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Technical Advances and Applications of Spatial Transcriptomics

Guohao Liang®t, Hong Yinl:t, Fangyuan Ding?”
1Department of Biomedical Engineering, University of California, Irvine, Irvine, California, USA.

2Center for Synthetic Biology, Center for Complex Biological Systems, Department of
Developmental and Cell Biology, and Department of Pharmaceutical Sciences, University of
California, Irvine, California, USA.

Abstract

Transcriptomics is one of the largest areas of research in biological sciences. Aside from

RNA expression levels, the significance of RNA spatial context has also been unveiled in the
recent decade, playing a critical role in diverse biological processes, from subcellular kinetic
regulation to cell communication, from tissue architecture to tumor microenvironment, and

more. To systematically unravel the positional patterns of RNA molecules across subcellular,
cellular, and tissue levels, spatial transcriptomics techniques have emerged and rapidly became an
irreplaceable tool set. Herein, we review and compare current spatial transcriptomics techniques
on their methods, advantages, and limitations, as well as applications across a wide range of
biological investigations. This review serves as a comprehensive guide to spatial transcriptomics
for researchers interested in adopting this powerful suite of technologies.

RNA is one of the most important families of molecules in biology, functioning at almost
every level of cellular processes.! As a median between genetic material and protein
products, production and modulation of messenger RNA is crucial for organism functioning,
with its mis-regulation leading to many diseases.2~7 Besides, noncoding RNA,8:9 small
RNA,10.11 and other functional RNA1Z intricately regulate gene expression pathways in
transcription,1314 RNA processing,1%16 and translation.17:18

Transcriptomics studies the complete set of RNA transcripts that are produced by cells
within specific physiological conditions or cell types. It is crucial for understanding the
identity of cells, their function within the respective tissue context, and their changes
throughout the course of disease development.19-22 Over the past decade of transcriptomics,
RNA sequencing, especially single-cell RNA sequencing (scRNA-seq), has been the main
workhorse and provided vast knowledge on the transcriptome in many settings, including
cancer,23:24 embryo development, 2526 immunology,27+28 tissue profiling?®-31 and more.
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Spatial transcriptomics have emerged over recent years to complement sSCRNA-seq, in that it
specifically addresses the challenge of retaining spatial contexts of RNA transcripts. It has
quickly become an invaluable asset in transcriptomics that Nature Methods named spatial
transcriptomics “Method of the Year 2020.732 The spatial context of RNA transcripts is
important to study at multiple levels. At a tissue level, the relative positions of cells within
their tissue contexts provide information on their identity, communication, and ultimately
the function of tissues. For example, tumor microenvironment plays an important role in
cancer growth and therapeutic response.33 It contains subpopulations of cancer cells that
differ from but interact with each other to constitute the tumor. To fully understand such
intratumor cellular interactions, the relative spatial context between cell populations must
be preserved. At a finer level, subcellular localization of RNA transcripts has been shown
to affect cellular architecture and function.34:3% In addition, subcellular localization can
also be used to model RNA velocity,36:37 which describes the integrated dynamics of RNA
synthesis, nuclear export, cytoplasm translocation, and degradation.

Due to the broad impact of spatial transcriptomics studies, significant expansion of
spatial transcriptomics technique development appears. These techniques achieve RNA
spatial mapping by integrating various modern molecular biology techniques, including
but not limited to fluorescent in situ hybridization (FISH),38:39 next-generation sequencing
(NGS).%0 Depending on the methodology adopted, spatial transcriptomics methods obtain
different levels of spatial resolution, detection throughput, efficiency, and sensitivity
(Table 1). For example, the commercially available Visium technology by 10X Genomics
utilizes positional molecular barcodes to maintain spatial context of tissue ahead

of RNA sequencing, which enables transcriptome-wide coverage.*! Another recently
commercialized technology, Multiplexed Error-Robust Fluorescence /in situ Hybridization
(MERFISH),%245 relies on sequential single-molecule FISH that allows for single-cell
resolution with near 100% detection efficiency.

In this review, we introduce the technical advancement of spatial transcriptomics over the
years and demonstrate the capabilities of spatial transcriptomics in a variety of biological
investigations. We aim to provide a guide for researchers that are looking to adopt spatial
transcriptomics in their research to selecting different spatial transcriptomics strategies.

Spatial Transcriptomics: Techniques

Spatial transcriptomics techniques can be broadly categorized into three major groups:
hybridization-based methods, 7 situ sequencing-based methods, and ex situ sequencing-
based methods (Fig. 1). In the hybridization-based methods, spatial RNA patterns

are determined by mapping RNA molecules through hybridization with fluorescent
complementary probes. /n situ sequencing-based methods, on the other hand, involve
sequencing RNA molecules directly within intact tissue sections. £x situ sequencing-based
methods, which also involve sequencing, barcoding, and capturing RNA molecules from
spatially defined regions of the tissue after physically isolating them. In the following, we
will elaborate all three categories and compare their advantages as well as disadvantages. A
summarized version is in Table 1.
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Hybridization-based methods

Hybridization-based methods map RNA molecules with spatial locations by the
hybridization between fluorophore-labeled DNA probes and the RNA targets. Depending
on the specific probe designs, these techniques can be classified into three groups, with
single molecule detection, high-sensitive detection, as well as multiplexing as purposes.

Single molecule detection.—Single molecule detection methods aim to map single
RNA molecules in the cell context. The first version, FISH, was developed by the Singer
Lab in 1998 based on the RNA /n situ hybridization (RNA-1SH) technique. In this early
FISH technique, a set of ten DNA probes, each labeled with five fluorophores, are

used to target RNA by complementary basepairing.3® Compared to previous RNA-ISH,
FISH substitutes the need of using a secondary dye or hazardous radioactive nucleotide

for detection with fluorescence detection. The diversity of fluorescence colors enables
measurement of multiple different RNA at the same time. The collective binding between
the set of probes and the target RNA forms dots with strong fluorescent intensity in the cell.
The number and intensity of dots reveal the quantity and spatial distribution of RNAs inside
the cell at the moment of fixation.

