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Cancer has become one of the greatest threats to human health,
and new technologies are urgently needed to further clarify the
mechanisms of cancer so that better detection and treatment
strategies can be developed. At present, extensive genomic anal-
ysis and testing of clinical specimens shape the insights into
carcinoma. Nevertheless, carcinoma of humans is a complex
ecosystem of cells, including carcinoma cells and immunity-
related and stroma-related subsets, with accurate characteris-
tics obscured by extensive genome-related approaches. A
growing body of research shows that sequencing of single-cell
RNA (scRNA-seq) is emerging to be an effective way for dissect-
ing human tumor tissue at single-cell resolution, presenting
one prominent way for explaining carcinoma biology. This re-
view summarizes the research progress of scRNA-seq in the
field of tumors, focusing on the application of scRNA-seq in tu-
mor circulating cells, tumor stem cells, tumor drug resistance,
the tumor microenvironment, and so on, which provides a new
perspective for tumor research.
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INTRODUCTION
During the last three decades, carcinoma studies have largely discussed
somatic gene-centric mutations (so-called oncogenes) that target their
functional characteristics and biochemical activity.1,2 Thus far, multiple
targeted therapies have been approved to treat multiple tumors, and
more are in development or in early clinical trials. However, with the
extensive use of targeted therapies, common themes of treating relapse
and drug resistance have been proposed.3,4 Carcinoma refers to a selec-
tively proliferating, invasive somatic mutant phenotype. There is an
implicit concept that following the evolution path of carcinoma, genet-
ically complex groups of different individual carcinoma cells may
develop and interact in a dynamic manner with each other. Therefore,
studying this potential intratumoral genetic heterogeneity is of great
significance for the selection of anti-target treatment methods.

Indeed, as next-generation sequencing (NGS) technology is
emerging, sequencing of large amounts of DNA and RNA retrieved
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from carcinoma tissue can be conducted in depth, fine-grained
studies of intra-tumor genetic heterogeneity can be carried out, and
computational inferences of subclonality can be achieved.5,6 Howev-
er, as impacted by practical and technical limitations, deep
sequencing alone is insufficient to fully explore the genomic and tran-
scriptomic heterogeneity of carcinoma. Individual cells are the basic
substrates for the mechanisms of mutation and selection at work to
evolve complex structures known as tumor blocks. For this reason,
gaining insights into individual carcinoma cells under the individual
condition and, overall, into dynamically related systems of interaction
(carcinoma microenvironment) will indeed further clarify therapy-
related resistance and biology of tumors generally.

The quickly advancingmethod of single-cell RNA sequencing (scRNA-
seq), by exhibiting its ability for characterizing the epigenome, tran-
scriptome, and genome of one individual cell, profoundly presents
insights into genetics and tumor biology, and it will enable us to under-
stand the changes in the various stages of tumor progression to
advanced metastatic disease.7,8 In addition, the clinical application of
scRNA-seqmay profoundly alter the way we treat carcinoma.Much in-
formation has been gathered using the mentioned techniques, and,
although numerous difficulties still exist, it is considered that the capac-
ity exhibited by scRNA-seq will continuously drive innovation and
r Therapy: Oncolytics Vol. 21 June 2021 ª 2021 The Author(s). 183
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omto.2021.04.001
mailto:caohongy6167@163.com
mailto:1243773473twww@sina.com
mailto:drsunyb@fudan.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omto.2021.04.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Experiment-related workflow of single-cell RNA sequencing

(scRNA-seq) techniques
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yield methods to solve current issues that profoundly increase our un-
derstanding of the disease. In this review, we discuss the topic of
scRNA-seq in the carcinoma field and highlight the use of emerging
scRNA-seq approaches to circulating tumor cells (CTCs), tumor
drug resistance, and the tumor microenvironment (TME).

WHAT IS scRNA-SEQ?
RNA sequencing (either cell collections or individual cells) is one effec-
tive approach to investigate gene expressing modes, involving the
reverse transcribing of RNA to cDNA, followed by DNA sequencing
under significant throughput. Genes exhibiting a significant expression
state in the sample generate greater amounts of DNA sequence read-
ings, cDNA and RNA, as opposed to those with a lower expressing
state. For this reason, RNA sequencing presents a digital gene express-
ing state reading, of which DNA sequence readings have a number
abiding by the expressing level of one gene inside the sample. The
scRNA-seq idea is consistent with thatmentioned, although an individ-
ual cell should first receive the isolation because of its tiny RNA con-
tent, which requires an effective amplifying procedure for producing
enough cDNA as an attempt to sequence protein. Under conventional
RNA sequencing, the more considerable amount of reads on the
sequence of DNA of one gene represents the greater expressing state
of such a gene in the cell.9–11 It is noteworthy that the current
scRNA-seq approach can determine the expression levels of all genes.

EXPERIMENT-RELATED WORKFLOW OF scRNA-SEQ
TECHNIQUES
In summary, existing scRNA-seq technologies overall have a gen-
eral workflow as follows: a sample preparing process, an individual
184 Molecular Therapy: Oncolytics Vol. 21 June 2021
cell capturing process, a reverse transcribing process, an ampli-
fying process, a library preparing process, and a sequencing and
analyzing process (Figure 1).12 The sample preparing process is
critical for producing reliable individual-cell transcriptome infor-
mation. A key step in the sample preparation process, especially
in terms of dense tissue and three-dimensional-like organ models,
refers to individual-cell dissociation, usually done based on enzy-
matic conditions with mild mechanical agitation for limiting noise
in background and extreme cell lysis. Moreover, proteolytic en-
zymes (e.g., trypsin, collagenase, and free enzymes) and digestion
times are required to be rigorously selected for maximizing indi-
vidual cell production and minimizing apoptosis. If a cell received
full dissociation, it can receive the isolation to an individual cell by
drawing upon various cell capturing technologies (e.g., the plate-
related cell isolating process to droplet-based methods). Maintain-
ing large numbers of isolated living cells shows critical significance
for improving data quality. In addition, the approach of cell
capturing commonly depends on the target sample nature. Com-
mon single-cell separation technologies include limiting dilution,
micromanipulation, flow-activated cell sorting (FACS), and laser
capture microdissection. Limiting dilution is done with pipette
dilution to isolate individual cells. When using this method, usu-
ally when the concentration is diluted to 0.5 cells per aliquot,
one can only complete about one third of the preparation wells,
so this method is not very effective. Micromanipulation is a classic
method of extracting cells from early embryos or uncultured mi-
croorganisms.13,14 Microscopically guided capillary straws have
been used to extract individual cells from suspensions. However,
these methods are time-consuming and have a low throughput.
Therefore, this method is not often used. Recently, FACS has
been a commonly used technology to isolate a high purity of single
cells. When the target cells express very low levels of markers,
FACS is also the preferred method. In this way, the cells are first
labeled with fluorescent monoclonal antibodies. These antibodies
have an ability to identify specific surface markings and are able
to classify different groups. In addition, negative selection can be
used for unstained populations. In this case, based on the predeter-
mined fluorescence parameters, an electric charge is applied to the
cell of interest using an electrostatic deflection system, and the cell
is magnetically isolated.15 The potential limitations of these tech-
niques include the need for a large initial amount of cells (it is
difficult to isolate cells from a low input of less than 10,000) and
the need for monoclonal antibodies against the target protein of
interest. For laser capture microdissection, cells are isolated from
solid samples using a laser system assisted by a computer system.16

When successfully captured, a single cell is cleaved and treated to
produce a first strand of cDNA by the reverse transcribing process,
with a second strand synthesizing process and a PCR amplifying
process conducted subsequently. When PCR amplifying and li-
brary preparing processes are conducted, the samples are
sequenced. The data from sequencing are then analyzed, rather
than simply quantitative analysis of the gene expressing state, for
including deep studies on cellular heterogeneity, pedigree transfor-
mation, and relationships between cells.12,17,18
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Figure 2. Advances of individual-cell RNA sequencing

in carcinoma
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ADVANCES OF INDIVIDUAL-CELL RNA SEQUENCING
IN CARCINOMA
Individual-cell gene expressing profiling has quickly turned out to be
one of the normal analysis-related techniques. It has received exten-
sive studies in numerous subjects. Herein, this technique’s use in car-
cinoma is largely discussed (Figure 2). We comprehensively reviewed
the application of single-cell sequencing in cancer and found that this
technique mainly plays an important role in the aspects of CTCs, car-
cinoma stem cells (CSCs), the TME, and tumor drug resistance, so we
review previous research mainly around these four aspects.
scRNA-seq and CTCs

CTCs receive detection in most epithelial carcinomas and stand for
carcinoma cells that have been obtained when passing via the blood-
stream.19–21 Such detection is currently thought to be key in medi-
ating blood-borne transmission of carcinoma, whereas CTCs may
not be easy to detect in the analysis of primary or metastatic tumor
populations. The elements that cause primary tumors to produce
CTCs are unknown, including parts of the carcinoma cells that are in-
jected in an active manner in the bloodstream intravenously and
those that are passively shed due to damage to the tumor’s vascular
system. Compared with ordinary cells in the blood, CTC is extremely
rare. There are fewer CTCs that can cause distant metastasis, which
indicates that a large number of CTCs die in the blood, and only a
Molec
small part is related to metastasis. However,
emerging scRNA-seq brings new hope for CTC
detection. We summarize the applications of
scRNA-seq techniques in CTC-related aspects
to date and present them in Table 1.

