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We are living in the OMICS era…
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Sequencing and MS technologies revolutionized omics

Nature Reviews | Genetics
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Figure 1 | Template immobilization strategies. In emulsion PCR (emPCR) (a), a reaction mixture consisting of  
an oil–aqueous emulsion is created to encapsulate bead–DNA complexes into single aqueous droplets. PCR 
amplification is performed within these droplets to create beads containing several thousand copies of the same 
template sequence. EmPCR beads can be chemically attached to a glass slide or deposited into PicoTiterPlate  
wells (FIG. 3c). Solid-phase amplification (b) is composed of two basic steps: initial priming and extending of the 
single-stranded, single-molecule template, and bridge amplification of the immobilized template with immediately 
adjacent primers to form clusters. Three approaches are shown for immobilizing single-molecule templates to a solid 
support: immobilization by a primer (c); immobilization by a template (d); and immobilization of a polymerase (e).  
dNTP, 2′-deoxyribonucleoside triphosphate.

Mate-pair templates
A genomic library is prepared 
by circularizing sheared DNA 
that has been selected for a 
given size, such as 2 kb, 
therefore bringing the ends 
that were previously distant 
from one another into close 
proximity. Cutting these circles 
into linear DNA fragments 
creates mate-pair templates.

are attached to the solid support15, to which a primed  
template molecule is bound (FIG. 1e). This approach is 
used by Pacific Biosciences15 and is described in patents 
from Life/VisiGen16 and LI-COR Biosciences17. Larger 
DNA molecules (up to tens of thousands of base pairs) 
can be used with this technique and, unlike the first two 
approaches, the third approach can be used with real-time 
methods, resulting in potentially longer read lengths.

Sequencing and imaging
There are fundamental differences in sequencing  
clonally amplified and single-molecule templates. Clonal 
amplification results in a population of identical tem-
plates, each of which has undergone the sequencing 
reaction. Upon imaging, the observed signal is a con-
sensus of the nucleotides or probes added to the iden-
tical templates for a given cycle. This places a greater 
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Spatial information is often lost in omics methods
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Spatial information is often lost in omics methods
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Proximity labeling is one way to preserve spatial information…



Protein-protein interactions

Protein-RNA interactions

Protein-DNA interactions


Organelle-organelle interactions

Cell-cell interactions


…

Proximity labeling is one way to preserve spatial information…
…but on sub-cellular scales



Spatial omics

biomolecule cell tissue organ

What are the transcriptomic/proteomic profiles of each cell  
in the context of a complex cell network?



Spatial omics

Mund, A. … Horvath, P.;  Mann, M. Nat. Biotech. 2022, 40, 1231.

What are the transcriptomic/proteomic profiles of each cell  
in the context of a complex cell network?
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Imaging-based spatial transcriptomics
In-Situ Hybridization (ISH)



Imaging-based spatial transcriptomics
In-Situ Hybridization (ISH)

Purdue, M. L.; Gall, J. G. Proc. Natl. Acad. Sci. 1969, 64, 600.; Review: Levsky, J.M.; Singer, R.H. J. Cell Sci. 2003, 116, 2833.

◼︎  Visualize DNA or RNA with radiolabeled/biotinylated/fluorescent complementary strands

◼︎  No need for denaturation for RNA visualization

permeabilize denature

hybridize

◼︎  rRNA and rDNA in Xenopus laevis oocytes visualized in first radioactive ISH in 1969



Imaging-based spatial transcriptomics
Single molecule Fluorescence In-Situ Hybridization (smFISH)

Femino, A. M.; Fay, F. S.; Fogarty, K.; Singer, R. H. Science 1998, 280, 585.

β-actin

γ-actin
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Imaging-based spatial transcriptomics

Femino, A. M.; Fay, F. S.; Fogarty, K.; Singer, R. H. Science 1998, 280, 585.

◼︎  Individual mRNA molecules resolved 

β-actin

γ-actin

◼︎  Quantitative measure of transcripts

Single molecule Fluorescence In-Situ Hybridization (smFISH)

631 bp

(190 nm)

1648 bp

(500 nm)



Imaging-based spatial transcriptomics
sequential FISH (seqFISH)

Takei, Y.; Yang, Y. … Cai, L. biorXiv 2023

Long Cai

Caltech

Lubeck, E.; Coskun, A. F.; Zhiyentayev, T.; Ahmad, M.; Cai, L. Nat. Methods 2014, 11, 360.



Imaging-based spatial transcriptomics
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Imaging-based spatial transcriptomics
sequential FISH (seqFISH)

Lubeck, E.; Coskun, A. F.; Zhiyentayev, T.; Ahmad, M.; Cai, L. Nat. Methods 2014, 11, 360.

Gene 1

A set of 20-30 FISH probes specific to each gene



Imaging-based spatial transcriptomics
sequential FISH (seqFISH)

Lubeck, E.; Coskun, A. F.; Zhiyentayev, T.; Ahmad, M.; Cai, L. Nat. Methods 2014, 11, 360.

Gene 11
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◼︎  Combinatorial labeling with color-based barcodes and sequential hybridization



Imaging-based spatial transcriptomics
sequential FISH (seqFISH)

Lubeck, E.; Coskun, A. F.; Zhiyentayev, T.; Ahmad, M.; Cai, L. Nat. Methods 2014, 11, 360.
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◼︎  Combinatorial labeling with color-based barcodes and sequential hybridization

◼︎  In theory, four colors & eight rounds can cover entire genome (48=65536)
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Decoding of barcode reveals identity of single mRNA molecule



Imaging-based spatial transcriptomics
sequential FISH (seqFISH)

Lubeck, E.; Coskun, A. F.; Zhiyentayev, T.; Ahmad, M.; Cai, L. Nat. Methods 2014, 11, 360.



