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Multiplexed Single-Cell In Situ RNA Analysis by

Reiterative Hybridization
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Most current approaches for quantification of RNA species in their natural spatial contexts in
single cells are limited by a small number of parallel analyses. Here we report a strategy to
dramatically increase the multiplexing capacity for RNA analysis in single cells in situ. In this
method, transcripts are detected by fluorescence in situ hybridization (FISH). After imaging
and data storage, the fluorescence signal is efficiently removed by photobleaching. This
enables the reinitiation of FISH to detect other RNA species in the same cell. Through
reiterative cycles of hybridization, imaging and photobleaching, the identities, positions and
copy numbers of a large number of varied RNA species can be quantified in individual cells in
situ. Using this approach, we analyzed seven different transcripts in single HeLa cells with five
reiterative RNA FISH cycles. This approach has the potential to detect over 100 varied RNA
species in single cells in situ, which will have wide applications in studies of systems biology,

molecular diagnosis and targeted therapies.

Introduction

Understanding how cellular regulatory networks function in
normal cells and malfunction in diseases is an important goal of
post-genomic research,! Microarray technologies® and high-
throughput sequencing®® have been widely used to infer the
function of genes or to detect altered expression patterns in
disease by RNA profiling on a genome-wide scale. However,
these approaches carried out with extracted and purified RNA
mask the spatial information of transcripts. Imaging-based
methods, such as molecular beacons’® and fluorescence in situ
hybridization (FISH),” enable the RNA analysis in their natural
spatial contexts. Nonetheless, due to the spectral overlap of
small organic fluorophores, these approaches are limited by the
small number of parallel analyses.

To integrate the advantages of high-throughput
technologies and in situ analysis methods, combinatorial
labeling,'®"? sequential barcoding'? and in situ sequencing,'*'>
have been explored recently. Although these approaches
significantly advanced our ability to study gene expression in
situ, some nonideal factors still exist. For example, the
multiplexing capacities of combinatorial labeling and sequential
barcoding need to be further enhanced to allow the
transcriptome-wide analysis; the current in situ sequencing
technologies may miss transcripts with lower copy numbers.

We report here an alternative multiplexed single-cell in situ
RNA analysis approach by reiterative hybridization. In this
method, fluorescently labeled oligonucleotides are used to
hybridize to their target RNA. Under a fluorescence
microscope, each RNA molecule is visualized as a single spot.
By counting the number of spots in single cells, we can
quantify the abundances of the target RNA in their natural
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spatial contexts. After fluorescence imaging and data storage,
the fluorescence signals are efficiently removed by
photobleaching. In the next cycle, different oligonucleotides
labeled with the same set of fluorophores as the ones used in
the first cycle are added to the sample to quantify their target
RNA. Upon reiterative cycles of target hybridization,
fluorescence imaging and photobleaching, a comprehensive in
situ RNA profiling can be achieved in single cells (Fig. 1).
Using this multicolor and multicycle approach, we successfully
detected seven different RNA species in single HeLa cells in
situ with five reiterative RNA FISH cycles.

2. Fluorescence
Imaging

1. Target Hybridization 3. Photobleaching

Fluorophore
Oligonucleotide #:
RNA1 RNA 1

RNA 2 RNA 2

RNA 3 RNA 3
1 ]
Repeat for Different RNA

Fig. 1. Multiplexed single-cell in situ RNA analysis by reiterative
hybridization. RNA in fixed cells are hybridized by fluorescently
labeled oligonucleotides. After imaging, the fluorophores are
photobleached. Through cycles of target hybridization,
fluorescence imaging and photobleaching, a large number of
different RNA can be analyzed in individual cells in situ.

Experimental

Chemicals and Bioreagents
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Chemicals and solvents were purchased from Sigma-Aldrich or
Ambion and were used directly without further purification,
unless otherwise noted. Bioreagents were purchased from
Invitrogen, unless otherwise indicated.

