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ABSTRACT

Mammalian spermatogenesis is a complex and highly orches-
trated combination of processes in which male germline
proliferation and differentiation result in the production of
mature spermatozoa. If recent genome-wide studies have
contributed to the in-depth analysis of the male germline
protein-encoding transcriptome, little effort has yet been
devoted to the systematic identification of novel unannotated
transcribed regions expressed during mammalian spermatogen-
esis. We report high-resolution expression profiling of male germ
cells in rat, using next-generation sequencing technology and
highly enriched testicular cell populations. Among 20 424 high-
confidence transcripts reconstructed, we defined a stringent set
of 1419 long multi-exonic unannotated transcripts expressed in
the testis (testis-expressed unannotated transcripts [TUTs]).
TUTs were divided into 7 groups with different expression
patterns. Most TUTs share many of the characteristics of
vertebrate long noncoding RNAs (lncRNAs). We also markedly
reinforced the finding that TUTs and known lncRNAs accumu-
late during the meiotic and postmeiotic stages of spermatogen-
esis in mammals and that X-linked meiotic TUTs do not escape
the silencing effects of meiotic sex chromosome inactivation.
Importantly, we discovered that TUTs and known lncRNAs with
a peak expression during meiosis define a distinct class of
noncoding transcripts that exhibit exons twice as long as those of

other transcripts. Our study provides new insights in transcrip-
tional profiling of the male germline and represents a high-
quality resource for novel loci expressed during spermatogenesis
that significantly contributes to rat genome annotation.

intergenic transcripts, intronic transcripts, lncRNAs, mammalian
spermatogenesis, novel transcribed regions, RNA profiling, Sertoli
cells

INTRODUCTION

A large number of genes are temporally regulated during
spermatogenesis. This process consists of three main steps:
male germ cell mitoses, meiotic divisions (meiosis), and
spermiogenesis (postmeiosis); the last step leads to formation
of spermatozoa. Before the advent of next-generation sequenc-
ing, a number of groups, including ours, used various
transcriptome technologies (e.g., expressed sequence tag
libraries, serial analysis of gene expression, and microarray
analyses) to study gene expression during spermatogenesis [1–
8]. It was clearly demonstrated that testis is among the organs
that expresses the largest number of genes in a tissue-specific
manner and that these testis-specific genes are expressed
mostly in the germline. Recently, several studies conducted
RNA sequencing (RNA-seq) for expression quantification
analyses during spermatogenesis by using either whole testes
or enriched populations of germ cells in the mouse [9–12].
Those studies provide a global overview of the testicular
protein-encoding gene expression program; however, they
were somewhat limited in terms of deciphering its noncoding
counterpart and genomic characterization of novel unannotated
transcribed regions.

Advances in sequencing technologies are making it possible
to explore transcriptomes in unprecedented detail and to
identify numerous novel transcriptionally active unannotated
genomic loci that are likely not translated into proteins [13–16].
The resulting transcriptional products, present in all eukaryotic
species, were grouped into a heterogeneous class of unchar-
acterized transcripts termed noncoding RNAs (ncRNAs) [14,
17, 18]. Long noncoding RNA (lncRNAs) molecules are a
recently discovered subclass of ncRNAs [19, 20]; they are by
definition longer (mature transcripts �200 nucleotides in
length) than another subclass of ncRNAs called small ncRNAs
(sncRNAs; ,200 nucleotides), which includes micro-RNAs
[21, 22]. Many genomic characteristics are commonly shared
by lncRNAs in vertebrates, including relatively short length,
low exon number, low GC content, low sequence conservation
(comparable to that of introns), low abundance, and highly
temporally and spatially restricted expression patterns [23–30].
It has been suggested that the lower GC content may partly
explain the lower expression level of lncRNAs than that of
mRNAs [20, 31–34]. Like mRNAs, lncRNAs commonly
consist of several exons that are combined after splicing of
introns into mature transcripts [35]. However, Cabili et al. [23]
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suggested that the transcript length and exon number of
lncRNAs may be underestimated because of partial transcript
reconstruction due to their low abundance. It has also been
reported that lncRNAs are preferentially located next to genes
associated with specific biological processes [23, 25, 29, 30].
These observations contributed to the hypothesis that lncRNAs
might be involved in mechanisms of tissue-specific/cell-
specific regulatory controls via epigenetic modifications over
neighboring protein-encoding genes [30, 36, 37]. Despite
valuable bioinformatics efforts to predict their biological roles
[38], they remain mostly uncharacterized from a functional
point of view. However, there have been numerous studies of
individual lncRNAs such as HOTAIR [39, 40], Xist [41],
MALAT-1 [42], PCAT-1 [43], lincRNA-p21 [44], PANDA
[45], and Jpx [46] showing they are involved in diverse cellular
and biological processes such as chromatin remodeling, gene
expression, post-transcriptional processing, intracellular traf-
ficking, neurogenesis, and embryogenesis [19, 20, 33, 34, 47–
52]. Recent reports suggest potential associations between
lncRNAs and a number of human disorders [53] including
cancers [35, 39, 42, 43]. It is, therefore, becoming clear that
lncRNAs can act through a large diversity of mechanisms to
regulate many biological processes in eukaryotes.

Apart from the accumulation of known lncRNAs observed
in the whole testis during the first wave of spermatogenesis [9]
and the most recent study by Soumillon et al. [10] in mouse, no
comprehensive survey and characterization of novel unanno-
tated loci expressed during spermatogenesis in mammals has
been undertaken. Here, we report the transcriptional profiling
and characterization by RNA-seq of novel testis-expressed
unannotated transcripts (TUTs) present during spermatogenesis
in the rat. We performed paired-end high-throughput sequenc-
ing with RNAs from highly enriched preparations of somatic
Sertoli cells (SE), spermatogonia (SG; mitosis), spermatocytes
(SC; meiosis) and round spermatids (ST; postmeiotic germ
cells). After mapping reads, we were able to assemble a large
fraction of the annotated transcripts and also novel isoforms for
known protein-encoding and noncoding loci. This dataset was
compared to All-Exon GeneChip (Affymetrix) data, which
were used as an internal control of data quality, which widely
confirmed our RNA-seq data. We focused our analysis on
systematic identification of long, multi-exonic TUTs that were
highly detected during spermatogenesis. A high-confidence set
of 1419 TUTs including 435 potential lncRNAs was defined,
and subsequent characterizations identified several properties.
These unannotated transcripts showed most of the genomic
features typically associated with vertebrate lncRNAs (e.g.,
short length, low exon number, low abundance, low GC
content, low sequence conservation, and restricted expression
patterns). Importantly, classification of TUTs and known
lncRNAs according to their expression pattern during sper-
matogenesis revealed several specific characteristics, including
an exon length of meiosis-induced TUTs and known lncRNAs
that was unexpectedly twice as long as that of known lncRNAs
with other expression patterns. Transcriptional profiling and
subsequent characterization of TUTs dynamically expressed
during rat spermatogenesis may lead to identification of novel
candidate loci for the regulation of gene expression in either cis
or trans in mammalian testis. Our study provides insight into
the lncRNA expression program in mammalian testis and
significantly improves annotation of the rat genome. It may
also ultimately help elucidate molecular events leading to
reproductive disorders. A graphic display of this high-quality
dataset is conveniently available to the scientific and medical
communities through the ReproGenomics Viewer (RGV) [54].

