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Improved enzymatic labeling of fluorescent in situ
hybridization probes applied to the visualization
of retained introns in cells
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1Department of Microbiology, Immunology, and Molecular Genetics, David Geffen School of Medicine, University of California,
Los Angeles, Los Angeles, California 90095, USA
2Molecular Biology Institute, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, California 90095, USA
3Eli and Edythe Broad Center of Regenerative Medicine and Stem Cell Research, David Geffen School of Medicine,
University of California, Los Angeles, Los Angeles, California 90095, USA
4Jonsson Comprehensive Cancer Center, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles,
California 90095, USA

ABSTRACT

Fluorescence in situ hybridization (FISH) is awidely used tool for quantifying gene expression and determining the location
of RNAmolecules in cells.Wepresent an improvedmethod for FISH probe production that yields high-purity probeswith a
wide range of fluorophores using standard laboratory equipment at low cost. Themethodmodifies an earlier protocol that
uses terminal deoxynucleotidyl transferase to add fluorescently labeled nucleotides to synthetic deoxyoligonucleotides. In
our protocol, amino-11-ddUTP is joined to an oligonucleotide pool prior to its conjugation to a fluorescent dye, thereby
generating pools of probes ready for a variety of modifications. This order of reaction steps allows for high labeling effi-
ciencies regardless of the GC content or terminal base of the oligonucleotides. The degree of labeling (DOL) for spectrally
distinct fluorophores (Quasar, ATTO, and Alexa dyes) was mostly >90%, comparable with commercial probes. The ease
and low cost of production allowed the generation of probe sets targeting a wide variety of RNA molecules. Using these
probes, FISH assays in C2C12 cells showed the expected subcellular localization ofmRNAs and pre-mRNAs for Polr2a (RNA
polymerase II subunit 2a) andGapdh, and of the long noncoding RNAsMalat1 andNeat1. Developing FISH probe sets for
several transcripts containing retained introns, we found that retained introns in the Gabbr1 and Noc2l transcripts are
present in subnuclear foci separate from their sites of synthesis and partially coincident with nuclear speckles. This labeling
protocol should have many applications in RNA biology.

Keywords: FISH; retained intron; RNA localization; alternative splicing

INTRODUCTION

RNAmolecules can be localized and quantified within cells
using fluorescence in situ hybridization (FISH) with comple-
mentary nucleic acid molecules (Femino et al. 1998; Raj
et al. 2008; Chen et al. 2015). To reach single-molecule
sensitivity these methods use strategies that target multi-
ple dye molecules to the detected RNA molecule. One
of the most straightforward methods is to tile several doz-
en complementary oligonucleotides along the target
RNA, each carrying the fluorophore. These probes can
be purchased from commercial vendors, but their cost lim-
its the number of probe sets one can test. The limited num-

ber of available fluorophores also constrains some
applications.

A protocol for the enzymatic production of fluorescently
tagged DNA probes was recently described by Gaspar
et al. (2017) that is inexpensive and allows efficient labeling
of oligonucleotides with certain fluorophores. Some posi-
tively charged fluorophores, including ATTO488 and
ATTO565, did not yield high degrees of labeling. Another
limitation was that oligos with relatively high GC content
yielded low labeling efficiencies presumably due to intra-
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and intermolecular base-pairing interactions (Gaspar et al.
2017).
We sought to apply FISH to determine the nuclear

location in mammalian cells of recently characterized clas-
ses of retained introns exhibiting different fractionation be-
haviors (Yeom et al. 2021). Some unspliced introns are only
found associated with isolated chromatin in lysed nuclei;
other introns are present in transcripts of the soluble
nucleoplasm; still other retained introns are present
in cytoplasmic mRNAs. To characterize the subcellular
and subnuclear localization of these introns, we applied
smFISH using enzymatically labeled
oligonucleotide probe sets. Here, we
present modifications of the original
protocol (Gaspar et al. 2017). With
these modifications, we routinely
generated probes with >90% dye
labeling. Diverse commonly used flu-
orophores with distinct spectra includ-
ing ATTO488, ATTO565, ATTO647N,
Quasar570,Quasar670, andAlexa568
could all be efficiently coupled. The
coupling was insensitive to the GC
content and the 3′ terminal coupled
nucleotide. Using this approach, we
generated dozens of probe sets for
roughly the cost of a single commer-
cial probe set. We then applied these
probes to locate transcripts containing
different classes of retained introns
relative to their sites of transcription
in nuclei.

RESULTS

Oligonucleotides precoupled to
amino-11-ddUTP are efficiently
labeled with fluorophore
regardless of GC content
and terminal base

To address the variability in TdT (ter-
minal deoxynucleotidyl transferase)
labeling efficiency observed with
dye-coupled ddUTP nucleotides, we
changed the order of labeling steps.
It was previously described that oligos
carrying primary amine modifications
can be labeled with succinimide-dye
conjugates (Motea and Berdis 2010;
Jahn et al. 2011; Winz et al. 2015),
so we first added amino-11-ddUTP
to the oligo 3′ ends with TdT (Fig.
1A). An oligo pool targeting the exons
of Clcn6 was designed using the

Stellaris probe design tool (see Materials and Methods).
To test the impact of GC content on ligation and labeling
efficiency, we selected individual oligos from this pool
ranging from 40% to 60% GC (the limits of the design
tool) (Supplemental Fig. S1A). We also synthesized AT
and GC repeat oligos (20 mer) that were 100% AT or
100%GC. After amino-11-ddUTP addition by TdT and eth-
anol precipitation, the oligos were incubated with NHS-es-
ter-Quasar570 to conjugate the dye to the terminal
primary amine. These labeled oligos were again precipitat-
ed and analyzed on polyacrylamide gels (Fig. 1). As shown