Preparation of fluorescently labeled oligonucleotide probes

Oligonucleotides belonging to one library (BioSearch), each at
a scale of 25 pmol, was dissolved in 1 pL of nuclease-free
water. To this solution was added the sodium bicarbonate
aqueous solution (1M, 3 pL) and Quasar 570 (BioSearch) or
Cy5 (AAT Bioquest) in DMF (20 mM, 5 pL). The mixture was
then diluted to a volume of 10 pL with nuclease-free water and
incubated at room temperature for 2 h. Subsequently, the
fluorescently labeled oligonucleotides were purified by
nucleotide removal kit (Qiagen) and dried in a Savant
SpeedVac Concentrator (Thermo Scientific).

The dried fluorophore conjugated oligonucleotides were
then further purified via an HPLC (Agilent) equipped with a
C18 column (Agilent) and a dual wavelength detector set to
detect DNA absorption (260 nm) as well as the absorption of
the coupled fluorophore (548nm for Quasar 570, 650nm for
Cy5). For the gradient, triethyl ammonium acetate (Buffer A)
(0.1 M, pH 6.5) and acetonitrile (Buffer B) (pH 6.5) were used,
ranging from 7% to 30% Buffer B over the course of 30 min,
then at 70% Buffer B for 10 min followed with 7% Buffer B for
another 10min, all at a flow rate of 1 mL per min. The collected
fraction was subsequently dried in a Savant SpeedVac
Concentrator and stored as the stock probe solution at 4°C in
200 pL nuclease-free water to which 1x Tris EDTA (TE) (2 pL,
pH 8.0) was added.

Cell culture

HeLa CCL-2 cells (ATCC) were maintained in Dulbelcco’s
modified Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum, 10 U/mL penicillin and 100 g/mL
streptomycin in a humidified atmosphere at 37°C with 5%
CO2. Cells were plated on chambered coverglass (Thermo
Scientific) and allowed to reach 60% confluency in 1-2 days.

Cell fixation

Cultured HeLa CCL-2 cells were washed with 1x PBS at room
temperature for 5 min, fixed with fixation solution (4%
formaldehyde (Polysciences) in 1x PBS) at room temperature
for 10 min, and subsequently washed another 2 times with 1x
PBS at room temperature, each for 5 min. The fixed cells were
then permeabilized with 70% (v/v) EtOH at 4°C for at least
overnight.

Fluorescence signal removal efficiency

To 100 pL of hybridization buffer (100 mg/mL dextran sulfate,
1 mg/mL Escherichia coli tRNA, 2 mM vanadyl ribonucleoside
complex, 20 pg/mL bovine serum albumin and 10% formamide
in 2X SSC) was added 2 pL of the Quasar 570 labeled BRCA1
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or Cy5 labeled TOP1 stock probe solution. Then the mixture
was vortexed and centrifuged to become the hybridization
solution.

Fixed HeLa CCL-2 cells were first washed once by wash
buffer (10% formamide in 2X SSC) for 5min, then incubated
with the hybridization solution at 37°C for overnight,
subsequently washed 3 times with wash buffer, each for 30
min, at 37°C. After incubated with GLOX buffer (0.4% glucose
and 10mM Tris HCI in 2X SSC) for 1-2 min, the stained cells
were imaged in GLOX solution (0.37 mg/mL glucose oxidase
and 1% catalase in GLOX buffer). After imaging, each target
cell in 1x PBS was photobleached individually with the Quasar
570 filter for 20 s or the CyS5 filter for 5 s at each z step. 1x PBS
was changed every 3 min during photobleaching to remove the
radicals. Following photobleaching, the HeLa cells were
imaged again in GLOX solution.

Effects of photobleaching on subsequent cycles

Fixed HeLa CCL-2 cells in 1x PBS were first photobleaching
with the Quasar 570 or Cy5 filter for 2 h, with a 1x PBS
solution change every 3 min. Subsequently, after washed by
wash buffer for 5 min, the cells were incubated with the
BRCAL1 or TOP1 hybridization solution at 37°C for overnight,
subsequently washed 3 times with wash buffer, each for 30
min, at 37°C. After incubated with GLOX buffer (without
enzyme) for 1-2 min, the stained cells were imaged in GLOX
solution. Control experiments were carried out with the same
protocol without photobleaching steps before the hybridization
of BRCA1 or TOP1 probes.