MATERIALS AND METHODS

Ethics Statement

Experimental research using animals reported here conformed to the
principles for the use and care of laboratory animals in compliance with French
and European regulations of animal welfare. Furthermore, experimenters were
granted authorization from the French Direction des Services Vétérinaires to
conduct or supervise experiments with live animals.

Sample Isolation

Male Sprague-Dawley rats were purchased from Elevage Janvier. Sertoli
cells, spermatogonia, pachytene spermatocytes, and round spermatids were
highly enriched as previously described [2, 6, 55]. Briefly, pachytene
spermatocytes and round spermatids were prepared from 90-day-old rats:
testes were trypsinized and the resulting cell suspension was fractionated by
centrifugal elution. Spermatogonia were purified from 9-day-old rat testes that
were sequentially dissociated with various enzymes and then sedimented at 1 g
in a 2%–4% bovine serum albumin gradient. Sertoli cells were isolated from
20-day-old rats: testes were sequentially dissociated with various enzymes, and
the resulting cell suspension was differentially sedimented; Sertoli cells were
then plated and cultured for 4–7 days. Testicular cells were enriched from 2
pools (duplicate samples for the RNA-seq experiment) and 3 pools (triplicate
samples for the All-Exon array [Affymetrix] experiment of 8 Sertoli cells, 20
spermatogonia, and 4 rats [spermatocytes and round spermatids]).

For in situ expression analysis, adult male rats under pentobarbital
anesthesia were perfused via the left ventricle with PBS containing heparin
(10 U/ml) for 5 min and then with Bouin solution (lM) for 20 min. Testes were
isolated and immersed in the same fixative for 6 h. Specimens were dehydrated
in a graded series of ethanol concentrations of butanol and then embedded in
paraffin. Five-micrometer-thick sections were cut and mounted onto poly-L-
lysine-coated slides.

RNA Isolation and RNA-Seq Library Preparation

RNA isolation. Total RNA was isolated using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. RNA integrity was measured
using a model 2100 Bioanalyzer (Agilent), and only samples with an RNA
integrity number (RIN) score .7.0 were further processed.

RNA-seq library preparation. RNA-seq libraries were prepared using an
mRNA-seq sample prep kit (product no. RS-100-0801; Illumina Inc.) according
to the manufacturer’s protocol, with some modifications. Aliquots of 10 lg of
total RNA were hybridized with eukaryote rRNA sequence-specific 50 biotin-
labeled oligonucleotide probes to deplete selectively abundant ribosomal RNA.
The rRNA/50 biotin-labeled probe hybrid was removed from the sample with
streptavidin-coated magnetic beads (Ribominus eukaryote kit for RNA-seq;
product no.A10837-08; Invitrogen). Then, 250 ng of rRNA-depleted RNA was
fragmented with divalent cations at 958C for 5 min. The cleaved RNA
fragments were reverse transcribed to cDNA, using random primers and
SuperScript II reverse transcriptase (product no. 18064-014; Invitrogen).
Second-strand cDNA was then synthesized using polymerase I and RNase H.
Double-stranded cDNA fragments were end-repaired using T4 DNA
polymerase, Klenow DNA polymerase, and T4 polynucleotide kinase (PNK).
Klenow fragment (30–50 exonuclease minus) was used to add a single
adenosine to the 30 ends of the blunt DNA fragments. The ends of the DNA
fragments were ligated to double-stranded adapters by using T4 DNA ligase.
Ligated products were separated by 2% agarose gel electrophoresis, and ;200-
to 220-base pair (bp) fragments were excised, purified using QIAquick gel
extraction kit (Qiagen), and amplified by PCR (30 sec at 988C; then 10 sec at
988C, 30 sec at 658C, 30 sec at 728C for 13 cycles; and a final step for 5 min at
728C). Surplus PCR primers were then eliminated by purification (Agencourt
AMPure XP beads; product no.A63881; Beckman). The resulting DNA
libraries were checked for quality and quantified (2100 BioAnalyzer; Agilent).
Each library was loaded into two lanes of the Illumina flow cell at a
concentration of 5 pM, and clusters were generated using the cluster station and
sequenced on the genome Analyzer II (Illumina) as unstranded, paired-end 2 3

60 base reads at depths of ;16.2–18.0 million paired-end reads per library (for
statistics of read counts see Supplemental Table S1; all supplemental data are
available online at www.biolreprod.org). Pipeline version 1.6 software
(Illumina) was used for image analysis and base calling.
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Mapping Reads, Transcriptome Assembly, and
Quantification with the Tuxedo Suite

Comprehensive database of known transcripts. Transcript annotations
from public databases (Ensembl [56], National Center for Biotechnology
Information [NCBI; release RGSC3.4] [57], and AceView [58] and mRNAs
from University of California Santa Cruz [UCSC] rn4 [59]) were merged into a
combined set of nonredundant, known transcript annotations using Cuffcom-
pare software [60, 61].

Mapping reads. RNA-seq-derived reads from each sample replicate were
aligned independently with the Rattus norvegicus genome (rn4, downloaded
from the UCSC genome browser website [59]) with TopHat (version 1.4.1)
[62] using published approaches [29, 61]. The database of known transcripts
and expressed sequence tag alignments (from UCSC) was used to define an
additional junction set (AJS) for each TopHat run. The junction outputs from
individual TopHat runs were pooled and added to the AJS to allow TopHat to
use junction information from all samples. TopHat software was run again for
each sample, using the resulting AJS. The output of this second run comprised
the final alignment. Finally, individual sample alignments for each testicular
cell type were pooled.

Ab initio transcriptome assembly. The transcriptome of each individual
cell type was assembled with Cufflinks (version 1.2.0) by finding a
parsimonious allocation of reads to the transcripts within a locus, using default
settings [60, 61]. The Cufflinks assembly step yielded a set of ;23 000–47 000
transcript fragments (transfrags) for each testicular cell type.