Single-molecule FISH (smFISH) was then developed based on FISH. Singly labeled probes
are used instead of multiple-labeled probes. A set of more than 20 probes is designed

to target one RNA region.38 The use of singly labeled probes circumvents the problem

of probe heterogeneity due to the inconsistent labeling efficiency in multilabeled probes.
These changes achieve a higher signal-to-noise ratio. Further optimization and specialization
were done based on smFISH. For instance, TurboFISH developed multiple fixations,
permeabilization, and hybridization conditions to reduce the probe hybridization time to
several hours.*

Beyond single molecule detection, single nucleotide variant (SNV) has also been identified
spatially. For instance, a toehold probe labeled with a fluorophore can be used together with
a set of sSmFISH probe to identify SNVs.47 inoFISH modified the targeting sequence in

the toehold probe to suit the need for detecting adenosine-to-inosine base editing.#8 Worth
mentioning, despite that these toehold probe methods are capable of detecting SNVs, the
detection efficiency remains low, due to the weak fluorescent signal from singly labeled
toehold probe, as well as the limited accessibility of target RNA single-binding site.

High-sensitive detection.—High-sensitive detection methods aim to map RNA
molecules in large tissue samples with high-background noise. Visualizing RNA in large
tissue sample has been challenging. First, tissue sample is often auto-fluorescent and
opaque, thus hard to achieve a good signal-to-noise ratio using SmFISH. In addition, RNA
molecules, especially the lowly expressed transcripts, are difficult to be identified in large
tissue samples; therefore, signal amplification is desired. In the following, we will compare
three high-sensitive detection methods developed in recent 10 years.

Hybridization chain reaction (HCR) is one of the signal amplification methods developed
in the early 2000s. In HCR, the binding of probes on the RNA target leads to the
iterative binding of two types of fluorescence hairpins, where the extension of hairpin chain
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results in stronger fluorescent signal.® Then, to reduce the cost of redesigning expensive
fluorescent hairpins for different RNA targets, HCR v2.0%0 introduces a primary probe
to bridge the hairpin chain to RNA target, achieving an RNA target independent library
of fluorescent hairpins. HCR v3.0 further optimizes the architecture by using a pair of
split oligonucleotides to bridge the RNA target and primary probe,> which reduces the
nonspecific binding.

One major benefit of HCR is its strong fluorescent signal to visualize RNA at low
magnification objectives, even under flow cytometry.51:52 The design of HCR is thus also
adopted by other amplification-based techniques. For instance, ultrasensitive sequential
FISH (UsegFISH) combines rolling-circle amplification (RCA) and HCR to achieve even
higher amplification to detect adeno-associated viruses transduction by targeting short viral
RNAs.53 Additionally, high-fidelity amplified FISH (amp-FISH) combines HCR and a pair
of split hairpins to detect SNV.54

Similar to HCR’s split-oligonucleotides design, RNAScope®® uses a pair of Z-shaped probes
to bridge the RNA target and the amplification region. Instead of the iterative binding
between two fluorescent hairpins like HCR, RNAScope utilizes a preamplifier to form
scaffolds for the binding of the fluorescent amplifier oligonucleotides. Compared to HCR,
the use of the scaffold allows better control of the scale of signal amplification.

Another recently developed method is Click-amplifying FISH (Clamp-FISH). Specifically,
Clamp-FISH38 hybridized a primary padlock-probe on its RNA target, then locked them by
applying click chemistry between the terminal alkyne and azide on the padlock-probe. Then,
sets of amplification padlock-probes with fluorophores are hybridized upon the primary
probe and locked through similar click chemistry. To reduce the cost of probe synthesis by
pooled synthesis, ClampFISH 2.0 modified the padlock probe structure by internalizing the
targeting sequence.>” The redesign of the amplification padlock probe allows multiplexing
with ten RNA species and compatibility with tissue sections. The extent of amplification

in ClampFISH can be controlled by the number of rounds of hybridization and clicking
chemistry. Locking probes by click chemistry allows stringent washes to reduce nonspecific
binding without worrying washing away the truly bound probes.

Despite many remarkable advantages of high-sensitive detection, current amplification-
based methods exhibit some limitations too. Along with amplification on the true RNA
targets, nonspecific signals are also amplified. Although this can be alleviated using split
oligonucleotide pairs, such a nonspecific amplification problem is not fully resolved.
Additionally, the extent of amplification on RNA is heterogeneous, as amplification can
only be controlled at broad level but not at single molecule level, leading to bias in RNA
transcript quantification. Furthermore, excessive amplification increases optical crowding,
merging of which signals from multiple targets, result in the missing of single-molecule
signals.

Multiplexing.—Multiplexing methods aim to map RNA expressed from thousands of
genes in the whole transcriptome. Previously mentioned methods, such as smFISH, can
only multiplex through the usage of distinguishable fluorescent channels, but with limited

GEN Biotechnol. Author manuscript; available in PMC 2024 November 14.
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diversity of fluorophores, whole spatial transcriptomics mapping becomes impractical.
Thus, highly multiplexable methods are needed and then achieved by adopting barcoding
schemes. In the following, we will introduce two widely used barcoding methods: sequential
fluorescence /n situ hybridization (seqFISH) and MERFISH, both dramatically increases the
multiplexability of hybridization-based spatial transcriptomics methods.

segFISH barcodes the RNA targets through the fluorescent signals on the same RNA

targets in multiple rounds of probe hybridization.58 In details, seqFISH targets the same
RNA targets at the same regions in multiple rounds using the same set of smFISH probes
conjugated with different fluorophores. After a round of imaging readout, the hybridized
probes are stripped away from their RNA partners by high percentage formamide buffer

and are digested by DNase, leaving the RNA targeting site open for the next round of
hybridization. The alignment of fluorescent signals from multiple rounds of hybridization
results in color barcodes for every RNA target. The number of barcodes scales up
exponentially with number of sequential hybridizations. For instance, seqFISH has achieved
to map 249 genes in the mouse hippocampus transcriptome,5%:60 and can also be modified to
detect multiple genomic loci in combination with CRISPR-Cas9 system.1

