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ABSTRACT

Quantitative gene expression analysis in intact sin-

gle cells can be achieved using single molecule-

based fluorescence in situ hybridization (smFISH).

This approach relies on fluorescence intensity to

distinguish between true signals, emitted from an

RNA copy hybridized with multiple oligonucleotide

probes, and background noise. Thus, the precision

in smFISH is often compromised by partial or non-

specific probe binding and tissue autofluorescence,

especially when only a small number of probes can

be fitted to the target transcript. Here we provide an

accurate approach for setting quantitative thresholds

between true and false signals, which relies on on-

off duty cycles of photoswitchable dyes. This fluctu-

ation localization imaging-based FISH (fliFISH) uses

on-time fractions (measured over a series of expo-

sures) collected from transcripts bound to as low as

8 probes, which are distinct from on-time fractions

collected from nonspecifically bound probes or aut-

ofluorescence. Using multicolor fliFISH, we identified

radial gene expression patterns in mouse pancre-

atic islets for insulin, the transcription factor, NKX2-2

and their ratio (Nkx2-2/Ins2). These radial patterns,

showing higher values in � cells at the islet core and

lower values in peripheral cells, were lost in diabetic

mouse islets. In summary, fliFISH provides an accu-

rate, quantitative approach for detecting and count-

ing true RNA copies and rejecting false signals by

their distinct on-time fractions, laying the foundation

for reliable single-cell transcriptomics.

INTRODUCTION

Single-cell analysis techniques provide effective avenues to
probe molecular processes and cellular heterogeneities with
unprecedented resolution and accuracy (1–3). Imaging-
based single-cell transcriptomics is a powerful approach to
dissect the identity and functional state of individual cells as
it directly provides the exact copy number of RNA species
as well as their subcellular location (4). Single-molecule-
based �uorescence in situ hybridization (smFISH) has laid
the foundation for utilizing a programmable set of oligonu-
cleotide probes to barcode the transcripts of interest (Figure
1A andB) (5–7). Togetherwith combinatorialmulticolor la-
beling and optimized hybridization protocols, smFISH has
substantially improved the throughput of single-cell RNA
counting (8–10). However, nearly all the smFISH methods
rely on a large number of �uorescent probes targeting a
single RNA molecule to increase the signal-to-noise ratio
(SNR) and separate the true signal, emitted from a single
RNAcopy, fromnonspeci�c �uorescence background. Fur-
thermore, the �uorescence threshold for distinguishing true
signals from background often relies on qualitative assess-
ments and include nonspeci�c or unbound probes, as well
as auto�uorescence. This drawback inevitably compromises
the reliability of smFISH in providing accurate gene expres-
sion values in single cells.
Super-resolution localization microscopy makes use of

the temporal �uctuation in �uorescence emission of cer-
tain �uorophores to achieve spatial separation of indi-
vidual molecules within a diffraction-limited spot (11,12).
Thus, densely localized molecules can be distinguished by
sequentially turning only a few of them on during each
exposure. The �rst demonstration of super-resolution lo-
calization microscopy, including stochastic optical recon-
struction microscopy (STORM) and photoactivated local-
ization microscopy (PALM), used at least two excitation
wavelengths to control the ‘blinking’ behaviors of the �u-
orophores (13) More recently, it has been observed that
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Figure 1. Illustration of the �iFISH concept. (A)Multiple single-labeled probes (blue) are hybridized to a target RNAmolecule (red), enabling the quanti�-
cation and subcellular localization of the transcripts. (B) In conventional smFISH, integrated �uorescence intensity of multiple probes, acquired in a single
image, is used to distinguish the target molecule from background noise. (C) In �iFISH, photoswitchable dye molecules attached to individual probes are
stochastically turned on and off to generate photoblinking patterns as illustrated in the corresponding single-probe blinking traces. With each additional
probe that is hybridized to the RNA molecule, the ensemble on-time fraction is increased in a predictable way. Knowing the number of probes that are
designed to target the RNA molecule, the ensemble on-time fraction expected within a diffraction-limited area can be calculated and used as a threshold
for a true signal.

certain organic dyes, such as Alexa Fluor and Atto dyes,
can be spontaneously switched on and off by a single
high-power excitation under low-oxygen, thiol-rich envi-
ronment (14,15). Moreover, these dyes possess a short ‘on-
off’ duty cycle––the time window during which photons
are emitted––but yield a robust photon burst per cycle,
which makes them ideal for super-resolution localization
microscopy (16,17).
Here, we take advantage of these photoswitchable dyes to

address the shortcomings and limitations of smFISH. We
provide a new quantitative approach for distinguishing be-
tween true signals, emitted from single RNA copies, and
background noise. Our �uctuation localization imaging-
based �uorescence in situ hybridization approach, dubbed
�iFISH, increases the accuracy and reliability of single-cell
transcriptomic analysis. Our approach relies on the princi-
ple that the on-time fraction (the times when a �uorophore
emits photons over a series of exposures) of a single FISH
probe, tagged with one dye molecule, is distinguished from
the ensemble on-time fraction ofmultiple hybridized probes
(Figure 1C). When attached to an RNA molecule in cells,
the set of single-labeled oligonucleotide probes is expected
to span an area that is within the diffraction limit. Thus,
by measuring the on-time fraction of single probes within a

