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ABSTRACT

Spatially resolved visualization of RNA process-
ing and structures is important for better studying
single-cell RNA function and landscape. However,
currently available RNA imaging methods are limited
to sequence analysis, and not capable of identify-
ing RNA processing events and structures. Here, we
developed click-encoded rolling FISH (ClickerFISH)
for visualizing RNA polyadenylation and structures
in single cells. In ClickerFISH, RNA 3′ polyadeny-
lation tails, single-stranded and duplex regions are
chemically labeled with different clickable DNA bar-
codes. These barcodes then initiate DNA rolling am-
plification, generating repetitive templates for FISH
to image their subcellular distributions. Combined
with single-molecule FISH, the proposed strategy
can also obtain quantitative information of RNA of in-
terest. Finally, we found that RNA poly(A) tailing and
higher-order structures are spatially organized in a
cell type-specific style with cell-to-cell heterogene-
ity. We also explored their spatiotemporal patterns
during cell cycle stages, and revealed the highly
dynamic organization especially in S phase. This
method will help clarify the spatiotemporal architec-
ture of RNA polyadenylation and structures.

INTRODUCTION

RNA plays diverse biological roles in coding, decoding, ex-
pression and regulation of genes. Its synthesis, processing
and higher-order structures underlie fundamental biologi-
cal processes and critical functions (1,2). Especially, 3′-end
polyadenylation processing, also known as poly(A) tailing,
influences RNA stability and translation (3,4), and is related
to cancer activation and metastasis (5). Ascribed to confor-
mational flexibility, RNA species can fold into stem-loop
or other structures, which is essential for their information-
carrying, regulatory and catalytic roles (6–9). Therefore, de-

termining RNA polyadenylation and structures is crucial
to expanding our understanding of RNA function and net-
works. Visualizing these RNA features in single cells can
reveal their subcellular distribution pattern and cell-to-cell
variation, yet it remains scarcely explored.

As we know, many methods have been established for
imaging specific RNA sequence (10–17) and protein or en-
zyme activity (18–21). Among them, these RNA imaging
included mRNA, microRNA and even base modification
analysis, and provided the spatial location information in
single cells. Additionally, some in situ imaging technolo-
gies such as single-molecule fluorescence in situ hybridiza-
tion (smFISH) (22,23) and enzymatic DNA amplification-
assisted FISH (24–29) have achieved single-molecule sen-
sitivity based on signal amplification, and determined spa-
tially resolved RNA copies in single cells. Despite the ef-
fectiveness, these methods can only detect RNA sequence
of interest due to hybridization-assisted target recognition.
Thus they are not capable of labeling RNA polyadeny-
lation and identifying structured RNA regions. On the
other hand, visualizing protein synthesis (30,31) and post-
translational processing (19,32,33) in single cells have been
demonstrated by coupling metabolic or chemical labeling
with high-efficiency DNA amplification. Nevertheless, nei-
ther the chemical labels nor amplification methods used in
protein imaging are suitable for RNA analysis. Therefore,
to develop amplified imaging strategy for visualizing single-
cell RNA polyadenylation and structures is an urgent de-
mand and a formidable challenge.

We herein developed click-encoded rolling FISH
(Clicker-FISH) as a general and scalable approach for
translating cellular RNA features into chemical barcodes
and spatially resolved images. As shown in Figure 1,
RNA poly(A) tails and single-stranded/duplex regions
are labeled with different chemical tags by metabolic
labeling in living cells or post modification in fixed cells.
They are encoded with clickable DNA barcodes, and their
subcellular distributions can be visualized by enzymatic
amplification-assisted FISH. Notably, the fluorescent DNA
probe is hybridized to the DNA amplicon with repetitive

*To whom correspondence should be addressed. Tel: +86 29 82668908; Fax: +86 29 82668908; Email: yxzhao@mail.xjtu.edu.cn
†The authors wish it to be known that, in their opinion, the first two authors should be regarded as Joint First Authors’.

