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ABSTRACT

Visualization of gene expression at single RNA molecular level represents a great challenge to both imaging technologies
andmolecular engineering. Herewe show a single molecule chromogenic in situ hybridization (smCISH) assay that enables
counting and localizing individual RNA molecules in fixed cells and tissue under bright-field microscopy. Our method is
based on in situ padlock probe assays directly using RNA as a ligation template and rolling circle amplification combined
with enzyme catalyzed chromogenic reaction for amplification product visualization.We showpotential applications of our
method by detecting gene expression variations in single cells, subcellular localization information of expressed genes,
and gene expression heterogeneity in formalin-fixed, paraffin-embedded tissue sections. This facile and straightforward
method can in principle be applied to any type of RNA molecules in different samples.
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INTRODUCTION

Owing to the recent advances in imaging technologies
and molecular engineering, RNA can now be visualized
in situ at the single molecule level, offering cellular and
subcellular resolution (Crosetto et al. 2015). This high-
resolution spatiotemperal information can help us to
better understand the physiological and pathological
functions of detected genes. Currently, most of the strate-
gies to achieve in situ single molecule RNA detection are
based on generating elevated foreground fluorescence
signals that can be distinguished from the background
fluorescence, such as single molecule fluorescence in
situ hybridization (smFISH) (Femino et al. 1998), methods
based on rolling circle amplification (Larsson et al. 2010),
methods based on hybridization chain reaction (HCR)
(Shah et al. 2016a), and methods based on branched
DNA (bDNA) technology (Battich et al. 2013). Combined
with molecular barcoding strategies like in situ sequencing
(Ke et al. 2013; Lee et al. 2014) and sequential hybridiza-
tion (Chen et al. 2015; Shah et al. 2016b), these methods
can be used to profile transcriptomics in situ, which can
help to construct the potential regulatory network of
gene expression (Lein et al. 2017). However, these fluores-
cence detection–based techniques all rely on detection

probes labeled with organic dyes, which may suffer from
a photobleaching-caused weak signal. In order to over-
come the fluorescence deterioration problem of organic
dyes, a recent study successfully utilized compact inorgan-
ic quantum dots labeled oligonucleotide as detection
probes in smFISH for RNA in situ detection (Liu et al. 2018).

Although inorganicquantumdots as labels providemore
stable signals over the traditional organic fluorescence
dyes, autofluorescence occurs in certain samples and still
remains a challenge for fluorescence-based single mole-
cule RNA detection. Autofluorescence in tissue samples
can arise from natural biomolecular components like lipo-
fuscin and elastin or caused by fixation processes that gen-
erate fluorescence chemical groups in the pretreatment
processes (Monici 2005). Strong autofluorescence leads
to low signal to noise ratio that can even mask the true sig-
nal, resulting in detection failure. According to their sourc-
es, autofluorescence can be reduced either by chemical
reagents, photobleaching, tissue clearing, or image pro-
cessing approaches (Van de Lest et al. 1995; Clancy and
Cauller 1998; Schnell et al. 1999; Neumann and Gabel
2002; Richardson and Lichtman 2015). However, an
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alternative and simple way to avoid autofluorescence is to
use chromogenic assays for signal development. Enzyme
catalyzed chromogenic reactions have been widely used
in conventional chromogenic in situ hybridization (CISH)
protocols for both RNA and DNA detection (Volpi et al.
2018). Once the chromogenic signal is developed, it can
be fixed and preserved for long-term storage by using
mounting medium, which is of great advantage for tissue
samples that need to be archived and reaccessed when
needed. However, conventional methods do not offer
RNAdetection at singlemolecule resolution and sometime
suffer from poor specificity and sensitivity. Currently, the
bDNA-based RNAScope technology offers chromogenic
assays for RNA in situ detection whose signal is discrete
dots that can be quantified digitally (Wang et al. 2012). In
order to perform this assay, multiple pairs of double “Z”
probes need to be used to target the same RNAmolecule,
and several rounds of amplification probes have to be hy-
bridized before the signal can be detected. Although this
commercially available technique is attracting more and
more users, its technical detail is not disclosed and the
cost of such an assay is relatively high.
In this paper, wedevelopeda simple and straightforward

