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The advances in cellular RNA imaging technology
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Abstract: RNAs exhibit unique three-dimensional structures and a variety of biological functions, and have been
widely involved in diverse life activities and closely related to the occurrence and development of many diseases.
During these years, scientists have been persuing technologies that can analyze the abundance and distribution of
RNA in cells. In this review, we describe the recent advances in cellular RNA imaging technology, and focus on
fluorescent RNA, which is the most promising tool as an ideal technology for RNA imaging in live cells, including
its types and applications in RNA imaging, and meanwhile we discuss the direction and challenge of future
development of cellular RNA imaging technology.
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J A UL AR O 1% R 5 SunTag i R &5 A
R, SHUIE H A A mRNA S 18 R 1 52
i Eh A W e,

i, H AT K B CRISPREE K 448 A2 4i th
BT RIS RNAR G AR . 20164F, Yeoil
G F) H SRIR T Streptococcus pyogenes i 2k i Cas9
HEELERE R HRNARsgRNALELE T 1] LARE % 11
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. FE20184F, [A]— IR FH 5e S MR AR LS & T
MPERARHIEIRAT T 7T URE R 14 454 TO1-Biotin¢
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[FIKp 86 nmol/L, & &4k H W5 4 5% )
20174F, Tan®§P kRS T 5 —Fhn] LLRE 5 PR 45
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Ja,  [E— PR A R T — Mo 1 2 A1 - 8 K
@1, FrA5-32 DY H LS PEEH - — Il 5K [l (TMR-DN)
(Kl6), ‘&5 SRB-2 RNAE It A (145 4 7] LU H B
(RIS 58 6, SRB-2-TMR-DNE 441 Uk S F
X — P ERNA R T 0 FL2h ¥ 4 fR RN A A ic B
%o BEJG, A SCE R R B (SIR) Ffiik f AL 3R 45
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BHIEER RO etE, BE2n st kg E
FHRNA [ 52 R S 5 FE(STED) % e i A%

185 — Tt 5, BraselmannZg % 7 —Fib
DL iz 25 (COl IZ BB T A E ARNASR S 1% RNA,
BT DARE S M IR A 5 A DU B 3R A N R S T 1) %
I -5 K 3 A (Kl 6),  1E T 5 35 B0 7 O [ 1 2%
Tt BT R A TG AR R AT TG
LRGN — RYIFIERNA, EEYHIK, M
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Wity L 200 20 B () mRNA L FOBURL AT /N AR S D RN A
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RIURG TSI IOCRNAKITE -