Merging and classification of transcript fragments. Cuffcompare
software [60, 61] was used to merge the individual transfrags into a combined
set (nonredundant union of all transcript fragments that share all introns and
exons) and to classify the 122 262 resulting transcripts according to the known
transcript annotation database. All transcripts that were not automatically
annotated as complete match (Cuffcompare class ‘‘¼’’), potentially novel
isoform (class j), unknown intronic (class i; i.e., loci falling entirely within a
reference intron and without exon–exon overlap with another known locus),
and intergenic (class u) isoforms were discarded, yielding 77 490 transfrags that
were retained in the analysis.

Transcriptome quantification and preprocessing. The isoform abundance
(expression) levels were assessed using Cuffdiff [60, 61] for each sample with
upper quantile normalization. Abundance was measured in fragments per
kilobase of exons model per million reads mapped (FPKM). A matrix of FPKM
values was then prepared from the results of transcriptome quantification.
These expression data were subsequently log2-transformed after adding 0.05 to
all FPKM values. Data were quantile-normalized to reduce systematic effects
and to allow direct comparisons among individual samples.

GeneChip Hybridization and Preprocessing

A parallel expression profiling of the same testicular cells was performed in
triplicate (rat exon 1.0 ST GeneChip; Affymetrix). Total RNA was purified
using an RNA cleanup kit (Zymo Research). One microgram of each RNA
sample was processed as prescribed by the GeneChip whole-transcript sense
target labeling assay (Affymetrix). Briefly, GeneChip wild-type cDNA
synthesis kit, cDNA amplification kit, and terminal labeling kit (Affymetrix)
were used for target preparation. Fragmented second cycle cDNA were verified
with RNA Nano 6000 chips run with the BioAnalyzer (Agilent), and end-
labeled cocktail hybridization was applied to GeneChip rat exon 1.0 ST arrays.
Arrays were hybridized for 16 h. A wash-and-stain script (precommercial
FS450_0001 script) was applied (Station 450; Fluidics). Raw data files (in
.DAT and .CEL data formats) were produced using the GCS 3000 TG system
and ExpressionConsole 1.0 (Affymetrix) with the appropriate library file.
GeneChip data were normalized using the robust multiarray average method
(RMA) [63].

Refinement of Transcript Fragment Selection

As observed in the study by Prensner et al. [43], manual inspection of the
resulting 77 490 transfrags revealed that almost all predicted loci probably
corresponded to stochastic transcriptional noise, genomic DNA present in the
sample, or artifacts due to errors in read mapping and transcript assembly. To
eliminate poor-quality quantifications and identify the most robust transcripts
from background signal, we applied three additional filtering steps. First, we
defined a background expression cutoff value of 3.72 FPKM, calculated as the
overall median of unlogged intensities for the assembled transcripts that
completely matched (using Cuffcompare class ‘‘¼’’) NCBI RefSeq-curated
mRNAs (Natural mRNA category, ‘‘NM’’) [57]; this allowed selection of
28 992 detectable or expressed transfrags (37.4%), defined as those for which
expression levels (FPKM) were above the background expression cutoff value

in both replicates of at least one cell type. Second, we selected 69 725 transfrags
with a total length �200 nucleotides (nt; 90.0%). Finally we selected 39 885
transfrags (51.5%) that harbored at least two exons (multi-exonic). A set of
20 424 transfrags (26.4%) fulfilled all three conditions (intersection of the three
additional filtering steps) and were thus identified as a minimal set of long
multi-exonic RNA molecules expressed in rat Sertoli and/or germ cells (Fig.
1A).

Statistical Filtration and Cluster Analysis

The transfrags differentially expressed in four testicular cell types were
statistically filtered using the annotation, mapping, expression, and network
(AMEN) suite of tools [64] . We first isolated 19 116 transfrags that exhibited a
�3-fold difference in expression between averaged cellular conditions
(pairwise comparisons). A LIMMA (linear models for microarray data)
statistical test [65] was then used to identify 14 856 significantly differentially
expressed transfrags (F value was adjusted using the false discovery rate
method: P � 0.01). The resulting transfrags were then grouped into six
expression patterns (P1–P6) using the partitioning around medoids (PAM)
algorithm. The ability of the patterns to discriminate between transcripts was
verified using a silhouette plot. The six resulting patterns were ordered
according to peak expression levels in the different cell types. The 5568
remaining transfrags for which no significant differential expression was
observed (,3-fold change or P . 0.01) were placed in a 7th group named P0.

Coding Potential Analysis of Novel Transcribed Regions

Before analyzing the protein-encoding potential of transfrags corresponding
to intronic or intergenic (Cuffcompare classes i and u, respectively) TUT
regions, we extracted their DNA sequences and the corresponding open reading
frames. We also aligned whole-genome DNA sequences from four mammalian
species including human (hg18), mouse (mm8), dog (canFam2), and cow
(bosTau2) that were generated by Multiz program [66] and downloaded from
the UCSC genome browser [67]. Transfrags were classified as either coding or
noncoding by an empirical integrative approach based on four distinct
predictive tools: phylogenetic coding substitution frequency (PhyloCSF),
HMMER, CPC, and txCdsPredict [67–70]. These four tools aimed to predicting
the coding potential of a given amino acid or nucleic acid sequence based on:
(i) phylogenetic alignments (PhyloCSF); (ii) similarities to known protein
domains (HMMER); (iii) a support vector machine-based classifier using
several sequence features including similarities to known proteins (CPC); and
(iv) a weighting scheme producing a score corresponding to the protein-
encoding capacity (txCdsPredict). Transcripts were considered protein-
encoding candidates if they had a PhyloCSF score .20, an E value ,10�4

in HMMER (versus Pfam-A and -B), if they were classified as coding by CPC,
or if they showed a txCdsPredict score of .800 (;90% predictive of protein-
encoding genes). By combining the results, we were able to organize TUTs into
five classes possessing very high (4 of 4 tools predicting protein-encoding
potential), high (3 of 4 tools), medium (2 of 4 tools), low (1 of 4 tools), or no (0
of 4 tools) coding potential according to whether transcripts were considered
protein-encoding by 4, 3, 2, 1, or none of the four predictive tools, respectively.

Nearest-Neighbor Analysis

For each TUT, the nearest known protein-encoding genes located upstream
and downstream were identified without distance restriction. This resulted in a
list of associations between TUTs and protein-encoding genes that was
exploited for expression-based relationship analysis using the Pearson
correlation coefficient as previously described [23, 29] and Gene Ontology
(GO) [71] term enrichment analysis using AMEN. The correlation coefficient
was calculated by considering pairs of neighboring genes for which both loci
were detectable (expressed at levels above background expression cutoff value)
in at least one testicular cell type. For GO term analysis, enrichments were
estimated with the Fisher exact probability, using a Gaussian hypergeometric
test implemented in AMEN [64]. A term was considered significantly enriched
in a group of genes if the false discovery rate-corrected P value was �0.01 and
the number of genes bearing this annotation was �5. Given the small numbers
of TUTs and known annotated lncRNAs in the somatic and mitotic expression
clusters (P1–P3), no GO term enrichment could be calculated.

