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Abstract

Background: Subcellular localization of coding and non-coding RNAs has emerged as major regulatory
mechanisms of gene expression in various cell types and many organisms. However, techniques that enable
detection of the subcellular distribution of these RNAs with high sensitivity and high resolution remain limited,
particularly in vertebrate adult tissues and organs. In this study, we examined the expression and localization of
mRNAs encoding Pou5f1/0ct4, Mos, Cyclin B1 and Deleted in Azoospermia-like (Dazl) in zebrafish and mouse
ovaries by combining tyramide signal amplification (TSA)-based in situ hybridization with paraffin sections which
can preserve cell morphology of tissues and organs at subcellular levels. In addition, the distribution of a long non-
coding RNA (IncRNA), IncRNA-HSVIII, in mouse testes was examined by the same method.

Results: The mRNAs encoding Mos, Cyclin BT and Dazl were found to assemble into distinct granules that were
distributed in different subcellular regions of zebrafish and mouse oocytes, suggesting conserved and specific

regulations of these mRNAs. The IncRNA-HSVIIl was first detected in the nucleus of spermatocytes at prophase | of
the meiotic cell cycle and was then found in the cytoplasm of round spermatids, revealing expression patterns of
INcRNA during germ cell development. Collectively, the in situ hybridization method demonstrated in this study
achieved the detection and comparison of precise distribution patterns of coding and non-coding RNAs at
subcellular levels in single cells of adult tissues and organs.

Conclusions: This high-sensitivity and high-resolution in situ hybridization is applicable to many vertebrate species
and to various tissues and organs and will be useful for studies on the subcellular regulation of gene expression at

the level of RNA localization.
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Background

Localization of mRNAs at subcellular regions plays
fundamental roles in spatial and temporal gene expres-
sion in many organisms from yeast to mammals [1-5].
The standard methods for studying mRNA expression
and localization in cells, tissues and organs are in situ
hybridization techniques [6, 7]. Conventional in situ
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hybridization methods are generally based on probing
each target mRNA with RNA probes labeled with biotin,
digoxigenin (DIG) or fluorescein, followed by the detec-
tion of probes by specific antibodies and enzymatic reac-
tions. However, detection of mRNA localization remains
difficult because the expression levels of many mRNAs
are low and the expression of such mRNAs in a single
cell cannot be detected by conventional methods.
Amplification of signals in conventional in situ
hybridization methods by using a tyramide signal ampli-
fication (TSA) system has facilitated the identification of
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mRNAs localized at specific subcellular regions in em-
bryos and cultured cells [8—12]. Those studies revealed
that thousands of mRNAs are localized at subcellular
regions during embryogenesis and in third instar larval
tissues in Drosophila [8, 9] and that all seven mRNAs
examined are localized within the cytoplasm of cultured
chicken cells [10]. In addition, cell biological and bio-
chemical analyses have shown that approximately 50
mRNAs are localized in cell protrusions during migra-
tion of cultured mouse cells [13] and that 5-10% of
mRNAs are localized to microtubules in Xenopus eggs
and human cultured cells [14]. Accumulated evidence
has shown that localization of mRNAs is a main regula-
tory mechanism of gene expression in cells. In contrast
to Drosophila embryos and cultured mammalian cells
which enable detection of mRNAs in whole-mount in
situ hybridization, techniques for detection of mRNAs
with high sensitivity and high resolution have not
been established for vertebrate adult tissues and or-
gans because of their large size, which prevents detec-
tion of mRNAs in deep layers when using distinct
organs in whole.

In many tissues and organs of diverse species, huge
numbers of non-coding RNAs (ncRNAs) are transcribed
from their genomes [15-17]. ncRNAs longer than 200
nucleotides are called long non-coding RNAs (IncRNAs),
and a number of them have been shown to function in
various processes of gene expression including transcrip-
tion, splicing and translational regulation [18-20].
Analyses of nuclear and subcellular localization of
IncRNAs are important for understanding where, when
and how individual IncRNAs function. A recent study
using the TAS system in conventional in situ hybridization
methods demonstrated that hundreds of IncRNAs are
expressed in specific tissues and organs during Drosophila
development and showed unique localization patterns
within the cells, suggesting a wide range of functions
of IncRNAs in various cellular processes [9]. However,
detection of IncRNAs is still very difficult because the
majority of IncRNAs are expressed at very low levels
in a single cell [21].

A single-molecule fluorescent in situ hybridization
(smFISH) method is based on probing each mRNA with
50-100 singly labeled oligonucleotide probes of length
20 bases and is applicable for detection of coding and
non-coding RNAs with high-sensitivity in cultured cells
and embryos [22, 23]. This technique can be combined
with frozen and paraffin sections [24, 25]. However,
preparation of 50-100 different oligonucleotides and
labeling them with fluorophores are laborious and re-
source intensive, particularly for detecting a large num-
ber of different target mRNAs. RNAscope is a novel in
situ hybridization method, which is based on a series of
hybridization events with approximately 20 pairs of
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branched oligonucleotide probes and enables detection
of mRNAs with high-sensitivity [26]. However, prepar-
ation of 20 pairs of branched oligonucleotide probes for
target mRNAs is not inexpensive. Establishment of a
method such as in situ hybridization with the TSA
system combined with paraffin sections allows conveni-
ent and cost-effective preparation of probes, which are
the same with those used in conventional in situ
hybridization methods, and enables highly sensitive de-
tection of RNAs by using differently labeled tyramide
molecules in single cells at subcellular levels while pre-
serving tissue and cell morphology.

In this study, we examined the expression and subcel-
lular localization of mRNAs known to play important
roles in oogenesis and embryogenesis. We first examined
the expression of Pou5f1/Oct4 mRNA in mouse ovaries
by making paraffin sections and performing in situ
hybridization using the TSA system. Although the ex-
pression of this transcript in the adult ovary remained
obscure, we clearly showed Pou5f1/Oct4 mRNA expres-
sion in mouse oocytes. We then examined the subcellu-
lar localization of mos, cyclin Bl and dazl mRNAs in
zebrafish ovaries. During zebrafish oogenesis, mos, cyclin
B1 and dazl mRNAs are accumulated as translationally
repressed forms and are known to be localized at the ani-
mal or vegetal polar cytoplasm of the oocyte [27-35].
Double fluorescence in situ hybridization with the TSA
system showed some similarities and many differences in
distribution patterns of these mRNAs at subcellular levels
in the oocyte cytoplasm. Our method also showed detailed
distribution patterns of Cyclin Bl and Dazl mRNAs in
mouse ovaries. We further examined the expression pat-
terns of [ncRNA-HSVIII in mouse testes using our
method. This IncRNA is transcribed from the genomic
locus downstream of the Prss42/Tessp-2 gene and shows a
testis-specific expression pattern [36]. Our method clearly
showed the nuclear distribution of this IncRNA in an early
stage of spermatocytes and cytoplasmic distributions in
later stages. Thus, our method enables detection of coding
and non-coding RNAs in vertebrate tissues and organs
with high-sensitivity and high-resolution while maintain-
ing tissue and cell morphology in a cost-effective manner
and can facilitate studies of the localization of RNAs at
subcellular levels.

Methods

Isolation and Fixation of Ovaries and Testes

Zebrafish ovaries were dissected from adult females in
zebrafish Ringer’s solution (116 mM NaCl, 2.9 mM KCl,
1.8 mM CaCl,, and 5 mM HEPES; pH 7.2). The ovaries
were further dissected into several pieces (5-10 mm in
diameter) with forceps under a SZ-ST dissecting micro-
scope (Olympus). Mouse ovaries and testes were dis-
sected from 8-week-old females and males in phosphate
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buffered saline (PBS: 137 mM NaCl, 2.7 mM KC],
10 mM Na,HPO,, and 2 mM KH,PO,; pH 7.2). Ovaries
of zebrafish and mice were fixed with 4% paraformalde-
hyde in PBS (4% PFA/PBS) for 3 h to overnight at 4 °C
and then washed with PBS three times. Testes of mice
were fixed with 4% PFA/PBS for 3 h at 4 °C and then
immediately washed with PBS three times. Note that fix-
ation of mouse testes for longer than 3 h at 4 °C results
in severe shrinkage in testicular tubes and impaired
tissue morphology (data not shown).