Aceto et al.22 used in vivo flow cytometry and
scRNA-seq for studying CTCs in cases subjected
to metastatic breast carcinoma (BC) and inside
mouse tumor systems. They found that in mouse
models, oligonucleotides from primary tumor
cells take up one rare but significantly metastatic
subset of CTCs in comparison with an individual
circulating BC cell. scRNA-seq of the human
breast CTC cluster determined that plakoglobin
is the critical medium of aggregation of tumor
cells, showing the expression inside one heteroge-
neous mode in the primary tumor. The expres-
sion inhibition of plakoglobin in a mouse model
inhibited the forming process of CTC clusters
and reduced transfer diffusion. In cases subjected
to BC, according to the process to match CTC
clusters inside one individual blood sample and
individual-CTC resolution RNA sequencing, the
cell-linking component plakoglobin exhibited high differential
expression. For this reason, CTC clusters cover primary tumor cells’
multicellular clusters, which bind jointly by exploiting intercellular
globin adhesion, significantly facilitating metastasis and carcinoma
spread.22 Subsequently, some research has suggested scRNA-seq
application in detecting CTCs. Miyamoto et al.35 established
scRNA-seq profiles of 77 intact CTCs isolated from 13 patients by us-
ing microfluidic enrichment. Single CTCs from each individual
display considerable heterogeneity, including expression of androgen
receptor (AR) gene mutations and splicing variants. According to the
retrospective study on CTCs from cases advancing through the treat-
ing process exploiting one AR inhibiting element, as opposed to un-
treated cases, activation of noncanonical Wnt signaling is indicated.
The ectopic expressing state exhibited by Wnt5a in prostate carci-
noma cells downregulates the antiproliferation-related influence ex-
erted by the AR inhibiting process, while its suppressing process in
drug-resistant cells recovers partial sensitivity, a correlation also
evident in an established mouse model. For this reason, the single-
cell analyzing process on prostate CTCs suggests heterogeneity in
signaling channels capable of causing treatment failure.35 In addition,
Szczerba et al.24 isolated and characterized individual CTC-associated
white blood cells (WBCs), as well as corresponding carcinoma cells in
the respective CTC-WBC cluster, from cases with BC and from
mouse models. scRNA-seq was used for indicating a relationship of
CTCs to neutrophils in most of the mentioned cases. Under the
ular Therapy: Oncolytics Vol. 21 June 2021 185
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Table 1. Application of scRNA-seq in CTCs

Tumor Application of scRNA-seq Research achievement Reference

Breast cancer

scRNA-seq was performed on the CTC clusters
and on the individual CTCs in breast cancer
patients and the date was matched in a single blood
sample

in mouse models, albumin knockout eliminated
the formation of CTC clusters and inhibited lung
metastasis; in breast cancer patients, both the
abundance of CTC clusters and the elevation of
tumor protein levels predict adverse outcomes

22

Breast cancer

scRNA-seq of CTCs isolated from blood samples
of patients with metastatic estrogen receptor (ER)+

breast cancer was performed to compare the
progression of bone and internal organs

the cellular pathway activated by CTCs includes
the androgen receptor (AR) signal pathway;
expression of the AR gene and its structural active
splicing variants AR-V7 increased significantly

23

Breast cancer

individual CTC-associated WBCs and
corresponding cancer cells in each CTC-WBC
cluster were isolated and identified from breast
cancer patients and mouse models and scRNA-seq
was carried out

the association between neutrophils and CTCs
promotes development of the cell cycle in the
bloodstream and expands the metastatic potential
of CTCs

24

Breast cancer
Hydro-Seq, a scalable fluid dynamic scRNA-seq
bar code technology, was used on 666 CTC
samples taken from 21 breast cancer patients

drug therapy targets for breast cancer were
identified and individual cells expressing tumor
stem cell (CSCs) and epithelial/mesenchymal cell
state transition markers were tracked;
transcriptome analysis of these cells provides
insight into the targeted therapy and process of
tumor metastasis

25

Breast cancer
scRNA-seq was used to extract CTCs from
concentrated CTCs and carryover PBMCs

transcriptome analysis identified two types of
CTC, one rich in estrogen reactivity and increased
proliferation, and the other rich in decreased
proliferation and EMT; immune avoidance was
enhanced in the CTC population with EMT
characteristics

26

Pancreatic cancer

single CTCs were isolated by epitope-independent
microfluidic capture in a mouse model of
pancreatic cancer and then scRNA-seq was
performed

both mouse and human pancreas CTCs highly
express interstitial-derived extracellular matrix
(ECM) protein, including SPARC, and knockout
in cancer cells can inhibit cell migration and
invasion

27

Pancreatic cancer

a mouse model of xenotransplantation from highly
metastatic pancreatic ductal adenocarcinoma
(PDAC) patients was established and scRNA-seq
was performed on circulating tumor cells isolated
from human histocompatibility leukocyte antigen
(HLA)

isolated CTCs are highly tumorigenic and have the
potential of metastasis; the expression profile of a
CTC is different from that of the matched primary
and metastatic tumors, and it is characterized by
low expression of genes related to cell cycle and
extracellular matrix

28

Hepatocellular carcinoma

a sequential combination of image flow cytometry
and high-density scRNA-seq was described for the
identification of CTCs in hepatocellular carcinoma
(HCC) patients

the genome-wide expression profile of CTCs using
this method shows heterogeneity of CTCs and
helps to detect known oncogenic drivers of HCC,
such as IGF2

29

Vesicular rhabdomyosarcoma
scRNA-seq was performed on the CTCs from a
child with vesicular rhabdomyosarcoma

CTCs are easily detected at diagnosis, and their
levels decrease with the success of treatment and
can be detected in the blood of patients without
radiological evidence of dominant metastasis

30

Multiple myeloma

single CTC RNA sequencing was used for
classification of multiple myeloma (MM) and
quantitative evaluation of genes related to
prognosis

CTCs provide the same genetic information as
bone marrow multiple myeloma cells, and in some
cases are even more sensitive than bone marrow
biopsy to reveal mutations

31

Prostate cancer

single CTCs isolated from the blood of patients
with metastatic prostate cancer and single prostate
cancer cell line LNCaP cells added to the blood of
healthy donors were analyzed by mRNA
sequencing

the CTC RNA of patients with prostate cancer
showed obvious signs of degradation, and the
transcriptional characteristics of prostate cancer
tissues could be easily detected by a single-CTC
RNA sequencing

32

–
the single-cell expression profiles of publicly
available circulating tumor cells were collated

CTCs that span cancer exist in an almost perfect
continuum of EMT; comprehensive analysis of
CTC transcripts also highlighted the reverse gene

33

(Continued on next page)
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Table 1. Continued

Tumor Application of scRNA-seq Research achievement Reference

expression patterns between PD-L1 and major
histocompatibility complex (MHC), which are
associated with cancer immunotherapy

–

longitudinal isolated CTCs from animals treated
with the BET inhibitor JQ1 for more than 4 days
were analyzed by scRNA-seq

the details of the evolution of CTCs over time are
revealed, which prove the change of CTCs as a
biomarker of drug response and are helpful for
future research to understand the role of CTCs in
metastasis

34
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comparative process of the transcriptome profiles of CTCs displaying
an association with neutrophils against those of CTCs independently,
they found several genes with differential expression, outlining cell
cycle progression and accelerating metastasis.24 Interestingly, Cheng
et al.25 developed Hydro-Seq, a technique for scalable hydrodynamic
scRNA-seq barcoding as an attempt to conduct CTC analysis with
large throughput. The high cell-capture efficiency and contamination
removal capability of Hydro-Seq successfully carried out scRNA-seq
of 666 CTCs from 21 BC patient samples under significant
throughput. A transcriptome study related to these cells clarified
the process to monitor target therapeutic methods and procedures
for the tumor metastatic process.25 For the above-mentioned reason,
the popularity of scRNA-seq makes CTC detection more accurate
than before.

scRNA-seq and CSCs

CSCs (i.e., tumor-initiating cells) refer to one function-related cellular
heterogeneity source in tumors. Given the CSC system, CSCs reach
the top function-related cellular hierarchy, acting as cells’ subdi-
vided-population, contributing to the tumor-initiating process and
to continuing tumorigenesis, whereas non-CSC populations exhibit
no tumorigenicity. It is noteworthy that CSCs are responsible for a
therapeutically related resisting property and a tumor-relapsing pro-
cess.36–38 As a new and powerful tool for cancer research, single-cell
sequencing technology also has many applications in CSC-related
research fields. We review and summarize the related studies and pre-
sent them in Table 2. It is extensively documented that BC metastasis
is caused by cells receiving epithelial-to-mesenchymal-transition
(EMT) and CSCs. With the use of one microfluidic tool enriching
migration-related BC cells and exhibiting an enhanced capacity for
a tumor-forming process and metastatic process, based on high-
throughput scRNA-seq, Chen et al.67 found genes with differential
expression inside migration-related cells. Migratory cells exhibited
overall signatures of the EMT and CSCs with variable expression of
marker genes, and they retained expression profiles of the EMT
over time. Based on single-cell resolution, they reported intermediate
EMT states and significant epithelial and mesenchymal sub-popula-
tions of migration cells, demonstrating that BC cells can migrate
rapidly while retaining an epithelial state.67 Since there are few breast
CSCs (BCSCs), performing transcriptome sequencing on them has
thus far been difficult to achieve. With the emergence of scRNA-
seq, Lei et al.68 carried out a relevant study. They prepared single-
cell suspensions, which were sorted using flow cytometry from breast
tumor tissue and adjacent normal breast tissue from two HER2-pos-
itive patients. They acquired CD44 mammary cells, mammary cells,
BC cells, as well as BCSCs. Based on bioinformatics, 404 BCSC genes
with differential expression were found according to the HER2-posi-
tive tumors and preliminary explored transcriptome characteristics of
BCSCs. Lastly, based on public database querying, CA12 was reported
as one novel prognosis biomarking element in HER2-positive BC,
showing prognosis significance for all BC types.68 Moreover, Zhao
et al.49 conducted scRNA-seq on a chromosomally unstable glioblas-
toma CSC line as well as one control normal, diploid neural stem cell
(NSC) line for delving into the effect of copy number variations
(CNVs) as impacted by chromosomal instability (CIN) on gene
expression. From the gene expression data, they computationally in-
ferred great-scale CNVs in individual cells. As proven by the results,
CIN contributes to gene expression variations in a direct manner, as
well as both genetic and transcription-related heterogeneity of glio-
blastoma CSCs. It is noteworthy that one gene signature originating
according to the subset of genes with buffered expression against
copy number variations displays an association to tumor grade and
exhibits prognosis significance to case survival, capable of facilitating
case diagnosis and treatment processes.49

scRNA-seq and tumor resistance

Tumor drug resistance refers to one enduring topic, and scRNA-seq
progress has led to the creation of effective tools for solving the prob-
lem of drug resistance. So far, many studies have used single-cell
sequencing techniques to explore the problems in the field of tumor
drug resistance, which we discuss in Table 3. Kim et al.69 used sin-
gle-cell DNA and RNA sequencing in addition to bulk exome
sequencing to profile longitudinal samples according to 20 triple-
negative BC (TNBC) patients during neoadjuvant chemotherapy
(NAC). Deep-exome sequencing identified 10 patients in which
NAC led to clonal extinction and 10 patients in which clones persisted
after treatment. In eight patients, they performed a more detailed
study based on single-cell DNA sequencing for analyzing 900 cells
and individual-cell RNA sequencing for the investigation of 6,862
cells. Their data showed that resistant genotypes were pre-existing
and adaptively selected by NAC, while transcription-related profiles
were acquired by reprogramming in response to chemotherapy in
TNBC patients.93 Kim et al.100 isolated 34 patient-derived xenograft
(PDX) tumor cells from a lung adenocarcinoma patient tumor
Molecular Therapy: Oncolytics Vol. 21 June 2021 187
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Table 2. The application of scRNA-seq in cancer stem cells