A B

C

ED

FIGURE1. Efficient oligo coupling of amino-11-ddUTP and postlabelingwithNHS-ester dyes.
(A) Diagramof the probe labelingworkflow. A set of single-stranded oligonucleotides (primers)
are first coupled to amino-11-ddUTP at their 3′ end using the TdT enzyme. After ethanol pre-
cipitation, amino-11-ddUTP coupled oligos are labeled with an NHS-ester conjugated fluores-
cent dye. After ethanol precipitation and column purification, the oligos are used for
hybridization to cells and microscopic imaging. (B) PAGE analysis of the degree of labeling
(DOL) of ddUTP and dye for oligos of different GC content. (Top panel) SYBR Gold channel
in gray. (Bottom panel) The composite of the SYBR-channel (green) and the Quasar570 chan-
nel (red). (C ) Quantification of B. (D) PAGE analysis of first and second step labeling efficiency
for oligos with four different 3′ ends. (Top panel) SYBR Gold channel is in gray. The bottom
panel shows a composite of the SYBR channel (green) and the Quasar570 channel (red). (E)
Quantification of D.
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in Figure 1B, the TdT-modified oligos shift up in the gel,
indicating the addition of one nucleotide. Across all the
oligos, regardless of GC content, we observed near
100% coupling efficiency of ddUTP to the 3′ termini by
the TdT enzyme (Fig. 1B,C; Supplemental Fig. S1A–C).
The conjugated dye quenched staining by SYBR Gold,
causing the dye-labeled band to disappear in the gel
when excited at 496 nm. These species can be observed
by the dye fluorescence excited at 565 and 647 nm as a
band migrating slightly above the oligo coupled to
ddUTP alone. The dye labeling efficiency in the second
step was consistently >98% (Fig. 1C), indicating the label-
ing is insensitive to GC content.

TdT is known to be relatively insensitive to the 3′ terminal
nucleotide it is modifying (Motea and Berdis 2010; Winz
et al. 2015). To assess whether the variation of the last
base influenced the dye labeling, we generated the 50%
GCcontent oligodescribed abovewith eachof the four nu-
cleotides (A,G,C, andT) appended to the3′ end.We found
that the last base had little effect on either the ddUTP
additionbyTdTor thedyeconjugation,withall four variants
yielding a DOL above 90% (Fig. 1D,E; Supplemental Fig.
S1D–F). These experiments were repeated using
Quasar670 in place of Quasar570 with equivalent results,
showing that two standard dyes can be used in this proce-
dure (Fig. 1; Supplemental Fig. S1). We compared our
method with that of Gaspar et al. (2017) by labelingNeat1
probes with ATTO488. As shown in Supplemental Figure
S1G,H, applying the earlier method with ddUTP pre-
coupled to ATTO488, we obtained∼50% and∼70% label-
ing efficiency using 1× and 2× amounts of TdT enzyme,
respectively. In contrast, by first coupling the amino-11-
ddUTP to the oligos and then adding the succinimide-dye
conjugate, we obtained >95% labeling for both ATTO488
and Quasar570 dyes (Supplemental Fig. S1I,J). These re-
sults indicate that by switching the order of addition for
the ddUTP and the dye, one can obtain a high degree of
probe labeling regardlessofGCcontent and terminal base.

Pools of oligonucleotides can be labeled with
equivalent efficiency to commercial FISH probe sets

A typical FISH probe set contains several dozen oligonu-
cleotides and it is impractical to label these individually
(Raj et al. 2006; Young et al. 2020). We next examined
the labeling efficiency for oligo pools designed as FISH
probe sets to a variety of targets. These probe sets con-
tained 24–48 different oligos mixed in equimolar concen-
trations. As mixtures of sequences, these probe sets
migrate as more diffuse bands than single oligos (Fig. 2).
The oligo mixtures were then modified with amino-11-
ddUTP using TdT and conjugated to NHS-Quasar570 or
NHS-Quasar670 as above. We labeled 14 different oligo
sets with Quasar570 (sets A to N) (Fig. 2A; Supplemental
Table S3). We labeled 10 oligo sets with Quasar670 (sets

I to VI, VI to XI) (Fig. 2D–F; Supplemental Table S4). For
comparison, we purchased two Stellaris probe sets target-
ing the exons ofGapdh and the noncoding RNA-Lexis (Fig.
2A,D). We used two methods to quantify the DOL. We
measured the absorbance of the dye and oligo by spectro-
photometry and calculated their relative concentrations
using the extinction coefficient for dye and the estimated
extinction coefficient for the oligo, as done previously
(Gaspar et al. 2017). As an alternative approach, we also
quantified the intensities of the bands on PAGE gels and
determined the DOL by comparing the SYBR Gold inten-
sity of remaining unlabeled probes after labeling to the
intensity of original oligos before labeling (Supplemental
Fig. S2). Across the 25 probe sets and for both dyes, these
two methods yielded very similar results, with probe sets
exhibiting average DOL values of 95% and 98% in PAGE
and spectrophotometric analysis, respectively (Fig. 2A,B,
D,E). Using PAGE, we measured DOL values of 88% and
94.5% for the Stellaris Lexis and Gapdh probes, respec-
tively, indicating that our labeling protocol is at least com-
parable (Fig. 2A,C,D,F).

Labeling is compatible with a range of dyes

Visualization of multiple RNA species within a single cell
requires the probe set for each target to carry a dye with
a different emission wavelength (Young et al. 2020).
Ideally one would have a stock of amino-11-modified oli-
gos that could be coupled to different dyes as needed.
We next tested a variety of spectrally distinct NHS-modi-
fied fluorophores for their efficiency of coupling to the
probe sets described above for theQuasar dyes. These flu-
orophores included ATTO488, ATTO565, ATTO647N,
Alexa568, and Alexa647 (Supplemental Table S2). The av-
erage DOL for all the ATTO dyes was >95% according to
both PAGE and spectrophotometer analysis (Fig. 3A,B;
Supplemental Fig. S3A–C). Alexa568 had an average
DOL >90% similar to the ATTO dyes (Fig. 3A,B,
Supplemental Fig. S3D). In contrast, Alexa647 dye per-
formed poorly with an average DOL of ∼20% in these la-
beling conditions (Fig. 3A,B; Supplemental Fig.
S3E). Doubling the concentration of NHS-ester-Alexa647
in the labeling reaction increased the DOL to 35%.
This NHS-ester-dye conjugate appears to be inherently
less reactive than the others (Fig. 3A,B; Supplemental
Fig. S3E).