Slide Coating

For paraffin sections, glass slides were coated with gel-
atin as follows. Gelatin powder (Wako Pure Chemical
Industries, Ltd.) was dissolved in double distilled water
(DDW) at 60 °C. Microscope glass slides (Matsunami
Glass Industries, Ltd.) were incubated with 0.5% gelatin
in DDW containing 0.05% CrK(SO,), for 15 min. Then
the slides were dried and stored. Reagents used in this
study are listed in Additional file 1: Table S1.

Paraffin Sections
For paraffin embedding, the samples were dehydrated
first with an amphipathic solvent and then with hydro-
phobic solvents as follows. Unless otherwise mentioned,
incubation steps were performed at room temperature.
Fixed ovaries of zebrafish (Fig. 1a) and mice (Fig. 1b)
were dehydrated with 70%, 80%, 90%, 95%, and 99%
ethanol each for 15 min with gentle shaking. Incubation
with 99% ethanol was performed twice. Then the sam-
ples were incubated with isoamyl acetate (Wako Pure
Chemical Industries, Ltd.) for 15 min with gentle shak-
ing. This process was performed twice. Samples can be
held for several days in this solvent. Before embedding,
the samples were incubated with Lemosol (Wako Pure
Chemical Industries, Ltd.) for 15 min with gentle shak-
ing. This process was performed twice. Notably, incuba-
tion with isoamyl acetate makes samples to be easily cut
into thin sections, particularly in the case of zebrafish
oocytes, which contain large amounts of yolks. Alterna-
tively, isoamyl acetate and Lemosol incubation can be
replaced by incubation with xylene. Then the samples
were placed in paraffin (Fisher Scientific; melting point,
56-57 °C) previously melted at about 60 °C in a dish
and incubated at about 60 °C for 15 min on a NHP-1
hot plate (Iuchi). This process was repeated three times
by transferring the samples to different dishes containing
melted paraffin, using glass pipets or forceps. Finally, the
samples were embedded in freshly prepared paraffin and
immediately cooled on ice until the paraffin was com-
pletely set.

Each of the fixed mouse testes was cut into halves with
a razor blade according to the median plane under the
SZ-ST dissecting microscope (Fig. 1c-f). This process is
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Fig. 1 Photographs of zebrafish and mouse ovaries and testis. a A
zebrafish ovary after being dissected into several pieces, followed by
fixing with 4% PFA/PBS and washing with PBS. b A mouse ovary
after being fixed with 4% PFA/PBS and washed with PBS. ¢-f A
mouse testis after being fixed with 4% PFA/PBS and washed with
PBS (c) that was held with forceps (d) and cut into two pieces with

a razor blade according to the median plane (e and f). Bars: 2 mm

important for complete dehydration of the testes. Dehy-
dration of testes was performed according to the proced-
ure described above with slight modifications. Testes of
mice were incubated with ethanol, isoamyl acetate and
Lemosol each for 45 min. Then the samples were incu-
bated with paraffin for 45 min twice and finally incu-
bated overnight with fresh paraffin. After incubation, the
samples were embedded in freshly prepared paraffin.
The embedded zebrafish ovaries were cut into 5-pm-
thick sections for detecting mRNA distribution in stage
I oocytes and 9-12-um-thick sections for detecting sig-
nals in later stage oocytes using a LR-85 microtome
(Yamato Kohki Industrial Co., Ltd.). The embedded
mouse ovaries were cut into 8—10-um-thick sections,
and the embedded mouse testes were cut into 7-um-thick
sections. The sections were floated on DDW prepared on
gelatin-coated glass slides. The slides were then incubated
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on a HI1220 flattening table (Leica Biosystems) at 42 °C to
flatten the sections until the slides were completely dried.

Solution Preparation

For in situ hybridization, stock solutions were prepared
as follows. 20X saline-sodium citrate (20X SSC: 3 M
NaCl, 300 mM sodium citrate; pH 7.0) was autoclaved
and stored. Torula RNA (Sigma) was dissolved in DDW
at 50 °C and purified by phenol-, phenol-chloroform-,
and chloroform-extraction. The RNA was precipitated,
dissolved in DDW (10 mg/ml) and stored at — 20 °C. 20X
Denhardt’s solution was prepared by dissolving Ficol-400
(0.4%), polyvinylpyrrolidone (0.4%) and bovine serum al-
bumin (0.4%) in DDW and was stored at — 20 °C.

Probe Preparation

DIG- and fluorescein-labeled RNA probes were prepared
by in vitro transcription with RNA polymerases and
plasmid vectors containing target transcript sequences.
One pg of linearized plasmid DNAs was used as a tem-
plate, and RNA probes were synthesized with SP6, T7 or
T3 RNA polymerase (Roche) and DIG or Fluorescein
RNA Labeling Mix (Roche) for 2—3 h at 37 °C. After pre-
cipitation with ethanol and lithium chloride, the RNA
probes were dissolved in DDW. After determining the con-
centrations, the RNA probes were diluted (50 ng/pl) with
probe dilution buffer (50% formamide, 5X SSC, 0.1%
Tween-20) containing torula RNA (5 mg/ml) and were
stored at — 20 °C.

In this study, we prepared 8 DIG-labeled antisense and
sense RNA probes for the full lengths of mouse Pou5f1/
Oct4 and zebrafish cyclin B1 gene transcripts and for the
parts of zebrafish dazl and mouse Dazl gene transcripts
(Additional file 1: Table S2). In addition, we prepared 6
fluorescein-labeled antisense and sense RNA probes for
the full lengths of zebrafish mos, zebrafish cyclin BlI,
and mouse Cyclin BI gene transcripts (Additional file
1: Table S2). Two DIG-labeled and 2 fluorescein-
labeled antisense and sense RNA probes for the full
length of [ncRNA-HSVIII were also prepared (Add-
itional file 1: Table S2). Sequences of the all transcripts
used for making RNA probes were shown in Additional
file 1: Table S3.

Rehydration and Proteinase K Stimulation

The sections of ovaries and testes on glass slides were
incubated with xylene for 5 min to remove paraffin. This
process was performed twice. After removing xylene
with 99% ethanol, the sections were rehydrated with
70% ethanol and PBS each for 2 min. The incubation
with PBS was performed twice. When tissues of interest
possess endogenous peroxidase activity, samples can be
incubated with 1% H,O, for 15-60 min to quench the
activity. In this study, we did not quench the samples of
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ovaries and testes. Then the sections were treated with
1% Triton-X100 in PBS for 5 min. After washing with
PBS twice, the sections were treated with 0.2 N HCI for
5 min. After washing again with PBS twice, the sections
were incubated with 1 pg/ml Proteinase K (Sigma) in
PBS at 37 °C for 5 min. The sections were washed again
with PBS twice and fixed with 4% PFA/PBS for 5 min,
followed by incubation with 100 mg/ml glycine in PBS
for 15 min. The incubation with glycine was performed
twice. Then the sections were incubated with a prehybri-
dization buffer for sections (70% formamide, 2X SSC)
for 60 min.

Hybridization

The sections of ovaries and testes were hybridized with a
mixture of 0.25-2 ng/pl of the fluorescein- and/or DIG-
labeled RNA probes in hybridization mix solution (70%
formamide, 20 mM Tris-HCl; pH 8.0, 2.5 mM EDTA,
1X Denhardts solution, 30 mM NaCl, 1 mg/ml torula
RNA) containing 10% dextran sulfate at 45 °C overnight
in a moisture chamber. During this incubation, the sec-
tions were covered with parafilm. The probe concentra-
tions depended on the probes and expression levels of
transcripts (see the Results section). After incubation,
the parafilm was removed in 5X SSC at 50 °C. The sec-
tions were then washed with 50% formamide in 2X SSC
at 50 °C for 30 min. After incubation with TNE (10 mM
Tris, 500 mM NaCl, 1 mM EDTA; pH 7.5) at 37 °C for
10 min, the sections were incubated with 20 pg/ml
RNase A (Sigma) in TNE at 37 °C for 30 min to reduce
nonspecific background signals [7]. Then the sections
were washed with TNE at 37 °C for 10 min, 2X SSC at
50 °C for 20 min, and 0.2X SSC at 50 °C for 20 min. The
incubation with 0.2X SSC was performed twice. Then,
the sections were incubated with TNT (100 mM Tris,
150 mM NaCl, 0.5% Tween-20; pH 7.5) at least for
5 min.