C© The Author(s) 2019. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com



e145 Nucleic Acids Research, 2019, Vol. 47, No. 22 PAGE 2 OF 10

Figure 1. Overview of ClickerFISH visualizing RNA processing and structures. (A) The workflow for visualizing RNA polyadenylation and single-
stranded/duplex regions. (B) The detailed chemical reactions are illustrated, respectively. DNA1, DNA2 and DNA3 indicate the clickable DNA barcodes
initiating rolling amplification.

sequence, rather than to target RNA as that in typical
FISH. As the DNA amplicon is chemically linked to target
RNA, we still call the proposed strategy FISH.

MATERIALS AND METHODS

Materials

2-Ethynyl-adenosine (2-EA) and 2-Ethynyl-ATP (2-
EATP) were purchased from Jena Bioscience (Jena,
Germany). Azide-modified 2-methylnicotinic acid
imidazolide (NAI-N3) from MedChem Express (Shang-
hai, China). Succinimidyl-[4-(psoralen-8-yloxy)]butyrate
(SPB), DBCO-cy5 and azide-FAM were obtained from
Sigma Aldrich. Trans-Cyclooctene-amine (TCO-amine)
and methyltetrazine-NHS ester were obtained from Click
Chemistry Tools (Scottsdale, USA). Tetrazine-cy3 (Tz-cy3)
and azide-cy5 (N3-cy5) were purchased from Lumiprobe
(Maryland, USA). All chemicals were used as received
without further purification. The reactions were performed
in RNase-free water and buffers. The oligonucleotides used
in this work (Supplementary Table S1) were synthesized
by Sangon Biological Co. Ltd (Shanghai, China). DNA
marker, T4 DNA ligase, Exonuclease I, Exonuclease III,
RiboLock RNase Inhibitor and Trizol Reagent were
obtained from Takara Biotechnology Co. Ltd (Dalian,
China). Poly(U) polymerase, phi29 DNA polymerase and
shrimp alkaline phosphatase (rSAP) were purchased from
New England Biolabs Ltd (Beijing, China) and RNase I
from ThermoFisher Scientific.

Preparation of circularized padlocks and amplicons in vitro

The circularized padlock probes were prepared by a multi-
step reaction of hybridization, ligation and digestion. 10

�M padlock probes were hybridized with 30 �M linker
prones in 10 �l 1 × T4 DNA ligase reaction buffer at 55◦C
for 2 h. Then, 3 �l T4 DNA ligase (350 U/�l) was added
and the solution was incubated at 37◦C for 2 h and then at
65◦C for 30 min. After that, 5 �l Exonuclease I (5 U /�l)
and 2 �l Exonuclease III (200 U /�l) were added to digest
linear DNA. The enzymes were inactivated by heating at
80◦C for 30 min. The resulting probes were stored at –20◦C.
In a typical amplification reaction, 10 �l of 1× phi29 DNA
polymerase reaction buffer containing 1 �l of circularized
padlock probes, 2 �l dNTPs (2 mM) and 2 �l of DNA bar-
code (2 �M) and 0.5 �l phi29 DNA polymerase (10 U/�l)
were incubated at 37◦C for 1 h and then at 65◦C for 10
min to stop the reaction. The amplicons were characteri-
zation by gel electrophoresis and atomic force microscopy
(AFM). These single-stranded amplicons can be assembled
as monodisperse nanoparticles driven by liquid crystalliza-
tion and dense packaging rather than Watson-Crick base
pairing (27). AFM tips (model ScanAsyst-Air; Bruker mul-
timode 8) are used in this work. A freshly cleaved mica sur-
face for sample mounting is firstly prepared. 10 mM Ni2+

solution is added to the center of the mica surface for 3 min.
After rinsing the mica surface vigorously with Milli-Q wa-
ter followed by its dry with nitrogen gas, 2 �l solution of
amplicons is pipetted onto the center of the mica surface
for incubation of 10 min. Then, 10 �l of annealing buffer is
added. The image is operated in ScanAsyst-air model under
ambient air.