Tumor Application of scRNA-seq Research achievement Reference

Breast cancer

an efficient cell state enriched for an independent
breast stem cell expression module was revealed by
using unlabeled algorithm from scRNA-seq data of
human breast epithelial cells

in basal breast cancer, bipotent stem cell-like status
is associated with clinical outcomes and is
characterized by overexpression of YBX1 and
ENO1, which regulate the risk of basal breast
cancer

39

Breast cancer
the cells with different CSC attributes in breast
cancer cell line MDA-MB-231 were enriched and
scRNA-seq was carried out

fourteen significantly upregulated genes were
found in a CSC population; some of these potential
breast CSC markers are associated with reported
stem cell characteristics and clinical survival data

40

Breast cancer
cell distribution during the whole development
stage of the normal mammary gland was
quantitatively determined by single cells

the results highlight the phenotypic plasticity of
normal breast stem cells and provide insights into
the relationship between hybrid cell populations,
dryness, and cancer

41

Breast cancer
significant advances in scRNA-seq have been used
to solve the heterogeneity of breast epithelial cells

the existence of a population of breast epithelial
stem cells can mediate breast development and
homeostasis; the rigid boundaries of separated
stem cells, progenitor cells, and differentiated
epithelial cell populations are deconstructed

42

Triple-negative breast cancer
full-length scRNA-seq of the triple-negative breast
cancer (TNBC) cell line SUM149 was carried out
on the Polaris platform of Fluidigm

three cell populations expressing stem cell types
were identified, including epithelial-mesenchymal
transformed cancer stem cells, mesenchymal-
epithelial transformed stem cells, and double
epithelial-mesenchymal transformed stem cells

43

Breast cancer scRNA-seq was performed on breast cancer

CK5+ cells are rich in characteristics of cancer stem
cells; CK5 actively reshapes cell morphology, and
blocking CK5-catenin interaction may reverse the
harmful characteristics of CK5+ breast cancer cells

44

Breast cancer

DNA sequencing of parental tumor cells and
successive generation spheres derived from breast
cancer stem cells (BCSCs) as well as the frequency
of increasing sequences were performed at the
single-cell level

there was a significant difference in the
transcriptional group of cancer cells at the single-
cell level of BCSCs; breast cancer patients with a
high risk of recurrence showed higher expression
levels of BCSC markers than did breast cancer
patients with a low risk of recurrence

45

Glioblastoma
scRNA-seq was performed on 53,586 adult
glioblastoma cells and 22,637 normal human fetal
brain cells

a conservative glial ancestor-like cell was found in
the center of the neural tertiary cancer level; this
progenitor cell group contains most of the
circulating cells of cancer cells and often is the
initiator of other cell types

46

Glioblastoma

pseudo-transient sequencing of a single tumor cell
reconstructed the branching trajectory and
validated the results in the glioblastoma
multiforme (GBM) independent single-cell dataset

the pathway of gradual transformation of GSCs
into invasive cells is determined, which is called the
“stem cell-invasive pathway”

47

Glioblastoma

the surgical specimens of seven patients with
malignant gliomas and the single-cell sequencing
data of glioma stem cells (GSCs) co-cultured with
peripheral blood leukocytes were used for analysis

astrocytes in glioblastoma are mainly derived from
differentiated GSCs, while oligodendrocytes are
mainly derived from different precursor cells; the
immune checkpoint interaction between GSCs
and immune cells changes from stimulation to
inhibition

48

Glioblastoma
scRNA-seq was performed on a glioblastoma stem
cell line with chromosome instability and a normal
diploid neural stem cell line

in chromosomal unstable CSCs, the proportion of
gene expression in large genomic regions is
proportional to the copy number of the whole
chromosome; the difference in the expression of
most genes between normal neural stem cells and
glioblastoma CSCs is largely caused by the change
of copy number

49

Hepatocellular carcinoma
scRNA-seq analysis of mouse PROM1+ cells
revealed the transcriptional structure of ductular
reaction progenitors (DRPs) and tumor-initiating

PROM1 is one of the few clinically related
progenitor cell markers in human alcoholic
hepatitis (AH), HCC, and mouse liver TICs

50

(Continued on next page)
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Table 2. Continued

Tumor Application of scRNA-seq Research achievement Reference

stem cell-like cells (TICs) as duct reaction
progenitor cells

Hepatocellular carcinoma

scRNA-seq was used to dissect the heterogeneity
within the tumor, and the landscape of the single-
cell transcriptome was analyzed to detect
meaningful rare cell subsets

EPCAM+ cells upregulated the expression of a
variety of oncogenes and CD24+/CD44+-enriched
cell subsets with specific signature genes,
indicating that there is a new stem cell-related cell
subclone in HCC; knocking down the marker gene
CTSE of CD24+/CD44+ cells significantly reduced
the self-renewal ability of HCC cells in vitro, and
further confirmed the stem cell-related role of
CTSE in tumorigenicity in nude mice

51

Gastric cancer

scRNA-seq was used to construct a map of 32,332
high-quality cells from antral mucosal biopsies of
patients with pregastric malignancy and an early
gastric cancer cascade

during metaplasia, glandular mucinous cells tend
to acquire an enter-like stem cell phenotype

52

Chronic myeloid leukemia

high-sensitive mutation detection combined with
single-cell full transcriptome analysis was used to
analyze more than 2,000 stem cells in patients with
chronic myeloid leukemia (CML) during the
whole course of the disease

this single-cell method is used to identify the
explosion crisis-specific stem cell population,
which also exists in the subcloning of CML stem
cells in the chronic phase of patients with
subsequent explosion crisis

53

Squamous cell carcinoma
scRNA-seq and cell line tracing were applied to a
skin cancer model of squamous cell carcinoma
(SCC)

after binding to cytotoxic T lymphocyte antigen-4
(CTLA4), tumor-initiating stem cells (TSCs)
expressing CD80 directly inhibited the activity of
cytotoxic T cells; after CTLA4 or transforming
growth factor (TGF)-blocking immunotherapy or
CD80 ablation, TSCs becomes vulnerable and
reduces tumor recurrence after adoptive cytotoxic
T cell transfer (ACT) treatment

54

Pancreatic cancer

the whole-genome expression profiles of CTCs and
matched primary tumors were compared in a
mouse pancreatic cancer model; single CTCs were
isolated using epitope-independent microfluidic
capture and then using scRNA-seq

CTCs aggregate separately from primary tumor
and tumor-derived cell lines, showing low
proliferation markers, Aldh1a2 enrichment of
stem cell-related genes, biphenotypic expression of
epithelial and mesenchymal markers, Igfbp5
expression, and gene transcription enriched at the
epithelial-matrix interface

27

Intestinal neoplasms
scRNA-seq analysis was used to characterize the
heterogeneity of intestinal mesenchymal cells

the mechanism of paracrine regulation of tumor
initiation stem cells by fibroblasts expressing Ptgs2
in pericytes through the PGE2-Ptger4-Yap signal
axis was shown

55

Lung cancer
scRNA-seq data of 11,485 lung cancer cells were
retrieved from the Gene Expression Omnibus for
classification and analysis

fourteen cell types were gathered; among them,
CD4+ T cells, B cells, plasma cells, natural killer
(NK) cells, and tumor stem cells were in the top
five

56

Chronic myelomonocytic leukemia

scRNA-seq of 6,826 Lin�CD34+ CD38 stem cells
from chronic myelomonocytic leukemia (CMML)
patients and healthy controls using droplet-based,
ultra-high-throughput 10X platform

the transcriptome of CMML stem cells is
characterized by increased expression of myeloid
and cell cycle genes; CMML-1 and CMML-2 stem
cells are different in transcriptome and pseudo-
time; CMML patients have different sizes of
normal transcriptional stem cell subsets

57

Renal cell carcinoma
Two sets of primary and metastatic (15,208) cells
collected from renal tubular renal carcinoma were
analyzed by scRNA-seq

1,068 CSC populations were identified; these CSCs
are located at the center of the differentiation
process, transform into collecting duct renal cell
carcinoma (CDRCC) primary cells and metastatic
cells in space and time sequences, and play a key
role in promoting bone destruction in the bone
metastasis microenvironment, showing a positive
feedback cycle

58

(Continued on next page)
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Table 2. Continued

Tumor Application of scRNA-seq Research achievement Reference

Central nervous system atypical teratoid/rhabdoid
tumors

scRNA-seq data of atypical teratoid/rhabdoid
tumor (ATRT)-06 globules processed by 4SC-202
were analyzed

there is a decrease in the number of cells
overexpressing stem cell-related genes, including
SOX2; 4SC-202 has cytotoxicity and cell inhibition
to ATRTs

59

Medulloblastoma
the medulloblastoma was lineage tracked and
single-cell analysis was performed

Sox2+ cells belong to the Atoh1+ lineage, are widely
involved in adult granular neurons, and are similar
to Sox2+ tumor cells; the constitutive activation of
the sonic hedgehog (SHH) pathway leads to their
abnormal persistence in the external germinal
layer (EGL) and rapid tumor onset

60

–

scRNA-seq was used to define the classification of
mouse bone marrow stromal cells and malignant
tumor interference

individual populations in stem cell niches that
regulate hematopoietic regeneration can cause
leukemia; tissue stroma responds to malignant
cells by damaging normal parenchymal cells

61

–

a single-cell transcriptome was used to study the
divergent mode of chemotherapy resistance of
tumor cells

tumor evolution may be driven by epigenetic
plasticity mediated by stem cell transformation

62

–
scRNA-seq of airway epithelial cells was
performed

the deletion of p53 changes the differences of
molecular phenotype and cell cycle regulatory
genes of progenitor cells

