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ABSTRACT

Circular RNAs (circRNAs) are a novel class of regulatory RNAs. Here, we present a comprehensive investigation of circRNA
expression profiles across 11 tissues and four developmental stages in rats, along with cross-species analyses in humans
and mice. Although the expression of circRNAs is positively correlated with that of cognate mRNAs, highly expressed
genes tend to splice a larger fraction of circular transcripts. Moreover, circRNAs exhibit higher tissue specificity than
cognate mRNAs. Intriguingly, while we observed a monotonic increase of circRNA abundance with age in the rat brain,
we further discovered a dynamic, age-dependent pattern of circRNA expression in the testes that is characterized by
a dramatic increase with advancing stages of sexual maturity and a decrease with aging. The age-sensitive testicular
circRNAs are highly associated with spermatogenesis, independent of cognate mRNA expression. The tissue/age
implications of circRNAs suggest that they present unique physiological functions rather than simply occurring as
occasional by-products of gene transcription.

Keywords: circRNA expression; testis function; tissue specificity; age-dependent expression

INTRODUCTION

Circular RNAs (circRNAs) are a class of endogenous
RNAs with closed loop structures (Jeck and Sharpless
2014). Many studies have revealed abundant circRNAs in
organisms across the eukaryotic tree of life (Jeck et al.
2013; Wang et al. 2014). CircRNAs are mainly formed
through pre-mRNA back-splicing (Jeck and Sharpless
2014), which can be regulated by factors such as flanking
intronic sequences (Zhang et al. 2014), RNA-binding pro-
teins (Conn et al. 2015), canonical RNA splicing signals
(Starke et al. 2015), and exon-containing lariat precursors
(Barrett et al. 2015). CircRNAs present various biological
functions, including acting as miRNA sponges (Memczak
et al. 2013), transcriptional regulation of their parental
genes (Li et al. 2015b), and RNA splicing regulation of their
cognate messenger RNA (mRNA) (Conn et al. 2017).
Moreover, several recent studies have provided strong

evidence that some circRNAs can be translated in a cap-in-
dependent manner (Legnini et al. 2017; Pamudurti et al.
2017; Yang et al. 2017). The expanding view of circRNA
biogenesis and function suggests that circRNAs are a nov-
el class of RNAs with important biological implications.
Given the regulatory functions of circRNAs in gene

expression, investigation of the dynamic expression of
circRNAs across different cell types, tissues, and organisms
is helpful for understanding their roles in various biological
processes. CircRNAs are conservatively expressed from
orthologous genomic regions between humans and mice
(Jeck et al. 2013; Guo et al. 2014) and among Drosophila
species (Westholm et al. 2014). Detailed analyses of
circRNA expression in humans (Guo et al. 2014; Liu et al.
2016; Xia et al. 2016), mice (Xia et al. 2016), pigs (Liang
et al. 2017b), and flies (Westholm et al. 2014) have re-
vealed substantial tissue-specific patterns of circRNA ex-
pression. Notably, circRNAs are enriched and abundantly
expressed in some specific tissue types and blood compo-
nents, such as the brain (Westholm et al. 2014; Rybak-Wolf5These authors contributed equally to this work.
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et al. 2015; Szabo et al. 2015; Veno et al. 2015), testes
(Liang et al. 2017b), peripheral whole blood (Memczak
et al. 2015), peripheral blood mononucleotide cells
(Qian et al. 2018), platelets (Alhasan et al. 2016), and exo-
somes (Li et al. 2015a). CircRNAs have also been related
to the development of the fetal human brain (Szabo
et al. 2015), mouse brain (You et al. 2015), fetal porcine
brain (Veno et al. 2015), and Drosophila neural systems
(Westholm et al. 2014). Interestingly, neural expression of
some circRNAs in flies has been suggested as a potential
biomarker of aging (Westholm et al. 2014). In addition,
aberrant circRNA expression is related to human diseases
(Chen et al. 2016), including human cancers (Meng et al.
2017), neural degenerative diseases (Kumar et al. 2017),
hematological malignancies (Bonizzato et al. 2016), and
infectious diseases (Qian et al. 2018).

