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ABSTRACT:

The last decades have illustrated the importance of microRNAs in various biological and pathological processes. The combined
visualization of microRNAs using fluorescent in situ hybridization and proteins using immunofluorescence, can reveal their
spatiotemporal distribution in relation to the cell and tissue morphology, and can provide interesting insights into miRNA-
protein interactions. However, standardized protocols for co-localization of microRNAs and proteins are currently lacking, while
substantial technical obstacles still needs to be addressed. Particularly, the incompatibility of protein immunofluorescence
protocols with steps required for microRNA fluorescent in situ hybridization, such as proteolytic pretreatments and
ethylcarbodiimide post-fixation, as well as hurdles related to low signal intensity of low copy microRNAs remains challenging.
Our technique considerably enhances microRNA-based research as current detection techniques lack the ability to elucidate
cellular and subcellular localization. Here, we describe an optimized 2-day protocol for combined detection of low abundant
microRNAs and proteins in cryosections of cardiac tissue, without the need for protease-dependent pretreatment or post
fixation treatment. We successfully demonstrate endothelial-specific localization of low abundant miR-181c-5p in cardiac
tissue.

Basic Protocol 1: Fluorescent in situ hybridization protocol for miRNA combined with staining of proteins
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INTRODUCTION:

MicroRNAs (miRNAs) are key epigenetic regulators, contributing to normal physiology and numerous pathological conditions
(Condrat et al., 2020). They are a group of small endogenous non-coding RNA molecules that influence gene expression at the
transcriptional and post-transcriptional level. MiRNAs regulate more than 60% of human proteins in a complex spatiotemporal-
dependent manner (Catalanotto, Cogoni, & Zardo, 2016; O'Brien, Hayder, Zayed, & Peng, 2018). Because of the extensive
research in miRNAs as therapeutic targets or biomarkers, there is a clear need for adequate detection and visualization
techniques (Condrat et al., 2020; Okuda et al., 2021; S. S. Zhou et al., 2018). Current techniques that allow quantification of
miRNAs, including miRNA real time quantitative polymerase chain reaction (RT-gPCR), microarray analysis and next generation
sequencing, all lack the ability to provide spatial localization (Dave et al., 2019; Tian, Wang, & Zhou, 2015). Understanding the
spatiotemporal behaviour of miRNAs is important to unravel their function at the cellular and subcellular level (Kasai et al.,
2016; Sempere et al., 2010; Song, Ro, & Yan, 2010). Fluorescent in situ hybridization (FISH) for localization and visualization of
miRNAs can address these issues. The simultaneous detection of miRNAs with FISH and specific cellular proteins with
immunofluorescence (IF) allows visualization of a specific miRNA in a cellular- and tissue-specific manner, and allows detection
of spatiotemporal relations with potential target proteins and functional cell state. For example, knowledge on cellular
localization of miRNAs can help in the discrimination of different tumor types and in overcoming potential bias in RT-qPCR
analyses caused by tissue heterogeneity, which improves the accuracy and applicability of miRNAs as tumor biomarkers (Di
Meo et al., 2017; Renwick et al., 2013; Sempere et al., 2010).

The majority of studies using co-detection of miRNAs and proteins finalizes FISH before initiating the IF steps, and struggles with
the detection of low expressed miRNAs (Nielsen & Holmstrgm, 2013; Nuovo et al., 2009; Sempere et al., 2010; Shi, Johnson, &
Stack, 2012; Zaidi, Enomoto, Milbrandt, & Roth, 2000). In the current protocol, we developed a 2-day protocol for simultaneous
detection of miRNAs via FISH and protein markers via IF in frozen cardiac sections (Fig.1). We optimized the protocol for the
visualization of low abundant miR-181c-5p in mouse cardiac tissue, with co-detection of isolectin for endothelial cells and DAPI
nuclear staining by means of IF. In this way, we were able to determine the cellular localization of low abundant miR-181c-5p in
cardiac tissue in greater detail. Scrambled control and nuclear-located U6 snRNA positive control were used for protocol
optimization.

CAUTION: Before starting, clean the bench with 70% ethanol and RNAse ZAP, use autoclaved glassware, and wear
gloves during the entire procedure to prevent RNA degradation/contamination. If no RNAse free reagents for buffers
are available, autoclave before use. The standard total fluid quantity of buffers or reagents for each slide in each step
in this protocol is 200ul/slide, unless specified otherwise. Work at room temperature, unless specified otherwise.

