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We all start out as a single totipotent cell that is programmed to produce a multicellular organism. How do indi-
vidual cells make those complex developmental switches? How do single cells within a tissue or organ differ,
how do they coordinate their actions or go astray in a disease process? These are long-standing and fundamen-
tal questions in biology that are now becoming tractable because of advances in microfluidics, DNA amplifica-
tionandDNA sequencing. Methods forstudyingsingle-cell transcriptomes (orat least thepolyadenylated mRNA
fraction of it) are by far the furthest ahead and reveal remarkable heterogeneity between morphologically iden-
tical cells. The analysis of genomic DNA variation is not far behind. The other ‘omics’ of single cells pose greater
technological obstacles, but they are progressing and promise to yield highly integrated large data sets in the
near future.

INTRODUCTION

Biologists have long been fascinated by the molecular differ-
ences between individual single cells within tissues and organ
systems. What is different between adjacent cells, how do
those neighbors influence each other, how do they influence
the structure and function of the organ and organism? How do
they differ at the genetic, epigenetic and gene expression
level? How do single cells obtain, retain or modify specific de-
velopmental or disease fates? These questions remain largely un-
answered. They have obvious relevance to processes such as
commitment and differentiation in early embryogenesis, where
individual cells are rapidly acquiring different fates. In disease
states, tumors, for example, exhibit cellular heterogeneity,
which, as a given single tumor progresses and evolves, affects
the malignant phenotype. However, it is still unclear which indi-
vidual changes or combination of changes occur at the single-
cell level to then drive the evolution of an aggressive versus a
more benign tumor? Recently, these questions have become
system-wide. It has become clear that remarkable cell-to-cell
heterogeneity exists between the transcriptomes of single cells
from apparently homogeneous organ cell types [e.g. (1)], al-
though the exact range of this variation across multiple tissues
and organ systems is still unclear. What ties all of these interest-
ing questions and phenomena together is the technological need
for methods to accurately explore the ‘omics’ of single cells;
from genetic/epigenetic variation within genomic DNA to the
complete transcriptome, the proteome and the metabalome.
Ideally, one would wish to extract all of these data sets

simultaneously from each cell. At present, extracting any one
of them is still complex and challenging.

The technological hurdles are formidable. An average human
cell measures in the tens of microns and has a cytoplasmic
volume of �1 pl. Within this reside �6 pg of genomic DNA,
�20 pg of total RNA, �109 proteins, �1010 lipid molecules
and 10 pg of carbohydrates (2) (to name just some major consti-
tuents). Accurately measuring all of that information content
from within such a small object is difficult. The first, and argu-
ably largest, obstacle is physically capturing a single cell. This
has been variously achieved by micropipetting (3) (a technique
probably best left to the experts), FACS sorting (4) (a long-
established, but somewhat time-consuming, technique) and
microfluidics (5–8). The latter methods have been commercia-
lized by several companies, are being increasingly adopted and
hold great promise. They result in the sorting of individual
cells and they also place them into devices where the contents
of multiple single cells can be simultaneously, separately
extracted and analyzed in nanoliter volumes. Thus, the various
biochemical steps of macromolecular extraction can be rapidly
conducted by microfluidics on each partitioned tiny sample to
minimize losses and yield the starting substrates for further ana-
lysis. For RNA analysis, it is clear that multiplexed QRT-PCR
for �96 individual transcripts from single cells has been
reduced to practice in these systems (6,7). Assaying �96
genes falls a bit short of the ‘genomics’ hurdle, but it is an encour-
aging step forward and can nevertheless provide immediate and
interesting insights. For example, even this relatively small
number of QRT-PCR assays (7), when conducted on many
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microfluidics-separated single cells (1440), identify important,
heritable differences in gene function and expression that are
masked by other methods that only measure ‘average’ gene ex-
pression values from mixed cell populations. Microfluidics have
become key enabling components in all of single-cell genomics,
including the nascent fields of single-cell proteomics and meta-
balomics (8–10).