Although substantial advances have been made in un-
derstanding circRNA expression and its potential function,
little is known about the correlation between the expres-
sion of circRNAs and mRNAs transcribed from the same
host genes. Since circRNAs can either promote the tran-
scription of their host gene (Li et al. 2015b) or regulate
the splicing of cognate mRNAs (Conn et al. 2017), the
correlation between circRNAs and their linear counterparts
can be dynamically regulated. Therefore, it is important
to obtain an in-depth understanding of the relationship
between the expression profiles of circRNAs and their
cognate mRNAs across tissue types and developmental
stages. Some previous studies (Guo et al. 2014; Liang
and Wilusz 2014; Conn et al. 2015; Rybak-Wolf et al.
2015; You et al. 2015; Chen 2016) have shown that there
is no clear correlation between the expression values of
circRNAs and their correspondingmRNAs. However, these
conclusions might be preliminary and premature, since the
circRNA profiles examined in these studies were derived
from relatively small data sets, such as RNA sequencing
(RNA-seq) data from a single tissue type (Conn et al.
2015; Rybak-Wolf et al. 2015; You et al. 2015), the results
of mini-gene experiments (Liang andWilusz 2014), or data
from several different tissues and cell types from different
publications (Guo et al. 2014). Since a batch effect inevita-
bly exists in high-throughput sequencing data collected
from various sources (Leek et al. 2010), it is technically dif-
ficult to conduct a comprehensive comparison of mRNA
and circRNA expression across tissues or developmental
stages. In addition, the computational estimation of ex-
pression values for both linear and circular transcripts
based on rRNA-depleted RNA-seq data may not be
optimized (Gao and Zhao 2018). The first reason for this
lack of optimization is that circRNA expression values in
previous studies (Guo et al. 2014; Conn et al. 2015;
Rybak-Wolf et al. 2015; You et al. 2015) have been quanti-
fied based on the ratio of back-splicing reads to canonical
linear reads at a given junction from RNA-seq data.
However, this count-based quantification method is less

accurate than model-based approaches (Kanitz et al.
2015). The second reason is that canonical reads corre-
sponding to circular transcripts could be misassigned
with their corresponding linear transcripts using classical
RNA-seq quantification tools. Therefore, it is important
to consider both circular and linear transcripts when quan-
tifying RNA expression values from RNA-seq data.

To overcome the above issues, we analyzed the transcrip-
tomes of bothmRNAs and circRNAs in a rat BodyMap RNA-
seq data set (Yu et al. 2014a,b) using Sailfish-cir (Li et al.
2017), a computational tool that we recently developed,
which applies a model-based algorithm to precisely quan-
tify expression levels of both linear and circular transcripts
from rRNA-depleted RNA-seq data. The rat BodyMap data
set contains 320 samples isolated from Fischer 344 rats
across 11 tissues and four developmental ages (Yu et al.
2014a,b). This is an ideal data set for a systematic compar-
ison of expression values of circRNAs and its cognate
mRNAs across tissue types and developmental stages.
Using the rat BodyMap data set, we compiled a repertoire
of circRNAs in the rat transcriptome and summarized the
expression profiles of both circRNAs and mRNAs in all
these 320 samples. We explored the expression patterns
of circRNAs and linear mRNAs across 11 rat tissues and
four developmental stages and investigated the relation-
ship in expression between circRNAs and their linear coun-
terparts. Furthermore, we looked into the roles of circRNAs
in determining the tissue’s phenotypes and their relations
to rat development, and we compared their biological
implications with those of linear mRNAs. We found that
(i) circRNAs are evolutionarily more conserved than
mRNAs; (ii) although the expression of circRNAs is posi-
tively correlated with that of cognate mRNAs, genes
with higher expression levels tend to show a significantly
larger fraction of spliced circular transcripts than their line-
ar counterparts; (iii) circRNAs exhibit higher tissue specific-
ity than mRNAs; (iv) circRNA abundance monotonically
increases with age in the rat brain, which is consistent
with observations made in humans (Szabo et al. 2015),
mice (You et al. 2015; Gruner et al. 2016), and flies
(Westholm et al. 2014); and (v) testes circRNA expression
shows a dynamic age-dependent pattern, with a dramatic
increasewith advancing stages of sexualmaturity (2, 6, and
21 wk), followed by a decrease with aging (104 wk). The
age-sensitive testicular circRNAs are highly associated
with spermatogenesis (e.g., cilium morphogenesis and
spermatid development) and independent of the expres-
sion of their cognate mRNAs. Our study elucidates a
complex landscape of circRNA expression across different
tissues and developmental stages, and a thorough com-
parison of circRNA expression profiles against their linear
counterparts provides us with a deeper understanding of
the biological roles of circular transcripts in tissue specific-
ity and development as well as their relationship with linear
mRNAs.
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RESULTS