6 SHESRE
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[# % A0 B FHRNA 0475 70 FAS AR HOR AT BL S VX
AN N IERNAZEAT L 5 g, HE AR %
s HAFAE AR BT BEAH R IR 3 L e R AR S 1 52
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Fluorophore Aptamer Ex max (nm) E,max (nm) e(M ™ -cm™”) QY (-) Fold K, Reference
activation (nmol/L)
MG N.A 630 650 z 150 000 0.187 2 360 117 [50]
Hoechst 1 [I-mini3-4 345 470 N.D 0.26 56 35 [51]
TO1-Biotin Mango-I 510 535 77 500 0.14 1100 32 [53]
TO3-Biotin Mango-I 637 658 9300 N.D N.D 6~8 [53]
TO1-Biotin Mango-II 510 535 N.D 0.21 N.D 0.7 [81]
TO1-Biotin Mango-IIT 510 535 43 000 0.56 N.D 56 [81]
TO1-Biotin Mango-1V 510 535 32 000 0.42 N.D 1.1 [81]
TO3-Biotin Mango-II 637 658 N.D N.D N.D 1.8 [81]
TO3-Biotin Mango-IIT 637 658 N.D N.D N.D 15.0 [81]
TO3-Biotin Mango-1V 637 658 N.D N.D N.D 104  [81]
DIR DIR-Aptl 602 645 N.D N.D 60 86 [54]
DIR DIR2s-Apt 600 646 150 000 0.26 20 966 [55]
DIR-pro DIR2s-Apt 600 658 164 000 0.33 45 252 [55]
OTB-SO3 DIR2s-Apt 380 421 73 000 0.51 76 662 [55]
OTB-T-SO3 DIR2s-Apt 380 421 71 000 0.17 N.D 1071 [55]
Alexa594-PEG-BHQ1 Al 594 617 N.D N.D 4.5 4700 [56]
Cy3-PEG6-BHQI Al 554 568 N.D N.D 7.4 N.D [56]
Fluorescein-PEG6-BHQ1 Al 490 525 N.D N.D 1.9 N.D [56]
SR-DN SRB-2 579 596 N.D 0.65 25 1 400 [58]
RG-DN DNB 507 534 37350 0.32 4 4480 [60]
TMR-DN DNB 555 582 47150 0.9 11 350 [60]
SR-DN DNB 572 591 50250 0.98 36 800 [60]
Cbl-FAM AT 490 513 N.D N.D 2.5 N.D [63]
Cbl-C6-ATTO 488 AT 501 523 N.D N.D 1.3 N.D [63]
Cbl-5xPEG-ATTO 590 A 594 624 N.D 0.31 49 34 [63]
Cbl-5xPEG-ATTO 590 AT 594 624 N.D N.D 4.0 1300 [63]
Cbl-5xPEG-ATTO 590 D 594 624 N.D 0.31 2.9 3.0 [63]
Cbl-C6-ATTO 633 AT 629 657 N.D N.D 1.9 N.D [63]
Cbl-Cy5 A 646 662 N.D 0.26 2.7 N.D [63]
DFHBI Spinach 452 496 24271 0.72 1029 537 [64]
DFHBI Spinach2 454 498 26 100 0.70 1 000 430 [69]
DFHBI-1T Spinach2 482 505 31000 0.94 959 560 [72]
DFHBI-2T Spinach2 500 523 29 000 0.12 100 1300 [72]
DFHBI-IT Broccoli 472 507 29 600 0.94 959 360 [70]
BI Broccoli 470 505 33 600 0.669 1390 51 [73]
OBI Broccoli 541 590 47300 0.67 16 750 23 [74]
DFHO Corn 505 545 29 000 0.25 417 70 [75]
DFHO Orange Broccoli 513 562 34 000 0.28 311 230 [75]
DFHO Red Broccoli 518 582 35000 0.34 567 206 [75]
DMHBI-Imi 13-2 min 463 545 N.D 0.08 N.D 71 [76]
DMHBI" 13-2 min 413 542 N.D 0.40 N.D 63 [76]
DMHBO" 13-2 min 456 592 N.D 0.10 N.D 12 [76]
HBC485 Pepper 443 485 49 100 0.42 691 8.0 [80]
HBC497 Pepper 435 497 54 700 0.57 16 601 6.7 [80]
HBC508 Pepper 458 508 42 500 0.30 9091 27.0 [80]
HBC514 Pepper 458 514 44100 0.45 4748 12.0 [80]
HBC525 Pepper 491 525 74 100 0.70 585 3.8 [80]
HBC530 Pepper 485 530 65300 0.66 3595 3.5 [80]
HBC599 Pepper 515 599 54 400 0.43 708 18.0 [80]
HBC620 Pepper 577 619 100 000 0.58 12 600 6.1 [80]
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JERNA. FIK, HRihEebnr bl 2 52w gn i i
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W BN E B AN AT sk T H .

(& £ X #

[1]  Gall JG, Pardue ML. Formation and detection of RNA-
DNA hybrid molecules in cytological preparations. Proc
Natl Acad Sci USA, 1969, 63: 378-83

[2] Levsky JM, Singer RH. Fluorescence in situ hybridization:
past, present and future. J Cell Sci, 2003, 116: 2833-8

[3] Femino AM, Fay FS, Fogarty K, et al. Visualization of
single RNA transcripts in situ. Science, 1998, 280: 585-90

[4] Raj A, van den Bogaard P, Rifkin SA, et al. Imaging
individual mRNA molecules using multiple singly labeled
probes. Nat Methods, 2008, 5: 877-9