Detection of DIG- and Fluorescein-Labeled RNA Probes

Single in situ hybridization of mRNA encoding Pou5f1/
Oct4 in mouse ovaries was performed as follows. After
hybridization with the DIG-labeled Pou5f1/Oct4 RNA
probes as described above, the sections were blocked with
a blocking buffer (0.5% blocking reagent (PerkinElmer,
Inc), 100 mM Tris, 150 mM NaCl; pH 7.5) for 30 min in a
moisture chamber. Then the sections were treated with
anti-DIG-horseradish peroxidase (HRP) antibody (Roche)
(1:500 dilution in blocking buffer) for 30 min in a mois-
ture chamber. After washing with TNT three times, the
sections were treated with tyramide-dinitrophenyl (DNP)
(PerkinElmer, Inc.) (1:50 dilution in 1X Plus Amplification
Diluent (PerkinElmer, Inc.), followed by dilution with an
equal volume of DDW) for 20 min in a moisture chamber.
After washing again with TNT three times, the samples
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were treated for 30 min with anti-DNP-alkaline phosphat-
ase (AP) antibody (PerkinElmer, Inc.) (1:500 dilution in
blocking buffer) in a moisture chamber. The samples were
washed with TNT three times. After washing with a
staining buffer (100 mM Tris, 100 mM NaCl, 50 mM
MgCly; pH 9.5), the samples were reacted with mix-
ture of 225 pg/ml of nitro blue tetrazolium (NBT)
and 175 pg/ml of 5-bromo-4-chloro-3-indolyl phos-
phate (BCIP) in staining buffer in a moisture cham-
ber. The reaction was stopped with a stop solution
(10 mM Tris, 1 mM EDTA; pH 8.0). The samples
were then mounted with glycerol and observed under
an Axioskop microscope (Carl Zeiss).

Double fluorescence in situ hybridization of mRNAs
encoding Mos and Cyclin B1 in zebrafish ovaries was per-
formed as follows. After hybridization with fluorescein-
labeled mos RNA probes and DIG-labeled cyclin BI RNA
probes, the sections were blocked with the blocking buffer
for 30 min in a moisture chamber. The sections were
then treated with anti-Fluorescein-HRP antibody
(Roche) (1:200 dilution in blocking buffer) for 30 min
in a moisture chamber. After washing with TNT
three times, the sections were treated with tyramide-
Cy3 (PerkinElmer, Inc.) (1:50 dilution in 1X Plus
Amplification Diluent (PerkinElmer, Inc.), followed by
dilution with an equal volume of DDW) for 20 min
in a moisture chamber. The samples were washed
again with TNT three times and then treated with 1%
H,O, in PBS for 15-60 min for inactivating HRP.
When the amount of target transcripts was large and
HRP could not be inactivated by this treatment, the
samples were dehydrated with methanol, treated with
1% H,O, in methanol for 30 min, and rehydrated
with PBS. After washing with PBS twice, the sections
were blocked with blocking buffer for 30 min in a
moisture chamber. Then the samples were incubated
with anti-DIG-HRP antibody (Roche) (1:500 dilution
in blocking buffer) for 30 min in a moisture chamber.
After washing with TNT three times, the sections
were treated with tyramide-Fluorescein (PerkinElmer,
Inc.) (1:50 dilution in 1X Plus Amplification Diluent,
followed by dilution with an equal volume of DDW)
for 20 min in a moisture chamber. The samples were
then washed with TNT three times.

Double fluorescence in situ hybridization of mRNAs
encoding Cyclin Bl and Dazl in zebrafish and mouse
ovaries was performed as follows. After hybridization
with fluorescein-labeled cyclin BI RNA probes and DIG-
labeled dazl RNA probes, the sections were blocked with
blocking buffer for 30 min in a moisture chamber. The
sections were then treated with anti-DIG-HRP antibody
(Roche) (1:500 dilution in blocking buffer) for 30 min in a
moisture chamber. After washing with TNT three times,
the sections were treated with tyramide-DNP (1:50
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dilution in 1X Plus Amplification Diluent (PerkinElmer,
Inc.), followed by dilution with an equal volume of DDW)
for 20 min in a moisture chamber. After washing three
times with TNT, the samples were treated overnight with
anti-DNP-Alexa 488 antibody (Molecular Probes) (1:500
dilution in blocking buffer) in a moisture chamber. The
samples were washed with TNT three times and then
dehydrated with methanol, treated with 1% H,O, in
methanol for 30 min for inactivating HRP, and rehydrated
with PBS. After washing with PBS twice, the sections were
blocked with the blocking buffer for 30 min in a moisture
chamber. Then the samples were incubated with anti-
Fluorescein-HRP antibody (1:200 dilution in blocking
buffer) for 30 min in a moisture chamber. After washing
with TNT three times, the sections were treated with
tyramide-Cy3 (1:50 dilution in 1X Plus Amplification
Diluent, followed by dilution with an equal volume of
DDW) for 20 min in a moisture chamber. The samples
were then washed with TNT three times.

Single fluorescence in situ hybridization of [ncRNA-
HSVIII in mouse testes was performed as follows. After
hybridization with fluorescein-labeled [ncRNA-HSVIII
RNA probes or DIG-labeled /ncRNA-HSVIII RNA probes,
the sections were blocked with the blocking buffer for
30 min in a moisture chamber. Then the sections were
treated with anti-Fluorescein-HRP antibody (1:200 dilu-
tion in blocking buffer) or anti-DIG-HRP antibody (1:500
dilution in blocking buffer) overnight in a moisture cham-
ber. After washing with TNT three times, the sections
were treated with tyramide-Cy3 (1:50 dilution in 1X Plus
Amplification Diluent, followed by dilution with an equal
volume of DDW) for 20 min in a moisture chamber. The
samples were then washed with TNT three times.

Hoechst Staining and Mounting

To detect nuclei, the samples were incubated with
10 pg/ml Hoechst 33258 for 10 min. After being
mounted with a Prolong Antifade Kit (Molecular probes)
or Fluoro-KEEPER Antifade Reagent (Nacalai Tesque),
the samples were observecd under a LSM5 LIVE con-
focal microscope (Carl Zeiss).

Hematoxylin and Eosin (HE) Staining

To observe tissue and cell morphology, the sections of
mouse ovaries and testes and zebrafish ovaries were
stained with hematoxylin and eosin. After rehydration as
described above, the sections were washed with running
water for 5 min and incubated with hematoxylin staining
solution for 2 min. After being washed with running
water 30 min, the sections were incubated with eosin
staining solution 30 s. The sections were then washed
with running water 3 min, dehydrated with 70%, 80%,
90%, 95%, and 99% ethanol each for 1 min and incu-
bated with xylene for 1 min. The samples were then
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mounted with a mounting medium MGK-S (Matsunami
Glass Industries, Ltd.) and observed under the Axioskop
microscope.

Results

Detection of Pou5f1/0Oct4 mRNA in the Mouse Ovary
Vertebrate oocytes of many species are arrested at pro-
phase I of the meiotic cell cycle and accumulate large
numbers of maternal factors including mRNAs during
their growth. Pou5f1/Oct4 mRNA encodes a transcrip-
tional factor essential for mouse embryogenesis [37, 38].
This transcript is also necessary for maintenance or ac-
quisition of pluripotency in embryonic stem (ES) cells or
induced pluripotent stem (iPS) cells [39]. The expression
of PouS5f1/Oct4 mRNA is less abundant in oocytes [40]
and has not been detected by in situ hybridization
methods (Fig. 2a and b and data not shown). We exam-
ined the expression of Pou5f1/Oct4 mRNA in mouse
adult ovaries by making paraffin sections and performing
in situ hybridization with or without the TSA system.
Hybridization of 10 pm-thick mouse ovary sections with
1 ng/ul of the antisense PouSf1/Oct4 RNA probe showed
no signal (Fig. 2a) as in the sections hybridized with
1 ng/pl of the sense Pou5f1/Oct4 RNA probe (Fig. 2b) in
a conventional in situ hybridization method without the
TSA system. In contrast, the same hybridization proced-
ure detected the expression of Pou5f1/Oct4 mRNA in
oocytes when the signals were amplified with the TSA
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system (Fig. 2c). Hybridization with the sense Pou5f1/
Oct4 RNA probe showed no signal (Fig. 2d). The tissue
and cell morphology of mouse ovaries was observed by
HE staining (Fig. 7a). Our method is highly reproducible
because similar results were constantly obtained from
three independent experiments (Additional file 1: Figure
S1). These results indicate that in situ hybridization with
the TSA system is highly sensitive and that Pou5f1/Oct4
mRNA is specifically expressed in oocytes of mouse
ovaries.