A comprehensive rat circRNA repertoire

To analyze the expression profiles of circRNAs in the rat
BodyMap data set, a reference library of known rat
circRNAs is required (see Materials and Methods for de-
tails), but no such library is available in public databases
(Glažar et al. 2014; Liu et al. 2016). Therefore, we first
constructed a repertoire of rat circRNAs from 320 samples.
Because it is difficult to distinguish circRNA isoforms that
are generated by the same back-splicing event using
short-read RNA-seq data (Gao et al. 2016), all circRNA
isoforms with the same back-splicing junction were con-
sidered “circRNA species.” The subsequent analyses de-
scribed in this section were performed at the circRNA
species level.
Using our computational pipeline, a total of 16,745

circRNA species were identified in the rat BodyMap data
set. Among different rat tissues, the brain expressed the
greatest number of circRNA species, while the liver ex-
pressed the fewest circRNA species (Fig. 1A). The majority
(86.6%, 14,493 out of 16,745) of rat circRNA species were
derived from exonic regions (Fig. 1B). In comparison, only
1223 (7.3%) and 1029 (6.1%) circRNA species originated
from intronic and intergenic regions, respectively (Fig.
1B). Among the exonic circRNAs, most were composed
of less than five exons, although some contained more

than 20 exons (Fig. 1C). As expected, the length of exonic
circRNAs was significantly and positively correlated
with the number of exons (Spearman’s rank correlation
test: P<10−10; Supplemental Fig. S1), and most rat exonic
circRNAswere less than 1000 base pairs in length (Fig. 1D).
Given that exonic circRNAs were predominant in the rat
circRNA repertoire, we focused on only exonic circRNAs
in the rest of this study.
We next analyzed the evolutionary conservation level

(i.e., PhastCons score) (Pollard et al. 2010) at the three co-
don positions in both circRNA andmRNA exons.We found
that the conservation level of exonic circRNAs was signifi-
cantly higher than that of mRNAs (Kolmogorov–Smirnov
test: P<10−10 for all three codon positions; Fig. 1E). This
finding suggests that circRNAs may be under some extra
selective pressure to ensure their proper biogenesis and/
or functions, such as binding of splicing factors or RNA-
binding proteins. Furthermore, we investigated the evolu-
tionary dynamics of circRNA biogenesis in the mammalian
lineage. We compared the rat circRNA repertoire with the
human and mouse circRNA repertoires. We observed that
most of the rat exonic circRNA species occurred in all three
mammalian transcriptomes (Fig. 1F). In comparison, only
997 (6.9%) of the rat exonic circRNAs evolved recently, af-
ter the separation of the common ancestor of rodents and
humans (Fig. 1F). Additionally, 861 (5.9%) of the rat exonic
circRNAs evolved specifically in the rat lineage (Fig. 1F).
These rat-specific and rodent-specific circRNAs contained
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FIGURE 1. The rat circRNA repertoire. (A) Comparison of the number of circRNA species across the 11 rat tissues. (B) Fractions of exonic, intronic,
and intergenic circRNA species within the repertoire. (C ) Histogram of the number of exons in the exonic circRNAs of rats. (D) Histogram of
circRNA length in rats. (E) Cumulative distribution of the PhastCons scores of both linear and circular transcripts at the three codon positions.
A significantly increased PhastCons score was observed for the circular transcripts compared with the linear transcripts. The P-values were calcu-
lated with the Kolmogorov–Smirnov test. (F ) Fractions of mammalian-common, rodent-specific, and rat-specific circRNA species within the rep-
ertoire. (G) Comparisons of exon numbers among the mammalian-common, rodent-specific, and rat-specific circRNAs.
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fewer exons than the mammalian-common circRNAs
(Wilcoxon test: P<10−10; Fig. 1G), which suggests that
younger circRNAs are more likely to be short in length.
Given the importance of flanking RNA structure in
circRNA biogenesis (Ashwal-Fluss et al. 2014; Liang and
Wilusz 2014; Zhang et al. 2014), it is reasonable to observe
relatively shorter circular transcripts in evolutionarily youn-
ger circRNA species.

Relationship between the expression of circular
and linear transcripts

Based on the rat circRNA repertoire described above, we
estimated the expression levels of both circular and linear
transcripts in all rat BodyMap samples using our recently
published RNA-seq quantification framework, Sailfish-cir
(Li et al. 2017). For each host gene, the transcripts per
million (TPM) values of both circular (TPMcirc) and linear
transcripts (TPMlinear) were calculated. We observed a
significant positive correlation between the expression of
circRNAs and their linear counterparts in all 11 tissue types
(Spearman’s rank correlation test: P<10−10; Fig. 2A,B;
Supplemental Fig. S2), which suggests that circRNA ex-
pression is largely regulated at the transcriptional level of
the corresponding host genes. Across the 11 tissue types,
the expression of circRNAs was significantly lower than
that of their linear counterparts (paired t-test: P<10−10).
However, there was a considerable number of circRNAs
with relatively high expression levels, exceeding those of
their linear counterparts (Fig. 2A; Supplemental Fig. S2).