Gel electrophoresis and mass spectrometry analysis

The in vitro polyadenylation products were analyzed by 15%
denaturing PAGE in 1× TBE buffer at a 165 V constant
voltage for 60 min. The isolated RNA samples and rolling
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amplicons were analyzed by 1% agarose gel electrophoresis
in 1× TBE buffer. The gels were visualized with UV or flu-
orescence channel by ChampChemI imaging system (Sage-
creation, Beijing, China). For MS analysis, the samples were
analyzed on a Waters I-Class Vion IMS Qtof using a reverse
phase column (Waters BEH C18, 1.7 �m, 2.1 × 50 mm) de-
tected by electrospray ionization (positive ion mode). Liq-
uid chromatography was performed by a gradient analysis:
flow rate: 0.4 ml/min; eluent A: H2O in 0.1% (v/v) formic
acid; eluent B: MeOH; gradient: 0 min-7 min, 95% A, 5% B,
curve: initial; 7 min-9 min, 0% A, 100% B, curve: 6; 9 min-
11 min, 0% A, 100% B, curve: 6; 11 min-12 min, 95% A, 5%
B, curve: 6; 12 min-13 min, 95% A, 5% B, curve: 6.

Characterization of RNA chemical labels

Firstly, the polyadenylation of both a 22-nt RNA oligonu-
cleotide with 2-EATP in vitro and cellular RNA with 2-EA
in living cells were performed, respectively. In a typical in
vitro polyadenylation reaction (20 �l), 1 �g 22-nt RNA sub-
strate, 1 mM 2-EATP, 9 mM ATP and 6 units of Poly(U)
polymerase supplemented with its buffer were used. The
reaction was performed at 37◦C for 2 h. The polyadeny-
lation product was clicked with N3-cy5 and then purified
and precipitated with 50% isopropanol. Gel electrophore-
sis was used to analyze these products. For the analysis of
cellular RNA polyadenylation, 2 × 106 cultured cells were
treated with 2 �M ActD for 1 h and then with 100 �M 2-EA
for 1 h metabolic labeling. The RNA was directly isolated
and then digested into nucleosides by RNase I and rSAP for
mass spectrometry analysis (Thermo Scientific Q Exactive
Focus Orbitrap LC–MS/MS system). In the experiments of
RNase H/oligo(dT)-catalyzed degradation of poly(A) tails,
these treated cells were fixed and labeled with N3-cy5 be-
fore RNA isolation. Then, the acylation of NTP and total
RNA by NAI-N3 were demonstrated. In experiments test-
ing NTP acylation, 10 �M each NTP (ATP, UTP, GTP or
CTP) and 1 mM NAI-N3 were incubated in the buffer (100
mM HEPES, pH 8.0, 6 mM MgCl2 and 100 mM NaCl) at
37◦C for 1 h. The products were dephosphorylated by rSAP
to nucleosides for mass spectrometry analysis. For the acy-
lation of total RNA, 25 �g RNA was incubated with 200
mM NAI-N3 at 37◦C for 30 min. After purification, the
sample was treated with 100 �M DBCO-cy5 at 37◦C for 1 h.
A second purification was used to remove excess DBCO-cy5
for the gel electrophoresis analysis. The synthesis of trans-
cyclooctene-functionalized psoralen derivative (TCO-Pso)
was carried out by incubating SPB with TCO-amine. The
product was tested by mass spectrometry.

Cell cultures and RNA isolation

Mammalian cell lines were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% of
heat-inactivated fetal bovine serum and 1% antibiotics
penicillin/streptomycin (100 U/ml) in a humidified incuba-
tor containing CO2 (5%) at 37◦C. Lovastatin, hydroxyurea
and colchicine were used to synchronize cells in G1, S and
G2 phase, respectively. In general, RNA was harvested
using Trizol Reagent according to the manufacturer’s
instructions. For the isolation of RNA in 2-EA-treated cells

that were fixed before N3-cy5 labeling, 2 × 106 cells seeded
in a six-well plate was treated with Proteinase K (2 mg/ml)
for 1 h at 50◦C. Then, the cell lysate was subjected to the
protocol of Trizol Reagent.