Subcellular Localization of mos and cyclin BT mRNAs in
the Zebrafish Ovary
We next examined the localization of mos and cyclin Bl
mRNAs simultaneously in zebrafish adult ovaries by mak-
ing paraffin sections and performing double fluorescence
in situ hybridization with the TSA system. m0s mRNA en-
codes a kinase activating the mitogen-activated protein
kinase (MAPK) pathway [41], and cyclin BI mRNA en-
codes a regulatory subunit of maturation/M-phase-pro-
moting factor (MPF) [42]. These mRNAs are accumulated
in the animal polar cytoplasm of zebrafish oocytes as a
translationally repressed form [28, 29, 31, 32, 35, 43].
Hybridization of 12 pm-thick zebrafish ovary sections
with 1 ng/ul of the fluorescein-labeled antisense mos
RNA probe and 0.25 ng/ul of the DIG-labeled antisense
cyclin BI RNA probe, followed by amplification of
signals using the TSA system, showed bright signals at

hs

B IR - ¥
Fig. 2 Single in situ hybridization of Pou5f1/0ct4 mRNA (purple) in mouse ovaries. a-b Mouse ovary sections hybridized with the antisense (a) or
sense (b) Pou5f1/Oct4 RNA probe without amplification of signals using the TSA system (-TSA). No signal was detected in this conventional in situ
hybridization method. ¢-d Mouse ovary sections hybridized with the antisense (c) or sense (d) Pou5f1/Oct4 RNA probe with amplification of
signals using the TSA system (+TSA). The signals were detected in oocytes of sections hybridized with the antisense RNA probe (c) but not in
those hybridized with the sense RNA probe (d). Arrows indicate oocytes observed in the sections. Bars: 100 pm
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the animal polar cytoplasm beneath the micropyle, a
structure through which a sperm enters into the oocyte
cytoplasm (Fig. 3a-c). In contrast, hybridization with the
same concentrations of sense probes showed no signal
(Additional file 1: Figure S2A-C). Since the expression
level of mos mRNA is low, hybridization with low con-
centrations of the mos RNA probe (less than 1 ng/ul) re-
sulted in low levels of signals. In contrast, a reduction in
the concentration of cyclin BI RNA probe (less than
1 ng/pl) did not affect the levels of specific signals but
reduced nonspecific signals probably due to the high
levels of cyclin BI mRNA expression. In conclusion, the
low concentration of the cyclin Bl RNA probe
(0.25 ng/pl) resulted in highly specific and less back-
ground signals. High resolution imaging of these two
mRNAs showed that both mRNAs formed large granules
in the animal polar cytoplasm of oocytes (Fig. 3d-f). How-
ever, the granules of mos mRNA were different from those
of cyclin BI mRNA. The mos RNA granules barely co-
localized with the cyclin B1 RNA granules (3.9%, n = 282).
Similar subcellular localization patterns of mos and cyclin
B1 mRNAs were observed in all oocytes of two independ-
ent experiments (Additional file 1: Figure S2D-F). The tis-
sue and cell morphology of zebrafish ovaries was observed
by HE staining (Fig. 7b-d). These results clearly showed
the different distribution of mos and cyclin BI mRNAs al-
though both mRNAs are localized at the same

Page 7 of 14

cytoplasmic regions. These results also showed the advan-
tage of our method that enabled staining of distinct
mRNAs without overlapping signals in the detection of
distinct probes.

Subcellular Localization of cyclin B1 and dazl mRNAs in
the Zebrafish Ovary

To further validate our method, we analyzed the expres-
sion of cyclin B1 and dazl mRNAs in zebrafish oocytes.
dazl mRNA encodes a zebrafish homolog of Deleted in
Azoospermia (DAZ), an RNA-binding protein thought to
be involved in primordial germ cell (PGC) development
[33, 44, 45]. Hybridization of 5-12 pm-thick zebrafish
ovary sections with 0.25 ng/ul of the fluorescein-labeled
antisense cyclin B1 RNA probe and 1 ng/pl of the DIG-
labeled antisense dazl RNA probe, followed by amplifica-
tion of signals using the TSA system, showed that cyclin
B1 mRNA was distributed throughout the cytoplasm ex-
cept for the Balbiani body (Bb) marked by dazl mRNA in
stage Ia oocytes (Fig. 4a). No obvious physiological struc-
ture of cyclin BI mRNA was observed in this stage. In
contrast, dazl mRNA was localized at the Bb (Fig. 4a) as
reported previously by using a conventional in situ
hybridization method without the TSA system [34, 46].
The Bb is a universal and transient structure consisting of
mitochondria, Golgi apparatus, endoplasmic reticulum,
and certain RNAs [47]. In later stage (stage Ib) oocytes,

mos mRNA - cyclin BT mRNA - Hoechst

Fig. 3 Double fluorescence in situ hybridization of mos (red) and cyclin BT (green) mRNAs in zebrafish ovaries. DNA is shown in blue. a-c A
zebrafish ovary section showing localization of mos (@) and cyclin B1 (b) mRNAs in a fully grown oocyte. A merged image is shown in (c). The
mos and cyclin B mRNAs were localized at the animal polar cytoplasm beneath the micropyle (m). fc, follicle cells; ¢, chorion. d-f High resolution
imaging of the oocyte shown in a-c. The insets are enlarged views of the boxed regions. The mos and cyclin BT mRNAs were distributed in the
animal polar cytoplasm of oocyte as different granules. Bars: 50 um in a-c, 10 um in d-f
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Stage la

Stage Il

cyclin B1 mRNA - dazl mRNA - Hoechst

Fig. 4 Double fluorescence in situ hybridization of cyclin B1 (red) and dazl (green) mRNAs in zebrafish ovaries. DNA is shown in blue. a A follicle
consisting of stage la oocyte. Insets are enlarged views of the boxed region showing cyclin BT mRNA (upper), dazl mRNA (middle) and a merged
image (lower). b A follicle consisting of stage Ib oocyte. Insets are enlarged views of the boxed region showing cyclin BT mRNA (upper), dazl
mRNA (middle) and a merged image (lower). ¢ A follicle consisting of stage Il oocyte. The inset is an enlarged view of the boxed region. d A
follicle consisting of stage Il oocyte. The inset is an enlarged view of the boxed region. Arrowheads indicate cyclin B1 RNA granules localized at
the animal polar cytoplasm of oocytes. Arrows indicate dazl RNA granules distributed in the vegetal polar cytoplasm of oocytes. GV, germinal
vesicle; Bb, Balbiani body; fc, follicle cells. Bars: 20 um in a and b, 50 um in cand d

Stage Ib

Stage llI

the Bb is dispersed, leading to specification of the vegetal
polar region and establishment of the animal-vegetal axis
in oocytes [46, 48, 49]. cyclin BI mRNA was detected as
granular structures throughout the cytoplasm of stage Ib
oocytes (Fig. 4b, red signals). In this period, dazl mRNA
moved to the vegetal cortex of oocytes (Fig. 4b, green
signals). No obvious structure of dazl mRNA was
observed in stage I oocytes. At stage II, cyclin BI mRNA
becomes localized at the animal polar cytoplasm as
persisting granular structures (Fig. 4c, arrowheads). In this
stage, dazl mRNA was localized at the vegetal polar cyto-
plasm as granular structures (Fig. 4c, arrows). Large num-
bers of cyclin B1 RNA granules were localized at the
animal polar cytoplasm in stage III (Fig. 4d) and fully
grown, stage IV oocytes [31, 32, 50]. The localization and
granular structure of dazl mRNA were maintained in
stage III and IV oocytes, but the granules were broadly
distributed in the vegetal polar cytoplasm (Fig. 4d,
arrows). In all stages, no signal was detected with the

control sense probes (Additional file 1: Figure S3A-D).
Similar distribution patterns of mos and dazl mRNAs dur-
ing oocyte development were obtained from three inde-
pendent experiments (Additional file 1: Figure S3E-H).

