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Abstract

Single-cell RNA sequencing (scRNA-seq) has revolutionized our 
understanding of complex tissues both in health and in disease.  
Over the past decade, scRNA-seq has been applied to tumour samples 
obtained from patients with cancer in hundreds of studies, thereby 
advancing the view that each tumour is a complex ecosystem and 
uncovering the diverse states of both cancer cells and the tumour 
microenvironment. Such studies have primarily investigated 
and provided insights into the basic biology of cancer, although 
considerable research interest exists in leveraging these findings 
towards clinical applications. In this Review, we summarize the available 
data from scRNA-seq studies investigating samples from patients with 
cancer with a particular focus on findings that are of potential clinical 
relevance. We highlight four main research objectives of scRNA-seq 
studies and describe some of the most relevant findings towards such 
goals. We also describe the limitations of scRNA-seq, as well as future 
approaches in this field that are anticipated to further advance clinical 
applicability.
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five main steps: (1) tissue dissociation, (2) encapsulation of individ-
ual cells in well plates or in drops of microfluid devices (most commonly 
by the 10x Genomics platforms), (3) generation of barcoded cDNA 
from poly-adenylated mRNAs, (4) sequencing and (5) quantification 
of expression level per gene. Conceptually, scRNA-seq can be viewed 
as providing similar data to that of bulk RNA sequencing (RNA-seq), 
albeit at a single-cell level of resolution. Practically, however, scRNA-seq 
data are affected by higher levels of noise, which requires complex 
analysis, as well as batch effects and the computational challenges asso-
ciated with the large volumes of data generated (typically 10–100 MB 
per cell, reaching terabytes of data for atlas-level studies). Accordingly, 
numerous methods have been developed to visualize, normalize and 
analyse scRNA-seq datasets and have led to diverse discoveries across 
molecular biology.

Over the past decade, scRNA-seq studies dealt primarily with 
the fundamentals of cellular states that underlie intratumour het-
erogeneity (ITH). Recurrent ITH expression programmes related 
to cell cycle and stress responses in cancer cells have been described 
in numerous studies3–6. Malignant programmes enriched in mesen-
chymal genes that were traditionally associated with epithelial-to-
mesenchymal transition (EMT) were also uncovered and, therefore, 
thought to reflect the presence of partial or hybrid EMT cell states7. 
In a more context-dependent fashion, cancer cells in various tumour 
types were shown to express programmes that recapitulate the 
developmental and/or physiological processes of the tissue of ori-
gin, albeit usually in a partial and sometimes distorted fashion, as 
seen in lung and colorectal cancer (CRC)8,9. Many other scRNA-seq 
studies examined the tumour microenvironment (TME)5,10, resulting 
in important observations on immune and stromal cell diversity as 
well as possible modulation of immune cell activity by certain cancer  
cell populations.

Taken together, these early findings substantially improved our 
understanding of the tumour ecosystem, although their applicability 
to the clinical space remained limited. With the maturation of the field, 
particularly owing to a series of technological developments enabling 
easier analysis of archival samples and hence of larger cohorts (hun-
dreds of samples, or potentially even more), efforts are now underway 
to correlate key scRNA-seq findings with clinical outcomes in a way that 
will ultimately inform patient management.

Defining clinically relevant objectives  
of scRNA-seq studies
Briefly, consensus tumour subtyping, which has thus far largely relied 
on distinct tumour profiles based on bulk-sequencing data, can be 
further refined using single-cell analysis, which also accounts for the 
prevalence and distribution of previously unknown subpopulations. 
A more granular stratification of tumours at diagnosis might aid in 
determining prognosis and in tailoring treatments; as one example, two 
new subtypes of CRC, iCMS2 and iCMS3, underpinned by dichotomous 
malignant epithelial populations, were shown to confer differential 
sensitivity to standard-of-care chemotherapy11.

The second objective, characterizing treatment-induced 
changes, has been investigated using scRNA-seq in the context of 
every major nonsurgical treatment modality, including chemother-
apy, immunotherapy, targeted therapy and radiotherapy. Studies 
in this area typically compare treatment-naive versus treated sam-
ples, either from different patients or those obtained longitudinally 
from the same patient. A common goal of these analyses is to pin-
point the post-treatment changes associated with either a favourable 

Key points

	• Single-cell RNA sequencing (scRNA-seq) technologies facilitate a 
comprehensive understanding of the tumour ecosystem, particularly 
the intratumour heterogeneity of cancer cells and those of the tumour 
microenvironment.

	• With the maturation of the field, scRNA-seq is now increasingly being 
applied to address clinically important questions in a way that might 
ultimately inform routine patient management.

	• Potential clinical applications of scRNA-seq might be broadly 
described by four objectives: the refinement of tumour subtyping, 
the characterization of treatment-induced changes, the identification 
of expression programmes predictive of treatment response and the 
discovery of novel therapeutic targets.

	• Barriers to a more streamlined embedding of scRNA-seq into 
clinical research include difficulties in sample acquisition and the 
computational challenges inherent in integrating varied datasets.

Introduction
Cancer research has traditionally considered the tumour as a single 
entity, primarily ascribing biological features — genetics, histology and 
classification — to the entire tumour. However, this approach fails to 
reflect that each tumour is a complex ecosystem with diverse interact-
ing components that together give rise to its phenotypes and clinical 
characteristics. Thus, a more realistic paradigm of cancer is developing 
that recognizes the tumour’s various cellular components, their specific 
functions, their interactions and the emergent clinical phenotype. 
Such a renewed ‘systems biology’ understanding of cancer is usher-
ing in a revolution in cancer research and will hopefully also promote 
the development of various new therapeutic strategies. One driver of 
this revolution has been the development and instrumental success 
of immunotherapies, which has highlighted the important role of the 
immune microenvironment as well as the interactions of immune cells 
with other tumour components. A second driver of interest in this 
area is technological — single-cell RNA sequencing (scRNA-seq) has 
risen over the past decade from a novel technology into a standard 
molecular biology tool and its widespread adoption has transformed 
cancer research.

In this Review, we highlight the most pertinent and clinically 
relevant findings gleaned from scRNA-seq studies of patient-derived 
tumour material. We found that potential clinical applications can be 
broadly categorized into one of four research objectives: the refine-
ment of tumour subtyping, the characterization of treatment-induced 
changes, the identification of expression programmes predictive 
of treatment response and resistance, and the discovery of novel 
therapeutic targets (Table 1 and Fig. 1). We first focus on progress 
made towards these four objectives, and then discuss the prospects 
for incorporation of scRNA-seq technologies and insights into clinical 
practice, as well as the current limitations that might constrain further 
progress.

scRNA-seq methodologies and initial discoveries
The various single-cell sequencing methodologies have been described 
in detail elsewhere1,2. Briefly, typical scRNA-seq protocols encompass 
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Table 1 | Summary of single-cell RNA sequencing cancer studies with clinically relevant findings

Tumour type Findings Ref.