Data Access

The RNA-seq data files were submitted to NCBI Sequence Read Archive
(SRA) and to NCBI Gene Expression Omnibus (GEO) under accession
numbers SRP026340 and GSE48321, respectively. All data are also accessible
through RGV [54]. Selected TUTs were deposited with the GenBank
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Transcriptome Shotgun Assembly sequence database as BioProject no.
PRJNA209702.

Experimental Validation

Reverse transcription PCR. Complementary DNA was obtained from 4-lg
aliquots of DNase-treated RNA (DNase I; Promega) using random hexamers
and Moloney murine leukemia virus reverse transcriptase (Invitrogen).
Conventional PCR was performed using Taq polymerase (Qiagen), a Peltier
thermocycler (Labgene), and the following oligonucleotide primers (Euro-
gentec) for the given transfrags: TCONS_00074622 (exons 4–5), forward
primer 50-GAG-CTC-CTA-AAG-GCC-GAG-TT-30, and reverse primer 5-
’GTC-TGC-ACC-CTG-CCA-TAT-TT-30; and TCONS_00083977 (exons 1–

4), forward primer 50-CAG-GCG-AGT-GGT-CCA-GTA-AT-30, and reverse
primer 50-AGG-CAG-CGT-CTG-GAG-ATA-AG-30. PCR products were then
resolved on 1.5% agarose gel.

In situ expression analysis. RT-PCR products corresponding to
TCONS_00074622 and TCONS_00083977 were gel-purified using Qiaquick
Gek extraction kit (Qiagen), cloned into the pCR II-TOPO vector, and used to
transform Mach1-T1 Escherichia coli (Topo cloning kit for sequencing;
Invitrogen). Clones were screened by PCR and sequenced. Sense and antisense

riboprobes were generated from SP6 or T7 promoters and labeled with
digoxigenin-UTP (Boehringer Mannheim).

Expression levels of TCONS_00074622 and TCONS_00083977 in rat
testis were analyzed by in situ hybridization (ISH) using antisense or sense
riboprobes at 0.8 ng/ll as previously described [1]. Bound probe was detected

FIG. 1. Profiling the testis-expressed unannotated transcripts (TUTs). A) Venn diagram illustrates the three-step refinement strategy used to select a high-
confidence set of 20 424 long (�200 bp), multi-exonic (�2 exons), and detectable transfrags. B) Pie chart shows the proportion of known isoforms of
annotated loci (class code¼), novel isoforms of annotated genes (j), intronic (i), and intergenic (u) TUTs selected after the refinement strategy. C) Flow
chart summarizing the filtration steps and clustering strategy used to select significantly differentially expressed high-confidence transfrags (left), including
TUTs (right). The total number of selected transcripts is given for each filtration step. D) A false-color heatmap summarizes the 7 expression patterns
defined according to the abundance of TUTs in the four testicular cell types (columns): Sertoli cells (SE), spermatogonia (SG), spermatocytes (SC), and
spermatids (ST). Each line corresponds to a transfrag. For each expression pattern, the number of TUTs is indicated on the left. Log2 FPKM values are
displayed according to the color code (bottom left). The last column indicates the degrees of protein-encoding potential (CP) on a color scale (bottom
right).
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with an alkaline-phosphatase-conjugated anti-digoxigenin antibody at 1:500
dilution (Boehringer Mannheim) and S-bromo-4-chloro-3-indolyl phosphate
(50 mg/ml) and nitro blue tetrazolium (75 mg/ml) as substrates (Boehringer
Mannheim) for 16 h at room temperature.

RESULTS

Assembly of High-Confidence Testicular Transcriptome in
Rat Revealed Hundreds of Novel Unannotated Transcribed
Regions

To identify, quantify, and characterize novel TUTs with
potential functions during male germline differentiation, we
performed large-scale, paired-end RNA sequencing experi-
ments at various stages of rat spermatogenesis. Similar to our
previous study [2], RNAs were extracted in duplicate from
three male germ cell populations that marked three important
developmental steps: (i) mitotic spermatogonia; (ii) meiotic
pachytene spermatocytes; and (iii) early spermatids undergoing
spermiogenesis. RNA was also extracted from somatic
testicular cells (i.e., Sertoli cells).

On average, ;35 million reads per sample (;279 million
reads in total) were generated (Supplemental Table S1). We
assembled and quantified transcripts using the Tuxedo suite
[61] (see Materials and Methods). Approximately 80% of
reads (;224 million reads) were correctly paired and aligned to
the rat genome sequence, which notably covered 911 339 splice
junctions for use in transcriptome assembly. Aligned reads
were then assembled into cell-specific transcriptomes and
subsequently combined into a unique set of 122 262 nonre-
dundant transfrags from 53 409 loci across all cell types. The
resulting transfrags were classified by comparison with a
comprehensive list of annotated coding and noncoding
transcripts. We finally selected those corresponding to novel
intronic (loci falling entirely within a reference intron and
without exon–exon overlap with another known locus) or
intergenic TUTs and compared them to known annotated
protein-encoding and noncoding transcripts (see Supplemental
Table S2).

The intrinsic properties of read alignment processes and
potential contamination by unspliced pre-mRNA and genomic
DNA can lead to erroneously assembled transcripts [43]. To
reduce the number of such artifacts, we developed a highly
stringent filtering strategy based on transcript abundance,
transcript length, and number of exons (Fig. 1A; see Materials
and Methods). These selection criteria resulted in a final set of
20 424 high-confidence, long, multi-exonic, nonredundant
transcript isoforms expressed during rat spermatogenesis,
corresponding to 11 116 loci, including: (i) 7168 known
isoforms of annotated loci, including 6915 coding for protein;
(ii) 11 837 novel isoforms of annotated loci, including 11 294
coding for protein; and (iii) 390 intronic and 1029 intergenic
TUTs (Fig. 1B). All subsequent analyses were conducted using
this final set of high-confidence transfrags (see Supplemental
Table S3).

TUTs and lncRNAs Accumulate During Meiotic and
Spermiogenic Stages

We next applied several statistical filtration steps to study
global expression dynamics of the reconstructed transcripts
during spermatogenesis (Fig. 1C). Among the 20 424 high-
confidence, nonredundant transcripts, 14 856 (72.7%) were
identified as being differentially expressed (DE), including
13 677 known or novel isoforms of 8560 annotated loci and
327 intronic and 852 intergenic TUTs.

