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SUMMARY:  24 

Single molecule RNA fluorescence in situ hybridization (smFISH) is a method to accurately 25 

quantify levels and localization of specific RNAs at the single cell level. Here, we report our 26 

validated lab protocols for wet-bench processing, imaging and image analysis for single cell 27 

quantification of specific RNAs.  28 

 29 

ABSTRACT: 30 

Gene transcription is an essential process in cell biology, and allows cells to interpret and respond 31 

to internal and external cues. Traditional bulk population methods (Northern blot, PCR, and 32 

RNAseq) that measure mRNA levels lack the ability to provide information on cell-to-cell variation 33 

in responses. Precise single cell and allelic visualization and quantification is possible via single 34 

molecule RNA fluorescence in situ hybridization (smFISH). RNA-FISH is performed by hybridizing 35 

target RNAs with labeled oligonucleotide probes. These can be imaged in medium/high 36 

throughput modalities, and, through image analysis pipelines, provide quantitative data on both 37 

mature and nascent RNAs, all at the single cell level. The fixation, permeabilization, hybridization 38 

and imaging steps have been optimized in the lab over many years using the model system 39 

described herein, which results in successful and robust single cell analysis of smFISH labeling. 40 

The main goal with sample preparation and processing is to produce high quality images 41 

characterized by a high signal-to-noise ratio to reduce false positives and provide data that are 42 

more accurate. Here, we present a protocol describing the pipeline from sample preparation to 43 

data analysis in conjunction with suggestions and optimization steps to tailor to specific samples.  44 
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 45 

INTRODUCTION:  46 

Gene transcription and translation are the two major processes involved in the central dogma of 47 

biology, going from the DNA sequence to RNA to protein1. In this study, we focus on the 48 

production of messenger RNA (mRNA) during transcription. The nascent RNA molecule includes 49 

both non-coding introns and coding exons. Introns are co-transcriptionally spliced out before the 50 

mRNA moves into the cytoplasm for translation on the ribosomes2,3.  51 

 52 

Traditionally, the measurement of mRNA is performed in bulk populations of cells (hundreds to 53 

millions) with classic assays such as RT-qPCR or Northern blotting. While very powerful, these 54 

methods are limited as they do not provide insights into cell-to-cell variation (phenotypic 55 

heterogeneity), identification of the number of transcriptionally active alleles, and, perhaps more 56 

importantly, lack spatial information. More recently, genome wide technologies allowing for 57 

single cell RNA sequencing (RNAseq) began to bridge the gap between imaging methods and 58 

sequencing4. However, RNAseq suffers from relatively low detection efficiencies and the 59 

processing steps result in complete loss of spatial information5. Although single cell RNAseq can 60 

provide insights into phenotypic heterogeneity amongst a population of isogenic cells, RNA 61 

fluorescence in situ hybridization (RNA-FISH) can facilitate a more complete exploration of target 62 

gene expression at the spatial level, and on an allele-by-allele basis6,7.  63 

 64 

RNA FISH is a technique that allows for the detection and localization of target RNA molecules in 65 

fixed cells. Unlike earlier, laborious methods, current state-of-the-art RNA-FISH utilizes 66 

commercially available nucleic acid probes that are complementary to the target RNA sequences, 67 

and these probes hybridize to their targets by Watson-Crick base pairing8. The early in situ 68 

hybridization techniques involved a similar protocol established by Gall and Pardue in 1969, as a 69 

sample was processed with nucleic acid probes that specifically hybridized to a target RNA9. 70 

Originally the assay was performed using radioactive or colorimetric detection; however, in the 71 

1980s, the development of fluorescence in situ hybridization (FISH) protocols to DNA FISH and 72 

later RNA FISH opened the route towards more sensitive detection, and the potential for 73 

multiplexing10,11.  74 

 75 

Further developments in RNA FISH have led to the ability to detect and quantify single RNA 76 

molecules (smFISH)12,13. Direct detection is a method in which the probes themselves are labeled 77 

with fluorophores. A challenge with smFISH is that there is a need for enough hybridizing 78 

probes/target to facilitate the detection of fluorescent signals as distinct, diffraction-limited 79 

spots. To address this issue, one can use a probe set of short single-stranded DNA 80 

oligonucleotides complementary to various regions of the target RNA8,12,14. The binding of 81 

multiple probes increases local fluorophore density, making the RNA visible as a distinct, high 82 

intensity spot by fluorescence microscopy. This method is advantageous because off-target 83 

binding of oligonucleotides in the probe set pool can be distinguishable from the true RNA spot 84 

signal by quantitatively analyzing the spot size and intensity to differentiate between true signal 85 

and spurious oligonucleotide binding, thus facilitating more accurate analysis by reducing false 86 

positives12. 87 

 88 



   

 

Alternative methods to detect mRNA are the classic BAC clone-based nick translation method 89 

and the more recently developed branched DNA system. In the BAC-cloned, nick-translation 90 

method, the DNA to be labeled is enzymatically-nicked and a new nucleotide is added to the 91 

exposed 3’ end. The activity of DNA polymerase I adds a labeled nucleotide resulting in the 92 

desired probe15,16. The branched DNA technique involves oligonucleotide probes that hybridize 93 

in pairs to RNA targets and these probes are amplified utilizing multiple signal amplification 94 

molecules. This method can significantly improve the signal-to-noise ratio but the amplification 95 

can skew accurate quantitation since fluorescent spots can be wildly different in size and 96 

intensity17.  97 

 98 

As a model system for this protocol, which is fully-employed as part of the NIEHS Superfund 99 

Research Program participation to quantify the effects of endocrine disrupting chemicals in 100 

Galveston Bay/Houston Ship Channel, we used the estrogen receptor (ER) positive breast cancer 101 

cell line MCF-7 treated overnight with an ER agonist, 17β-estradiol (E2)7,18,19. E2 regulates many 102 