63

–
dynamic scRNA-seq of mouse tissue tumor
granules blocked by PD-1 was carried out

these cells express Snai1 and stem cell antigen-1
(Sca-1) and show mixed epithelial-mesenchymal
characteristics in a stem cell-like state

64

–

the transcriptional changes at single-cell resolution
after KRAS activation in different groups of
samples were compared

alveolar epithelial progenitor cells expressing
carcinogenic KRAS decreased the expression of
genes recognized by mature lineages

65

–
scRNA-seq analysis was performed on human
preimplantation embryos

the awakening of scarce regulatory stemness
networks in differentiated cells is related to the
development of different spectra of genomic
aberrations in many types of clinically fatal
malignant tumors, which leads to the emergence of
drug-resistant cancer phenotypes

66
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xenograft. Individual tumor cells were subjected to scRNA-seq for
gene expression profiling and expressed mutation profiling. Fifty tu-
mor-specific single-nucleotide variations, including KRAS, were
observed to be heterogeneous in individual PDX cells. Semi-super-
vised clustering, based on KRAS mutant expression and a risk score
representing expression of 69 lung adenocarcinoma-prognostic
genes, classified PDX cells into four groups. These results suggest
that scRNA-seq on viable PDX cells identified a candidate tumor
cell subgroup associated with anti-carcinoma drug resistance. For
the mentioned reason, scRNA-seq refers to one effective method of
finding special tumor cell-particular gene expression profiles that
could facilitate the development of optimized clinical anti-carcinoma
strategies.100

The property of resisting oncogene-targeted therapies consists of
discrete drug-tolerant persister cells, initially reported by in vitro as-
says. Sehgal et al.64 performed dynamic scRNA-seq of murine orga-
notypic tumor spheroids undergoing PD-1 blockade and identified
a discrete sub-population of immunotherapy persister cells (IPCs)
that resisted CD8 T cell-mediated killing. The mentioned cells
showed the expression of Snai1 and stem cell antigen-1 (Sca-1), while
exhibiting hybrid epithelial-mesenchymal characteristics pertaining
190 Molecular Therapy: Oncolytics Vol. 21 June 2021
to one state similar to stem cells. IPCs received the expansion via
interleukin (IL)-6, whereas they exhibited vulnerability to tumor ne-
crosis factor (TNF)-a-triggered cytotoxicity, by drawing upon Birc3
and Birc2 to be the surviving element. The process of integrating
PD-1 blockade to Birc2/3 antagonism in mice led to the reduction
of IPCs and the enhancement of tumor cell killing in vivo, thereby
leading to durable responsiveness matching TNF cytotoxicity thresh-
olds in vitro.101 Indeed, the present report is one of those studying
PD-1 resistance based on scRNA-seq. Wu et al.102 surveyed the pro-
files of various populations of T cells and T cell receptors (TCRs) in
tumors, normal adjacent tissue, and peripheral blood by performing
deep scRNA-seq. They found clear evidence of clonotypic expansion
of effector-like T cells not only within the tumor but also in normal
adjacent tissue. Patients with gene signatures of such clonotypic
expansion respond best to anti-PDL1 therapy. It is noteworthy that
clonotypes with expansion identified in the tumor and common
nearby tissue are also capable of receiving typical detection in periph-
eral blood, indicating one convenient method regarding the patient-
identifying process. According to the processes of analyzing their in-
formation as well as a number of external datasets, intratumoral
T cells, particularly in responsive cases, are supplemented again
with fresh, non-exhausted replacement cells from sites out of the

http://www.moleculartherapy.org
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Tumor Application of scRNA-seq Research achievement Reference

Triple-negative breast cancer

scRNA-seq and exome sequencing
were used to analyze longitudinal
samples of 20 TNBC patients
undergoing neoadjuvant
chemotherapy

the chemotherapy-resistant genotype of TNBC is
preexisting and adaptively selected by NAC, while
the transcription profile of TNBC patients after
chemotherapy is obtained by reprogramming

69

Triple-negative breast cancer
scRNA-seq was performed on >1,500
cells of six major TNBCs

different malignant cell subsets shared by multiple
tumors were identified, including a subgroup
associated with multiple therapeutic drug
resistance, characterized by the activation of
glucose and lipid metabolism and related innate
immune pathways

70

Breast cancers

the contribution of genetic diversity
and transcriptional plasticity in early
and late endocrine therapy (ET) at
single-cell resolution was analyzed

a rare pre-adapted (PA) cell subset undergoes
further transcriptional recombination and copy
number changes to achieve complete resistance; a
multi-stage development model of ET resistance
was proposed

71

Breast cancer

scRNA-seq, cell barcoding, and
mathematical modeling have been
used to study endocrine resistance in
breast cancer

endocrine resistance is due to the selection of cells
with existing genetic differences, while the
resistance of KDM5 inhibitors is acquired;
phenotypic heterogeneity is associated with drug
resistance, and KDM5A/B is a key regulator of this
process

72

Breast cancer

cells were enriched with different
degrees of CSC properties in breast
cancer cell line MDA-MB-231, and
scRNA-seq was performed

fourteen significantly upregulated genes were
found in the CSC population, which is very
important for the study of metastasis and
treatment of drug resistance

40

Breast cancer
scRNA-seq was used to map the
entire ER+ breast cancer
microenvironment

a new subgroup of CD63+ carcinoma-associated
fibroblasts (CAFs) is revealed to induce breast
cancer resistance to tamoxifen through exosome
Mir-22, suggesting that CD63+ CAFs may be a new
therapeutic target for improving tamoxifen
sensitivity

73

Breast cancer

scRNA-seq analysis was used on
samples from patients with
progressive ER+ metastatic breast
cancer

histone deacetylase (HDAC) inhibition can block
chemotherapy-induced drug resistance
phenotypes in refractory breast cancer cells
through a “one-two punch” strategy

74

Breast cancer

scRNA-seq of CTCs isolated from
blood samples of patients with
metastatic ER+ breast cancer was
performed to compare the
progression of bone and internal
organs

the expression of AR in tumor cells was related to
the treatment time of aromatase inhibitors,
suggesting that it was related to resistance to
acquired endocrine therapy

23

Breast cancer

the large-volume scRNA-seq
technique was used to track the
evolution of genetic and phenotypic
subclones of four kinds of breast
cancer in order to better understand
how breast cancer develops drug
resistance

after treatment, the tumor acquired a malignant
phenotype, including enhancedmatrix and growth
factor signals, which may promote drug resistance

75

Breast cancer scRNA-seq was used in breast cancer

the results underscore the need to consider
lineage-specific tumor-propagating cells (TPCs)
and grade composition of breast tumors, as these
heterogeneous subsets may have different
treatment sensitivities

76

Breast cancer

scRNA-seq was performed on
invasive ductal breast carcinoma
(IDC) and invasive lobular breast
carcinoma (ILC) cell lines and a
group of CRISPR-Cas9-mediated E-

remodeling of the transcriptional membrane
system is similar to that of ILCs in the activation of
regulatory factors, and it increases the sensitivity to
interferon (IFN)-H-mediated growth inhibition by
activating IRF1

77

(Continued on next page)
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Table 3. Continued

Tumor Application of scRNA-seq Research achievement Reference

cadherin gene knockout IDC cell lines
(T47D)

Melanoma

scRNA-seq and computational
analysis were used to study the status
of malignant cells promoting immune
evasion in 33 melanoma tumors

CDK4/6 inhibition combined with
immunotherapy reduces melanoma tumor
growth, and the study provides a high-resolution
picture of immune checkpoint inhibitor (ICI)-
resistant cell status

78

Lung adenocarcinoma

scRNA-seq data of patients with lung
adenocarcinoma were analyzed to
characterize the heterogeneity of
genes related to immune response in
the tumor

downregulation of the IFN-H signal pathway gene
corresponds to the phenotype of acquired drug
resistance

79

High-grade serous ovarian cancer

about 11,000 cells from 11 ascites
patients with high-grade serous
ovarian cancer (HGSOC) were
analyzed by scRNA-seq

inhibition of the expression of the JAK/STAT
pathway in malignant cells and tumor-associated
fibroblasts showed strong anti-tumor activity,
which further clarified the mechanism of drug
resistance in patients with ascites

80

Muscle-invasive urothelial bladder cancer

scRNA-seq was used to describe the
tumor landscape of a case of
chemotherapy-resistant metastatic
muscle-invasive urothelial bladder
cancer (MIUBC)

clinical application of the PD-L1 inhibitor
atezolizumab resulted in a good acquired response
to patients resistant to tipifarnib

81

Prostate cancer

scRNA-seq was performed on
docetaxel-sensitive and drug-resistant
variants of DU145 and PC3 prostate
cancer cell lines

NUPR1 was identified as a mediator of drug
resistance in prostate cancer, providing a
theoretical basis for exploring the reversal of
docetaxel resistance of NUPR1 and its target genes

82

Glioblastoma multiforme scRNA-seq was used on GBM

GBM shows four subtypes, among which
proneural and mesenchymal are the main types,
with the latter showing stronger invasive and
treatment resistance

83

Glioma

combining scRNA-seq data with
clinical bulk gene expression data, a
computational pipeline was
developed for identifying prognostic
and predictive characteristics linking
cancer cells to microenvironmental
cells; the pipeline was applied to
glioma scRNA-seq data

multilayer network biomarker (MNB) can predict
the sensitivity or drug resistance of glioma patients
to molecular targeted therapy

84

Chronic myeloid leukemia

high-sensitivity mutation detection
combined with the same single-cell
full transcriptometric analysis was
used to analyze more than 2,000 stem
cells from patients with CML
throughout the course of the disease

a CML-SCs subgroup with distinct molecular
characteristics was identified, which persisted
selectively during long-term treatment and was
related to drug resistance

53

Acute lymphoblastic leukemia

scRNA-seq and several
complementary genomic maps were
used to compare the differentiation of
normal B lines and the status of
leukemic cells in vivo

abundance of the G1 cell cycle state at diagnosis
and lack of differentiation-associated regulatory
network changes during the induction of
chemotherapy represent features of
chemoresistance

85

Acute lymphoblastic leukemia
full-length scRNA-seq was performed
on malignant and
microenvironmental cells

lineage plasticity and stemness have been used as
the cause of cancer treatment resistance, the
mechanism of which is the activation of NOTCH1
mutations in recurrent/refractory early T cell
progenitor cells