SINGLE-CELL TRANSCRIPTOMES

Time is of the essence in transcriptome studies, lest the cell
change its gene expression profile while being dissociated,
sorted or otherwise manipulated. RNA polymerase II has an
average elongation rate of several kilobases per minute, so exten-
sive times between tissue collection and single-cell separations
can influence such experiments. Once a single cell is (rapidly)
isolated, the next technical challenge is to extract the contents
one wishes to analyze. When dealing with mRNAs, this
usually involves isolating total RNA, then selectively isolating
and amplifying polyadenylated (polyA+) mRNAs. The vast
majority of single-cell transcriptome studies have focused on
the profile of these mRNAs. The selected RNAs are then con-
verted into cDNAs which are much more stable and can be (rela-
tively) easily sequenced. Although many different flavors of
reverse transcriptase (RT) have been developed, most still
suffer from low processivity and a propensity to template-
switching (more on this below). These effects can be tolerated
when dealing with large RNA samples, but when seeking to
analyze a single-cell transcriptome of �300 000 polyA+ mole-
cules, the aim is 100% capture and 100% conversion of every
mRNA. The technical problems do not end there. Every single-
cell RNA or DNA protocol involves some form of amplification,
with all of the possible problems in skewed sequence represen-
tation and abundance that these can involve. Close attention
must be paid to devising and including many internal controls.
Until the day that single-molecule DNA/RNA sequencing
becomes truly feasible, it is difficult to see how amplification
methods can be avoided. For Next-Generation deep sequencing
analyses such as RNA-seq, one must also add specific linkers to
the amplification products. This introduces another level of vari-
ability into the process. The availability of new one-step frag-
mentation and linker addition (tagmentation) methods [such as
the Tn5 transposase-based Nextera system from Illumina (11)]
may help in increasing the efficiency of these steps.

Surani and co-workers (3,12,13) have been among the fore-
most practitioners in developing and using micro-cDNA
methods, particularly in applying them to important questions
in early mouse embryogenesis and the establishment of embry-
onic stem cells. However, even here the basic protocols
employed for cDNA synthesis have varied little in decades.
The core recent innovations have been the ability to capture a
single cell in a tiny volume within a micropipette, the develop-
ment of relatively mild extraction procedures that allow for
rapid conversion to cDNA and the use of custom nested primer
sets to improve the fidelity of the PCR amplification process
(3). These clearly work well in expert hands.

More recently, two papers have described the application of
so-called SMART-Seq to single-cell transcriptome analysis
(1,14). This system (shown diagrammatically in Fig. 1) takes

advantage of the intrinsic terminal transferase (TdT) and
template-switching activities of MMLV-RT. cDNAs are
oligodT-primed as usual, but at the end of the first-strand synthe-
sis, the TdT activity of the RT adds a few non-templated nucleo-
tides (shown as Cs in Fig. 1). This allows template-switching to
an oligonucleotide linker containing the complementary resi-
dues. This is marketed as a kit and was originally described
and commercialized over a decade ago (15), but the recent pub-
lications demonstrate that it works in conjunction with RNA-seq
analysis and can reveal significant single-cell transcript and
splice isoform heterogeneity (1). We (16–19), and others (20),
have modified this system over the past decade to incorporate
some features that expand its utility. Two of these are shown in
Figure 1. The first is the use of oligo-dT-linked beads as a
priming source, which allows for reuse of the original sample
several times over. The second is the use of linkers at each end
of the cDNA that incorporate T3 and T7 promoters. These
allow for the use of either exponential PCR amplification
methods or linear in vitro transcription methods (or a combin-
ation of both) to generate larger quantities of the transcriptome
sequences. In the case of the two recent RNA-seq studies
(1,14), only PCR was employed (�18 cycles) for single-cell ana-
lysis. In common with most other single-cell transcriptome
studies (1,3,12–14), the number of reproducibly detected tran-
scripts was lower (�6000–8000) than is found for larger scale
RNA-seq (�15 000). This probably reflects the technical limita-
tions (mentioned above) in efficiently capturing and converting
all of the low-abundance mRNAs from a single cell, but it may
also reflect stochastic or ‘noisy’ variation in gene expression
between individual single cells (21). Despite these limitations,
the results of these studies are encouraging and suggest that,
even without microfluidics, single-cell RNA-seq is reasonably
feasible and reproducible for more abundant poly A+ mRNAs.