Double staining of cyclin Bl and dazl mRNAs showed
interesting aspects of the mRNA distribution and
localization in oocytes. First, cyclin B1 and dazl mRNAs
were distributed in completely different regions in the
cytoplasm of stage Ia oocytes (Fig. 4a) and localized at
different poles in later stages (Fig. 4c and d). Second, in
the period of Bb dispersion, cyclin BI mRNA was dis-
tributed in the region where the Bb was localized and
was partially co-localized with daz/ mRNA in this region
(Fig. 4b, see insets). In contrast, dazl mRNA was not
dispersed throughout the cytoplasm and maintained its
aggregation while moving to the vegetal cortex (Fig. 4b).
Finally, cyclin BI mRNA seemed to form granular struc-
tures from stage Ib (Fig. 4b), while dazl mRNA seemed
to form such structures from stage II (Fig. 4c).
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Subcellular Localization of Cyclin B1 and Dazl mRNAs in
the Mouse Ovary

We next examined the distribution and localization of
Cyclin B1 and Dazl mRNAs in mouse adult ovaries.
Hybridization of 8-10 pm-thick mouse ovary sections
with 1 ng/pl of the fluorescein-labeled antisense Cyclin B1
RNA probe and 1 ng/pl of the DIG-labeled antisense Daz/
RNA probe, followed by amplification of signals using the
TSA system, showed that Cyclin B1 and Dazl mRNAs
were distributed as granules in the cytoplasm of fully
grown mouse oocytes (Fig. 5), as was observed for the zeb-
rafish. However, in contrast to the zebrafish, Cyclin Bl
and Dazl RNA granules were not localized in different re-
gions but were similarly distributed in the cytoplasm.
Interestingly, Cyclin Bl and Dazl mRNAs were found to
be assembled into different granules, and these granules
were distributed close to each other (Fig. 5, see insets). No
signal was detected with the control sense probes
(Additional file 1: Figure S4A). Similar distribution pat-
terns of Cyclin B1 and Dazl mRNAs were obtained from
three independent experiments (Additional file 1: Figure
$4B and C). Our method thus showed similarity and differ-
ence of the two mRNAs in distribution pattern and region-
specific localization in zebrafish and mouse oocytes.

Detection and Subcellular Localization of IncRNA-HSVIII in
the Mouse Testis

We applied our method to detection of IncRNAs in the
mouse testis. Thousands of IncRNAs have been detected
in mammalian testes [51-56]. However, their expression
patterns and subcellular distributions in testes have
remained almost completely unknown. [ncRNA-HSVIII
showed a testis-specific expression pattern [36] and is

Cyclin BT mRNA - Dazl mRNA - Hoechst

Fig. 5 Double fluorescence in situ hybridization of Cyclin BT (red)
and Dazl (green) mRNAs in mouse ovaries. DNA is shown in blue.
Insets are enlarged views of the boxed region showing Cyclin B1

mMRNA (upper), Dazl mRNA (middle) and a merged image (lower).
GV, germinal vesicle; fc, follicle cells. Bar: 20 um
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thought to function in testis development and spermato-
genesis. As in the case of other IncRNAs, [ncRNA-HSVIII
is a low-abundance RNA because qRT-PCR analysis
showed that the expression level of [ncRNA-HSVIII was
approximately 770 times less than that of house-keeping
Aip gene transcript [57], which encodes aryl hydrocarbon
receptor interacting protein, in mouse testis (769.5 +
129.1, n=3).

We first examined the expression of ncRNA-HSVIII
by making paraffin sections and performing in situ
hybridization without amplification of signals using the
TSA system. Unfortunately, no signal was detected by
this method. We then examined the expression patterns
of this IncRNA by combining paraffin sections and in
situ hybridization with the TSA system. Hybridization of
7 pm-thick mouse testis sections with 2 ng/pl of the
fluorescein-labeled antisense ncRNA-HSVIII RNA probe,
followed by amplification of signals using the TSA system,
showed that [ncRNA-HSVIII were distributed as some
dot-like signals in nuclei of spermatocytes at the early
phase of prophase I of the meiotic cell cycle (Fig. 6a and
b). The number of these foci increased in cells at the dif-
ferent phase of prophase I (Fig. 6a and c). The nuclear dis-
tribution of IncRNA-HSVIII disappeared, and, instead, this
InRNA was found to be distributed in the cytoplasm of
round spermatids (Fig. 6a and d, arrows). In contrast,
hybridization with the same concentration of sense probe
showed slight but not specific signals, showing fluores-
cence background in this procedure (Additional file 1:
Figure S5A). Furthermore, our method is highly reprodu-
cible in the detection of IncRNA as in the case of mRNA
because similar expression and distribution patterns of
IncRNA-HSVIII were obtained from four independent ex-
periments using both the fluorescein- and DIG-labeled
antisense ncRNA-HSVIII RNA probes (Additional file 1:
Figure S5B-F). The tissue and cell morphology of mouse
testis was observed by HE staining (Fig. 7e and f). Taken
together, our method revealed the expression patterns of
IncRNA-HSVIII in germ cells in testes.

Discussion

Detection and Subcellular Localization of mRNAs in Adult
Tissues and Organs

Because of the limitations of techniques, the detection
and analysis of subcellular localization of mRNAs and
IncRNAs remain difficult. In this study, we produced 18
different RNA probes for the detection of mRNAs and
IncRNA and showed the expression and subcellular
localization of distinct RNAs in mouse and zebrafish
adult ovaries and testes. Our method detects the
mRNAs with high-sensitivity because 1) PouSf1/Oct4
mRNA could be detected in mouse oocytes (Fig. 2),
which was not detected by a conventional method , and
2) IncRNA-HSVIII could be detected in mouse
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IncRNA-HSVIII RNA - Hoechst

Fig. 6 Fluorescence in situ hybridization of IncRNA-HSVIII (red) in mouse testes. DNA is shown in blue. a A transverse section of seminiferous
tubules. b An enlarged view of the boxed region marked as B in a. ¢ An enlarged view of the boxed region marked as C in a. d An enlarged
view of the boxed region marked as D in a. Arrows indicate IncRNA-HSVIII distributed in the cytoplasm of round spermatid. Bar: 50 um

spermatocytes (Fig. 6), which was also undetectable in a
conventional method. In addition, our method provides
high-resolution imaging while maintaining tissue and
cell morphology and is useful for simultaneous detection
of two different mRNAs at subcellular levels. Double
staining of mos and cyclin BI mRNAs in zebrafish oo-
cytes demonstrated the distributions of these mRNAs as
different granules even both mRNAs were localized in
the same regions (Fig. 3). Since one can make biotin- or
DNP-labeled RNA probes for detection of mRNAs of
interest, the expression and localization of three and
four mRNAs would be simultaneously analyzed by this
method.

A previous study showed that zebrafish cyclin Bl
mRNA is initially distributed throughout the cytoplasm
of oocytes (stages I and II) and becomes localized at the
animal polar cytoplasm after stage III, when DIG-labeled
RNA probes were recognized by an AP-coupled anti-
DIG antibody, followed by detection of signals by pre-
cipitation of AP substrates [28]. Fluorescence in situ
hybridization with the TSA system has revealed the
localization of cyclin BI mRNA at the animal polar cyto-
plasm as RNA granules [31, 32, 50], and this study re-
vealed changes in cyclin BI mRNA distribution and
localization during oocyte development; i.e., cyclin Bl
mRNA was initially distributed throughout the cyto-
plasm of oocytes in stage I and subsequently moved to
the animal pole in stage II (Fig. 4a-c), and a granular
structure was first found in stage Ib oocytes and per-
sisted in later stages (Fig. 4b-d). An explanation for the
difference in distribution of cyclin BI mRNA in stage II

oocytes is that precipitation of AP substrates tends to be
diffused throughout the cytoplasm, while tyramide is
associated with peptides in close proximity to POD-
coupled antibodies. This difference was also demon-
strated in the case of mRNAs expressed in Drosophila
embryos [8]. Collectively, our method enables detection
of the precise subcellular localization of mRNAs in ver-
tebrate adult tissues and organs.

The localization of dazl mRNA during oogenesis in
the zebrafish has been shown in previous studies in
which the signals of RNA probes were detected by pre-
cipitation of AP substrates [34, 46]. Our fluorescence in
situ hybridization with the TSA system showed similar
localization patterns of dazl mRNA (Fig. 4). However,
details of the distribution pattern were different. Previ-
ous studies showed that dazl mRNA was diffusely local-
ized in the vegetal polar cytoplasm of later stage oocytes,
probably due to diffusion of AP substrate precipitation
in this region [33, 34, 46]. Our method revealed that
dazl mRNA forms granular structures at the vegetal
pole, and these granules were broadly distributed in the
vegetal cytoplasmic region of later stage oocytes (Fig. 4c
and d). This finding demonstrates that daz/ mRNA does
not diffusely distribute throughout the vegetal polar
cytoplasm as single RNA-protein complexes but assem-
bles into large structures in this region. Our observa-
tions will contribute to elucidation of the regulation of
dazl mRNA during oocyte development and after
fertilization.

