Developmental biology

Single-cell maps
of the human heart

Ragini Phansalkar & Kristy Red-Horse

Three methods for gene-expression profiling have now been
combined to produce spatially defined single-cell maps of
developing human organs from limited sample material,
overcoming a major hurdle in studying human development.

People are often curious about how their
bodieswork.So, itisnosurprise thatsingle-cell
RNA sequencing (scRNA-seq) —whichhasthe
power to map all the cell types in the human
body' — has drawn great interest fromscien-
tists and funding agencies alike. But a major
limitation of scRNA-seq is that it cannot pro-
vide information about where in the original
tissue each cell was located. Writing in Cell,
Asp et al.* demonstrate a way of overcoming
this hurdle by combining scRNA-seq with
other sequencing methods thatretainlocation
information. They use thisapproachto create
aspatially defined cell atlas of the developing
human heart.

ScRNA-seq involves dissociation of a tissue
into hundreds or thousands of individual
cells, each of which is analysed to determine
its gene-expression profile. This profile indi-
catesthe proteins and pathways thatareactive
in that cell — information that computational
methods canthenuse tosortthousands of cells
into different types or states atonce. However,
thetissue-dissociation protocol breaks the link
between single cells and their original posi-
tions in the tissue. Without this information,
interpretation of the data is incomplete. Asp
et al. set out to bridge this gap by combining
scRNA-seqwith two approaches that produce
spatially defined gene-expression maps,
althoughatalower resolution than scRNA-seq.

The first is a technique called spatial
transcriptomics®. Thin slices of tissue are
placed on a specially prepared microscope
slide that has been dotted with circular
‘patches’. Each patch contains many copies
of anucleic-acid probe that binds to messen-
ger RNA in the tissue sample and carries a
sequence called a barcode. Each patch has a
different barcode, so that a specific label is
attached tothe mRNAinthe areaof tissue sit-
tingontop of that patch. When the mRNA from
eachregionissequenced, thebarcodeactsas
arecord of the cells’ original locations in the
tissue. A limitation of this method is that sin-
gle-cellanalysisis compromised, because gene
sequences are pooled from approximately

30 cells in each patch. Nonetheless, a
non-biased description of gene-expression
profiles at discrete locations is obtained.
The second method is in situ sequencing
(ISS), in which the expression of preselected
genes is probed directly on a tissue slice on a
microscope slide®”. DNA probes are designed
to bind to mRNA transcribed from genes of
interest, with each probe carrying a unique
barcode. When these probes are introduced
into atissue, they bind to their target mRNAs
in the tissue’s cells and — after further pro-
cessing steps — a fluorescent-imaging-based
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sequencing method is used to detect the
barcodes while they remain in place in
the tissue. This technique can provide infor-
mation about the expression of 50-100 genes
inindividual cells at high spatial resolution.
But the genes must be preselected, which
requires some knowledge about which genes
will be informative.

Asp and colleagues ultimately used ISS to
achieve cell-level mapping of heart develop-
ment. But to determine which genes they
should select for ISS, they needed to perform
scRNA-seq and spatial transcriptomics (Fig.1).
The authors’ scRNA-seq analysis revealed
genes correlating with cell type — genes
expressed only in smooth-muscle cells, for
instance. And their spatial transcriptomics
analysisrevealed groups of genes that broadly
correlated with certainlocationsin the heart —
genes specifically expressedin cellsinaregion
called the outflow tract, for example.

The researchers then created a panel of
69 ISS probes — some corresponding to the
location markers identified by spatial tran-
scriptomics, some to the cell-type markers
identified by scRNA-seq, and some to genes
previously reported to beimportant for heart
development. They combined the data pro-
duced by thisISS screen with their scRNA-seq
data using a recently developed algorithm?®
that assigns each RNA molecule detected by
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Figure 1| A framework to map human development. Asp et al.* combine three methods to produce single-cell
maps of the developing human heart that retain spatial information. a, In single-cell RNA sequencing (scCRNA-
seq), aheartis dissociated into single cells and the RNA of each cell is sequenced to generate a gene-expression
profile. Acomputer algorithm assigns a type to each cell, clustering together those that have similar gene-
expression profiles. However, no information is retained about the original position of each cellin the tissue.
b, In spatial transcriptomics, slices of heart tissue are placed on microscope slides and many small regions of
about 30 cells are sequenced. This provides information about gene expression in specific locations, but not
atthe single-cell level. ¢, The authors used the results of these screens to choose a panel of 69 genes that mark
specific cell types or locations in the heart. They used a third sequencing approach, in situ sequencing (ISS),
to analyse expression of these genes at the single-cell level across slices of human heart tissue. An algorithm
assigns each RNA molecule to a cell within the tissue slice, generating spatially resolved maps of cell type.
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ISSto aspecific cell nucleus, and each nucleus
to aspecific cell type. The final result was the
first spatiotemporal cell atlas of the embry-
onichuman heartbetween 6.5 and 7 weeks of
development. Anybody can explore the atlas
using asearchable online tool (see go.nature.
com/3rjédtf).

Beyond a technical proof-of-principle,
the authors also gained insights into heart
development. Forexample, a previous study’
described several distinct, but transcription-
ally similar, clusters of fibroblast-like cells
—astructural cell type that is not fully under-
stood, but which is known to participate in a
pathological tissue-scarring process called
fibrosis. Asp et al. demonstrated that these
fibroblast subgroups are located in distinct
parts of the heart, providing a clue as to how
they might function differently.

As another example, Asp and colleagues
described a previously unknown human equiv-
alent of a subpopulation of cardiac muscle
cellsfoundinmice that expresses high levels of
the gene Myoz2 (ref.10). Finally, the research-
ers performed a cellular analysis of a tissue
called the atrioventricular mesenchyme, and
identified the time point at which Schwann
cells (neuron-associating cells that ensure
proper electrical transmission) arise in this
tissue. Such knowledge of human heart cells
canbe used to inform follow-up experiments

aimed at defining those cells’ functions.
However, limitationsin Asp and colleagues’
study highlight that pre-existing knowledge is
stillrequired to fully appreciate single-cell data.
For instance, some of their cell populations
seem to be misidentified. One population is
deemed by the authorstobe cells that line capil-
laryblood vessels (coronary endothelium). But
on the basis of the cells’ marker-gene expres-
sion and location, we would suggest that they

“The techniques have
the crucial advantage

of providing awealth of
information from limited
tissue.”

areinstead endocardial cells thatline the heart
chamber. Furthermore, the authors’ approach
could notbe used to distinguish between all of
the subtypes or substatesin particular popula-
tions, such asthe coronary endothelium, which
is a mixed population that lines the arterial,
venous and capillary blood vessels leading
to and from the heart. However, the authors’
workflow is certain to be refined as advanced
techniques are developed for directly profiling
the spatial gene expression of tissues™",

A major strength of Asp and colleagues’

study is that it provides a framework for
maximizing the power of scRNA-seq. Anyone
whobegins experiments to understand human
biology faces the challenge of limited sample
availability, particularly when assessing embry-
onicdevelopment. The techniques presented
here have the crucial advantage of providing
awealth of information from limited tissue.
Asp and co-workers’ strategy is likely to bene-
fit efforts such as the Human Cell Atlas (www.
humancellatlas.org) and HuBMAP (https://
hubmapconsortium.org) projects, which are
both seeking to fully define the human body.
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