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Background: Spatial multi-omics are demonstrated to be a powerful method to assist researchers on genetic studies.
In this review, bioimaging-based spatial multi-omics techniques such as seqFISH+, merFISH, integrated DNA
seqFISH+, DNA merFISH, and MINA are introduced along with each technique’s probe design, development, and
imaging processes.

Results: seqFISH employed 4-5 fluorophores to barcode and conducted multiple rounds of hybridization, in order
that mRNA can be identified through color-coding. seqFISH+ added 60 pseudo-color and distributed them equally
into three channels to enhance imaging power, in order that ie., 24,000 genes can be imaged in total. merFISH
utilized 4 out 16 Hamming distance to innovatively provide a robust error-detecting method. MINA, a methodology
combining merFISH (multiplexed error-robust fluorescence in situ hybridization) and chromosomal tracing, enabled
multiplexed genomic architecture imaged in mammalian single cells. Optical reconstruction of chromatin
architecture (ORCA) a method that could conduct DNA path tracing in nanoscale manner with kilobase resolution,
an FISH variation that improved genetic resolution, enable high-precision fiducial registration and sequential
imaging, and utilized Oligopaint probe to hybridize the short genomic region ranging from 2 to 10 kilobase. ORCA
then prescribes these short section primary probes with individual barcodes to attach fluorophore and to be imaged.
Conclusion: This review concentrated on providing a comprehensive overview for these spatial-multi-omics
techniques with the intention on helping researchers on selecting appropriate technique for their research.
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Author summary: In this review, we introduced five different multiplex FISH methods used for image-based spatial
multi-omics: seqFISH+, merFISH, DNA seqFISH+, DNA merFISH, and MINA. We provided a systematic collective
perspective to review these FISH methods that could significantly benefit researchers on conducting their studies in the

field. Our study provided an informative survey on these multiplex FISH methods. Therefore, this review would provide

better understanding for researchers in the community to help them select the proper method, in order to understand the

molecular mechanism in life sciences.

INTRODUCTION

DNA fluorescence in situ hybridization (FISH) enables
mapping of spatial position of genomic organizations of
single cells and is used to detect or verify the spatial
interaction between the basic regulatory units of genome
3D structure, such as enhancer and promoter [1]. As a
ligation-free method, FISH provides geometric, but not
topological, information of 3D genomes. Recent
sequential FISH techniques enables mapping of
mammalian cell chromatin organizations [2].

In the exciting new era of spatial multi-omics, at least
two novel requirements need to be met. The first one, of
course, is to image genomic loci at large-scale, such as
thousands of genes, at the same time. The second one, is
to image every single genomic locus with much higher
resolution, than the traditional one, in order to resolve
the optical overcrowding of mRNA or genomic loci.
Two questions need to be addressed to meet this
requirement. One is microscopy which should provide
much higher resolution than traditional diffraction-limit
microscope. Optical resolution has always been chal-
lenging for the universal profiling of mRNA transcripts
in single cells. Each mRNA demonstrates a specific
diffraction-limit position during imaging; therefore, tens
of thousands of mRNAs generated an optical crowding
which hindered mRNAs from being resolved and
prevented the implementation of high throughput spatial
profiling procedures [3,4]. Fortunately, various super-
resolution microscopy was developed during the last
two decades [5-8]. For example, three important and
novel developed high-throughput FISH techniques
(SABER-FISH [9], FRET-FISH [10], CRISPR-FISHer
[11]) are briefly discussed as follows. SABER-FISH [9]
allows for the identification and quantification of
specific RNA molecules within cells or tissues. It is
similar to conventional FISH, which uses fluorescent
probes to bind to specific RNA sequences. SABER-
FISH, however, employs a bead-based approach, where
the probes are attached to beads and then hybridized to
the target RNA in the sample. After hybridization, the
beads are imaged and the fluorescence signal is used to
identify and quantify the target RNA. This technology
enables high-throughput and multiplexed quantification
of multiple RNAs in the same sample. FRET-FISH [10]
(Forster Resonance Energy Transfer in  situ
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hybridization) utilized the non-radiative energy transfer
process that occurs between fluorescent donor and
acceptor molecules to detect and quantify specific RNA
molecules in cells and tissues. Researchers could
quantify and detect the target RNA in the specimen by
measuring acceptor fluorescence. FRET-FISH func-
tioned as a powerful FISH method for multiplexed and
highly sensitive in situ RNA specification. CRISPR-
FISHer [11] used CRISPR-Cas system to introduce
fluorescent probes to targeted sequences in the genome,
and CRISPR-FISHer used FISH to detect and visualize
these hybridized probes. In addition, an interesting novel
FISH method, pai-FISH was developed very recently,
which utilized three rounds of probing and bond
sequences to amplify the corresponding signals. In this
method, m-shape target probe was hybridized to the
targeted region at first. The m-shape target probe
consisted of two complimentary (8 nt bond) parabola
shaped probes. The top region of the two complemen-
tary parabola shaped probes constitutes a U-shaped
(secondary) probe to make fluorescent hybridizations
stable. Thereafter U-shape (secondary) probe was
attached to m-shape target probe. A bigger U-shaped
amplified (tertiary) probe was attached to U-shape
(secondary) probe to intensity fluorescent signals by
accepting multiple signal probes using U-shaped
amplified (tertiary) probes. Pai-FISH enabled more
hybridizations for each target region through multiple
rounds of probing and bond sequences. When compared
with conventional smFISH (single molecule fluoresce-
nce in situ hybridization), pai-FISH demonstrated
intensified fluorescent signaling under the same
detection capacity.