The DE transfrags were further divided into six expression
patterns: those with their highest expression in Sertoli cells
(pattern P1 named DE-SE, 1780 transfrags, including 9 TUTs),
in both Sertoli cells and spermatogonia (P2 named DE-SE/SG,
1737 transfrags, including 6 TUTs), in spermatogonia (P3
named DE-SG, 1341 transfrags, including 11 TUTs), in
spermatocytes (named DE-SC, 3327 transfrags, including 213
TUTs), in both spermatocytes and spermatids (P5 named DE-
SC/ST, 1898 transfrags, including 146 TUTs), or in spermatids
(P6 named DE-ST, 4773 transfrags, including 794 TUTs) (Fig.
1D; Supplemental Fig. S1, A-D; and Table 1). The 5568
unpatterned candidate transcripts (including 240 TUTs)
showing no significant differential expression between cell
types, were grouped in P0. Notably, the proportion of
transfrags with strongest expression in meiotic and postmeiotic
germline samples (P4–P6) for both TUTs (;81.3%) and
known annotated lncRNAs (;73.9%) was significantly higher
than that of known annotated protein-encoding genes
(;45.5%, P , 10�40) (Fig. 1D; Supplemental Fig. S1, A–D;
and Table 1).

A parallel experiment using rat exon 1.0 ST GeneChips was
conducted to evaluate the robustness of the RNA-seq data: the
expression profiles found for both known coding and known
noncoding loci were widely confirmed. The majority (89%) of
genes identified in the RNA-seq analysis as being differentially
expressed indeed exhibited an expression correlation of �0.5
with profiles obtained in the exon array experiment (see
Supplemental Fig. S1).

Genomic Characterization of TUTs Confirmed lncRNA
Features and Revealed Unusually Longer Exon Length for
Meiosis-Induced lncRNAs

To determine whether TUTs expressed during spermato-
genesis in the rat displayed features similar to those of known
lncRNAs (e.g., short length, low conservation, low expression
level, or very low coding potential [23, 27, 29]), we annotated
each transcript isoform with a comprehensive list of traits.

Size and compositional characteristics. We found that
both TUTs (first quartile [q1] ¼ 391 bp, median (med) ¼ 570
bp, third quartile (q3) ¼ 862 bp) and known lncRNAs ([q1 ¼
449, med¼683, q3¼1142]) expressed during spermatogenesis
were less than half the size (cumulative exon size) of known
mRNAs (q1 ¼ 1068, med ¼ 1811, q3 ¼ 2,904; P , 10�100,
Wilcoxon signed-rank test) (Fig. 2A). Moreover, both TUTs
(q1¼ 2, med¼ 2, q3¼ 3) and known lncRNAs (q1¼ 2, med¼
3, q3 ¼ 4) had approximately 3–4 times fewer exons than
known mRNAs (q1¼ 5, med¼ 8, q3¼ 13; P , 10�200) (Fig.
2B). The total gene sizes (cumulative exon and intron size) of
TUTs (q1 ¼ 1,871 bp, med ¼ 4305, q3 ¼ 10 357) and known
lncRNAs (q1 ¼ 3130, med ¼ 7086, q3 ¼ 17 251) were also
significantly less than half that of known mRNAs (q1¼ 8054,
med¼ 19 431, q3¼ 42 857; P , 10�60) (Fig. 2C). Because of
space constraints, the total gene size for intronic TUTs (q1 ¼
1538, med¼3234, q3¼6149) was two-thirds that of intergenic
TUTs (q1 ¼ 2022, med ¼ 5126, q3 ¼ 12 416; P , 10�10),
although transcript sizes were not significantly different (Fig.
2E). Analysis of the sequence features of TUTs and known
lncRNAs indicated that they have a significantly lower GC
content than known mRNAs (median GC content of 48.3% for
TUTs and 48.8% for known lncRNAs versus 50.6% for known
mRNAs; P , 10�17) (Fig. 2F).

For both meiotic (DE-SC or P4) TUTs (q1 ¼ 524, med ¼
979, q3¼ 2073) and meiotic known lncRNAs (q1¼ 571, med
¼ 991, q3 ¼ 2063), the transcript sizes were twice as large as
those showing other expression patterns (P1–P3 and P5 and P6;
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P , 0.001) (Fig. 2B). This difference was not due to a greater
number of exons but to a significantly longer exon length
(median length of 371 bp and 297 bp for meiotic TUTs and
known lncRNAs, respectively, versus ;200 bp for all other
transcriptional events, P , 0.01) (Fig. 2, B and D).
Importantly, this difference was not found for known meiotic
protein-encoding transfrags (q1¼ 149, med¼ 203, q3¼ 320; P
, 0.001).

Sequence conservation. To assess the evolutionary
sequence conservation of the transcript isoforms identified,
we computed an empirical score by averaging the base-by-base
phastCons conservation scores calculated among nine verte-
brates as provided by the UCSC genome browser [59]. In
agreement with previous observations [25, 27, 29, 30, 37, 72],
most TUTs and known lncRNAs expressed during spermato-
genesis showed substantially less exon conservation than
known mRNAs (median conservation scores of 0.024 for
TUTs and 0.049 for known lncRNAs versus 0.609 for known
mRNAs; P , 10�250) (Fig. 2G).

Abundance and specificity. Although we focused on
higher abundance transfrags because the associated data are
more reliable, we still observed a lower expression level in
testicular cells of TUTs (median of the highest FPKM for all
testicular cell samples of 9.9) than that of known lncRNAs
(median FPKM of 12.6; P , 10�12) and, in an even more
pronounced manner, than that of known mRNAs (median
FPKM of 14.8; P , 10�77) (Fig. 2H). These observations are
consistent with the weak expression of lncRNAs in several
vertebrates and biological systems [23, 27, 29, 73]. We
calculated an expression specificity score based on the
Shannon (information theoretic measure) entropy Q value to
estimate the abundance specificity in the various testicular cell
types [74] as previously suggested [23, 29]. TUTs showed a
significantly higher cell type specificity (median Shannon
entropy-based specificity score¼ 0.632) than known lncRNAs
(median score ¼ 0.842; P , 10�16) and a much higher

specificity than known mRNAs (median score ¼ 1.296; P ,
10�200) (Fig. 2I). Overall, expression levels of TUTs and
known lncRNAs were thus significantly more restricted than
that of transcripts corresponding to known protein-encoding
loci (P , 10�100). This is consistent with previous observations
of lncRNA specificity in other vertebrate systems [29].

Chromosomal localization. Protein-encoding loci on the X
chromosome are silenced by a phenomenon called meiotic sex
chromosome inactivation (MSCI, for review see ref. [75]). On
the other hand, the X chromosome is enriched for genes
expressed in testicular somatic cells, spermatogonia, and
postmeiotic cells [2, 76–78]. We analyzed the chromosomal
localization of the selected high-confidence transfrags and
found that not a single X-linked annotated protein-encoding
locus escaped the MSCI silencing effect in spermatocytes (0
genes in the meiotic expression pattern P4/DE-SC were on the
X chromosome, although 66 would be expected by chance; P
, 10�31), whereas somatic, spermatogonial, and postmeiotic
expression patterns (P1–P3 and P6) were found to be enriched
for such X-linked transfrags (see Supplemental Fig. S2, A–F).
This validates the meiotic expression pattern that contains
transcripts showing peak induction in pachytene spermato-
cytes. Importantly, we found the same result for TUTs: not a
single X-linked TUT belonged to the meiotic expression
pattern P4, although five would be expected by chance (P ¼
0.008; see Supplemental Fig. S2, G–L).