Imaging-based spatial transcriptomics
sequential FISH (seqFISH)

Eng, L. C. -H.; Lawson, M. … Cai, L. Nature 2019, 568, 235.

◼︎  Meticulous probe design and use of pseudocolors improved efficiency/resolution/specificity



Imaging-based spatial transcriptomics
sequential FISH (seqFISH)

Eng, L. C. -H.; Lawson, M. … Cai, L. Nature 2019, 568, 235.

◼︎  Meticulous probe design and use of pseudocolors improved efficiency/resolution/specificity

◼︎  Error-correcting rounds can be added for missing signals



Imaging-based spatial transcriptomics
Multiplexed Error-Robust FISH (MERFISH)

Chen, K. H.; Boettiger, A. N.; Moffitt, J. R.; Wang, S.; Zhuang, X. Science 2015, 348, aaa6090.



Imaging-based spatial transcriptomics
Multiplexed Error-Robust FISH (MERFISH)

Chen, K. H.; Boettiger, A. N.; Moffitt, J. R.; Wang, S.; Zhuang, X. Science 2015, 348, aaa6090.

Xiaowei Zhuang

Harvard / HHMI

◼︎  140 RNA species (detect & correct errors)

◼︎  1001 RNA species (detect but not correct errors)

◼︎  Error-robust encoding scheme
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◼︎  140 RNA species, 16 hybridization rounds
◼︎  Errors detected and corrected
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◼︎  1001 RNA species, 14 hybridization rounds
◼︎  No error correction (modified Hamming distance 2)
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Ståhl, P. L.; Salmén, F.; … Lundeberg, J.; Frisén, J. Science 2016, 353, 78.

First used term “spatial transcriptomics”
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Acquired 2019, developed and commercialized into “Visium”



Sequencing-based spatial transcriptomics
Spatial transcriptomics / Visium

Ståhl, P. L.; Salmén, F.; … Lundeberg, J.; Frisén, J. Science 2016, 353, 78.

◼︎  oligo-dT primers on glass slide to capture mRNA

Tissue sample

Glass slide



Sequencing-based spatial transcriptomics
Spatial transcriptomics / Visium

Ståhl, P. L.; Salmén, F.; … Lundeberg, J.; Frisén, J. Science 2016, 353, 78.

Tissue

permeabilization

mRNA binding

◼︎  oligo-dT primers on glass slide to capture mRNA



Sequencing-based spatial transcriptomics
Spatial transcriptomics / Visium

Ståhl, P. L.; Salmén, F.; … Lundeberg, J.; Frisén, J. Science 2016, 353, 78.

Tissue

permeabilization

mRNA binding

◼︎  oligo-dT primers on glass slide to capture mRNA

cDNA synthesis



Sequencing-based spatial transcriptomics
Spatial transcriptomics / Visium

Ståhl, P. L.; Salmén, F.; … Lundeberg, J.; Frisén, J. Science 2016, 353, 78.

Tissue
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mRNA binding
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Spatial transcriptomics / Visium

Ståhl, P. L.; Salmén, F.; … Lundeberg, J.; Frisén, J. Science 2016, 353, 78.

◼︎  spatial barcode to preserve spatial information of each transcript

◼︎  unique molecular identifier (UMI) for barcoding each transcript

◼︎  oligo-dT primers on glass slide to capture mRNA
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Yao, Z.; Velthoven, C. T. J.; … Zeng, H. Nature 2023, 624, 317.; Zhang, M.; Pan, X.; … Zhuang, X. Nature 2023, 624, 343.
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Transcriptomics

Easily amplified by PCR

Proteomics

Cannot be amplified (picograms of total protein)

3x105 mRNA molecules per HeLa cell 1x109 protein molecules per HeLa cell

Well established sequencing technologies Limited by MS sensitivity and throughput

“Dark proteome”: highly dynamic, undetected

Challenges in spatial proteomics
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Spatial profiling of proteins
Immunofluorescence (IF)

◼︎  probing protein localization in cells heavily rely on antibody-based imaging methods
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Gut, G.; Herrmann, M. D.; Pelkmans, L. Science 2018, 361, eaar7042.

Iterative Indirect Immunofluorescence Imaging (4i)

Multipixel intensity extraction

Pixel clustering into

Multiplexed Cell Units (MCUs)

Identification of MCUs

◼︎  Intracellular protein composition can be characterized

◼︎  Iterative immunofluorescence; use of specialized elution and imaging buffers
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Gut, G.; Herrmann, M. D.; Pelkmans, L. Science 2018, 361, eaar7042.

Iterative Indirect Immunofluorescence Imaging (4i)

Each MCU contain generalizable information on protein subcompartmentalization
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Multiplexed antibody-based spatial proteomics

Gut, G.; Herrmann, M. D.; Pelkmans, L. Science 2018, 361, eaar7042.

Iterative Indirect Immunofluorescence Imaging (4i)

Proteome reorganization upon drug intake Cell heterogeneity based on protein relocalization upon external stimuli
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Multiplexed antibody-based spatial proteomics

CellDIVE, 4i, CyCIF

IBEX, MAP, SHIELD


…

CODEX, DEI,

Immuno-SABER


…

IMC, MIBI-TOF

…

Hickey, J. W.; Neumann, E. K.; … Saka, S. K. Nat. Methods 2022, 19, 284.

Predefined set of antibodies used… what about unbiased spatial proteomics?
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MS-based spatial proteomics
Deep Visual Proteomics (DVP)

Matthias Mann

Max-Planck Institute of Biochemistry
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