The second one, is FISH probes, which should be able
to label every single genomic locus with kilo-base
resolution. There are several reasons for this issue: (1)
The length of a typical enhancer, which is one of the key
regulatory elements, can be on average only ~500 base
pairs (bp) long, ranging from as little as 100 bp [12—-14]
to several kilobases (kb) [15,16]. (2) The average length
of a single human gene is around 50 kb with significant
deviation [17]. (3) The genomic length of a typical TAD
(topological associated domain) or contact domain,
which provides spatial space for chromatin interactions
and for regulatory elements to work, is around 0.2-1
megabases (Mb).

To fulfill these requirements, several multiplex FISH

© The Author(s) 2023. Published by Higher Education Press
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methods were developed during the last several years for
spatial multi-omics, including seqFISH [18], seqFISH+
[19], merFISH (multiplexed error-robust fluorescence

Figure 1.

ISH

the 1960s.

in situ hybridization) [20,21], DNA seqFISH+, DNA
merFISH, and MINA [22] (Fig. 1 and Table 1), etc.
They are introduced below.

Timeline of fluorescence in situ hybridization development

i Chromosome | BAC-FISH,
i Painting, i CGH, : split FISH
- GISH, : Flber-FISH, :(2006)
'IS-PCR, ' Flow FISH, !
' M-FISH, ' MB-FISH,
' PRINS, - PNA-FISH,
 FISH | SKY,
TSA-FISH
(1999)

{ ND-FISH (2011),

| CARD-FISH (2012),

| HD-FISH (2013),

| MerFISH (2015),

i Oligo-paint (2015),

! Cas-FISH (2015),

. seqFISH (2018),
CRISPR LiveFISH
(2019),

SABER-FISH (2019),

ORCA (2019)

| CISH (2001), | cryoFISH (2010), | GOLD FISH (2021),

| Tn5-FISH (2020),
 MINA (2020),

i seqFISH+ (2021),

| FRET-FISH (2022),

! CRISPR-FISHer (2022)

A timeline of FISH method is demonstrated chronologically, in situ hybridization was initially developed in

Table 1 The spatial resolution, time cost, multiplexed (multiplexed or non-multiplexed), throughput (high-throughput or
non-high-throughput), automatization, and references are listed in this table

Spatial resolution

Complexity

Throughput

Automatization

(con.focal post.2000 s/ Time cost (multiple?ced/ (high-.throughput/ (yes/no) Refs.
spatial resolution) non-multiplexed) non-high-throughput)
2020s Tn5-FISH Confocal ~ 1 day Non-multiplexed Non-high-throughput ~ No [23]
M-DNA-FISH Super resolution - Multiplexed High-throughput Yes [24]
MINA Super resolution ~ 7 days Multiplexed High-throughput Yes [25]
seqFISH+ Confocal ~ 60 hours (depending Multiplexed High-throughput Yes [26]
on the amonut of gene)
FRET-FISH Confocal ~ 2 weeks Multiplexed High-throughput Yes [10]
CRISPR-FISHer  Confocal ~ 60 hours/2 days Multiplexed High-throughput Yes [11]
MB-FISH - - - - Yes [27]
2010s cryoFISH Confocal - Non-multiplexed Non-high-throughput ~ No [28]
HD-FISH Confocal ~ 1 week Non-multiplexed Non-high-throughput ~ No [29]
merFISH Super resolution ~ 1 day Multiplexed High-throughput Yes [2,20]
Oligopaint Super resolution ~ 4 days Non-multiplexed Non-high-throughput ~ No [30, 31]
Cas-FISH Confocal ~ 1 week Non-multiplexed ~ Non-high-throughput ~ No [32]
seqFISH Super resolution ~ 2 days Non-multiplexed ~ Non-high-throughput ~ No [18]
CRISPR LiveFISH Confocal - Multiplexed High-throughput Yes [33]
SABER-FISH Confocal - Multiplexed High-throughput Yes [9]
ORCA Super resolution - Multiplexed High-throughput Yes [34]
2000s CISH Confocal ~ 2 weeks Non-multiplexed Non-high-throughput ~ No [35]
ND-FISH Confocal ~ 1 week Non-multiplexed Non-high-throughput ~ No [36]
CARD-FISH Confocal ~ 2 days Non-multiplexed ~ Non-high-throughput ~ No [37]
split FISH Confocal - Non-multiplexed Non-high-throughput ~ No [38]
1990s BAC-FISH Confocal/widefield ~ 2 days Non-multiplexed Non-high-throughput ~ No [39]
CGH Confocal/widefield — — Non-multiplexed ~ Non-high-throughput ~ No [40]
Flber-FISH Confocal/widefield - Non-multiplexed Non-high-throughput ~ No [41]