diffraction-limited area, it is possible to predict the expected
ensemble on-time fraction of multiple probes bound to an
RNA molecule. Since the on-time fraction of a single (less
blinking) andmultiple (more blinking) dyemolecules within
a sub-diffraction area are signi�cantly different (within a
given number of exposure frames, e.g. >5000), it allows us
to set a quantitative threshold based on the on-off duty cy-
cle of the speci�c �uorophores, which clearly separates be-
tween true binding to an RNA molecule and auto�uores-
cence or unbound stray probes. Because �iFISH relies on
photoblinking patterns, rather than on �uorescence inten-
sity, this approach not only increases the precision of rec-
ognizing a true RNA copy, but also decreases the number
of required oligonucleotide probes and improves the spatial
resolution in the acquired images.
The normal function of tissues and organs relies on a

highly ordered structure of cells that assume different roles
and harbor distinct patterns of gene expressions. How-
ever, conventional approaches cannot reveal the transcrip-
tomic heterogeneity at the single-cell resolution. In con-
trast, smFISH can measure gene expressions while preserv-
ing the structural information within the tissues (18,19).
The pancreas is a critical organ involved in digestive and
endocrine functions. Degeneration and/or dysfunction of �
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cells within the pancreatic islets of Langerhans leads to dia-
betes mellitus. Recently, signi�cant evidence has emerged to
suggest the existence of � cell heterogeneity (20–23), which
may impact � cell function and/or susceptibility to external
environmental stressors that can lead to diabetes. Identify-
ing aberrations in transcriptomic patterns at the cellular and
islet levels are therefore critical to understanding the patho-
physiology of the disease. Here we demonstrate the applica-
bility of �iFISH in mouse pancreatic � cells in culture and
in islet tissue sections, where we quantitatively identify a ra-
dial gradient of single-cell gene expression values for insulin
and its relevant transcription factor within normal islets.

MATERIALS AND METHODS

Cell culture and probe design

MIN6 cells (mouse pancreatic � cell line) were cultured
in DMEM supplemented with 25 mM glucose, 10% fetal
bovine serum, 1% L-glutamine, 1% penicillin–streptomycin
(ThermoFisher Scienti�c), and 0.0005% 2-mercaptoethnol.
266-6 cells (mouse pancreatic acinar cell line) were cultured
in DMEM supplemented with 10% fetal bovine serum and
1% penicillin–streptomycin. Cell cultures were maintained
in a humid incubator supplied with 5%CO2 at 37

◦C. Before
use, cells were tested to eliminate impact from mycoplasma
contamination. Sets of 20 nucleotide (nt) probes were de-
signed to meet the following criteria: 40-60% CG content,
no ‘CCC’, ‘GGG’, ‘AAAA’ or ‘TTTT’ repeats, and no stem-
loop structure. All probe sequences were con�rmed with
BLAST to con�rm targeting speci�city (https://blast.ncbi.
nlm.nih.gov/Blast.cgi). Probeswere labeled at the 5′ end and
synthesized by Integrated DNATechnologies. All probe se-
quences are listed in Supplementary Table S1.

Mouse and human pancreatic tissues

All animal studies were approved by the Institutional An-
imal Care and Use Committee at the University of Col-
orado Denver. 6–8 weeks old female NOD/ShiLtJ (NOD)
andNOR/LtJ (NOR)mice were obtained from the Jackson
Laboratories (Bar Harbor, ME) and pancreatic tissue was
harvested immediately upon arrival. The pancreatic tissues
were �xed in 4% PFA overnight, washed in PBS and embed-
ded in carboxymethyl cellulose (CMC) for cryo-sectioning
at 8–10 �m thick sections for hybridization. Formalin-�xed
paraf�n-embedded (FFPE) pancreatic tissue sections (used
in Supplementary Figures S8 and S9) were a gift from the
UCSF Islet Isolation Core to Dr. Holger A. Russ (Univer-
sity of Colorado, Denver). Before hybridization, these tis-
sue sections were deparaf�nized with xylene-ethanol series
and the residual formalin was quenched with 0.1% sodium
borohydride (NaBH4).

RNA hybridization

Cells for �iFISH were seeded onto 35 mm glass-bottom
Petri dishes (No.1 thickness) and grown to 70–80% con-
�uency. The cells were �xed with 4% paraformaldehyde
(PFA) for 10 min at room temperature. The PFA residual
was quenched with 0.1% NaBH4 after washing with PBS.
The cell membranes were permeabilized with 70% ethanol

overnight at 4◦C. For �iFISH, probes mixture at 4–5 nM
(100 nM for tissue sections, equimolarmixture of all probes)
was dissolved in hybridization buffer (10% dextran sulfate,
2 mM vanadyl-ribonucleoside complex, 0.02% BSA, 2 ×
SSC, 10% formamide) and added to the cells or tissue sec-
tions for overnight incubation at 37◦C. For smFISH using
the Stellaris probe set, the standard protocol provided by
the manufacturer (Biosearch Technologies) was followed.
Before imaging, the cells/tissues were thoroughly rinsed
with buffer containing 2 × SSC and 10% formamide. The
cell nuclei were stained with 0.05% DAPI.