Materials:

C57/BL6J mouse (male, Charles River Laboratories)

70% ethanol (VWR, 93003.1006)

RNAse ZAP (Ambion)

PBS solution 1X (see recipe)

4% paraformaldehyde (PFA) solution (w/v) (see recipe)

30% Sucrose solution (w/v) (see recipe)

Epredia™ Neg-50™ Frozen Section Medium (Thermofisher Scientific,11912365)

Prehybridization buffer (see recipe)

Hybridization buffer (see recipe)

Double digoxigenin (DIG)-labeled MiRCURY LNA detection probes (Qiagen, Table 1).

Saline sodium citrate (SSC) solutions 5X, 4X, 1X, 0.2X (see recipe)

Blocking buffer (10% goat serum, supplied in Alexa Fluor™ 594 Tyramide SuperBoost™ Kit, Invitrogen; B40915)
Mouse-on-mouse Ig blocking reagent (Vectorlabs, MKB-2213-1, 1/50).

Ib4 streptavidin-bound isolectin staining (Vectorlabs, B-1205-.5, 1/500)

DIGX Mouse anti-digoxigenin linker, ready to use (Enzo Life science; ENZ-ABS304-6000)

3% hydrogen peroxidase solution (supplied in Alexa Fluor™ 594 Tyramide SuperBoost™ Kit, Invitrogen; B40915)
Triton™ X-100 0.1% (v/v) (see recipe)

Biotin mouse monoclonal antibody, alexa 488 (BK 1/39) (Santa Cruz; sc-53179; 1/200)



Poly HRP-conjugated goat anti-mouse antibody (supplied in Alexa Fluor™ 594 Tyramide SuperBoost™ Kit, goat anti-
mouse IgG, Invitrogen; B40915)

Alexa Fluor™ 594 Tyramide reagent working solution (See recipe)

Tyramide stop reagent working solution (See recipe)

Trueblack solution 1X (see recipe)

VECTASHIELD® non-Hardset™ Antifade Mounting Medium with DAPI (Vector Laboratories)

Surgical board

Surgical tape

Forceps

Surgical scissor

Sterile gauze

Cryosection mold

Liquid nitrogen

Cryotome

SuperFrost® Plus, Menzel Glaser (VWR, 631-9483)

Hydrophobic barrier PAP pen (Merck, Z377821)

Histology chamber

Hybridization oven (Heraeus)

Ice

Ice bucket

RNAse free safe lock microcentrifuge vials, Biopur® (Eppendorf, 022600044)
Heating block

Microcentrifuge

Leica SP8 confocal laser scanning microscope + Leica Application suite X image acquisition software

Protocol steps with step annotations:

10.

Tissue collection, fixation and preparation

Ensure that all animal procedures conform with the latest Guide for the Care and Use of Laboratory Animals (National
Institute of Health).

Collect the murine heart by placing the euthanized C57/BL6J mouse on a surgical board in the supine position with
upper and lower extremities extended outward, and subsequently attach them with surgical tape.

Spray the fur at the thorax with 70% ethanol to facilitate incision, while avoiding loose hairs of entering the incision
wound.

Lift the skin up with forceps creating a slight tension and use scissors to make an incision covering the thorax and
carefully dissect up into the thoracic cavity without damaging the heart.

Remove lungs and surrounding tissue, and clean the chest cavity with sterile gauze to expose the heart.

Carefully dissect the heart using scissors and remove fatty tissue.

Place the dissected heart immediately in a petri dish filled with RNAse free 1X PBS for washing.

Immerse the dissected heart in freshly prepared 4% PFA for 2 h at 4°C.
Rinse and transfer the tissue to 30% sucrose solution at 4°C and preserve overnight.
Mount the tissue in OCT matrix by covering the bottom of a cryosection mold with OCT matrix (NEG-50).

Position the dissected heart in the OCT-filled cryosection mold and add drops of OCT until the whole tissue is covered.



11. Place the cryosection mold in a stainless steel dish filled with liquid nitrogen to solidify.

12. Remove the tissue block when completely solidified and continue with tissue cutting using the cryotome or store
embedded tissues at -80°C for long term storage (<1 year).