© The Author(s) 2023
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(continued)
Spatial resolution Complexity Throughput L
(confocal post 2000 s/ Time cost (multiplexed/ (high-throughput/ ?2;7$§tlzatlon Refs.
spatial resolution) non-multiplexed) non-high-throughput) Y
1990s Flow FISH Confocal/widefield - Non-multiplexed Non-high-throughput No [42]
PNA-FISH Confocal/widefield - Non-multiplexed Non-high-throughput No [43]
SKY (spectral Confocal/widefield - - - Yes -
karyotyping)
TSA-FISH Confocal/widefield - - - - -
1980s Chromosome - - - - - -
painting
GISH (genomic in — ~ 1 day Non-multiplexed Non-high-throughput No -
situ hybridization)
IS-PCR - - - - - -
M-FISH (multicolor — - - - Yes -
FISH)
PRINS (Primed in — ~ 2 hours Non-multiplexed Non-high-throughput No [44]
sity labeling)
FISH - ~ 1 day Non-multiplexed Non-high-throughput No [45, 46]
1960s ISH - ~ 1 hour Non-multiplexed Non-high-throughput No [47, 48]

w_

seqFISH+

SeqFISH+ can label more than 10,000 genes in a single
cell. To label more mRNA, it is most important to
overcome limited optical density. SeqFISH previously
used the expansion microscopy method to overcome the
issue of light density, allowing the technique to detect
thousands of transcripts per cell.

SeqFISH+ uses a multi-round hybridization approach.
After completing every round of hybridization, the
signal from the previous round was washed off, and a
different pseudo-color was used for imaging in the next
round of hybridization to distinguish the pseudo-color
from the previous round.

In this method, for every round, a total of three
fluorescent channels were used, with each channel
completing 20 rounds of hybridization, that is, 20
pseudocolors used in each channel. In each round of
hybridization, for the four readouts in every target gene,
three readouts were used for the coding of target gene,
while the fourth readout was used for the correction of
the completed barcoded gene. As a result, a total of 3 x
20° = 24,000 genes can be labeled and imaged.

Development of seq FISH+

In seqFISH+ [19], mRNA of 10,000 genes from cleared
NIH/3T3 fibroblast cells were randomly selected to
demonstrate transcriptome-level profiling, and the
localization of individual transcript was
specified/identified. Building on top of seqFISH [18],
seqFISH+ expanded the color palettes from four or five
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marks information that were not listed in the publication, and therefore not listed in the table above.

colors used in seqFISH to 60 “pseudocolors (Fig. 2A)”.
By using 60 pseudocolors, seqFISH+ could efficiently
image each mRNA dot under different diffraction limit
through diluting the mRNA molecules into 60 individual
images. Then, three fluorescent channels were employed
in seqFISH+ to each barcode, with 20° (i.e., 8,000)
genes leading to a total of 24,000 genes being imaged.
Imaging time for seqFISH+ was reduced to one eighth
of seqFISH since the adoption of 60 pseudocolors.
Compared to seqFISH, fewer genes (16,384) could be
barcoded using only four colors, and longer time would
be needed as well.

Probe design

The primary component of seqFISH+ probe is the
readout and target region, and the target region obtained
its sequence from each gene’s CDS (coding sequence)
region or UTRs (untranslated region). Every target
region has a length of 2 nt, which is 2 nt less than
merFISH target region. When selecting marker genes,
designer should avoid housekeeping genes, histone, and
very expressed genes. The readout sequence of
seqFISH+ is 15 nt.

After adding T7 sequences to target sequence along
with readout sequence and amplification primer through
PCR, a completed seqFISH+ probe demonstrated to be
93 nt in total length. T7 sequences were added to the end
of the probe through PCR. 1 M NaOH was used to
denature excessive RNA, 1 M acetic acid was used for
neutralization, and probes are ready to deploy after
ethanol precipitation.

© The Author(s) 2023. Published by Higher Education Press
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seqFISH+ probe merFISH probe

(A) A schematic flow chart of seqFISH+. (B) seqFISH+ pseudocolor is demonstrated on the left panel. The merFISH

4 out of 16 Hamming distance binary barcoding scheme is demonstrated on the right panel. (C) seqFISH+ decoding illustration.
For example, if the resolved image is 1, 1, 5, 3, then the resolved image is identified as gene 1. (D) An illustration of merFISH
error robust detection. (E) merFISH probe consists of six subunits: (i) a forward primer binding site, which is 20 nt in length, (ii)
the first readout region (30 nt), (iii) targeting region (30 nt), (iv) the second readout region, which is also 30 nt in length, (v) the
third readout region (20 nt), and (vi) a reverse primer binding site, which is 20 nt in length. The illustration of two probes shows I:
the first 30-nt readout region; Il: the second readout region (30 nt); Ill: the third readout region (30 nt). 30-nt targeting region is

demonstrated between | and ..

seqFISH+ imaging

When seqFISH imaging was conducted, expansion
microscopy could be employed to enhance transcript
density [3]. Amine could be added to the primary probe
to interact with PAGE gel to lower the false positive by
increasing the distance among primary probes.
Expansion microscopy was not employed in seqFISH+
since pseudocolor was utilized in seqFISH+ to enhance
robustness. The pseudocolors provided validity of
images even when samples were enlarged due to water
absorption.

merFISH

Although smFISH [49,50] enables RNA quantification
and localization, high-throughput FISH needs to be
developed. Thus, with super-resolution imaging for
smFISH and the strategy of combinatorial labeling [51],
a binary barcode is generated for targeted sequence
which could be referenced after imagining. Using this
barcoding scheme, a new high-throughput FISH method
was developed.