Microscopy for �iFISH

The �iFISH imaging was performed using Olympus IX-71
inverted microscope base with a 100× oil immersion objec-
tive (NA 1.4). Five solid-state lasers were incorporated into
the system (405, 488, 542, 594, 640 nm) and the laser power
was controlled with electronic drivers and neutral density
�lters. The �uorescence emission was collected using the
same objective and imaged by an electron multiplying CCD
camera (Andor iXon Ultra 897). Chromatic aberration was
calibrated with multispectral beads and corrected in post-
processing. The raw images were initially recorded as 512
× 512 pixels with a pixel size of 160 nm, and stored as 16-
bit FITS �les. The exposure time and imaging frame rate
were controlled with the Andor SOLIS software. Data col-
lection was started when �uorescence blinking became sta-
ble (1–3 min after excitation). Based on the literature and
our calibration, a 400 s detection window (10 000 frames)
was selected in which no signi�cant photobleaching would
occur. Imaging was done in buffer containing: 50 mM Tris
(pH 8.0), 10 mM NaCl, 10% glucose, 560 �g/ml glucose
oxidase (Sigma, G2133), 34 �g/ml catalase (Sigma, C3155)
and 1% 2-mercaptoethnol. For quantifying on-time frac-
tions of the different dyes, 0.1 nM probes, tagged with one
dye molecule, were diluted in TE buffer and placed for 20
min in a chamber with a glass-bottom that was coated with
poly-L-lysine. The solution was then replaced with a fresh
imaging buffer to remove unbound probes. Different im-
age acquisition rates and exposure times were tested (results
provided in Supplementary Table S2), and 25 Hz acquisi-
tion rate and a total exposure of 200-400 s were chosen as
the optimal imaging setting.

Image processing

Each raw image frame was �rst processed with a Laplacian
of Gaussian (LoG) �lter function to reduce background
and the coordinates of all local maxima were identi�ed.
Guided by the local maxima coordinates, a Gaussian mask
algorithm was used to �nd the centroid for each blinking
spot (24). The intensity threshold of a blinking event was
de�ned as above �ve times the standard deviation of the
sample-speci�c background �uctuations. A �tted centroid
that was 1 pixel away from the original local maxima (e.g.
due to strong background interference) was rejected. The
size of target mRNAs and the probe spanning area upon
hybridization were used to set the limit for the area from
which blinking events were considered to come from one
mRNA copy. For example, the mouse Ins2mRNA targeted
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in this study is about 480 nt long (equivalent to ∼163 nm in
space) and the designed eight probes �ank a segment of 220
nt (∼75 nm). Therefore, blinking events localized within 1
pixel area (e.g. 160 × 160 nm2) could be grouped to count
RNA copies. Since multiple transcripts could exist within
a diffraction-limited region, especially for highly expressed
genes, the DBSCAN algorithm (25) was used in this study
to distinguish multiple transcripts in a diffraction-limited
area. This was done by linking clustered blinking events to
a discrete RNA molecule based on the actual probe span-
ning area and error of localization. Here, the � value in DB-
SCAN – the distance threshold that determines if two lo-
calized events belong to the same cluster – was set to 30 nm
(approximation of the distance between two adjacent �u-
orophores on hybridized probes plus the error of localiza-
tion in cells). This way, clusters with the expected number
of blinking events (frame number × ensemble on-time frac-
tion) could be identi�ed within a diffraction-limited area
and each cluster was counted as an individual transcript.
Clusters of excessive blinking events (e.g. >10% ensemble
on-time fraction) and clusters spanning an area larger than
the target hybridization segment were rejected. For all the
�uorophores used in our study, the standard error of local-
ization (x) was calculated according to the following equa-
tion:

〈(�x)2〉 =
s2 + a2/12

N
+

8πs4b2

a2N2
(1)

where s is the standard deviation of the Gaussian point
spread function, a is the pixel size, b is the background noise,
and N is the collected photons (24). The obtained errors of
localization were determined to be∼20 nm in cultured cells,
∼30 nm in frozen tissue sections, and 40–50 nm in FFPE tis-
sue sections. These values guided the setting of a reasonable
� value in the DBSCAN algorithm for the different condi-
tions. The ensemble on-time fraction thresholds (Fensemble-on)
were calculated based on the single-probe on-time fraction
(Fsingle-on) that was quanti�ed for each �uorophore and the
number of probes (Nprobe) targeting each transcript using
the following equation:

Fensemble−on = 1 − (1 − Fsingle−on)
Nprobe (2)

All image processing was performed with customized C and
MATLAB scripts that are available upon request.