86

Acute lymphoblastic leukemia
scRNA-seq data and several
complementary genomic maps were
used to compare normal B-line

the G1 cell cycle state is abundant, and there is a
lack of differentiation-related regulatory network
changes during induced chemotherapy, which is a
characteristic of chemotherapeutic resistance

87

(Continued on next page)
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Table 3. Continued

Tumor Application of scRNA-seq Research achievement Reference

differentiation and leukemic cell
status in vivo

Melanoma

the published scRNA-seq dataset was
analyzed from melanoma patients
treated with immune checkpoint
therapy (ICT)

identified and validated a feature of immune cells;
ImmuneCells.Sig can represent a valuable tool for
clinical decision-making in patients receiving
immunotherapy

88

Tubular renal cell carcinoma

scRNA-seq analysis was performed
on 15,208 cells from a pair of primary
and metastatic sites that collected
tubular renal cell carcinoma

effective inhibitors of PARP, PIGF, HDAC2, and
FGFR targeting CSCs may be potential therapeutic
strategies for CDRCC

58

Basal cell carcinoma

three prognostic surface markers
(LYPD3, TACSTD2, and LY6D)
associated with drug resistance to
nuclear myocardin-related
transcription factor (nMRTF) and
Smoothened (SMO) inhibitors were
identified using scRNA-seq from the
patient’s tumor

basal cell carcinoma (BCC) is dependent on
hedgehog (Hh)/Gli signaling pathways, but can
form SMO inhibitor resistance mechanisms, with
AP-1 and TGF reagent groups synergistically
driving the activation of nMRTF; the JNK/AP-1
signal promotes nMRTF activity through
chromatin accessibility and Smad3 DNA binding,
leading to Rho guanine exchange factor (RhoGEF)
transcription; small molecule AP-1 inhibitors
target human BCC LYPD3+/TACSTD2+/LY6D+

nMRTF in vitro, opening a way for improved
combination therapy

89

Merkel cell carcinoma
scRNA-seq was used in two patients
with metastatic Merkel cell carcinoma
(MCC)

dynamic transcriptional suppression of specific
HLA genes targeting viral epitopes is present in
drug-resistant tumors under intense immune
pressure mediated by CD8

90

Merkel cell carcinoma
scRNA-seq was used in the MCC
study

domatinostat not only has a direct anti-tumor
effect, but it also can restore the surface expression
of HLA class I on MCC cells, thus restoring the
sensitivity of surviving MCC cells to the
recognition and elimination of homologous
cytotoxic T cells

91

Kidney cancer

a comprehensive immunoassay was
performed for established RENCA
tumors of renal cell carcinoma by
multiparametric flow cytometry,
tumor cytokine profile, and scRNA-
seq

IL-1B blocking and ICIs or tyrosine kinase
inhibitors (TKIs) reshape the intermedullary
chamber through a non-redundant and relatively
independent T cell mechanism; IL-1B is the
upstream mediator of adaptive bone marrow
resistance

92

Pancreatic ductal adenocarcinoma

scRNA-seq was used to
comprehensively study the tumor and
tumor microenvironmental content
of PDAC tumors in both humans and
mice

CAFs are involved in the drug resistance of PDAC;
MHC class II can provide antigens to CD4+ T cells,
which express CAFs and potentially regulate the
immune response of PDAC

93

Pancreatic ductal adenocarcinoma

single-cell transcriptology was used to
draw an image of fibroblasts during
the progression of PDAC in an
animal model

the LRRC15CAF pedigree driven by TGF-b is
associated with adverse results in immunotherapy
trial data containing multiple solid tumors, and it
is the target of combined therapy

94

–
scRNA-seq analysis was performed
on human preimplantation embryos

the awakening of scarce regulatory stemness
networks in differentiated cells is related to the
development of different spectra of genomic
aberrations in many types of clinically fatal
malignant tumors, which leads to the emergence of
drug-resistant cancer phenotypes

66

–

pretreatment tumor biopsy combined
with scRNA-seq was used to reveal
the underlying mechanisms of
avelumab drug resistance

in macrophage cells with extensive
immunosuppression, there were pro-
inflammatory populations promoting a PD-L1
blocking response

95
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Table 3. Continued

Tumor Application of scRNA-seq Research achievement Reference

–

according to scRNA-seq, the tumor
microenvironment (TME) was
divided into an inflammatory
immunotherapy response type and an
inflammatory non-response type

the expression of IL-2 signal pathway-related
genes in the inflammatory microenvironment is
upregulated, while the PPAR signal pathway-
related genes and multiple epigenetic pathway-
related genes are suppressed and upregulated,
respectively, suggesting the possible mechanism of
immunotherapy resistance

96

–

single-cell transcriptomics were used
to study the divergent patterns of
chemotherapy resistance in tumor
cells

a high degree of intratyphogenic heterogeneity
(ITH) facilitates the selection of existing drug-
resistant cells, while phenotypic homogeneous
cells participate in recessive epigenetic
mechanisms for transdifferentiation under drug
selection; drug-induced adaptation was achieved
after the loss of the stem-factor SOX2 and the
acquisition of SOX9, and JQ1-mediated BRD4
inhibition could reverse drug-induced adaptation

62

–

bulky and scRNA-seq analysis
revealed the inherent characteristics
and diversity of unconventional T cell
(UTC) antibodies associated with
neutrophil-dependent anti-sarcoma
immunity

neutrophil-driven UTCs toward zero polarization
and type 1 immunity are essential for resistance to
murine sarcoma and selective human tumors

97

–

the transcriptomic response of
cultured colon cancer cell lines to
DNA damage induced by 5-
fluorouracil (5-FU) was described by
scRNA-seq

after 5-FU treatment, a single colon cancer cell
population was treated with three different
transcriptional phenotypes, which correspond to
different cell fate responses: apoptosis, cell cycle
checkpoints, and stress resistance

98

–

dynamic scRNA-seq was performed
on tissue-type tumor globules in mice
undergoing PD-1 blockade

a discrete subset of immunotherapy persister cells
(IPCs) was identified to be resistant to CD8 T cell-
mediated killing; PD-1 blockade and BIRC2/3
antagonism combined to reduce IPCs

64

–

single-cell transcriptome data of
human melanoma and non-small cell
lung cancer (NSCLC) specimens were
analyzed

TOX promotes the depletion of CD8 T cells in
tumor by upregulating IC molecules, suggesting
that TOX inhibition may hinder T cell depletion
and improve the efficacy of ICIs

99
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tumor, demonstrating sustaining activity exhibited by the carcinoma
immunity cycle in the mentioned cases. The relevant acceleration is
likely to display the relationship to clinically related response.102

For gaining insights into the heterogeneous characteristics exhibited
by individual carcinoma cells, gene expression levels and the diver-
gence among various individual cells require in-depth studies. Suzuki
et al.103 analyzed a total of 336 scRNA-seq libraries from seven cell
lines. The results are highly robust regarding both average expression
levels and the relative gene expression differences between individual
cells. Gene expression diversity is characteristic depending on genes
and pathways. As indicated by the investigation of single cells under
the treatment of the multiple-tyrosine kinase inhibiting element van-
detanib, when the ribosome genes and numerous housekeeping genes
lead to the reduction of their expression diversity relatively in the
drug-treating process, the genes under the direct targeting by vande-
tanib (the RET and EGFR genes) continue to be stable. Rigid tran-
scription-related control of the mentioned genes is not likely to enable
plastic variations of their expression state following the drug-treating
process or during the course of the cell-acquiring process of drug
194 Molecular Therapy: Oncolytics Vol. 21 June 2021
resistance. Feature modes inside gene expression divergence, prob-
ably not suggested from transcriptome study regarding bulk cells,
are likely to critically impact the relevant process during the drug
resistance acquiring process of cells, which may be achieved by pre-
senting a cell reservoir for gene expression programs.103

scRNA-seq and the TME

In fact, the essence of scRNA-seq is to detect the microenvironment of
tumors in different states. We discuss immune cells and non-immune
cells separately to better clarify the new analysis brought about by
scRNA-seq (Figure 3).

IMMUNE CELLS
The tumor immune microenvironment refers to one complex inte-
grated system, and one of its core features is immune function. The tu-
mor immune microenvironment covers various tumor-infiltrating
immune cells (e.g., T lymphocytes, B lymphocytes, natural killer
[NK] cells, mast cells, and myeloid suppressor cells).104,105 On the
one hand, these immune cells inhibit and kill the anti-tumor immunity
of tumor cells, and, on the other hand, they promote tumor
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development and immune escape. In existing tumor research, the tu-
mor immune microenvironment turns out to be one vital research
focus. Conventional gene sequencing approaches are capable of
merely obtaining the results of average gene expression information
of different types of cells in tissue samples, which involve tumor cells
and the microenvironment around tumor cells. The mentioned ana-
lyses are general analyses of significant tumor samples, failing to effec-
tively identify and describe the type and status of individual immune
cells in the TME. This approach is likely to concealmuch key informa-
tion. Single-cell sequencing technology with second-generation
sequencing technology to analyze the DNA, RNA, or DNA methyl-
ation level of a single cell reveal its genome, transcriptome, and epige-
netic characteristics, respectively, and delineate the function and state
of a single cell. scRNA-seq is capable of identifying the heterogeneity of
cells in solid tumors, but it also helps to clarify the molecular mecha-
nism of tumor microenvironmental immune cells’ action on tumor
cell generation, development,metastasis, drug resistance, and immune
escape as an attempt to conduct the clinical diagnosing process, treat-
ing process, and prognostic process regarding solid tumors more
accurately.