single molecule chromogenic in situ hybridization
(smCISH) assay for sensitive and specific detection of
RNA in fixed cells and tissues based on padlock probing
and rolling circle amplification (Nilsson et al. 1994; Baner
et al. 1998). In the original in situ padlock probe assay for
in situ RNA detection, mRNA needs to be reverse tran-
scribed into cDNAbefore it canbeused as apadlock probe
ligation template (Larsson et al. 2010). Recently, chlorella
virus DNA ligase was shown to be able to ligate DNA
probes on RNA template efficiently
(Lohman et al. 2014). Taking advan-
tage of this discovery, several studies
have demonstrated that padlock
probes can be directly ligated on
RNA templates for in situ detection
of single RNA molecules, simplifying
the protocol by skipping the reverse
transcription step (Deng et al. 2017;
Schneider and Meier 2017). However,
the fidelity of splintR DNA ligase does
not seem to be poor, as shown by a
study that it can tolerate mismatches
in the ligation junction (Krzywkowski
and Nilsson 2017). Therefore, the suc-
cess of RNA template-initiated pad-
lock probe assay for in situ RNA
detection needs to depend on the
specificity of hybridization. According
to these findings, we designed a pad-
lock probing protocol that can gener-
ate specific and sensitive in situ RNA
detection results for our smFISHmeth-

od, which is shown in Figure 1. First, padlock probes are hy-
bridized to their gene-specific target sequence on the
mRNA molecules. Allowing for efficient hybridization un-
der stringent conditions, the excess amount of the probes
is then washed away. The ligation of hybridized padlock
probes is thenperformedasa separate step,generating cir-
cularized DNA molecules that serve as RCA templates. In
order tomake sure that the RCA can be initiated efficiently,
an RCA primer is hybridized to the circularized padlock
probe on its backbone sequence. After removal of the non-
hybridized primers, RCA is initiated to generate rolling cir-
cle amplification products (RCPs). RCPs are then hybridized
with HRP labeled oligonucleotide probes, followed by en-
zyme catalyzed color development to visualize individual
RCPs that corresponds to individual RNA molecules. We
used 3,3′-Diaminobenzidine (DAB)–based substrate for
HRP to stain the RCPs and hematoxylin to stain the cell nu-
clei, generating RCP dots in brown color and nuclei in blue
color.Wecanquantify theRCPsper cell by theopen-source
software CellProfiler by compiling a pipeline using its built-
in modules (Carpenter et al. 2006). We demonstrated that
our method is feasible by comparing the detection results
to fluorescencedetectionand thenused thismethod todis-
tinguish geneexpression variations in different cell types as
well as gene expression alteration before and after drug
stimulation. We also demonstrated that our method can
be applied to clinical samples by successful detection of
HER2 expression status in routine formalin-fixed, paraffin-
embedded (FFPE) pathological tissue sections. Our results
show that single RNA molecules can be detected by chro-
mogenic assay in situ, providing an alternative approach to
detect in situ gene expression to avoid autofluorescence in

FIGURE 1. The principle of smCISH. (A) Overview of the smFISH for detection of individual
RNA in situ. (B) Detailed molecular procedures of padlock probe assay for smCISH: Gene-
specific padlock probe is hybridized directly to its RNA target. Next, probe circularization is
achieved by RNA-templated ligation of its two ends. An RCA primer is then hybridized to
the circularized padlock probe, followed by performing rolling circle amplification to generate
RCP, thus enabling signal amplification. RCP is hybridized with HRP labeled detection probes.
Finally, DAB staining is used to visualize the RCP and nucleus is stained blue by hematoxylin, as
illustrated in A.
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certain samples with a stable signal. Furthermore, the
method can in principle be applied to any typeof RNAmol-
ecules in various samples.