The non-polyadenylated mRNA population and the diverse
populations of regulatory non-coding RNAs [nc-RNAs, together
estimated at �20% of the polyA+ levels (22)] have been largely
unexplored at the single-cell level. Surani and co-workers have
(23) explored the miRNA transcriptome of single cells by con-
structing specific hairpin amplification adapters for a targeted
subset of the miRNA transcriptome. However, complete single-
cell miRNA transcriptomes remain a considerable challenge.
These RNAs are very short and standard protocols require size
selection steps for accurate sequence analysis. Nevertheless, it
may prove feasible to dispense with these steps for single-cell
miRNA analysis. Likewise, the other regulatory non-coding
RNAs have not yet been targeted from single cells. The estab-
lished method for isolating these molecules from large popula-
tions of cells is to deplete the vast excess of rRNAs from the
total RNA mixture (e.g. 24). One can envision that some form
of ‘sponge’ for these abundant RNA species could feasibly be
coupled with microfluidics to deplete them from single-cell
transcriptomes.

GENOMIC DNA SEQUENCING FROM

SINGLE CELLS

Numerous studies over the past decade have made use of whole-
genome amplification (WGA) methods to obtain sufficient DNA
for sequence analysis. Predominant among these applications
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has been multiple displacement amplification [MDA (25)],
which uses a strong strand displacing DNA polymerase to
achieve a branching form of amplification. Although this is an
improvement over conventional PCR, it results in amplification
biases (26), whether they be in single-nucleotide variant calling
or copy number studies (27). Nevertheless, these methods have
proved extremely useful in recent single-cell whole-genome
analyses and particularly in studying the evolution of tumor phe-
notypes by low-coverage single-cell sequencing (28). However,
a recent paper describes a new WGA method that considerably
improves on amplification fidelity (29). This multiple annealing
and looping-based amplification cycle (MALBAC) method is
shown in Figure 2. It combines some features of linear amplifi-
cation methods with PCR. The first steps are short cycles of ‘qua-
silinear’ amplification to generate amplicons that can then be
amplified by PCR. The ‘trick’ here is that the primers in the
initial reaction are designed to share common sequences that
form loops and inhibit the repeated (potentially biased)
priming from their ends. The net result is an improvement in
coverage from �6% for MDA (28) up to �90% for MALBAC
(29) and an improvement in detecting both alleles of a given
SNP from �10% for MDA to �70% for MALBAC. This is
impressive and should find wide applications in single-cell
genomic analyses.

The epigenetic analysis of single genomes is a less encour-
aging prospect. There are methods for analyzing single
genomes with methylation sensitive restriction enzymes (30),

but they are far from comprehensive and have not been widely
adopted. Chromatin immunoprecipitation of histone marks or
methylation marks is difficult on even thousands of cells (31)
and is far from being amenable to single-cell analysis. Sequen-
cing of bisulfite modified DNA is the current gold standard
method for interrogating the methylome. However, this is a dif-
ficult chemistry at the best of times and can result in dramatic
DNA losses that cannot be tolerated for single-cell genomes of
6 pg. The amplification of these modified DNAs is also problem-
atical (32). One strategy that has not yet been explored is to
couple WGA techniques such as MALBAC with replication of
the methylation marks within the genome. This might produce
enough templates for the established methods. The maintenance
DNA methylase Dnmt1 (33) acts on hemimethylated DNA
in vivo to potentiate these marks and might be employed to po-
tentiate MeCpG marks during the sequence amplification
process in vitro (34).