Immuno�uorescence staining

Pancreatic tissue sectionswere stainedwith insulin antibody
to identify the location of islets of Langerhans. The tissue
sections were permeabilized with 0.5% Triton X-100 for 30
min, followed by blocking with 1× PBS containing 5% goat
serum and 0.3% Triton X-100 for 1 h at room tempera-
ture. The sections were incubated in 1:500 dilution mono-
clonal rabbit anti-insulin IgG (Cell Signaling Technology,
#3014) overnight at 4◦C. The primary antibody was thor-
oughly washedwith PBS followedwith incubation in 1:1000
dilution Alexa 546-goat anti-rabbit F(ab’)2 (Thermo Fisher
Scienti�c). The tissue sections were then subjected to the �i-
FISH treatment and imaging.

qRT-PCR

Single-cell qRT-PCR was used to validate the expression
level of Ins2 in MIN6 cells. The number of input cells
(e.g. 200 cells) was counted by �ow cytometry (In�ux, BD
Biosciences) before RNA extraction. The RNA extraction
and reverse transcription were conducted using the RNeasy
Mini Kit (Qiagen) and iScript cDNA Synthesis Kit (Bio-
Rad), respectively. The PCRampli�cationwas performed in
a StepOnePlusReal-Time PCRSystem (ThermoFisher Sci-
enti�c). The PCR parameters were: 94◦C 30 s, 58◦C 1 min,
72◦C 1min for 40 cycles. The segment of Ins2DNA and the
primers that were used to generate the standard curve for
quanti�cation are shown in Supplementary Table S3. The
generated standard curve is shown in Supplementary Fig-
ure S1.

RESULTS AND DISCUSSION

Setting parameters for a quantitative threshold between true
signals, emitted from RNA copies and background noise

Our approach relies on the following principle. Given a �u-
orophore with on-time fraction F and a transcript targeted
withN such �uorophores, the ensemble on-time fraction for
the transcript would be 1 – (1 – F)N within a diffraction-
limited pixel area (160 × 160 nm2). We chose to measure
blinking events in a sub-pixel area because the distance
spanned by a set of oligonucleotide probes bound to an
RNAmolecule is expected to be within the diffraction limit.
To quantify the on-time fraction for a single Alexa 647-
bound probe, single-labeled oligonucleotide FISH probes
were diluted in fresh imaging buffer and placed in a glass
coverslip chamber for imaging. Using a CW laser with
the excitation power of 0.4 kW/cm2, stable photoblinking
could be observed with no signi�cant photobleaching for
up to 400–600 s. An example for such a trace is shown
in Figure 2A. Considering the low, pM-level concentra-
tion of probes used in these measurements, the possibility
for having multiple probes within a single pixel is negligi-
ble. We collected ∼10 000 pixels with detectable blinking
events and summarized the single-probe on-state duty cy-
cle in a histogram (Figure 2B). The average on-time frac-
tion for singleAlexa 647-labeled probes (Fsingle-on) was found
to be 0.19%, which is in agreement with a previous re-
port (16). This sparse-blinking rate minimizes signal over-
lap betweenmultiple probes andmakesAlexa 647 a primary
choice for our �iFISH application. According to Equation
2 underMaterials andMethods, the ensemble on-time frac-
tion for an RNA molecule targeted by eight single-labeled
probes is expected to be around 1.6% (Fensemble-on). Consis-
tent with this prediction, on-time fractions measured within
a diffraction-limited pixel area in cells treated with 8 dis-
tinct probes, targeting the insulin mRNA, showed a higher
number of blinking events (Figure 2C, lower trace). Blink-
ing values in the cell showed values ∼1.7%, indicating the
presence of a transcript hybridized to multiple probes, as
well as lower values, suggesting non-speci�c binding, as
demonstrated in Figure 2D. Notably, the position of each
blinking event can be localized with a precision of about
20 nm, enabling the differentiation of multiple transcripts
within a single pixel (Figure 3B).The large difference be-
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Figure 2. Characterization of on-time fraction for Alexa 647-labeled probes. (A) A representative �uorescence trace from a single probe on glass coverslip.
(B) The average on-time fraction of single probes, Fsingle-on, under 0.4 kW/cm2 excitation was measured using a low concentration of probes adhered to a
cover glass. The ensemble on-time fraction ofN probes, Fensemble-on, can then be determined using Equation (2). (C) Representative �uorescence traces from
a single stray probe (upper), and multiple probes bound to a transcript (lower) in the cell, recorded from a diffraction-limited area (single pixel, 160 × 160
nm2). The traces show a signi�cant difference in the number of blinking events to support a clear threshold between truly bound probes and nonspeci�c
background. (D) Upper panel: Fluorescence image showing edge of cells treated with multiple probes targeting Ins2mRNA. Lower panel: Blinking events,
marked by red crosses, are counted within diffraction-limited areas (individual pixels, black squares), showing low (0.3%) and high (1.7%) on-time fraction
values that indicate the presence of only one or two probes versus multiple (∼8) probes, respectively.
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Figure 3. �iFISH improves the resolution and reliability of countingRNA copies, especially when using a small number of probes. (A) Comparison between
conventional smFISH (left image) and �iFISH (right image) using eight probes to target Ins2 mRNA in pancreatic � cells (MIN6) in culture. (B) �iFISH
enables accurate localization of individual blinking events and the distinction between multiple transcripts within a diffraction-limited area.