In the ameliorated version of seqFISH+,52 the improvement of barcoding strategy and the
design of the seqFISH+ probes achieve a much higher barcoding capacity. Specifically,
SeqFISH performs barcoding through sequential hybridization, effectively creating 60
pseudocolors split into three fluorescence channels. Noticeably, these pseudocolors are not
based on color but on the presence of sequentially hybridized probes in each of the 20
hybridization cycles within one round. Subsequently, four rounds of seqFISH+ will generate
a unique four-unit barcode readout based on the 20 hybridization signals in each round.52
The most similar three out of the four units within the readout are used to align barcodes to
their gene identities. This error correction scheme tolerates the absence or misread of one
signal readout.50:62 By employing the 20 psuedocolors in each channel, SeqFISH+ effective
dilute the portion of RNA to be imaged at each hybridization by 20-fold, reducing the
optical density to its one 20th while enlarging the barcode capacity to 8,000 per channel .62
With such a high barcoding capacity, seqFISH+ can multiplex 10,000 genes in the tissue
sample.62

On the other hand, MERFISH, which also relies on sequential hybridization, utilizes

a different probe design and a unique barcoding scheme. The sequential targeting of

the readout sites by fluorescent readout probes at each round, followed by cleavage of
disulfide bonds between readout probes and fluorophores, generates barcodes for each
RNA target.4344 Unlike seqFISH+ barcoding, MERFISH uses a Hamming distance coding
approach to enhance robustness. Specifically, MERFISH constructs the binary codes with
constant hamming weight of 4 and with hamming distance of either 2 or 4.4344 The
utilization of hamming distance in the barcodes makes MERFISH error robust: it takes at
least two or four misread in the fluorescence signal readout to be misidentified as another
barcodes.*344 In the recent work, MERFISH has successfully mapped 10,000 genes in the
tissue sample.63
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Despite fascinating multiplexing ability, current multiplexable hybridization techniques
have mild drawbacks. In particular, sample autofluorescence and optical crowding, arising
from fluorescent probes binding on a large amount of RNAs at the same time, can

impact the barcoding stringency because they interfere with the alignment of fluorescence
signals from sequential rounds of hybridization. In addition, the specificity could also be
affected if fluorescent probes from previous hybridization is not thoroughly washed away.
Worth mentioning, both of seqFISH+ and MERFISH adopt different strategies to alleviate
these drawbacks. SeqFISH+ increases the total number of hybridizations by employing

the pseudocolor concept, effectively diluting the RNA fluorescent signals during each
hybridization.52 It also embeds all RNA onto hydrogel matrix and clears the tissue to
reduce autofluorescence.2 MERFISH, on the other hand, with fewer total numbers of
hybridizations, embeds the polyadenylated RNA onto an expandable hydrogel matrix, with
subsequent tissue clearing® and physical expansion,52 to achieve high signal-to-noise ratio.

When designing experiment with SeqFISH+ and MERFISH, researchers should consider
the balance between the barcode library size and stringency. In SeqFISH+, the barcode
library size can be expanded by utilizing more fluorescence channels or increasing imaging
rounds.80:62 In MERFISH, although MHD4 barcodes is more stringent and robust than
MHD?2’s, MHD4 encodes a much small library than MHD2, as 16bitMHD4 covers 140
genes, while 14bitMHD2 encodes 1001 genes.*344 For both seqFISH+ and MERFISH,
more hybridizations will increase the barcode library size, but at the expense of longer
experimental time in the serial hybridization and imaging and data processing. Therefore, a
balance must be held between the stringency and library size to fit the actual needs in the
research.

In situ sequencing-based methods

Although hybridization-based spatial transcriptomics techniques are excellent tools to map
RNA targets and the transcriptome, they have difficulty to distinguish nucleotide differences
in RNA sequences or study the transcriptome without prior knowledge of RNA sequences.
In situ sequencing techniques compensate these technical gaps. Specifically, they offer the
tool for studying spatial transcriptomics at high base resolution at the intact cellular context,
through either sequencing the transcriptome or multiplexing the barcodes by single-base
resolution detection, with or without prior knowledge of RNA target sequences.

Fluorescent /in situ sequencing (FISSEQ) is one of the earliest /n situ sequencing methods.

It incorporates primers to RNA targets /n situ, reverse-transcribes RNA into cDNA,
circularizes cDNA, and amplifies cDNA with RCA.%% The amplicons are subjected to
sequence-by-ligation with fluorescent oligonucleotides to interrogate the dinucleotides next
to the sequencing primer. A total of four sets of sequencing primers with one-base frame-
shifting are used to cover all base within the 30-base sequencing read.55 With its powerful /in
situ sequencing ability, FISSEQ generates ~8,000 sequencing reads, corresponding to ~700
mRNAs on 40 cells.55

Barcode in situtargeted sequencing (BaristaSeq) utilizes a different targeting and
sequencing design than FISSEQ. In particular, to increases detection efficiency, BaristaSeq
targets RNA with gapped padlock probes and fills the gap with reverse transcription to
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generate circular templates for RCA.%6 BaristaSeq also adapts the lllumina sequencing-
by-synthesis method to sequence transcriptome with fluorescence nucleotide analogs in
Illumina NGS chemistry.56 This approach reduces the background noise arising from
the fluorescent oligonucleotides that binds nonspecifically. With all these ameliorations,
BaristaSeq achieves a sequencing accuracy as high as 97%.