13. Cut 10um cryosections with cryotome and place on Superfrost plus glass slides.
14. Dry slides 30 min at room temperature, and draw a circle with a hydrophobic barrier pen around the tissue sections

to minimize reagent spilling.

Prehybridization

15. Prewarm prehybridization buffer at 54°C in hybridization oven.

16. Wash the slides 3 times by pipetting 200l of 1X PBS on the slides for 3 min each.

17. Perform 2 longer wash steps 5 min each with 1X PBS to remove final leftovers.

18. Add prewarmed prehybridization mix to each slide.

19. Incubate the slides forl h at hybridization temperature (54°C) in a humidified histology chamber.

Place wet paper towels at the bottom of the histology chamber to create a humidified chamber preventing drying of the slides.
Pay attention to always close the lid properly to prevent excess evaporation during the hybridization step. Specialized
hybridization cover slips, such as HybriSlip™ (Merck), are commercially available and provide uniform reagent distribution
without the risk of evaporation during incubation times at higher temperatures.

Hybridization temperature should be optimized for each probe in advance and is often 30°C lower than the actual melting
temperature. Melting temperature of the probe is often provided by the manufacturer.

Prehybridization step is important to reduce background noise.

Hybridization

20. Add the amount of double DIG-labelled LNA detection probes that is required to obtain the optimized probe
concentration (150 nM probe) for a final volume of 50ul/slide to RNAse free vials, and denature the probes 4 min at

90°C on a heating block.

Keep detection probes on ice at all times, unless specified differently. The concentration for each probe should be optimized in
advance.

21. Spin the vials down briefly in a microcentrifuge and put the probes immediately on ice.
22. Add hybridization buffer to the probe to reach a total volume of 50 ul/ slide.
23. Remove prehybridization buffer from the slides and add 50ul hybridization buffer.

Work as fast as possible to avoid cooling of the slides during handling.

24, Hybridize at optimal hybridization temperature (here, 54°C) for 1 h in humidified chamber.

Stringency washes

25. Prepare 5X, 1X and 0.2X SSC buffers and prewarm the 5X and 1X buffer at hybridization temperature (54°C).

Start the preparation and prewarming of the SSC buffers during the 1 h hybridization step to avoid cooling down of the slides.
26. Wash slides 3 times for 5 min each with 5X SSC buffer at hybridization temperature in humidified chamber.

Work fast to prevent the slides and buffer from cooling down.



27. Wash slides 2 times for 5 min each with 1X SSC buffer at hybridization temperature in humidified chamber.

Work fast to prevent the slides and buffer from cooling down.

28. Wash the slides for 5 min with 0.2X SSC buffer at room temperature.

29. Wash the slides for 5 min with 1X PBS at room temperature.

Stringent washes are relevant to remove non-specific binding of the probes.

Blocking

30. Add 200ul of blocking buffer to each of the slides.

Ideally the primary antibody should be raised in species different from the species of your sample tissue to avoid cross-reactivity
of the secondary antibody with endogenous immunoglobulins of the sample. If not possible as in this case (a mouse-derived anti-
DIG linker used on mouse tissue), high background signal forms a serious stumbling block. A potential solution is the use of a
specific anti-mouse blocking buffer in combination with the standard non-specific blocking buffer (10% goat serum) for
enhanced blocking to avoid non-specific endogenous binding of the secondary antibody. We added mouse-on-mouse blocking
buffer at 1/50 dilution to the standard 10% goat serum blocking buffer.

31. Incubate slides for 40 min at room temperature.

Primary protein markers + anti-DIG linker incubation

32. Remove blocking buffer after incubation.

33. Dilute protein markers, in this case streptavidin-bound isolectin, at optimal concentration (1/500) in ready to use anti-
DIG linker solution.

Dilution of each marker should be optimized in advance by testing various dilutions at fixed incubation time and fixed
temperature. A guide for dilutions is often provided by the manufacturer. Select the highest dilution that provides an adequate
signal strength.

34, Incubate slides overnight at 4°C in a humidified chamber
Washing
35. Wash the slides 3 times for 5 min each with 1X PBS.

Endogenous peroxidase removal

This step can be skipped if your tissue has no or low endogenous peroxidase activity.