For example, TPMcirc was found to be higher than
TPMlinear for 462 host genes in the rat brain (Fig. 2A). We
examined the Gene Ontology Biological Process (GOBP)
(Ashburner et al. 2000) terms associated with the host
genes of these “special” circRNAs. We found that, across
almost all the tissue types, there were several common
GOBP terms associated with these circRNAs, such as
“protein phosphorylation,” “intracellular signal transduc-
tion,” “positive regulation of GTPase activity,” and so on
(Supplemental Fig. S3). We also calculated the fraction
of circular transcripts [TPMcirc/(TPMcirc+TPMlinear)] for indi-
vidual host genes. Interestingly, we found that, across the
11 tissue types, genes with higher expression levels tend-
ed to exhibit a significantly larger fraction of spliced circu-
lar transcripts than their linear counterparts (Spearman’s
rank correlation test: P<10−10; Fig. 2C), which suggests
that circRNAs are more “sensitive” to alterations of host
gene expression than mRNAs. This observation also im-
plies that in addition to being subject to transcriptional
regulation of host genes, the expression level of
circRNAs may also be controlled at the splicing level.

CircRNAs show higher tissue specificity than mRNAs

Tissue-specific expression has been systematically investi-
gated for mRNAs but not circRNAs (Fagerberg et al. 2014;
Yu et al. 2014a; Andergassen et al. 2017). To understand
the extent to which circRNA expression shows a tissue-
dependent pattern, we performed a principal component
analysis (PCA) of circRNA expression for all the rat tissue

B

A C

FIGURE 2. Relationship between the expression of circRNAs and their linear counterparts. (A) Correlation between mean TPMlinear and mean
TPMcirc values in the rat brain. Each dot represents one host gene. The dots above the diagonal denote the host genes with higher circRNA ex-
pression relative to their linear transcripts in the brain. The red curve represents Lowess smoothed data. The correlation coefficient (ρ) and P-value
were calculated with Spearman’s rank correlation test. (B) Comparison of the correlation coefficient (ρ) calculated between mean TPMlinear and
mean TPMcirc values across the 11 rat tissues by Spearman’s rank correlation test. (C ) Comparison of the fraction of circular transcripts for genes
categorized by expression level.
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samples. We found that the samples from the same tissue
type tended to cluster together according to the first and
second principal components (Fig. 3A), which suggests
that circRNAs are expressed in a tissue-specific manner.
Notably, the brain and testes samples showed extremely
unique PCA patterns compared with the other tissues
(Fig. 3A), which was further confirmed by the observation
that the brain and testes exhibited the largest number
of highly expressed circRNAs (Fig. 3B). Additionally, the
mean TPMcirc values and the fraction of circular transcripts
were significantly higher in the brain and testes than in the
other tissue types (Kolmogorov–Smirnov test: P<10−5;
Fig. 3C,D).
To compare tissue specificity between circRNAs and

mRNAs, we calculated the tissue specificity index (TSI)
for both the circular and linear transcripts of each host
gene (see Materials and Methods for details). A higher
TSI indicates higher tissue specificity. We found that
there were more circRNAs than linear RNAs showing a
TSI>0.8 (Fig. 3E). Paired comparisons indicated that the
TSI of circular transcripts was significantly higher than the
TSI of their corresponding linear counterparts (paired
Wilcoxon test: P<10−10; Fig. 3F). TSI values based on
the fraction of circular transcripts showed the same trend
when compared to their corresponding linear mRNAs
(Supplemental Fig. S4), which suggests that the higher
tissue specificity of circular transcripts is independent of

the expression level of their host genes. All these results
suggest that, although mRNAs exhibit a tissue-specific
expression pattern (Supplemental Fig. S5), circRNAs are
expressed in a more dynamic manner among different
rat tissues and show higher tissue specificity.