In recent years, hydrogel embedding and tissue clearing have also been integrated into /in situ
sequencing by spatially resolved transcript amplicon readout mapping (STARmap)®’ and
expansion sequencing (ExSeq).88 Specifically, STARmap incorporates hydrogel embedding
and tissue clearing by CLARITY?®9 to reduce tissue auto-fluorescence and improve enzyme
entry for sequencing. Additionally, the substitution of a single-padlock design with a SNAIL
probe®7 containing five-base barcode helps bypass the reverse-transcription to increase
targeting specificity and detection efficiency. STARmap achieves successful mapping of

up to 1,024 gene in the tissue sample.5” The image time is also greatly reduced to only six
imaging cycles. However, because the barcodes are pre-integrated into the SNAIL probes,
STARmap can only perform /n situ sequencing with prior knowledge of the RNA targets.

On the other hand, ExSeq, which involves the hydrogel embedding with different chemistry
formula, is able to physically expand the embedding sample®8 to achieve higher spatial
resolution and lower optical crowding. With similar untargeting scheme in FISSEQ, ExSeq
maps 326 genes in the neuronal tissues and 3039 genes in the tissue with 10 times volume.58
Using the padlock probe barcoding scheme, ExSeq achieves a proof-of-principle mapping of
42 selected genes in-depth with more than 250,000 reads.58

This diverse set of /in situ sequencing tools provides opportunities for researchers to study
spatial transcriptomics in cells and tissue with single-base resolution and high multiplexity.
Despite advantages, a few limitations still need to be addressed. For instance, the untargeted
detection efficiency is low due to the low cDNA conversion rate. This could result in missing
rare RNA species. A long turnover time, for example, a week or two in FISSEQ, prevents
more extensive applications of the methods. In addition, in method without tissue clearing,
autofluorescence and optical crowding may affect the sequencing readout.

Ex situ sequencing-based methods

Although /n situ sequencing can map RNA transcripts and the transcriptome with high
multiplexity, it can miss transcript information due to its short read-length (~35 bases). £x
Situ sequencing, on the other hand, use highly standardized and powerful NGS to reach

a much longer read length, often >100 bases. Because sequencing takes place outside

of the cells, each RNA transcripts must be barcoded to retain its spatial location before
conversion to cDNA for NGS ex situ, so that the NGS reads, which contain information
about both RNA identities and spatial locations, can then be decoded to reconstruct spatial
transcriptomics profiles. In general, the ex situ sequencing-based methods can be classified
into two groups based on the how spatial barcodes are incorporated into RNA in situ. We
will elaborate each group in the following.

RNA /n situ capturing by spatially barcoded oligonucleotides. This group barcodes RNA
molecules by capturing RNAs via spatially barcoded oligonucleotides, after releasing RNA
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transcripts from the sample. In details, the tissue sample is placed on a capturing slide coated
with spatially distinct barcoded oligonucleotides containing a poly-(dT) region. Then the
sample is digested, and the released mMRNAs are captured by the barcoded oligonucleotides
in situ. The converted cDNAs, which include both mRNA sequences and barcode sequences,
are then amplified, pooled, and sequenced ex situ. Spatial transcriptomics profile is
reconstructed based on the decoded sequencing reads.

XYZeq'? is one of these methods compatible for tissue-level spatial transcriptomics studies.
The capturing slide used in XY Zeq contains microwell arrays, center-to-center distance of
which is 500 Im and coated with spatially distinct barcode oligonucleotides. Although its
resolution is low, it has high capturing efficiency, making it suitable for tissue-level studies
rather than cellular- or subcellular-level studies.

On the other hand, Slide-seq’! and high-definition spatial transcriptomics (HDST)2 are
compatible with cell-level spatial transcriptomics studies. Slide-seq captures mRNA released
from the cryo-preserved samples with 10 zm beads with barcodes.’? Slide-seqV2 further
optimizes barcoding scheme and enzymatic preparation protocol from Slide-seq to increase
the capturing efficiency.”® With this high capturing and detecting efficiency, Slide-seqV/2
can faithfully detect ~44% mRNA transcripts as in Drop-seq and identified more than 1,300
spatially differentially expressed genes in mouse developing neocortex.”3 HDST2 captures
mMRNA released from the cryo-preserved sample with barcoded beads in 2 4/m microwells.
The spatial location of these beads is decoded by multiple rounds of hybridization and
imaging to obtain spatial information before cDNA pooling and sequencing. More than half
of the cells in the mouse brain section have been successfully assigned into single cell type
by HDST, proofing that its practical resolution reaches single cell level.”2 Though Slide-seq
V2 and HDST achieve near single-cell resolution, experts and users in field concern the
difficulties in making these small beads coated with barcoded oligos.

Slide-seq and HDST each have its unique advantages. For instance, although Slide-seqV2
has lower resolution, it has higher capturing rate than HDST. HDST, on the other hand,

has higher resolution, and its capturing rate is between Slide-seq and Slide-seqV2. HDST

is more time-consuming because it requires the several rounds of hybridization and imaging
for barcode decoding before mRNA capturing. But other omics (like protein staining and
H&E staining) can be included at this step if needed. Recently, SlideSeq-V2 has been
commercially available, renamed as Curio Seeker, from Curio Bioscience.’# Curio Seeker
spatial mapping kit consists of a 3x3 mm capturing area, which is coated with a monolayer
of 10 um capturing beads. The entire workflow from tissue sectioning to sequencing
requires 8 h with the highly standardized protocol. Curio Seeker has been applied to map
reovirus-induced myocarditis in neonatal mouse hearts to elucidate the pathogenesis of viral
myocarditis.”®

To achieve an even higher resolution, spatial enhanced resolution omics-sequencing (Stereo-
seq) replaces microwells by 200 nm DNA nanoball array with 500 or 715 nm center-to-
center distance to capture mRNA, enabling its use in cellular and subcellular studies.’®
Beside high-spatial resolution, Stereo-seq offers the capturing chip with 13.2x13.2 cm
capturing area, which accommaodates tissue samples with large sizes. With large capturing
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area and high resolution, Stereo-seq generated detail spatial transcriptomics profiles for
E16.5 mouse embryonic tissue samples, on average identifying the spatial expression of 529
genes per cell.”® Stereo-seq has recently become available from STOmics.”” The standard
capturing area is 1x1 cm on the STOmics chip, and it can be customized to larger size up

to 13x13 cm. The standardized protocol of Stereo-seq capturing and library construction
requires roughly 1.5 days. Stereo-seq from STOmics has been used to map the axolotl

brain regeneration to discover the functions of induced progenitor cells in such regeneration
process.’®