36. Add 3% hydrogen peroxide solution to cover the section.
37. Incubate slides for 1 h.
38. Wash slides 3 times for 1 min each with 1X PBS and remove the PBS afterwards.

Secondary antibody incubation

From this step onwards, limit the exposure of the slides to light to avoid photobleaching as recommended by the manufacturer.

39. Dilute secondary antibodies for proteins at optimal concentration in PBS-0.1% triton. In this case, dilute biotin
monoclonal antibody in PBS-0.1% triton at 1/200. Mix 50pl of the diluted antibody with 50ul of poly HRP-conjugated
goat anti-mouse antibody.

40. Add secondary antibodies for protein markers + HRP-conjugated antibody to the slides (100pl/slide).

41. Incubate the slides 1 h in the dark.



Washing
42. Wash slides 3 times for 2 min each in 1X PBS.

Tyramide signal amplification

43, Prepare tyramide reagents as recommended by the manufacturer.
44, Add 100uL tyramide working solution to the slides.
45. Incubate slides 10 min in the dark.

This incubation period needs to be optimized in a range from 2-15 min to get the optimal signal.

46. Add immediately 100 pl stop reagent working solution to the slides without removing the tyramide working solution.
47. Wash slides 3 times for 1 min each with 1X PBS.

TrueBlack posttreatment

This step can be performed before the prehybridization step (pretreatment) to increase signal strength, on condition that no
detergents are required during the further course of the protocol. Otherwise, use posttreatment as recommended in this
protocol.

48. Prepare 1X TrueBlack solution.

49, Add 150ul TrueBlack solution to the slides.

Work in small batches of slides to avoid drying out and to stick to the short incubation times.

50. Incubate slides 30 sec.

51. Wash the slides 3 times for 1 min each in 1X PBS.

DAPI staining

52. Mount slides with DAPI vectashield non-hardset (25ul/slide).
53. Incubate slides for 15 min.

54, Store slides or continue immediately with image analysis.

Slides can be stored at -20°C for <1 month, however, to minimize signal loss the period before microscopy should be limited. In
our lab imaging is performed within 2 days.

Imaging

45. Image slides with confocal laser scanning fluorescence microscope.

REAGENTS AND SOLUTIONS:

Dextran sulfate solution 25% (w/v) (40ml)

e  10g Dextran sulphate sodium salt (Merck; D8906-10G)
e  40ml DEPC treated water (Invitrogen; 4387937)



e  Store at 4°C for <1 month

Hybridization buffer (100ml)

e 0.2ml of Invitrogen™ UltraPure™ Denhardt's Solution (50X) (Invitrogen; 11518616) (1X final)
e 20 ml of 20X SSC Ultrapure RNAse free (Invitrogen; AM9770) (5X SSC final)

e 40 ml of 25% dextran sulphate solution (see recipe) (10% (w/v) final)

e  Adjust to 100ml with DEPC treated water (Invitrogen; 4387937)

e  Prepare fresh without storage

Paraformaldehyde (PFA) 4% solution (w/v) (100ml)

e  4gparaformaldehyde (Merck, 818715)

100ml 1X PBS solution (see recipe)

Heat the solution during 10 min while stirring and let the solution cool down at room temperature

Filter the solution

Prepare fresh without storage
PFA is toxic and carcinogenic upon inhalation or skin contact, be careful during handling. The use of a fume
hood and sealing of the solution during heating is necessary.

PBS 1X dilution (1L)

e  900ml DEPC treated water (Invitrogen; 4387937)
e  100ml 10X RNAse free phosphate buffered saline (PBS; Invitrogen; AM9625)

° Store up to <1 year at room temperature

Prehybridization buffer (100ml)

e 0.2ml of Invitrogen™ UltraPure™ Denhardt's Solution (50X) (Invitrogen; 11518616) (1X final)

e 20 ml of 20X SSC Ultrapure RNAse free (Invitrogen; AM9770) (5X SSC final)
e  Adjust to 100ml with DEPC treated water (Invitrogen; 4387937)
e  Prepare fresh without storage

Denhardt’s solution is used as a blocking reagent to avoid non-specific binding.