Protein-encoding potential analysis. The high-confidence
set of unannotated transcribed regions we identified are likely
to correspond to either coding or noncoding genes. To assess
the protein-encoding potential of our set of intronic and
intergenic TUTs, we developed a pipeline based on the results
of four predictive tools. We found that nearly three-quarters of
the TUTs exhibited no (all four tools predicting no coding
potential (CP ¼ 0; 435 TUTs) or very low (3 of 4 tools
predicting no CP (1613 TUTs) (Table 1). The coding potential
of a significant proportion of the remaining TUTs is also

TABLE 1. Classification of 20 424 high-confidence transcripts according to their expression pattern.a

Expression patternsb

Not DE DE-SE DE-SE/SG DE-SG DE-SC DE-SC/ST DE-ST %

Classification Total P0 P1 P2 P3 P4 P5 P6 P4–P6

Total no. of transcript fragments 20 424 5568 1780 1737 1341 3327 1898 4773 49.0%
Known isoforms (¼) 7168 1670 1036 1170 708 1160 488 936 36.0%

Coding 6915 1623 1028 1161 693 1113 462 835 34.9%
Noncoding 215 40 4 4 11 37 22 97 72.6%
Other 38 7 4 5 4 10 4 4 47.4%

Novel isoforms (j) 11 837 3658 735 561 622 1954 1264 3043 52.9%
Coding 11 294 3529 726 555 615 1873 1184 2812 52.0%
Noncoding 459 106 3 2 6 65 65 212 74.5%
Other 84 23 6 4 1 16 15 19 59.5%

TUTs (i and u) 1419 240 9 6 11 213 146 794 81.3%
Intronic (i) 390 63 5 5 4 39 35 239 80.3%

CP ¼ 0 125 21 0 2 2 15 12 73 80.0%
Low, CP ¼ 1 166 29 0 2 0 7 12 116 81.3%
Medium, CP ¼ 2 80 13 2 0 2 14 8 41 78.8%
High, CP ¼ 3 16 0 2 1 0 3 3 7 81.3%
Very high, CP ¼ 4 3 0 1 0 0 0 0 2 66.7%

Intergenic (u) 1029 177 4 1 7 174 111 555 81.6%
CP ¼ 0 310 60 0 0 2 39 22 187 80.0%
Low, CP ¼ 1 447 84 1 1 4 69 45 243 79.9%
Medium, CP ¼ 2 208 27 2 0 1 49 30 99 85.6%
High, CP ¼ 3 62 6 1 0 0 16 13 26 88.7%
Very high, CP ¼ 4 2 0 0 0 0 1 1 0 100.0%

a For each of the seven expression patterns, the number of transcripts, the annotation provided by Cuffcompare, and the protein-encoding status are given.
b CP, coding potential; DE, differentially expressed; j, annotated genes; i, intronic TUTs; SC, spermatocytes; SE, Sertoli cells; SG, spermatogonia; ST,
spermatids; u, intergenic TUTs.
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dubious given the relatively low scores (just above the
thresholds) obtained with the different tools.

Altogether, the genomic characterization of the unannotated
transcribed regions we identified suggests that most TUTs are
therefore likely to correspond to newly identified lncRNAs.

Intergenic TUTs Are Highly Distant from Their Neighboring
Protein-Encoding Genes

Distance to neighboring protein-encoding genes. To
study how TUTs and known lncRNAs are related to their
protein-encoding neighbors, we identified their nearest up-
stream and downstream known protein-encoding genes,
without distance restriction. We found that 44.4% of the
intronic TUTs (173 of 390), 74.5% of the intergenic TUTs (767
of 1029), and 51.3% of the known lncRNAs (346 of 674) were
mapped in genomic regions .10 kb away from any known
protein-encoding loci. Intergenic TUTs were found to be at

least three to five times more distant from any coding loci (q1¼
9699 bp, med¼ 38 439, q3¼ 122 755) than intronic TUTs (q1
¼ 1400, med ¼ 7845, q3 ¼ 27 030; P , 10�35) or known
lncRNAs (q1¼ 593, med¼ 11 138, q3¼ 55 577; P , 10�26).
Therefore, cis regulation of nearby protein-encoding genes is
unlikely, and possibly, many of these stand-alone intergenic
TUTs may instead act by mechanisms of trans regulation.

Transcriptional correlation with neighboring protein-
encoding loci. To test for functional links among TUTs or
known lncRNAs and their neighboring protein-encoding loci,
we analyzed correlations among their abundance levels
(Pearson correlation coefficient, r) [26, 29]. Consistent with
the analysis by Cabili et al. [23], but not with those of other
studies [26, 29], we observed that TUTs and known lncRNAs
tended to correlate more positively with their neighbor protein-
encoding loci (r¼ 0.629 and 0.549, respectively) than pairs of
known protein-encoding genes did (r ¼ 0.360; P , 0.003).
Moreover, we did not detect greater correlation between

FIG. 2. Genomic features of testicular transcripts. Known protein-encoding transcripts (mRNAs) and known lncRNAs were compared to TUTs.
Transcripts belonging to the meiotic cluster are indicated with the corresponding expression pattern number (DE-SC, P4). Box plots summarize the
distributions of: transcript length (A), number of exons (B), gene length (C), mean exon length (D), mean intron length (E), percentage of GC-content (F),
sequence conservation (phastCons score) among vertebrates (G), maximum abundance in samples in log2 (FPKM þ 0.05) (H), and cell specificity
measures based on Shannon entropy (I). Note that the lower the value of Shannon entropy, the more the expression is restricted to one cell type. A, C, D
and E) Lengths are shown in nucleotides (nuc) on a logarithmic scale (x-axis).

GENOMIC FEATURES OF lncRNAs DURING SPERMATOGENESIS

7 Article 5

Downloaded From: https://bioone.org/journals/Biology-of-Reproduction on 19 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



intergenic TUTs and their neighbors (r ¼ 0.597) than for
intronic TUTs and their neighbors (r ¼ 0.653; P ¼ 0.425).
Possibly, many of the TUTs and known lncRNAs are positive
regulators of neighboring protein-encoding genes or vice versa.
They might also be under the control of the same enhancer
elements.