ER-target genes, including the prototypical ER-target gene, GREB17,20–22. The smFISH protocol 103 

described here utilizes a set of two spectrally-separated probe sets targeting GREB1; one that 104 

hybridizes to introns and the other to exons, allowing for the measurement of both mature and 105 

nascent RNA7. We then use epifluorescence microscopy coupled with deconvolution to image 106 

smFISH labeled samples, and then apply image analysis routines to quantify the number of active 107 

alleles and mature RNAs per cell.  108 

 109 

PROTOCOL:  110 

 111 

To ensure optimal results, the wet lab portion of this protocol requires standard RNase-free 112 

precautions at all steps. For example, the use of filtered pipette tips, sterile vessels and RNase-113 

free buffers is highly encouraged. Using RNase inhibitors such as vanadyl ribonucleoside 114 

complexes is also suggested, especially for low abundance target RNAs.  115 

 116 

1. Cell culture and experimental setup 117 

 118 

1.1.Maintain adherent MCF-7 breast cancer cells (ATCC #HTB-22) in a T75 tissue culture flask with 119 

phenol-red free (only required for hormone stimulation experiments) Dulbecco’s modified 120 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1 121 

nM sodium pyruvate, 50 I.U./mL penicillin and 50 µg/mL streptomycin.  122 

 123 

1.2.Place acid-etched, poly-D-lysine coated round coverslips (0.16 to 0.19 mm thick, 12 mm 124 

diameter) into a 24 multiwell tissue culture plate.  125 

 126 

NOTE: Use 1 M HCl to acid-etch the coverslips and coat with a 1 mg/mL solution of poly-D-lysine 127 

reconstituted in sterile PBS (phosphate-buffered saline without Ca++ and Mg++) according to 128 

standard protocols.  129 

 130 

1.3.Remove the growth media from the cells and wash once with 5 mL of sterile PBS (phosphate-131 

buffered saline without Ca++ and Mg++). Detach MCF-7 cells using 2-3 mL of Trypsin-EDTA 0.25% 132 



   

 

solution. Once cells are detached, neutralize the Trypsin-EDTA 0.25% solution with an equal 133 

volume of growth media.  134 

 135 

1.4.Transfer the cells in the media suspension to a 15 mL conical tube, spin down at 391 x g for 1 136 

minute to pellet out the cells. Carefully remove the media from the conical tube without 137 

disturbing the cell pellet and resuspend the cells in an appropriate amount of treatment media.  138 

 139 

NOTE: Treatment media is phenol-red free DMEM supplemented with 5% charcoal-dextran 140 

stripped and dialyzed FBS, 2 mM L-glutamine, 1 nM sodium pyruvate, 50 I.U./mL penicillin and 141 

50 µg/mL streptomycin. This media is essential for steroid hormone stimulation experiments as 142 

the serum component is largely depleted of steroids by charcoal stripping the media, and has 143 

reduced growth factors via dialysis.  144 

 145 

1.5.Seed the cells onto coverslips in the 24 multiwell plate at 60,000 to 70,000 cells per well in 146 

500 µL of treatment media. For this experiment, cell confluency should be around 70-80% at 147 

treatment initiation. Optimize cell seeding density depending on cell type, growth rate and length 148 

of the experiment to avoid confluency, which complicates image analysis.  149 

 150 

NOTE: For best imaging and image analysis, avoid cell clumping. For this purpose, mix the aliquot 151 

of cells thoroughly by pipetting (or briefly vortex) the cells a few times before dispensing into the 152 

wells. Before placing the plated cells back into the incubator, letting the cells settle in the tissue 153 

culture hood for about 20 minutes helps reduce cell clumping. 154 

 155 

1.6.Incubate cells for at least two days prior to treatments to ensure cell cycle synchronization 156 

and background reduction due to any signaling molecules that remain in the stripped/dialyzed 157 

serum of growth media.  158 

 159 

1.7.After a 48 hour incubation in treatment media, treat MCF-7 cells with 10 nM 17β-estradiol 160 

(E2) and vehicle control (DMSO), diluted in treatment media for 24 hours. This treatment uses a 161 

saturating dose of E2 to induce a maximal response. Perfrom time course and dose-response 162 

experiments to empirically determine conditions for different target genes, cell models and type 163 

of treatments. As an example, see our recent publication7.  164 

 165 

2. Preparation of buffers 166 

 167 

2.1.To prepare the fixation buffer, dilute purified, monomeric formaldehyde (sold by electron-168 

microscopy suppliers as 16% paraformaldehyde) to 4% in sterile PBS Ca++/Mg++ (phosphate-169 

buffered saline plus Ca++ and Mg++). Add vanadyl ribonucleoside complexes (VRC) to the fixation 170 

buffer for a final concentration of 2 mM to delay RNA degradation.  171 

 172 

2.1.1. Calculate the total amount of fixation buffer based upon requiring 300-500 µL of fixative 173 

per well of a 24 multiwell plate. Store the 4% formaldehyde on ice until it until the fixation step.  174 

 175 

NOTE: Make the fixation buffer fresh for each experiment.  176 



   

 

 177 

CAUTION: Formaldehyde is a teratogen that is absorbed through the skin. Use this chemical in a 178 

fume hood along with appropriate PPE according to your institutional regulations.  179 

 180 

2.2.For the permeabilization step, prepare 70% ethanol in nuclease free water. An alternative 181 

option is 0.5% Triton-X100 in sterile PBS Ca++/Mg++ plus 2 mM of VRC. Calculate the total amount 182 

of permeabilization buffer needed by utilizing 500 µL of buffer per well.  183 

 184 

2.3.To prepare 9 mL of the hybridization buffer, add 2 mL of stock 50% dextran sulfate, and 1 mL 185 

of 20x SSC (saline sodium citrate) buffer to 6 mL of nuclease free water. Vortex to thoroughly mix 186 

the hybridization buffer. This buffer can be stored at 4 °C for up to one week.  187 

 188 

2.4.There are five separate wash steps that require 2x saline sodium citrate (SSC) buffer. Calculate 189 

the final volume of 2x SSC buffer needed by anticipating 500 µL of buffer per coverslip per wash 190 

step. Dilute the required amount of stock 20x SSC buffer in nuclease-free water. 2 mM VRC can 191 

be added to wash steps as an extra precaution. This buffer can be stored at room temperature 192 

for the duration of the processing steps.  193 

 194 

3. Fixation for RNA FISH 195 

 196 

3.1.Following treatment, remove the media from the wells and wash once with sterile, cold PBS 197 