Refined tumour subtyping

HNSCC Confirmed three of four previously described subtypes, while also finding that the TCGA mesenchymal subtype is derived from 
nonmalignant cells

20

HGSOC Two previously described intrinsic subtypes are driven by the abundance of immune and mesenchymal cells 21

Glioblastoma Commonly accepted subtypes are determined by the abundance of different malignant cellular states rather than by 
distinct cell types. These states also correlate with the presence of specific genetic aberrations

22

HPV+ HNSCC HPV+ tumours with limited expression of HPV-related genes tend to have an inferior prognosis 6

NSCLC Specific subtypes correlate with metastatic dissemination and an inferior prognosis 23

Prostate cancer A specific malignant subtype correlates with the presence of a specific gene fusion event 24

CRC Two intrinsic epithelial subtypes demonstrated to have differential sensitivity to chemotherapy 11

Chemotherapy-induced changes

PDAC A neural-like progenitor programme is enriched in residual tumour material and patient-derived organoids after cytotoxic 
therapy and is associated with inferior clinical outcomes

25

Breast cancer Post-treatment samples harbour resistant malignant cell populations with upregulated immune-checkpoint expression, 
including PD-L1 and CD80

26

PDAC Post-neoadjuvant treatment samples have substantially elevated levels of CAFs, among them the protumorigenic inflammatory 
CAF (iCAF) subtype

33

PDAC Post-treatment samples have reduced expression of inhibitory checkpoint molecules, as well as fewer inhibitory 
ligand–receptor interactions

34

NPC Cisplatin plus gemcitabine activates an innate-like B cell-dominant antitumour immune response that is positively associated 
with disease-free and overall survival

35

Predictive signatures for chemotherapy

HGSOC TCGA samples with a ‘stress-high’ gene expression score associated with significantly shorter PFS on standard-of-care 
platinum-based therapy

14

Effects of targeted therapies

Breast cancer Combination of endocrine therapy plus the CDK4/6 inhibitor ribociclib leads to rapid loss of oestrogen signalling and 
activation of the JNK signalling pathway. Tumours that maintain oestrogen signalling have increased levels of CDK4/6 
activation and ERK signalling through ERBB4

66

IDH-mutant glioma The IDH inhibitor vorasidenib induces lineage differentiation to a more differentiated astrocytic-like state 68

Myelodysplastic 
syndromes

Patients develop resistance to venetoclax, which targets BCL-2-mediated anti-apoptotic signalling, by shifting to compensatory 
TNF-driven prosurvival NF-κB signalling

67

Predictive signatures for targeted therapies

NSCLC Responders to tyrosine kinase inhibitors have increased T cell and decreased macrophage infiltration, whereas those with 
progressive disease have reduced T cell infiltration and an increase in IDO1-expressing macrophages

70

CML Resistance to imatinib linked with dysfunctional NK cells, whereas responders have hyperfunctional adaptive-like NK cells 72

NSCLC Accumulation of lipid-associated macrophages in patients with resistance to osimertinib 71

Effects of immunotherapies

TNBC T cell infiltration increased in patients with a pathological complete response following neoadjuvant 
pembrolizumab ± radiotherapy

15

CRC An extensive reduction in proinflammatory immune and stromal cell numbers in samples from patients with mismatch 
repair-deficient CRC with a response to ICIs

12

CRC Antitumour T cells can be found in the vicinity of myeloid and malignant cells expressing interferon-stimulated genes 53

Basal or squamous cell 
carcinoma

Clonal replacement of tumour-specific T cells following PD-1 blockade 42

HNSCC Tissue-resident memory and circulating T cells mediate early responses to neoadjuvant anti-PD-1, with or without anti-CTLA4 
antibodies

44

NSCLC Expanded T cell clones post-therapy often have tumour-binding properties, which are associated with better clinical outcomes 45

NSCLC Described transcriptional programmes of neoantigen-specific tumour-infiltrating lymphocytes in samples from patients who 
received anti-PD-1 antibodies

46

Bladder cancer CD4+ T cells have enhanced cytotoxicity following treatment with anti-PD-1 or anti-PD-L1 antibodies 40

Breast cancer Described immune cell subsets associated with response to anti-PD-L1 antibodies 41
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or unfavourable response to treatment, such as the upregulation 
of markers of T cell exhaustion, which are associated with an infe-
rior response to immune-checkpoint inhibitors (ICIs) in patients  
with CRC12.

Occasionally, the post-treatment changes detected in such studies 
might be leveraged to promote the third research objective: identify-
ing pretreatment predictive signatures. Here, a common approach 
involves examining whether an ITH programme, once identified at the 
single-cell level and potentially associated with a specific response pat-
tern, can be identified and quantified in treatment-naive samples (even 
from bulk RNA-seq data) and then correlated with clinical outcomes. 
Through this basic approach, several putative predictive signatures 
have been proposed both for chemotherapy and ICIs across a diverse 
range of cancer types, including high-grade serous ovarian carcinoma 
(HGSOC), breast cancer and renal cell carcinoma13–15.

Finally, data from various studies have led to the proposal of novel 
therapeutic targets based on scRNA-seq findings. These are typically 
targets with a role in the differentiation and propagation of aggres-
sive malignant cell states16. Notably, in some scenarios, the proposed 
target might be druggable with one or more compounds already in 
widespread use for a different tumour type, for example, a resistance 
programme identified in patients with melanoma can be repressed 
using CDK4/6 inhibitors in mouse xenograft models harbouring this 
programme17.

Refinement of tumour subtyping
Substantial progress has been made by integrating genetics  
(specific gene sequence alterations) and epigenetics (DNA methyla-
tion markers) with bulk-level transcriptomic (tissue-level RNA-seq) 
data for tumour subtype classification. This molecular framework 

Tumour type Findings Ref.