RESULTS AND DISCUSSION

Optimization of padlock probe and RCA-based
smCISH

In order to establish a protocol that is versatile, we per-
formed optimization experiments to tweak the experimen-
tal conditions. First, we compared the padlock probe
hybridization time by performing detection of HER2 ex-
pression in the SK-BR-3 cell line. The hybridization reac-
tions were allowed to stay for 30 min, 2 h, and 4 h,
followed by performing the same protocols afterwards
(Fig. 2A–C). RCPs were counted and compared as shown
in Figure 2D. The results show that the number of counted
RCPs increased by the extension of hybridization time. We
chose 2 h as the hybridization time because the increase of
signal from 2 h to 4 h hybridization is not as obvious as that
from 30 min to 2 h, thus also allowing the protocol to be
continued within a shorter waiting time.

To investigate if the hybridization efficiency of HRP la-
beled detection probes can be improved, different con-
centrations of glycerol were added to the hybridization
mix. The data showed that 20% of glycerol resulted in
the highest RCP number per cell so that this concentration
was used in the following experiments (Supplemental Fig.
S1). In order to simplify the protocol, we tried to integrate
the RCA primer hybridization with RCA by adding the RCA

primers into the RCA reaction mix to perform the primer
hybridization and RCA in the same step. However, the re-
sults showed that separating the RCA primer hybridization
from the RCA step generates more RCPs (Supplemental
Fig. S2), indicating that the primer hybridization is not effi-
cient when combined with RCA. Therefore, the primer hy-
bridization was kept as a separate step.

Comparison of smCISH with fluorescence detection

We then used our method to detect ACTB mRNA expres-
sion in the breast cancer cell line SK-BR-3. As shown in
Figure 3A, individual ACTB mRNA molecules are visual-
ized as discrete brown dots in single SK-BR-3 cells whose
nuclei are shown in blue. We side-by-side compared our
method to that of conventional fluorescence probe detec-
tion by performing the same procedure, except that the
RCPs were visualized with fluorophore labeled in the fluo-
rescence detection (Fig. 3B). Both protocols resulted in
very similar round shaped and discrete dots for RCPs,
and the detection efficiency seems to be very similar, ac-
cording to CellProfiler analysis, with 142.6 ±70.05 RCPs
per cell (n=287) for chromogenic detection and 135.7±
71.75 RCPs per cell (n=345) for fluorescent detection.
Therefore, there are no statistical differences between
these two methods (P<0.05). We observed a signal over-
crowding problem both in the chromogenic assay and
fluorescence assay in the cells that have a high ACTB ex-
pression level. The overcrowding problem is similar to
that discussed in a previous study (Ke et al. 2013). We
also compared detection of GAPDH in a fresh frozen

mouse brain tissue, which we previ-
ously found to have a strong auto-
fluorescence. When detected with
smCISH, we were able to visualize
and locate the individual GAPDH
dots much easier than that of using
fluorescent detection, where the
strong autofluorescencemakes it diffi-
cult to distinguish the signal from the
background (Fig. 3C,D).

Detection of gene expression
variation by smCISH

In order to test if our method can
detect gene expression variations,
we performed smCISH for detection
of HER2 mRNA in three cell lines
(Fig. 4A–C) whose HER2 mRNA ex-
pression levels are low, moderate,
and high according to the Human
Protein Atlas database (https://www
.proteinatlas.org). Our results showed
that the expression level of HER2