tween the on-time fraction values for one probe and multi-
ple probes, measured within a diffraction-limited area over
many exposures (>5000), allows us to set a clear thresh-
old between true binding of multiple probes to an RNA
molecule and nonspeci�c or unbound single probes. Al-
though no other quantitative method for setting a thresh-
old between true and false signals in smFISH is currently
available other than using SNR in �uorescence intensity
values, a general approach for counting molecules in com-
plexes, such as number of bound FISH probes to a tran-
script, has been recently demonstrated by qPAINT (26),
using 64 oligonucleotide probes. This approach is built on
DNA-PAINT (27–29), where blinking events are gener-
ated by the transient binding of free-�oating dye-labeled
oligonucleotide strands, named ‘imagers’, to complemen-
tary target-bound or ‘docking’ strands. The number of tar-
get molecules (or bound probes) is then quanti�ed by the
predicted binding/unbinding kinetics between the �uores-
cent ‘imagers’ and the ‘docking’ strands. Thus some of the
challenges that qPAINT faces are the ability to achieve �ne
control over probe in�ux, theoretical calculations of bind-
ing kinetics, and elimination of signal interference from a
large number of unbound probes. The detection of two �u-
orescent colors would also be required. In comparison, �i-
FISH employs single wavelength-dependent intrinsic pho-
toblinking of organic dyes that are directly bound to the
FISH probe with no additional colors, oligonucleotides or
interactions needed.

Demonstrating �iFISH in cultured pancreatic � cells

Figure 3A demonstrates the challenge in quantifying gene
expression using conventional smFISH when only a limited
number of probes can be �tted to the target RNA and how
�iFISH overcomes this challenge to provide reliable tran-
script counts with high accuracy. We used 8 single-labeled
probes to quantify insulin-2 (Ins2) mRNA in pancreatic �
cells (MIN6) grown in culture. As shown in Figure 3A, left
image, the low SNR makes it dif�cult to unambiguously
identify the location and determine the number of all tran-
scripts within a single cell using conventional smFISH. In
comparison, using �iFISH to set the threshold at the ex-
pected ensemble on-time fraction for 8 Alexa 647-tagged
probes (Supplementary Movie S1), it was possible to pre-
cisely locate and quantify Ins2 mRNA copies in these cells
(Figure 3A, right image). The low SNR in smFISH images
could be attributed to: (i) auto�uorescence from cellular
structures and tissue components at a comparable inten-
sity to hybridized probes; (ii) signals from nonspeci�cally-
bound stray probes, or from bound probes at out-of-focus
planes, contributing to the overall background; (iii) the ac-
tual �uorescence intensity at the hybridization site is not
linearly proportional to the number of �uorophores; (iv)
during the one-time exposure used for smFISH, a consid-
erable number of �uorophores may not be in the on-state
due to the stochastic emission of organic dyes. In conven-
tional smFISH, the primary approach to improve SNR is
either by increasing the number of probes or by increasing
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the exposure time. However, when only a limited number of
probes can be accommodated, such as the case when tar-
geting a short transcript as Ins2, longer exposure does not
always warrant better SNR due to photobleaching and im-
balanced accumulation of probe signals and background
noise (Supplementary Figure S2A). Rather than �uores-
cence intensity, �iFISH relies on the on-off duty cycle, de-
termined over many short exposures, for setting the on-time
fraction threshold between true and false signals. Since on-
off duty cycles are not critically impacted by the points
listed above, the preset on-time fraction threshold in �i-
FISH can accurately determine a true hybridization loca-
tion even in the presence of background noise. In �iFISH,
where the blinking of probes is sparsely distributed and un-
correlated, shorter exposures (i.e. higher frame rates) could
in fact improve SNR, as demonstrated in Supplementary
Figure S2B. With a higher frame rate, each photon burst
is still recoded and the blinking pattern is minimally im-
pacted since the burst of photon emission always exceeds
the background �uctuation (Supplementary Figure S2B).
Furthermore, in �iFISH the location of each blinking event
is precisely recorded and could reach a spatial resolution of
20 nm. Therefore, probes hybridized to the same transcript
can be better resolved. As shown in Figure 3B, multiple
transcripts are identi�ed by �iFISH in a diffraction-limited
area, which could not be resolved using smFISH. It is note-
worthy that smFISH and �iFISH yielded the same values
for RNA copies per cell when enough probes (34 probes)
could be applied in smFISH (Supplementary Figure S3).
During image processing, counts from nonspeci�c or un-