10X Visium is another commercially available kit for RNA capturing.”® 10X Visium
provides kits with two options, containing either four 6.5%6.5 mm or two 11x11 mm
capturing areas, suitable for both fresh frozen and formalin-fixed parafilm-embedded
samples. Each area is coated with spatially barcoded capturing probes to capture RNA.
The captured RNA is barcoded and converted to cDNA, followed by sequencing to detect
the RNA identities and spatial locations. The spatial resolution is at 10 cells level, meaning
that Visium is suitable for board patterning of RNA expression in tissue samples. One of
the benefits of using this commercially available kit is that it offers highly standardized
experiment pipeline for the spatial transcriptomics studies. It can also combine with H&E
staining and protein co-detection for multi-omic studies.

Despite the convenience of usage and their effective profiling by sequencing, the ex situ
methods have a few limitations. For instance, lateral diffusion’1:73.76.80 of RNA transcript
occurs during the RNA capturing, leading to slight changes in spatial gene expression
patterns. Also, overlapping cells are not distinguished well because the capturing is in
two-dimension. In addition, the release of RNA transcripts requires destroying the samples,
preventing further handling on the sample after spatial transcriptomics analysis.

RNA /n situbarcoding by spatially barcoded oligonucleotides. Instead of releasing

RNAs first, this group barcodes RNA molecules by incorporating spatially barcoded
oligonucleotides onto RNA inside cells. In particular, spatially barcoded oligonucleotides are
delivered into fixed cells and directly hybridized with RNA transcripts /n situ. The afterward
sequencing and decoding steps are comparable to the previous section. We will specifically
discuss three example methods in details.

Deterministic barcoding in tissue for spatial omics sequencing (DBiT-seq) utilize channels
in the microfluidic chamber to deliver barcoded DNA poly-(dT) oligonucleotides to tissue
sample spatially.8! This method achieved 10 Im spatial resolution and high capturing rate of
roughly 1-2 orders of magnitude as SlideSeq. Besides, DBiT-seq benefits from its ability to
combine with protein detection by delivering barcoded antibodies. DBiT-seq has achieved
the co-mapping of the mouse embryonic transcriptome with a set of 22 proteins,81 and more
than 2,000 genes have been captured and profiled in 10 Im pixel area.8! Recently, DBiT-seq
was further modified to make it compatible with ATAC-seq and CUT&Tag-seq on the same
microfluidic chamber.82 This improvement allows the co-mapping of spatial epigenomics
and spatial transcriptomics. One of the limitations is that the capturing area is small (1 - 1
mm), necessitating the large number of capturing chambers to analyze large tissue samples.
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Alternatively, light-seq®3 adopts the /n situ barcoding through light-directed technique,
with subcellular resolution. Specifically, barcoded oligonucleotides are iteratively added

to the entire sample. By applying UV illumination in the region of interest (ROI), the

RNA transcripts within ROI are spatially crosslinked to the barcodes. One benefit of this
light-directed method is that it allows researcher to actively select the region for barcoding.
In addition, it can cover all types of RNA instead of the only mRNA because barcode
crosslinking is light-directed instead of poly-(dT) hybridization. Furthermore, instead of
digesting the sample, light-seq releases their cDNA in a nondestructive way, equipping it
with the potential compatibility for multi-omic studies (such as protein and lipid detection).
In a proof-of-principle study, Light-seq has successfully selected and profiled eight rare
dopaminergic amacrine cell subtypes from a large tissue sample and discovered new RNA
biomarkers for them.83 Further improvement can be made in future development regarding
its barcoding stringency and efficiency, which are currently bottle-necked by the photo-
crosslinking efficiency and the effectiveness of washing away barcodes from the previous
round.

GeoMx84 is the commercially available spatial transcriptomics technique for 7 situ
barcoding followed by ex situ sequencing. ISH probes linked to DNA barcodes by

a photocleavable linker are added onto the slide where the sample is mounted and
hybridized to the RNA targets. The barcodes are spatially released by UV-illumination

on the ROIs, indexed to ROIs, and sequenced. Barcodes and ROl indices are combined to
reveal the spatial location of every RNA. This is a highly standardized protocol, making

it easy for researchers to use. Similar to light-seq, it benefits from the nondestructive
barcoding scheme, giving it potential to combine with multi-omic studies. It also equips
researchers with flexible manipulation on the tissue because it allows user-determined

ROI selections. Though in comparison to DBiT-seq and Light-seq which enable untargeted
spatial transcriptomics analysis, GeoMx requires the prior knowledge of the RNA sequences
to predesign DNA-barcoded ISH probes.

To summarize, the past two decades have seen a rapid growth of spatial transcriptomics
techniques through many novel designs and implementations, as we have covered in this
section. Each option in the wide selection of spatial transcriptomics techniques offers
unique capabilities that help unravel previously inaccessible biological systems. In the
following section, we will elaborate some typical examples, categorized across different
spatial resolutions—from subcellular to whole tissue level.

Spatial Transcriptomics: Applications

Subcellular level

Spatial information of RNA transcripts on a subcellular level can be used to infer many
aspects of the cellular mechanisms (Fig. 2A). Studies have found that RNA transcripts,
including both coding and noncoding RNAs,8° are differentially distributed in the cell.