© The Author(s) 2023. Published by Higher Education Press

Development of merFISH

merFISH was designed to conduct multiple smFISH
simultaneously to achieve high-throughput scheme [20].
During each round of hybridization, smFISH’s super-
resolution imaging and combinatorial labeling would
issue each RNA a binary code, “1” marks when
fluorescent probe successfully hybridizes with targeted
RNA; on the other hand, “0” marks when fluorescent
probe did not hybridize with targeted RNA.

Probe design for merFISH

Primary and secondary hybridization was employed in
merFISH, primary probe consists of six subunits
(Fig. 2E). The 30 nt targeting region is complementary
to the RNA sequence; in addition, the first and second
30 nt flanking readout regions are used for probing, and
both readout regions use the same code, 16-bits, same
direction. The remaining two forward and reverse
priming regions are used for probe extensions.

Three sections composed of a merFISH probe
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(Fig. 2E), the central targeting sequence for in situ
hybridization that is 50 nt long could hybridize with the
targeted RNA sequence, and two flank readout
sequences that locates on the both end of the central
targeting sequence could readily bind with fluorescent
probes. The flank readout sequence also effectively
lowered the problem of background noise from failed
probe hybridization.

Error-robustness of merFISH

False detections are the biggest problem for high-
throughput imaging. The reported false negative is 10%,
and false positive is 4%. In order to lower misidenti-
fication rate contributed by background noise and
contaminations from each round of probe should be
washed off. merFISH applied Hamming distance (HD)
to cross references marked RNA barcode with RNA
probe library. In addition, hamming code can also
perform error detection, when barcode is 1-bit off the
RNA probe library, the correction will be activated to
replace the error with corrected barcode, when barcode
is 2-bits off the RNA probe library, the error will be
notified. This approach could effectively enhance error-
robustness.

By introducing HD code to the combinatorial labeling,
an error-robustness scheme is employed for labeling and
detecting errors. 140 RNA species were imaged in
human fibroblast cells through 16-bits MHD4 (modified
Hamming distance 4, where 16 bits barcodes separated
with at least of HD4) code which is capable of both
error detection and correction, and they imaged 1001
RNA species through MHD2 code which is capable of
error detection but not correction [20].

merFISH employed 16-bits MHD4 code rather than
14-bits MHD2 since the prior has higher precision. The
employment of 16-bits MHD4 code also contributed to
differences for possible coding genes. 16-bits MHD4
marked 140 genes (130 genes and 10 misidentification
control genes), each gene labeled with 198 primary
probes. Two readout regions correspond with four
readout sequences. For all 140 transcripts demonstrated
in original merFISH paper [20], a total of 16
hybridization were used to generate 16 bits code for
each transcript, and each bit were denoted with either
“1” or “0”, determined by presence or absence of
readout probe fluorescent. These 16 bits codes were
further abided by Hamming distances 4, which means
only four “1” were allowed in each 16 bits code.

MerFISH protocol

The merFISH hybridization process on measuring the
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specific copies of RNA demonstrated to be far more
straight-forward compared with other fluorescent in situ
hybridization methodologies, for example, merFISH
procedure carries significantly more fluorescent probes
compared to smFISH in order to comprehensively
achieve RNAs multiplexing. In the merFISH experiment
[52], the researchers utilized 150-nt as their primary
probe to measure 140 RNA species. In the PCR, a 30-nt
T7 promoter sequence was added. Due to the high
demand of DNA oligonucleotides during the first
hybridization (encoding probes, termed by the team), the
incorporation of T7 promoter in transcription and
reverse transcription satisfied high demanding probes.

In PCR, amplification was conducted along with the
reverse primer and T7 promoter placed right next to it.
The merFISH examined the optimal amplification
condition through qPCR. 170 pL (10 pL used for quality
examination, 160 pL wused for transcription) were
obtained after purification while maintaining a 10—
50 ng/uL concentration production.

In transcription, the Quick HiScribe T7 polymerase kit
was employed in the merFISH experiment [52]. After 12
to 16 hours incubation (37 °C), 100 uL of purified RNA
(concentration ranging from 0.5-2 ng/ul) were
obtained. In Wu Lab merFISH protocol adapted from
[20], T7 Oligopaint Synthesis output 7 pL (from 1%
reaction: 20 pL; DNA oligonucleotide: 0.5—-1 pg), which
would require at least two additional PCR cycles to
reach qualified concentration.

In reverse transcription, Wu lab protocol did not
purify RNA, and Wu lab used 1x reaction 150 pL to
conduct further reverse transcription (incubation at
50 °C for 2 hours and heated to 85 °C for 5 minutes and
stopped reaction). On the other hand, Zhuang lab
protocol utilized Maxima H- reverse transcriptase, and
they added NaOH and EDTA in the termination
reaction. Zhuang lab distributed the samples into 100 ug
ssDNA individual volumes and dried into powder form
to mix with encoding probes for hybridizations.