The quantity of tumor-infiltrating lymphocytes (TILs) in BC is a
robust prognostic factor for improved patient survival, particularly
in triple-negative and HER2-overexpressing BC subtypes. Alhough
T cells are the predominant TIL population, the relationship between
quantitative and qualitative differences in T cell subpopulations and
patient prognosis remains unknown. Savas et al.106 carried out
scRNA-seq of 6,311 T cells under isolation according to BCs of hu-
mans. They suggested noticeable heterogeneity inside the infiltrating
T cell population. Thus, BCs with a high number of TILs covered
CD8+ T cells displaying a tissue-resident memory T cell-differenti-
ating process, and these CD8+ T cells displayed significantly consider-
able effector proteins and immune checkpoint molecules. A CD8+ T
gene signature developed from the scRNA-seq data displayed notice-
able relationships to optimized patient surviving state in early phase
TNBC and provided more effective prognostication than did CD8
expression alone.106 Zheng et al.107 carried out deep scRNA-seq on
5,063 single T cells under isolation according to peripheral blood, tu-
mor, and adjacent normal tissues from six hepatocellular carcinoma
(HCC) cases. The transcription-related profiles of these individual
cells were coupled with assembled TCR sequences. Specific subsets
(e.g., exhausted CD8+ T cells and regulatory T cells [Tregs]) are favor-
ably enriched and potentially clonally expanded in HCC, and they
identified signature genes for each subset. One of the genes, layilin, ex-
hibits an upregulation of activated CD8+ T cells and Tregs and re-
presses the CD8+T cell functions in vitro. Such a compendiumof tran-
scriptome data helps clarify the immune landscape in carcinomas.107

Hypoxia refers to one common feature of solid tumors, and cells
adapt by increasing the transcription factor hypoxia-inducible fac-
tor-1a (HIF-1a). Ni et al.108 defined the transcription-related land-
scape of mouse tumor-infiltrating NK cells by using scRNA-seq. Con-
ditional deletion of Hif1a in NK cells resulted in reduced tumor
growth, elevated expression of activation markers and effector mole-
cules, and an enriched nuclear factor kB (NF-kB) pathway in tumor-
infiltrating NK cells. IL-18 frommyeloid cells was required to activate
NF-kB and enhance HIF-1a NK cells’ anti-tumor activity. Extended
culture with an HIF-1a inhibitor increased human NK cell responses.
Thus, inhibition of HIF-1a unleashes NK cell anti-tumor activity and
could be exploited for carcinoma therapy.108
Molecular Therapy: Oncolytics Vol. 21 June 2021 195
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According to the hypothesis of Sathe et al.,109 the scRNA-seq
analyzing process regarding gastric carcinoma together with paired
normal tissue and peripheral blood mononuclear cells (PBMCs)
could identify critical elements of cellular deregulation not apparent
with other approaches. This study carried out scRNA-seq onto seven
patients subjected to gastric carcinoma and one case subjected to in-
testinal metaplasia. As revealed from the results, tumor epithelium
suggested copy number variations, a distinct gene expression pro-
gram from normal, with intratumoral heterogeneity. The gastric car-
cinoma TME was significantly enriched for stromal cells, macro-
phages, dendritic cells (DCs), and Tregs. TME-exclusive stromal
cells expressed distinct extracellular matrix components more than
normal. Macrophages exhibited transcription-related heterogeneity
and displayed no consistency with one binary M1/M2 paradigm. Tu-
mor DCs followed one special gene expression program as opposed to
PBMCDCs. TME-specific cytotoxic T cells received exhaustion based
on two heterogeneous subsets. Helper, cytotoxic T, regulatory T, and
NK cells expressed multiple immune checkpoint or co-stimulatory
molecules. A TME-exclusive intercellular communicating process
was suggested from the receptor-ligand analyzing process.109

Chung et al.110 performed scRNA-seq to BC and studied 515 cells
from 11 patients. Inferred copy number variations from the
scRNA-seq data were used to separate carcinoma cells from non-car-
cinoma cells. At a single-cell resolution, carcinoma cells displayed
common signatures within the tumor as well as intratumoral hetero-
geneity regarding BC subtype and crucial carcinoma-related path-
ways. Most of the non-carcinoma cells are immune cells, with three
distinct clusters of T lymphocytes, B lymphocytes, and macrophages.
T lymphocytes and macrophages both displayed immunosuppressive
characteristics, i.e., T cells with a regulatory or an exhausted pheno-
type and macrophages with an M2 phenotype. These results illustrate
that the BC transcriptome has a wide range of intratumoral heteroge-
neity, which is shaped by the tumor cells and immune cells in the sur-
rounding microenvironment.110

NON-IMMUNE CELLS
As a key component of the TME, stromal tissue is of great significance
to carcinoma. In recent years, studies have shown that the microen-
vironment is an “accomplice” of tumor drug resistance and has
become one of the key factors in disease prevention and treatment.
scRNA-seq can present insights into the role of non-immune cells,
including stromal cells, fibroblasts, and epithelial cells, in carcinoma
progression.

Carcinoma-associated fibroblasts (CAFs) refer to a major component
of the TMEwhose origin and role in shaping disease initiation, progres-
sion, and treatment response are not clear for large heterogeneity.111

Bartoschek et al.146 gave a definition of three clear subpopulations of
CAFs by using one negative selection strategic process combined
with scRNA-seq of 768 transcriptomes of mesenchymal cells according
to one genetically engineered mouse model of BC. In experimental
models of several cancers and human tumors, transcription-related
and protein-level validation have shown that the CAF subclass exists
196 Molecular Therapy: Oncolytics Vol. 21 June 2021
spatially isolated, which can be attributed to different origins, covering
transformed epithelium, mammary fat pads, and perivascular niches.
The genetic profile of the respective CAF subtype is associated with a
unique functional program and has an independent prognostic capa-
bility in the clinical cohort through its association with metastatic dis-
ease.112 Lin et al.113 used scRNA-seq for profiling single-cell transcrip-
tomes according to dissociated primary tumors or metastasis-related
biopsies of patients with pancreatic ductal adenocarcinoma (PDAC)
and revealed distinct cell types in primary and metastatic PDAC tis-
sues, including tumor cells, endothelial cells, CAFs, and immune cells.
The carcinoma cells showed high inter-patient heterogeneity, whereas
the stromal cells were more homogeneous across patients. Immune
infiltration varies significantly from patient to patient, with most im-
mune cells being macrophages and exhausted lymphocytes.113

Breast cancer takes places in epithelial cells of the mammary gland,
where genetic changes lead to a loss of homeostasis. Several different
epithelial subsets have been proposed, but a full understanding of the
heterogeneity and differentiation levels of the human breast has not
been realized. Nguyen et al.114 used scRNA-seq to profile the tran-
scriptomes of 25,790 primary human breast epithelial cells isolated
from reduction mammoplasties of seven individuals. Unbiased clus-
ter analysis revealed the presence of three distinct epithelial cell pop-
ulations, one basal cell type and two luminal cell types, identified to be
l1-secreting and hormone-responsive L2 cells. Pseudotemporal
reconstruction of differentiation trajectories produces one contin-
uous lineage hierarchy that closely connects the basal lineage to the
two differentiated luminal branches. The relevant overall cell atlas
clarifies the human breast epithelium’s cellular blueprint and under-
pins the understanding of how the system goes awry during BC.114

Carcinoma cells are embedded in the TME, a complex ecosystem of
stromal cells. Lambrechts et al.115 presented a 52,698-cell catalog of
the TME transcriptome in human lung tumors at single-cell resolu-
tion, which was validated in independent samples where 40,250 addi-
tional cells were sequenced. Results underwent a comparison with
matched nonmalignant lung samples. As a result, they found a highly
complex TME that profoundly molds stromal cells. They identified 52
subtypes of stromal cells, including new subsets of cells hitherto
thought to be homogeneous, as well as transcription factors for their
heterogeneity. As an example, these researchers found that fibroblasts
expressed different collagen proteins, endothelial cells downregulated
immune cell homing, and genes co-regulated with established im-
mune checkpoint transcripts and were associated with T cell activity.
For this reason, by providing a comprehensive catalog of stromal cell
types, and by characterizing their phenotypes and cooperative
behavior, this resource provides a deeper insight into cancer biology
that will help advance lung cancer diagnosis and treatment.115

CTCs are the main way of blood transmission of tumors. The appli-
cation of single-cell sequencing in CTCs undoubtedly provides a new
and powerful method for the diagnosis and prognosis of cancer. Simi-
larly, as the initiating factor of tumorigenesis and the driving factor of
tumor development, the application of single-cell sequencing
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technology provides a powerful guarantee to unravel the mystery of
the mechanism of CSCs. In addition, tumor drug resistance, a factor
leading to poor prognosis, has also been further studied because of the
application of single-cell sequencing technology. If we want to make a
breakthrough in the above three aspects, we cannot avoid explora-
tions in the field of the TME. Therefore, the applications of single-
cell sequencing technology in the fields of CTCs, CSCs, tumor drug
resistance, and the TMEmake it a powerful tool, which can effectively
explore the internal mechanisms of tumors from many aspects, such
as tumor occurrence and development and tumor diagnosis, prog-
nosis, and treatment, and provide a new research perspective for
conquering tumors (Table 4).

COMBINATION OF scRNA-SEQ AND OTHER
METHODS
Although scRNA-seq is very useful, RNA expression measurements
do not provide information about protein abundance or post-transla-
tional modification. Recently conducted studies in samples of human
brain exploited multiplexed individual-cell techniques, including
mass cytometry (cytometry by time-of-flight [CyTOF]) and
scRNA-seq, for overall molecular viewing of human microglia in
healthy and diseased brains. CyTOF refers to one effective process
for studying a high-dimension-based protein expression state of hu-
man microglia (huMG) under the individual-cell condition. Such a
technique makes quantification with high throughput more possible
under an individual-cell resolution. CyTOF is able to use the combi-
nation with scRNA-seq to conduct an overall process of analysis,
since it enables individual-cell analysis of post-translation-related
protein modifications, clarifying cell signaling dynamics in targeted
cells. Moreover, imaging mass cytometry (IMC) now turns out to
be acquired in the market, and it is conducive to exploring several
cell types in brain sections of humans. IMC exploits mass spectrom-
etry for acquiring spatial information of cell-cell interactions on tissue
sections, based on the use of more than 40markers simultaneously.116