Ca++/Mg++. If a low adherence cell model is utilized, do not use a vacuum to aspirate liquid; use 198 

manual pipetting to carefully remove media from the side of the well and omit the initial wash 199 

step. Add 500 µL fixation buffer for 30 minutes on ice.  200 

 201 

NOTE: If the sample is prone to RNA degradation, use sterile PBS with 2 mM VRC for the wash 202 

step at this point.  203 

 204 

3.2.Remove fixative and dispose it in chemical waste according to institutional regulations. Wash 205 

the cells twice with cold sterile PBS Ca++/Mg++ for 3 minutes.  206 

 207 

3.3.Remove PBS and add 500 µL of 70% ethanol to each well. Seal the 24 well plate with a paraffin 208 

plastic film. Place on a rotator at 4 °C for a minimum of four hours. It is best to leave the samples 209 

in 70% ethanol overnight. The protocol can be paused at this and the samples can be stored for 210 

up to a week in 70% ethanol. 211 

 212 

NOTE: A 0.5% Triton-X100 in PBS with 2 mM VRC solution may be used as alternative. Incubate 213 

the samples in 500 µL of this permeabilization buffer for 20 minutes at room temperature on a 214 

rotator. If utilizing this permeabilization buffer, the protocol cannot be paused at this point and 215 

must continue through the hybridization step.  216 

 217 

4. Hybridization for RNA FISH 218 

 219 

4.1.Remove the permeabilization buffer and wash one time in 500 µL of 2x SSC buffer plus 10% 220 



   

 

formamide for 5 minutes at room temperature on a rotator.  221 

 222 

4.2.Prepare the complete hybridization buffer. Calculate approximately 30 µL of complete 223 

hybridization buffer per coverslip. Add formamide to the hybridization buffer to reach the 224 

percent needed. For example, if 500 µL of complete hybridization buffer is needed, then it would 225 

consist of 450 µL of the previously made hybridization buffer plus 50 µL of molecular grade 226 

formamide to reach 10% vol/vol. Vortex briefly to mix.  227 

 228 

CAUTION: Formamide is a teratogen that is absorbed through the skin. Use this chemical in a 229 

fume hood along with appropriate PPE according to institutional regulations.  230 

 231 

4.3.Dilute the GREB1 intron (labeled with Atto 647N) and GREB1 exon (labeled with Quasar 570) 232 

probes 1:300 in hybridization buffer. Mix via pipetting. Protect this buffer from light and use 233 

immediately.  234 

 235 

NOTE: The probes were designed and manufactured as detailed in Stossi et al7. The probes are 236 

usually provided as a dried oligonucleotide probe pool that must be reconstituted in RNAse-free 237 

TE buffer according to the manufacturer protocol14. The stock solution for these probes was 12.5 238 

μM, therefore; the working concentration of the probes is 42 nM.  239 

 240 

4.4.Prepare a humidifying chamber for the overnight hybridization step. Lay down a piece of 241 

paraffin plastic film, unexposed side up, into a glass Petri dish cleaned with a surface 242 

decontaminant to remove RNases. Saturate two paper towels with sterile water and place them 243 

along the edges of the Petri dish to provide humidity, as drying can destroy specific labeling. 244 

 245 

4.5.Aliquot the probes by dotting 30 µL of probes in hybridization buffer onto the clean side of 246 

the paraffin plastic film. Distribute the aliquots of probes so that the coverslips do not come into 247 

contact with each other.  248 

 249 

4.6.Using sterilized forceps, gently flip the coverslips cell side down onto the probes in the glass 250 

Petri dish. Avoid air bubbles and do not apply pressure to the coverslips.  251 

 252 

NOTE: Do not discard the tissue culture plate with the 2x SSC buffer, as it will be needed for 253 

subsequent steps.  254 

 255 

4.7.Seal the glass Petri dish with paraffin plastic film and cover the plate with foil to prevent light 256 

exposure to the fluorophores. Incubate overnight, up to 16 hours, at 37 °C on a flat non-rotating 257 

surface. Time of incubation can be varied empirically, however a minimum of 4 hours is 258 

recommended.  259 

 260 

NOTE: The coverslips are susceptible to sliding around when incubating in the hybridization 261 

buffer, which can lead to dry spots on the coverslip and damage the sample.  262 

 263 

5. Preparing samples for imaging  264 



   

 

 265 

5.1.The next day, remove the coverslips from the humidifying chamber using forceps and return 266 

them to the 24 well plate with the cell-side up. Add 500 µL of fresh 2x SSC buffer plus 10% 267 

formamide to wash out excess probe and non-specific hybridization.  268 

 269 

NOTE: Protect the samples from light from this point onwards.  270 

 271 

5.2.Wash the cells twice with 500 µL of 2x SSC buffer plus 10% formamide for 15 minutes each 272 

at 37°C on a heated rotator.  273 

 274 

5.3.Counterstain DNA with DAPI at 1 µg/mL in 2x SSC buffer for 10 minutes at room temperature 275 

on a rotator.  276 

 277 

5.4.Wash one time with 2x SSC buffer for 5 minutes at room temperature.  278 

 279 

5.5.Mount the coverslips onto glass slides using non-hardening mounting media after removing 280 

any excess 2x SSC buffer with a paper towel and a quick wash in nuclease free water to eliminate 281 

excess salts. Finally, seal the coverslips with clear nail polish.  282 

 283 

6. High resolution microscopy and image processing 284 

 285 

6.1.Image the samples on a wide-field epifluorescence microscope using a 60x or 100x oil 286 

objective and a sCMOS camera. See the table of materials for the specific microscope and 287 

objective used for this experiment.  288 

 289 

6.1.1. Complete imaging as soon as the samples are fully processed to avoid time-dependent 290 

degradation of the signal.  291 

 292 

NOTE: Immersion oil with a refractive index (RI) of 1.516 is used in this experiment. Empirical 293 

testing should be performed to match the oil RI to specific samples, as RI mismatches will result 294 

in aberrations of the point spread function that will affect image deconvolution. 295 

 296 

6.2.Images are captured with a lateral pixel size of 0.10827 µm. 297 

 298 

6.3.Optimize the amount of illumination from the light source (i.e., percent transmittance) and 299 

exposure times for each channel (DAPI, TRITC, CY5 filters in this particular example) using the 300 

sample that is expected to have the highest intensity (i.e., positive controls). In this experiment, 301 

the E2-treated sample is expected to have higher intensity for both GREB1 probe sets. Generally, 302 

the percent transmittance for GREB1 intron and exon probes is 50 – 100%, and the exposure 303 

times range from 0.25 – 0.60 seconds. 304 

 305 

6.1.Additionally, acquire images under conditions that avoid photobleaching and/or any 306 

saturation of camera pixels. In our experience, there should be a minimum ~ten-fold difference 307 

between the background and the signal intensity. Saturation of few pixels/field can occur due to 308 