To test the correlation of the two analytical methods, we
plotted and fitted the spectroscopic and densitometric
DOL values to a linear regression model (Supplemental
Fig. S4A–F). As seen for the Quasar dyes, quantifying the
DOL of the ATTO and Alexa dyes by either PAGE or spec-
trophotometry gave similar results. The spectrophotomet-
ric approach sometimes yielded DOL values >100% and
were most often slightly higher than the corresponding
PAGE measurements (Supplemental Fig. S4A–F). This
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could result from small errors in the predicted extinction
coefficients for the oligo mixtures, or from changes in the
dye absorption spectrum after oligo coupling. The infla-
tion of DOL values UV–Vis measurements was also report-
ed by other laboratories (Wang 2019).We thus believe that
the DOL measurements by PAGE are more accurate.
Overall, the labeling protocol functioned well with two
Quasar dyes, three ATTO dyes and one Alexa dye, allow-
ing use in multichannel FISH assays.

Performance of the probes in FISH assays

To test our probes in smFISH, we designed probe sets
against a variety of cellular RNAs with previously published
patterns of localization, including Polr2a, Malat1, Neat1,

and Gapdh. These were designed using the Stellaris
tool, synthesized, and labeled as above. The Polr2a tran-
script (RNA polymerase II subunit A) was chosen for its
moderate expression and exon length (6.7 kb) that can ac-
commodate a large number of probes (Xie et al. 2018). The
48 oligonucleotides of the Polr2a exon probe set were split
into odd and even subsets (24 oligos each) that were cou-
pled to different Quasar dyes (Quasar570 and Quasar670,
respectively) (Fig. 4A). The odd and even probes with dif-
ferent fluorophores were combined prior to FISH hybridi-
zation. FISH images acquired by confocal microscopy
showed odd and even spots predominantly dispersed in
the cytoplasm of the C2C12 cells (Fig. 4A). Combining
the odd and even channels showed visually that these
spots almost entirely colocalized (Fig. 4A). Quantifying

A

D

B C

E F

FIGURE 2. Complete FISH probe sets can be efficiently labeled in bulk with comparable efficiency to commercial probes. (A) PAGE analysis of
Quasar570 labeling of multiple probe sets. Probe sets A to O (lanes 3–17) contained from 15 to 48 oligonucleotides each, targeting a particular
cellular transcript. Lane 2 contains the unlabeled oligos of set A. Lane 17 (set O) contains a commercial probe set from Stellaris. Band Doublets in
some lanes indicate mobility differences among the mixed probes. (B) Box plots show the DOL of multiple probe sets determined by spectro-
photometer and by PAGE analysis. Each dot represents one probe set. (C ) The correlation of DOLmeasurements for Quasar570 labeling by spec-
trophotometer and PAGE analysis. The fitted linear equations and R2 values are indicated. The probe set from Stellaris is highlighted in red. (D)
PAGE analysis of Quasar670 labeling efficiency for multiple oligo sets. (Lanes 3–13) Sets I to XI are dye-labeled oligo sets containing 15–48 oligos
each. Lane 2 contains the original unlabeled oligos of set I. Lane 7 (set V) contains a commercial probe set from Stellaris. (E) Box plots of the
Quasar670 DOL for the multiple probe sets determined by spectrophotometer (see Supplemental Fig. S2) and PAGE. (F ) The correlation of
Quasar670 DOL measurements by spectroscopy and PAGE is displayed by scatter plot. The fitted linear equations and R2 values are indicated.
The probe set from Stellaris is highlighted in red. Note that these gels were run for less time than that in Figure 1, such that the labeled and un-
labeled oligos are not separated as completely.
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the intensities for each pixel in ImageJ and comparing
them using the JACoP plugin generated a Pearson corre-
lation coefficient of 0.774 (Supplemental Fig. S5A). The
numbers of foci observed with the odd and even probes
were also quantified using the program FISH-quant
(Mueller et al. 2013). The per cell spot numbers for the
odd and even probes of Polr2a were very similar (odd:
mean=103 and even: mean=97) (Fig. 4B), and highly cor-
related acrossmany cells (R2 = 0.955) (Fig. 4C). This pattern
of FISH staining is nearly identical to that published previ-
ously and indicates that the probes function well to quan-
tify mRNA within cells (Xie et al. 2018).

The Quasar dyes also performed well for localizing the
long noncoding RNA Malat1. We created Malat1 odd
(Quasar570) and Malat1 even (Quasar670) probes (Fig.
4D).Malat1 is abundantly expressed and too concentrated
in nuclear speckles to discern single-molecule spots for
counting in FISH-quant (Fig. 4D; Fei et al. 2017; Wang
et al. 2021). We measured fluorescence intensities for
the odd and even channels for each pixel across the area
of the nucleus in ImageJ. These per pixel intensities for
the odd and even probes were highly correlated, with an
average Pearson’s coefficient of 89.4%. As expected, the
Malat1 probe signals in speckles were less correlated
with DAPI, with the odd versus DAPI comparison yielding
a Pearson’s coefficient of 63%, and the even versus DAPI
yielding 56.6% (Fig. 4E).

We next tested the use of dual probes to different por-
tions of the same transcript. Gapdh RNA has been shown
in previous studies to exhibit abundant mRNA in the cyto-
plasm (Rowland et al. 2019). In contrast,Gapdh introns are
excised rapidly at the site of transcription in the nucleus
(Femino et al. 1998; Rowland et al. 2019). Using

ATTO565 labeled probes to target the exons and
ATTO647N probes to label a long Gapdh intron, we con-
firmed this pattern (Fig. 4F). The intron probes produce
two small foci per nucleus corresponding to the tran-
scribed genes. The exon probes label these nuclear spots
as well as abundant cytoplasmic mRNA (Fig. 4F). To test
the Alexa568 dye, we generated two sets of probes to
the lncRNA Neat1. Neat1 is a component of nuclear para-
speckles and exhibits a distinctive staining pattern with
several prominent nuclear foci (Ahmed et al. 2018).
Probing with Neat1 oligos labeled with both ATTO488
and Alexa568 produced the expected two to four foci
per nucleus (Fig. 4G). The signals for ATTO488 and
Alexa568 almost entirely overlapped, with the two dyes
performing equivalently (Fig. 4H).

These experiments indicate that probes generated by
this method perform well in FISH experiments using tissue
culture cells.