In situ visualization of transcriptome is verified as one effective process
to investigate scRNA-seq information, presenting one extra space
dimension for investigating multiplexed gene expression, cell type,
disease architectures, or even information-promoted discovery pro-
cesses. The in situ sequencing (ISS) approach with the use of padlock
probes and a rolling circle amplification process is adopted for
resolving gene transcripts in a spatial manner inside tissue sections
of a range of origins. The next iteration of ISS, hybridization-related
ISS (HybISS), was presented by Gyllborg et al.117 Probe design modi-
fications enable one novel barcoding mechanism through sequence-
by-hybridization chemistry to achieve the optimized space detecting
process of RNA transcript. One molecular method was developed by
Asp et al.,118 revealing the overall transcription-related landscape per-
taining of cell types in the embryonic heart under three developing
phases, as well as mapping a cell-type-particular gene expression state
for particular anatomically related domains. Space transcriptomics
found special gene profiles representing prominent anatomically
related places in the respective developing phase. Embryonic cardiac
cell types of humans reported through the use of scRNA-seq verified
and supplemented embryonic cardiac gene expression state space
annotation. Next, the authors used ISS for refining the mentioned re-
sults and creating one space subcellular map in terms of the three
developing phases. They developed one public human developing
heart web resource for facilitating subsequent analyses over human
cardiogenesis.118 In addition, Moncada et al.119 integrated a one mi-
croarray-related space transcriptomics approach revealing space pat-
terns of gene expression with one spot arrays, respectively obtaining
the transcriptomes of several nearby cells, while scRNA-seq was pro-
duced according to the identical sample. For annotating the accurate
cell compositions of prominent tissue places, one approach to conduct
the multimodal intersection analysis process was presented. Based on
a multimodal cross-analysis of cells in major pancreatic tumors,
including ductal cells, macrophages, dendritic cells, and cancer cells,
we found that the subsets restricted enrichment in a spatial manner
and restricted significant co-enrichment with other cell types.119

USE OF INDIVIDUAL-CELL RNA SEQUENCING INSIDE
DIFFERENT FIELDS
Individual-cell gene expression profiling is quickly turning out to be a
normal way of analysis in numerous subjects, including organ devel-
opment, immunity, metabolism, and microorganisms, to name just
a few (Figure 4).101,120 scRNA-seq refers to one effective way to delve
into the developmental process. Early in the organ developmental pro-
cess, cell collections commonly take place, appearing to be the same in
a histological manner, whereas the process shows differentiation in-
side many different orientations for forming clear cell varieties. A
closer look at the precise gene expression processes that drive these
different pathways of differentiation will improve understanding of
organ development. In this case, it is not appropriate to examine the
gene expression analysis of the cell pool, as the analysis will eventually
lead to cell pools that differentiate into different pathways. However,
single-cell studies can identify different gene expression patterns asso-
ciatedwith different lineage decisions in neighboring cells.121 The crit-
ical uses of scRNA-seq in immunology are to untangle cellular hetero-
geneity, cell development and differentiation, and hematopoietic and
gene-regulatory networks to predict immunity. scRNA-seq is now ex-
ploited for delving into the development of hematopoietic stem cells
and downstream progenitors to immune cells under differentia-
tion.122,123 Individual-cell sequencing presenting V(D)J transcript
information is being used to study lymphocyte antigen receiving ele-
ments, including B cell receptor (BCR) and TCR sequences. One
computing approach, TraCeR, has been developed for reconstructing
the TCR sequence and revealing the clonal associations of cells. The
combination of the TCR reconstruction process and T cell transcrip-
tion analysis is used for mapping the activation kinetics of T cells in-
side a mouse Salmonella infection system.124 Carmona et al.125

analyzed the evolutionary conservation of genes in human andmouse
immune cell types, thereby identifying three T cell populations in ze-
brafish. Based on use of the locus reconstruction process, novel immu-
nity-particular genes are found, consisting of emerging receptors
similar to immunoglobulin. Of course, scRNA-seq is mainly used in
the field of oncology, and we will introduce these applications in the
next chapter. Thus far, the scRNA-seq analysis process is conducted
Molecular Therapy: Oncolytics Vol. 21 June 2021 197

http://www.moleculartherapy.org


Table 4. The application of scRNA-seq in the TME

Tumor Application of scRNA-seq Research achievement Reference

Immune-related

Lung cancer
scRNA-seq was performed on 49 clinical biopsy
specimens from 30 patients with metastatic lung
cancer before and during targeted therapy

cancer cells that survived after treatment of
residual disease (RD) expressed alveolar
regenerating cell signals, suggesting that treatment
induced primitive cell state transformation, while
cancer cells with treatment of progressive disease
(PD) upregulated canine urine, plasminogen, and
gap junction pathways; T lymphocytes were active
in the RD group, macrophages were decreased, and
PD showed immunosuppressive cell status

127

Non-small cell lung cancer

3,110 peripheral T cells from patients with non-
small cell lung cancer (NSCLC) before and after
programmed PD-1 blockage were analyzed by
scRNA-seq

tumor-related CD4 T cell clones have higher
cytotoxic activity than do CD8 T cell clones; 25
genes that were significantly upregulated or
downregulated during the progression of the
disease were also detected

128

Lung adenocarcinoma
a single-cell transcriptome map of metastatic lung
adenocarcinoma is established

a cancer cell subtype that deviates from normal
differentiation and dominates the metastatic stage
was identified; as T cells are depleted, the normal
population of medullary resident cells is gradually
replaced by mononuclear-derived macrophages
and dendritic cells (DCs)

129

Lung adenocarcinoma

scRNA-seq data from lung adenocarcinoma
patients and cell lines were analyzed to
characterize the heterogeneity of immune
response-related genes within the tumor

IFN-g signaling pathway genes are heterologously
expressed in individual cancer cells and include
other genes of MHC class II genes.
Downregulation of IFN signaling pathway genes in
cell lines corresponded to acquired resistance
phenotypes

79

Hepatocellular carcinoma
5,063 single T cells isolated from peripheral blood,
tumor, and adjacent normal tissues of six patients
with HCC were deeply sequenced by scRNA-seq

the gene laylin upregulates activated CD8+ T cells
and Tregs and inhibits the function of CD8+ T cells
in vitro

107

Pancreatic ductal adenocarcinoma
analysis of the allogeneic PDAC model with
immune activity by scRNA-seq and polychromatic
fluorescence-activated cell sorting (FACS)

oncolytic herpes simplex virus-1 (OHSV) can
downregulate tumor-associated macrophages and
increase the percentage of tumor-infiltrating
lymphocytes; the combination of OHSV and the
immune checkpoint regulator can prolong the
lifespan of tumor-bearing mice

130

Pre-B cell acute lymphoblastic leukemia

scRNA-seq was used to describe the kinetics of the
mouse bone marrow microenvironment (BMM)
during the progression of B cell acute
lymphoblastic leukemia (B-ALL)

the expression of tumor suppressor long non-
coding RNA (lncRNA) Neat1 was decreased and
the transcription rate was interrupted; monocyte-
DC precursors continue to be active in the
progression of B-ALL

131

Intrahepatic cholangiocarcinoma

8 human intrahepatic cholangiocarcinomas
(ICCs) and adjacent samples were sequenced by
scRNA-seq to clarify the complete transcriptional
map and intercellular communication network

tumor-infiltrating CD4 Tregs showed high
immunosuppressive characteristics; CD146+

vascular CAFs (VCAFs) have high expression of
microvascular characteristics and a high level of
IL-6; IL-6 secreted by VCAFs can induce clear
epigenetic changes in ICC cells; miR-9-5p can
induce VCAFs to overexpress IL-6 and promote
tumor progression

132

Melanoma
the interstitial septum and draining lymph nodes
(LNs) across tumor development points in mouse
melanoma were examined using scRNA-seq

before the expression of PD-1 and LAG3,
immature lymphocytes from LNs experienced
activation and clonal expansion in the tumor,
while tumor-related myeloid cells promoted the
formation of an inhibitory niche

133

Head and neck cancer
activated B cells, germinal center B cells, and
antibody-secreting cells (ASCs) in the TME were
detected by scRNA-seq

compared with the tumor parenchyma, B cells and
ASCs are preferentially located in the tumor
stroma, forming a good activated B cell cluster,
indicating that the germinal center reaction is
underway

85

(Continued on next page)
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Table 4. Continued

Tumor Application of scRNA-seq Research achievement Reference

Triple-negative breast cancer
five TNBCs were analyzed by scRNA-seq, and two
CAF and two perivascular-like (PVL)
subpopulations were found

inflammatory CAFs are related to the dysfunction
of cytotoxic T cells, and there is a strong
correlation between differentiated PVL cells and
rejection

134

Esophageal cancer
using scRNA-seq, more heterogeneity of depleted
T cells in esophageal cancer was reported than
previously elucidated

GF2 is an important regulator of SPRY1
expression and participates in establishment of the
dysfunctional state of CD8+ T cells in esophageal
cancer

135

Bladder cancer
scRNA-seq was performed on eight bladder cancer
(BC) tumor samples and three paracancer samples

nineteen different cell types were found in the BC
TME; tumor cells downregulate MHC class II,
monocytes show M2 polarization and
differentiation in the tumor area, and LAMP3+ DC
subsets may be able to recruit Tregs; the above
changes may be involved in the formation of the
immunosuppressive TME

136

Colorectal cancer
intestinal tissue was analyzed by scRNA-seq to
determine the cellular source of lymphotoxin

the lymphotoxin signal regulates the expression of
IL22BP in the colon, and the decrease of the
IL22BP level in human colon tumors is related to
the shortening of survival time; the LTbR signal
regulates the expression of IL22BP in mouse
colonic tumors and cultured human DCs

137

–
the transcription profile of mouse tumor invasive
NK cells was defined by scRNA-seq

antitumor activity of NK cells can be inhibited by
hypoxia-inducible factor-1, which can be used in
tumor therapy

108

–

full-length scRNA-seq was applied to three tumor
types to provide a comprehensive single T cell data
resource for understanding various characteristics
of tumor-infiltrating T cells

the conserved and cancer-type-specific T cell
subpopulations and developmental patterns were
revealed, and detailed molecular portraits of T cell
clusters associated with tumor immunity were
provided, revealing the composition,
heterogeneity, and cellular and molecular
mechanisms underlying the formation of tumor
immune microenvironments

138

–
a subgroup of CD4T cells transduced by
CASTAT5 was identified by scRNA-seq analysis

STAT5 is an effective candidate for T cell
engineering, which can produce multifunctional,
anti-fatigue, and anti-tumor CD4T cells to
enhance adoptive T cell therapy for cancer

139

–

scRNA-seq was performed on CD45 immune cells
in a homogeneous tumor model using a 10X
genomic approach

targeting CD47 induces atrioventricular
remodeling of tumor-infiltrating immune cells in
PDAC; different PDAC mouse models had
different responses to CD47 and anti-PD-L1
blocking due to the different effects of combination
therapy on infiltrating immune cells and key
immune-activating genes in the TME established
by different PDAC cell lines