Detection of Cyclin BI and Dazl mRNAs in mouse oo-
cytes is difficult due to their low expression levels in a
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spermatids; esd, elongating spermatids. Bars: 50 um in A-E, 10 um in F

Fig. 7 The tissue and cell morphology of mouse and zebrafish ovaries and mouse testes. a A section of mouse ovary stained with hematoxylin
and eosin (HE). A follicle consisting of fully grown oocyte is shown. a, antrum; oc, oocyte cytoplasm; GV, germinal vesicle; fc, follicle cells. b-d
Sections of zebrafish ovary stained with HE. Follicles consisting of stage | oocytes (b), stage Il and Ill cocytes (c), and stage IV oocyte (d). GV,
germinal vesicle; fc, follicle cells; Bb, Balbiani body; m, micropyle; oc, oocyte cytoplasm; ¢, chorion; y, yolk. @ A transverse section of seminiferous
tubules of mouse testis stained with HE. f An enlarged view of the boxed region marked in e. sg, spermatogonia; sc, spermatocytes; rsd, round

single oocyte. Our previous study showed the distribution
of Cyclin BI mRNA in the mouse oocyte cytoplasm as
granules by single fluorescence in situ hybridization with
the TSA system [31]. In this study, double fluorescence in
situ hybridization of Cyclin B1 and Dazl mRNAs revealed
that these two mRNAs were assembled into different
granules and that these granules were distributed in simi-
lar regions in fully grown oocytes (Fig. 5). These results
demonstrate for the first time the different subcellular dis-
tributions of mRNAs in the cytoplasm of mammalian
oocytes.

Conserved and Species-Specific Regulation of mRNAs in
Zebrafish and Mouse Oocytes

Our results demonstrated similarity and difference of
the mRNA regulations in zebrafish and mouse species.
Granular structures of mRNAs have been suggested to
function in regulating the timing of translational activa-
tion of the mRNAs [31, 32]. mRNAs encoding Cyclin Bl

and Dazl appeared to form granular structures in both
zebrafish and mouse oocytes, suggesting translational
regulation of these mRNAs.

In contrast to the conservation in physiological struc-
ture, localization of these mRNAs appeared to be differ-
ent in the zebrafish and mouse. This may be due to
differences in the functions of Dazl protein. During zeb-
rafish embryogenesis, maternally provided dazl mRNA
and its protein product have been suggested to function
in primordial germ cell (PGC) development [45] as in
the case of Xenopus [44]. Localization of dazl mRNA at
the vegetal polar cytoplasm of oocytes is one of the im-
portant processes for PGC development after fertilization
[34, 45]. Although the zygotically expressed mouse Dazl
gene has been shown to function in spermatogenesis
[58, 59], maternally provided Dazl mRNA and its
protein product might function in oocyte maturation
but not in embryogenesis. A recent study has shown that
translation of Dazl mRNA is activated at the early period
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of oocyte maturation, which is similar to the period of
translational activation of Cyclin BI mRNA [60]. Synthe-
sized Cyclin B1 protein activates MPF, and MPF promotes
oocyte maturation by phosphorylating substrates of the
catalytic subunit of Cdc2 [61-63], while synthesized Dazl
protein promotes translational activation of other mRNAs,
protein products of which are essential for promoting pro-
gression of oocyte maturation [60, 64]. Distributions of
Cyclin B1 and Dazl mRNAs in similar regions in mouse
oocytes might be important for translational activation of
these mRNAs at a similar timing.

Detection and Subcellular Localization of IncRNAs in
Adult Tissues and Organs

Genetic and functional analyses of IncRNAs have shown
fundamental roles of this type of ncRNA in various cellu-
lar processes [17-20]. Some IncRNAs have been shown to
act as structural and functional scaffolds for specialized
subnuclear domains [65]. Other IncRNAs have been
shown to participate in epigenetic regulation by interact-
ing with chromatin-modifying complexes or to regulate
post-transcriptional processes including alternative spli-
cing, mRNA stability and translation [20, 66]. Systematic
and comprehensive studies have demonstrated that thou-
sands of IncRNAs are expressed in many different cell
types and organs [67, 68], but their expression patterns in
cells remain largely unknown. Our method revealed the
nuclear distribution of [ncRNA-HSVIII as some foci in
spermatocytes at an early phase of prophase I and the
cytoplasmic localization of this IncRNA in round sperma-
tids (Fig. 4). Although it remains to be determined
whether [ncRNA-HSVIII functions in testis development
and spermatogenesis, our findings suggest structural or
regulatory functions of /ncRNA-HSVIII in the nucleus
of spermatocytes in early meiotic stages and post-
transcriptional functions such as translational regula-
tion in the cytoplasm of round spermatids. Intriguingly,
a large-scale evolutionary study has demonstrated that
more than 40% of IncRNAs show a testes-specific expres-
sion pattern in 11 species from frog to human, suggesting
the importance of IncRNAs in spermatogenesis [69]. Our
method has provided a new mode of localization patterns
of IncRNAs during spermatogenesis and is useful for the
future studies of IncRNAs in testes. Our method also en-
ables determination of cell- and tissue-specific localization
of IncRNAs in other organs, which may lead to a better
understanding of their function.

Conclusion

We have described a high-sensitivity and high-resolution
in situ hybridization method that enables detection of
the distribution and localization of RNAs at subcellular
levels in large organs such as the ovary and testis. This
method is applicable to many organisms and various
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tissues and organs and should facilitate studies of gene
expression at the level of RNA regulation, which is func-
tionally and mechanistically important for promoting
various biological processes in diverse species.

Additional file

Additional file 1: Table S1. Reagents used in this study. Table S2.
RNA probes used for detection of target mRNAs. Table S3. Sequences of
transcripts used for making RNA probes in this study. Figure S1. Single
in situ hybridization of Pou5f1/0ct4 mRNA in mouse ovaries. (A-D)
Sections hybridized with the sense (A and C) or antisense (B and D)
Pou5f1/Oct4 RNA probe with amplification of signals using the TSA
system (+TSA). Bars: 100 um. Figure S2. Double fluorescence in situ
hybridization of mos and cyclin B1 mRNAs in zebrafish ovaries. (A-C) A
section hybridized with the sense probes for mos and cyclin BT mRNAs in
a fully grown oocyte. (D-F) A section hybridized with the antisense
probes for mos and cyclin BT mRNAs in a fully grown oocyte. Bars: 50 um
in A-C, 10 um in D-F. Figure S3. Double fluorescence in situ hybridization
of cyclin BT and dazl mRNAs in zebrafish ovaries. (A-D) Sections hybridized
with the sense probes for cyclin B1 and dazl mRNAs. Follicles consisting of
stage la (A), stage Ib (B), stage Il (C), and stage Ill (D) oocytes. (E-H) Sections
hybridized with the antisense probes for cyclin B1 and dazl mRNAs. Follicles
consisting of stage la (E), stage Ib (F), stage Il (G), and stage IIl (H) oocytes.
Bars: 20 um in A, B, E and F, 50 um in C, D, G and H. Figure S4. Double
fluorescence in situ hybridization of Cyclin BT and Dazl mRNAs in mouse
ovaries. (A) A section hybridized with the sense probes for Cyclin BT and
Dazl mRNAs. (B and C) Sections hybridized with the antisense probes for
Cyclin BT and Dazl mRNAs. Bars: 20 um. Figure S5. Fluorescence in situ
hybridization of IncRNA-HSVIIl in mouse testes. (A-B) Transverse sections of
seminiferous tubules hybridized with the fluorescein-labeled sense (A) and
antisense (B) probes. (C-F) Transverse sections of seminiferous tubules
hybridized with the DIG-labeled sense (C and E) and antisense (D and F)
probes. Bars: 50 um. (PDF 16.6 mb)

Acknowledgements

The authors thank Dr. Ryoma Yoneda for technical advice on the detection
of INcRNA in mouse testes and Mayu Horie for initial experiments detecting
MRNAs in zebrafish ovaries.

Funding

This work was in part supported by Grant-in-Aid for Scientific Research
(16K07242 to TK) from the Ministry of Education, Culture, Sports, Science and
Technology, Japan and by grants from Takeda Science Foundation, Daiichi
Sankyo Foundation of Life Science, and Suhara Memorial Foundation.

Availability of Data and Materials
Almost all data generated or analyzed during this study are included in this
published article and its Additional files.

Authors’ Contributions

NT, TN, SK, YT and YS performed the experiments and analyzed the results;
APK supervised the procedure using mouse testes and interpreted the
results of INcRNA; TK designed the experiments and wrote the manuscript;
All authors read and approved the final manuscript.