Reiterative RNA FISH

Fixed HeLa CCL-2 cells were first washed once by wash buffer
for Smin, then incubated with the hybridization solution at 37°C
for overnight, subsequently washed 3 times with wash buffer,
each for 30 min, at 37°C. After incubated with GLOX buffer
(without enzyme) for 1-2 min, the stained cells were imaged in
GLOX solution. After imaging, each cell in 1x PBS was
photobleached individually with the Quasar 570 filter for 20 s
or the Cy5 filter for 5 s at each z step, followed by the next
cycle of RNA FISH. 1x PBS was changed every 3 min during
photobleaching to remove the radicals.

Imaging and data analysis

Stained cells were imaged under a Nikon Ti-E epifluorescence
microscope equipped with 100X objective, using a 5-pm z
range and 0.3-um z pacing. Images were captured using a
CoolSNAP HQ2 camera and NIS-Elements Imaging software.
Chroma filters 49004 and 49009 were used for Quasar 570 and
Cy5, respectively. Fluorescent spots were identified
computationally using an image processing program.’

Results and discussion

Design and synthesis of RNA FISH probes
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To assess the feasibility of this reiterative hybridization approach, a
panel of seven libraries of fluorescently labeled probes were
designed and synthesized. These probes target mRNA breast cancer
2 (BRCA2), topoisomerase I (TOP1), breast cancer 1 (BRCAL),
polymerase II polypeptide A (POLR2A), PR domain containing 4
(PRDM4), glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and actin beta (ACTB), which are expressed at different levels in
HeLa cells, ranging from 10 to 1000 copies per cell. Each library of
probes is composed of about 48 20mer oligonucleotides
complimentary to the coding sequences of their target mRNA. These
amino-modified oligonucleotides belonging to one library were
combined and coupled to succinimidyl ester functionalized
fluorophore Quasar 570 or Cy5. After coupling, the fluorescently
labeled probes were purified by high-performance liquid
chromatography (HPLC) (Fig. 2). The peaks appearing in both the
260 nm and the fluorophore absorbance channels correspond to the
coupling products. These results indicate the fluorophores were
successfully coupled the libraries of the oligonucleotides, which can
be applied as RNA FISH probes.
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Fig. 2. Sample HPLC chromatographs of (a) Quasar 570 and (b)
CyS5 coupled oligonucleotides as RNA FISH probes.

Fluorescence signal removal efficiency

One requirement critical for this reiterative hybridization approach is
to efficiently remove fluorescence signals at the end of each RNA
FISH cycle. Consequently, the fluorescence leftover in the previous
cycles will not lead to false positive signals in the subsequent cycles.

Analytical Methods

Due to its high signal removal efficiency, photobleaching has been
explored for multiplexed immunofluorescence.'® To test the
possibility of applying photobleaching for reiterative RNA FISH, we
stained mRNA BRCA1 and TOP1 with Quasar 570 and Cy5 labeled
probes, respectively. Upon hybridization, individual transcripts were
visualized under a fluorescence microscope as diffraction-limited
spots (Figs. 3a and 3b). To minimize the photobleaching effects
during image acquisition, the cells were imaged in the antifade
buffer containing glucose and glucose oxidase; while to maximize
the photobleaching efficiency, the samples were photobleached in 1x
phosphate buffered saline (PBS). After photobleaching, almost all
the fluorescence signals were removed (Figs. 3c and 3d). We
quantified the photobleaching efficiency by analyzing the
fluorescence intensities of 30 spots before and after photobleaching.
The ON/OFF ratios for Quasar 570 and Cy5 labeled probes are over
12:1 (Fig. 3e) (P < 0.001). Due to the theoretical hybridization
efficiency of 75%,'> mRNA secondary structures, proteins bound to
mRNA, unevenness in illumination, among other factors, individual
mRNA molecules are hybridized with varied numbers of
fluorescently labelled oligonucleotides. This leads to the spot
intensity variations in Fig. 3e. We also counted the number of
fluorescent spots in 30 cells before and after photobleaching. Upon
hybridization, about 20 BRCA1 and 60 TOPI1 transcripts per cell
were observed. After photobleaching, almost no spots were observed
(Fig. 3f) (P < 0.0001). These results indicate that the fluorescence
signals generated by hybridization of RNA FISH probes can be
efficiently erased by photobleaching, and the minimum leftover
signal will not interfere with the subsequent cycles.