Transcripts containing retained introns form nuclear
foci distant from the site of transcription

Our goal in optimizing the FISH method was to determine
the nuclear location of transcripts containing retained in-
trons. In earlier studies, we defined different classes of re-
tained introns based on their fractionation behavior from
lysates of mouse embryonic stem cells (ESCs), neuronal
progenitor cells, and cortical neurons. Several classes of in-
trons found in nuclear polyadenylated RNA of ESCs were
distinguished from classical retained introns found in cyto-
plasmic mRNAs (Yeom et al. 2021). Some transcripts, such
asNoc2l pre-mRNA, contain unspliced introns in the chro-
matin fraction and/or the soluble nucleoplasm but are

A B

FIGURE 3. Labeling efficiency for spectrally distinct dyes. (A) Box plots showing the DOL of multiple probe sets with multiple ATTO and Alexa
dyes determined by spectrophotometer. (B) Box plots of the DOL values for ATTO and Alexa dyes determined by PAGE. Each dye was used to
label multiple probe sets. Each dot represents the labeling of one probe set containing up to 48 oligos (all sequences are in Supplemental Tables
S5–S9). The midline of each box represents the median DOL across all the experiments, the box edges define the interquartile range and the
whiskers the maximum and minimum DOL values. DOL values were determined as described in the Materials and Methods and
Supplemental Figure S2.
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expressed as fully spliced mRNAs in the cytoplasm (Fig.
5A). These can be classified as “detained” introns in that
they are abundant in the nucleus, but are ultimately ex-
cised, and the RNAs in the cytoplasm are fully spliced
(Pandya-Jones et al. 2013; Boutz et al. 2015; Mauger
et al. 2016; Braun et al. 2017; Shah et al. 2018; Yeom
et al. 2021). In contrast, other polyadenylated pre-
mRNAs in ESCs, such asGabbr1, exhibit different fraction-
ation behavior that is similar to unpolyadenylated nascent
transcripts and certain long noncoding RNAs. These tran-
scripts are tightly associated with the pelleted chromatin,
but found only in limited amounts in the soluble nucleo-
plasm and cytoplasm (Fig. 5E; Yeom et al. 2021). Introns
in these RNAs remain unexcised and the transcripts do
not produce mature mRNA. Speculating that these RNAs
might be anchored at their sites of transcription, we ap-

plied FISH to examine to the location of nuclear polyade-
nylated RNAs containing highly retained introns.
To examine spliced and unspliced Noc2l transcripts in

ESCs, we generated separate FISH probe sets for the
Noc2l exons, and for introns 4 and 12 (Fig. 5A,B). Intron 4
is highly spliced in all compartments, whereas intron 12 is
largely unspliced in the chromatin fraction, present at lower
levels in the soluble nucleoplasm, and fully excised in the
cytoplasm. Mouse ES cells probed for the Noc2l exons
showed abundant spots in the cytoplasm as expected, as
well asmultiple foci in the nucleus. Cells probed for the rap-
idly spliced intron 4 showed only zero, one, or two nuclear
foci that also stained with exon probes and are presumably
the sites of transcription (Fig. 5A,B; Supplemental Fig.
S6B). Intron 4 staining was not observed in the cytoplasm
in agreement with the sequencing data (Fig. 5A;
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FIGURE4. Performance of fluorescently labeled probes in FISH assays. (A, top) Diagram showing the locations of odd and even probes across the
Polr2a coding regions (exons) in the mouse genome. (Bottom) Confocal microscopy images of C2C12 cells probed with the Polr2a odd and even
FISH probes. The nuclear outline is indicated by a dashed line, and the cell boundary by a solid white line. (B) Box plots of the spot counts in
C2C12 cells for Polr2a in the odd and even channels using FISH-quant software. The average number of spots per cell for the Polr2a odd and
even signals is shown above. (C ) The correlation of the odd and even spot numbers per cell are displayed in a scatter plot with the R2 indicated.
Fifty-nine cells were counted and plotted. (D, top) Diagram of the locations of the odd and even probes forMalat1. (Bottom) Confocal microscopy
images of C2C12 cells probed with theMalat1-odd and -even probes. (E) Bar graph of Pearson’s coefficients determined for each of 15 images.
Pairwise correlations of the per pixel fluorescence intensity in two channels: Quasar570 (Malat1-odd) versus Quasar670 (Malat1-even), Quasar570
(Malat1-odd) versus DAPI, andQuasar670 (Malat1-even) versus DAPI. (F, top) Diagramof the locations of Exon (magenta) and Intron (cyan) probes
forGapdh arrayed along the annotated mouse gene. (Bottom) Confocal microscopy images of C2C12 cells hybridized with theGapdh exon and
intron probes. The white boxed area is enlarged at the top right corner. (G, top): Diagrams of the ATTO488 (green) and Alexa568 (red) probe
locations arrayed along the Neat1 short isoform in the mouse gene annotation. (Bottom) Confocal microscopy images of C2C12 cells hybridized
with 25Neat1 ATTO488 probes (green), and 25Neat1 Alexa568 probes (red), with DAPI in blue. (H) Line scan profile of the ATTO488 (green) and
Alexa568 (red) intensities for the cell shown in G. Scale bar, 10 μm.
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Supplemental Fig. S6B). In contrast to intron 4, the probes
for the highly retained intron 12 colocalized with nearly all
the nuclear exon foci whether they were at the sites of tran-
scription or not. These intron 12 foci were absent from the
cytoplasm (Fig. 5C,D; Supplemental Fig. S6A). Some nu-
clear Noc2l exon puncta did not stain for intron 12 and
are likely to be spliced mRNAs. Intron puncta that did not
costain for the exons were much fewer in number and
may be excised intron 12 lariats that are not yet degraded.
Overall, Noc2l transcripts containing a retained intron 12

do not remain at the site of transcription, and are spliced af-
ter release from the gene locus but before export to the cy-
toplasm. This is in agreement with prior studies of introns
that are spliced post-transcriptionally (Girard et al. 2012;
Boutz et al. 2015; Coté et al. 2020; Barutcu et al. 2022).