Visualizing RNA polyadenylation and structures

In a typical experiment, 6000 cells were seeded on a collagen
A-coated coverglass enclosed in a PDMS chamber (4 mm
in diameter) at 37◦C for overnight. When the cells reached
the desired confluency, they were cultured with 2 �M ActD
for 1 h to inhibit transcription. The drugs were kept in the
medium after the addition of 100 �M 2-EA for 1 h incuba-
tion. After that, they were fixed in 4% (w/v) paraformalde-
hyde for 10 min at room temperature.

The cells were then permeabilized with 0.5% (v/v) Tri-
ton X-100 for 5 min at room temperature and then briefly
washed three times with PBS. Cells were reacted with 2 mM
NAI-N3 and 0.5 �l RiboLock RNase Inhibitor (40 U/ml)
at 37◦C for 30 min. After three washes with PBS, a copper-
free click reaction was carried out at 37◦C for 60 min in the
presence of 0.1 �M DBCO-barcode and 2.5 �g/ml yeast
tRNA. The cell were washed three times in wash buffer (2x
SSC, 300 mM NaCl, 30 mM Sodium Citrate, pH 7), each
consisting of at least 5 minutes. Then, we performed the
copper(I)-catalyzed click reaction between 2-EA and N3.
A solution containing N3-barcode, 2.5 �g/ml yeast tRNA,
1 mM CuSO4 and 100 mM sodium ascorbate (made fresh
and added to solution immediately before use) was added
to the samples for 45 min incubation at room temperature.
The samples were then rinsed with wash buffer, and then
the nuclear DNA was stained and blocked by 0.5 �g/ml
4′,6-diamidino-2-phenylindole (DAPI) for 20 min at room
temperature.

After that, these cells were incubated with 0.4 mM TCO-
Pso in PBS for 10 min and then were irradiated with 365
nm UV radiation for 20 min. The third click reaction was
performed by incubating cells with freshly synthesized 1
�M Tz-barcode and 2.5 �g/ml yeast tRNA in PBS for 1
h at 37◦C in the dark. Tz-barcode was prepared by mixing
NH2-barcode and methyltetrazine-NHS ester dissolved in
DMSO at room temperature for 3 h. The samples were then
rinsed with wash buffer.

For enzymatic rolling amplification, 20 �l of 1× SSC hy-
bridization mixture containing three circularized padlocks
(200 nM each), 0.5 �l of RiboLock RNase Inhibitor (40
U/ml) and 1�l of yeast tRNA (50 �g/ml) were added to the
fixed cells for 3 h incubation at 37◦C. After washing three
times, the cell samples were incubated with 20 �l 1× phi29
DNA polymerase buffer containing 5 units phi29 DNA
polymerase, 0.5 �l RiboLock RNase Inhibitor (40 U/ml),
2.5 mM dNTPs and 0.5 �l BSA (10 mg/ml) at 37◦C for 2 h.

After washing twice, the cell samples were incubated with
200 nM fluorophore-labeled DNA probes in 2× SSC and
20% formamide buffer for 30 min at 37◦C. The samples were
washed three times. The nucleus and mitochondria were
stained by DAPI and MitoTracker® Red CMTMRos (In-
vitrogen), respectively. The cells were washed three times be-
fore imaging. All fluorescence images were acquired using a
laser scanning confocal microscopy (TCS SP8 STED 3X,
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Leica). The cellular images were acquired using a 63× wa-
ter objective (NA 1.2).