Effects of photobleaching on subsequent cycles

Another requirement for this reiterative hybridization approach is to
maintain the integrity of the specimen exposed to extensive
photobleaching. To achieve that, we washed the sample every three
minutes during photobleaching to remove the radicals generated
from degradation of the fluorophores. We assessed the effects of
photobleaching on subsequent cycles by comparing the mRNA
expression levels and patterns with and without photobleaching
before hybridization of RNA FISH probes. After photobleaching
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Fig. 3. Photobleaching efficiency. (a) BRCA1l and (b) TOP1 transcripts are hybridized by Quasar 570 and Cy5 labeled probes,
respectively. Fluorescent spots are identified computationally and displayed as green cycles. (¢) The Quasar 570 fluorescence signal and
(d) the Cy5 fluorescence signal are removed by photobleaching. (¢) The mean spot intensity (n = 30 spots) before and after
photobleaching. (f) The mean spot number per cell (n = 30 cells) before and after photobleaching. Scale bars, 5 um.
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with the Quasar 570 filter for two hours, the expression pattern (Fig.
4a) closely resembles the one without photobleaching (Fig. 4b). In
both conditions, the copy numbers of BRCA1 transcripts per cell are
similar (Fig. 4e). For cells exposed to photobleaching with the Cy5
filter for two hours, the TOP1 expression patterns (Fig. 4c) and
levels (Fig. 4e) also closely resemble those without photobleaching
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BRCA1l TOP1

Fig. 4. Effects of photobleaching on subsequent cycles. (a) With
and (b) without photobleaching with the Quasar 570 filter for two
hours in advance, BRCAL1 transcripts are hybridized by Quasar
570 labeled probes. (c) With and (d) without photobleaching with
the Cy5 filter for two hours in advance, TOP1 transcripts are
hybridized by Cy5 labeled probes. Fluorescent spots are
identified computationally and displayed as green cycles. (¢) The
mean copy number of BRCA1 and TOPI transcripts per cell (n =
30 cells) with and without photobleaching before hybridization.
Scale bars, 5 pm.
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(Figs. 4d and 4e). These results suggest that the photobleaching
process does not compromise the accuracy of the RNA FISH
analysis in subsequent cycles.

Multiplexed single-cell in situ RNA analysis

To evaluate the feasibility of our reiterative hybridization approach
for multicolor and multicycle RNA detection, we profiled seven
different transcripts in single HeLa cells. In the first RNA FISH
cycle, BRCA2 (Fig. 5a) and TOP1 (Fig. 5b) transcripts were
hybridized by oligonucleotide probes labeled with Quasar 570 and
Cys5, respectively. Following fluorescence imaging and data storage,
the two fluorophors were efficiently photobleached. This enables the
initiation of the second cycle, in which BRCA1l (Fig. 5c¢) and
POLR2A (Fig. 5d) mRNA were stained with Quasar 570 and Cy5
labeled probes. To demonstrate the multicycle potential of this
approach, in the subsequent cycles we quantified one transcript per
cycle using only Cy5 labeled probes. Upon continuous cycles of
target hybridization, fluorescence imaging, and photoleaching,
PRDM4 (Fig. 5e), GAPDH (Fig. 5f) and ACTB (Fig. 5g) were
unambiguously detected. The transcripts distribution patterns
obtained with this reiterative hybridization approach are similar with
those in conventional one-cycle RNA FISH (Figs. 5h-n). To assess
the accuracy of our approach, we compared the mean copy numbers
of transcripts per cell measured by reiterative hybridization and
conventional RNA FISH. For the seven mRNA with the range of
average copy numbers from 10 to 1000 copies per cell, the results
obtained using the two methods are consistent with those in
literature'” and closely resemble each other (Fig. 6a), with the R’
value of 0.98 (Fig. 6b). These results indicate this reiterative
hybridization approach enables the accurate multiplexed RNA
profiling in situ by multicolor and multicycle staining.