Predictive signatures for immunotherapies

ESCC A progenitor/precursor exhausted CD8+ T cell population is associated with favourable outcomes following neoadjuvant 
anti-PD-1 antibodies

58

ccRCC A population of CD8+ tissue-resident T cells is positively associated with a favourable response to anti-PD-1 antibodies either as 
monotherapy or in combination with an anti-CTLA4 antibody

13

ccRCC A transcriptomic signature reflecting macrophage–CD8+ T cell interactions was shown to be predictive of response to ICIs in 
real-world data

59

Breast, melanoma, colon 
and rectal cancers

TCR clonotypes can be leveraged to identify tumour-specific immunogenic antigens 47

Novel therapeutic strategies

Glioma NK-receptor CD161 is expressed on clonally expanded tumour-infiltrating T cells and might be a target for immunotherapy 49

H3K27M glioma PDGFRA drives the development of an oligodendrocyte precursor-like state, and might be a potential target for differentiation 
therapy

16

Neuroblastoma MYCN and loss of TFAP2b identified as a possibly targetable barrier to differentiation in a subset of neuroblastoma with 
mesenchymal features

74

IDH-mutant glioma In responding patients, the IDH inhibitor vorasidenib induces lineage differentiation to a more differentiated astrocytic-like 
state

68

HNSCC An epithelial senescence-associated cellular state confers differential sensitivity to EGFR inhibitors in patients with head and 
neck cancer

76

PDAC The basal cellular state potentially confers sensitivity to MAPK inhibitors and might be inducible with TGFβ 77

HGSOC JAK/STAT inhibitors show activity against specific immune-related HGSOC cell states 21

Prostate cancer KIT inhibitors explored for potential targeting of adenocarcinoma-to-neuroendocrine transition in prostate cancer 75

Melanoma CDK4/6 inhibitors reverse an immune resistance-associated cellular state 17

ccRCC A subpopulation of C1Q+TREM2+APOE+ TAMs is associated with postsurgical disease recurrence, and is proposed as a candidate 
therapeutic target

78

Pan-cancer The terminally exhausted T cell state is associated with inferior survival outcomes and reduced responsiveness to 
immunotherapy. Two distinct developmental trajectories leading to T cell exhaustion were discovered, which could be 
targeted to promote responsiveness to immunotherapy

80

PDAC Combined inhibition of IL-1β signalling and COX2 proposed as a strategy for targeting IL-1β+ TAMs driving epithelial-to-
mesenchymal transition and a PGE2-driven response in PDAC cells

79

Melanoma Selective depletion of CD39+TIM3+CD8+ T cells from tumour infiltrates sensitizes ex vivo tumours to anti-PD-1 antibodies 48

Leptomeningeal 
metastasis

Iron chelation therapy for leptomeningeal metastases in patients with lung or breast cancers starves cancer cells that adapted 
to the nutrient-depleted cerebrospinal fluid

83

CAFs, cancer-associated fibroblasts; ccRCC, clear-cell renal cell carcinoma; CML, chronic myelogenous leukaemia; CRC, colorectal cancer; ESCC, oesophgeal squamous cell carcinoma; 
HGSOC, high-grade serous ovarian carcinoma; HNSCC, head and neck squamous cell carcinoma; HPV, human papilloma virus; ICIs, immune-checkpoint inhibitors; NK, natural killer; NPC, 
nasopharyngeal carcinoma; NSCLC, non-small-cell lung cancer; OS, overall survival; PDAC, pancreatic ductal adenocarcinoma; PFS, progression-free survival; TAMs, tumour-associated 
macrophages; TCGA, The Cancer Genome Atlas; TCR, T cell receptor; TNBC, triple-negative breast cancer.

Table 1 (continued) | Summary of single-cell RNA sequencing cancer studies with clinically relevant findings

http://www.nature.com/nrclinonc


Nature Reviews Clinical Oncology

Review article

provides an improved understanding of intertumour heterogene-
ity, thereby potentially influencing diagnosis, prognosis and treat-
ment strategies. Methodologically, bulk RNA expression data are 
used to perform unsupervised clustering of tumour samples, which 
is then followed by differential expression analysis to identify the 
dominant genes that distinguish each cluster. In some tumour 
types, such molecular classifications are more clinically relevant 
than histology-based classification18,19. For example, an immune-rich 
subtype of melanoma was first described based on unsupervised 
analysis of bulk RNA-seq data, and was associated with improved  
survival outcomes19.

Multiple scRNA-seq studies have now stratified tumours based 
on single-cell transcriptomic data and compared their results against 
stratification by bulk RNA-seq. Although scRNA-seq often reveals 
the same or similar subtypes as those derived using bulk RNA-seq, 
important differences have emerged from multiple studies. First, 
bulk subtypes probably reflect the abundance of shared cell types 
and cellular states rather than the presence of unique cells. Sec-
ond, more granular classifications are likely to be provided by  
scRNA-seq.

Bulk subtypes often reflect the abundance of specific  
cell types
A study mapping single head and neck squamous cell carcinoma 
(HNSCC) cells to bulk The Cancer Genome Atlas (TCGA) subtypes 
revealed alignment with only three of the four consensus sub-
types (basal, classical and atypical), whereas cancer-associated 
fibroblasts (CAFs) mapped to the fourth subtype (mesenchymal)20. 
All HNSCCs contain some fibroblasts, and those with a high frac-
tion of fibroblasts were classified as mesenchymal. Notably, on 
follow-up analysis, the malignant cells of tumours originally classi-
fied as mesenchymal by bulk RNA-seq were more consistent with the 
basal subtype, highlighting the differences between tumour clas-
sification by single-cell versus bulk-sequencing data. Similarly, the 
mesenchymal and immunoreactive subtypes of HGSOC were found 
not to reflect the gene expression patterns of malignant cells, but were 
instead derived from an abundance of fibroblasts and macrophages, 
respectively21.

In other scenarios, tumours largely share the same malignant cellu-
lar states and bulk subtypes reflect the abundance of these shared 
states. For example, in glioblastoma, the abundance of each of the four 
main malignant states (astrocyte-like, oligodendrocyte progenitor-like, 
neural progenitor-like and mesenchymal-like) is consistent with a 
specific bulk subtype previously defined by TCGA, with the TCGA 
proneural (TCGA-PN) subtype reflecting co-occurrence of the oligoden-
drocyte progenitor-like and neural progenitor-like states, and the TCGA 
mesenchymal (TCGA-MES) subtype corresponding to a combination 
of the mesenchymal-like malignant state and immune cells22.

Thus, bulk RNA subtypes might primarily reflect one of three 
main features: the presence of unique cellular phenotypes that dif-
fer between patients (for example, basal, classical and atypical sub-
types in HNSCC), the abundance of shared TME cell types (such as 
fibroblasts in mesenchymal subtypes or immune cells in immune 
subtypes in various cancer types) or the abundance of shared malig-
nant states (such as glioblastoma subtypes). scRNA-seq allows us to 
better distinguish these effects and, therefore, better understand the 
previous classifications, as well as potentially define new subtypes 
based on a combination of unique cellular signatures and/or cellular 
frequencies.

scRNA-seq enables more granular classifications
Several studies have demonstrated the ability to uncover novel cancer 
subtypes on the basis of the higher resolution afforded by scRNA-seq, 
including subtypes of potential clinical relevance. One example comes 
from human papilloma virus (HPV)-positive HNSCC, in which scRNA-seq 
analysis revealed that the expression of HPV-related genes is repressed 
in a subset of cells and suggests that HPV+ tumours could be further 
stratified by the degree of such repression. Tumours with extensive 
HPV repression, and accordingly with lower levels of expression of 
HPV-related genes, were deemed ‘HPV low’ and associated with a worse 
prognosis in this study6.