Imaging processing and data extraction

Cells were randomly selected, and over ∼25 cells were cho-
sen for cell samples. The fluorescence intensity correlation
of two marks (ssRNA and dsRNA, RNA polyadenyla-
tion and mitochondria) was calculated by LAS X Version:
3.1.5.16308. Intensity distributions of RNA polyadenyla-
tion and DAPI signals were measured as a function of ra-
dial distance from the nuclear center toward the cell mem-
brane. The average intensity within a series of annuli is ex-
tracted and calculated by MATLAB. Each channel was nor-
malized to its mean intensity per cell. The codes and com-
mands in MATLAB are shown in the Supplementary infor-
mation. Pearson correlations between polyadenylation and
DAPI signals were measured on a per-pixel basis within the
nucleus. Correlation data was fit to a linear regression on
a cell population basis. The RGB intensity information of
each channel were extracted by MATLAB.

RESULTS

Overview and characterization of ClickerFISH

In this work, we use an adenosine analog 2-ethynyl
adenosine (2-EA, appending an alkyne moiety to the C2
atom) to label poly(A) tails during cellular polyadeny-
lation process (4). Azide-modified 2-methylnicotinic acid
imidazolide (NAI-N3) enables high 2′-hydroxyl acylation
of nucleotides in flexible or single-stranded RNA re-
gions instead of base-paired duplex regions (34). On the
other hand, RNA duplex regions can be tagged by trans-
cyclooctene-functionalized psoralen derivative (TCO-Pso)
that is prepared by crosslinking succinimidyl-[4-(psoralen-
8-yloxy)]butyrate (SPB) and TCO-amine. It is well known
that psoralen and its derivatives intercalate into base-
paired nucleotides, preferentially crosslinking juxtaposed
pyrimidines (especially thymine and uracil) upon 365 nm
UV irradiation (35). Three sets of click reactions, includ-
ing copper(I)-catalyzed N3-alkyne and copper-free N3-
dibenzocyclooxtyne (DBCO) and alkene-tetrazine (Tz), are
utilized here. To avoid cross interference, we performed
copper-free click reactions before the copper(I)-catalyzed
one.

We first investigated whether 2-ethynyl ATP (2-EATP)
can work as a substrate like ATP in polyadenylation re-
actions. The in vitro 3′ tailing of a 22-nt RNA oligonu-
cleotide was performed. The products were further clicked
with N3-modified fluorescence, and then analyzed by de-
naturing polyacrylamide gel electrophoresis (PAGE). Ac-
cording to the UV and fluorescence images (left panel of
Figure 2A), poly(A) tails were generated by reactions con-
taining 2-EATP. To confirm specific incorporation of 2-EA
throughout poly(A) tails during cellular RNA polyadeny-
lation processes, we incubated MCF-10A cells with 2-EA
in the presence of a transcription inhibitor actinomycin D
(ActD). As we know, ActD prevents RNA elongation by
binding to DNA at dG residues. The total RNA was iso-
lated and clicked with fluorescence signal. We later digested
the poly(A) tails of RNA samples by the oligo(dT)-RNase

H treatment. As shown in the middle of Figure 2A, the 2-
EA signal in clicked RNA from ActD-treated cells was lost.
We further found 2-EA in isolated RNA from ActD-treated
cells by mass spectrometry (Figure 2A). These data indicate
that 2-EA can be specifically incorporated into poly(A) tails
during polyadenylation in living cells. Then, we investigated
the acylation of NTP and total RNA by NAI-N3. The mass
spectrometry results confirmed the acylation of all four nu-
cleotide at both 2′ and 3′ hydroxyl (Figure 2B and Supple-
mentary Figure S1–S4). The gel electrophoresis visualized
the efficient acylation of total RNA (Figure 2B). Finally,
the TCO-Pso tag was synthesized and characterized (Fig-
ure 2C).