Amap of tissue-specific circRNAs and their potential
physiological functions

To understand whether the observed tissue-specific
circRNA expression is relevant to the physiological func-
tion of the specific tissue, we performed a hierarchical
clustering analysis based on the dynamic expression of
the tissue-specific circRNAs across 320 rat tissue samples.
We observed that the samples from the same tissue type
were clustered into a single group, and each tissue type
exhibited one or more unique tissue-specific circRNA
block(s) (Fig. 4A). Tissues with similar physiological func-
tions tended to group together and share common
circRNA blocks, as observed for the thymus and spleen,
which play vital roles in the immune system (Fig. 4A).
Additionally, the samples from two reproduction-related
tissues, testes and uterus, were aggregated into one group
as well (Fig. 4A). In contrast, the brain samples showed
patterns distinct from those of other tissues (Fig. 4A).
To explore the potential functions of circRNAs in differ-

ent tissues, we next examined the GOBP (Ashburner et al.
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FIGURE 3. Tissue specificity of circRNA expression. (A) PCA of circRNA expression. Each dot represents one tissue sample. (PC1) First principal
component, (PC2) second principal component. (B) Number of host genes with high circRNA expression. Genes with relatively higher TPMcirc

were categorized into two groups: TPMcirc>100 and 50<TPMcirc<100. Each boxplot consists of 32 samples from the specific tissue type, except
for the testes and uterus, for which only 16 samples are included. (C ) Cumulative distribution of the mean TPMcirc values across all 11 tissue types.
(D) Cumulative distribution of the fraction of circular transcripts across all 11 tissue types. (E) Histogram of the TSI of both linear and circular tran-
scripts. (F ) Paired comparison of TSI between linear and circular transcripts. Each dot represents one host gene. The dots above the diagonal
denote the host genes with a higher circRNA TSI than their linear counterparts.
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2000) terms associated with the host genes of the tissue-
specific circRNAs. We found that the enriched GOBP
terms were highly related to the biological/physiological

function of each specific tissue (Fig. 4B). For example,
the lung-specific circRNAs were associated with “res-
piratory gaseous exchange,” “response to hyperoxia,”

BA

C

FIGURE 4. Map of tissue-specific circRNAs. (A) Hierarchical clustering of tissue-specific circRNAs. Each green dot represents one expressed tis-
sue-specific circRNA. (B) The top GOBP terms associated with the host genes of the tissue-specific circRNAs. For each tissue type, the top five
GOBP terms are listed. The association between the GOBP terms and tissue-specific circRNAs was measured based on the Z-score calculated
from Fisher’s exact test. Darker red indicates a stronger association, while lighter red indicates a weaker association. Gray indicates no association.
(C ) Fraction of circular transcripts of tissue-specific circRNAs. Each dot represents one tissue-specific circRNA.
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and “response to hypoxia”; the brain-specific circRNAs
were associated with “chemical synaptic transmission,”
“neurotransmitter secretion,” and “nervous system devel-
opment”; and the testes-specific circRNAs were associat-
ed with “sperm motility,” “spermatid development,” and
“spermatogenesis” (Fig. 4B). All these results suggest
that the tissue-specific expression pattern of circRNAs is
important for all types of tissues to perform their biologi-
cal/physiological roles.
To gain further insight into the potential driving force

causing the tissue-specific expression of circRNAs, we
compared the splicing ratio of tissue-specific circRNAs in
the specific tissue against that in all other tissue types.
We observed a consistently higher fraction of circular
transcripts for the tissue-specific circRNAs in an individual
tissue (pairedWilcoxon test: P<10−10; Fig. 4C). However,
we observed an opposite pattern when tissue-specific
mRNAs were considered (Supplemental Fig. S6). These re-
sults suggest that tissue-specific circRNAsmay be positive-
ly regulated at the splicing or post-transcriptional level to
ensure the proper function of the specific tissue.

Age-dependent circRNA expression in the rat brain

We next investigated the temporal changes in circRNA
expression in rat tissues at four different developmental
stages (2, 6, 21, and 104 wk). Although the overall fraction
of circular transcripts was not longitudinally correlated with
age for most of the tissues (Fig. 5A), the abundance of
brain circRNAs was found to monotonically increase
with age (Spearman’s rank correlation test: ρ=0.772
and P=2.3×10−7; Fig. 5A), which is consistent with previ-
ous observations made in the brains of humans (Szabo
et al. 2015), mice (You et al. 2015; Gruner et al. 2016),
and flies (Westholm et al. 2014). We also investigated
the age-dependent expression of each gene in the brain.
The correlation coefficient (ρ) between expression and
age was calculated for both circular and linear transcripts.
We found that the ρ values of the circRNAs were signifi-
cantly more positive than those of the linear RNAs (t-test:
P<10−10; Fig. 5B). In particular, when we focused on
the circRNAs with a strong positive correlation (ρ>0.7;
Supplemental Table S1), we found that the ρ values of their