bound probes (false-positives) can be substantially reduced
by setting the ensemble blinking threshold at the level of ex-
pected bound probes (Figure 4A). Applying eight probes,
each tagged with one Alexa 647 molecule, for targeting Ins2
in � cells, we observed a fast decay in the number of de-
tected counts when the blinking threshold is increased from
0.2% (on-time fraction of a single probe) to 1.0% (on-time
fraction of �ve probes), when �tting the histogram with a
double exponential decay function (dotted line). The faster
decay in counts over this threshold range, indicated by the
yellow shaded area in Figure 4A, suggests counting bias due
to nonspeci�c or unbound probes (30). Therefore, we set a
conservative lower limit cutoff at 1.2% (on-time fraction of
six probes), which corresponds to ∼70% hybridization ef�-
ciency as reported earlier (8,26). We noted that some counts
remained at a certain value when the threshold was set to
above 10%, which could potentially result from the pres-
ence of multiple mRNAs (>8 copies) in a sub-pixel area,
but more likely from the presence of aggregated probes or
strongly auto�uorescing structures. Therefore, we also set a
higher limit cutoff to eliminate these possible false-positive
counts. In practice, we rarely found spots that reached above
10% ensemble on-time fraction, partially because we used
the DBSCAN algorithm (see Materials and Methods) to
distinguish multiple transcripts within a diffraction-limited
area, as demonstrated in Figure 3B.

Essentially, �iFISH relies on an imaging principle that
sacri�ces the speed of data acquisition for high speci�city
and spatial resolution, while relying on a lower number of
FISH probes (<20) than those needed for smFISH. Us-
ing �iFISH, the copy number of Ins2 mRNA in single �

cells was precisely counted (Figure 4B). We observed a typ-
ical pattern of transcriptional bursting, where at a given
point in time, only few � cells show high abundance of Ins2
transcripts, while the majority of cells maintain relatively
low transcript levels (Figure 4C) (31). Such heterogeneity in
time and space can be uncovered only by single-cell anal-
ysis approaches (32,33) and is re�ected in the exponential
decay in the mRNA lifetime (34,35). To evaluate the accu-
racy of �iFISH, we quanti�ed Ins2mRNA in a given num-
ber of cells (determined by �ow cytometry) using quanti-
tative real-time polymerase chain reaction (qRT-PCR). As
shown in Figure 4D, the single-cell expression levels quan-
ti�ed by �iFISH and by single-cell qRT-PCR were in high
agreement. As negative control, mouse pancreatic acinar
cell line (266-6), which does not express insulin, was used.
As shown in Supplementary Figure S4A, no transcription
of Ins2 was detected by �iFISH in these cells. In contrast,
Elastase mRNA copies were detected at different levels in
these cells as expected (Supplementary Figure S4B).

Multiplexed RNA counting in single cells using �iFISH

Over the past few years, the throughput of smFISH has
been greatly increased owing to a variety of multiplexing
and barcoding strategies (4,8–10,36,37). These approaches
support gene expression analysis for multiple genes in single
cells simultaneously. To test the potential and compatibility
of �iFISH with these techniques, we �rst targeted multiple
genes in single cells using different �uorescent colors to tag
each set of probes. We characterized the photoblinking be-
haviors of additional organic dyes, including Atto 488 and
TAMRA, which were found to have the required optical
properties (i.e. low on-time fraction and high photon yield)
(Supplementary Figures S5 and S6). For instance, the aver-
age on-time fraction of Atto 488 was about 0.12% under ex-
citation power of 1 kW/cm2. Using eight Atto 488-labeled
probes, �iFISH was applied to quantify mRNA copy num-
ber of theNkx2-2 gene in � cells (Supplementary Figure S6,
right). NKX2-2 is a homeodomain transcription factor that
is critical for themaintenance and function of� cells, and its
downregulation is closely related to reduction in insulin pro-
duction in diabetic mice (38–40). In addition to probes tar-
geting Ins2 andNkx2-2, eight TAMRA-labeled probes were
used to target the mRNA for glyceraldehyde 3-phosphate
dehydrogenase (Gapdh), a housekeeping gene expressed at
relatively high levels in most cells. The three genes were
targeted simultaneously in single cells, as demonstrated in
Figure 5A. The ensemble on-time fraction thresholds set
by �iFISH (1.2% for Ins2, 0.8% for Nkx2-2 and 0.6% for
Gapdh), allowed a clear distinction between true and false
signals for all three colors simultaneously. A signi�cant cell-
to-cell heterogeneity in transcript levels was observed for
the three genes. Next, we designed a set of probes targeting
Ins2, where eight probes were tagged with Alexa 647 and
additional eight were tagged with Alexa 594 (Figure 5B).
We found a relatively high overlapping rate (up to ∼86%)
between the two colors, indicating the detection of RNA
copies with high accuracy for both colors, and demonstrat-
ing the compatibility of �iFISH with multiplexing by spec-
tral barcoding.
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Figure 4. Quanti�cation of Ins2 gene expression by �iFISH in mouse pancreatic � cell line (MIN6). (A) Removal of counts originating from nonspeci�cally
bound stray probes or aggregated probes can be achieved by presetting the on-time fraction threshold calculated according to the number of probes used.
The histogram is �tted with a double exponential decay curve (blue dotted line). (B) Single-cell quanti�cation of Ins2 mRNA using �iFISH. The cells are
outlined by the green dotted line and the number of mRNA copies per cell is shown in the center for each cell. (C) Histogram summarizing the distribution
of Ins2 copy number per cell. The histogram is �tted with a single exponential decay curve (blue dotted line). (D) Comparison of Ins2 copy number
quanti�ed by �iFISH and qRT-PCR shows high agreement.