The enzymatic amplification in ClickerFISH is based on
rolling circle replication of short DNA circles (24,27,28,36).
Three sets of clickable barcode primers and corresponding
padlock probes (Supplementary Table S1) were designed to
minimize non-specific complementarity using the NCBI’s
BLAST Human transcripts program. The resulting ampli-
cons were characterized as monodisperse particles of 50–
150 nm in diameter by AFM (Figure 3A). And they own
tens of kb length and hundreds of a periodically repeated
sequences according to agarose gel image, allowing high-
efficiency amplification of FISH signals. These probe sets all
executed independent DNA amplification without cross in-
terference, indicating the sequence orthogonality. Notably,
the length and size of amplicons can be easily regulated
by reaction conditions (27,37). We then used ClickerFISH
to visualize RNA polyadenylation in ActD/2-EA-treated
cells. The non-amplifying system that uses clickable fluo-
rescent dyes was designed as a control. As shown in Figure
3B and Supplementary Figure S5A, no nonspecific signals
are induced by other two unmatched barcodes. And Click-
erFISH achieves much higher and more fluorescence sig-
nals than the non-amplifying control, which allows visual-
izing RNA molecules with limited labeling sites. Addition-
ally, many bright spots with various sizes and fluorescence
intensities are observed. The different staining patterns de-
pend on the distribution and density of RNA labeling site,
and non-uniform RCA efficiency in the complex intracel-
lular environment including crowded proteins and other
biomacromolecules. We also analyzed cell samples treated
with RNase I or oligo(dT)-RNase H prior to ClickerFISH
reactions. The fluorescence signals nearly disappeared (Sup-
plementary Figure S5B), validating the ClickerFISH signals
in cells.

Visualizing single-cell RNA polyadenylation and structures
of different cell types

Then we profiled global RNA polyadenylation and struc-
tures in three human breast cell types (epithelial MCF-
10A, non-invasive MCF-7 and invasive MBA-MD-231), re-
vealing cell type-specific spatial organization of RNA pro-
cessing and structures with significant single-cell variation.
The poly(A) tail is added at the end of transcription in nu-
cleus and poly(A)-binding protein promotes the export of
RNA from nucleus into cytoplasm. We thus hypothesized
that poly(A) tailing signal would be accumulated and more
prominent in cytoplasm of individual cells. In MCF-10A
cells, this signal intensity gradually increased from the nu-



PAGE 5 OF 10 Nucleic Acids Research, 2019, Vol. 47, No. 22 e145

Figure 2. Characterization of RNA chemical labels. (A) 2-EA is incorporated into poly(A) chains in vitro (left panel) and in cells (middle panel); right panel
is the mass spectrum of 2-EA from RNase I/rSAP-treated total RNA (calculated mass of [C12H14N5O4]+ = 292.1040, found: 292.1048). (B) NAI-N3 can
label ATP at both 2′-OH and 3′-OH (left panel, mass spectrum, ATP-2NAI-N3, calculated mass of [C24H22N13O6]+ = 588.1811, found: 588.1791), and
total RNA (right panel). (C) The synthesis of TCO-Pso for tagging RNA duplex regions. Left, LC-MS extracted ion chromatograms of TCO (black), SPB
(blue) and TCO-Pso (red); right, the mass spectrum of TCO-Pso (calculated mass of [C27H33N2O7]+ = 497.2282, found: 497.2269).

cleus center to the outside of the nucleus periphery (Fig-
ure 4A). They lacked clusters of polyadenylation fluores-
cence in the nucleus, and there is no significant correla-
tion (r = 0.086) between polyadenylation and DAPI sig-
nals. However, analysis of MCF-7 and MBA-MD-231 cells
showed exceptions to this simplistic pattern. In these two
cells, prominent nuclear clusters of polyadenylation foci
were present, and they exhibited a positive correlation (r =
0.224 and 0.213) between polyadenylation and DAPI sig-
nals. The distribution of the polyadenylation fluorescence
varied dramatically from cell to cell in all three cell types.
The notable distinction of RNA polyadenylation in these
cell types may imply the post-transcriptional regulation
of oncogene or suppressor gene without genetic alteration
(5). We also developed polyadenylation labeling with Mito-
Tracker imaging to study mitochondrial RNA processing.
Three-color image combining MitoTracker® Red CMTM-

Ros, DAPI and 2-EA signal clearly delineated a high over-
lap between Mito and poly(A) labeling signal outside of the
nucleus (Supplementary Figure S6).

