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Gene-expression data captured using an array-based method for spatial transcriptomics, overlaid on a stained section of human gut tissue.

MAPPING MESSAGES
AT CELLULAR SCALE

Computational and experimental methods are bringing

researchers closer to their goal of revealing exactly whereina
cell or tissue each gene is expressed. By Michael Eisenstein

nderamicroscope, mammalian tissues

reveal theirintricate and elegantarchi-
tectures. Butifyoulook at the same tis-

sue after tumour formation, you will
seebedlam. Itai Yanai,acomputational
biologist at New York University’s Grossman
School of Medicine in New York City, is trying
tofindorderinthischaos. “Thereisaparticular
logic to how things are arranged, and spatial
transcriptomicsis helping us see that,” he says.
‘Spatial transcriptomics’is a blanket term
covering more than a dozen techniques for
charting genome-scale gene-expression pat-
ternsintissue samples, developed to comple-
mentsingle-cell RNA-sequencing techniques.
Yetthese single-cell sequencing methods have
adownside —they canrapidly profile the mes-
senger RNA content (or transcriptome) of
large numbers of individual cells, but gener-
ally require physical disruption of the original
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tissue, which sacrifices crucial information
about how cells are organized and can alter
theminways that might muddy later analyses.
Immunologist Ido Amit at the Weizmann Insti-
tute of Science in Rehovot, Israel, says that
such experiments would sometimes leave his
group questioning their results. “Is this really
theinsitustate, or are we just looking at some-
thing which is either not a major [factor] or
evennotrealatall?”

By contrast, spatial transcriptomics allows
researcherstostudy gene expressioninintact
samples, opening frontiersin cancer research
andrevealing previously inaccessible biology
of otherwise well-characterized tissues. The
resulting ‘atlases’ of spatial information can
tell scientists which cells make up eachtissue,
how they are organized and how they commu-
nicate. But compiling those atlasesisn’t easy,
because methods for spatial transcriptomics
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generally represent a tension between two
competing goals: broader transcriptome
coverage and tighter spatial resolution.
Developments in experimental and compu-
tational methods are now helping researchers
tobalance those aims —and improving cellular
resolutionin the process.

Scaling FISH

Theroots of spatial transcriptomics date back
to the 1960s and the development of in situ
hybridization. This technique uses labelled
snippets of nucleic acid as probes to detect the
presence and position of complementary DNA
or RNA sequences in cells or tissues. Initially,
researchers used radioactive labels, but later
turned to fluorescent tags that can beimaged
under a microscope.

By 1998, thanks to advances in microscopy
and image processing, researchers could
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identify individual RNA molecules in cells.
Using this single-molecule fluorescenceinsitu
hybridization (smFISH) method, it was possible
tovisualize individualmRNA transcripts from
several genes simultaneously by using probes
of different colours. But early versions of
smFISH could monitor only three or four genes
atatime —far short of the tens of thousands of
genesexpressedinthe humantranscriptome.
“One of the fundamental limitations of micros-
copyisthatyoucan’tlook at that many colours
ormoleculesatatime, eventhoughyou get this
really rich spatial information,” says Fei Chen, a
cellbiologist at the Broad Institute of MIT and
Harvard in Cambridge, Massachusetts.

Clever twists on the technique have since
overcome those limits. For example, multi-
plexederror-robust FISH (MERFISH), reported
by biophysicist Xiaowei Zhuang and her col-
leagues at Harvard University in 2015, can
detect and discriminate between thousands
of mRNA transcripts from different genes using
just a few fluorescent tags'. Each transcript is
assigned a unique binary barcode made up of
ones and zeroes, and then labelled with mul-
tiple complementary ‘encoding probes’ that
containread-out sequences. Samples thengo
through sequential rounds of hybridization
andimagingwithvarious fluorescently labelled
‘read-out probes’ to decipher this barcode.

When aread-out probe binds to the read-out
sequence of anencoding probe and gives offa
fluorescentsignal, itisreadasa‘l’;ifthereisno
fluorescence, itisread as a‘0’. Multiple rounds
of imaging yield a binary barcode that can
identify the detected RNA. The ‘error-robust’
part of the technique refers to the barcodes’
design: they are sufficiently different fromone
other thatthereislittle chance of misinterpret-
ing which mRNA sequence is being detected.

Althoughthe method wasinitially described
as a tool for single-cell analysis, Zhuang’s
team also appliesit to tissues, including the
human brain® “By profiling the expression
of 4,000 genes, we were able to generate a
molecularly defined and spatially resolved cell
atlasof the humancortex atan unprecedented
molecular and spatial resolution,” she says.
This analysis, which s in the press in Science,
established the identity and location of more
than 100 distinct cell subtypes, and revealed
striking differencesin the cellular composition
and organization of cortical brain structures
in humans relative to mice. In earlier work,
Zhuang’s group has also used the technique
tochart parts of the mouse brain, including the
motor cortex and the hypothalamus.