B
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FIGURE 5. Age-dependent circRNA expression. (A) Relationship between age and overall circRNA abundance across the 11 tissue types.
(B) Distribution of the correlation coefficients (ρ) between age and the expression of linear/circular transcripts in the brain. The ρ values were cal-
culated with Spearman’s rank correlation test. (C ) Paired comparisons of ρ between the circRNAs that accumulated with age (ρ>0.7) and their
linear counterparts in the brain. (D) Top 10 GOBP terms associated with the circRNAs that accumulated with age in the brain. The P-values
were calculated with Fisher’s exact test. The vertical dashed line indicates the significance level of α=0.05.
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corresponding linear counterparts were significantly lower
(paired t-test: P<10−10; Fig. 5C). Even when we randomly
generated circRNA sets (n=1000) containing the same
number of circRNAs listed in Supplemental Table S1, we
found that, among >95% of the resampled circRNA sets,
the ρ values of circRNAs were significantly higher than
those of their corresponding linear counterparts (one-
tailed paired t-test: P<0.05; Supplemental Fig. S7). All
these results suggest that the age-dependent expression
of brain circRNAs is largely independent of linear tran-
scripts and, at least to a certain extent, is not a secondary
consequence of host gene expression. Gene ontology
analysis indicated that the circRNAs that accumulated
with age were enriched in GOBP terms linked to neural
development, such as “brain-derived neurotrophic factor
receptor signaling pathway” and “activation of GTPase
activity” (Fig. 5D). Our data support the concept that
circRNAs in the brain might play an essential role in
regulating synaptic plasticity and neuronal differentiation
(Hanan et al. 2017).

Age-dependent circRNA expression in testes

Interestingly, circRNA expression in rat testes showed a
more dynamic pattern during the four developmental
stages (2, 6, 21, and 104 wk) we examined (Fig. 5A).
Unlike the monotonic increase of circRNA abundance in
the rat brain, the overall fraction of circular transcripts in
testes accumulated linearly for the first three developmen-
tal stages (2, 6, and 21 wk), which nicely mirrored the
stages approaching sexual maturity, during which the
male reaches reproductive peak. However, the abundance
of circRNAs drastically decreased at the age of 104 wk (Fig.
5A), at which stage the rats could be classified as aged
males with declining reproduction. Moreover, by further
examining the correlation between expression and devel-
opmental stage for individual genes, we showed that, for
the circRNAs exhibiting monotonically increased expres-
sion from 2 wk to 21 wk (ρ>0.6; Supplemental Table S2),
the ρ values of their corresponding linear counterparts
were significantly lower (paired t-test: P<10−10; Fig. 6A).
Even for the randomly generated circRNA sets (n=1000)
of identical size (the same number of circRNAs included
in the upper panel of Fig. 6A), the ρ values of circRNAs
were significantly higher than those of their corresponding
linear counterparts in all the resampled circRNA sets (one-
tailed paired t-test: P<0.05; Supplemental Fig. S8). On
the contrary, for the circRNAs down-regulated from
21 wk to 104 wk (ρ<−0.6; Supplemental Table S2), the ρ
values of their linear counterparts were significantly in-
creased (paired t-test: P<10−10; Fig. 6A). A resampling
test indicates that, when generating random circRNA
sets (n=1000) of identical size (the same number of
circRNAs included in the lower panel of Fig. 6A), the ρ
values of circRNAs were also significantly lower than those

of their corresponding linear counterparts in all the resam-
pled sets (one-tailed paired t-test: P<0.05; Supplemental
Fig. S8). All these results suggest that the age-dependent
expression of testes circRNAs is also somewhat indepen-
dent of host gene expression and may represent a unique
signature of the stage-specific reproductive performance
of the male. Indeed, gene ontology analysis further re-
vealed that both the genes up-regulated from 2 wk to 21
wk and the genes down-regulated from 21 wk to 104 wk