Saline sodium citrate (SSC) dilutions

For 5X (100ml):

e  25ml 20X SSC Ultrapure RNAse free (Invitrogen; AM9770)
e  75ml DEPC treated water (Invitrogen; 4387937)

For 1X (100ml):

e  5m| 20X SSC Ultrapure RNAse free (Invitrogen; AM9770)
e  95ml DEPC treated water (Invitrogen; 4387937)

For 0.2X (100ml):



e 1ml 20X SSC Ultrapure RNAse free (Invitrogen; AM9770)
e  99ml DEPC treated water (Invitrogen; 4387937)

e  Store solutions up to <1 year at room temperature

Sucrose solution 30% (w/v)(100ml)

e  30g sucrose ( Sigma, S1888)

e 100ml 1X PBS solution (see recipe)
e Mix by stirring

e  Filter the solution

e  Prepare fresh without storage

Triton-X 100 0.1% (v/v) (100ml)

e 100ul Triton-X100 (Sigma, ref.T8787)
e 99.9ml 1X PBS solution (see recipe)
° Store up to <1 year at room temperature

TrueBlack solution 1X (100ml)

e  5ml TrueBlack® Lipofuscin Autofluorescence Quencher 20X (Biotium, 23007)

e 95ml 70% ethanol (VWR chemicals)

e  Preparation should be performed under the fume hood when working with ethanol
e  Prepare fresh

Tyramide reagent working solution (1X) (10ml)

e  100pl 100X tyramide reagent stock solution (supplied in SuperBoost™ Kit, Invitrogen; B40915)
e 100pl H,0, solution (supplied in SuperBoost™ Kit, Invitrogen; B40915)

° 10ml of 1X reaction buffer (supplied in SuperBoost™ Kit, Invitrogen; B40915)

e  Prepare fresh

Tyramide stop reagent working solution (1X) (10ml)

e  0.9ml tyramide stop reagent stock solution (supplied in SuperBoost™ Kit, Invitrogen; B40915)
e  9.1ml 1X PBS solution (see recipe)
e  Prepare fresh

COMMENTARY:

Background Information:

In 1969, Gall and Pardue (Pardue & Gall, 1969) visualized DNA fractions on cytological preparations of Xenopus odcytes based
on the principle of nucleic acid hybridization and reannealing kinetics. They denatured DNA in situ, and then formed DNA-DNA
hybrids with radioisotope-labelled DNA probes, that can be detected with autoradiography. Since then, in situ hybridization has
been applied in numerous fields, including developmental biology, phylogenetics, molecular biology, pathology, microbiology,
oncology, cardiology and neurology (Cao et al., 2023; Carr, 1995; Cui, Shu, & Li, 2016; Fitzpatrick, Murali, & Nardi, 2023;
Laurent-Huck & Felix, 1991; Luo & Liu, 2019; Pecciarini et al., 2023; T. Zhou et al., 2023). Although FISH has been used to



localize miRNAs in cells (Dixon-Mclver et al., 2008; Herzer, Silahtaroglu, & Meister, 2012; Silahtaroglu, 2010), it remains
challenging to detect low abundant miRNAs in histological sections (Kasai et al., 2016; Nuovo et al., 2009; Sempere et al., 2010;
Zaidi et al., 2000). Also, there is a need for reliable protocols for co-detection of miRNAs by FISH and proteins by IF as this
provides detailed information about the cellular and tissue-specific localization of miRNAs and generates interesting insights in
spatiotemporal relations with cell state, which is lacking by current miRNA detection techniques (Dave et al., 2019; Tian et al.,
2015). However, traditional IF procedures are often incompatible with several steps necessary for miRNA FISH. For instance, the
use of proteolytic pretreatments, such as proteinase K, recommended for improved retrieval of miRNAs can hinder detection of
certain proteins, while ethylcarbodiimide (EDC) post-fixation alters antigen structure (Lei et al., 2018; Renwick et al., 2013).
Thus, it is important to optimize the combination of different FISH and IF steps.