Ethics Approval
All animal experiments in this study were approved by the Committee on
Animal Experimentation, Hokkaido University (Authorization 14-0136).

Consent for Publication
Not applicable

Competing interests
The authors declare that they have no competing interests.


https://doi.org/10.1186/s12575-018-0071-z

Takei et al. Biological Procedures Online (2018) 20:6

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 12 December 2017 Accepted: 29 January 2018
Published online: 01 March 2018

References

1.

20.

21.

22.

23.

24.

Kloc M, Zearfoss NR, Etkin LD. Mechanisms of subcellular mRNA localization.
Cell. 2002;108:533-44.

St Johnston D. Moving messages: the intracellular localization of mRNAs.
Nat Rev Mol Cell Biol. 2005;6:363-75.

Martin KC, Ephrussi A. mRNA localization: gene expression in the spatial
dimension. Cell. 2009;136:719-30.

Buxbaum AR, Haimovich G, Singer RH. In the right place at the right time:
visualizing and understanding mRNA localization. Nat Rev Mol Cell Biol.
2015;16:95-109.

Kotani T, Maehata K, Takei N. Regulation of translationally repressed mRNAs
in zebrafish and mouse oocytes. Results Probl Cell Differ. 2017,63:297-324.
Harrison PR, Conkie D, Paul J, Jones K. Localisation of cellular globin
messenger RNA by in situ hybridisation to complementary DNA. FEBS Lett.
1973,32:109-12.

Cox KH, DeLeon DV, Angerer LM, Angerer RC. Detection of mRNAs in sea
urchin embryos by in situ hybridization using asymmetric RNA probes. Dev
Biol. 1984;101:485-502.

Lecuyer E, Yoshida H, Parthasarathy N, Alm C, Babak T, Cerovina T, Hughes
TR, Tomancak P, Krause HM. Global analysis of mRNA localization reveals a
prominent role in organizing cellular architecture and function. Cell. 2007;
131:174-87.

Wilk R, Hu J, Blotsky D, Krause HM. Diverse and pervasive subcellular distributions
for both coding and long noncoding RNAs. Genes Dev. 2016;30:594-609.
Mingle LA, Okuhama NN, Shi J, Singer RH, Condeelis J, Liu G. Localization of
all seven messenger RNAs for the actin-polymerization nucleator Arp2/3
complex in the protrusions of fibroblasts. J Cell Sci. 2005;118:2425-33.
Mingle LA, Bonamy G, Barroso M, Liao G, Liu G. LPA-induced mutually
exclusive subcellular localization of active RhoA and Arp2 mRNA revealed
by sequential FRET and FISH. Histochem Cell Biol. 2009;132:47-58.

Raap AK, van de Corput MP, Vervenne RA, van Gijlswijk RP, Tanke HJ,
Wiegant J. Ultra-sensitive FISH using peroxidase-mediated deposition of
biotin- or fluorochrome tyramides. Hum Mol Genet. 1995;4:529-34.

Mili S, Moissoglu K, Macara IG. Genome-wide screen reveals APC-associated
RNAs enriched in cell protrusions. Nature. 2008;453:115-9.

Blower MD, Feric E, Weis K, Heald R. Genome-wide analysis demonstrates
conserved localization of messenger RNAs to mitotic microtubules. J Cell
Biol. 2007;179:1365-73.

Carninci P, Kasukawa T, Katayama S, Gough J, Frith MC, Maeda N, Oyama R,
Ravasi T, Lenhard B, Wells C, et al. The transcriptional landscape of the
mammalian genome. Science. 2005;309:1559-63.

Ravasi T, Suzuki H, Pang KC, Katayama S, Furuno M, Okunishi R, Fukuda S, Ru
K, Frith MC, Gongora MM, et al. Experimental validation of the regulated
expression of large numbers of non-coding RNAs from the mouse genome.
Genome Res. 2006;16:11-9.

Morris KV, Mattick JS. The rise of regulatory RNA. Nat Rev Genet. 2014;15:
423-37.

Guttman M, Rinn JL. Modular regulatory principles of large non-coding
RNAs. Nature. 2012,482:339-46.

Lee JT. Epigenetic regulation by long noncoding RNAs. Science. 2012;338:
1435-9.

Yoon JH, Abdelmohsen K, Gorospe M. Posttranscriptional gene regulation
by long noncoding RNA. J Mol Biol. 2013;425:3723-30.

Palazzo AF, Lee ES. Non-coding RNA: what is functional and what is junk?
Front Genet. 2015;6:2.

Raj A, van den Bogaard P, Rifkin SA, van Oudenaarden A, Tyagi S. Imaging
individual MRNA molecules using multiple singly labeled probes. Nat
Methods. 2008;5:877-9.

Cabili MN, Dunagin MC, McClanahan PD, Biaesch A, Padovan-Merhar O, Regev
A, Rinn JL, Raj A. Localization and abundance analysis of human IncRNAs at
single-cell and single-molecule resolution. Genome Biol. 2015;16:20.

ltzkovitz S, Lyubimova A, Blat IC, Maynard M, van Es J, Lees J, Jacks T,
Clevers H, van Oudenaarden A. Single-molecule transcript counting of
stem-cell markers in the mouse intestine. Nat Cell Biol. 2011;14:106-14.

25.

26.

27.

28.

29.

30.

32.

33.

34,

35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

Page 13 of 14

Chandrakesan P, May R, Qu D, Weygant N, Taylor VE, Li JD, Ali N, Sureban SM,
Qante M, Wang TC, et al. Dclk1+ small intestinal epithelial tuft cells display the
hallmarks of quiescence and self-renewal. Oncotarget. 2015,6:30876-86.

Wang F, Flanagan J, Su N, Wang LC, Bui S, Nielson A, Wu X, Vo HT, Ma XJ,
Luo Y. RNAscope: a novel in situ RNA analysis platform for formalin-fixed,
paraffin-embedded tissues. The Journal of molecular diagnostics : JMD.
2012;14:22-9.

Kondo T, Yanagawa T, Yoshida N, Yamashita M. Introduction of cyclin B
induces activation of the maturation-promoting factor and breakdown of
germinal vesicle in growing zebrafish oocytes unresponsive to the
maturation-inducing hormone. Dev Biol. 1997;190:142-52.

Kondo T, Kotani T, Yamashita M. Dispersion of cyclin B mRNA aggregation is
coupled with translational activation of the mRNA during zebrafish oocyte
maturation. Dev Biol. 2001;229:421-31.

Yasuda K, Kotani T, Ota R, Yamashita M. Transgenic zebrafish reveals novel
mechanisms of translational control of cyclin B1 mRNA in oocytes. Dev Biol.
2010;348:76-86.

Yasuda K, Kotani T, Yamashita M. A cis-acting element in the coding region
of cyclin BT mRNA couples subcellular localization to translational timing.
Dev Biol. 2013;382:517-29.

Kotani T, Yasuda K, Ota R, Yamashita M. Cyclin BT mRNA translation is
temporally controlled through formation and disassembly of RNA granules.
J Cell Biol. 2013;202:1041-55.

Horie M, Kotani T. Formation of mos RNA granules in the zebrafish oocyte
that differ from cyclin BT RNA granules in distribution, density and
regulation. Eur J Cell Biol. 2016,95:563-73.

Maegawa S, Yasuda K, Inoue K. Maternal mRNA localization of zebrafish
DAZ-like gene. Mech Dev. 1999,81:223-6.

Kosaka K, Kawakami K, Sakamoto H, Inoue K. Spatiotemporal localization of
germ plasm RNAs during zebrafish oogenesis. Mech Dev. 2007;124:279-89.
Suzuki H, Tsukahara T, Inoue K. Localization of c-mos mRNA around the
animal pole in the zebrafish oocyte with Zor-1/Zorba. Bioscience trends.
2009;3:96-104.

Yoneda R, Satoh Y, Yoshida I, Kawamura S, Kotani T, Kimura AP. A genomic
region transcribed into a long noncoding RNA interacts with the Prss42/
Tessp-2 promoter in spermatocytes during mouse spermatogenesis, and its
flanking sequences can function as enhancers. Mol Reprod Dev. 2016;83:
541-57.