[5] Wang F, Flanagan J, Su N, et al. RNAscope: a novel in
situ RNA analysis platform for formalin-fixed, paraffin-
embedded tissues. J Mol Diagn, 2012, 14: 22-9

[6] KishiJY, Lapan SW, Beliveau BJ, et al. SABER amplifies
FISH: enhanced multiplexed imaging of RNA and DNA in
cells and tissues. Nat Methods, 2019, 16: 533-44

[7] Battich N, Stoeger T, Pelkmans L. Image-based transcrip-
tomics in thousands of single human cells at single-
molecule resolution. Nat Methods, 2013, 10: 1127-33

[8] Battich N, Stoeger T, Pelkmans L. Control of transcript
variability in single mammalian cells. Cell, 2015, 163:
1596-610

[9] Chen KH, Boettiger AN, Moffitt JR, et al. RNA imaging.
Spatially resolved, highly multiplexed RNA profiling in
single cells. Science, 2015, 348: aaa6090

[10] Moffitt JR, Hao J, Bambah-Mukku D, et al. High-
performance multiplexed fluorescence in situ hybridization
in culture and tissue with matrix imprinting and clearing.
Proc Natl Acad Sci USA, 2016, 113: 14456-61

[11] Tyagi S. Imaging intracellular RNA distribution and
dynamics in living cells. Nat Methods, 2009, 6: 331-8

[12] Machnicka MA, Milanowska K, Osman Oglou O, et al.
MODOMICS: a database of RNA modification pathways--
2013 update. Nucleic Acids Res, 2013, 41: D262-7

[13] Li F, Dong J, Hu X, et al. A covalent approach for site-
specific RNA labeling in mammalian cells. Angew Chem
Int Ed Engl, 2015, 54: 4597-602

[14] Alexander SC, Busby KN, Cole CM, et al. Site-specific
covalent labeling of RNA by enzymatic transglycosylation.
J Am Chem Soc, 2015, 137: 12756-9

[15] Ehret F, Zhou CY, Alexander SC, et al. Site-specific
covalent conjugation of modified mRNA by tRNA guanine
transglycosylase. Mol Pharm, 2018, 15: 737-42

[16] Zhou CY, Alexander SC, Devaraj NK. Fluorescent turn-on
probes for wash-free mRNA imaging via covalent site-



324

Bl :

RNAWFFEHA

334

[22]

[25]

[26]

(28]

[29]

specific enzymatic labeling. Chem Sci, 2017, 8: 7169-73
Tyagi S, Kramer FR. Molecular beacons: probes that fluo-
resce upon hybridization. Nat Biotechnol, 1996, 14: 303-8
Mao S, Ying Y, Wu R, et al. Recent advances in the
molecular beacon technology for live-cell single-molecule
imaging. iScience, 2020, 23: 101801

Bratu DP, Cha BJ, Mhlanga MM, et al. Visualizing the
distribution and transport of mRNAs in living cells. Proc
Natl Acad Sci USA, 2003, 100: 13308-13

Vargas DY, Raj A, Marras SA, et al. Mechanism of mRNA
transport in the nucleus. Proc Natl Acad Sci USA, 2005,
102: 17008-13

Chen M, Ma Z, Wu X, et al. A molecular beacon-based
approach for live-cell imaging of RNA transcripts with
minimal target engineering at the single-molecule level.
Sci Rep, 2017, 7: 1550

Turner-Bridger B, Jakobs M, Muresan L, et al. Single-
molecule analysis of endogenous f-actin mRNA trafficking
reveals a mechanism for compartmentalized mRNA
localization in axons. Proc Natl Acad Sci USA, 2018, 115:
E9697-706

Chen AK, Davydenko O, Behlke MA, et al. Ratiometric
bimolecular beacons for the sensitive detection of RNA in
single living cells. Nucleic Acids Res, 2010, 38: ¢148
Zhao D, Yang Y, Qu N, et al. Single-molecule detection
and tracking of RNA transcripts in living cells using
phosphorothioate-optimized 2'-O-methyl RNA molecular
beacons. Biomaterials, 2016, 100: 172-83