   

 

non-specific signals in the sample (i.e., dirt on the coverslip, probe aggregates outside the cell), 309 

which can be acceptable, but only if saturated regions are not included in quantitation. 310 

 311 

6.2.To set acquisition of a z-stack, focus on the sample in the DAPI channel. Select the top and 312 

the bottom of the z-stack at the distances where the DAPI stained nuclei become out of focus. 313 

The z-stack step size we used is 0.25 µm per slice and the total z-stack should span the whole cell 314 

(about 10 µm in MCF-7 cells). However, the z-stack step size will change according to the 315 

objective used and should follow the Nyquist sampling criterion.  316 

 317 

NOTE: Introns are usually present only in the nucleus; however, exons are both in the nucleus 318 

and the cytoplasm. Therefore, setting the z-stack as described above will capture most of the 319 

intron and exon labeling as the z-stack encompasses the whole cell. 320 

 321 

6.3.Typically, image a minimum of 200 cells for quantitative analysis in preliminary experiments 322 

to capture a snapshot of the magnitude of response and variation between cells.  323 

 324 

6.4.Exclude some imaged cells from the final analysis (i.e. drop-out rate) because they will be 325 

filtered out by the analysis pipeline (i.e., cells touching the border of the image, apoptotic/mitotic 326 

cells).  327 

 328 

NOTE: When selecting image areas, there are a few factors to keep in mind. Choose areas with 329 

evenly spread, non-overlapping cells as defined by DAPI-labeled, nuclear fluorescence. 330 

Additionally, try to select areas that have the least number of nuclei along the edges of the image 331 

area to avoid counting partial cells. Automated, unbiased imaging is always preferred for 332 

experiments requiring statistical analysis.  333 

 334 

6.5.After acquisition, deconvolve images using an aggressive restorative algorithm using 10 cycles 335 

(i.e., number of iterations). Generate max-intensity projections for image analysis (omit this step 336 

if specific 3D analysis is required). Save all projection images according to the bit depth of the 337 

camera used; in our case 16-bit TIFF grayscale images were saved. RGB images have a reduced 338 

bit depth resulting in a loss of information; therefore, RGB images are not suitable for image 339 

analysis.  340 

 341 

7. Image analysis  342 

 343 

7.1.Read the instructions and download the jupyter notebook from github 344 

(https://github.com/pankajmath/RNA_FISH_analysis). 345 

 346 

7.2.Install Python anaconda distribution (https://www.anaconda.com/distribution/) version 3.6 347 

or higher. 348 

 349 

7.3.Open anaconda prompt and type in the installation command to Install Simple ITK for 350 

anaconda (https://anaconda.org/SimpleITK/simpleitk). 351 

 352 

https://github.com/pankajmath/RNA_FISH_analysis
https://www.anaconda.com/distribution/
https://anaconda.org/SimpleITK/simpleitk


   

 

7.4.Open anaconda navigator and launch jupyter notebook. It will open a web browser showing 353 

directories and files. Browse through the directory structures to reach the directory containing 354 

the downloaded jupyter notebook from github. 355 

 356 

7.5.Open the notebook and run each cell by pressing Shift and Enter simultaneously. 357 

 358 

7.6.Follow the details of each function and step provided in the notebook. For a different set of 359 

images, one may have to change some parameter values. 360 

 361 

NOTE: In brief, nuclei are segmented from the DAPI channel using local thresholding with a block 362 

size of 251 pixels, holes were filled and objects smaller than 100 pixels removed. Touching nuclei 363 

were split using a watershed algorithm. The nuclear mask was then dilated by 100 pixels and 364 

watershed was used to separate touching objects using nuclei as basins. To identify steady state 365 

RNA (exons), Otsu thresholding was used; for transcriptional active alleles (intron), first a 366 

Gaussian blur (sigma=1) was applied and then max entropy thresholding was used.  367 

 368 

REPRESENTATIVE RESULTS:  369 

To analyze hormonal responses via smFISH, as an example, we chose the estrogen receptor (ER) 370 

model used in high throughput assays to determine the presence of endocrine disrupting 371 

chemicals in environmental disasters in the context of participation in the NIEHS Superfund 372 

Research Program7. In this experiment, adherent MCF-7 breast cancer cells were treated with 373 

the ER agonist 17β-estradiol (E2, 10nM) or vehicle (DMSO) for 24 hours. Spectrally-separated 374 

probe sets against GREB1 intronic (Atto 647N, red in Figure 1) and exonic (Quasar 570, green in 375 

Figure 1) sequences allow for simultaneous visualization and quantification of nascent and 376 

mature mRNA; importantly, marking the number of transcriptionally-active alleles in each cell 377 

that has been shown to be part of the estrogen response time course7.  378 

 379 

The completed protocol generates 16-bit maximum intensity projections (TIFF) for each region 380 

of interest. Nuclear segmentation is performed using DAPI stained nuclei, and cell boundaries are 381 

estimated by expanding the nuclear mask. GREB1 intron and exon signals are then segmented 382 

and assigned to each individual cell. Figure 1 displays deconvolved max-projected images and 383 

their segmentation for a sample treated with DMSO and E2.  384 

 385 

[Place Figure 1 here] 386 

 387 

Following the image analysis pipeline, we obtained the number of cells that were not touching 388 

the image boundaries based on imaging ten random fields per treatment, and it was determined 389 

that there were 150 DMSO treated cells and 149 E2 treated cells. Since the aneuploid MCF-7 cells 390 

have four copies of the GREB1 gene, and with intron and exon probes, overlapping signals will 391 

determine the number of alleles and cells that are engaged in active transcription24. We 392 

determined the fraction of the cell population for each treatment that had zero-to-four active 393 

GREB1 alleles by counting overlapping intron and exons spots. As in with our previous study, we 394 

define transcriptionally active cells as those that displayed two or more active GREB1 alleles7. As 395 

seen in Figure 2A-2B, E2-treated cells have a 4-fold increased fraction of cells that show two or 396 



   