As mentioned above, the imaging speed is the major
technical challenge for �iFISH to achieve high-throughput
screening. To capture one image, smFISH requires several
seconds while �iFISH requires hundreds of seconds to ac-
quire a suf�cient number of frames for precise localization.
Using a standard wide-�eld microscope, a limited num-
ber of images along the z-direction (4–6 z-stacks) can be
taken due to photobleaching. Therefore, increasing the pho-
ton collection ef�ciency becomes a pressing task to fur-
ther the application of �iFISH. To tackle this problem,
two methodological aspects of �iFISH can be optimized,
including combining �iFISH with advanced microscopy
platforms such as light-sheet microscopy or multifocus mi-
croscopy (41,42), and utilizing faster-blinking dyes (e.g. an
ideal Fsingle-onwould be 1–2% under the 25 Hz frame rate)
to enable the acquisition of suf�cient number of frames
within a shorter time window. With these advances, the dif-
ference in the temporal resolution between smFISH and �i-
FISH can be reduced to within one order of magnitude. In
addition, as �iFISH is mainly a technical improvement in
imaging and data processing rather than in hybridization
protocols, it can be readily extended to work with MER-
FISH (10) or smiFISH (43) where primary probes carry or-
thologous sequence overhangs to which secondary probes

coupled to a �uorophore are hybridized, such that the cost
for multiplexed gene quanti�cation can be greatly reduced.

Overcoming the inherently high background in tissue samples
by �iFISH

One of the challenges for smFISH in tissue sections is the
intense auto�uorescence background due to the presence
of molecular components with complex compositions. To
address this challenge, various methods have been devel-
oped to either reduce the source of background (e.g. op-
tical clearing (44–46) and expansion microscopy (47)) or
enhance the collection ef�ciency for on-target signals (e.g.
light-sheet microscopy (36,48)). However, only few of the
techniques have shown full compatibility with smFISH in
tissues without special treatments (49,50). In comparison,
using �iFISH it is possible to resolve and eliminate dif-
ferent types of background noise based on speci�c pho-
toblinking patterns to improve speci�city, as demonstrated
in Supplementary Figure S7. The application of �iFISH is
further demonstrated in FFPE pancreatic tissue sections,
which are known to have high background, where blinking
events were clearly distinguished from background (Supple-
mentary Figures S8 and S9). In Figure 6, we demonstrate
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Figure 5. �iFISH compatibility with multiplexed transcript quanti�cations in single cells. (A) Simultaneous detection of Ins2, Nkx2-2, and GapdhmRNA
copies, each targeted with 8 probes, tagged with Alexa 647, Atto 488 and TAMRA, respectively. Raw �uorescence images for each channel (left) and
�iFISH image (right) of � cells in culture. (B) Detection of Ins2 by �iFISH using a two-color barcode, where probes tagged with Alexa 594 (left) or Alexa
649 (middle) were used simultaneously. The overlap of the two sets is shown on the right.

Figure 6. Implementation of �iFISH in mouse pancreatic tissue section. (A) An islet of Langerhans, located by an antibody against insulin (red), is
highlighted by the dashed line. The nuclei are shown in blue. (B) Nkx2-2mRNA copies detected by �iFISH in the enlarged area indicated by the square in
A.
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Figure 7. Spatial pro�ling of single islet cells by the ratio of gene expression forNkx2-2 and Ins2. (A) Left: Pancreatic islet is identi�ed by immunostaining
targeting insulin (red). Nuclei are shown in blue. Middle: mRNA cope number for each gene is quanti�ed in each cell (outlined) by �iFISH. Right: mRNA
copy number ratio of Nkx2-2 to Ins2 is calculated and presented in color-map for each cell. (B) Left: Part of another islet (outlined) showing insulin
expression by immunoassay (red). Right: The ratio of Nkx2-2 to Ins2 copy number in each cell is color-mapped, showing a radial decrease from the islet
core to the periphery. (C) Upper: Illustration ofmouse islet architecture. Lower: NormalizedNkx2-2 and Ins2 copy number per cell as a function of distance
from the islet’s core, showing radial pattern of gene expression and decrease in Nkx2-2/Ins2 ratio toward the periphery, supporting a role for Nkx2-2 in �

cell maturation and insulin expression (data summarized from three different mouse samples, n >100 cells).