BA

C D

FIGURE 6. Age-dependent circRNAs in testes. (A) Paired compari-
sons of correlation coefficients (ρ) between the age-dependent
circRNAs (ρ>0.6) and their linear counterparts in rat testes. The ρ val-
ues were calculated between age and the expression of linear/circular
transcripts using Spearman’s rank correlation test. (B) The top 10
GOBP terms associated with the age-dependent circRNAs in rat tes-
tes. The P-values were calculated with Fisher’s exact test. The vertical
dashed line denotes the significance level of α=0.05. (C ) The circRNA
abundance in mouse spermatogenic cells was categorized by distinct
stages (spermatogonia, spermatocytes, and spermatids, sequentially).
(D) The circRNA expression-based pathway scores of the mouse sper-
matogenic cells. We calculated the circRNA pathway scores for both
the “cilium morphogenesis” and “spermatogenesis” GOBP terms.
Higher pathway scores indicate higher overall circRNA expression
for the specific GOBP terms.
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were significantly enriched in GOBP terms linked to sper-
matogenesis, such as “cilium morphogenesis,” “sperma-
tid development,” and “spermatogenesis” (Fig. 6B).
The age-specific pattern of circRNAs found in rat testes

might be correlated at the molecular level with certain
stages of spermdevelopment that are indicative of specific
functions. To test this hypothesis, we further examined the
stage-specific circRNA expression profiles of different
spermatogenic cells (spermatogonia, spermatocyte, and
spermatid) from a published data set for mice (Lin et al.
2016) and cross-analyzed the spermatogenic stage-
specific gene categories with the age-specific circRNA
signatures observed in rats. Interestingly, we found that
the overall fraction of circular transcripts increased mono-
tonically with the spermatogenesis stage in mice (sperma-
togonia, spermatocytes, and spermatids, sequentially)
(Spearman’s rank correlation test: ρ=0.772 and P=2.5×
10−2; Fig. 6C). We also found that the circRNA expres-
sion-based pathway scores (see Materials and Methods
for details) for both the “cilium morphogenesis” and
“spermatogenesis”GOBP terms (most dynamically associ-
ated with age in rat testes) were positively correlated
with the spermatogenic stage in mice (Spearman’s rank
correlation test: ρ=0.772 and P=2.5×10−2 for “cilium
morphogenesis,” and ρ=0.926 and P=9.6×10−4 for
“spermatogenesis”; Fig. 6D). These results further support
our hypothesis that the circRNAs present in testes not only
are highly associated with the developmental stages of
spermatogenesis but also could be harnessed as a bio-
marker for reproductive aging.

DISCUSSION

In this study, we performed a thorough investigation of
circRNA transcriptomes in the rat BodyMap data set. In
comparison with existing studies (Guo et al. 2014; Conn
et al. 2015; Rybak-Wolf et al. 2015; You et al. 2015), we
systematically analyzed the expression profiles of both
circular and linear transcripts in 320 rat samples across 11
tissue types and four developmental stages and particular-
ly focused on the relationships and differences between
the expression of circRNAs and mRNAs. Understanding
the relationship between circRNAs and mRNAs is helpful
for answering several open questions regarding circRNA
biogenesis and function, including (i) whether circRNAs
are simply by-products of mRNA transcription, (ii) whether
circRNAs show expression patterns similar to those of
mRNAs across different tissue types, and (iii) whether the
association of circRNAs with aging is similar to that of
mRNAs.
First, we askedwhether circRNAs are simply by-products

of the transcription and splicing of their host genes. If not,
what are the factors affecting the final products of circular
transcripts? Several groups (Liang and Wilusz 2014; Conn
et al. 2015; Rybak-Wolf et al. 2015; You et al. 2015) have