We next examined the localization of the Gabbr1 tran-
scripts that exhibit a different pattern of splicing and frac-
tionation. In mouse ESCs, Gabbr1 transcripts are almost
entirely unspliced in a region of complex processing en-
compassing intron 5 (Fig. 5E). Other Gabbr1 introns
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FIGURE 5. Localization of retained introns in mouse ES cell nuclei. (A) UCSC genome browser tracks show Noc2l poly(A)+ RNA from the chro-
matin, nucleoplasmic, and cytoplasmic fractions. (Top) The genomic structure of the Noc2l gene is diagrammed with exon and intron probe lo-
cations in magenta, blue, and green. (Bottom) RNA-seq reads from the three fractions are displayed. Introns probed by FISH are indicated in gray.
(B) FISH images of mES cells probed forNoc2l intron 12 (ATTO647N, retained), intron 4 (ATTO647N, unretained), and exons (ATTO565). Nuclear
borders are outlined in white dashed lines. (C ) Quantification of spot counts for theNoc2l exon and intron probes in the nuclear and cytoplasmic
compartments. (D) Percentage intron retention (PIR) for Noc2l introns 12 and 4 in nuclear and cytoplasmic compartments as determined by the
ratio of intron/exon costaining spots to the total exon spots in mES cells. (E) UCSC genome browser tracks show Gabbr1 poly(A)+ RNA from the
chromatin, nucleoplasmic, and cytoplasmic fractions. (Top) The genomic structure of theGabbr1 gene is diagrammedwith exon and intron probe
locations in green, blue, and magenta. (Bottom) RNA-seq reads from the three fractions are displayed. Introns probed by FISH are indicated in
gray. (F ) FISH images of mES cells probed for Gabbr1 introns 5 (ATTO647N, retained) and 11 (ATTO647N, unretained) in green and for the
Gabbr1 exons (ATTO565) in magenta. Nuclear borders are outlined in white dashed lines. (G) Quantification of spot counts for the Gabbr1
exon and intron probes in the nuclear and cytoplasmic compartments. (H) PIR for Gabbr1 introns 5 and 11 in nuclear and cytoplasmic compart-
ments as determined by the ratio of intron/exon costained spots to total exon spots in mES cells. Scale bar, 5 μm.
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including intron 11 appear spliced even in the chromatin
fraction.WegeneratedGabbr1probes for the exons, for in-
tron 11, and for the region of intron 5 present in the major
isoform expressed in mESCs (Fig. 5E). All three probe sets
yielded very little staining in the cytoplasm in agreement
with the fractionated RNA-seq data indicating that these
RNAs remain in the nucleus. The limited spots observed
in the cytoplasm usually stained for both the exons and in-
tron 5. Exon foci forGabbr1weremore abundant in the nu-
cleus, with most cells exhibiting one large spot per nucleus
and five to 15 smaller spots. Nearly all these exon foci co-
stained for intron5 (Fig. 5F; Supplemental Fig. S6C). In con-
trast, the probes for the rapidly excised intron 11 yielded
only one spot per nucleus, which is presumably the site of
transcription (Fig. 5F; Supplemental Fig. S6D). The intron
11 staining was seen in the center of the largest spot co-
stained by the exon and intron 5 probes. These large foci
may indicate an abundance of exon and intron 5 RNA con-
centrated in the region of the gene locus, although there
were multiple smaller foci away from this site that also co-
stained for the exons and intron 5.
The spot numbers for introns 5 and 11 ofGabbr1 and for

introns 4 and 12 of Noc2l in the nucleus were quantified
(Fig. 5C,G). The rapidly excised introns 12 and 4 averaged
less than two foci per nucleus, consistent with them mark-
ing the gene loci. In contrast, Noc2l intron 11 and Gabbr1
intron 5, which exhibit much lower levels of excision, gen-
erated many more nuclear foci, whose numbers ap-
proached the numbers of exon foci. Computing the PIR
from the ratio of costained intron/exon foci to the total
exon foci yielded values in agreement with those calculat-
ed from sequencing data (Fig. 5D,H; Supplemental Fig.
S6E). Although the foci at the transcriptional loci were larg-
er,Gabbr1 RNA localization was similar toNoc2l, with mul-
tiple foci scattered through the nucleus away from the site
of transcription (Fig. 5G,H). These data indicate that de-
spite differences in their fractionation behavior and even-
tual splicing, RNAs containing retained introns are being
released from both of these gene loci. In the case of
Noc2l, these RNAs are eventually spliced and exported
to the cytoplasm, whereas for Gabbr1 the RNAs remain
unspliced and unexported.
We also created exon and intron probe sets for five other

genes containing detained introns in ESCs: Cstf1, Neil3,
Rad9b, Slc25a28, and Znrf3 (Supplemental Fig. S5). As
seen in the sequencing tracks (Supplemental Fig. S5C,E,
G,I,K), these genes express polyadenylated RNA contain-
ing an intron in the chromatin and/or nucleoplasmic frac-
tions but are fully spliced in the cytoplasm. Cstf1 and
Slc25a28, which are the most highly expressed, exhibited
abundant exon foci including many in the nucleus. Some
of these nuclear foci costained for the retained intron as ex-
pected. Neil3, Rad9b, and Znrf3 were expressed at lower
levels in these cells. The nuclear exon foci for these genes
were fewer in number but usually included one or two larg-

er puncta that were presumably the sites of transcription.
These larger puncta also costained with the intron probes
for Neil3 and Rad9b. The intron probe set for Znrf3 did
not performwell and yielded only nonspecific background.
Overall, these genes exhibited nuclear RNA fractionation
and nuclear intron/exon staining similar to Noc2l.

Highly retained introns partially coincident with
nuclear speckles

Nuclear speckles are regions within the nucleoplasm en-
riched for splicing factors, such as SRSF1 and SRSF2
(SC35), and for the long noncoding RNA Malat1. Active
gene loci are often observed at the periphery of speckles,
and post-transcriptional splicing is observed within them
(Dias et al. 2010; Girard et al. 2012; Galganski et al.
2017). To confirm the speckled staining pattern of the
Malat1FISHprobes, we combinedMalat1FISHwith immu-
nofluorescence using SRSF2 (SC35) and SRSF1 antibodies
in C2C12 cells (Supplemental Fig. S7). Malat1 staining
strongly overlapped with SRSF2 (SC35) (Supplemental
Fig. S7A,B). Cross-sectional profiles through the nucleus
presented largely overlapping peaks for intensity for the
two signals (Supplemental Fig. S7B). SRSF1 showedpartial-
ly coincident stainingwithMalat1withmany intensepuncta
costaining for both protein and RNA, but also exhibited re-
gions of protein staining that did not overlap with Malat1
localization (Supplemental Fig. S7C,D).
UsingMalat1 as a specklemarker, we examinedwhether

the retained intron transcripts are within speckles. For
Noc2l and Gabbr1, we used separate labels for the re-
tained intron and exon probes with a third fluorophore
on the Malat1 probes in multiplexed FISH assays.
Identifying foci of unspliced introns defined by colocalized
exon and intron sequences, we observed approximately
five colocalized exon–intron spots for Noc2l per nucleus
and approximately 10 such spots for Gabbr1 (Fig. 6A,B,
D,E). We then measured the overlap of these retained in-
tron foci with Malat1 staining in speckles. We found that
themajority of these retained intron transcripts colocalized
withMalat1 (Fig. 6A,B,D,E). On average, 70% of theNoc2l
intron 12 and 76%of theGabbr1 intron 5 spots overlapped
with Malat1 staining (Fig. 6C,F). For both introns, there
was a subset of transcripts that did not appear to be in
speckles. Simultaneous probing for Noc2l intron 12 and
Gabbr1 intron 5 did not show overlap (Fig. 6G), indicating
that speckles are not homogeneous but instead contain
different RNAs in different regions.