In an analysis of 44 lung adenocarcinoma samples23, including 
samples from both primary tumours and metastases from various 
anatomical locations, two dominant subtypes were identified. One 
subtype was specifically associated with metastatic dissemination 
and correlated with a poor prognosis when assessed in large bulk 
RNA expression datasets. This subtype was associated with malig-
nant cells with upregulation of genes associated with detoxification and 
immune responses, as well as with dysfunctional T cells and protumo-
rigenic macrophages. Testing for this subtype in high-risk populations 
could help identify and treat patients who are likely to have the worst 
prognosis at earlier disease stages.
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Fig. 1 | Common clinically relevant objectives of single-cell RNA sequencing 
cancer studies. a, The refinement of consensus tumour subtyping facilitates 
more accurate prognostic stratification, which might inform treatment decisions 
at diagnosis. b, Analysis of treatment-induced changes, highlighting emergent 
intratumour heterogeneity programmes driving resistance. c, Analysis of the 
mechanisms underlying treatment resistance processes, suggesting possible 
tumour-sensitizing treatments. OS, overall survival; scRNA-seq, single-cell RNA 
sequencing.
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In another example, the ERG-positive prostate cancer subtype 
was identified using scRNA-seq. When compared with the established 
TCGA prostate cancer subtypes, no direct correlation with any known 
subtype was found. Notably, this transcriptional subtype had a robust 
association with the gene expression pattern of the TMPRSS2–ERG 
fusion, thus highlighting the capability of scRNA-seq to connect geno-
typic classifications with phenotypic stratification at the mRNA level24. 
Such phenomena were also described in glioblastoma, in which malig-
nant cellular states correlate with the presence of specific genetic alter-
ations, such as high-level amplifications of EGFR, PDGFRA, and CDK4 
with the astrocyte-like, oligodendrocyte-like and neural progenitor-like 
states, respectively22.

Response to chemotherapy
Chemotherapy remains the standard-of-care approach for patients 
with many cancers, although efficacy is often undermined by both 
innate and acquired resistance. By comparing baseline tumour samples 
obtained before treatment with on-treatment and/or post-treatment 
samples, scRNA-seq can be used to identify post-treatment phenomena 
that might warrant targeting with additional therapies; these include 
reprogramming of cancer cell states, alongside various cell-type 
enrichments and transcriptional alterations within the TME.

Shifts in cancer cell states
Cancers that might be treated with neoadjuvant therapy before surgery, 
including locally advanced breast cancer and borderline resectable 
pancreatic ductal adenocarcinoma (PDAC), are especially suitable for 
analysing chemotherapy-induced shifts in cancer cell states. For exam-
ple, scRNA-seq analysis of resected PDAC specimens from patients who 
received neoadjuvant chemotherapy (mostly folinic acid, fluorouracil, 
irinotecan and oxaliplatin (FOLFIRINOX)) with or without radiotherapy 
showed enrichment of a newly identified malignant neural-like pro-
genitor programme, as well as a neuroendocrine-like programme, 
at the expense of the hallmark PDAC classical and basal gene expres-
sion programmes25. The authors then leveraged TCGA bulk RNA-seq 
data to demonstrate a correlation between the neural-like progenitor 
programme and an inferior prognosis, an effect driven by shortened 
time to disease progression. In another example, post-neoadjuvant 
therapy samples from patients with breast cancer were shown to 
harbour resistant cancer cell subpopulations that upregulate estab-
lished immunomodulatory genes, including CD247 (encoding PD-L1) 
and CD80. The authors suggested, therefore, that a combination 
chemo–immunotherapy regimen might overcome resistance in this 
setting26.

Repeat longitudinal samples can be obtained more easily from 
patients with haematological malignancies than from those with solid 
tumours, and serial longitudinal sampling has the potential to provide 
multiple insights into treatment-induced changes27–29. For example, in 
acute myeloid leukaemia (AML), a subpopulation of dormant miR-126high 
leukaemia stem cells was shown to persist and correlate with treatment 
failure following induction chemotherapy27. In a related study, samples 
from patients with treatment-refractory AML were found to harbour a 
population of proliferating stem/progenitor-like cells with evidence of 
reprogramming towards a quiescent stem-like expression programme28. 
Similar efforts have been directed towards paediatric leukaemia30–32. 
In one analysis of samples obtained from paediatric patients with 
AML, combining scRNA-seq and the assay for transposase-accessible 
chromatin with sequencing (ATAC-seq), samples from patients with 
relapsed tumours showed evidence of having undergone distinct shifts 

in cellular hierarchies, including an enrichment of primitive cells and a 
transition away from the myeloid lineage30.

Chemotherapy-induced changes in the TME
scRNA-seq also provides a useful method of exploring how the TME 
is reshaped by chemotherapy. In one study, investigators collected 
primary PDAC samples from 21 patients, of whom 7 were treatment 
naive, while 14 received various neoadjuvant regimens, includ-
ing FOLFIRINOX, gemcitabine plus nab-paclitaxel or preoperative 
chemoradiotherapy33. The authors demonstrated substantially 
increased levels of CAFs in treated samples, driven primarily by a 
threefold increase in the inflammatory CAF subpopulation, which is 
considered protumorigenic.

Another pertinent finding from the post-treatment PDAC 
space relates to the effect of chemotherapy on subsequent refrac-
toriness to ICIs, which reflects a common clinical challenge. Com-
paring primary and metastatic samples from treatment-naive and 
previously treated patients (who received either FOLFIRINOX or 
gemcitabine plus nab-paclitaxel), investigators found reduced expres-
sion of PDCD1, CTLA4, TIGIT and the genes encoding other inhibi-
tory immune-checkpoint molecules, among CD8+ T cells present in 
post-treatment samples34.

Finally,  scRNA-seq analysis of samples from patients with 
nasopharyngeal carcinoma (NPC) demonstrates that cisplatin plus 
gemcitabine chemotherapy, which is often administered before defini-
tive radiotherapy, activates an innate-like B cell-dominant antitu-
mor immune response35. Notably, a positive association between 
innate-like B cell frequency and both overall and disease-free survival 
has been demonstrated in an analysis of 139 NPC samples obtained in 
a phase III trial.

Predictive markers of response to chemotherapy
Although the above examples highlight the utility of scRNA-seq in 
uncovering effects of chemotherapy that might drive responsiveness 
or disease progression on subsequent therapies, another avenue of 
investigation focuses on the identification of pretreatment gene expres-
sion programmes that might be predictive of upfront chemotherapy 
resistance and, therefore, warrant a change in the initial treatment 
strategy.