For example, a study using FISSEQ to spatially sequence the transcriptome in human
fibroblasts /n situ has found that noncoding and antisense RNA are more likely to be nuclear,
whereas coding mRNAs localize to the cytoplasm.88 Similarly, MERFISH combined with
endoplasmic reticulum (ER) immunolabeling identified gene transcripts that are specifically
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enriched in the ER.83 This study also confirmed that RNA species preferentially enriched
in the nucleus include intron-retaining transcripts and long noncoding RNAs (IncRNAs),
such as MALATI. These intracellular localization of RNA transcripts has also implied
their functional role in regulating gene expression.34:35 Interestingly, hundreds of mature
protein coding RNAs were also identified in the nucleus, which points to previous studies
that suggested this retention of mMRNA being a mechanism for buffering cytoplasm gene
expression noise.87.88

Aside from RNA intracellular localizations, temporal information can also be included to
help uncover RNA dynamics.53:89 For instance, TEMPOmap (temporally resolved 7n situ
sequencing and mapping) combines pulse-chase metabolic labeling with multiplexed 3D

in situ sequencing to investigate subcellular RNA dynamics spatiotemporally.3” The study
confirmed a previous finding that there is a drastic RNA eviction from the chromosomes

in M phase cells.?0 Moreover, TEMPOmap provided deeper insight and refinement on the
previously proposed RNA velocity model,36 which described the combined kinetics of RNA
synthesis, nuclear export, translocation, and degradation.

In addition, other omics to subcellular spatial transcriptomics can be included, such as
proteomics. Protein fluorescent labeling and its colocalization with RNA signals provide
further information on cellular mechanisms. One example is regarding translation regulation.
For instance, the cellular landmark micro-tubule organizing center (MTOC) indicates
polarity in most polarized cells and is often positioned between the nucleus and the

leading edges of cells before growth or migration.%1-92 Dyp-FISH, a clustering method

for mRNA and protein, discovered the enrichment of total cytoplasmic mRNA transcripts

in the MTOC-containing region in polarized fibroblasts.89 These studies confirm that
spatially and temporally restricted translation, that is, local translation, is important for
controlling gene expression and protein subcellular localization.93 Another example is
regarding RNA splicing regulation. Co-staining between the nuclear speckle marker SC35
and transcripts of a synthetic spliceable RG6 minigene revealed that splicing efficiency is
higher within proximity of nuclear speckles.%* Altogether these examples demonstrated that
spatial transcriptomics is an essential tool at the subcellular resolution and provides valuable
information in RNA mechanisms, dynamics, and so on.

Cellular level

Many spatial transcriptomics techniques are well positioned on a cellular level (Table 1)

to provide unique resources to study diverse biological processes. We will describe two
examples in this section: cell-cell communications (CCC), as well as embryo development
and organogenesis.

CCCs are fundamental for tissue organization and function.®® To investigate CCC, it is
important to preserve the cell-cell neighboring information, while monitoring the RNA
expression perturbation at the single-cell level. Spatial transcriptomics helps to achieve this
goal. One form of CCC is via soluble ligand-receptor pair, where the corresponding changes
in mRNA can be detected with cells that are in communication (Fig. 2B). Inference methods
such as COMMOT and SpaTalk®” were applied to various spatial transcriptomics datasets
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to infer the spatial signaling directionality, as well as the competition and interaction
between different ligands and receptor species.

Additionally, spatial transcriptomics helps investigate communication through direct contact
(e.g., gap junctions) between immediate neighboring cells. CellNeighborEX was proposed
to specifically address gene signatures that are the result of this form of neighbor-dependent
expression using transcriptome spatial transcriptomics datasets.98 This study showed that

in various tissues, cells exhibit differential expression profiles based on the cell types

they are neighboring. In particular, CellNeighborEX identified development-associated
genes in embryos and metastases-associated genes in liver cancer tissue that showed
neighbor-dependent expressions. More generally, unbiased methods such as the node-centric
expression models have been proposed to consider the effect of cell niche composition

on global gene signatures.®® This method can be applied to high-resolution spatial
transcriptomics techniques such as MERFISH, as well as spot-based approaches such as
Visium and Slide-seq, provided that deconvolution analyses are able to recover within-cell-
type variation for these datasets. Additional computational methods for inferring CCC from
spatial transcriptomics data were reviewed previously.100

Spatial transcriptomics on single-cell level has also been used to study embryo development
and organogenesis (Fig. 2B). In addition to the transcriptome information provided by
scRNA-seq, spatial transcriptomics provide directionality context in embryo studies and help
identify genes with anatomically patterned expression.10 For example, Stereo-seq’® enables
large field-of-view spatial transcriptomics on whole mouse embryos, while also achieving
cellular resolution. This technology generated the mouse organogenesis spatiotemporal
transcriptomic atlas (MOSTA), which not only maps the spatial cell heterogeneity in mouse
embryo tissues but also captures transcriptome trajectory in organogenesis. Additionally, the
ability of Stereo-seq to capture intronic transcripts enables calculation of RNA velocity on
single-cell level, thus facilitating investigations of cell fate transitions.

While similar studies192-104 demonstrated the immense potential of single-cell spatial
transcriptomics in studying mouse organogenesis, the first application in human was
reported recently,195 where the transcriptional landscape of 4- to 6-week human embryos
was spatially mapped. In particular, this work resolved previously uncharacterized
structures such as the head mesoderm and profiled undefined cell types. Taken together,
these examples demonstrate the versatility of spatial transcriptomics within cellular-level
applications.

Tissue level

Identifying cell types and their positional context in tissues is crucial for understanding
tissue normal function and pathological changes (Fig. 2C). Spatial transcriptomics

has been used widely in spatially mapping tissues, including the bone marrow,106
testis, 107 developmental heart, 18 and gut.199 Specifically, spatial transcriptomics has
made great strides in profiling mammalian brain, which is one of the most complex
structures that contain millions to hundreds of billions of cells with an extremely high
order of organization.110 Collectively, studies demonstrated that spatial transcriptomics
can accurately resolve cell types and their proportions in the cerebellum,?1:111.112
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hippocampus,72:108.111-114 g|factory bulb,41:114.115 and more.109.116 | addition to normal
brain architecture, pathophysiology changes to the brain have also been characterized with
spatial transcriptomics in Alzheimer’s disease,112 schizophrenia,117 autism,117 and traumatic
brain injury.”!