Association with biological processes of neighboring
protein-encoding genes. Long noncoding RNAs are prefer-
entially located next to genes associated with specific processes
[23, 25, 29, 30]. We therefore analyzed the GO terms of genes
that were neighbors of TUTs and known annotated lncRNAs
expressed during spermatogenesis. We found significant
enrichment of broad annotation terms among protein-encoding
neighbors of TUTs and known lncRNAs with a peak
expression in postmeiotic germ cell types (DE-ST, P6) but
not among the neighbors of those belonging to the other
expression patterns (P0–P5) (Fig. 3). Genes next to postmeiotic
known lncRNAs and intergenic TUTs were significantly
associated with embryonic development (hypergeometric P
value adjusted with the false discovery rate method ¼ 0.008)
and morphogenesis (P ¼ 0.001). We also observed significant
enrichment of cell junction (P ¼ 0.003) and synaptic (P ¼
0.0005) subcellular components and system development (P¼
0.003) among neighbors of intronic post-meiotic TUTs. This
analysis identified several groups of postmeiotic intergenic
TUTs neighboring protein-encoding loci of distinct functional
categories such as: (i) embryonic developmental processes
including organ (P¼ 4 3 10�5), tube (P¼ 4 3 10�6), lung (P¼
0.007), and nervous system (P ¼ 4 3 10�5) development; (ii)
cellular differentiation (P ¼ 5 3 10�6) processes including
regulation of neuron (P¼ 7 3 10�5), glial cell (P¼ 0.004), and
myoblast (P ¼ 0.008) differentiation; (iii) regulation of cell
migration (P ¼ 0.005) and proliferation (P ¼ 4 3 10�6); (iv)
cellular communication processes such as cell communication
(P ¼ 3 3 10�5), cell-cell adhesion (P ¼ 0.01), signal
transduction (P ¼ 0.0005), regulation of signaling (P ¼ 4 3
10�5), regulation of cell communication (P ¼ 6 3 10�5), and
regulation of kinase activity (P ¼ 0.004); (iv) transcriptional
circuitry such as regulation of transcription from RNA
polymerase II promoter (P ¼ 0.0003) and sequence-specific
DNA-binding transcription factor activity (P¼0.0001); and (v)
phosphoregulation terms such as regulation of phosphorylation
(P ¼ 0.003) and more specifically regulation of protein
phosphorylation (P ¼ 0.001).

TUTs Show Distinct Subcellular Localization Patterns in
Germ Cells

We further investigated the cell type specificity of the TUTs
identified in our transcriptome analysis by studying selected
candidates, using RT-PCR and RNA ISH. The first candidate
we investigated, TCONS_00074622, maps to chromosome 3
(positions 115 212 490–115 230 020), is composed of 5 exons
with a total transcript length of 4951 bp, and belongs to the
meiotic expression pattern (DE-SC, P4). A coding potential
was predicted for this TUT by three tools but each time with a
score just above the specified threshold. It is poorly conserved
across vertebrates (Fig. 4, A and B). Its expression pattern in 4
testicular cell types and 7 normal tissues was investigated by
RT-PCR (Fig. 4C). The strong and specific expression of
TCONS_00074622 in spermatocytes and total testis, relative to
those in the 3 other cell types and 6 other normal tissues, was
confirmed. ISH further confirmed the meiotic expression
pattern of TCONS_00074622 and revealed that it was
preferentially localized in the nuclei of spermatocytes where
it seemed to be associated with chromatin (Fig. 4D). The

second TUT investigated, TCONS_00083977, maps to chro-
mosome 4 (from 81 546 232–81 568 496), is composed of 8
exons with a total transcript length of 980 bp, and displays a
postmeiotic peak expression (DE-ST, P6). It has no apparent
protein-encoding potential and shows slightly greater sequence
conservation than TCONS_00074622 among vertebrates (Fig.
4, E and F). Both RT-PCR and ISH analyses confirmed the
spermatid-specific expression pattern (Fig. 4, G and H).
TCONS_00083977 appeared to accumulate in perinuclear,
cytoplasmic structures of postmeiotic haploid round spermatids
that presumably correspond to the germline chromatoid bodies
(Fig. 4H). This cytoplasmic organelle is a germ-cell-specific
RNA-processing granule that plays an important role in post-
transcriptional and translation regulation during the late steps
of spermatogenesis [79]. These two experimental validations
confirm that, like known lncRNAs, TUTs also can be localized
in particular subcellular domains in specific germ cell types.

DISCUSSION

We report the first outcome of high-resolution transcrip-
tional profiling of three different germ cell populations as well
as somatic Sertoli cells in the rat. Large-scale RNA-seq
experiments of these four testicular cell types allowed us to
reconstruct 20 424 high-confidence coding and noncoding
transcript isoforms from 11 116 loci. Notably, we recovered
7168 transcripts already present in RefSeq, Ensembl, AceView,
and UCSC databases and identified 11 837 novel isoforms of
known loci. We also reconstructed 1419 high-confidence
TUTs, with no previous annotations in the databases mentioned
above. Finally, we captured some of the dynamic changes in
abundance levels of each of these transcripts as spermatogen-
esis proceeds.

In addition, we exploited another transcriptomic dataset
(exon array technology; Affymetrix) that we used to validate
RNA-seq data. We found that expression patterns of transcripts
as reconstructed from the RNA-seq analysis correlated well
with those obtained using microarray analysis (see Supple-
mental Fig. S1, A–D). Although GeneChip technology is by
definition not designed to detect unannotated loci, the fact that
it widely validates the expression profiles of annotated
transcripts obtained from our sequencing data (including both
coding and noncoding annotated genes) is clear evidence of the
reliability of our data and the robustness of the TUTs we
identified. These data, which complete and extend those of
recent publications [9–12, 80], provide the most comprehen-
sive annotation of the mammalian germ cell transcriptome
currently available and contribute to the discovery of novel
unannotated loci expressed during spermatogenesis in mam-
mals.

Recently, RNA-seq analysis of the first wave of spermato-
genesis in the mouse testis was conducted [9]. In that study,
1953 differentially expressed genes were highlighted, of which
1766 (90.4%) were conserved in rat, and 953 genes (53.5%)
significantly overlapped the 6271 loci displaying a significant
abundance variation we identified (hypergeometric P value ,
10�105). Almost 1000 known noncoding genes were also
identified as being differentially expressed. However, no or
little attention was given to potential new unannotated
transcribed regions and to the identification of unknown genes.