The spatial distribution fashion of RNA structures in sin-
gle cells was then investigated. Due to psoralen crosslinking
both duplex RNA and DNA, fixed cells were firstly incu-
bated with DAPI that binds strongly to duplex DNA with a
preference for adenine-thymine rich regions. We found that
DAPI occupied binding sites (juxtaposed pyrimidines) and
blocked following psoralen crosslinking of DNA (Supple-
mentary Figure S7). Strong colocalization of RNA flexi-
ble (single-stranded) signal with duplex signal are observed
(Figure 4B and Supplementary Figure S8), indicating tran-
scripts are organized into higher-level architectures to im-
pact gene regulation. These structured RNAs are hetero-
geneously distributed in the cytoplasm and nucleus, and
the spatial maps are quite distinctive in different cell lines
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Figure 3. Amplification and imaging performance of ClickerFISH. (A) Characterization of enzymatic amplification. Left, AFM image of amplicons, scale
bar = 300 nm; right, gel electrophoresis image of click-encoded amplicons. (B) Representative cell images (green, polyadenylation; blue, DAPI). The scale
bars of all cell images in this work is 10 �m. The upper inset illustrates a typical RNA polyadenylation and corresponding imaging; The AAUAAA is the
Poly(A) Signal (PAS) sequence.

(3). Notably, the correlation coefficient in cancer cell lines
(MCF-7 and MBA-MD-231) is significantly higher than
that in MCF-10A. These results imply that RNA functions
in a structure-dependent manner by interacting with RNA-
binding proteins or microRNAs (38). Combined with sm-
FISH, the proposed strategy can also obtain quantitative
information of RNA sequence of interest. The nucleoporin
43 (Nup43) mRNA is used as an example (39). The imaging
result in Supplementary Figure S9 reveals varied structure
organization of the same mRNA copies at different subcel-

lular locations. Collectively, all these observations revealed
that different cell types have a diverse spatial distribution
and organization of RNA processing and structures.

Cell cycle-specific organization of RNA polyadenylation and
structures

Finally, we simultaneously imaged RNA polyadenylation,
flexible regions and duplex structures in the cell cycle using
three-barcode ClickerFISH. It is well known that RNA is
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Figure 4. Cell type-specific organization of RNA polyadenylation and structures. (A) RNA polyadenylation analysis. Each cell type has three columns;
each contains: (left) a representative cell image (blue, DAPI; green, polyadenylation fluorescence); (middle) signal intensity of DAPI and polyadenylation
as a function of distance from nuclear center to cell membrane. Each line represents one cell and the bold lines indicate the means. n is the number of cells;
(right) Pearson correlation of polyadenylation and DAPI signal intensity. (B) RNA structures analysis. Left, representative cell images from different cell
types. right, cell type-specific organization of RNA structures. The violin plot represents of the correlation coefficients between RNA flexible signal and
duplex signal per cell in different cell types. **** (P < 0.0001), ** (P < 0.005), Student’s t-test.

transcribed rapidly in G1 phase and G2 phase. And DNA
replication occurs in S phase, whereas the rate of RNA tran-
scription is very low during this phase. An interesting ques-
tion is how transcripts are organized during the cell cy-
cle. As shown in Figure 5, Supplementary Figures S10 and
S11, RNA polyadenylation and structures are spatially or-
ganized in a cell cycle-specific fashion. In both MCF-10A
and MDA-MB-231 cells, the ClickerFISH signal decreased
at the cell-cycle transition from G1 (2N DNA content) to S
phase and then increased at S/G2 (4N DNA content) tran-
sition. However, analysis of MCF-7 cells showed exception
to this fashion. These results explored the spatiotemporal
patterns of RNA polyadenylation and structures, and re-
vealed their dynamic organization especially in S phase (40).