Spatial transcriptomics has also been widely applied to study pathological changes in
cancer. It is important to characterize tumor cellular compaositions, since intratumor
transcriptional heterogeneity hugely challenges cancer diagnosis and treatment.118 Early
studies using SCRNA-seq finely characterized tumor heterogeneity in their cellular
transcriptional programs,11 with spatial transcriptomics supplementing our understanding
of cancer through profiling the differential localization of tumor subpopulations. In addition,
the spatial interactions between tumors and surrounding healthy tissues are crucial to
characterize. Spatial transcriptomics exceled at advancing this area of research in various
types of cancer, including pancreatic ductal adenocarcinoma (PDAC),113:114.116,120 prstate
cancer,121 melanoma,116:122 and breast cancer.118 Specifically, in PDAC tissue architecture,
research using spatial transcriptomics have agreed that subpopulations of ductal cells,
macrophages, dendritic cells, and cancer cells enrich in a spatially restricted manner. The
colocalization between cancer cells and inflammatory fibroblasts were also commonly noted
with the aid of spatial transcriptomics.113.114.116,120

One integral area of research to tissue spatial transcriptomics application is developing
computational tools for data analysis. The rapid development of spatial transcriptomics
techniques has brought unprecedented depth to our understanding of the spatial
transcriptome. At the same time, novel datasets produced by spatial transcriptomics
techniques present challenges in data analysis. To efficiently use the spatial information
provided by spatial transcriptomics, computational algorithms have been developed

to specifically accommodate spatial transcriptomics data. For example, BayesSpacel23
enhances the resolution of spot-based spatial transcriptomics techniques to subspot
level, resolving tissue structures that are not detectable at original resolution. Similarly,
SpatialPCA124 denoises spatial transcriptomics data by extracting low-dimension
representations and explicitly modeling the spatial correlation across tissue locations.
As a third example, Vesalius!25 recovers tissue territories from high-resolution spatial
transcriptomics data through embedding spatial transcriptomics data into RGB arrays
and leveraging image analysis techniques. Computational methods tailored to spatial
transcriptomics data have been comprehensively reviewed.126.127

In summary, spatial transcriptomics techniques have empowered investigations in diverse
areas of biology and biomedicine. These examples of fruitful research employed

different spatial transcriptomics techniques to specifically address their respective interests.
Depending on the research objective, one’s selection of spatial transcriptomics method
varies because different technologies have their strength and drawbacks, as we reviewed in
the sections above. Therefore, for researchers new to spatial transcriptomics, we elaborate
in the following section a number of factors to consider when choosing an spatial
transcriptomics technique that is best suited for their investigations.
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Factors to consider for choosing spatial transcriptomics methods

When selecting an spatial transcriptomics technique, some key factors that must be
considered include but are not limited to detection efficiency, transcriptome coverage, scale
of experiment, as well as the required spatial resolution (Table 1). In the following, we will
discuss three main aspects in more detail.

First, whether the RNA targets are predefined, plays an important role in determining

the choice of spatial transcriptomics techniques, as it highlights the difference between
discovery-driven and hypothesis-driven spatial transcriptomics studies. Discovery-driven
studies aim to characterize the entire transcriptome in an unbiased manner. Ex situ
sequencing-based techniques are well-suited for this type of research, as they enable
highly parallel profiling of mMRNA without prior knowledge of their sequences. Conversely,
hypothesis-driven studies often focus on a limited number of known RNA transcripts

for in-depth characterization. For this purpose, hybridization-based techniques offer
higher detection rates, improved spatial resolution, and the potential for combination

with immunostaining. Techniques such as seqFISH,58 seqFISH+,62 and MERFISH42-45
allow for multiplexed characterization of over a thousand RNA transcripts in hypothesis-
driven studies. /n situ sequencing-based techniques can accommodate both discovery- and
hypothesis-driven studies due to their ability to sequence RNA in its native context using
either targeting or nontargeting primers.55.58

Second, the trade-off between detection efficiency and coverage should also be considered.
Hybridization-based methods excel in detecting specific subsets of RNA with high
efficiency, but the number of RNA sequences that they can detect is limited. These

methods are typically preferred for studying RNA transcripts with low abundance, where
missing any RNA will largely impact the outcome. In particular, sSmFISH offers the highest
detection efficiency and is best for detecting a handful of RNA sequences. seqFISH+ and
MERFISH offer higher transcriptomic coverage, but at the cost of having lower detection
efficiency than smFISH. Ex situ sequencing-based methods provide extensive coverage of
the transcriptome, but their detection efficiency is even lower. For this reason, they are more
suitable for transcriptome-wide studies with abundant RNA species.

In addition, the level of spatial resolution should be considered, which is often influenced
by the scale of the experiment. For large-scale tissue analyses where only near-cellular
resolution is required, ex situ sequencing methods are preferred, such as the 10X Visium

kit with its 11x11 mm capturing area and high transcriptome throughput. On a finer scale,
cellular studies often require higher spatial resolution of RNA, sometimes down to their
subcellular localizations (e.g., RNA velocity36:37). These studies will benefit more from
hybridization-based methods such as smFISH, seqFISH+, and MERFISH that are capable of
providing subcellular resolution.

Furthermore, the experimental time and accessibility should be considered. Hybridization-
based and /n situ sequencing-based techniques, though they offer high-spatial resolution,
require extensive sample preparation and complicated iterative imaging schemes, which
are very time-consuming. The experiment pipelines for these techniques can be highly
technical and require extensive training to ensure data quality, which impedes easy access
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for academic and clinical uses. On the other hand, commercially available ex situ sequencing
techniques such as 10X Visium’® and SlideSeq,”%:73 despite limited spatial resolution,
detection efficiency, and coverage, offer standardized sample preparation processes and
require shorter time in preparation and are more accessible to academic and clinical
researchers.