Scholer HR, Hatzopoulos AK, Balling R, Suzuki N, Gruss P. A family of
octamer-specific proteins present during mouse embryogenesis: evidence
for germline-specific expression of an Oct factor. EMBO J. 1989,8:2543-50.
Nichols J, Zevnik B, Anastassiadis K, Niwa H, Klewe-Nebenius D, Chambers |,
Scholer H, Smith A. Formation of pluripotent stem cells in the mammalian
embryo depends on the POU transcription factor Oct4. Cell. 1998,95:379-91.
Jaenisch R, Young R. Stem cells, the molecular circuitry of pluripotency and
nuclear reprogramming. Cell. 2008;132:567-82.

Wu G, Han D, Gong Y, Sebastiano V, Gentile L, Singhal N, Adachi K,
Fischedick G, Ortmeier C, Sinn M, et al. Establishment of totipotency does
not depend on Oct4A. Nat Cell Biol. 2013;15:1089-97.

Sagata N, Daar |, Oskarsson M, Showalter SD, Vande Woude GF. The product
of the mos proto-oncogene as a candidate "initiator" for oocyte maturation.
Science. 1989;245:643-6.

Nurse P. Universal control mechanism regulating onset of M-phase. Nature.
1990;344:503-8.

Tay J, Hodgman R, Richter JD. The control of cyclin BT mRNA translation
during mouse oocyte maturation. Dev Biol. 2000;221:1-9.

Houston DW, King ML. A critical role for Xdazl, a germ plasm-localized RNA,
in the differentiation of primordial germ cells in Xenopus. Development.
2000;127:447-56.

Hashimoto Y, Maegawa S, Nagai T, Yamaha E, Suzuki H, Yasuda K, Inoue K.
Localized maternal factors are required for zebrafish germ cell formation.
Dev Biol. 2004,268:152-61.

Marlow FL, Mullins MC. Bucky ball functions in Balbiani body assembly and
animal-vegetal polarity in the oocyte and follicle cell layer in zebrafish. Dev
Biol. 2008;321:40-50.

Kloc M, Jedrzejowska I, Tworzydlo W, Bilinski SM. Balbiani body, nuage and
sponge bodies-term plasm pathway players. Arthropod structure &
development. 2014;43:341-8.

Gupta T, Marlow FL, Ferriola D, Mackiewicz K, Dapprich J, Monos D, Mullins MC.
Microtubule actin crosslinking factor 1 regulates the Balbiani body and animal-
vegetal polarity of the zebrafish oocyte. PLoS Genet. 2010,6:21001073.



Takei et al. Biological Procedures Online (2018) 20:6

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Heim AE, Hartung O, Rothhamel S, Ferreira E, Jenny A, Marlow FL. Oocyte
polarity requires a Bucky ball-dependent feedback amplification loop.
Development. 2014;141:842-54.

Nukada Y, Horie M, Fukui A, Kotani T, Yamashita M. Real-time imaging of
actin filaments in the zebrafish oocyte and embryo. Cytoskeleton
(Hoboken). 2015;72:491-501.

Sun J, Lin Y, Wu J. Long non-coding RNA expression profiling of mouse
testis during postnatal development. PLoS One. 2013;8:75750.

Bao J, Wu J, Schuster AS, Hennig GW, Yan W. Expression profiling reveals
developmentally regulated INcRNA repertoire in the mouse male germline.
Biol Reprod. 2013;89:107.

Liang M, Li W, Tian H, Hu T, Wang L, Lin Y, Li Y, Huang H, Sun F. Sequential
expression of long noncoding RNA as mRNA gene expression in specific
stages of mouse spermatogenesis. Sci Rep. 2014;4:5966.

Kurihara M, Shiraishi A, Satake H, Kimura AP. A conserved noncoding
sequence can function as a spermatocyte-specific enhancer and a
bidirectional promoter for a ubiquitously expressed gene and a testis-
specific long noncoding RNA. J Mol Biol. 2014;426:3069-93.

Chalmel F, Lardenois A, Evrard B, Rolland AD, Sallou O, Dumargne MC,
Coiffec |, Collin O, Primig M, Jegou B. High-resolution profiling of novel
transcribed regions during rat spermatogenesis. Biol Reprod. 2014,91:5.
Zhang C, Gao L, Xu EY. LncRNA, a new component of expanding RNA-
protein regulatory network important for animal sperm development.
Semin Cell Dev Biol. 2016;59:110-7.

Frericks M, Esser C. A toolbox of novel murine house-keeping genes
identified by meta-analysis of large scale gene expression profiles. Biochim
Biophys Acta. 2008;1779:830-7.

Reijo R, Lee TY, Salo P, Alagappan R, Brown LG, Rosenberg M, Rozen S, Jaffe
T, Straus D, Hovatta O, et al. Diverse spermatogenic defects in humans
caused by Y chromosome deletions encompassing a novel RNA-binding
protein gene. Nat Genet. 1995;10:383-93.

Ruggiu M, Speed R, Taggart M, McKay SJ, Kilanowski F, Saunders P, Dorin J,
Cooke HJ. The mouse Dazla gene encodes a cytoplasmic protein essential
for gametogenesis. Nature. 1997,389:73-7.

Chen J, Melton C, Suh N, Oh JS, Horner K, Xie F, Sette C, Blelloch R, Conti M.

Genome-wide analysis of translation reveals a critical role for deleted in
azoospermia-like (Dazl) at the oocyte-to-zygote transition. Genes Dev. 2011;
25:755-66.

Hampl A, Eppig JJ. Translational regulation of the gradual increase in
histone H1 kinase activity in maturing mouse oocytes. Mol Reprod Dev.
1995;40:9-15.

Ledan E, Polanski Z, Terret ME, Maro B. Meiotic maturation of the mouse
oocyte requires an equilibrium between cyclin B synthesis and degradation.
Dev Biol. 2001,232:400-13.

Polanski Z, Ledan E, Brunet S, Louvet S, Verlhac MH, Kubiak JZ, Maro B.
Cyclin synthesis controls the progression of meiotic maturation in mouse
oocytes. Development. 1998;125:4989-97.

Sousa Martins JP, Liu X, Oke A, Arora R, Franciosi F, Viville S, Laird DJ, Fung
JC, Conti M. DAZL and CPEB1 regulate mRNA translation synergistically
during oocyte maturation. J Cell Sci. 2016;129:1271-82.

Rinn J, Guttman M. RNA function. RNA and dynamic nuclear organization.
Science. 2014;345:1240-1.

Rinn JL, Chang HY. Genome regulation by long noncoding RNAs. Annu Rev
Biochem. 2012,81:145-66.

Guttman M, Garber M, Levin JZ, Donaghey J, Robinson J, Adiconis X, Fan L,
Koziol MJ, Gnirke A, Nusbaum C, et al. Ab initio reconstruction of cell type-
specific transcriptomes in mouse reveals the conserved multi-exonic
structure of lincRNAs. Nat Biotechnol. 2010;28:503-10.

Cabili MN, Trapnell C, Goff L, Koziol M, Tazon-Vega B, Regev A, Rinn JL.
Integrative annotation of human large intergenic noncoding RNAs reveals
global properties and specific subclasses. Genes Dev. 2011;25:1915-27.
Necsulea A, Soumillon M, Warnefors M, Liechti A, Daish T, Zeller U, Baker JC,
Grutzner F, Kaessmann H. The evolution of INcRNA repertoires and
expression patterns in tetrapods. Nature. 2014;505:635-40.

Page 14 of 14

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Isolation and Fixation of Ovaries and Testes
	Slide Coating
	Paraffin Sections
	Solution Preparation
	Probe Preparation
	Rehydration and Proteinase K Stimulation
	Hybridization
	Detection of DIG- and Fluorescein-Labeled RNA Probes
	Hoechst Staining and Mounting
	Hematoxylin and Eosin (HE) Staining

	Results
	Detection of Pou5f1/Oct4 mRNA in the Mouse Ovary
	Subcellular Localization of mos and cyclin B1 mRNAs in the Zebrafish Ovary
	Subcellular Localization of cyclin B1 and dazl mRNAs in the Zebrafish Ovary
	Subcellular Localization of Cyclin B1 and Dazl mRNAs in the Mouse Ovary
	Detection and Subcellular Localization of lncRNA-HSVIII in the Mouse Testis

	Discussion
	Detection and Subcellular Localization of mRNAs in Adult Tissues and Organs
	Conserved and Species-Specific Regulation of mRNAs in Zebrafish and Mouse Oocytes
	Detection and Subcellular Localization of lncRNAs in Adult Tissues and Organs

	Conclusion
	Additional file
	Funding
	Availability of Data and Materials
	Authors’ Contributions
	Ethics Approval
	Consent for Publication
	Competing interests
	Publisher’s Note
	References

