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Abstract

Intratumoral heterogeneity is among the greatest challenges in precision cancer therapy. However, 

developments in high-throughput single-cell RNA-sequencing may now provide the statistical 

power to dissect the diverse cellular populations of tumors. In the future, these technologies might 

inform selection of targeted combination therapies and enrollment criteria for clinical trials.

Precision cancer therapies exploit patient- and tumor-specific molecular features to attack 

transformed cells or manipulate the tumor microenvironment. However, the diversity of 

malignant and microenvironmental populations within a single tumor can complicate this 

approach. While collaborative molecular profiling efforts like The Cancer Genome Atlasi 

have enhanced our understanding of intertumoral heterogeneity across patients, efforts to 

dissect intratumoral heterogeneity are at a much earlier stage. Nonetheless, this information 

is likely crucial to the rational application of targeted therapies. The target of a given drug 

may only be present in a subset of cells, and even if the target is widely expressed, its role in 

driving a malignant phenotype may be limited to a specific subpopulation. For a given tumor 

type, there could be numerous potential therapies or combinations which could target, either 

by design or through a side-effect, both the malignant cells and the tumor microenvironment. 

While these complexities are widely appreciated, the tools to assess them comprehensively 

are just now becoming available.

The development of deep sequencing led to rapid advances in gene expression profiling by 

RNA sequencing (RNA-Seq). In its simplest form, RNA-Seq involves conversion of mRNA 

into a library of amplified cDNA fragments, which are then sequenced and quantified to 

obtain an expression profile. Soon after the introduction of RNA-Seq, high-sensitivity 

protocols for profiling individual cells were reported(1), and until recently, the scalability of 
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these methods was limited to 10s–100s of cells per sample (Panel 1A). However, tumors are 

composed of numerous cellular populations. In addition to malignantly transformed cells, 

tumor microenvironments may contain diverse infiltrating immune populations 

(lymphocytes, myeloid cells, dendritic cells, etc.), cell types involved in the tumor’s blood 

supply, and other stromal populations. Furthermore, the malignant population may contain 

multiple genomic subclones superimposed on an aberrant developmental process, resulting 

in both immature, stem-like subpopulations and multiple lineages of more differentiated 

cells. Finally, malignant cells can occupy diverse physiological states resulting from stress 

(hypoxia, DNA damage, starvation), quiescence, or cell cycle stage. Acquiring the statistical 

power to identify and describe these complex populations requires profiling multiple cells of 

the same type in the same state. Thus, substantial throughput is needed to comprehensively 

dissect the phenotypic structure of a tumor. While the true throughput required to profile a 

given tumor is indeterminate, technologies that can sequence tens or even hundreds of 

individual cells per sample are likely insufficient.

While the majority of single-cell RNA-Seq (scRNA-Seq) studies in cancer have employed 

low-throughput methods (Panel 1A), these efforts already reveal the enormous potential of 

the approach. Pioneering work in glioblastoma demonstrated the ability to distinguish 

malignantly transformed tumor cells from untransformed cells in the tumor 

microenvironment by analyzing genetic alterations inferred from scRNA-Seq(2). This study 

revealed novel insights into the developmental and immunological programs of gene 

expression underlying glioblastoma. Building on this work, an impressive study in 

melanoma used scRNA-Seq to discover varying proportions of cells harboring drug-

susceptible and drug-resistant phenotypes across patients(3). The authors used single-cell 

profiling to infer interactions between malignant cells and T cells, and identified expression 

patterns that correlate with T cell infiltration. More recently, a study in colorectal cancer 

classified individual tumor cells by their lineage resemblance to a large database of cell- and 

tissue-specific profiles, leading to new expression signatures that are predictive of 

prognosis(4). Despite this exciting progress, the experimental methods employed in these 

studies are relatively expensive, limiting the number of cells that can be profiled. Given the 

complex phenotypic landscapes of individual tumors and the potential clinical importance of 

rare populations, we believe that deploying new tools capable of inexpensive profiling from 

thousands of individual cells will be crucial to future clinical applications.

Recently, researchers have combined microfluidic tools with DNA barcoding to develop 

highly scalable platforms for genome-wide scRNA-Seq (Panel 1B)(5–7). These advances 

have made profiling thousands of individual cells from a single specimen routine and cost-

effective. For example, we regularly use a system from our laboratory(8) to profile surgical 

tumor specimens with library preparation costs of ~5 cents per cell, overall cost of ~$1,400 

per tumor including sequencing, and throughput of ~5,000 cells. High-throughput scRNA-