In cellular treatment, the merFISH used 4% PFA for
cross-linking and 0.5% v/v Triton X-100 for permeabi-
lization buffer (placed in room temperature for 2
minutes). Encoding probe hybridization buffer and wash
buffer contains 30% deionized formamide to optimize
hybridization and wash off procedure. Vandyl
Ribonucleoside Complex was added to inhibit RNase.
Zhuang lab protocol recommended a 5-200 uM
encoding probe concentration for hybridization, a 12-36
hours incubation in 37 °C for optimized hybridization.

To expedite hybridization time between readout probe
and encoding probe for maximum rounds of readout
hybridization, Zhuang lab selected the 10 nM
concentration readout probe to incubate at 37 °C for 15
minutes to complete hybridization. Compared to the

© The Author(s) 2023. Published by Higher Education Press
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encoding probe, both the readout probe hybridization
buffer (contained 10% deionized formamide) and wash
off probe hybridization buffer (contained 20% deionized
formamide) demonstrated to have less deionized
formamide concentrations.

When imaging was completed, Zhuang lab protocol
utilized the highest magnitude laser for quenching to
ensure the next round of readout probing to be freshly
hybridized. This is the most critical part of the
procedure, once all the previous rounds of probes were
quenched, the imaging of the next round could be
successful.

INTEGRATION OF DNA seqFISH+, RNA
seqFISH AND IF

Although Hi-C [53] & SPRITE [54] could provide
detailed data on chromosomal interactions in single
cells, the spatial information of chromosome architec-
tures are not yet to be demonstrated by bioimaging-
based approaches. Thus, DNA seqFISH+ is coupled
with RNA seqFISH and IF (immunofluorescence) to
examine nuclear architecture at global level in single
cells [26].

Since chromosomal structures demonstrated high
variabilities across single cells, integration of DNA
seqFISH+, RNA seqFISH, and IF [55] provided a
seqFISH+ based spatial multi-omics approach, which
was extended from the previous study [56]. In this
method, a total of 3660 chromosomal loci were imaged
using DNA seqFISH+, 17 chromatin markers and
subnuclear structures were imaged using IF, and 70
RNA species were identified using RNA seqFISH, in
mouse embryonic stem cells (mESC). In addition,
through the integration of this new approach, the nuclei
structure at 1 Mb resolution can be imaged
comprehensively, and the 20 specific 1.5-Mb long
regions can be imaged at 25 kb resolution [26]. This
integration method started with RNA seqFISH
hybridization, and then DNA seqFISH+ would be
performed. Sequential IF hybridization was conducted at
last.

Integration of DNA seqFISH+, RNA seqFISH and
IF to image the global-level genomic structure

The DNA seqFISH+ followed the seqFISH+ coding
schematics, and 2460 loci were labeled from the first
and second channel. 1267 loci at 2 Mb were targeted by
the first channel at 643-nm, and 1193 loci at 5 primes
ends were targeted by the second channel at 561 nm.
Five rounds of DNA seqFISH+ barcoding was
performed on a 16-based coding scheme, resulting in

© The Author(s) 2023. Published by Higher Education Press

4096 unique barcodes from the first three rounds of
barcoding, and the remaining two rounds were used as
parity check. In addition, the 16-pseudocolour base was
obtained from hybridizing the 16 individual readout
samples [26].

The third fluorescence channel targeted the remaining
1200 loci on 20 different chromosomes’ 60 consecutive
loci at 488 nm [26]. In the first 60 rounds of
hybridization, 20 mouse chromosome (1200 chromoso-
mal loci) would be readout one at a time. However, the
distinction of each locus was unable to be identified and
classified to each chromosome accordingly. Therefore,
in the preceding 20 rounds of hybridization, the
identification was revealed from probing the 1.5-2.4 Mb
region individually and comprehensively. 1200 loci of
the third channel could be decoded later. A total of 240
readouts (80 readouts per channel) were employed to
fulfill this coding methodology.

Probe design for the integrated imaging approach

Primary probes for DNA seqFISH+ are illustrated in
Fig. 3. IF primary antibodies, conjugated with DNA
oligonucleotides which could readily hybridize with
fluorescence labels, were designed to target nuclear
lamina [57], speckle [58], nucleolus [59], and chromatin
markers [60]. RNA seqFISH probes were illustrated in
Fig. 2E. Marker genes were selected based on previous
mESCs studies [61-64].

This integrated DNA seqFISH+ approach reported a
5616.5 + 1551.4 dots per cell out of 446 cells with a
false positive of only 0.25%, that is, 14.0 + 7.4 dots per
cell [26]. The DNA seqFISH+ data demonstrated high
agreement with Hi-C [65] and SPRITE [54] measure-
ments.

Therefore, the integration of DNA seqFISH+, RNA
seqFISH, and IF together provided a strategy that could
be widely applied in the studies to image the global-
level genomic structures (chromatin structures, nucleus
lamina, epigenetic markers, and RNA transcriptions) at
the same time in a single cell.