PROTEOMICS AND METABOLOMICS IN SINGLE

CELLS

The study of proteins and metabolites [the latter traditionally
considered as molecules ,1 kDa in molecular mass (2)] is
understandably behind that of nucleic acids. There is no amplifi-
cation methodology for these molecules that is comparable with
PCR for RNA (cDNA) and DNA. Nevertheless, these fields have

Figure 1. cDNA template-switching and modifications for single-cell mRNA transcriptomes. (A, left) The conventional ‘Smart-Seq’ system as applied in references
(1) and (15). (B) Modifications fromour group that enhance these techniques (16–19). The first is the use of oligo-dT-linked beadsas a primingsource, whichallows for
reuse of the original sample several times over. The second is the use of linkers at each end of the cDNA that incorporate T3 and T7 promoters. Oligonucleotide linkers
are shown in boxes. The cDNA sequence is shown in blue, and the RNA sequence is shown in red. Subscripted letters indicate a longer number of nucleotides. X equals
a PCR priming sequence and X? is its complement. For ‘Smart-Seq’, a common primer is used at both ends of the cDNA construct. The boxed constructs in (B) refer to
the T3 and T7 promoter sequences for run-off RNA synthesis and are not to scale. V ¼ T, G or C. N ¼ any nucleotide. Q and S ¼ non-promoter spacer sequences.
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made considerable progress, partly through microfluidics, but
also because of interdisciplinary research teams that bring to-
gether engineers, physicists, biologists and bioinformaticians.
One solution to the proteomics problem has been to engineer a
thousand individually fluorescence-tagged proteins by separate
gene replacement of each gene in thousands of individual cells
(35). The response of each of these individual constructs to a
treatment [e.g. a chemotherapeutic agent (35)] can then be mea-
sured by high-resolution imaging. This is a technological tour de
force, but is very costly in time and labor and requires that only
one or a few individual protein products can be measured per
cell. Another imaging method that works on a much smaller
scale is the sequential detection of a dozen or so proteins by
repeated cycles of fluorescence detection on formalin-fixed
tissues (36). An alternative strategy is to employ microfluidics/
‘lab on a chip’ methods to capture and interrogate multiple
proteins in small volumes (8,9,37–39). These are label-free
methods that also allow for cellular fractionations to be conducted
on the chip. Protein detection and quantification isby specific anti-
bodies to individual proteins. These methods critically depend on
the availability of two antibodies per protein (one for initial

capture and the other for quantification). To date these methods
have been reduced to practice for a few dozen protein targets
and they show great promise, but there is a need for additional
and alternative specific capture and detection methods for the
huge numbers of protein targets in a single cell.

The diversity of metabolites in a single cell is quite staggering.
The current single-cell methodologies in this field again seek to
combine established analytical tools (e.g. mass spectroscopy)
with microfluidic devices. At present, these emerging technolo-
gies can measure a dozen or so, highly abundant, metabolites
from a single cell (2,10).

CONCLUSIONS AND FUTURE PROSPECTS

There has been considerable recent progress in analyzing single-
cell genomes and mRNA transcriptomes. There remains consid-
erable room for improvement and a continued need for careful
internal controls, so we are not quite at the ‘off-the-shelf’ kit
stage of most routine molecular biology techniques. However,
partly through innovations in microfluidics and Next Gen se-
quencing technologies, the primary nucleic acid sequence ana-
lysis of single-cell genomic DNAs and polyA+ RNAs are
close to being solved technological problems. In the near future,
we should expect to see the analysis of ever smaller and sub-
partitionedparts of singlecells—organelles, singlechromosomes,
nc-RNAs, full-length transcripts,membrane proteins, tonamejust
a few. This single-cell revolution will require not only the contin-
ued development of analytical platforms for reproducible ‘plug
and play’ single-cell genomics, but also bioinformatic tools that
can make sense of the imminent data deluge.