In this protocol, we did not add proteinase K treatment or any other proteolytic treatment, neither did we perform a post-
fixation step with EDC, in contrast to most studies (Chaudhuri, Yelamanchili, & Fox, 2013). As the majority of protein antibodies
or markers are not tested in combination with proteinase K treatment, which also has a higher tendency for tissue
overdigestion, skipping this step allows the use of a broader range of protein markers, while protein marker antigenicity is
better preserved (Urbanek, Nawrocka, & Krzyzosiak, 2015; H. Yang, Wanner, Roper, & Chaudhari, 1999). Some studies have
indicated that the use of EDC fixation to prevent miRNA release from tissue (Pena et al., 2009) was not needed in cryosections,
due to sufficient miRNA preservation (Lu & Tsourkas, 2009).This greatly facilitates co-detection of miRNAs and proteins
(Chaudhuri et al., 2013; Nuovo et al., 2009; Zaidi et al., 2000).

FISH of miRNAs is difficult because of the short length of miRNAs (18-24 nucleotides), their low abundancy, and the high
sequence similarity between miRNAs (Urbanek et al., 2015). For this reason, miRNAs are hard to detect with traditional longer
RNA detection probes, which have lower specificity, sensitivity, and binding affinity for short transcripts, resulting in melting
temperatures that are too low to succeed for in situ hybridization (Obernosterer, Martinez, & Alenius, 2007; Urbanek et al.,
2015). To address these issues, multiple chemical probe modifications have been developed (Urbanek et al., 2015). In
particular, locked nucleic acid (LNA) labelled probes significantly increased the sensitivity and specificity compared to
conventional RNA/DNA probes (Song et al., 2010). The low melting temperature and poor mismatch discrimination of standard
miRNA-DNA duplexes associated with short miRNA length can be overcome by flexible addition of LNA moieties to nucleotide
bases. These LNA structures ‘lock’ the duplex interaction, while obeying Watson-Crick rules, thereby facilitating base pairing
(Silahtaroglu et al., 2007) and preventing degeneration as they are more resistant for enzymatic degradation (Koshkin et al.,
1998). Melting temperature increases 2-10°C for each monomer added, while minimizing total probe length, which provides
enhanced stringency for low abundant miRNA detection (Nuovo et al., 2009; Obernosterer et al., 2007; Song et al., 2010). The
double DIG-labelled LNA probes used in this protocol are purchased from Qiagen, who offer probes for most miRNAs annotated
in miRBase, with already pre-defined ‘optimal’ LNA positioning to ensure sequence specificity while limiting self-annealing or
secondary structures. The double DIG-label at 3’ and 5’ position amplifies signal intensity.

Limitations of colorimetric-based in situ hybridization can be overcome by the use of fluorescent probes. Because most miRNAs
have low expression levels in tissue, signal amplification is necessary to pick up the signal. Tyramide signal amplification (TSA)
(Fig. 2) substantially facilitates miRNA in situ detection by increasing signal intensity a 100-fold compared to conventional
fluorescent probes. TSA is based on the principle of catalyzed reporter deposition, in which DIG-labelled detection probes are
targeted by horseradish peroxidase (HRP)-linked anti-DIG antibodies. Subsequent conversion of inactive fluorescein-conjugated
tyramides into tyramide radicals by HRP and hydrogen peroxidase leads to deposition of these radicals and covalent binding
with local tyrosine residues (Kerstens, Poddighe, & Hanselaar, 1995; Shi et al., 2012). The use of DIG-labelled probes are
preferred over alternative biotin-labelled probes due to their non-mammalian origin, avoiding non-specific signal detection
(Nuovo, 2010). Fluorescently labelled probes also enable the simultaneous detection of multiple markers, including proteins.

Critical Parameters:
During protocol optimization, non-specific staining and low signal intensity proved to be the biggest hurdles.
Tissue morphology and permeabilization

We achieved better results and sensitivity with cryosections compared to paraffin embedded sections (Lei et al.,
2018). The drawbacks of cryosections are storage at lower temperature (-20°C) and incompatibility with harsh antigen
retrieval steps. Regarding cryo-embedding, morphology was better preserved with PFA/30% sucrose/OCT embedding
compared to only OCT matrix embedding. In addition, we used formamide-free hybridization buffer to minimize
tissue toxicity and maintain tissue morphology (Sinigaglia, Thiel, Hejnol, Houliston, & Leclére, 2018). In our protocol,
we did not add proteinase K treatment or any other proteolytic pretreatments as a permeabilization method for
detection of intracellular miRNAs as sufficient signal intensity was obtained. The short length of miRNA LNA detection
probes also simplifies cellular entrance, thereby circumventing the need for harsh permeabilization methods.