Chen AK, Behlke MA,Tsourkas A. Sub-cellular trafficking
and functionality of 2'-O-methyl and 2'-O-methyl-
phosphorothioate molecular beacons. Nucleic Acids Res,
2009, 37: e149

Chen AK, Behlke MA,Tsourkas A. Efficient cytosolic
delivery of molecular beacon conjugates and flow
cytometric analysis of target RNA. Nucleic Acids Res,
2008, 36: e69

Yang CJ, Wang L, Wu Y, et al. Synthesis and investigation
of deoxyribonucleic acid/locked nucleic acid chimeric
molecular beacons. Nucleic Acids Res, 2007, 35: 4030-41
Mhlanga MM, Vargas DY, Fung CW, et al. tRNA-linked
molecular beacons for imaging mRNAs in the cytoplasm
of living cells. Nucleic Acids Res, 2005, 33: 1902-12
Santangelo PJ, Nix B, Tsourkas A, et al. Dual FRET
molecular beacons for mRNA detection in living cells.
Nucleic Acids Res, 2004, 32: e57

You M, Jaffrey SR. Structure and mechanism of RNA
mimics of green fluorescent protein. Annu Rev Biophys,
2015, 44: 187-206

Hocine S, Raymond P, Zenklusen D, et al. Single-molecule
analysis of gene expression using two-color RNA labeling
in live yeast. Nat Methods, 2013, 10: 119-21

Bertrand E, Chartrand P, Schaefer M, et al. Localization of
ASH1 mRNA particles in living yeast. Mol Cell, 1998, 2:
437-45

Daigle N, Ellenberg J. LambdaN-GFP: an RNA reporter
system for live-cell imaging. Nat Methods, 2007, 4: 633-6
Bernardi A, Spahr PF. Nucleotide sequence at the binding

(48]

[49]

[50]

[51]

site for coat protein on RNA of bacteriophage R17. Proc
Natl Acad Sci USA, 1972, 69: 3033-7

Chao JA, Patskovsky Y, Almo SC, et al. Structural basis
for the coevolution of a viral RNA-protein complex. Nat
Struct Mol Biol, 2008, 15: 103-5

Franklin NC. "N" transcription antitermination proteins of
bacteriophages lambda, phi 21 and P22. J Mol Biol, 1985,
181: 85-91

Wu B, Chen J, Singer RH. Background free imaging of
single mRNAs in live cells using split fluorescent proteins.
Sci Rep, 2014, 4: 3615

Valencia-Burton M, McCullough RM, Cantor CR, et al.
RNA visualization in live bacterial cells using fluorescent
protein complementation. Nat Methods, 2007, 4: 421-7
Wu J, Zaccara S, Khuperkar D, et al. Live imaging of
mRNA using RNA-stabilized fluorogenic proteins. Nat
Methods, 2019, 16: 862-5

Pena E, Heinlein M, Sambade A. /n vivo RNA labeling
using MS2. Methods Mol Biol, 2015, 1217: 329-41
Grunwald D, Singer RH. /n vivo imaging of labelled
endogenous B-actin mRNA during nucleocytoplasmic
transport. Nature, 2010, 467: 604-7

Larson DR, Zenklusen D, Wu B, et al. Real-time observation
of transcription initiation and elongation on an endogenous
yeast gene. Science, 2011, 332: 475-8

Wu B, Eliscovich C, Yoon YJ, et al. Translation dynamics
of single mRNAs in live cells and neurons. Science, 2016,
352: 1430-5

Coulon A, Ferguson ML, de Turris V, et al. Kinetic
competition during the transcription cycle results in
stochastic RNA processing. Elife, 2014, 3: €03939

Wang C, Han B, Zhou R, et al. Real-time imaging of
translation on single mRNA transcripts in live cells. Cell,
2016, 165: 990-1001

Yan X, Hoek TA, Vale RD, et al. Dynamics of translation
of single mRNA molecules in vivo. Cell, 2016, 165: 976-89
Nelles DA, Fang MY, O'Connell MR, et al. Programmable
RNA tracking in live cells with CRISPR/Cas9. Cell, 2016,
165: 488-96