Conflict of Interest statement. None declared.

FUNDING

I gratefully acknowledge financial support from the National
Institutes of Health (N01DE92630, R01DC05632 and
RC1DC010677), National Organization for Hearing Research
and the Hearing Health Foundation.

REFERENCES

1. Shalek, A.K., Satija, R., Adiconis, X., Gertner, R.S., Gaublomme, J.T.,
Raychowdhury, R., Schwartz, S., Yosef, N., Malboeuf, C., Lu, D. et al.
(2013) Single-cell transcriptomics reveals bimodality in expression and
splicing in immune cells. Nature, 498, 236–240.

2. Rubakhin, S.S., Romanova, E.V., Nemes, P. and Sweedler, J.V. (2011)
Profiling metabolites and peptides in single cells. Nat. Methods, 8, S20–S29.

3. Tang, F.C., Barbacioru, C., Nordman, E., Li, B., Xu, N.L., Bashkirov, V.I.,
Lao, K.Q. and Surani, M.A. (2010) RNA-Seq analysis to capture the
transcriptome landscape of a single cell. Nat. Protoc., 5, 516–535.

4. Bendall, S.C. and Nolan, G.P. (2012) From single cells to deep phenotypes in
cancer. Nat. Biotechnol., 30, 639–647.

5. White, A.K., VanInsberghe, M., Petriv, O.I., Hamidi, M., Sikorski, D.,
Marra, M.A.,Piret, J., Aparicio, S. and Hansen, C.L. (2011) High-throughput
microfluidic single-cell RT-qPCR. Proc. Natl Acad. Sci. USA, 108, 13999–
14004.

6. Tan, M.H., Au, K.F., Leong, D.E., Foygel, K., Wong, W.H. and Yao, M.W.
(2013) An Oct4-Sall4-Nanog network controls developmental progression
in the pre-implantation mouse embryo. Mol. Syst. Biol., 9, 632.

7. Wills, Q.F., Livak, K.J., Tipping, A.J., Enver, T., Goldson, A.J., Sexton,
D.W. and Holmes, C. (2013) Single-cell gene expression analysis reveals

Figure 2. The MALBAC system for WGA. Genomic DNA (shown as a single
strand in A) is denatured and annealed to a series of random primers (8-mers)
that all share a common 27 base tail (shown in red, B). Extension of these
primers leads to a series of products that are all terminally tagged (in red, C).
These are then put through another round of denaturation, annealing and exten-
sion (D and E). This results in extension products that have a (red) MALBAC tag
at one end and its complement (shown in yellow) at the other end (F). These are
annealed to form loops and remove them from the amplification reaction (G).
After five rounds of this ‘quasilinear’ pre-amplification, the annealed loops are
used as the substrates for conventional PCR using the MALBAC tags (the termin-
al red tags they all share). Adapted from reference (29).

Human Molecular Genetics, 2013, Vol. 22, Review Issue 1 R25

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/22/R
1/R

22/693135 by U
.S. D

epartm
ent of Justice user on 16 August 2022



genetic associations masked in whole-tissue experiments. Nat. Biotechnol.,
doi:10.1038/nbt.2642.

8. Wu, M. and Singh, A.K. (2012) Single-cell protein analysis. Curr. Opin.

Biotech., 23, 83–88.

9. Willison, K.R. and Klug, D.R. (2013) Quantitative single cell and single
molecule proteomics for clinical studies. Curr. Opin. Biotechnol., http://
dx.doi.org/10.1016/j.copbio.2013.06.001.

10. Rubakhin, S.S., Lanni, E.J. and Sweedler, J.V. (2013) Progress toward single
cell metabolomics. Curr. Opin. Biotechnol., 24, 95–104.

11. Caruccio, N. (2011) Preparation of next-generation sequencing libraries
using Nextera technology: simultaneous DNA fragmentation and adaptor
tagging by in vitro transposition. Methods Mol. Biol., 733, 241–255.