Platinum resistance in HGSOC has already been investigated with 
this purpose in mind. Investigators longitudinally analysed paired 
pre- and postchemotherapy samples obtained from 11 patients and 
described the fractional changes in cancer cell states brought about 
by treatment with platinum-based chemotherapy plus a taxane14. 
Gene expression signatures associated with cellular stress and prolif-
eration were both enriched in cancer cells following treatment with 
chemotherapy, enabling the authors to compute a 35-gene ‘stress score’ 
deconvoluted from bulk TCGA RNA-seq data. On a Kaplan–Meier sur-
vival analysis, TCGA samples obtained from treatment-naive patients 
with HGSOC with a ‘stress-high’ score had a significantly shorter median 
progression-free survival on standard-of-care first-line platinum-based 
therapy compared with the ‘stress-low’ group (14.9 months versus 
21.2 months; P = 0.0037), suggesting that this ‘stress state’ exists 
before administration of chemotherapy and becomes enriched during 
treatment.

Response to ICIs
ICIs have transformed the treatment of patients with cancer and are 
now first-line therapies or part of the first-line regimens for many 
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advanced-stage solid tumours including driver-negative non-small-
cell lung cancer, melanoma, triple-negative breast cancer (TNBC) 
and others36. Despite their widespread use, most patients with 
advanced-stage disease do not respond to these agents37. Even among 
patients with an initial response, most will eventually have disease 
relapse38,39. A better understanding of the immunological processes 
underlying these treatments is therefore required for better utilization 
and to inform the development of more effective immunotherapies 
or combinations.

T cell analysis in the context of immunotherapy
Data from scRNA-seq studies have provided detailed insights into the 
diversity of T cell populations and their association with response to 
anti-PD-1 and anti-PD-L1 antibodies. Unlike bulk sequencing, which pro-
vides an average of gene expression across large populations of cells, 
scRNA-seq enables the identification of specific T cell subsets at high 
levels of resolution. For example, data from two studies investigat-
ing bladder cancer and TNBC40,41 identified unique subpopulations 
of cytotoxic T cells that differ from the broader signatures of T cell 
cytotoxicity and that specifically correlated with treatment response. 
In bladder cancer, researchers found a CD4+ cytotoxic T cell state that 
was predictive of clinical response to the anti-PD-L1 atezolizumab40. 
Similarly, in TNBC, a specific CD8+ cytotoxicity cell state was correlated 
with a better response to atezolizumab41. Thus, the abundance of par-
ticular cytotoxic T cell states (as opposed to the overall expression of 
markers associated with cytotoxicity) might have important clinical 
consequences and can only be quantified accurately using single-cell 
analysis.

Another key observation is the expansion of certain T cell popu-
lations in post-treatment samples34–36, sparking questions regarding 
the origins of the expanded T cells. Exhausted T cells that have been 
reactivated by an ICI might be tissue-resident memory T cells that 
were triggered to respond, or potentially newly recruited T cells that 
infiltrated the tumour42,43. An analysis of HNSCC tumour-infiltrating 
CD8+ T cells that underwent clonal expansion during treatment with 
an anti-PD-1 antibody demonstrates the expression of genes associated 
with tissue-resident memory and cytotoxicity phenotypes, leading the 
investigators to hypothesize that the therapeutic response is depend-
ent on the presence and activity of non-exhausted tissue-resident 
memory T cells44.

Leveraging the robustness of single-cell technologies, investi-
gators have sequenced the variable regions of T cell receptor (TCR) 
genes45. These studies demonstrate that a subset of post-treatment 
expanded T cell clones are able to recognize cancer neoantigens45,46. 
However, this expansion did not clearly correlate with treatment 
response, suggesting that recognition of cancer neoantigens might 
not be the only bottleneck for an effective ICI response. In another 
study, investigators demonstrated how identifying unique rearrange-
ments in TCR genes, via TCR-seq, can be used to uncover immuno-
genic targets. By analysing expanded T cell clones post-therapy, this 
approach enabled the identification of novel tumour-reactive TCRs. 
These findings pave the way for developing novel therapies, such as 
personalized T cell-based immunotherapies or vaccines targeting 
these tumour-specific antigens47.

Additional markers of T cell exhaustion have been identified in 
patients receiving ICIs, offering insights into novel therapeutic strat-
egies. In melanoma, for example, CD8+ T cells associated with better 
treatment responses were found to gain expression of exhaustion 
markers such as ENTPD1 and TIM3 following immune-checkpoint 

inhibition48. Combination therapies targeting these markers, such 
as inhibitors of the cell-surface ectonucleotidase enzyme ENTPD1, 
which catalyses the breakdown of extracellular ATP to adenosine, 
with anti-PD-1 antibodies, have shown improved tumour control and 
prolonged survival in mouse models47.

In patients with glioma, clonally expanded tumour-infiltrating 
T cells have been found to express KLRB1, which encodes CD161, 
a natural killer (NK) receptor capable of acting as an immune check-
point. Inhibiting CD161 has been shown to promote T cell-mediated 
cytotoxicity in patients with glioma49. This discovery has led to an ongo-
ing clinical trial (NCT05565417) investigating the efficacy of anti-CD161 
monoclonal antibodies in patients with advanced-stage solid tumours 
or lymphomas.

Immunotherapy-induced changes in the TME
Clinical responses to ICIs are primarily thought to be mediated by 
T cells50–52, although an increasing recognition exists that the activity 
of these therapies also depends on various components of the TME. 
Accordingly, numerous scRNA-seq studies have examined ICI-induced 
changes in other TME components. In one study, investigators described 
an extensive reduction in the populations of proinflammatory immune 
and stromal cells in patients with CRC who respond to ICIs43. Based on 
scRNA-seq data from 62 patients with CRC, another research group 
found that antitumour T cells are located in the vicinity of myeloid 
and malignant cells expressing interferon-stimulated genes and are 
involved in antigen presentation53. This observation is supported by a 
large pan-cancer study showing an association between cytotoxic CD8+ 
T cells and interferon-stimulated gene-expressing cells within the TME7.

Predictive markers for immunotherapy response
Tumour mutational burden, microsatellite-instability status, and PD-L1 
expression are all used clinically to predict a response to ICIs, although 
additional and more effective biomarkers are needed54–56. In melanoma, 
a subset of CD8+ T cells characterized by high levels of TCF7 expression 
has been shown to predict a favourable clinical response to ICIs48,57. 
This CD8+ T cell subset, commonly referred to as progenitor/precursor 
exhausted T cells owing to the co-expression of markers associated with 
memory and exhaustion, was found to be associated with favourable 
outcomes in patients with oesophageal cancer treated with anti-PD-1 
antibodies in the neoadjuvant setting58. Similarly, a population of CD8+ 
tissue-resident T cells has been positively associated with a favour-
able response to ICIs in an analysis of samples from six patients with 
clear-cell renal cell carcinoma (ccRCC)13. In another study involving 
real-world patients with ccRCC, the presence of a combined signature 
incorporating cytotoxic CD8+ T cells with factors related to antigen 
presentation and interferon signalling correlates with favourable 
outcomes following treatment with ICIs59.