However, in case of issues with low signal intensity, inclusion of this step might be considered as permeabilization is
tissue-dependent (H. Yang et al., 1999).

Hybridization and stringency

In this study higher probe concentrations (150nM) improved signal intensity compared to lower concentrations
(10nM, 100nM) (Fig.3), and better than increasing stringency washes. Nevertheless, the right temperature and
stringency of post-hybridization washes are important, because they determine the balance between miRNA-probe
binding and off-target effects (Huber, Voith von Voithenberg, & Kaigala, 2018; Nuovo et al., 2009). Optimization of
(pre)hybridization time and temperature also helps to improve signal intensity. The theoretical hybridization
temperature is 30°C below melting temperature, but needs to be assessed empirically, because a single degree can
significantly affect signal detection. Drying of the slides, as a result of evaporation during (pre)hybridization,
significantly increases background signal and should be avoided.

Tyramide signal amplification (TSA)

Besides probe concentration and stringency washes, the TSA incubation time was found to be a critical factor to
reduce background fluorescence and increase signal strength of low abundant miRNAs. We noticed that prolonged
TSA incubation time (>10 min) induced a blurry background that masked the co-stained protein marker (isolectin)
(Fig. 3). The optimal incubation time for TSA in this protocol was 10 min.

Autofluorescence and non-specific endogenous isotope binding

Reducing high background signal often observed in cardiac tissue is challenging. Background fluorescence of cardiac
tissue and red blood cells was considerably reduced by including TrueBlack treatment. TrueBlack is a lipofuscin
autofluorescence quencher that prevents both lipofuscin and non-lipofuscin associated autofluorescence. Compared
to alternative reagents, such as Sudan Black, it induces less background fluorescence, certainly in the far-red
wavelengths (Whittington & Wray, 2017). Non-specific binding of anti-mouse secondary antibodies on non-targeted
endogenous mouse epitopes, mainly in blood vessels, was extensively blocked by mouse-on-mouse blocking buffer.

Imaging

In the post-analytical phase, an image modality with an appropriate resolution should be applied when it comes to
the detection of low abundant miRNAs. Therefore, confocal fluorescence microscopy is preferred over widefield
fluorescence microscopy.

Troubleshooting:

Table 2 shows a troubleshooting guide for miRNA FISH with co-staining of proteins via IF, with frequently encountered
problems, corresponding causes and possible solutions.

Understanding Results:

The detection of low abundant miRNAs with in situ hybridization is challenging, especially when co-detection of
protein markers is required. Therefore, we selected miR-181c-5p, expressed at low levels in cardiovascular tissue, to
optimize this protocol for intracellular miRNA visualization by FISH-IF, using co-staining of isolectin as a protein
marker for endothelial cells, in combination with DAPI nuclear staining. With the current protocol, we were able to
detect low expression levels of miR-181c-5p in cardiac tissue with specific localization in endothelial cells as illustrated
by the overlap with isolectin staining (Fig.4). These observations correspond with previous studies (Solly, Psaltis,
Bursill, & Tan, 2021; Sun, Sit, & Feinberg, 2014; G. Yang, Wu, & Ye, 2017). Interestingly, miR-181c-5p was not
expressed in every blood vessel. The underlying mechanism is still unknown, but it strengthens the concept of
spatiotemporal regulation of miRNAs (Dean, Riahi, & Wong, 2015; Fernandez-Hernando & Suarez, 2018; Pothof & van
Gent, 2011; Shu et al., 2012). This protocol can be used to detect other low abundant miRNAs and provides a
template for experimental FISH-IF setup, with miRNA-specific optimization.



We expect that the protocol can be used to detect other low abundant miRNAs, though optimization might be
required, dependent on the miRNA and protein targets, with further validation regarding pretreatment and
permeabilization steps when non-cardiac tissue or different species are used. As the expression of miRNAs strongly
differs between cell types, tissues and species, adequate optimization of probe concentration, stringency washes and
hybridization temperature/ incubation period for each miRNA probe is necessary.