 

more active GREB1 alleles compared to vehicle treated cells7.  397 

 398 

[Place Figure 2 here]  399 

 400 

Introns are spliced out of nascent mRNA to produce mature mRNA that consists of only exon 401 

sequences. Therefore, it is also possible to count the number of mature mRNA per cell by 402 

quantifying the number of green spots. Figure 2C-2D show the shift in distribution of mature 403 

GREB1 mRNA/cell and the aggregate fold change (20x) in the cell population after E2 treatment.  404 

 405 

In keeping with the original observations over 24 hours of E2-treatment, not all cells respond the 406 

same way (i.e., responses are heterogeneous in the MCF-7 population)7. For example, the 407 

number of mature GREB1 mRNAs per cell shows a vast range of expression (~15 fold) even in the 408 

24-hour E2-treated cells; bulk RNA quantitation methods fail to discern the wide-ranging levels 409 

of transcription in cells by statistical averaging. This emphasizes the power of smFISH to explore 410 

heterogeneous cell-to-cell and allele-by-allele responses in a population of isogenic cells.  411 

 412 

Figure 1: smFISH sample images and output of image segmentation. (A) MCF-7 cells, treated 413 

with DMSO (left panel) and 17β-estradiol (E2, right panel) for 24h, were hybridized to target 414 

GREB1 introns (Atto 647N, nascent mRNA, red), and GREB1 exons (Quasar 570, mature mRNA, 415 

green). Images are acquired at 60x/1.42NA, deconvolved and maximum intensity projected. (B) 416 

Images from (A) are processed through the described image analysis pipeline that defines the 417 

nuclear mask, estimates the cellular mask, identifies individual mature mRNA and 418 

transcriptionally active alleles. GREB1 intron and exon spots are then assigned to individual cells. 419 

Scale bar: 10 μm.  420 

 421 

Figure 2: Quantitation of E2-induced GREB1 at the cell-by-cell and allele-by-allele level. (A) The 422 

distribution of the number of active GREB1 alleles per cell comparing vehicle (blue bars) and E2 423 

(red bars) treated cells. (B) Fraction of cells that are considered transcriptionally active, defined 424 

here as cells with two or more active GREB1 alleles7. (C) Distribution of the number of GREB1 425 

mature mRNA per cell for each treatment. (D) Average number of GREB1 mature RNA/cell 426 

represented as mean value for the population. Error bars indicate standard deviation. 427 

 428 

DISCUSSION:  429 

The smFISH methodology described is based upon previously-published protocols7,12,14. In this 430 

protocol, we explain the critical steps that were optimized from the wet-lab (including seeding 431 

density, fixation time, permeabilization, and probe concentration), to imaging and image 432 

analysis, providing a full experimental pipeline for laboratories interested in performing single 433 

cell analysis of gene transcription.  434 

 435 

To facilitate single cell analysis, it is important that the cells are subconfluent and do not overlap 436 

so that cell borders are estimated without the need for a cell boundary. We suggest completing 437 

a cell proliferation assay that spans a wide range of seeding densities for the duration of the 438 

experiment to optimize cell density. 439 

 440 



   

 

Determining the optimal fixation time is critical for a successful smFISH experiment. We have 441 

found that fixing the samples with 4% purified formaldehyde, diluted in sterile PBS containing 442 

VRC for 30 minutes on ice, significantly improves the consistency of high quality smFISH images, 443 

especially if structural analysis is required via combination of antibodies against factors of 444 

interest. Formaldehyde fixes samples by cross-linking macromolecules and can better maintain 445 

cellular structures than other fixation methods such as those employing organic solvents25. 446 

However, adjusting fixation time and temperature is necessary for the specific sample to avoid 447 

over- or under-fixing the sample26. VRC is useful because it reduces RNA degradation and is 448 

helpful especially for low abundant RNA27. There are two options that we have had success with 449 

for the permeabilization step. The first is a 70% ethanol incubation at 4 °C and the second is a 450 

0.5% Triton-X100 incubation at room temperature7,14. It is possible to perform the same protocol 451 

in high throughput using imaging-compatible glass bottom multiwell plates (96 and 384 wells). 452 

Consistent success in performing smFISH has depended upon use of glass multiwell plates using 453 

fixative containing VRC, and 0.5% Triton-X 100 with VRC for the permeabilization step. Although 454 

optical plastic bottom plates are an option, image quality and success has been markedly lower.  455 

 456 

A high signal-to-noise ratio is required for single cell analysis to filter out background signal and 457 

false positives and correctly identify diffraction-limited spots. Background signal adds to the 458 

intensity values of the signal of interest. High background often arises from sub-optimal 459 

experimental design, and although it is subtracted from fluorescent intensity measurements, it 460 

is best to initially image the regions of interest with as little background signal as possible28. A 461 

high dynamic range, with a minimum ~10-fold difference, is required to successfully determine if 462 

signal is considered background or signal of interest29. False positive spots refer to signal residing 463 

outside of the cell boundaries, often due to poorly cleaned coverslips, insufficient washing 464 

following hybridization, or probe aggregation that occurs when probes self-associate30. If non-465 

specific signals due to spurious binding of the oligo set to RNAs that are different from the target 466 

happens (i.e., due to pseudogenes or sequence similarities), these can be evaluated by testing 467 

the probe sets in a model that does not express the gene of interest (i.e., knock-out MEFs, 468 

CRISPR/Cas9 knock-out)31. Additionally, as with any fluorescence microscopy experiment, the 469 

intron and exon probes must be spectrally-separated. In our example experiment, we chose Atto 470 

647N and Quasar 570 dyes for the GREB1 probe set because they are compatible with the 471 

specifications of the filter sets on the microscope utilized, resistant to photobleaching and have 472 

a relatively high quantum yield8,14,32. Depending on the sample, we recommend making a dilution 473 

series of the stock probe (usually a 1:200 to 1:1000 dilution, or 12.5 nM to 62.5 nM) to identify 474 

the best signal-to-noise ratio for each specific probe set. Some vendors supply custom-labeled 475 

probes with user-selected fluorophores to increase brightness, reduce photobleaching and, if 476 

needed, add additional 1-2 channels generally available on most modern fluorescent 477 

microscopes 7,8,14. Although smFISH does have the ability to measure low-abundance RNA, a key 478 

issue is increasing its sensitivity and capability to detect partially degraded RNA, especially for 479 

tissue samples. Achieving a higher signal-to-noise ratio is possible by using branched DNA probes 480 

designed to amplify the signal, though we have not found this approach is helpful in our studies33. 481 

