2.

16, The method of any one of claims 1 to 15, wherein the ¢eDNA i
synthesized on beads comprising an anchored oligo-dT primer.

17, The method of claim 16, wherein said oligo-dT primer comprises a

20 sequence of 5-AAGCAGTGGTATCAACGCAGAGTAC TVN-37, wherein “N" is any
nucieoside base, and "V” is selected from the group consisting of "A”, “€” and "G".

18, The method of any one of claims 13 to 17, further comprising PCR
preamplification, tagmentation, and fnal PCR amplification.

19, The method of claim 18, wherein the PCR preamplification is

25  conducted without purifying the ¢DNA obtained from reverse transcription
reaction.

20, The method of any one of dlaims 1 to 19, wherein said RNA is total

RNA in g cell.

| v ]
P
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21, A cDNAlibrary produced by the method of any oneg of claims 1 to

20
22.  Use of a cDNA library of claim 21 for single-cell transcriptome
5§ profiling
23, Awmethod for analyzing gene expression in a phurality of single
cells, the method comprising the steps of: preparing a ¢DNA library according to

the method of any one of claims 1 to 20; and sequencing the ¢cDNA library.

24. A template switching oligonucieotide {T5Q) comprising a locked

10 nucleotide residue at s 3'-end.

25, The TS0 of claim 24, comprising three nucleotide residues at the
3-end selected from the group consisting of +N+NaN, N+N+N, NN+N, rN+N+N,
and rNrN+N, wherein N at each occurrence is independently a
deoxyribonucleotide residue, rN at each occurrence is independently a

15  ribonucleotide residue, and +N at each occurrence is independently a locked

nucleotide residue.

26, The TS0 of clatim 24 or 25, wherein said locked nudeotide residue
is selected from the group consisting of locked guanine, locked adenine, locked
uracil, locked thymine, locked cytosine, and locked 5-methylcytosine.

20 27. The TSO of claim 25, wherein said three nucleotide residues are

NN+G or rNrMN+G,
28. The TSO of claim 25, wherein said three nuclectide residues are
GrG+N or GG+NL
29, The TS0 of clatm 25, wherein said three nucleotide residuss ars
25 rGrG+Gor GGG,

30,  Useof a TSO of any one of claims 24-29 in the synthesis of a double

strand cBNA according to the method of any one of claims 1-20.

| S
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FIGURE 12 (Cont’d)
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This International Searching Authority found multiple inventions in this international application, as follows:

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
’ claims. : ’

2. D As all searchable claims could be searched without cffort justifying additional fees, this Authority did not invite payment of
additional fees. .

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
i only those claims for which fees were paid, specifically claims Nos.:

4. [:' No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest - D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

I:] The additiona! search fees were accompanied by the applicant’s protest but the applicable protest
: fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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