Expression heterogeneity and correlation

Many experiments show that genetically identical cells can exhibit
significant cell-to-cell variations in gene expression.'®? By
enabling comprehensive RNA profiling in single cells, our
reiterative hybridization approach can be applied to investigate gene

Fig. 5. (a) BRCA2, (b) TOPI, (c)

3 BRCAl, (d) POLR2A, ()

: PRDM4, (f) GAPDH and (g)
S ACTB transcripts are detected in
v the same cell by our reiterative
) hybridization  approach.  (h)
BRCA2, (i) TOP1, (j) BRCALI,

’ : (k) POLR2A, (1) PRDM4, (m)
" GAPDH and (n) ACTB
transcripts  are  detected in
.t different cells by conventional

; RNA FISH. Fluorescent spots

are identified computationally

and displayed as green cycles.
Scale bars, 5 pm.
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FISH. (b) Comparison of the results obtained by reiterative
hybridization and conventional RNA FISH yiclds R>=0.98 with a
slope of 0.96. The axes in both (a) and (b) are on a logarithmic
scale.

expression heterogeneity. As shown in Fig. 7a, the copy numbers of
transcripts per cell are distributed in a wide range. This significant
variation in gene expression leads to the relatively large error bars in
Figs. 3f, 4e, 6a and 6b. For all the seven mRNA, the square of the
expression standard deviation is much higher than the mean copy
numbers. These results indicate that these mRNA are synthesized by
transcriptional bursts rather than at a constant rate.”> With the single-
cell resolution, our approach also allows the investigation of whether
the transcriptional bursts of different genes are coordinated. By
correlating RNA expression levels pairwise (Fig. S1), we found
correlation coefficients ranging from -0.51 to 0.62 (Fig. 7b),
suggesting the heterogeneous coordination of transcriptional bursts.

Conclusions

In summary, we have demonstrated that our reiterative hybridization
approach can be applied for multiplexed single-cell in situ RNA
analysis at the optical resolution. Compared with existing RNA
profiling methods, our approach has the following advantages. By
directly imaging transcripts in situ, this technique preserves the
spatial information of RNA in different cells in a structured tissue.
This makes our approach a powerful tool to study cell-cell
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communications in heterogeneous biological systems. Additionally,
this method avoids the intrinsic bias generated during cDNA
synthesis or target sequence amplification, which enhances the
accuracy to quantify transcripts with low copy numbers. Finally,
using oligonucleotide probes labeled with the same fluorophore
rather than multiple different fluorophores to stain each RNA
molecule, our approach allows the detection of short transcripts.

The number of different RNA species that can be quantified in
individual cells depends on two factors: the number of RNA FISH
cycles and the number of RNA species detected in each cycle. To
remove fluorescence signals efficiently, it takes about 6 and 1.5
minutes to photobleach Quasar 570 and Cy5, respectively. And we
have shown that after photobleaching for 2 hours, transcripts can still
be accurately quantified in subsequent RNA FISH cycles. This
suggests that we can further increase the number of RNA FISH
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cycles significantly. Moreover, by integration with combinational
labeling'®"? or multispectral fluorophores,®?® a much larger
number of different RNA species can be quantified in each RNA
FISH cycle. Therefore, we envision that this reiterative hybridization
approach has the potential to detect more than 100 varied RNA
species in single cells in situ. That will bring new insights into
systems biology, signaling pathway studies, molecular diagnosis and
targeted therapies.
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