Response to targeted therapies
Targeted therapies, including small-molecule inhibitors, monoclonal 
antibodies and endocrine therapies, have dramatically improved the 
outcomes of patients with certain cancer types60–62. Nevertheless, many 
patients either do not respond to these therapies or develop resistance 
and have disease relapse on or following treatment63–65. The mecha-
nisms of resistance are diverse and include resistant subpopulations 
that expand in the presence of the selective therapeutic pressures 
created by the targeted therapy, acquisition of various mechanisms 
of resistance owing to on-treatment changes in tumour biology and 
drug tolerance induced by the TME.
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Targeted therapy-induced changes in cancer cells and the TME
Breast cancer cells are able to adapt to treatment by shifting towards a 
reliance on alternative signalling pathways to support tumour growth: 
in response to endocrine therapy alone, cells compensate for the loss 
of growth signals via increased ERBB4 signalling while maintaining 
oestrogen dependence; whereas combination with a CDK4/6 inhibitor 
might enable a subset of cells to completely bypass oestrogen signal-
ling by upregulating the JNK signalling pathway66. These pathways are 
typically upregulated earlier in the disease trajectory in nonresponders 
and later in the remaining malignant cells of patients with an initial 
response. Similarly, patients with myelodysplastic syndromes are able 
to develop resistance to venetoclax, which targets BCL-2-mediated 
anti-apoptotic signalling, by shifting to compensatory TNF-driven 
prosurvival NF-κB signalling67. Conversely, an scRNA-seq analysis of 
samples from three patients with IDH-mutant oligodendrogliomas who 
responded to IDH inhibitors showed a shift in cellular states, character-
ized by an increase in differentiated astrocytic-like cells, a reduction in 
stem-like cells and decreased cellular proliferation68. This example sug-
gests that IDH inhibitors function as a form of differentiation therapy 
in this setting and highlight a general strategy that might be effective 
in other contexts68,69.

Predictive marker for response to targeted therapies
Immune modulation has been shown to have a role in resistance 
to targeted therapies across multiple cancer types70–72. Among 
patients with metastatic non-small-cell lung cancer, those who 
respond to tyrosine kinase inhibitors often have increased T cells 
and decreased macrophages in tumour samples, whereas those with 
progressive disease often have fewer T cell levels and an increase in 
IDO1-expressing macrophages70. Similarly, resistance to imatinib 
in patients with chronic myelogenous leukaemia has been linked 
with the presence of dysfunctional NK cells, whereas long-term 
responders have hyperfunctional adaptive-like NK cells72. Finally, 
the presence of lipid-associated macrophages in cerebrospinal fluid 
has been shown to contribute to acquired resistance to the EGFR 

inhibitor osimertinib, as well as the development of leptomeningeal  
metastases71.

Discovery of novel therapeutic targets
scRNA-seq of patient-derived tumour samples has led to the identifica-
tion of cancer cells harbouring recurrent expression states, reflecting 
subpopulations of cancer cells that can be common to many patients 
with a given cancer type, although the abundance of these subpopu-
lations varies substantially across tumours6,11,16,20–22,73. For example, 
a ‘partial EMT’ programme was shown to be recurrently expressed in 
a majority of HNSCC samples6. Furthermore, these states are often 
highly plastic, such that cancer cells are likely to transition between 
states and often possess tumour-initiating capacity in vivo. These 
insights have led to the development of novel therapeutic strate-
gies targeting either specific malignant cell states, specific TME sub-
populations or the drivers regulating the transitions between such  
states (Fig. 2).

Inducing differentiation and state transitions
scRNA-seq of samples obtained from paediatric patients with histone 
mutant (H3K27M) gliomas demonstrated that such gliomas consist 
primarily of proliferative oligodendrocyte precursor (OPC)-like cells 
driven by PDGFRA signalling, with a minority of cells in more differen-
tiated glial states, suggesting that differentiation beyond this point 
might be suppressed16. These data also suggest that OPC differentiation 
might be obstructed by inactivation of polycomb repressive complex 2 
(PRC2), leading to compensatory upregulation of the PRC1 subunit 
BMI1. Taken together, these findings suggest that PDGFRA provides a 
likely target, either alone or in combination with BMI1 inhibition, and 
that differentiation therapy to drive transitions from an OPC-like state 
to a more differentiated state might be a viable therapeutic approach16. 
Similarly, another group of investigators proposed differentiation 
therapy for a subset of poorly differentiated neuroblastomas with 
mesenchymal features, identifying oncogenic MYCN and loss of TFAP2B 
as barriers to differentiation74.
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Fig. 2 | Discovery of novel therapeutic targets. 
a, Differentiation therapy. In this approach, barriers 
to differentiation are targeted to drive transitions 
from a proliferative, poorly differentiated cancer cell 
state back to a more differentiated one. b, Cell-state-
specific drug responses. Drug screens in cell lines or 
organoid models can be used to guide differential 
targeting of co-existing cancer cell states. c, Tumour 
microenvironment (TME)-directed therapy. TME 
subpopulations associated with an inferior response 
to therapy (such as immunosuppressive cells) could 
be selectively targeted and depleted as a therapeutic 
strategy. d, Uncovering targetable immune 
interactions. Ligand–receptor interaction analyses 
highlight prominent immunomodulatory interactions 
that might be candidates for therapy.
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In addition to differentiation therapies, interventions designed 
to induce or repress other types of state transitions might also have 
clinical utility. For example, adeno-to-neuroendocrine transitions 
are an established mechanism of resistance to androgen-deprivation 
therapy in men with prostate cancer. Data from another scRNA-seq 
study suggest KIT inhibitors as a method of inhibiting such transitions75. 
Similarly, CDK4/6 inhibitors have been proposed to reverse the 
development of an immune resistance-associated cancer cell state in 
melanoma, supported by promising data from mouse models17.

Targeting state-specific vulnerabilities
Several studies have used cell lines or organoid models to demon-
strate differential drug sensitivity of co-existing cancer cell states 
originally identified in human tumour material. These studies pro-
vide proof-of-concept for differential targeting of specific cellular 
states as a therapeutic paradigm. For example, in vitro HNSCC cells 
in an epithelial senescence-associated state, defined by a 38-gene 
signature, were found to respond preferentially to EGFR inhibitors76. 
Consistent with this observation, the estimated abundance of epithelial 
senescence-associated cells in tumour samples was correlated with 
improved patient survival after treatment with EGFR inhibitors.

Another study involving patients with PDAC demonstrated that 
the basal cell state is less sensitive to standard-of-care chemotherapies, 
underscoring the need to develop novel approaches specifically for this 
subpopulation. To this end, organoid models were screened for drugs 
capable of targeting state-specific vulnerabilities. While the PDAC cells 
characterized by a classical-like RNA signature were more sensitive to 
chemotherapy and drugs targeting DNA damage repair, those with a 
basal-like signature were more sensitive to MAPK inhibitors. Investiga-
tors also found that exposing organoid models to TGFβ could induce the 
basal-like state, whereas TGFβ withdrawal resulted in reversion back to 
the classical state, which resensitized the cancer cells to chemotherapy 
and highlights the role of plasticity in drug responsiveness77.