DNA merFISH

Unlike merFISH, DNA merFISH provides a method to
hybridize every TAD region located within the chromo-
some. DNA merFISH technique was initially introduced
[66] to image the TADs regions on chr20, chr21, chr22,
and chrX in IMR90 fibroblast cells. Four years later,
DNA merFISH enhanced its robustness and enabled
imaging of genome and transcriptome simultaneously by
adding genome scale chromatin imaging based on the
technique [55].
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readout regions (demonstrate the corresponding signal to according pseudo-channel in each barcoding round), and primer
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sequence with three flanked uniform readout probe that is 15 nt in length that correspond to the imaging diffraction limit, and two
uniform binding sites for readout probe (15 nt in length), and primer binding sites (20 nt) of the probes that located at the 5 prime
and 3 prime end (refer Fig. 2E). IF probes composed of antibody and DNA oligonucleotide are illustrated as well. (B) A multi-
scale multiplexed FISH developed by Zhuang'’s lab along with the primary probe for genomic loci are demonstrated. Each
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Whole-chromosome scale imaging chromosome [66]. Through genomic sequence, based on

TAD information obtained from Hi-C map, whole-

Whole-chromosome scale imaging, focused primarily on chromosome scale imaging constructed its primary
hybridizing the entire TADs regions within the probe. Each TAD was targeted with 1000 primary
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probes, and multiple rounds of hybridization would
conduct until the entire TAD was hybridized. Once all
the primary probes hybridize with all the targeted
regions on DNA, the secondary probe with different
colors of fluorophores would deploy to hybridize with
the primary probes. Next, multiple rounds of
hybridizations of these probes were repeated, until every
targeted region could be identified throughout all the
TAD:s.

As one application [66], a total of 34 TADs within
chr21 of IMR90 fibroblast cell line were marked.
Through 17 rounds of hybridizations, the 3D positions
of the 34 TADs were confirmed. By removing all the
unsuccessful hybridizations, a total of 120 chr21 from
many cells were visualized, and the average spatial
distance of these 34 TADs were obtained from
measuring the spatial distances within the TAD area of
these 120 chr2l [66]. The Pearson correlation
coefficient between DNA merFISH and Hi-C results
reached 0.91, suggesting DNA merFISH was well
validated.

The same methodology applied in chr2l was also
applied to 27 TADs from chr20 and 30 TADs from
chr22. The imaging of these TADs showed promising
results similar to that of chr21. In addition to marking all
the TADs in chr20, 21, and 22, the researchers also
marked 40 TADs within chromosome X through tracing

the position of the central 100-kb region of each of these
40 TADs. A total of 8 TADs’ information were
obtained from chrX. There are 86 TADs in total in chrX,
from which 40 TADs were labeled and imaged.

Genome-chromosome scale imaging

The development of DNA and hnRNA (heterogeneous
RNA) hybridization

Hi-C and its derivative methods could not demonstrate
the comprehensive spatial, especially geometric
information for genomics data. As a result, a technique
that could provide both DNA and RNA spatial
information in a high-throughput manner is in need of
development since chromatin interactions and the spatial
organization of genomics plays important role for gene
expressions in cells. Building on top of [66] method,
both the spatial transcriptome and genome of Chr21.
650 50-kb segments were selected from Chr21 to
function as the targeted region, and primary probes were
constructed based on these targeted regions [55].

In order to label the most amount of the gene each
round, the researchers used three fluorophores’ probes,
and each fluorophore is captured by one of the three
channels (Table 2). As a result, a total of 650 segments
on chr21 were labeled with three fluorophores in more
than 200 rounds of hybridization in total. Genome-scale

Table 2 The similarity and difference between RNA merFISH [20] and DNA merFISH [55,66]

Length Number of
Length .
of readouts Hamming Number of
of Round . . Result
target in one weight colors
> readout
region probe
merFISH [20] 30 20 16 2 4 140 gene in MHD4 & 3'Cy5
1001 gene in MHD2
2016 [66] Whole chr21 30 30 17 1 34 TADs 5'Alexa Fluor 647 and
ATTO 565 modifications
Whole chr22 30 30 14 probes labeled with 1 27 TADs 5'Alexa Fluor 647 and
Alex647 and 13 probes ATTO 565 modifications
labeled with ATTO565
Whole chr20 30 30 15 1 30 of the 60 TADs 5'Alexa Fluor 647 and
ATTO 565 modifications
Whole chrX 30 30 20 1 40 TADs (out of 86 total) 5'Alexa Fluor 647 and
ATTO 565 modifications
2020 [55] Whole chr21 42 20 More than 200 in three 3 651 target genomic loci 5" Alexa750, Alexa647 or
channels Cy5, and Cy3
Whole chr21 30 20 4 ~80 genes interspersed ~ Cy3, CyS5 (or Alexa647)
(nascent RNA) across chr21 and Alexa750
Whole chr2 42 20 More than 300 in three 2 4844 target genomic loci 5' Cy3, CyS5 and Alexa750
channels
Genome-scale 40 20 50 rounds of 2 2 1041 genomic loci 5'& 3' Cy5 and Alexa750
hybridization and 2 color
channels per round
Genome-scale 40 20 18 rounds in 3 colors 3 2 1137 genes 5' Cy3, Cy5 and Alexa750

(nascent RNA)

© The Author(s) 2023. Published by Higher Education Press
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chromatin imaging was then applied to chr21 after
whole-chromosome scale imaging to prevent DNA
denaturing (RNA would be imaged prior to DNA in
DNA merFISH. RNA intron probes would be
hybridized for multiple rounds first. Then, the RNA
introns probes would be washed off by RNase A to
prepare the latter DNA imaging).