Yang LZ, Wang Y, Li SQ, et al. Dynamic imaging of RNA
in living cells by CRISPR-Cas13 systems. Mol Cell, 2019,
76: 981-97.¢7

Tutucci E, Vera M, Biswas J, et al. An improved MS2
system for accurate reporting of the mRNA life cycle. Nat
Methods, 2018, 15: 81-9

Babendure JR, Adams SR, Tsien RY. Aptamers switch on
fluorescence of triphenylmethane dyes. J Am Chem Soc,
2003, 125: 14716-7

Sando S, Narita A, Hayami M, et al. Transcription
monitoring using fused RNA with a dye-binding light-up
aptamer as a tag: a blue fluorescent RNA. Chem Commun
(Camb), 2008, 33: 3858-60

Nygren J, Svanvik N, Kubista M. The interactions
between the fluorescent dye thiazole orange and DNA.
Biopolymers, 1998, 46: 39-51

Dolgosheina EV, Jeng SC, Panchapakesan SS, et al. RNA
mango aptamer-fluorophore: a bright, high-affinity



3

MR ZE, 4. JAERNARZGMNTHOAR FIE Tedt

325

[60]

(61]

[62]

[63]

[64]

[65]

[66]

complex for RNA labeling and tracking. ACS Chem Biol,
2014, 9: 2412-20

Constantin TP, Silva GL, Robertson KL, et al. Synthesis
of new fluorogenic cyanine dyes and incorporation into
RNA fluoromodules. Org Lett, 2008, 10: 1561-4

Tan X, Constantin TP, Sloane KL, et al. Fluoromodules
consisting of a promiscuous RNA aptamer and red or blue
fluorogenic cyanine dyes: selection, characterization, and
bioimaging. J Am Chem Soc, 2017, 139: 9001-9

Murata A, Sato S, Kawazoe Y, et al. Small-molecule
fluorescent probes for specific RNA targets. Chem
Commun (Camb), 2011, 47: 4712-4

Holeman LA, Robinson SL, Szostak JW, et al. Isolation
and characterization of fluorophore-binding RNA
aptamers. Fold Des, 1998, 3: 423-31

Sunbul M, Jaschke A. Contact-mediated quenching for
RNA imaging in bacteria with a fluorophore-binding
aptamer. Angew Chem Int Ed Engl, 2013, 52: 13401-4
Ying ZM, Wu Z, Tu B, et al. Genetically encoded
fluorescent RNA sensor for ratiometric imaging of
microRNA in living tumor cells. ] Am Chem Soc, 2017,
139: 9779-82

Arora A, Sunbul M, Jaschke A. Dual-colour imaging of
RNAs using quencher- and fluorophore-binding aptamers.
Nucleic Acids Res, 2015, 43: e¢144

Sunbul M, Jaschke A. SRB-2: a promiscuous rainbow
aptamer for live-cell RNA imaging. Nucleic Acids Res,
2018, 46: el110

Wirth R, Gao P, Nienhaus GU, et al. SiRA: a silicon
rhodamine-binding aptamer for live-cell super-resolution
RNA imaging. J Am Chem Soc, 2019, 141: 7562-71
Braselmann E, Wierzba AJ, Polaski JT, et al. A multicolor
riboswitch-based platform for imaging of RNA in live
mammalian cells. Nat Chem Biol, 2018 14: 964-71

Paige JS, Wu KY, Jaffrey SR. RNA mimics of green
fluorescent protein. Science, 2011, 333: 642-6

Masuda I, Igarashi T, Sakaguchi R, et al. A genetically
encoded fluorescent tRNA is active in live-cell protein
synthesis. Nucleic Acids Res, 2017, 45: 4081-93

Ilgu M, Ray J, Bendickson L, et al. Light-up and FRET
aptamer reporters; evaluating their applications for
imaging transcription in eukaryotic cells. Methods, 2016,
98:26-33

Guet D, Burns LT, Maji S, et al. Combining spinach-
tagged RNA and gene localization to image gene expression
in live yeast. Nat Commun, 2015, 6: 8882