Targeting immune cell states and interactions
Clinically relevant cellular states have been identified within the 
immune TME, particularly in macrophages and T cells. For example, 
the presence of specific C1Q+TREM2+APOE+ tumour-associated macro
phages has been correlated with post-surgery disease recurrence in 
patients with ccRCC78. Additionally, IL-1β+ tumour-associated macro
phages have been associated with EMT, with induction of a PGE2-
driven response, and poor clinical outcomes observed in patients 
with PDAC79. This association suggests that agents designed to inhibit 
IL-1β signalling could be effectively combined with COX2 inhibition. 
A pan-cancer analysis of tumour-infiltrating T cells revealed a spec-
trum of exhaustion states, in which terminal exhaustion, marked by 
high levels of ENTPD1 expression, is associated with poor survival out-
comes and responsiveness to ICIs80. This study uncovered two dis-
tinct developmental trajectories leading to T cell exhaustion — one 
through effector memory cells and another through tissue-resident 
memory cells — both of which are regulated by key transcription factors 
such as TOX and TCF7 (ref. 80). These findings support the idea that 
targeting specific exhaustion pathways could improve the outcomes 
of patients receiving ICIs.

Beyond defining cellular states, scRNA-seq can facilitate the 
investigation of receptor–ligand interactions (Fig. 2d). In this context, 
the TIGIT–PVR interaction has been identified as a clinically relevant 
immune checkpoint in several studies. TIGIT levels are often high in 
treatment-naive PDAC25 and serve as a major mechanism of inhibitory 

immune regulation of CD8+ T cell activity34. Interactions between 
TIGIT and PVR decrease in samples from patients who received chemo-
therapy, suggesting an important role in the TME and the promotion 
of resistance to established ICIs. Clinically, and unlike other immune 
checkpoints, a notable correlation exists between intratumoral CD8+ 
T cell TIGIT expression and that of peripheral CD8+ T cells, making 
TIGIT a potentially accessible predictive biomarker81. In line with these 
observations, several anti-TIGIT antibodies are currently being tested in 
patients with advanced-stage solid tumours in various clinical trials82.

Targeting niche-specific cellular adaptation
Similar therapeutic strategies to those targeting immune cells are being 
directed specifically at the metastatic niche. For example, cancer cells 
that had metastasized to the leptomeninges in lung cancer and breast 
cancer were profiled using scRNA-seq and found to upregulate the 
iron-binding protein LCN2 and its receptor, SLC22A17. This adaptation 
enables cancer cells to survive and proliferate in the nutrient-depleted 
cerebrospinal fluid by scavenging iron from macrophages83. In this 
model, administration of the iron chelator deferoxamine inhibits 
LCN2/SLC22A17-mediated iron uptake, thereby starving the cancer 
cells. Accordingly, intrathecal deferoxamine is now being tested as a 
therapeutic strategy in a phase I trial involving patients with advanced-
stage solid tumours with leptomeningeal metastases (NCT05184816)84. 
While the therapeutic possibilities raised by most scRNA-seq 
studies have not yet been translated into effective clinical interven-
tions, this is one example of a few approaches that are being tested in  
clinical trials.

Challenges in leveraging scRNA-seq for clinically 
relevant discoveries
Although scRNA-seq offers insights into cancer biology at a previously 
unprecedented level of resolution, several challenges hinder the ability 
of this technique to yield clinically relevant discoveries. These chal-
lenges span all of the major steps of scRNA-seq cancer studies, from 
sample acquisition to data generation, computational analysis and 
follow-up experiments (Fig. 3).

Sample acquisition
Ideally, most investigators seek to profile specific types of samples 
that address important clinical questions, such as metastatic versus 
matched primary tumours, on-treatment versus matched pretreatment 
samples, or samples obtained from exceptional responders. However, 
such clinical samples are often very difficult to obtain, especially as 
fresh samples (which must be processed within a few hours of resection) 
are required for many scRNA-seq protocols.

scRNA-seq studies have thus far largely focused on primary tumour 
samples from treatment-naive patients, and obtaining and profiling 
samples that would enable well-designed analyses of treatment effects 
or mechanisms of metastatic dissemination remains challenging. 
As the vast majority of scRNA-sequenced samples come from surger-
ies, patients with more disseminated disease, who are not eligible for 
surgery, are often underrepresented in scRNA-seq studies. Therefore, 
the insights from these studies are largely limited to patients with better 
prognoses. An additional group of underrepresented patients are those 
for whom the standard of care does not include surgery, for example, 
patients with locally advanced cervical cancer treated with definitive 
chemoradiation. Moreover, the complexity and costs of scRNA-seq 
(a typical experiment costs >1,000 USD per sample) have restricted 
most studies to small sample sizes. Hence, even for questions that 
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might be addressable by investigating primary untreated samples, the 
use of small cohorts has reduced the statistical power of many studies, 
making significant conclusions difficult (Fig. 3a).

Data generation
The process of tissue acquisition and preparation for scRNA-seq is 
complex, requiring several delicate steps. Even minor variations in 
these procedures — including the exact protocol that is used, the time 
from sample extraction (such as surgery) to dissociation, and even the 
laboratory and person performing each of the steps — can all substan-
tially affect the resulting data and generate ‘batch effects’. As a result, 
integrating scRNA-seq data from multiple sources becomes extremely 
difficult and any observed patterns might not reflect true biological 
phenomena, but could instead stem from technical artefacts. Various 
data integration approaches have been developed in an attempt to miti-
gate these issues, although these also have limitations. While designed 
to remove technical artefacts, these methods might unintentionally 
also remove important biological signals (Fig. 3b).

Computational analysis
The analysis and interpretation of tumour scRNA-seq data comes with 
several additional challenges. First, performing the analysis requires 
expertise in multiple fields, including computational analysis, statistics, 
biology and medicine. Successful research is therefore challenging 
and often requires collaboration among experts from different fields. 
Second, the resulting insights primarily reflect levels of RNA expression 
rather than the activity of the related proteins, which might reduce 
the functional relevance and therefore applicability of the results. 
Third, although scRNA-seq enables the dissection of tumour biology 
at an unprecedented level of detail, such characterization usually 
falls into the scope of basic research as it promotes our understand-
ing of the tumour ecosystem but might not lead to clinically relevant 
observations. Utilizing such information to develop better therapeutic 
strategies currently remains challenging (Fig. 3c).