DISCUSSION

Labeling oligonucleotide probe sets

Wepresent an improvedmethod for the rapid, efficient and
inexpensive production of fluorescent oligonucleotides.
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This protocol is derived from an earlier one using terminal
deoxynucleotidyl transferase to add functional moieties
to the 3′ end of a standard DNA oligo (Gaspar et al.
2017). We found that switching the order of addition and
making several smaller adjustments, significantly improved
the labeling efficiency and allows the use of a broader
range of fluorophores and oligonucleotide sequences.

In the new procedure, amino-11-ddUTP is first coupled
to an oligonucleotide pool using TdT. This step is very ef-
ficient and allows the creation of a stock probe set that can
be subsequently labeled with the fluorophore of choice.
The oligo pools are then treated with a succinimide-dye
conjugate to add the fluorophore. For nearly all dyes test-
ed, this labeling is also very efficient, and not affected by
either the GC content or 3′ terminal nucleotide of the
probe. Comparing Quasar dye-coupled laboratory-made
probes with commercial Quasar probes, we found that
they had comparable labeling efficiencies and performed
equivalently. Besides the Quasar dyes, we successfully

labeled probes with commonly used ATTO dyes
(ATTO488, ATTO565, and ATTO647N) and an Alexa dye
(Alexa568) enablingmany combinations for multiplexed im-
aging (Supplemental Figs. S3, S4; Supplemental Tables S2,
S5–S9). One dye, Alexa647, did not efficiently couple with
the amino group and was not usable. It will be interesting
to test additional dyes and other modifications such as bio-
tin for coupling to our oligonucleotide probe sets.

In the course of these experiments, we generated more
than 100 probe sets containing 24–48 oligos each and
labeled with six different dyes. With these materials, the
labeling of one probe set costs about $15, and can be
used in approximately 1000 FISH assays (Supplemental
Table S1). This is compared with the approximate $800
cost of a single commercial probe set of 48 oligonucleo-
tides labeled with a Quasar dye.

The use of tiled oligonucleotides to target multiple fluo-
rophores to an RNA molecule by in situ hybridization has
been a standard strategy for in vivo imaging experiments.
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FIGURE 6. Retained intron transcripts ofGabbr1 andNoc2l are dispersed in the nucleus and partially colocalize with speckles. (A) FISH images of
C2C12 cells simultaneously probed forMalat1 (ATTO488, green),Noc2l intron 12 (ATTO647N, red), andNoc2l-exon (ATTO565, blue). DAPI stain
is shown in gray. (B) Violin plots showing numbers and distribution of colocalizedNoc2l exon and intron spots per cell, and numbers of intron spots
colocalized with speckle signal per cell, across 101 cells. (C ) Box plots showing the ratios of the colocalizedNoc2l intron–exon spots over the total
exon spots in nucleus (In-Ex/All-Ex) per cell, and the intron spots with overlapping speckle (Malat1) signal over the total intron spots in nucleus (In-
Speckle/All-In) per cell, across 101 cells. (D) FISH images of C2C12 cells simultaneously probed for Malat1 (ATTO488, green), Gabbr1 intron 5
(ATTO647N, red), and Gabbr1 exons (ATTO565, blue). DAPI stain is shown in gray. (E) Violin plots showing numbers and distribution of colocal-
ized Gabbr1 exon and intron spots per cell, and numbers of intron spots colocalized with speckle signal per cell, across 104 cells. (F ) Box plots
showing the ratio of the colocalizedGabbr1 intron–exon spots over the total exon spots in nucleus per cell, and the intron spots with overlapping
speckle (Malat1) signal over the total intron spots in nucleus per cell, across 104 cells. (G) FISH images of C2C12 cells simultaneously probed for
Malat1 (ATTO488, green), Gabbr1 intron 5 (ATTO565, red), and Noc2l intron 12 (ATTO647N, blue), with DAPI stain in gray.
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Several other cost-effective FISH protocols have been de-
veloped. The single-molecule inexpensive FISH (smiFISH)
uses unlabeled primary probes against the RNA
target along with dual fluorescent probes binding to the
primary probe for signal detection (Tsanov et al. 2016;
Calvo et al. 2021). Another method, termed single-mole-
cule hybridization chain reaction (smHCR), uses unlabeled
primary probes to the target RNA and then chain reaction
probes that can be labeled and amplified (Shah et al.
2016). Another enzyme-based FISH method uses phage-
mid to produce ssDNA probes. The purified and DNase
I-digested ssDNAs (normally 20–60 nt) are then used for
enzyme-based probe synthesis (Lanctôt 2018). These
methods each have their own potential advantages. It
will be useful to compare them with standard oligonucleo-
tide FISH now that their costs are more equivalent.