Other barcoding and imaging methods
provide similar benefits. For example, spa-
tially resolved transcript amplicon read-out
mapping (STARmap), described by ateam at
Stanford University in California in 2018, uses
aform of in situ sequencing to detect mRNA
transcriptsinintact tissue samples®. Exploiting
aset of gene-specificbarcodes, eachmade up of

Snucleotides, the Stanford team mapped and
quantified more than1,000 gene transcriptsin
mouse brain tissue with single-cell resolution.

Butimaging-based methods also have draw-
backs. For example, asthese approaches grow
toencompass more targets, they become ever
more labour-intensive. MERFISH can detect
more than 10,000 genes at a time, but exper-
iments at this scale generally need an extra
step — a ‘tissue-expansion protocol’ to swell
the volume of each sample so that microscopy
can successfully resolve different molecules.

“Onecangettoamuch
higher-level understanding
of'the physiology or
pathologyinatissue.”

Another method, seqFISH+, overcomes this
limitation by using amore complex colour-cod-
ing strategy*. But seqFISH+ requires many
more rounds of labelling and imaging — 80,
as opposed to 23 for MERFISH — for the same
number of genes. And both methods require
more than aday of uninterrupted microscopy
timetocollect dataat thetranscriptomescale.

An array of alternatives

Perhaps the most fundamental limitation
of hybridization-based techniques is that
researchers must decide in advance which
genes they wish to target. “Once you start to
select markers, you are going to lose informa-
tion,” says Amit. Array-based methods offer
abroader view of the transcriptome but at a
cost —they have lower sensitivity and reduced
spatial resolution.

Joakim Lundeberg, a molecular geneticist
at the KTH Royal Institute of Technology in
Stockholm, who is one of the pioneers of
spatial transcriptomics, described such an
approachin2016 (ref.5). Heand his colleagues
dotted a glass slide with an ordered array of
oligonucleotides designed to capture mRNA
strands. These work by binding to the long tail
of adenine nucleotides that terminates each
mRNA transcript. After applying a thinslice of
tissue to the top of the slide, the researchers
treated the tissue with chemicals that made it
permeable, allowing the RNA to leak out and
bind to the array. The captured RNA was then
converted into DNA, and sequenced. Because
each oligonucleotide contains a distinctive
barcode that denotes its position on the slide,
the final data reveal not only the identity of
the mRNA, but also its location in the tissue.
The resulting data can then be visualized as a
pixelated map overlaid onamicroscopicimage,
inwhich each pixel reveals which genes were
expressed at each position.

Lundeberg’s team has used this technique
to sample the full transcriptomes of brain and
tumour tissue samples, albeit with limited
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spatial resolution. In the original method, the
pixels described spots roughly 100 micrometres
indiameter —10 times wider thanatypical cell.
Sincethen, the technique hasbeen commercial-
ized by the firm 10x Genomics in Pleasanton,
California, asthe Visium Spatial Gene Expression
platform, withaspot size of 55 pm. Yanai’'s team
has used the platformto map thearchitecture of
pancreatic and skin tumours. And even without
single-cell resolution, they have gained valu-
able insights about tumour architecture and
biologically important interactions between
cancer cells, healthy host tissue and immune
cell populations, he says.

The past few yearshave seen aflurry of effort
tosharpenthe resolution of array-based meth-
ods. Chenand his collaborator Evan Macosko
atthe Broad Institute, forinstance, developed
amethod® called Slide-seq, which hasaresolu-
tion of 10 um — about the size of a single cell,
Chensays. And 10x Genomics has announced
thatits next-generation Visium HD platform,
duetobereleased later this year, willalso pro-
vide single-cell resolution, although no data
have so far been published.

In May, researchers at the life-sciences
company BGI-Shenzhen in Shenzhen, China,
described anarray-based method that cracks
the single-cell barrier’. Called Stereo-seq,
it uses patterned arrays of barcoded DNA
nanoballs that are roughly 200 nanometresin
diameterand afew hundred nanometres apart.
“We actually have something like 400 data
spots to generate one cell,” says Xun Xu,
executive director of the BGI Group and one
of the method'’s developers. It can be applied
tolargesamples, including an entire macaque
brainthatwas cutinto slices measuring three
by five centimetres, as reported in a preprint
this year®. Sequencing alone took nearly two
months, says Ao Chen at BGI-Shenzhen, who
isalso part of the Stereo-seq team.

Butasresolution tightens,sotoodothetech-
nical challenges. One is diffusion: as mRNAs
leak out of the tissue, they can spread laterally
before encountering a capture probe, distort-
ing the data. Lundebergsays that by optimizing
the extent of tissue permeabilization, research-
erscanlimit this diffusion to afew micrometres,
which is more than sufficient for cellular res-
olution. “If you really would like to see the
subcellular resolution, you should go for the
imaging-based platformsinstead,” he suggests.

Another challenge is one of physics: as pixel
size decreases, so does the number of probes
available to capture mRNA. Lundeberg says
thatheabandoned ahigh-resolution version of
hisgroup’s platform because it lacked the sen-
sitivity to capture biologically relevant mRNA
signals. The BGlteamreports that Stereo-seq
can typically detect 300-500 genes per cell,
which offers a useful — but limited — view of
gene-expression activity. Even so, the team
has used the method to construct 3D atlases
that chart the spatial shiftsin gene expression
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MERFISH imaging of part of the human brain, showing cell types labelled with various colours
(top) and labelled RNA molecules from different genes in individual cells (bottom).

that accompany embryonic developmentin
mice’, flies® and zebrafish™.

