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Editorial on the Research Topic

Spatial single-cell sequencing in studying solid cancer development
Solid cancers, characterized by their multifaceted nature, present formidable

challenges in therapeutic interventions. Central to these challenges is the inherent

heterogeneity of tumors and the suppressive dynamics of the tumor microenvironment

(TME). The TME, a complex milieu comprising immune cells, blood vessels, and other

stromal elements, not only interacts with cancer cells but also significantly influences

tumor progression and resistance mechanisms. This interaction is further complicated

by the diverse composition of cell types within tumors, each bearing distinct molecular

signatures. Tumor heterogeneity, both genetic and non-genetic, emerges from a

myriad of factors, including genomic instability, epigenetic modifications, and

variances in the microenvironment. Current therapeutic paradigms, which often

perceive cancer as a uniform disease, are ill-equipped to address this diversity,

leading to potential drug resistance. It is, therefore, imperative to recognize and

understand the intricate interplay between various tumor subtypes, immune cells, and

other TME components. A profound comprehension of these complexities, as

underscored by recent scientific literature, is pivotal for the advancement of

diagnostic tools and the formulation of tailored therapies. These strategies, designed

to target the myriad of cancer cell populations within tumors, hold the promise of more

effective and personalized therapeutic interventions.

Tumor heterogeneity can be understood in multiple dimensions:
1. Intertumor Heterogeneity refers to the variability between tumors from

different patients. Even if two individuals have the same type of cancer,

their tumors might exhibit distinct genetic profiles.

2. Intratumor Heterogeneity denotes the genetic and molecular variations within

different regions of a single tumor. This internal diversity complicates

treatment strategies, as one part of the tumor might respond differently

than another.
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3. Temporal Heterogeneity captures the evolutionary nature

of tumors, where their genetic makeup can change over

time, potentially rendering initial treatments ineffective at

later stages.

4. Epigenetic Heterogeneity involves changes that affect gene

expression without altering the DNA sequence, such as

DNA methylation.

5. Spatial Heterogeneity highlights the genetic discrepancies

in different spatial regions of a tumor, influenced by factors

like varying oxygen and nutrient levels.
Accurate analysis of tumor heterogeneity is crucial for effective

cancer treatment. Single-cell sequencing technologies have

revolutionized the way tumor heterogeneity is characterized.

Single-cell DNA sequencing technologies excel in detecting rare

clones, reconstructing clonal structures, and pinpointing both

simultaneous and distinct mutations within individual cells. On

the other hand, single-cell RNA sequencing (scRNA-seq) has

greatly advanced the study of functional heterogeneity, enhancing

our understanding of the molecular dynamics of cancer

progression. This technology enables detailed classification of cell

types in complex samples from primary tumors. The latest single-

cell transcriptome atlases, which include both healthy and diseased

samples from humans and mice, facilitate this detailed analysis.

This comprehensive approach naturally leads to a pivotal question:

How can single-cell technologies help us to understand tumor

heterogeneity more profoundly? By delving into the genetic and

molecular landscape of tumors at the cellular level, these

technologies have revolutionized cancer research, offering

unprecedented insights and opening new avenues for targeted

and effective cancer treatments.
1 Intertumoral heterogeneity

scRNA-seq provides detailed biological information at the

cellular level, enabling the identification of distinct genetic profiles

in tumors from different patients. Unlike traditional ‘bulk’ RNA-

sequencing, which averages out the differences across all cells in a

sample, scRNA-seq analyzes individual cells. This allows for a much

more detailed and nuanced understanding of the biological

characteristics at the cellular level.
2 Intratumor heterogeneity

scRNA-seq allows for the profiling of genetic and molecular

variations within different regions of a single tumor. Patel et al.

utilized RNA sequencing (RNA-seq) to uncover intratumor

heterogeneity in glioblastoma for this purpose they first, they

profiled individual cells within tumors, revealing diverse gene

expression patterns that highlight heterogeneity. They also detected

large-scale copy number variations (CNVs) within tumor cells,

indicative of genetic diversity. Techniques like clustering and

multidimensional scaling were used to analyze RNA-seq data,

grouping cells based on their expression profiles and further
tiers in Immunology 02
illustrating variability within the tumor. The study included RNA-