Confocal microscopes use a focused light source to illuminate the sample while blocking out-of-482 

focus light from reaching the detectors with one or more pinholes. Point-scanning confocal 483 

microscopy is generally discouraged for RNA-FISH imaging because probes will photobleach 484 



   

 

faster from laser illumination. However, depending on the sample and signal intensity, confocal 485 

microscopes can generate images with little to no signal loss8. Here, we utilized a wide-field 486 

epifluorescence microscope with a high magnification and high numerical aperture objective to 487 

collect the maximum number of photons emitted by the FISH probes34. Although images can be 488 

blurred by out-of-focus light from adjacent planes of the z-stack, restorative deconvolution 489 

algorithms are applied to computationally “reassign” diffracted light among the acquired z-stacks 490 

to its point of origin34. This produces final high-resolution images for image analysis. If possible, 491 

it would be best to empirically compare different imaging modalities to determine the system 492 

that is best for your experiment28.  493 

 494 

There are many possible extensions and applications of smFISH. In our model experiment, we 495 

completed one round of hybridization with one set of probes for the GREB1 gene. However, it is 496 

possible to complete several rounds of smFISH in a sequential manner (seqFISH)13,35. In this 497 

method, the mRNAs in the cell are labeled by sequential rounds of hybridization, imaging, probe-498 

stripping and rehybridization. In order to massively increase multiplexing up to whole 499 

transcriptome level, barcoding techniques have been developed (e.g., MER-FISH)36–38. This uses 500 

a fluorescence barcode strategy to uniquely identify each mRNA37,39. These techniques have been 501 

adapted to tissues, and when coupled with expansion microscopy, a method that physically 502 

expands a sample with a polymer network, can provide increased access of probes to 503 

endogenous RNAs36,40,41. MER-FISH also allows for increasing the signal brightness of individual 504 

molecules by signal amplification techniques38. The protocol we described is a two-day process, 505 

however, it is possible to shorten the smFISH protocol so that the hybridization of the probes to 506 

the target RNA occurs can occur in as little as ~5 minutes (Turbo-FISH)26. Immunofluorescence 507 

can be combined with smFISH (IF-FISH) to simultaneously detect proteins and mRNA in a single 508 

sample42. The protocol must be optimized for the FISH probes and antibodies utilized for each 509 

experiment to reduce degradation of protein and/or RNA degradation in the sample, as some 510 

materials (i.e. buffers and fixatives) are not compatible for processing both protein and mRNA43. 511 

Refer to several publications from our lab as examples of successful IF-FISH experiments in 512 

addition to optimized IF-FISH protocols7,18.  513 

 514 

In conclusion, we present a single molecule fluorescence in situ hybridization (smFISH) method 515 

that provides insight into single cell heterogeneity and allele-by-allele variation in response to 516 

stimulus. While this protocol is optimized for the model system previously described, we provide 517 

a series of possible adjustments that can enhance other target gene models7.  518 
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Name of Material/ Equipment Company Catalog Number Comments/Description

17β Estradiol

Sigma-

Aldrich E2257 CAS Number 50-28-2

Ambion SSC (20X) Buffer, Rnase-

free

ThermoFis

her 

Scientific AM9770
Corning DMEM with L-Glutamine 

and 4.5 g/L Glucose

Fisher 

Scientific MT10017CV Manufactured by Invitrogen

DAPI

Sigma-

Aldrich D8417 Without sodium pyruvate
Dextran Sulfate, 50% Solution 

Sterile

Sigma-

Aldrich 3730-100ML
Dulbecco's Phosphate Buffered 

Saline Ca++/Mg++ Corning 21030CV Manufactured by Calbiochem

Ethanol, 200 Proof (100%)

Fisher 

Scientific 07-678-005
Falcon 24-Well Clear Flat Bottom 

TC-treated Multiwell Cell Culture 

Plate Corning 353047 Manufactured by Decon Laboratories

Fetal Bovine Serum (FBS), 500 mL

Fisher 

Scientific 50-753-2978 Manufactured by Gemini Bio Products
GE Healthcare DeltaVision LIVE 

High Resolution Deconvolution 

Microscope 

GE 

Healthcare
Hyclone Water, Molecular Biology 

Grade

Fisher 

Scientific SH3053802

Immersion Oil 1.516

GE 

Healthcare 

Life 

Sciences 29162940 Manufactured by GE Healthcare Bio-Science

L-glutamine Solution

Fisher 

Scientific MT25005Cl Manufactured by Corning
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MCF-7 cells ATCC HTB-22

Molecular Grade Formamide Promega PAH5051

Olympus 60x/1.42 NA Objective Olympus

Parafilm

Bemis 

Company, 

Inc. 52858-076 Distributed by VWR

Paraformaldehyde, 16% Solution, 

EM Grade

Electron 

Microscop

y Sciences 15710

Penicilin-Streptomycin Solution

Fisher 

Scientific MT3001Cl Manufactured by Corning

Ribonucleoside Vanadyl Complex VWR 101229-716 Manufactured by New England Biosciences

RNase Away Ambion 9780

Sodium pyruvate, 100 mM

Fisher 

Scientific 11-360-070 Manufactured by Gibco
Thermo Scientific Glass Coverslips, 

#1.5 

Fisher 

Scientific 12-545-81P

Triton X-100, 100 mL

Fisher 

Scientific BP151-100 Manufactured by Fisher BioReagents

Trypsin-EDTA Solution 0.25%

Sigma-

Aldrich T4049-500ML
Vectashield Antifade Mounting 

Medium 10 mL

Fisher 

Scientific NC9265087 Manufactured by Vector Laboratories



 

 

We would like to thank the Editors and Reviewers for the constructive criticism.  Please see our in-line 

answer below, divided between responses to Editors and to Reviewers.   

 

Editorial Comments: 

 

• Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammatical errors. 

 

We proof read the manuscript for errors and addressed any spelling and grammatical errors. 

 

• Protocol Language: Please ensure that all text in the protocol section is written in the imperative 

voice/tense as if you are telling someone how to do the technique (i.e. “Do this”, “Measure that” etc.) 

Any text that cannot be written in the imperative tense may be added as a “Note”, however, notes 

should be used sparingly and actions should be described in the imperative tense wherever possible. 