12. Tang, F., Lao, K. and Surani, M.A. (2011) Development and applications of
single-cell transcriptome analysis. Nat. Methods, 8, S6–S11.

13. Tischler, J. and Surani, M.A. (2013) Investigating transcriptional states at
single-cell-resolution. Curr. Opin. Biotechnol., 24, 69–78.

14. Ramskold, D., Luo, S., Wang, Y.C., Li, R., Deng, Q., Faridani,O.R., Daniels,
G.A., Khrebtukova, I., Loring, J.F., Laurent, L.C. et al. (2012) Full-length
mRNA-Seq from single-cell levels of RNA and individual circulating tumor
cells. Nat. Biotechnol., 30, 777–782.

15. Zhu, Y.Y., Machleder, E.M., Chenchik, A., Li, R. and Siebert, P.D. (2001)
Reverse transcriptase template switching: a SMART approach for
full-length cDNA library construction. Biotechniques, 30, 892–897.

16. Hawkins, R.D., Bashiardes, S., Helms, C.A., Hu, L., Saccone, N.L.,
Warchol, M.E. and Lovett, M. (2003) Gene expression differences in
quiescent versus regenerating hair cells of avian sensory epithelia:
implications for humanhearing and balance disorders. Hum. Mol. Genet., 12,
1261–1272.

17. Sajan, S.A., Warchol, M.E. and Lovett, M. (2007) Toward a systems biology
of mouse inner ear organogenesis: gene expression pathways, patterns and
network analysis. Genetics, 177, 631–653.

18. Giannakis, M., Stappenbeck, T.S., Mills, J.C., Leip, D.G., Lovett, M.,
Clifton, S.W., Ippolito, J.E., Glasscock, J.I., Arumugam, M., Brent, M.R.
et al. (2006) Molecular properties of adult mouse gastric and intestinal
epithelial progenitors in their niches. J. Biol. Chem., 281, 11292–11300.

19. Sajan, S.A., Rubenstein, J.L., Warchol, M.E. and Lovett, M. (2011)
Identification of direct downstream targets of Dlx5 during early inner ear
development. Hum. Mol. Genet., 20, 1262–1273.

20. Wellenreuther, R., Schupp, I., Poustka, A. and Wiemann, S. and The
German cDNA Consortium (2004) SMART amplification combined with
cDNA size fractionation in order to obtain large full-length clones. BMC

Genomics, 5, 36.
21. Janes, K.A., Wang, C.C., Holmberg, K.J., Cabral, K. and Brugge, J.S. (2010)

Identifying single-cell molecular programs by stochastic profiling. Nat.

Methods, 7, 311–317.

22. Yang, L., Duff, M.O., Graveley, B.R., Carmichael, G.G. and Chen, L.L.
(2011) Genomewide characterization of non-polyadenylated RNAs.
Genome Biol., 12, R16.

23. Tang, F.C., Hajkova, P., Barton, S.C., Lao, K.Q. and Surani, M.A. (2006)
MicroRNA expression profiling of single whole embryonic stem cells. Nucl.

Acid. Res., 34, e9.

24. Kim, T.K., Hemberg, M., Gray, J.M., Costa, A.M., Bear, D.M., Wu, J.,
Harmin, D.A., Laptewicz, M., Barbara-Haley, K., Kuersten, S. et al. (2010)

Widespread transcription at neuronal activity-regulated enhancers. Nature,
465, 182–187.

25. Dean, F.D., Hosono, S., Fang, L., Wu, X., Faruqi, F., Bray-Ward, P., Sun, Z.,
Zong, Q., Du, Y., Du, J. et al. (2002) Comprehensive human genome
amplification using multiple displacement amplification. Proc. Natl Acad.
Sci. USA, 99, 5261–5266.