Genome-scale chromatin imaging innovatively utili-
zed binary barcode Hamming weight of 2 (HW2), where
each barcode contains two “1” s and 98 “0” s
encompassing a total of 100-bits which correspond to
100 readout sequences, to demonstrate the highlight of
DNA merFISH. Primary probes and secondary probes
were designed the same way as merFISH. The 100
readout sequences were bound with Alex750 and Cy5
fluorophore individually. With two fluorescent probes
being added in each hybridization round, 1000 genomic
loci’s spatial information could be obtained through 50
rounds of hybridization.

In genome-scale chromatin imaging application, a
total of 1041 genomic loci’s spatial locations ranging
from 22 pairs of chromosomes along with X-chromo-
somes were constructed with 30 to 80 genomic loci
targeted in each chromosome. Both whole-chromosome
scale and genome-scale chromatin imaging were
dedicated to label both chromosomal DNA and
transcriptome/pre-RNAs simultaneously. The image of
1041 genomic locus and 1137 pre-RNAs were obtained
in this work [55].

For whole-chromosome imaging, the researchers
segmented the chromosomal DNA into 50 kb fragments,
the target region was selected by removing the
duplicates. The researchers selected 651 genomic loci on
chr21 and 4844 genomic loci on chr2 as targeted region.
The target sequence of probe is designed to hybridize
every 50 kb fragments, where every 50 kb fragment
should hybridize with 500 generated probes. Amongst
the 500 probes generated, only the middle 250 to 360
were selected for labeling. All 651 targeted segments
from chr21 were imaged successfully. One fifth of 4844,
~970, targeted segments from chr2 were imaged
successfully since a 250 kb genomic resolution was
required.

For the nascent RNA of chr2l, the researchers
selected 80 genes to construct primary probes that could
label across 50 genomic loci. Primary probe’s target
region was developed based on RNA intron to ensure
the primary probe would hybridize with nuclear RNA
precursors. The researchers also selected 5-kb up and
downstream of TSS (transcription start site) to identify
the initiation point of transcription.

In genome-scale chromatin imaging, the researchers
selected 1041 genomic loci on 22 autosome and chrX in
IMR90 fibroblast cell for imaging. Each chromosome
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contains around 30 to 80 genomic loci that is around
30 kb in size. 1137 nascent RNA, located at these loci as
well, were imaged at the same time using three color
multiple rounds merFISH strategy.

MINA

In order to image DNA, RNA at the same time at large
scale, MINA (multiplexed imaging of nucleome
architectures), a combination of the techniques of
chromatin tracing and RNA merFISH [25], was
developed to demonstrate mouse hepatocytes nucleome
organization and expression. A schematic demonstration
of MINA is demonstrated in Fig. 4.

Development of the MINA method

MINA was used to label 50 central 100 kb TADs on
chr19 and 195 kb segments upstream of the gene Scd?2,
which is stearyl-CoA desaturase 2 [25]. In chromatin
tracing, each primary oligonucleotide probe consists of a
designed genomic sequence to hybridize the targeted
region and a non-genomic region with the same genomic
sequence, which are designed to hybridize dye-labeled
secondary probes. The secondary probes consist of a
complementary sequence of the non-genomic sequence
shared by all primary oligonucleotide probes. The
spatial organizations were visualized.

A total of 69 secondary probes were utilized to denote
69 probed genomic regions [25]. In RNA merFISH,
each primary oligonucleotide probe contains the
targeting sequences which is complementary to
designated RNA sequences and a 4 out of 16 readout
sequence (MHD4) that could ascribe each RNA with a
unique barcode. 55 major marker genes were found to
be expressed into fetal liver cells from the 137 RNA
species that were probed, and the remaining 82 were
genes from chrl9 [25]. Immunofluorescence staining of
fibrillarin was used to label nucleoli, and SYTOX or
DAPI stain was used to image the whole nuclei [25].

RNA merFISH probe design

A unique barcode was assigned to each RNA species
using MHD4 as discussed in the merFISH section. The
transcript sequences of 55 major marker genes and 82
genes located on chr19 were used to design the targeting
regions. Probe design for chromatin tracing and MINA
imaging are discussed in Fig. 4.

Validation of MINA measurement
MINA measurements were cross validated with

established sequencing data. A total of 1225 pairwise
distances obtained from each pair of TADs’s mean