seq data from normal brain tissue, allowing for the distinction

between normal and malignant cells and emphasizing tumor

heterogeneity. Additionally, a range of stemness-related expression

states in tumor cells was identified, indicating variability in their

potential for self-renewal and differentiation. Finally, they observed

that glioblastoma subtype classifiers vary across individual tumor

cells, suggesting heterogeneity in tumor subtypes.
3 Temporal heterogeneity

The evolutionary nature of tumors, where their genetic makeup

changes over time. This can be identified by linking temporally

matched cDNA-seq and scRNA-seq data. Zhang et al. utilized RNA

sequencing (RNA-seq) to identify temporal heterogeneity in cell

differentiation processes. They performed single-cell RNA-seq

(scRNA-seq) analysis at various time points during neural

differentiation from mouse embryonic stem cells, using cell

population RNA-seq (cpRNA-seq) as a reference to guide time

point selection and examine intercellular heterogeneity. Through

saturation analysis, they determined the sufficiency of scRNA-seq

samples in capturing major intercellular heterogeneity at each

differentiation stage. They developed a computational model

using cpRNA-seq data to infer differentiation time and applied it

to scRNA-seq data, allowing for the unbiased association of cell-

cycle checkpoints with the internal molecular timer of single cells.

Additionally, they inferred regulatory networks accounting for

intercellular heterogeneity by linking cpRNA-seq and scRNA-seq

data, identifying key regulatory genes involved in cell differentiation

timing. The study further validated the roles of these regulatory

genes in controlling cell cycle and differentiation timing through

gene knockout experiments. This approach is vital for

understanding how tumors evolve, potentially impacting the

effectiveness of initial treatments at later stages.
4 Epigenetic heterogeneity

While scRNA-seq primarily focuses on gene expression, it can

also integrated with epigenetic study. Khouri-Farah et al. integrated

scRNA-seq with single-nucleus ATAC sequencing (snATAC-seq) in

their epigenetic study to show how these advanced techniques can be

used to unravel the complexities of cell state transitions and lineage

commitments, particularly in the embryonic mouse cerebellum. This

integration is pivotal in identifying and understanding the epigenetic

heterogeneity within cellular populations, a concept that can be

extended to tumor analysis. By analyzing both the gene expression

profiles and the accessible chromatin states at the single-cell level, the

study provides a comprehensive view of the regulatory mechanisms

governing cell fate. This approach not only highlights the dynamic

interplay between transcriptional changes and epigenetic

modifications but also sets a precedent for exploring similar

complexities in tumor cells, where understanding heterogeneity is

crucial for developing targeted therapies and comprehending tumor

evolution and resistance to treatments.
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5 Spatial Heterogeneity

scRNA-seq can highlight genetic discrepancies in different

spatial regions of a tumor. This is particularly important in

understanding how various factors, such as oxygen and nutrient

levels, influence the genetic landscape of different tumor regions.

Davide Risso et al. highlight the capabilities of scRNA-seq in

elucidating spatial heterogeneity in biological tissues. This

technique allows for the detailed characterization of individual

cells’ molecular states, providing insights into the diverse

transcriptional profiles present across different spatial regions. By

enabling the assessment of cell-to-cell variability in gene expression,

scRNA-seq plays a crucial role in disentangling the complexity of

heterogeneous tissues. It helps identify distinct cell types and states

in various spatial regions, thereby shedding light on the spatial

organization of tissues. Additionally, scRNA-seq reveals dynamic

interactions and signaling pathways that contribute to spatial

heterogeneity, enhancing our understanding of how cells

influence each other within their spatial context. Technological

advancements, such as the zero-inflated negative binomial model

(ZINB-WaVE), further refine the analysis of scRNA-seq data,

improving the accuracy of interpretations regarding spatially

heterogeneous samples.

Through this Research Topic, we have explored the

multifaceted challenges posed by solid cancers, highlighting the

pivotal role of tumor heterogeneity in shaping therapeutic

interventions. The advent of single-cell sequencing technologies,

notably scRNA-seq, has marked a revolution in our ability to

characterize this heterogeneity. These advanced techniques have

unveiled intricate details of the genetic and molecular landscape of

tumors at the cellular level, allowing us to discern distinct genetic
Frontiers in Immunology 03
profiles within individual tumors. However, to gain a more

profound understanding of tumor heterogeneity, it’s crucial to

extend our focus to single-cell multi-omics. This approach

combines genomic, transcriptomic, proteomic, and metabolomic

data at the single-cell level, offering a more comprehensive view of

the cancer cells’ state and behavior. This is not just an advancement

in technology; it represents a paradigm shift in how we understand

and treat cancer.
Author contributions

BM: Writing – original draft, Writing – review & editing. NS:

Writing – review & editing. BB: Writing – review & editing.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1342989
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Editorial: Spatial single-cell sequencing in studying solid cancer development
	1 Intertumoral heterogeneity
	2 Intratumor heterogeneity
	3 Temporal heterogeneity
	4 Epigenetic heterogeneity
	5 Spatial Heterogeneity
	Author contributions
	Conflict of interest
	Publisher’s note



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