Guzman-Zapata D, Dominguez-Anaya Y, Macedo-Osorio
KS, et al. mRNA imaging in the chloroplast of Chlamydomonas
reinhardtii using the light-up aptamer Spinach. J Biotechnol,
2017,251: 186-8

Strack RL, Disney MD, Jaffrey SR. A superfolding
Spinach2 reveals the dynamic nature of trinucleotide
repeat-containing RNA. Nat Methods, 2013, 10: 1219-24
Filonov GS, Moon JD, Svensen N, et al. Broccoli: rapid
selection of an RNA mimic of green fluorescent protein by
fluorescence-based selection and directed evolution. J Am
Chem Soc, 2014, 136: 16299-308

[71]

[72]

(73]

[77]

(78]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

Autour A, Westhof E, Ryckelynck M. iSpinach: a fluorogenic
RNA aptamer optimized for in vitro applications. Nucleic
Acids Res, 2016, 44: 2491-500

Song W, Strack RL, Svensen N, et al. Plug-and-play
fluorophores extend the spectral properties of Spinach. J
Am Chem Soc, 2014, 136: 1198-201

Li X, Kim H, Litke JL, et al. Fluorophore-promoted RNA
folding and photostability enables imaging of single
broccoli-tagged mrnas in live mammalian cells. Angew
Chem Int Ed Engl, 2020, 59: 4511-8

Li X, Mo L, Litke JL, et al. Imaging intracellular
S-adenosyl methionine dynamics in live mammalian cells
with a genetically encoded red fluorescent RNA-based
sensor. J Am Chem Soc, 2020, 142: 14117-24

Song W, Filonov GS, Kim H, et al. Imaging RNA
polymerase III transcription using a photostable RNA-
fluorophore complex. Nat Chem Biol, 2017, 13: 1187-94
Steinmetzger C, Palanisamy N, Gore KR, et al. A
multicolor large stokes shift fluorogen-activating RNA
aptamer with cationic chromophores. Chemistry, 2019, 25:
1931-5

Piatkevich KD, Hulit J, Subach OM, et al. Monomeric red
fluorescent proteins with a large stokes shift. Proc Natl
Acad Sci USA, 2010, 107: 5369-74

Shcherbakova DM, Hink MA, Joosen L, et al. An orange
fluorescent protein with a large stokes shift for single-
excitation multicolor FCCS and FRET imaging. J] Am
Chem Soc, 2012, 134: 7913-23

Ouellet J. RNA fluorescence with light-up aptamers. Front
Chem, 2016, 4: 29

Chen X, Zhang D, Su N, et al. Visualizing RNA dynamics
in live cells with bright and stable fluorescent RNAs. Nat
Biotechnol, 2019, 37: 1287-93

Autour A, CYJeng S, D Cawte A, et al. Fluorogenic RNA
Mango aptamers for imaging small non-coding RNAs in
mammalian cells. Nat Commun, 2018, 9: 656

Chen H, Shiroguchi K, Ge H, et al. Genome-wide study of
mRNA degradation and transcript elongation in Escherichia
coli. Mol Syst Biol, 2015, 11: 808

Bernstein JA, Khodursky AB, Lin PH, et al. Global
analysis of mRNA decay and abundance in Escherichia
coli at single-gene resolution using two-color fluorescent
DNA microarrays. Proc Natl Acad Sci USA, 2002, 99:
9697-702

Selinger DW, Saxena RM, Cheung K1J, et al. Global RNA
half-life analysis in Escherichia coli reveals positional
patterns of transcript degradation. Genome Res, 2003, 13:
216-23

Yang E, van Nimwegen E, Zavolan M, et al. Decay rates
of human mRNAs: correlation with functional characteristics
and sequence attributes. Genome Res, 2003, 13: 1863-72
Filonov GS, Kam CW, Song W, et al. In-gel imaging of
RNA processing using broccoli reveals optimal aptamer
expression strategies. Chem Biol, 2015, 22: 649-60

Litke JL, Jaffrey SR. Highly efficient expression of circular
RNA aptamers in cells using autocatalytic transcripts. Nat
Biotechnol, 2019, 37: 667-75