FIGURE 2. Effects of different padlock probe hybridization time on detecting efficiency.
Padlock probes were hybridized with HER2 mRNA in SK-BR-3 for 30 min (A), 2 h (B), and 4 h
(C ). (D) Quantification of HER2 mRNA detection with different probe hybridization times: 30
min (n=370), 2 h (n=438), and 4 h (n=399). Scale bar, 40 µm.
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mRNA is highest in SK-BR-3 cells and lowest in MCF-7
cells, along with an expression level in T47D cells in be-
tween (Fig. 4D). This result was consistent with the TPM
values shown in the Human Protein Atlas database, show-
ing the specificity of our smCISH assay. Although the
MCF-7 cell line was classified as HER2-negative by immu-
nohistochemistry in some studies, other studies also
showed that there is a low level of HER2 expression, which
agrees with the HER2 mRNA expression level in the HPA
database (Emde et al. 2011). As mentioned above, the
RNA template-initiated padlock probe ligation and circu-
larization using splintR DNA ligase may suffer from poor
fidelity, making the specificity of our smCISH assay mainly
dependent on the hybridization step. One major concern
of using this approach is that the specificity can be poor
due to nonspecific hybridization and ligation. Our data
show that the specificity of our method is reliable, because
the different expression levels of the same gene in differ-
ent cell lines can be clearly distinguished. Although
the other studies investigate the specificity of their assays
by discriminating a single nucleotide mismatch at the end
of the padlock probes (Deng et al. 2017; Schneider and
Meier 2017), the fidelity study of the SplintR DNA ligase
has alreadyshown thatdiscrimination ability is poor andde-
pends very much on the bases being ligated (Krzywkowski
andNilsson 2017). Moreover, inmost applications of in situ

RNA detection, discriminating single
nucleotide polymorphism is not nec-
essary. Therefore, this kind of speci-
ficity study does not reflect the
specificity of the whole assay. Herein,
we show that different expression lev-
els of the same gene in different cell
lines originating from the same type
of cancer can be distinguished by
our assay, indicating that our method
can detect target RNA molecules
specifically.

To investigate if our smCISH assay
can be used for distinguishing the
RNA expression level change after
stimulation of cells, we detected
mRNA expression levels of PD-L1,
also known as CD274, in the H1299
cell line (Supplemental Fig. S3). It is
known that the up-regulation of PD-
L1 helps the cancer to evade the host
immune system. The expression level
of PD-L1 can increase by the IFN-γ
simulation. Our data show that after
24 h of IFN-γ simulation, the H1299
cells expressed much higher levels of
PD-L1 than the control cells without
stimulation. This result indicates that
gene expression level change can be

digitally quantifiedbyour smCISHassay. This kindof digital
quantification is more straightforward than real-time quan-
titative PCR that compares the Ct values.

Specificity and detection efficiency of smCISH

To further investigate the specificity of smCISH, we per-
formed detection of enhanced green fluorescence protein
gene (EGFP) mRNA expression in the CA46 cells infected
with lentivirus vectors carrying an EGFP reporter gene and
noninfected CA46 cells as negative control. The average
RCPs detected per cell is 4.681 versus 0.06604 in the in-
fected cells and the negative control respectively, indicat-
ing that only a very few nonspecific signal dots were
detected (Supplemental Fig. S4). The result shows that
smCISH can detect the mRNA expression from a heterolo-
gous gene very specifically, further proving the specificity
of our smCISH assay.
To investigate the detection efficiency of smCISH, we

compared our assay to the original padlock probe and
RCA-based in situ RNA detection assay that used cDNA
as ligation template (Supplemental Fig. S5; Supplemental
Table S1). The number of detected HER2 transcripts in
A549 and MCF-7 cells using RNA as a ligation template
was around twofold and threefold of that when using
cDNA as ligation template, showing increased detection