In this study we focused on a stringent set of 1419 long and
multi-exonic TUTs and thoroughly characterized the novel
potential loci. We found that most TUTs were likely to consist
of novel lncRNAs. When we assessed their protein-encoding
potential, most of them were indeed predicted to possess no or
very low coding potential. Additionally, among the remaining
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ones (medium to very high coding potential), even those that
were predicted to be coding by the four tools could be dubious.
For instance TCONS_00074622, one of the two candidates we
investigated further, was predicted to have a coding potential
by three different tools. However, each time, the score obtained

for this TUT was only just above the specified threshold.
Another line of evidence that TUTs might correspond mostly to
noncoding transcriptional events is that they share many of the
genomics characteristics observed for lncRNAs in other
vertebrates (e.g., relatively short length, low exon number,

FIG. 3. Functional analysis of known protein-encoding genes neighboring the testis-expressed unannotated transcripts (TUTs). Significantly enriched
Gene Ontology (GO) terms among the annotations of the nearest upstream and downstream known protein-encoding genes (in an orientation-
independent manner) of differentially expressed TUTs are shown from the meiotic and post-meiotic expression patterns (SC, SC/ST and ST). Total numbers
of known protein-encoding genes (NCBI Entrez gene identifiers) neighboring TUTs and lncRNAs are given within rectangles as observed (left) and as
expected by chance (right). A color scale illustrating P values is provided for enriched (red) and depleted (blue) terms. Numbers in bold indicate a
significant over- or under-representation for a given GO term. Note that numbers of transcript isoforms within the somatic and mitotic expression patterns
(DE-SE, DE-SE/SG and DE-SG) were too small for such statistical analysis.
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low GC content, low sequence conservation [comparable to
that of introns], low abundance, and highly temporally and
spatially restricted expression patterns). However, like known
lncRNAs, the transcript length and exon number of TUTs may
be underestimated because of partial transcript reconstruction.
We also noticed that, similarly to known lncRNAs, postmeiotic
TUTs are preferentially transcribed in the vicinity of genes

associated with broad GO annotation terms including tran-
scriptional regulation, embryo development, and cell differen-
tiation [29]. Taken together, these results suggest that our set of
TUTs consists essentially of newly identified lncRNAs.

Analysis of the individual expression patterns confirmed or
revealed three particular features of both TUTs and lncRNAs.
First, we showed that not a single meiosis-induced (P4) TUT or

FIG. 4. Cell- and subcell-specific expression patterns of two testicular unannotated transcripts (TUTs) are shown. The expression patterns of two TUTs
TCONS_00074622 (A–D) and TCONS_00083977 (E–H) were investigated. A and E) Gene structures are shown for both TUTs and histograms of the
numbers of RNA-seq reads that aligned the corresponding genomic locations across the different samples (y-axis ranges from 0 to 8, log2 [FPKM])
(adapted from the RGV; http://rgv.genouest.org). B and F) RNA-seq abundance levels (y-axis, log2 [FPKM]) of both TUTs are shown in the different
testicular cell types (x-axis). C and G) RT-PCR results are shown for Sertoli cells (SE), spermatogonia (SG), spermatocytes (SC), spermatids (ST), and 7
tissues including bone marrow (BM), brain (BR), kidney (KI), liver (LI), lung (LU), and muscle (MU). � (minus sign) ¼ RT-negative control. D and H)
Testicular ISHimages with probes specific for the selected TUTs are shown. Negative control images (insets) show a lack of signal were obtained by using
the sense ribonucleotide probe. RT-PCR and ISH analyses confirmed that the expression of TCONS_00074622 is restricted to pachytene spermatocytes
and that of TCONS_00083977 to round spermatids. ISH experiments also showed TCONS_00074622 and TCONS_00083977 to be enriched in the
nuclear chromatin of pachytene spermatocytes and in chromatoid bodies of round spermatids, respectively (35 magnification view shown at the top left
corner of each picture). The black arrow in the inset (H) shows the accumulation of TCONS_00083977 in perinuclear, cytoplasmic structures that
presumably correspond to the germline chromatoid bodies.
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known lncRNA escapes the silencing effects of MSCI in
spermatocytes. Indeed, no locus on the mammalian X
chromosome showed a peak expression in meiotic germ cells
due to the MSCI phenomenon (for review see ref. [75]). Like
those of other genome-wide studies [2, 76], our results confirm
this observation for protein-encoding loci associated with a
meiotic expression pattern and expand it to X-linked
noncoding genes.

Second, most TUTs and known lncRNAs reconstructed in
our dataset accumulate in meiotic and post-meiotic germ cells.
These data markedly reinforce previous findings showing an
enrichment of lncRNAs observed to coincide with the
appearance of spermatocytes and spermatids in mouse [9, 10]
and human [23] testes. Such accumulation of ncRNAs during
gametogenesis has also been observed during sporulation (an
analogous biological process) in Saccharomyces cerevisiae
[81]. Some TUTs accumulated in postmeiotic germ cells may
also belong to the poorly characterized set of transcripts
paternally provided by the sperm to the early embryo [29, 82].

Third, due to their unusually greater exon length, meiosis-
induced TUTs were on average longer than TUTs, showing
peak expression in other testicular cell types. Of note, this
characteristic was also observed for meiotic known lncRNAs
but not for meiotic mRNAs. Exon sizes for protein-encoding
genes in vertebrates are usually limited to 200–300 bp.
Although longer exons have been shown to be associated with
the most recently evolved genes [83], meiotic TUTs do not
tend to be less conserved than TUTs with other expression
patterns and with a shorter average exon size. The meiosis-
induced TUT we validated, TCONS_00074622, is composed
of five exons with an average exon size of ;990 bp. ISH
indicated that this TUT is likely to be associated with
chromatin in pachytene spermatocytes in the rat. Possibly, this
feature may be functionally related to a role of meiosis-specific
noncoding transcripts in mediating the recognition of homol-
ogous chromosomes for pairing during meiosis, as in the
fission yeast Schizosaccharomyces pombe [84]. This property
may thus be indicative of a general functional characteristic of
meiotic lncRNAs.

As observed for protein-encoding loci [1, 2], TUTs
preferentially expressed in meiotic and spermiogenic stages
are likely to act in a tissue- and cell type-specific manner. The
significant accumulation of TUTs and annotated lncRNAs
during the last phases of spermatogenesis suggests they may be
involved in this process. We also showed that two TUTs
displayed specific subcellular localization patterns, which may
reflect the putative regulatory functions of these transcripts
during male germline differentiation in mammals, as suggested
by other biological systems and eukaryotic species [85, 86].

In summary, we report high-resolution RNA profiling and
high-confidence characterization of many novel unannotated
transcribed regions encoding mostly lncRNAs expressed
during rat spermatogenesis. In addition to a significant
contribution to genome annotation of a major mammalian
model organism, this study allowed us to determine that known
and novel lncRNAs with a peak expression during meiosis
constitute a distinct class of noncoding transcripts with a longer
exon length. This extends the most recent publications [9, 10]
and provides a useful resource for future genetic and genomic
investigations of the roles of testicular lncRNAs in mammalian
spermatogenesis, and fertility.
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