Follow-up experiments
The results from scRNA-seq studies typically require follow-up func-
tional experiments involving model systems to validate the conclusions 
and assess whether the findings might be translated into clinical set-
tings. Although traditional model systems recapitulate many aspects 

of tumour biology, they often fail to recapitulate specific cellular states 
and/or cell–cell interactions, highlighting the difficulties in recapitulat-
ing the complex patterns and relationships observed in tumour samples 
obtained from patients. Moreover, even when distinct cellular states 
are indeed recapitulated in model systems, they tend to be subtle and 
dynamic, and are therefore often difficult to isolate (such as by flow 
cytometry) for subsequent experiments and drug screens (Fig. 3d).

Future directions
Spatial transcriptomics and proteomics
scRNA-seq provides a wealth of information on the transcriptional state 
of each individual cell, yet the exact location of cells is lost as tissues 
are dissociated and cells (or nuclei) are isolated. Multiple technolo-
gies, collectively termed spatial transcriptomics (as well as spatial pro-
teomics), enable the profiling of individual cells while retaining spatial 
information85. This added layer of spatial information reveals potential 
interactions and the organizational structure of cell types and states 
within tumours, which might have various important consequences. 
For example, the proximity of immune cells to malignant cells and the 
aggregation of immune cells into tertiary lymphoid structures might 
predict responsiveness to ICIs15,53. Another emerging advantage of spatial 
transcriptomics is the ability to profile (almost) all cells in the tissue, thus 
ameliorating the biased cell capture that often occurs with scRNA-seq. 
Given these and other advantages, spatial transcriptomics and prot-
eomics methods have seen rapid improvements and adoption and are 
projected to soon become widely used, possibly replacing scRNA-seq as 
the preferred single-cell tumour profiling technology. Although these 
techniques might not yet have immediate clinical applications, they pro-
vide a deeper understanding of the tumour ecosystem that will hopefully 
lead to clinically relevant discoveries (Supplementary Information).

Increased cohort sizes
Several developments are helping to overcome the challenges asso-
ciated with small patient cohorts from whom samples are collected, 
a limitation that has restricted the clinical potential of scRNA-seq 
studies. First, atlases such as The Curated Cancer Cell Atlas (3CA) 
compile and analyse scRNA-seq data from multiple studies, helping 
to standardize analyses and overcome the limitations of individual 
datasets. Second, technological advances have led to the ability to 
sequence single nuclei in formalin-fixed, paraffin-embedded tissues. 

Challenges encountered over the course of a typical scRNA-seq experiment
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Fig. 3 | Challenges encountered over the course of a typical scRNA-seq 
experiment. The challenges faced during single-cell RNA sequencing 
(scRNA-seq) experiments can be divided into four main categories. a, Sample 
acquisition. Fresh tissue samples, including on-treatment samples from patients 
with metastatic disease, and particularly from exceptional responders, are 
notoriously difficult to obtain. This difficulty precludes making important 
experimental comparisons that could provide clinically meaningful results. 
b, Data generation. Differences in sample handling and sequencing protocols 
can induce ‘batch effects’ — technical artefacts that might be mistaken for 

genuine biological differences, thus complicating the interpretation of 
results. c, Computational analysis. Proper analysis of scRNA-seq data requires 
a multidisciplinary skill set. Additionally, the applicability of the results can 
be limited, given that RNA expression does not always directly correspond to 
the expression or functional proteins. d, Follow-up experiments. Functional 
validation of findings from scRNA-seq is often limited by a lack of suitable models 
capable of accurately replicating the complexity of the TME. This complicates 
efforts to translate scRNA-seq insights into clinically actionable outcomes.
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Formalin-fixed, paraffin-embedded samples are more readily available 
and include extensive archives of valuable material, thus opening new 
opportunities for larger-scale studies and those involving rare sample 
types (such as matched primary and metastatic tumour samples)86. 
Third, multiple ongoing studies are profiling large cohorts of patients 
(>100 samples). The results of such studies will be published in the 
next few years for many common cancer types, potentially replac-
ing the TCGA bulk datasets with single-cell atlases that would serve 
as the foundational resources for a diverse range of future studies 
(Supplementary Information).

Embedding insights from scRNA-seq insights into  
clinical contexts
Looking forward, scRNA-seq results could improve clinical cancer care 
in several possible ways. One example is provided by cancer screening, 
in which single-cell profiling of nonmalignant and premalignant tissues 
could shed light on the earliest stages of oncogenesis. By identify-
ing molecular signatures associated with malignant transformation, 
scRNA-seq could support the development of more sensitive early 
detection strategies, particularly for high-risk patient populations. 
These assays could identify early changes in cellular behaviour that 
probably reflect or precede the development of cancer, helping clini-
cians make better-informed decisions on preventive interventions 
and/or closer monitoring.

Another promising application is in clinical trials, in which 
scRNA-seq of tumour material can provide valuable information. Clini-
cal trials incorporating scRNA-seq can offer greater insight into why 
treatments fail or succeed, allowing for targeted adjustments of the 
treatment approach. scRNA-seq could improve patient outcomes by 
enabling the identification of mechanisms of resistance and uncover-
ing new therapeutic targets or new biomarkers of response. Tumour 
profiling has thus far mostly focused on treatment-naive samples, 
therefore applying single-cell sequencing throughout the course of 
treatment could offer valuable insights into how tumours evolve in 
response to therapy. Patients can be stratified into responders and non-
responders based on their expression profiles, which could potentially 
guide the development of more personalized therapeutic strategies 
(Supplementary Information).

Conclusions
scRNA-seq has provided unprecedented insights into the transcrip-
tional landscapes of individual cells within tumours, uncovering 
the diversity of malignant and nonmalignant populations and their 
functional states. In this Review we have outlined the progress made 
towards four clinically relevant objectives: refining tumour subtyp-
ing, characterizing treatment-induced changes, identifying pre-
dictive biomarkers and uncovering novel therapeutic targets. The 
identification of transcriptional patterns associated with therapeutic 
resistance or response illustrates the potential of scRNA-seq to refine 
patient stratification and support treatment planning. Additionally, 
the ability of this technique to reveal treatment-induced changes and 
novel therapeutic vulnerabilities emphasizes its utility in guiding the 
development of novel combination therapies and advancing precision 
medicine approaches.

However, translating these insights into clinical practice remains 
challenging. The technical and logistical complexities of scRNA-seq, 
including the need for fresh or, more recently, high-quality archival 
samples, specialized expertise for data generation and analysis, and 
the costs associated with large-scale studies, limit its accessibility and 

scalability. Furthermore, batch effects and variability between stud-
ies hinder the integration of datasets, while the need for functional 
validation of findings has slowed the path towards clinical application. 
Despite these challenges, the findings presented in this Review under-
score the growing importance of scRNA-seq in bridging basic research 
and clinical applications, paving the way for improved diagnostic 
frameworks, therapeutic strategies and patient outcomes.
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