FIGURE 3. Comparison of RCA-based single molecule chromogenic and fluorescence in situ
hybridization assay for individual ACTB mRNA detection in SK-BR-3 cells (A,B) and GAPDH
mRNA detection in fresh frozen mouse brain tissues (C,D). For chromogenic detection (A,C ),
brown dots were detected. mRNA RCPs stained with DAB and nuclei were counterstained
blue with hematoxylin. Scale bar, 40 µm. For fluorescent detection (B,D), green dots (ACTB)
and red dots (GAPDH) were detected. mRNA RCPs and the nuclei were counterstained blue
with DAPI. Scale bar, 40 µm.
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efficiency of our current protocol (Supplemental Fig. S5;
Supplemental Table S1). When we compared our results
to those of smFISH and rollFISH in Wu et al. (2018), the
detection efficiency of smCISH that used only one padlock
probe was much lower than that of smFISH and rollFISH
(Supplemental Table S1). However, when we increased
the number of padlock probes to three, the RCPs that
could be detected per cell also increased. Although the
median detected HER2 signal spots in A549 for smCISH
was around half of that of the rollFISH and smFISH (12
per cell for smCISH versus 21 per cell for rollFISH and 26
per cell for smFISH), we detected more HER2 signals in
the MCF-7 cells (rollFISH detected more HER2 signals in
A549 than in MCF-7 in the referenced paper [Wu et al.
2018]). Considering that we were not using exactly the
same cells as in the reference, we can conclude that our
smCISH can achieve comparable detection efficiency as
smFISH and rollFISH when using multiple padlock probes.
The reason is that when there is inefficient binding of pad-
lock probes, steric hindrance of the probe binding site, or
potential fragmentation of RNA in the probe binding site,
only using one padlock probe can result in miss of the tar-
get, but multiple padlock probes have a higher chance of
finding the right targets and generate a detectable signal.
Although our results showed that the RNA as ligation tem-
plate strategy had higher detection efficiency than the
original cDNA as a ligation template approach, the detec-
tion efficiency was still not as good as that of smFISH when
only one probe was used. Therefore, in order to achieve
better detection efficiency and to avoid false negative re-
sults, at least three padlock probes that target the same

RNA molecule on different sites
should be used when detecting a
new gene.

Visualization of subcellular
location of long noncoding RNA
molecules

We performed detection of long
noncoding RNA (lncRNA) MALAT1
and CYTOR in cultured cancer cells
H1299 and SW480 to test if we can
detect the subcellular location of
RNAmolecules.MALAT1 and CYTOR
are previously known to be mainly ex-
pressed in the nucleus and cytoplasm
(Soares et al. 2017). As shown in Figure
5,wecan see thatmost of theMALAT1
are detected in the nuclei and there
are more CYTOR located in the cyto-
plasm than that in the nuclei. Howev-
er, since the expression level analysis
was based on two-dimensional imag-
es, the CYTOR detected in the nuclei

can actually be located above the nuclei. Therefore, such
a type of subcellular localization detection only provides
superficial localization information. Nevertheless, the suc-
cessful detection of MALAT1 indicates that our smCISH
can be used to detect RNA expressed in the nuclei that
has a higher density of biomolecules.

In situ detection ofHER2mRNA expression in clinical
tissue sections by smCISH

The previous data shows the smCISH assay can be used to
specifically detect individual mRNA molecules in cell cul-
ture. We wanted to see if our method can also work in rou-
tine clinical samples, that is, FFPE tissue sections. An ideal
method for in situ RNA detection should be able to handle
FFPE samples. We performed in situ HER2 mRNA detec-
tion on two slides that were previously classified as
HER2-positive and HER2-negative by immunohistochem-
istry in the diagnostics laboratory. The smCISH result is
showed in Figure 5. In the HER2-positive tissue section,
we can observe obvious brown color staining patterns
that consist of many brown RCP dots in the cancer cells
(Fig. 6A). We can also notice that there is no signal in the
normal cell area, demonstrating the HER2 expression het-
erogeneity in this tissue section together with the previous
observation in the cancer cells. In theHER2-negative tissue
section, we only saw very few RCP dots across the section
(Fig. 6B). Although this agrees with the immunohistochem-
istry results, further developments still need to be conduct-
ed before our method can be used in clinical settings. For
example, an expression level grading system needs to be

FIGURE 4. HER2mRNA expression levels in different breast cancer cell lines. (A) HER2mRNA
was detected as low expression inMCF-7. (B)HER2mRNAwasmoderately expressed in T47D.
(C ) HER2mRNA was strongly expressed in SK-BR-3. (D) Quantification of HER2mRNA detec-
tion in MCF-7 (n=239), T47D (n=371), and SK-BR-3 (n=228). Scale bar, 40 μm.
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established, which could be similar to that used in the com-
mercially available RNAScope method, in which they
define the grades of expression by counting signal dots
per cell. Nonetheless, our data show that our smCISH as-
say can be applied to clinical tissue samples for RNA in
situ detection.