Seq technologies use scalable microfluidics to co-encapsulate individual cells with single 

beads in microscale chambers, which may be microfabricated wells(7–9) or aqueous-oil 

emulsion droplets(5,6,10)(Panel 1B–C). The beads harbor oligonucleotides that are 3′-
terminated with oligo(dT) for hybrid capture of polyadenylated mRNAs, and 5′-terminated 

with a universal adapter for PCR. Importantly, oligonucleotides contain a barcode sequence 
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on the 5′-end of the oligo(dT) terminus that is unique to each bead. Therefore, after lysis 

and hybridization of the liberated mRNA from each cell to the oligonucleotides on the co-

encapsulated bead, reverse transcription results in incorporation of a bead- (and therefore 

cell-) specific barcode sequence into the 5′-end of each cDNA molecule. In some cases, 

beads are intentionally chemically disrupted during lysis, releasing barcoded primers into 

solution(6,10). Parallel incorporation of cell-specific barcodes into cDNA from thousands of 

individual cells allows pooling of many cDNA libraries for downstream processing in a 

single vessel, dramatically reducing costs. Deep sequencing is then used to quantify gene 

expression and read out the barcodes that deconvolve the expression profiles of individual 

cells. These methods have reduced per-cell library preparation costs to a few cents, and 

because relatively few reads are required to saturate the resulting libraries (~50,000–100,000 

reads per cell), per-cell sequencing costs are typically <$0.50. As a result, the number of 

cells that can be cost-effectively profiled across a cohort and within a single tumor sample is 

increased dramatically. Higher throughput not only increases statistical power to detect rare 

subpopulations, but also might allow researchers to analyze cellular population structure and 

interactions within a single tumor.

scRNA-Seq in tissues requires cellular dissociation, which is perturbative and disrupts 

valuable spatial information. Solid tumors generally contain multiple microenvironments 

with highly variable composition, and transformed cells in these complex niches could face 

disparate selection pressures that influence therapeutic response. Direct quantification of 

individual RNA molecules in cells can be achieved in intact tissue by fluorescence in situ 
hybridization (FISH). Until recently, RNA-FISH was limited to parallel quantification of a 

handful of genes (Figure 1D), but new approaches involving sequential hybridization and 

combinatorial barcoding have allowed profiling of >100 genes in complex tissues (Panel 
1E)(11,12). We anticipate that these exciting new techniques will be complementary to 

scRNA-Seq in cancer, providing direct molecular characterization of tumor 

microenvironments and invaluable tools for targeted validation.

How might single-cell transcriptomics fit into precision oncology? These new technologies 

could allow clinicians to determine the co-expression pattern of potential drug targets within 

both cells and tumors to inform selection of targeted therapies. Single-cell expression 

profiling can reveal whether a target is pervasively expressed or restricted to a rare 

subpopulation, and if potential targets for combination therapy are expressed in redundant 

pathways or separate subpopulations. While this may seem simple, these intratumoral 

features are rarely rigorously evaluated when enrolling patients in clinical trials. Co-

expression analysis could be particularly useful for assigning combination therapies that 

target multiple cell types or pathways as highlighted in Panel 2. Finally, this type of analysis 

could prove valuable for assessing drug response, as one can directly determine whether 

specific subpopulation has been ablated or altered by treatment in comparison to an 

untreated specimen. As studies of this type mature and identify key markers of drug 

response, more targeted approaches to single-cell expression profiling such as the in situ 
methods described above could become sufficient. In sum, we believe that large-scale, 

single-cell transcriptomics will significantly impact the development and implementation of 
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molecular enrollment criteria for clinical trials in cancer and evaluation of therapeutic 

response at the molecular level.
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Figure 1 Key Figure. Single-cell transcriptomics technologies and applications in precision 
medicine
Panel 1: technologies: A) In conventional scRNA-Seq, individual cells are flow sorted into 

multi-well plates. RNA-Seq libraries of individual cells are prepared, barcoded in separate 

wells (per cell reaction volume: ~ 10 μL) and pooled together for next generation 

sequencing. B) In high-throughput scRNA-Seq with microfabricated microwell arrays, 

individual cells are co-encapsulated with individual uniquely barcoded mRNA capture beads 

in physically-isolated microwells (per cell reaction volume: ~ 100 pL). Reverse transcription 

of bead-captured mRNA molecules results in the incorporation of a bead-specific barcode to 

each cDNA molecule. The barcoded cDNA molecules from all cells are then pooled together 

and converted into a single RNA-Seq library. C) High-throughput scRNA-Seq with droplet-

based microfluidics is similar to B) except that the co-encapsulation occurs in droplets (per 

cell reaction volume: ~ 1 nL). D) In conventional RNA-FISH, multiple singly-labeled 

fluorescent probes are hybridized to transcripts encoding a specific target gene in situ. The 

fluorescent probes for each transcript share the same color. The number of transcript species 

that can be measured scales linearly with the number of imaging cycles/channels. E) In 

highly multiplexed RNA-FISH, probes against multiple genes are distinguished by unique 

combinations of secondary probes and read out by sequential hybridization. The number of 
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transcript species that can be measured scales exponentially with the number of imaging 

cycles/channels.

Panel 2: applications Simplified illustrations of the potential application of single-cell 

transcriptomics in precision medicine: A) identification of distinct malignant subpopulations 

that could be effectively targeted by different drugs in combination and B) identification of 

distinct malignant subpopulations or cell types co-expressing targets in multiple redundant 

pathways that could be targeted by different drugs in combination.
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