DISCUSSION

Our goal here was to develop a general strategy to visu-
alize RNA polyadenylation and structures in single cells.

As far as we know, many methods have been established
for detecting expression level of specific RNA in fixed
cells (22,23,25,27–29) or live cells (10–13). And some of
them achieved single-molecule sensitivity and determined
RNA copy numbers based on signal amplification. How-
ever, these methods are dependent on sequence hybridiza-
tion for the recognition of RNA of interest, and not able to
label polyadenylation events and identify structured RNA
regions. On the other hand, metabolic and chemical label-
ing approaches have been employed to tag and visualize
protein synthesis and post-translational modification (30–
32,41). Inspired by these results, we speculate that RNA
polyadenylation and structures can also be visualized by
coupling related chemical labeling with amplified imag-
ing methods. Thus, we chose three representative clickable
chemicals to each label RNA polyadenylation events (4),
single-stranded regions (34) and double-stranded regions
(35,38). They have been demonstrated to specifically react
with these RNA features rather than other biomolecules
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Figure 5. Cell cycle-specific RNA polyadenylation. (A) Representative cell images (green, polyadenylation fluorescence; blue, DAPI; scale bar, 10 �m). (B)
The violin plot (G1, blue; S, green; G2, pink) depicting RNA polyadenylation intensity distribution. The cell numbers are 43, 49, 39, 30, 33, 50, 27, 57 and
28, respectively (from left to right). The inset diagram indicates RNA features during cell cycle transitions. M represents the Mitosis phase.

such as proteins or DNA in cells. We also design clickable
DNA barcode probes to distinguish these chemicals and ini-
tiate DNA amplification-assisted FISH imaging.

For the first time, our strategy ClickerFISH described the
subcellular distribution of these RNA features which are
indispensable for better studying single-cell RNA function
and landscape. This method uses three kinds of click chem-
istry reactions to encode these RNA features into ampli-
fied fluorescence signals. We reveals cell type-specific spa-
tial organization of RNA polyadenylation and structures
with single-cell variation. We also explored their spatiotem-
poral patterns during different cell cycle stages, and found
the highly dynamic organization especially in S phase. Ad-

ditionally, implementing barcoded DNA probes enabled
multiplexed readout. Except these RNA features, Clicker-
FISH can be expanded for detecting RNA modifications
such as N6-methyladenosine and pseudouridine. Simulta-
neous visualization of RNA and protein processing events
or features may also be feasible with more sets of bar-
coded DNA probes. In addition, two methods, nuclear mag-
netic resonance (NMR) spectroscopy (42) and selective 2′-
hydroxyl acylation analyzed by primer extension (SHAPE)
(43,44), have been well established for the analysis of RNA
structures. The NMR method requires isotopically labeled
RNAs by chemical synthesis or in vitro transcription, and is
limited to short RNAs. SHAPE analyzes base flexibility in
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RNAs of various lengths based on structure-sensitive acy-
lation reagents and modest extensions of acylated RNAs.
Both NMR and SHAPE determine the RNA structure with
single nucleotide resolution, yet they can’t provide subcellu-
lar distribution information.

Combined with sequence-specific smFISH, ClickerFISH
achieved quantitative analysis of RNA of interest. In Click-
erFISH, the amplicon is visualized as a bright fluorescent
spot after the hybridization of fluorescence DNA probes.
The intensity of these spots represents the number of label
site of each RNA molecule. To obtain these RNA features
of multiplexed and even transcriptome sequences, it is re-
quired to integrate ClickerFISH with single-cell transcrip-
tomics imaging methods based on sequential hybridization
(45–47). Simultaneously visualizing RNA polyadenylation
or structures and sequence of single-cell transcriptome will
be a challenging and highly significant work.
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