the application of �iFISHby targetingNkx2-2 in pancreatic
islets of Langerhans. Using pancreatic tissue cryo-sections,
insulin antibody was used to locate the islets, while Nkx2-2
mRNA copies were identi�ed by �iFISH. As expected, the
Nkx2-2mRNAmolecules were found predominantly in the
endocrine cells of the islet, including insulin-producing �
cells, supporting its role in regulating � cell maturation and
insulin production.
The role of NKX2-2 in regulating insulin expression can

be quantitatively evaluated by targeting Ins2 and Nkx2-2
mRNA copies in pancreatic islets simultaneously. Probes
taggedwithAtto 488 andAlexa 647were applied to quantify
Nkx2-2 and Ins2 mRNA copies, respectively (Figure 7A).
Using �iFISH, the transcriptional heterogeneity for both
genes was clearly observed in the islets, showing a radial
pattern with higher expression levels for both genes in the
center of the islets and lower levels at the periphery (Figure
7B and C). This radial architecture is in agreement with the
mouse islet architecture, where mature and polarized � cells
are found at the core of the islet while proliferative � cells
and non-� cells are mostly found at the periphery (51). �i-
FISH also allowed accurate quanti�cation and mapping of
the Nkx2-2/Ins2 copy number ratio, showing a radial pat-
tern as well (Figure 7). While Ins2 transcript numbers were
found to be higher than the number ofNkx2-2 transcripts in
these cells, Nkx2-2 copy number relative to Ins2 copy num-

ber increased toward the center of the islet, supporting a
more profound role for the transcription factor in mature
and polarized � cells compared with proliferative � cells.
Cells in islets of non-obese diabetic (NOD) mice showed a
signi�cant decrease in the expression levels of both Nkx2-2
and Ins2 compared to cells in control non-obese resistant
(NOR) mice (Supplementary Figure S10A and B). Inter-
estingly, the radial pattern of Nkx2-2/Ins2 gene expression
ratio was clearly disrupted in NODmice islets (Supplemen-
tary Figure S10C). Together, �iFISH quantitatively showed
a correlative expression of the two genes and the ratio be-
tween them, supporting a functional link with a structural
pattern between Nkx2-2, insulin production, and matura-
tion of � cells in normal mice and its alteration in NOD
mice.
In summary, �iFISH is particularly useful when targeting

RNA molecules that can accommodate only a small num-
ber of oligonucleotide probes (as low as eight probes) and
where background noise (from nonspeci�c binding or aut-
o�uorescence) is high. Furthermore, by recording blinking
events from each single probe, �iFISH can resolve multiple
transcripts localized within a diffraction-limited spot, mak-
ing it useful for accurate quanti�cation of highly expressed
genes. Considering the low number of probes required for
�iFISH, it can also be applied to study the tertiary struc-
ture of nucleic acids and in situ DNA-RNA-protein inter-
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actions. In practice, as �iFISH relies on the SNR of sin-
gle dye molecules, rather than integrated SNR of multiple
molecules, bright dyes with SNR of at least 3 (ideally >5) is
required, such as the dyes used in this study.Key parameters
including single-probe on-time fraction, localization error,
and camera performance should be carefully quanti�ed for
each experiment.

CONCLUSION

In this work, we report a quantitative �iFISH approach for
reliable detection and accurate counting of RNA copies in
single cells, especially when only a small number of probes
can be �tted to the target transcript. Instead of relying on
�uorescence intensities, �iFISH relies on on-off duty cycles
of photoswitchable dyes to distinguish true signals emitted
fromanRNAcopy hybridizedwithFISHprobes, from false
signals coming from nonspeci�cally bound stray probes or
auto�uorescence. Knowing the on-time fraction of a probe
tagged with one dye molecule, the ensemble on-time frac-
tion for a given number of probes that are targeting a spe-
ci�c transcript can be calculated and used as a threshold
for distinguishing true from false signals. Current smFISH
approaches rely on �uorescence intensities to differentiate
hybridized targets from background and are strongly de-
pendent on the SNR in �uorescence intensity acquired in a
single image. Therefore, the accuracy of smFISH is strongly
impacted by factors, such as insuf�cient number of probes
targeting or binding a speci�c transcript, dye molecules
found in their off-state during the single exposure, out-of-
focus emission, or intense auto�uorescence. In contrast, �i-
FISH can provide accurate gene expression values even in
the presence of low SNR because it relies on a preset on-
time fraction to eliminate auto�uorescence and nonspeci�c
binding, which are unlikely to reach the blinking thresh-
old range. In addition to high spatial resolution and supe-
rior detection speci�city, �iFISH is capable of quantifying
short RNA species such as non-coding RNAs, which can
accommodate only a limited number of probes, often insuf-
�cient for detection by smFISH. We show that �iFISH can
be combined with multicolor labeling and barcoding to in-
crease throughput. Using multiplexed �iFISH, we targeted
transcripts for both ins2 and the transcription factor,Nkx2-
2, in pancreatic islet � cells in tissue sections from control
and NODmice. In control mice islets, we identi�ed a radial
single-cell gene expression pattern for both genes, as well
as their copy number ratio (Nkx2-2/Ins2), with higher val-
ues in cells at the core of the islet and lower values in cells
at the periphery. This radial expression pattern was lost in
NOD mice. While it has been known that mature, insulin-
producing � cells are located at the core of the islet and that
NKX2-2 plays a critical role in insulin production, here we
provide the �rst quantitative relationships between the ex-
pression levels of the two genes at the single cell level, show-
ing a radial pattern that is disrupted inNODmice. Together,
�iFISH provides quantitative gene expression analysis in
single cells with high accuracy even when only a small num-
ber of probes are used to target the transcripts and has the
potential to signi�cantly advance reliable single cell tran-
scriptomics.
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