Localizing retained introns

Most introns are excised during transcription of the na-
scent RNA and localize to the gene locus in FISH analyses
(Shah et al. 2018). Other introns are excised after transcrip-
tion is complete. Some of these unspliced transcripts are
released from the DNA template and can be observed in
the nucleoplasm at a distance from the gene and some-
times in the cytoplasm (Vargas et al. 2011; Girard et al.
2012; Coulon et al. 2014; Coté et al. 2020). In earlier stud-
ies, we and others have characterized retained introns and
their regulation (Frankiw et al. 2019; Monteuuis et al. 2019;
Grabski et al. 2021; Yeom et al. 2021). Classical retained
introns are found in transcripts that have been exported
to the cytoplasm as mature mRNAs. Other introns exhibit
delayed splicing and are abundant in nuclear RNA but
are excised prior to the export of the fully processed
RNA. These “detained” introns have been observed in in-
flammatory response transcripts of mouse macrophages,
in transcripts affecting cell cycle regulation and growth
control in human cell lines, in cultured postmitotic neurons
and in mouse brain (Bhatt et al. 2012; Pandya-Jones et al.
2013; Wong et al. 2013; Boutz et al. 2015; Mauger et al.
2016; Frankiw et al. 2019). These introns are thought to
act as brakes that slow the expression of the transcripts
where they are found. In some cases, this may create a
pool of RNAs that can be rapidly matured into mRNA in re-
sponse to a signal. In different systems, reduced excision
rates have been ascribed to reduced activity of the argi-
nine methyltransferase PRMT5, and to the presence or ab-
sence of particular RNA binding proteins (Hayashi et al.
2014; Braun et al. 2017; Frankiw et al. 2019). Other studies
found that one class of retained introns was derived from
genes associated with the nuclear periphery and lamina,
whereas another class including most detained introns
was expressed from more centrally located genes whose
transcripts colocalized to nuclear speckles (Barutcu et al.
2022; Tammer et al. 2022).

We recently characterized retained introns based on
their fractionation into cytoplasmic and two subnuclear
compartments (Yeom et al. 2021). Within the nuclei, we
identified both nascent and polyadenylated RNAs that
were tightly associatedwith the highmolecular weight pel-
let fraction containing chromatin and some of the nuclear
speckle material. This fraction was distinguished from a
soluble nuclear fraction that contains mature mRNAs in
transit to the cytoplasm, as well as some polyadenylated
but incompletely spliced RNAs. Nuclear introns included
the described detained introns that were found both in
the chromatin pellet and the soluble nucleoplasm, but
were absent from mature RNA in the cytoplasm.
We also identified an unusual class of nuclear polyade-

nylated transcripts that contain introns but are absent
from the cytoplasm as either spliced or unspliced RNA.
These transcripts were tightly associated with the chroma-
tin pellet, showing fractionation behavior similar to Xist
and other chromatin-bound lncRNAs (McHugh et al.
2015; Mishra and Kanduri 2019; Pandya-Jones et al.
2020; Yeom et al. 2021). For these RNAs, the failure to
splice and possibly their tight association with chromatin
prevents the expression of the encoded protein. The
most notable example is Gabbr1, which is transcribed in
ESCs but fails to splice intron 5; Gabbr1 transcripts remain
tightly associated with the chromatin pellet and, despite
substantial transcription, fail to produce Gabbr1 protein.
As cells differentiate into neurons, these Gabbr1 gene
RNAs become fully processed to produce cytoplasmic
mRNA andGabbr1 protein (Yeomet al. 2021). The unusual
fractionation behavior of the Gabbr1 transcripts in ESCs
and its similarly to Xist, led to the hypothesis that these
transcripts might condense at their site of transcription
rather than being released into the nuclear speckle as
seen with RNAs destined to be fully spliced, such as de-
tained intron transcripts.
To examine the location ofGabbr1 transcripts we devel-

oped FISH probe sets for the retained Gabbr1 intron 5, for
the Gabbr1 exons, and for Gabbr1 intron 11. Intron 11 is
excised cotranscriptionally and unlike intron 5 is only
seen in the nascent unpolyadenylated Gabbr1 RNA. The
localization patterns of the Gabbr1 RNAs were compared
with those ofNoc2l.Noc2l intron 12 is also highly retained
in the nuclear RNA but is eventually excised and, unlike
Gabbr1, the matureNoc2lmRNA is exported and translat-
ed. The localization of Noc2l intron 12 was compared with
the Noc2l exons and Noc2l intron 4, which is cotranscrip-
tionally excised. Probing for the cotranscriptionally excised
introns identified the sites of the active gene loci, which
were also labeled with exon and retained intron probes
for both genes. In contrast to the cotranscriptional introns,
the retained introns for both theGabbr1 andNoc2l genes,
were also seen in foci distant from the sites of transcription
that colabeled with the exon probes. Thus, both of these
retained intron transcripts are being released from the
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DNA template but are staining at different locations. The
Noc2l transcripts will eventually be spliced but the
Gabbr1 transcripts are presumably destined for degrada-
tion. A portion of the fluorescent signal for each of these
transcripts colocalized with the speckle marker Malat1,
consistent with previous results showing retained introns
in speckles, while a portion of each did not. Overall, we
did not observe differences in the localization of the
Gabbr1 and Noc2l transcripts that might correlate with
their different fractionation behaviors. Interestingly, the
foci at the transcription site forGabbr1 are noticeably larg-
er than seen for Noc2l or other transcripts, possibly an in-
dication that it forms a different molecular condensate.

MATERIALS AND METHODS

FISH probe production and purification

Oligo design and purchase

Arrays of 20-mer DNAoligos complementary to RNA targets were
designed using the Stellaris Probe Designer, version 4.2 (https
://www.biosearchtech.com/stellaris-designer). Selection criteria
included 40%–60%GC content and similar melting temperatures.
The spacing length was at least 2 nt between oligos. Oligos were
purchased from IDT as desalted oligos in 96-well plates at 200 µM
concentration in nuclease-free water. Oligos were thawed and
spun to remove debris before labeling.

Labeling oligo pools with amino-11-ddUTP

Probe set pools were assembled by mixing 10 µL from each oligo
well. Enzymatic labeling was performed in a 40-µL mixture con-
taining 28 µL of the oligo pool (200 µM in H2O), 1 µL of amino-
11-ddUTP (10 mM in H2O; Lumiprobe), 8 µL of 5× TdT buffer
(Thermo Scientific), and 3 µL of 20 U/µL TdT enzyme (Thermo
Scientific). Labeling reactions were incubated overnight at 37°C
in a PCR thermocycler with a hot lid. Reactions were stopped by
incubation for 10 min at 70°C. The oligos were then ethanol-pre-
cipitated by the addition of 4 µL of 3 M sodium acetate (pH 5.2;
AMRESCOE521-100mL) and 110 µL of 100% ethanol and cooled
for at least 1 h to −80°C. The samples were then centrifuged at
14,000 rpm for 15 min to pellet the oligos. The oligo pellets
were washed twice with cold 75% ethanol, air-dried, and dis-
solved in 15 µL of NaHCO3 (0.1 M in H2O at pH 8.3).