140

Others

Prostate cancer
the scRNA-seq method was used to identify
prostate cancer cell types and corresponding
marker genes

fifteen cell groups including three luminal clusters
with different expression profiles were identified in
prostate cancer tissues

141

Pancreatic cancer
scRNA-seq was used to identify differentially
expressed genes (DEGs) associated with
intracellular APE1 protein levels

several new genes and pathways were identified
that were affected by APE1, as well as tumor
subtype specificity; these findings will enable
hypothesis-driven approaches to produce
combination therapies in an innovative way

142

Gastric adenocarcinoma

unbiased transcriptome scRNA-seq analysis was
performed on 27,677 cells from nine gastric
adenocarcinoma tumors and three non-tumor
samples

five subsets of cells with different expression
profiles were identified

143

(Continued on next page)
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Table 4. Continued

Tumor Application of scRNA-seq Research achievement Reference

Triple-negative breast cancer
deep and full-length scRNA-seq was performed on
Fluidigm’s Polaris platform

the cell, transcriptional, and isomer heterogeneity
of TNBC cell line SUM149 was revealed

43

Breast cancer

scRNA-seq was used to study the transcriptome of
breast cancer cells, and various bioinformatics
analyses were used to determine the pathway of
change

the results revealed the reprogramming of tumor-
draining LNs (TDLNs) at the single-cell level in the
spontaneous breast cancer model, and they
suggested that the changes of immunomodulatory
and metabolic switches are the key changes in the
niche of breast cancer cells before they are ready
for metastasis

144

Breast cancer

scRNA-seq and xenotransplantation models of
breast cancer patient origin were used to identify
the overall transcriptional changes of rare
metastatic cells during seeding

both primary tumors and micrometastases exhibit
transcriptional heterogeneity, but micrometastases
have a unique transcriptome program that is
conservative in patient-derived
xenotransplantation models and has a high
predictive power for low patient survival

145

Breast cancer

scRNA-seq of 768 mesenchymal cell transcripts
from a genetically engineered mouse model of
breast cancer was performed using a negative
selection strategy

three distinct CAF subgroups were defined that
could be attributed to different sources, including
perivascular niches, breast fat pads, and
transformed epithelial cells

146

Ovarian cancer

scRNA-seq was used to characterize subsets of
ovarian surface epithelial (OSE) cells after
exposure to estradiol and to determine the
transcriptional dynamics involved in its
emergence

estradiol-treated cells are characterized by
upregulation of genes associated with
proliferation, metabolism, and survival pathways

112

Esophageal cancer

scRNA-seq was used to analyze 368 single cells
from three esophageal squamous cell carcinoma
(ESCC) and two esophageal adenocarcinoma
(EAC) tumors

cancer cells from the heterogeneous cell
population are distinguished and genetic
characteristics and key cancer-related signaling
pathways associated with ESCC and EAC are
identified

147

Renal cell carcinoma
scRNA-seq was used to examine the heterogeneity
within a pair of primary renal cell carcinomas and
their lung metastases

activation of drug-targeted pathways showed
considerable variability between primary and
metastatic sites and between individual cancer cells
within each site

148

Neuroblastoma

transcripts of adrenal neuroblastoma (NB) were
obtained from 160,910 cells of 16 patients by
scRNA-seq, and the transcripts of developmental
cells probably originating from NB were obtained
from 12,103 cells of human embryo and fetal
adrenal gland

most adrenal NB tumor cells transcriptionally
mirror noradrenergic chromaffin cells. Malignant
states also recapitulate the proliferation/
differentiation status of chromaffin cells in the
process of normal development.

149

Lung adenocarcinoma

scRNA-seq was used to compare ground glass
nodule adenocarcinoma (GGN-ADC) and solid
adenocarcinoma (SADC) in order to fully
understand GGNs

the signal pathways related to cell proliferation are
downregulated in GGN-ADC, and the roles of
stromal cells in GGN-ADC and SADC are
different; in GGN-ADC, the signal pathway of
angiogenesis is downregulated

150

Paget’s disease
scRNA-seq technique was used in Paget’s disease
(PD) of breast and extramammary PD

scRNA-seq identified different cell states, new
biomarkers, and signaling pathways, including
mTOR associated with extramammary PD

151

Glioma

create a single-cell tumor-host interaction tool
(ScTHI) to identify significantly activated ligand-
receptor interactions across cell clusters from
scRNA-seq data

the results provide a complete map of active
tumor-host interaction pairs in gliomas, which can
be used for treatment to reduce
immunosuppression of the brain TME

152

Acute lymphoblastic leukemia

scRNA-seq and several complementary genomic
maps were used to compare the differentiation of
normal B lines and the status of leukemic cells
in vivo

the activity of multiple ETS transcription factors
increased in leukemic cells states; the
accompanying gene expression changes associated
with NK cell inactivation and depletion in the
leukemic immune microenvironment

87
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Table 4. Continued

Tumor Application of scRNA-seq Research achievement Reference

Epithelial cancers
the transcriptional changes at single-cell resolution
after KRAS activation in different groups of
samples were compared

in all four groups of samples, the mature pedigree
identity gene expression of alveolar epithelial
progenitor cells expressing carcinogenic KRAS was
decreased

65

Melanoma

scRNA-seq data from patients with melanoma
showed that SDC-3 was expressed on tumor-
related macrophages, cancer cells, and vascular
endothelial cells

hypoxia (1% oxygen) or IFN-g can stimulate the
expression of SDC-3 in RAW-264.7-derived
macrophages and associate the expression of SDC-
3 with the pro-inflammatory response; the
expression of Syndecan-3 is related to the increase
of overall survival rate of patients with hypoxic
melanoma

153

Colorectal cancer
the early development model of colorectal cancer
(CRC) was established, and the transcriptome
analysis of scRNA-seq data was carried out

CCDC85B is a major regulatory factor, which can
transform fast-growing subtype cells into slow-
growing subtype cells

154

–

the cellular composition and molecular
characteristics of laryngeal squamous cell
carcinoma were analyzed by scRNA-seq

keratinocyte-like cells are located in the center of
the tumor, while malignant proliferating cells are
located at the edge of the tumor; malignant
proliferative cells are associated with poor
prognosis

155
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largely in terms of higher organisms. Specific to microorganisms,
scRNA-seq receives limited applications, primarily since the stiff cell
wall can prevent valid lysis. Noticeably, a smaller amount of initiating
RNA material is acquired, and the RNA has insufficient polyadeny-
late-related tails in terms of general mRNA molecule priming. On
the whole, the detection process of existing scRNA-seq techniques ex-
hibits less efficiency, and subsequent development or process
improvement of the mentioned techniques is needed to delve into
the microbial field under individual-cell resolution.126

CONCLUSIONS AND PERSPECTIVE
There has been a great deal of interest in using scRNA-seq to provide
answers to biological and medically related questions for humans in
recent years. Such a technology provides an interesting insight into
the basic processes of various developmental, physiological, and dis-
ease systems. During this period, many studies initiated new scRNA-
seq programs and methodologies and reported on specific measures
to explore medical diseases. Although scRNA-seq has progressed
remarkably, further breakthroughs in the technology and its use are
expected to be made. First, scRNA-seq studies are largely inclined
to examine freshly isolated cells. We hope that more studies will
use scRNA-seq to explore cryopreserved and fixed tissue samples,
which will further open the technique for clinical research. Second,
although numerous scRNA-seq studies have used expensive hard-
ware, covering drop-based platforms and microfluidics, subsequent
studies are expected to downregulate costs through reaction volume
reductions and to probably avoid custom devices.

We expect that by using proteomics, epigenomicswill lead tomanynew
combinatorial approaches and the analysis of non-coding RNA species
with scRNA-seq. This study speculates that we will get closer to a true
global examination of single cells in the next decade for mRNAs, as
well as genomes, epigenomes, proteomics, and metabolomics.
Finally, it is considered that in the next 5 years or so, there will be
several clinical applications of scRNA-seq. First, the presence of rare
malignant and chemical-resisting carcinoma cells may be assessed in
removed tumors routinely. This information will provide important
diagnostic information and guide decisions about treatment. Second,
scRNA-seq assessment will provide in-depth information on immune
cell responses, which will again inform diagnosis and treatment op-
tions. Third, the relatively small number of cells present in a range of
other tissue biopsies (e.g., those from the surface of the skin and intes-
tinal mucosa) would be ideal for presenting molecular data, probably
aiding the diagnostic process, disease progression, as well as the appro-
priate treatment process. Thus, scRNA-seq will stand out from profes-
sional research laboratories and will be an established tool that both
basic scientists and clinicians can use. Subsequent relevant research
will seek to shed light on the above-mentioned processes, leading to
the development of maps describing gene expressing throughout hu-
man cells and contributing to the field of personalized medicine.

Although the application prospect of single-cell sequencing technol-
ogy in the field of cancer is very considerable, through the review of
more than 100 studies in this paper, we also found its inevitable prob-
lems and challenges. One of the main reasons is that single-cell collec-
tion is tricky because the number of sample materials used is small,
but analysis still requires a sufficient number of cells to ensure that
all cell types are labeled. Second, the analysis of single-cell sequencing
data is still challenging. At present, there are limited guidelines on
how to define quality control standards, remove technical artifacts,
and interpret results. Moreover, with the expansion of the scale of
the experiment, the burden of data analysis increases. At the same
time, the use of single-cell sequencing is limited in part because of
its high cost. Most of the instruments and reagents required are
expensive. The wide application of single-cell sequencing still has a
long way to go. Significant investment will be required to unleash
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its full potential in research, drug discovery, and diagnosis. Neverthe-
less, there is still momentum in this field, and once it has solved the
challenges, there is no doubt that single-cell sequencing will pave
the way for breakthrough innovation in personalized medicine.

scRNA-seq is now overall used for various tumors. With the accumu-
lation of huge datasets, the problem of how to make full use of them
arises. Many studies will indeed benefit from a concentrated repository
in which information can receive easy access under the cell condition
rather than only at the sequence condition. We expect significant ad-
vances in bioinformatics and computation methods during the next
few years. We are most looking forward to the sharing of scRNA-seq
data around the world, which will help speed up the solution of the car-
cinoma problem.
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