Conclusion

Today, outsourcing molecular diagnostics to well-
equipped centralized laboratories is becoming a trend.
In this paper, on the contrary, we developed a method us-
ing chromogenic assay for single molecule RNA in situ
detection, making it possible to gain “high-end” results
by a “low-tech” approach. The method does not depend
on delicate or advanced devices, therefore it can be used
in less well-equipped laboratories and potentially be fur-
ther developed into a point-of-care method for disease
diagnosis. We have achieved visualization of individual
RNA molecules in situ using bright-field microscopy that
provides cellular and subcellular resolution. The method

not only works in fixed cells, but
more importantly also works well in
FFPE tissue sections. However, in or-
der to increase the detection efficien-
cy, three or more padlock probes
should be used to avoid false nega-
tives caused by probes failing to ligate
on their targets. Although the ability
to multiplex is quite limited, the sim-
plicity of this method still makes it
easy to adapt.Webelieve thismethod
will find its place in both basic life sci-
ence research and potentially in clini-
cal diagnostics.

MATERIALS AND METHODS

Cell culture and sample
preparation

The cell lines SK-BR-3, H1299, SW480, and
CA46were cultured in RPMI 1640 (Thermo
Scientific), supplemented with 10% fetal
bovine serum (FBS, Thermo Scientific)
and 1% Penicillin–Streptomycin Solution
(Thermo Scientific). The cell line SK-OV-3
was cultured in McCoy’s 5A Medium
(Thermo Scientific), supplemented with
10% FBS and 1% Penicillin–Streptomycin
Solution (Thermo Scientific). The cell lines
MCF-7, A549, and T47D were cultured in
DMEM (Thermo Scientific), supplemented
with 10% FBS and 1% Penicillin–Strepto-
mycin Solution. All cell lines were incubat-
ed at 37°C, 5% CO2.

To prepare cell samples, cells were treated with 0.25% (w/v)
trypsin-EDTA (Thermo Scientific) when confluent and resuspend-
ed in culturing medium. Resuspended cells were then evenly
seeded on the Superfrost Plus slides (Thermo Scientific) sub-
merged in culturing medium placed in a 150 mm×25 mm Petri
dish (Corning). The culturingmediumwas added to a final volume
of 25 mL. Cells were allowed to grow under the same conditions
for 12 to 48 h before fixation. After removal of the culturing me-
dium and two washes with diethyl pyrocarbonate (DEPC) treated
PBS (DEPC-PBS), fixation was carried out by incubating the slides
in 4% (w/v) PFA in DEPC-PBS for 30min at room temperature (RT).
Slides were then washed with DEPC-PBS twice and dehydration
of the slides was performed using an ethanol series of 70%,
85%, and ethanol absolute for 5 min each. These slides can
then be stored at −80°C until used.
For CA46 cell samples, cells were collected by centrifuging at

1500 rpm for 5 min. After removal of the culturing medium and
two washes with DEPC-PBS, fixation was carried out by adding
4% (w/v) PFA in DEPC-PBS and incubated 30 min at RT directly
in the tube. After fixation, cells were washed with DEPC-PBS
once, followed by resuspension of the cell in the same buffer.
Resuspended cells in DEPC-PBS were then seeded on the Poly-
L-Lysine-Prep slides (Sangon) by direct pipetting the cell

FIGURE 5. Visualization of subcellular location of long noncoding RNA molecules.
(A) MALAT1 and CYTOR RNA molecules are detected as brown dots in fixed H1299 and
SW480 cells. The nuclei are stained in blue. Scale bar, 40 µm. (B) Comparison of the expression
levels of MALAT1 (H1299: n=117, SW480: n=99) and CYTOR (H1299: n=98, SW480: n=
106) in the nuclei and the cytoplasm.
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suspension on the slide surface and then air-dried. These slides
can then be stored at −80°C until used.