Reading between the lines

Making sense of spatial data requires
dedicated computational tools. For exam-
ple, researchers might need to deduce which
celltypes are present using data that samples
only a subset of the transcriptome. Many
researchers achieve this through parallel
analysis of single-cell RNA-sequencing data
collected from the same tissue. “Then you
can match and align what you're seeing on
the spatial datawith whatyou're seeingin the
single-cell data,” says Fei Chen. This compar-
ison allows researchers to position cell types
inferred from RNA sequencing data setsonto
spatial transcriptomic maps.

Some algorithms can even work out the
cellular composition of the relatively large
pixels produced by platforms such as Visium,
which can contain multiple cells. Fei Chenand
Harvard-based computational biologist Rafael
Irizarry developed an open-source algorithm
called robust cell-type decomposition (RCTD)
for this separation process, also knownas spot
deconvolution™. RCTDis broadly applicable to
most array-based methods, Fei Chen says. It
not onlyidentifies which cellsare presentata
given pixel, butalso fleshes out missing details
about those cells’ gene-expression activity.
RCTD can be applied to imaging-based
methods such as MERFISH for segmentation,
Fei Chen adds — identifying cellular bounda-
ries from gene-expression data derived from
single-cell RNA sequencing.

Imaging data can also be a powerful asset
for cellular deconvolution, and most array-
based spatial transcriptomics techniques can
capturesuch datain parallel, says Mingyao Li,
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ageneticist and statistician at the University
of Pennsylvania in Philadelphia. “You can
zoom in, you can look at the tissue-specific
features, how many cells there are, whatis the
cell density, and what are the morphological
features of individual cells,” she says. But tying
these elements together is a challenging and
data-intensive task, often requiring sophisti-
cated computational approaches.

For instance, Lundeberg and colleagues
published a study'?in which they trained a
deep-learningalgorithm with transcriptomic
and histological data from a Visium instru-
ment to extrapolate details well outside the
contents of individual spots. “We could predict
very accurately the gene expression between
spots,” he says, referring to the physical gaps
thatareinherent toevery array-based method.
“We could actually infer the single-cell
resolution from that.”

Identifying cell types is just the beginning,
however. Different cell types might have
strikingly distinct phenotypes depending on
where they are located in a tissue, and these
patterns of differential gene expression can
make a spatial cellular atlas much more pow-
erful. Machine-learning algorithms are useful
for teasing out this variability, too. For exam-
ple, Amit and colleagues developed a tool
called DestVI that both resolves which cells
arelocated at eacharray spot and captures dis-
tinctive biological statesin various cell types®.
Usingit, the teamidentifiedimmune-cell phe-
notypes in cancerous tissues. “One can get to
a much higher-level understanding of the
physiology or pathology in atissue,” says Amit.

Bringing it all together

Perhaps surprisingly for a field that produces
so much data, what spatial transcriptomics
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researchers need now are more data. Initi-
atives such as the Human Cell Atlas, which
has released transcriptomic data col-
lected from millions of cells from 33 organs
(www.humancellatlas.org), are particularly
valuable. Such high-quality, standardized data
could be used to train analytical algorithms,
for example.

Spatial transcriptomics has yet to reach the
level of collaboration and data-sharing seenin
more established fields such as genomics or
single-cell transcriptomics, and this can be a
source of frustration. In many cases, Fei Chen
says, laboratories will share only the minimum
required by publishers and funders —theraw,
unprocessed datafrom anexperiment — mean-
ing it could take months toreproduce the work.
Butthere have been promising developments.
Following the publication of its Stereo-seq
work, forinstance, the BGI Group launched the
Spatio Temporal Omics Consortium, which
has already drawn more than 80 researchers
fromaround the world. Its goaliisto use various
spatial methods to tackle tough questions in
areasrelated to human physiology, pathogen-
esis and evolutionary biology.

In the meantime, researchers are looking
tofurther enhance the technology. For exam-
ple, Lundeberg’s team is using spatial tran-
scriptomics to infer genomic changes that
occur during prostate tumour development
— insights that would normally be accessible
only from genome sequencing of isolated
cells. “Within a single tissue section, you see
these extremely early events that no one has
looked for,” he says, adding that many of these
changes are occurring in cells that otherwise
seem benign.

As for Yanai, he’s enthusiastic about the
opportunity toeavesdrop onhowadjacentcells
communicate with and influence one another.
Such crosstalk is an essential component of
normal organ formation and development,
and could help to reveal the organizational
principles of tumour tissue. “The cancer cells
are manipulating the non-cancer cells,” says
Yanai. Spatial transcriptomics could capture
that manipulation as it happens. “It’s like this
missing piece of the puzzle,” he says.

Michael Eisenstein is a freelance writer in
Philadelphia, Pennsylvania.
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