Lastly, the cost should be considered as well. For example, high-efficiency hybridization-
based techniques, such as smFISH, often require a set of more than 20 fluorescent

probes per gene, costing roughly $1000. Multiplexable techniques such as seqFISH+52 and
MERFISH,#2-45 through barcoding and the use of target-independent fluorescent read-out
probes, achieve much cheaper relative cost per gene when interrogating the transcriptome
with coverage of more than 10,000 genes. In addition, £x situ sequencing-based spatial
transcriptomics techniques, such as SlideSeq,”>73 10X Visium,”® and stereo-seq,”8:77 offer
kits with different size of capturing areas at different cost. When designing the experiment,
researchers should balance their research goals, the size of the sample, and the extent of
the transcriptomic coverage to choose these multiplexable or nonmultiplexable techniques or
kits wisely to achieve the most cost-efficient experimental designs.

Despite great achievements, current spatial transcriptomics techniques still have a number
of limitations. For instance, hybridization-based techniques have limited base-resolution
and can only detect longer RNA transcripts because these methods typically require a

set of more than 20 probes covering a region of over 500 bases to detect RNA.38:39 /p
Situ sequencing-based techniques, while capable of discriminating single-base differences,
have lower detection efficiency and transcriptome coverage.55-68 Ex situ sequencing-
based techniques’®-73.76.79 Jarge rely on poly-(dT)-based mRNA capturing, which has
lower detection efficiency, especially for short RNA species. Therefore, current spatial
transcriptomics techniques primarily focus on the detection of mMRNA and long RNA
species, while other RNA species such as isoforms with subtle sequence differences!28-130
or short RNA molecules (like miRNA131-133) remain largely unexplored. In addition, all
three categories of spatial transcriptomics techniques detect RNA only by their sequences.
However, RNA undergoes extensive posttranscriptional modifications134-136 and form
diverse structures!37-139 jn the cells. These modifications and structures currently remain
undistinguished by spatial transcriptomics techniques.

Conclusion

Over the past decade, spatial transcriptomics has proven invaluable in the field of
transcriptomics alongside other staple methods such as SCRNA-seq. It is a set of unique
integrative tools that provide crucial spatial information on RNA transcripts, which vastly
accelerated our understanding on the transcriptome and its changes in many settings, as
reviewed in this article. In the meantime, novel designs and technical advancements have
made great improvements on throughput, sensitivity, and cost, altogether making spatial
transcriptomics accessible to an increasingly wide range of research. We foresee that spatial
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transcriptomics will become one of the most important methods in molecular biology and

wi

Il be pivotal for future transcriptomics studies.
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FIG. I:L Three categories of spatial transcriptomicstechniques applied in both cell and tissue
samples.

(A) FI)-|ybridization-based techniques. To map RNA molecules, DNA probes are prelabeled
with fluorophores and designed with complementary sequences to RNA targets. These
fluorescent probes are then added and hybridized to RNA targets inside cells or tissues, with
fluorescence signals indicating the location of each target RNA molecule. These techniques
are multiplexable, where hybridized probes can be washed away, then new probes are added
to identify another set of RNA targets. Depending on the depth/thickness of the sample,
Z-direction stack-imaging is required.

(B) In situ sequencing-based techniques. In comparison to the hybridization-based methods,
sequencing-based platforms add DNA probes as a set of primers to convert RNA targets

to cDNA. Then, the cDNA products are circularized /n situ as templates for rolling-circle
amplification to create amplicons in cells or tissues, mimicking the sequencing sample
amplicon preparation step in the next-generation sequencing protocols. Then, fluorescent
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oligonucleotides or nucleotides are added repetitively and iteratively’® to perform in situ
sequencing on the cDNA amplicons. Z-direction stack-imaging is also required to collect all
the fluorescent signals.

(C) Ex situsequencing-based techniques. To capture RNA, a capturing slide coated with
oligonucleotides that are complementary to RNA are spatially barcoded. The tissue sample
is digested on such a capturing slide. After digestion, RNA molecules are released from the
sample and are hybridized to the spatially barcoded oligonucleotides. cDNA is synthesized
from the captured RNA molecules. The cDNA is amplified, pooled, and sequenced. Then,
the sequencing reads are mapped to the transcriptome to identify the RNA identities, and
the spatial barcode sequences are used to map the RNA molecules back to their original
spatial location on the capturing slide. Data from either (A), (B), or (C) is analyzed

and reconstructed into ST profiles. Figure created with (BioRender.com). ST, spatial
transcriptomics.

GEN Biotechnol. Author manuscript; available in PMC 2024 November 14.


https://BioRender.com

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liang et al.

Page 26

Subcellular level

o i

‘ Transcription

A2

‘ Splicing
SN
‘ Nuclear export,

Mslocatlon

} Degradation

Subcellular RNA
localization

A RNAKkinetics

Spatial
Transcriptomics
(ST)

Tissue profiling

Tumor microenvironment

Embryo studies

Cellular level Tissue level

FIG. 2. Applications of spatial transcriptomicsin biological research.
ST is being rapidly adopted by researchers with diverse interests. This review categorizes the

application of ST based on the spatial resolution achieved in the study, then details specific
fields of research underneath each resolution level.

(A) At the subcellular level, ST can be used to investigate the localization of RNA
transcripts and their functional relationship to cellular structures. In addition, RNA kinetics
can be inferred from temporal implementations of ST.

(B) The relative position from cell to cell is vital for their function. Single-cell ST

can decipher cell-cell communication through corresponding transcriptome changes while
maintaining the neighboring information. The ability to identify different expression
programs with positional context is also suitable for studying cell lineage and transcriptome
trajectory in early embryos.
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(C) On the tissue level, ST profiles cell populations in complex tissue architecture such
as the brain. It is also beneficial in cancer biology, where intratumoral cell heterogeneity
plays an important role in tumor development and therapeutic resistance. ST, spatial
transcriptomics.
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