Pretreatments

Cell samples were first rinsed with DEPC-PBS with 0.05% Tween
20 (Sigma) (DEPC-PBST) and then permeabilized by incubating
with 0.5% (v/v) Triton X-100 (Sigma) (in DEPC-PBS) for 10 min.
For FFPE tissue sections, slides were first baked at 60°C for
30 min, then deparaffinized by exposure to xylene twice for
15 min and 10 min, respectively, followed by submerging in eth-
anol absolute twice, 95% ethanol twice, and 70% ethanol twice
for 2 min each time. To complete rehydration, slides were treated
with DEPC-H2O for 5 min, then washed with DEPC-PBS for 2 min.
Then, fixation was performed in 4% (w/v) PFA (Sigma) in DEPC-
PBS for 10 min. A solution of 0.1 mg/mL pepsin (Sigma) in 0.1
M HCl was applied to the slides for 30 min at 37°C after one
wash in DEPC-PBS for 2 min. Next, slides were treated with
DEPC-H2O for 5 min and DEPC-PBS for 2 min, followed by dehy-
dration with an ethanol series of 70%, 85% and ethanol absolute
for 1 min each. For fresh frozen mouse tissue sections, slides were

first fixed in 4% (w/v) PFA in DEPC-PBS for 5min. After twowashes
with DEPC-PBS for 2 min each time, the slides were dipped into
an ethanol serial of 70%, 85% and ethanol absolute for 1 min
each. Then a solution of 1mg/mL pepsin in 0.1MHCl was applied
to the slides for 5 min at 37°C, followed by three washes with
DEPC-PBST.

From here on, all of the following reactions were performed in
9 mm diameter and 0.8 mm depth Secure-Seal hybridization
chambers (Thermo Scientific) attached to the surface of the slide
on the side where the samples were, unless otherwise stated.

Padlock probe hybridization

The sample was first washed with DEPC-PBST three times, then
a 3% (w/v) H2O2 solution was applied to the sample and
allowed to incubate for 15 min to complete the blocking of
intrinsic peroxidase, followed by another three washes with
DEPC-PBST. Next, 100 nM padlock probe (all probe sequences
are listed in Supplemental Table S2) in hybridization buffer (10%
formamide in 6× SSC buffer) was added to the sample and incu-
bated for 2 h or as stated at 37°C, followed by three washes for 5
min each with washing buffer containing 2× SSC and 20% form-
amide to remove excess unhybridized padlock probes. Then
the sample was washed three times with DEPC-PBST to get rid
of formamide, which can potentially affect the activity of the en-
zymes used in the following step.

Padlock probe ligation

A ligation mix containing 1× SplintR ligase reaction buffer (NEB),
50% glycerol, 0.5 U/µL SplintR ligase (NEB), 1 U/µL RiboLock
RNase Inhibitor (Thermo Scientific), 0.2 µg/µL BSA (NEB) in
DEPC-H2O was added to the sample and allowed to incubate
for 1 h at 37°C, followed by three rinses with washing buffer for
5 min each to remove the unligated padlock probes and enzyme.

Original cDNA as ligation template approach

For the method of in situ RNA detection assay that used cDNA as
ligation template, mRNA was copied to cDNA by reverse tran-
scription, followed by degradation of the mRNA strand. Then
the padlock probe hybridization and ligation was carried out.
The reversed transcription mix, containing 1 mM dNTPs, 1 µM
LNA-modified reverse transcription primer, 20% glycerol, 20
U/µL RevertAid H Minus Reverse Transcriptase (Thermo Scien-
tific), 1× reaction buffer for RevertAid H Minus Reverse Transcrip-
tase (Thermo Scientific), 1 U/µL RiboLock RNase Inhibitor and
0.2 µg/µL BSA in DEPC-H2O, was added to the samples and al-
lowed to incubate for 3 h at 45°C, followed by three washes
with DEPC-PBST. Then, 4% (w/v) PFA in DEPC-PBS was added
to perform postfixation step for 30 min at RT. After postfixation,
the samples were washed three times in DEPC-PBST. Padlock
probe hybridization and ligation mix, containing 100 nM padlock
probe, 50 mM KCl, 20% formamide, 1× Ampligase DNA Ligase
buffer, 0.5 U/µL Ampligase DNA Ligase, 0.4 U/µL RNase H,
1 U/µL RiboLock RNase Inhibitor, and 0.2 µg/µL BSA in DEPC-
H2O, was added to the samples and allowed to incubate for
30 min at 37°C for mRNA digestion, 45 min at 45°C for padlock