1) Some examples NOT in the imperative: 1.1.,1.3, etc 

2) Split up long steps into multiple steps (e.g., 1.3) 

 

The protocol was edited according to Editor’s suggestions so that it is more direct and utilizes 

imperative/active voice. Additionally, longer and more involved steps were broken down into smaller, 

more manageable steps to provide clarity to the viewers so that they can easily replicate the protocol.  

 

• Protocol Detail: Please note that your protocol will be used to generate the script for the video, and 

must contain everything that you would like shown in the video. Please ensure that all specific details 

(e.g. button clicks for software actions, numerical values for settings, etc) have been added to your 

protocol steps. There should be enough detail in each step to supplement the actions seen in the video 

so that viewers can easily replicate the protocol. Some examples: 

1) 1.1: mention concentrations of L-glutamine, sodium pyruvate, pen-strep. 

2) 1.2: What is the poly-D-lysine concentration? 

3) 1.3: How much trypsin solution? How is it neutralized? 

4) 6.6, 7.7: unclear what is done and what we would film here. You may upload supplementary figures 

to accompany this step. 

Detail was added to the protocol so that the viewers can easily replicate the protocol. Specific 

concentrations, reagent volumes etc. were added for further clarification.  

 

• Protocol Highlight: Some steps from section 1 will need to be highlighted for completeness. After 

you have made all of the recommended changes to your protocol (listed above), please re-evaluate the 

length of your protocol section. Please highlight ~2.5 pages or less of text (which includes headings and 
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spaces) in yellow, to identify which steps should be visualized to tell the most cohesive story of your 

protocol steps. 

1) The highlighted steps should form a cohesive narrative, that is, there must be a logical flow from one 

highlighted step to the next. 

2) Please highlight complete sentences (not parts of sentences). Include sub-headings and spaces when 

calculating the final highlighted length. 

3) Notes cannot be filmed and should be excluded from highlighting. 

 

• Discussion: JoVE articles are focused on the methods and the protocol, thus the discussion should be 

similarly focused. Please ensure that the discussion covers the following in detail and in paragraph form 

(3-6 paragraphs): 1) modifications and troubleshooting, 2) limitations of the technique, 3) significance 

with respect to existing methods, 4) future applications and 5) critical steps within the protocol. 

The discussion was re-worked to address these six topics. 

 

• Figures: Please remove the embedded figures from the manuscript. Figure legends, however, should 

remain within the manuscript text, directly below the Representative Results text. 

The figures were removed from the manuscript, and the figure legends remained in the manuscript 

following the representative results section. 

 

• References: Please spell out journal names. 

All journal names were added in the references section.  

 

• Commercial Language: JoVE is unable to publish manuscripts containing commercial sounding 

language, including trademark or registered trademark symbols (TM/R) and the mention of company 

brand names before an instrument or reagent. Examples of commercial sounding language in your 

manuscript are (Thermo Scientific, parafilm, Promega, LGC Biosearch Technologies, (ThermoFisher 

Scientific, VectaShield,. GE Healthcare DVLive¸ 

1) Please use MS Word’s find function (Ctrl+F), to locate and replace all commercial sounding language 

in your manuscript with generic names that are not company-specific. All commercial products should 

be sufficiently referenced in the table of materials/reagents. You may use the generic term followed by 

“(see table of materials)” to draw the readers ’attention to specific commercial names. 

 

Commercial language has been removed from the manuscript. If those who are following this protocol 

require specific products, they have been added to the table of materials.  

 

• Table of Materials:1) Please provide the table as a separate excel file and remove it from the 

manuscript. 

2) Please sort in alphabetical order. 



 

 

Table of materials is separate from the manuscript as its own excel file and is alphabetized by the name 

of material/equipment.  

 

• If your figures and tables are original and not published previously or you have already obtained figure 

permissions, please ignore this comment. If you are re-using figures from a previous publication, you 

must obtain explicit permission to re-use the figure from the previous publisher (this can be in the form 

of a letter from an editor or a link to the editorial policies that allows you to re-publish the figure). 

Please upload the text of the re-print permission (may be copied and pasted from an email/website) as a 

Word document to the Editorial Manager site in the "Supplemental files (as requested by JoVE)" section. 

Please also cite the figure appropriately in the figure legend, i.e. "This figure has been modified from 

[citation]." 

  

The figures and tables are original and not previously published.  

 

  

 

Comments from Peer-Reviewers:  

 

We thank the reviewers for the attention they put in suggesting changes to better the workflow and 

details of the protocol.   

 

____________________________________ 

Reviewers' comments: 

Reviewer #1:  

Manuscript Summary: 

The authors outline in detail method for observing mature and nascent RNAs in mammalian cells using 

smFISH. This is an extremely useful technique and the authors are doing a good service by writing a 

method. I look forward to seeing the video. I do have a few recommendations: 

 

Major Concerns: 

6.5. I think the ref 23 and the formula should be removed. The constants are not explained properly and 

I'm not sure this formula is appropriate for calculating sample size in this context. The first half of the 

point which suggests using Central Limit theorem is more appropriate. Discussion of choosing sample 

size is good but is generic to almost any scientific study so the methods don't need to be discussed in 

detail here. 

 

We agree that this section is not necessary for the protocol and we removed it from the manuscript.   



 

 

 

7.1 I could not access the jupyter notebook. It appears the Repo doesn't exist. 

 

We apologize for the inconvenience; we will post the pipeline on GitHub upon acceptance of the 

manuscript.  We will be happy to share the code with the reviewer if necessary.   

 

7.7 Details need to be provided here on how you're segmenting the cells? How you expand them to get 

a rough estimate of boundaries? How you segment for exons and introns? How you assign to specific 

nuclei. These are key details. Especially if someone was trying to reproduce this without using exactly 

the same image analysis software. 

 

We segmented nuclei using local thresholding with a block size of 251 pixels, holes were filled and 

objects smaller than 100 pixels were removed.  We split touching nuclei using a watershed algorithm.  

Then the nuclear mask was dilated by 100 pixels and then watershed was used to separate touching 

objects, using nuclei as basins.  For exons, we used Otsu thresholding, for introns we first gaussian 

blurred with sigma=1 and then did max entropy thresholding; afterwards they are related to the object 

they belong to.  We added some description to the manuscript and more extensive notes are embedded 

into the Jupyter notebook.  