Coupling NHS-ester dyes to the oligos

The dye labeling reactions included 15 µL of amino-modified oli-
gos in NaHCO3 from above and 0.75 µL of succinimide-dye con-
jugate (20 mM, dissolved in DMSO). The mixture was incubated
for 2 h at room temperature (RT) in the dark. Oligos were etha-
nol-precipitated by adding the following to each 15.75 µL of reac-
tion mixture: 34.25 µL of nuclease-free water, 5 µL of 3 M sodium
acetate, and 137.5 µL of 100% ethanol; cooling for 1 h to −80°C;
and centrifuging at 14,000 rpm for 15 min. The now colored
pellets were washed three times with prechilled 75% ethanol,
air-dried, and dissolved in 50 µL of nuclease-free water or Tris-
EDTA buffer (10 mM Tris-HCl, 1 mM EDTA).

Column purification

To eliminate free fluorescent dyes, the labeled oligos went
through column purification. We added 5 µL of 3 M sodium ace-
tate (pH 5.2) and 137.5 µL of 100% ethanol to 50 µL of dissolved
dye-labeled oligos and cooled the mixture for at least 1 h at
−80°C. The cold mixture was quickly transferred to a PCR clean-
up column (Promega A9282) and centrifuged at 14,000g for
30 sec. This step should be done very quickly, as warming of
the tubemay enhance the solubility of the oligos and reduce their
binding to column membrane. Columns carrying the membrane-
retained probes were washed two times with prechilled 80% eth-
anol and then spun once to remove extra ethanol. An amount of
50 µL of nuclease-free water or Tris-HCl buffer was added to elute
the labeled probes. The probe concentrations were measured by
Nanodrop, and used for FISH experiments.

NHS-ester dyes dissolved in DMSO at a concentration of
10 mM were stored in the dark at −20°C. Dye-labeled oligos
were dissolved in TE buffer and stored in small aliquots at
−20°C. Both reagents were stable in dark storage for up to a
year before decay of the absorbance properties became
apparent.

Quantification of degree of labeling

DOL of the labeled oligonucleotides was analyzed by UV–Vis
spectroscopy using a Nanodrop spectrophotometer and by
PAGE.

The DOL of labeled oligos by spectroscopy was estimated us-
ing the following formula:

DOL(UV− Vis) =ODdye

1dye
× (1oligo + 9000)

(ODoligo − cf260 ×ODdye)
.

Absorbance at 260 nm (ODoligo) and at the dyemaximal absor-
bance (ODdye) wasmeasured byNanodrop, and the above formu-
la was used to estimate the properties of the labeled
oligonucleotides. εdye is the extinction coefficient of dye and
the cf260 represents the relative absorbance of dye at 260 nm.
The εoligo is calculated by taking an average of the extinction co-
efficients of the oligos in the mixture and adding 9000 mol/cm
corresponding to the incorporated ddUTP. The DOL of labeled
oligos by PAGE was determined using the following formula:

DOL(PAGE) = 1− U
SO

,

where U stands for the band intensity by SYBR staining of the re-
maining unlabeled oligos after dye labeling, and SO stands for
the band intensity by SYBR staining of the starting oligos before
labeling.

Experimental protocol for FISH

C2C12 cells or mouse ES cells were cultured on gelatin-coated
coverslips. The cells were washed once with ice-cold PBSM (1×
PBS, 5 mM MgCl2), followed by fixation with 4% paraformalde-
hyde in PBSM for 10 min at RT. After a 5-min wash with ice-cold
PBSM, the cells were immersed in 70% ethanol for permeabiliza-
tion overnight. The ethanol was then removed and 10% formam-
ide in 2× SSC buffer (300 mM sodium chloride, 30 mM sodium
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citrate) was added for 2 h to rehydrate and predenature the RNAs.
The probes were suspended in hybridization buffer (Biosearch
SMF-HB1-10; 10% formamide added freshly) to a final concentra-
tion of 0.5 ng/µL. The coverslips were removed from the dish,
dipped on a Kim wipe to remove extra buffer, and then flipped
onto droplets of hybridization buffer on parafilm. Hybridization
was carried out in humidified chambers for at least 16 h at 37°
C. The samples were then washed twice with wash buffer A
(Biosearch SMF-WA1-60) for 30 min at 37°C. DAPI (Invitrogen
D1306) was added in the second wash to a final concentration
of 0.5 µg/mL. The cells were then washed once with wash buffer
B (Biosearch SMF-WB1-20) for 5 min. The coverslips were mount-
ed in ProLongGold antifademedia (Invitrogen P36930) overnight
before microscopy.

Image analysis

Multicolor z-stack images acquired on a Leica confocal SP8micro-
scope were split to individual channels and imported into FISH-
quant (Mueller et al. 2013). Nuclei and cytoplasm were segment-
ed by drawing outlines manually using DAPI and fluorescent dye
signals. Filtering and local focus projection parameters were op-
timized per data set. For Polr2a transcript detection, we followed
the workflow of FISH-quant for spot detection (Mueller et al.
2013). Images were filtered, predetection was performed, spots
were filtered, and fits were further thresholded to exclude outli-
ers. All analysis was performed via the FISH-quant batch process-
ing toolbox. The JACop plugin in ImageJ was used for
colocalization analysis of the Polr2a odd and even FISH images.
For retained intron FISH analysis, the multicolored images were
first split into individual channels, then the z-stacked single chan-
nel was max-projected through ImageJ. The nuclear and cell out-
lines were manually drawn using DAPI and fluorophore signals.
The nuclear and cytoplasmic spots were counted manually based
on those outlines. Line scan profiles were generated using the
“Plot Profile” module in ImageJ.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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What are the major results described in your paper and how
do they impact this branch of the field?

Our method is a modification of a paper published in RNA several
years ago by Anne Ephrussi’s laboratory. With this new method,
the labeling is more consistent and can use a greater variety of flu-
orophores. We describe this method and show that it gives equiv-
alent results to others. We then apply it to examine the location of
retained intron transcripts in cells. We find that transcripts exhibit-
ing very different fractionation behavior and different processing
of their retained introns present similar patterns of localization
for their unspliced RNA. We believe that our method will be valu-
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What led you to study RNA or this aspect of RNA science?
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