© The Author(s) 2023. Published by Higher Education Press
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Figure 4. (A) The schematic illustration of MINA and its subject and imaging location. MINA was first applied on the subject
E14.5 fetal mouse liver cell. (B) ATTO 565 and Alexa Fluor 647 corresponding secondary probes (30 nt) were employed for
tracing chromatin; for RNA merFISH, Alexa Fluor 750 paired secondary probes (20 nt) were employed. Both secondary probes
were complementary to their readout regions. A total of 40 rounds of secondary hybridizations were performed, 750-nm channel
was used to image from pre-hyb (hyb 0) to hyb 15, 647 nm channel was used to image the first 40 TADs on chr19 (hyb 1 to hyb
40), 560 nm channel was used to image the last 10 TADs on chr19 (hyb 21 to hyb 30), and 560 nm channel was used again to
image the 19 consecutive loci upstream of scd2 (hyb 1 to hyb 19). (C) Image of RNA molecules after secondary hybridization.
All identified RNA molecules are referenced to their gene ID on the right. The yellow box on (iv) is the uniform region of i — iii.
The picture is extracted from [25]. (D) Chromatin tracing probe: the template probe for tracing of 50 TADs of fetal mouse chr19
consisted of four regions (from 5 prime to 3 prime): (i) a forward primer binding site (20 nt in length), (ii) readout region (30 nt in
length), (iii) a targeting region (30 nt in length), and (iv) a reverse primer binding site (20 nt in length). The genomic sequences
of the central 100-kb of each TAD were used to construct the targeting regions. The illustration demonstrated the readout and
targeting region (both 30 nt in length). RNA merFISH probe: each RNA merFISH template contains six regions (from 5 prime to
3 prime): (i) forward primer binding site, which is 20nt in length, (ii) a readout region (20 nt), (iii) a targeting region (30 nt), (iv) a
second readout region (20 nt), (v) a third readout region (20 nt), followed by (vi) a reverse primer binding site, which is 20 nt in
length..

spatial distance were compared with corresponding
TADs data obtained using Hi-C contact frequencies. As
a result, the mean spatial distances were found to be
inversely correlated with Hi-C contact frequencies [25].
The merFISH results obtained using MINA were also
compared with the bulk RNA sequencing data [25].
MINA demonstrated its robustness through these
validations.

MINA future application

As a systemic, high throughput spatially imaging
approach to obtain the measurements of diverse RNA
species’ copy number, chromatin folding, and the
association of various genomic regions with nucleoli,
nuclear lamina, and surface of chromosomes in single
cells, MINA offered a multiplexed imaging way to
observe across various mammalian tissue’s chromatin
and nucleosome structures on the single cells level.

© The Author(s) 2023. Published by Higher Education Press

MINA also demonstrated capability of mapping cell-
type-specific chromatin structure to evaluate its
expression. MINA is expected to be widely applied to
map other many, not only mammalian tissue’s
nucleosome architectures [25].

CHALLENGES AND PERSPECTIVE

Over the past decades, the development of FISH has
been fueled with innovations, from ISH to multiplexed
and high-throughput methodologies. For example,
OligoFISSEQ [67] provides a comprehensive view of
the transcriptome due to the high spatial resolution and
high-throughput sequencing, by enabling the simulta-
neous detection and sequencing of multiple RNAs
within a single cell or tissue specimen.

For further development of bioimaging-based spatial
multi-omic methodologies, enhancing imaging resolu-
tions shall be one of the most fundamental challenges.
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Minflux [68] and other advanced super-resolution
microscopy with higher spatial resolution can be used
for resolution enhancement.

Time expenditure is another fundamental challenge.
Automatization of multiple rounds of hybridization is a
must to reduce in labor and to save the time for
multiplex FISH. More automatization instruments will
be developed to offer solution with higher sensitivity in
a timely manner.

The third challenge is the imaging accuracy. FISH
signals should be identified from noisy background
precisely. The errors could be contributed by the
samples or equipment in the form of inaccurate
measurements [69,70]. Through machine learning based
artificial intelligence methods, the signal to noise ratio
could be further improved and the accuracy of FISH
would increase significantly.

With significant improvement mentioned above,
bioimaging-based spatial multi-omic methodologies will
be able to play more important roles in the future.

CONCLUSION

In this review, several image-based multi-omic methods,
including, seqFISH, seqFISH+, merFISH, integration
DNA seqFISH+, DNA merFISH, and MINA, are
introduced here, along with their probe design and
imaging procedures. SeqFISH+ incorporated 60
pesudocolors to enhance imaging capability and enable
more images per channel. merFISH utilized modified
Hamming weight of 4 to introduce error-detection
ability to FISH. DNA seqFISH+ can be integrated with
RNA seqFISH and IF to image nuclear architecture on a
global scale in single cells. DNA merFISH enabls
imaging of transcriptome and genome at the same time.
MINA introduced comprehensive imaging of nucleome
in a high throughput manner on mammalian tissues.

If we compare merFISH, visium from 10x Genomics,
and other methods, we will find that, (i) merFISH
demonstrated impressive resolution on imaging and
error-detection capability, whereas 10x Genomics
shown robustness ability on finding unidentified
transcripts by using poly-T as adaptors on flow cell.
(i1) Though the method to visualize multiple genomic
loci through multiple rounds of DNA hybridizations not
only relied heavily on primary probe design but also
demonstrated limitations on the amount of subject to be
studied each time since one conduction of multiple
rounds of DNA hybridizations could only generate data
for one chromosome, but this kind of method remains a
power tool when demonstrating TAD structure and
transcription data in the single cell. In conclusion, a high
throughput in situ fluorescent hybridization method that
could be used to identify cell types and development is
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profound and impactful. In general, this review provides
a survey of these spatial-multi-omics techniques in
hopes of benefiting researchers on selecting appropriate
technique for their research.
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