FIGURE 6. Detection of HER2 mRNA expression in breast cancer
FFPE tissue sections. (A) HER2-positive and (B) HER2-negative FFPE
breast cancer tissue sections. Scale bar, 200 µm for main image and
40 µm for insert.
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probe hybridization and ligation. The samples were then washed
three times by washing buffer.

RCA primer hybridization

One micromolar of RCA primer (primer sequences can be found
in Supplemental Table S2) in hybridization buffer was added to
the sample and incubated for 30 min at 37°C, followed by three
washes for 5 min each with washing buffer to remove unhybri-
dized RCA primer. Then, threewashes with DEPC-PBST were per-
formed to prepare the samples for RCA.

RCA

AnRCAmix containing 1×phi29DNApolymerase buffer (Thermo
Scientific), 5% glycerol, 1 mM dNTPs (Thermo Scientific), 1 U/µL
phi29 polymerase (Thermo Scientific), 1 U/µL RiboLock RNase
Inhibitor, 0.2 µg/µL BSA in DEPC-H2O was added to the sample
and incubated for 16 to 18 h at RT to carry out RCA. After the incu-
bation, the sample was rinsed three times with washing buffer for
5 min each. Then three washes with DEPC-PBST were performed
to avoid the possible negative effect of formamide on the activity
of HRP labeled on the detection probes.

RCA products detection

A detection mix containing 100 nM HRP labeled detection
probes (Supplemental Table S2), 20% glycerol (or other con-
centrations as stated), 2× SSC, 0.05% (v/v) Tween 20, and
0.4 µg/µL BSA in DEPC-H2O was added to the sample and incu-
bated for 30 min at RT. Excess amounts of detection probes were
removed by three washes with DEPC-PBST. For fluorescence in
situ hybridization assay, a detection mix containing 100 nM
FAM labeled detection probes, 2× SSC, 20% formamide in
DEPC-H2O was added to the sample and incubated for 30 min
at RT. Then, the slide was dipped into an ethanol serial of 70%,
85% and ethanol absolute for 2 min each. The slides were mount-
ed with SlowFade Gold Antifade Mountant (Thermo Scientific)
containing 0.5 µg/mL DAPI (Sigma).

Staining and mounting

The sample was incubated with DAB staining mix (Sangon) con-
taining 90% DAB buffer, 5% DAB substrate solution (20×), and
5% DAB chromogen solution (20×) for 3 to 8 min depending on
the color development before an immediate wash with water.
Hematoxylin (Sigma) counterstaining was performed to visualize
nucleic structures. After dehydration by an ethanol serial of
70%, 85% and ethanol absolute for 1 min each, the slides were
mounted with neutral balsam mounting medium (Sangon).

Image acquisition and analysis

Images for all bright-field experiments were acquired with a Leica
DM6B microscope equipped with a DFC7000T camera using the
40× objective except for the FFPE breast cancer tissue sections.
The images for FFPE tissue sections were generated by stitching
four images (2× 2) obtained by using a 20× objective. The

fluorescence images were obtained with a DFC9000GT camera
using the 40× objective. The images were analyzed using
CellProfiler image analysis software. The images were split into
hematoxylin and DAB two channels with the “Unmixcolors”mod-
ule. Then the background was removed and the DAB staining
spots were highlighted with the “EnhanceOrSuppressFeatures”
module. Finally, the relation of signals with their host cells was
identified with the “RelateObjects” module. The number of
RCPs per cell was compared across groups. Statistical analyses
and plotting were performed using GraphPad Prism.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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