For optimization of the protocol we recommend to start with the FISH-part restricted to a positive and negative
control only, such as U6 snRNA and scrambled detection probe, to avoid excess spilling of the LNA probe detecting
the miRNA of interest. When an appropriate signal-to-noise ratio and signal strength is obtained for the positive
control, the protocol can be applied to the miRNA of interest for further optimization with regard to miRNA-specific
hybridization conditions, permeabilization, TSA parameters and probe concentrations, until a specific staining with
strong signal strength and low background is reached. See Table 2 for more troubleshooting guidelines. Protein IF can
be optimized separately and finally combined with the optimized FISH protocol to validate protocol compatibility.
Optimization is finished when both miRNA FISH and protein markers show specific, adequate signal strength with
minimal background noise.

Time Considerations:

The miRNA FISH protocol with combined staining of protein markers described in this study can be completed within
two days.
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FIGURE LEGENDS:

Figure 1. Flowchart with timing of the 2-day protocol for combined miRNA fluorescent in situ hybridisation (FISH) and protein
marker staining via immunofluorescence (IF). (HRP= horseradish peroxidase; TSA= tyramide signal amplification,
DIG=digoxigenin).



Figure 2. Overview of the principle of tyramide signal amplification (TSA), which enables detection of low-copy miRNAs by
increasing signal intensity compared to traditional fluorescent probes. (HRP= horseradish peroxidase, DIG= digoxigenin, F=
fluorophore, FISH= fluorescent in situ hybridization).

Figure 3. Upper pictures represent different incubation periods (10, 15, 20 min) for tyramide signal amplification (TSA) with co-
staining of miR-181c-5p (red) and DAPI (blue). Longer incubation periods result in higher background and
lower intensities of isolectin staining. 10 min incubation provides the optimal signal, and demonstrates the endothelial
localization of miR-181c-5p. Bottom images show different miRNA probe concentrations (10, 100, 150nM) with co-staining of
miR-181c-5p (red) and DAPI (blue). Higher probe concentrations result in improved miRNA staining intensity, with best result
obtained with probe concentration of 150nM. Figures were taken at 63X magnification.

Figure 4. A-C) FISH-IF of miR-181c-5p, scramble negative control and nuclear expressed U6 snRNA positive control in red with
co-staining of nuclear DAPI (blue) in murine cardiac tissue. D-E) Co-staining of miR-181c-5p (red) with endothelial

and DAPI (blue). The arrows indicate the subtle overlay of green and red color representing endothelial
localization of miR-181c-5p in cardiac tissue. Figures were taken at 63X magnification.

TABLES:

Table 1: Probe sequences of DIG-labeled LNA-detection probes

Detection probe Sequence

Scramble (negative control) 5DIG/GTGTAACACGTCTATACGCCCA/3DIG
U6 snRNA (positive control) 5DIG/CACGAATTTGCGTGTCATCCTT/3DIG
Mmu-miR-181c-5p 5DIG/ACTCACCGACAGGTTGAATGTT/3DIG

Table 2: Troubleshooting parameters with potential solutions for FISH-IF

Observation Cause Possible solution

Increased background signal Drying of the slides during Cover slides with coverslips
incubation
Endogenous isotope binding Mouse-on-mouse blocker
Autofluorescence TrueBlack treatment
Probe concentration/protein Lower concentration

marker concentration too high

Stringency washes not optimized Increase salt concentration,
temperature or number of post-
hybridization stringency washes

Antibody /probe incubation Reduce incubation time

TSA incubation Reduce incubation time




Weak signal

Blocking buffer incubation

Endogenous peroxidase

Pre-analytical

Embedding method

Analytical
Stringency washes not optimized
(Pre)Hybridisation time

(Pre)Hybridisation temperature

Probe concentration/Antibody

concentration

Antibody incubation period

TSA incubation

Post-analytical

Imaging modality

Increase incubation time or try
different blocking buffers

Be sure to block all endogenous
peroxidase if working with HRP-
conjugated antibodies, try
different incubation times and
peroxide concentration

PFA/30% sucrose/OCT embedding
provides more preserved
morphology than OCT embedded
cryosections, and better sensitivity
compared to paraffin embedded
sections

Lower stringency
Try overnight hybridisation

Empirically optimize hybridisation
temperature

Increase concentration

Try longer incubation time of
antibodies

Try longer incubation time of TSA
amplification

Confocal laser scanning
microscope improves signal
sensitivity