 

Figure 2A-C: Error bars would be good here. Ideally by doing technical replicates of the experiment and 

taking the mean and SE but could the authors use bootstrapping or divide up their data to generate 

error here? 

 

We thank the reviewer for the suggestion, the idea here was to provide images and the graphs directly 

correlated to them, hence the lack of error bars.  We provide here a graph with mean +/- StDev 

obtained via bootstrapping.   
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Minor Concerns: 

Step 1.2: describe acid-etched and poly-lysine coating or link to where these details can be found. 

 

The coverslips were acid-etched and coated with poly-D-lysine according to standard lab protocols. The 

concentrations of HCl and poly-d-lysine were added to the protocol. We can provide a more detailed 

protocol to the reviewer if needed, but we did not feel that this step required a long explanation as it is 

a fairly standard procedure.  

 

Step 1.3 please add in estimate for ideal cell confluency for these experiments. 

 

An estimated cell confluency was added. As stated in the protocol, the seeding density of the cells will 

depend on the length of the experiment conducted and the cell model doubling time.  

 

4.3 working dilution of probes should be empirically tested, please briefly describe 

 

We added a brief description on how to test the probe dilution in the discussion as a part of the 

modifications and troubleshooting. We recommend testing various dilutions between 1:250 and 1:1000 

to determine what dilution would work best for your sample.  

 

4.4 This will be useful to see in the video so please make sure these steps are clear here. 

 

We completely agree that seeing this step in the video would be very helpful; we also tried to describe it 

a little more in the write-up as well.   

 

Figure 2A: please separate the bars so they are easier to see. 

 

We changed Figure 2A separating the bars 

 

Reviewer #2:  

Manuscript Summary: 

Stossi and colleagues describe the use of single molecule RNA-FISH (smFISH) for analyzing transcriptional 

changes in cultured cells upon drug treatment. 

The provided protocol gives a good overview of the underlying molecular phenomenon and a 

comprehensive, step-by-step description of both the smFISH procedure and the subsequent image 

analysis. 



 

 

Although many iterations of this protocol can be found in the literature, nevertheless, this manuscript is 

going to be useful for scientists of the RNA field. 

 

Major Concerns: 

- there are many state-of-the art single molecule RNA detection assays other than smFISH. The authors 

list the classical (conventional) RNA FISH that uses a single, multiply (and stochastichally) labelled 

ssDNA/RNA probe, but do not discuss the pors and cons of this method. 

Also, there are other methods, like HCR, smiFISH, SABER-FISH etc. that introduce signal amplification 

steps similar to the branched DNA based RNAScope. The authors should consider expanding this part of 

the introduction 

 

We decided to further discuss alternative methods and methods that expand on smFISH in the 

discussion. We feel that explaining the pros and cons of various FISH related methods is best addressed 

in the discussion to help explain the limitations of the technique. 

 

- bivalent cations (especially Mg2+) are known to chemically cleave RNA molecules and also to interfere 

with hybridization (they usually over-stabilize hybrids, even partial ones) thus I'm surprised that the 

authors use PBS that contain these ions for the fixative and for the washes. In most protocols I'm aware 

of the use of such buffers is strongly discouraged. 

 

We use the probe manufacturer protocol as a basic outline for the fix, hybridization and wash steps. In 

their protocol, they utilize PBS however do not mention the need for this PBS to be without bivalent 

cations. We have not seen degradation of the RNA when using PBS with Ca++/Mg++, which helps with 

preserving cell morphology.  

 

- the authors mention that image acquisition should be carried out according to Nyquist sampling, which 

is commendable. However, for this reasons it would be best to describe the lateral resolution of pixels 

(in nm) in step 6.2 instead of a fixed frame size (1024*1024) as this will vary with the objective used. 

Also, as there are some different ideas out in the field what does Nyquist sampling mean in 2D (the 

originally proposed over-sampling rate is 2-fold for a 1D signal), it would be best if the authors would 

describe what is the over-sampling rate they use as Nyquist sampling. 

 

The manuscript was edited to include the lateral pixel size and the fixed frame size was removed.  

 

- I was surprised to read that the authors use maximal intensity projections as inputs for their image 

analysis. In my opinion, this is problematic for several reasons: 

* underestimating true copy numbers due to masking/fusion due to projection 

* as the top and bottom slices contain only partial information of the true signal in them, image 



 

 

restoration by deconvolution usually performs poorly on them - in my experience there is a strong 

enhancement of noise in the top and bottom 2 slices with this sampling rate. If these reconstituted slices 

are used for generating the maximum intensity projection that can lead to serious errors in estimating 

true copy numbers 

The reviewer’s points are well taken – while it is true that there could be some underestimation, overall, 

the exonic spots for most target genes are not dense enough to cause a large error.  Acquiring a large 

number of cells (>500) also mitigates errors from projections without impacting the distribution curves 

for the number of RNAs/cell.   

The top and bottom slices are indeed contributing to the noise in the images, however, if the SNR of the 

spots is good enough it is a minor nuisance in terms of segmentation and spot counting.  Plus most of 

the information is contained in the central z slices.   

 

- although the difference between control and treated experiments is obvious in this case, since this is a 

quantitative method, could the authors provide a section of the statistical analyses, i.e. how would they 

compare the data shown in Figure 2? 

 

Statistical analysis of single cell data distributions is beyond the scope of this protocol.  We suggest the 

reviewer looks at some of our published work (and others) – for example Stossi et al., SLAS Discovery 

2020 and Gough et al., SLAS Discovery 2017.  

 

Minor Concerns: 

- it would be best to write epifluorescence microscopy coupled with deconvolution in the last sentence 

of the Introduction 

We changed the wording as requested by the reviewer.   

 

- it is unclear what are the Za and Zb (Z1-b) constant values in the formula provided in 6.5 - are these the 

type I error (alpha, typically 0.05) and type II error (beta, typically 0.2, granting 80% power for the 

statistical test)? Could the authors provide a numerical example at this step? 

We apologize, also in response to the other reviewer, we removed this part from the protocol 

 

- the detected spots of mRNA and intron containing pre-mRNA are difficult to distinguish visually in 

Figure 1B, I would suggest using different colors (typically green and magenta work well) - or maybe this 

is because of image compression issues in the version I received? 

 

The available high resolution images do not have visualization problems that we can observe, we will 

make sure everything is clearly visible in the final version 