26. Lasken,R.S. (2013) Single-cell sequencing in its prime. Nat.Biotechnol., 31,
211–212.

27. Pugh, T.J., Delaney, A.D., Farnoud, N., Flibotte, S., Griffith, M., Li, H.I.,
Qian, H., Farinha, P., Gascoyne, R.D. and Marra, M.A. (2008) Impact of
whole genome amplification on analysis of copy number variants. Nucleic
Acids Res., 36, e80.

28. Navin, N., Kendall, J., Troge, J., Andrews, P., Rodgers, L., McIndoo, J.,
Cook, K., Stepansky, A., Levy, D., Esposito, D. et al. (2011) Tumour
evolution inferred by single-cell sequencing. Nature, 472, 90–119.

29. Zong, C., Lu, S., Chapman, A.R. and Xie, X.S. (2012) Genome-wide
detection of single-nucleotide and copy-number variations of a single human
cell. Science, 338, 1622–1626.

30. Kantlehner, M., Kirchner, R., Hartmann, P., Ellwart, J.W., Alunni-Fabbroni,
M. and Schumacher, A. (2011) A high-throughput DNA methylation
analysis of a single cell. Nucleic Acids Res., 39, e44.

31. Weber, M. (2007) Distribution, silencing potential and evolutionary
impact of promoter DNA methylation in the human genome. Nat. Genet., 39,
457–466.

32. Bundo, M., Sunaga, F., Ueda, J., Kasai, K., Kato, T. and Iwamoto, K. (2012)
A systematic evaluation of whole genome amplification of
bisulfite-modified DNA. Clin. Epigenetics, 4, 22.

33. Jurkowska, R.Z., Jurkowski, T.P. and Jeltsch, A. (2011) Structure and
function of mammalian DNA methyltransferases. Chembiochem, 12, 206–
222.

34. Shimamura, S. and Ishikawa, F. (2008) Interaction between DNMT1 and
DNA replication reactions in the SV40 in vitro replication system. Cancer
Sci., 99, 1960–1966.

35. Cohen, A.A., Geva-Zatorsky, N., Eden, E., Frenkel-Morgenstern, M.,
Issaeva, I., Sigal, A., Milo, R., Cohen-Saidon, C., Liron, Y., Kam, Z. et al.
(2008) Dynamic proteomics of individual cancer cells in response to a drug.
Science, 322, 1511–1516.

36. Gerdes, M.J., Sevinsky, C.J., Sood, A., Adak, S., Bello, M.O., Bordwell, A.,
Can, A., Corwin, A., Dinn, S., Filkins, R.J. et al.. (2013) Highly multiplexed
single-cell analysis of formalin-fixed, paraffin-embedded cancer tissue.
Proc. Natl Acad. Sci. USA, 29, 11982–11987.

37. Lanigan, P.M., Chan, K., Ninkovic, T., Templer, R.H., French, P.M., de
Mello, A.J., Willison, K.R., Parker, P.J., Neil, M.A., Ces, O. et al. (2008)
Spatially selective sampling of single cells using optically trapped fusogenic
emulsion droplets: a new single-cell proteomic tool. J. R. Soc. Interface, 5,
S161–S168.

38. Salehi-Reyhani, A., Kaplinsky, J., Burgin, E., Novakova, M., Demello, A.J.,
Templer, R.H., Parker, P., Neil, M.A.A., Ces, O., French, P. et al. (2011)
A first step towards practical single cell proteomics: a microfluidic antibody
capture chip with TIRF detection. Lab Chip, 11, 1256–1261.

39. Shi,Q.H.,Qin, L.D., Wei, W., Geng, F., Fan,R., Shin, Y.S., Guo, D.L.,Hood,
L., Mischel, P.S. and Heath, J.R. (2012) Single-cell proteomic chip for
profiling intracellular signaling pathways in single tumor cells. Proc. Natl
Acad. Sci. USA, 109, 419–424.

R26 Human Molecular Genetics, 2013, Vol. 22, Review Issue 1

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/22/R
1/R

22/693135 by U
.S. D

epartm
ent of Justice user on 16 August 2022