investigated the correlation between the expression levels
of circRNAs and their corresponding mRNAs. Guo et al.
(2014) and Salzman et al. (2013) found that the relative
expression levels of circRNAs and their linear counterparts
can differ between cell types and tissue types. Two other
studies showed that the differential changes in many
circRNAs are independent of the changes in the expres-
sion of their host linear transcripts upon neuronal differen-
tiation (Rybak-Wolf et al. 2015; You et al. 2015). These
results suggest that circRNAs are not simply by-products
of occasional aberrant splicing (Chen 2016). The current
study provides further novel observations regarding the
correlation between circRNAs and mRNAs. We found
a positive correlation between circRNA expression and
the expression of cognate linear mRNAs in all tissue
samples (Fig. 2A,B; Supplemental Fig. S2). The obvious
explanation of this correlation is that circRNAs are
controlled at the transcription level of their host genes
since they are effective splice products. On the other
hand, some circRNAs, such as exon–intron circRNAs, can
enhance the expression of their parental genes in cis (Li
et al. 2015b). The cis regulation of circRNAs on its parental
gene may have some additional effects on the relationship
between circRNA and linear mRNA expression as well.
Furthermore, our data support the concept that circRNAs
are more sensitive to changes in host gene expression.
Generally, increased host gene transcription levels tend
to increase the expression of both mRNAs and circRNAs;
thus, if there is no splicing regulation of circRNA expres-
sion, no substantial differences in the ratio of the expres-
sion of circular and linear transcripts should be observed.
However, we observed a consistently higher fraction of cir-
cular transcripts among highly expressed genes in all tis-
sues (Fig. 2C), which suggests that both transcriptional
and post-transcriptional regulators contribute to the final
output of circRNA expression. The correlation between
the splicing efficiency of circRNAs and the total expression
of their host genes may be explained by the competitive
splicing between linear and circular transcripts (Ashwal-
Fluss et al. 2014). Interestingly, Rybak-Wolf et al. (2015) ob-
served a negative correlation between the logarithm of
gene expression and the circular to linear ratio, which is ex-
actly opposite the trend we observed (Fig. 2C). Although
the cause of these paradoxical observations is currently un-
known, a recent study (Liang et al. 2017a) explored how
the ratio of linear and circRNA is controlled and identified
many core spliceosome and transcription termination fac-
tors that control the RNA outputs of reporter and endoge-
nous genes. It has also been suggested that circRNAs
become the preferred gene output when core spliceo-
some or transcription termination factors are depleted. In
this context, it was reasonable to observe a positive corre-
lation, rather than a negative correlation, between the ratio
of circular transcripts to linear transcripts since the required
core spliceosomes and transcription termination factors
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are likely to be insufficient for genes with higher expression
levels. Technically, the computational pipeline used in
Rybak-Wolf et al. (2015) is unable to distinguish the
sequencing reads sampled from the exonic region of circu-
lar transcripts and those derived from the same genomic
region of canonical linear transcripts. This potentially un-
derestimates the expression level of circRNAs and overes-
timates that of their cognate linear mRNAs. In our analysis,
we used our newly developed model-based pipeline,
Sailfish-cir (Li et al. 2017), to simultaneously quantify the
expression of both circRNAs and mRNAs from RNA-seq
data in a more precise manner (Gao and Zhao 2018).
Taken together, our observations not only confirm the im-
portance of competitive splicing against linear transcripts
in circRNA production but also imply the significance of
host gene transcription in determining the final output of
the corresponding spliced circRNA.

Second, we investigated the relevance of both circRNAs
and mRNAs for tissue-specific phenotypes. Consistent
with previous studies (Salzman et al. 2013; Ashwal-Fluss
et al. 2014; Conn et al. 2015; Rybak-Wolf et al. 2015;
Starke et al. 2015; Szabo et al. 2015; You et al. 2015), we
observed that both circRNAs (Figs. 3A, 4A) and mRNAs
(Supplemental Fig. S5) exhibited specific expression pro-
files across different tissues. Our data further highlighted
that the expression of these tissue-specific circRNAs was
closely related to the physiological functions of the specific
tissue (Fig. 4B). It is widely accepted that the tissue-specific
expression of linear mRNAs is related to the function of
multicellular tissues and human diseases (Dezso et al.
2008; Greene et al. 2015; The GTEx Consortium 2015;
Melé et al. 2015). Therefore, it is interesting to explore
the differences between circRNAs and mRNAs in terms
of tissue specificity and their contribution to tissue pheno-
types. In our study, we observed that the tissue specificity
of circRNAs was consistently higher than that of linear
mRNAs (Fig. 3E,F). However, care should be taken on
this conclusion, because the rat circRNA repertoire in our
study may be underestimated given the limited number
of samples of each tissue type and the relatively low ex-
pression level of circRNAs in the rRNA-depleted RNA-
seq libraries. Additionally, a higher splicing ratio was ob-
served for tissue-specific circRNAs (Fig. 4C), but not for tis-
sue-specific linear RNAs (Supplemental Fig. S6), which
suggests that the contribution of circRNAs to tissue specif-
icity is somewhat independent of their cognate linear
mRNAs. This finding is in accordance with the previous
finding that the changes in circRNAs upon neuronal differ-
entiation are independent of the changes of their linear
counterparts (Rybak-Wolf et al. 2015; You et al. 2015;
Gruner et al. 2016). Taken together with the evidence pre-
sented in previous studies (Salzman et al. 2013; Ashwal-
Fluss et al. 2014; Conn et al. 2015; Rybak-Wolf et al.
2015; Starke et al. 2015; Szabo et al. 2015; You et al.
2015), we propose that while both forms of RNA transcripts

can make independent contributions to tissue-specific
functions, circRNAs may be more relevant to tissue speci-
ficity than linear mRNAs.

Third, we explored the accumulation of circRNAs and
linear mRNAs across developmental stages in different tis-
sues. Previous studies have shown that circRNAs gradually
accumulate with age in brain samples, which has been ob-
served in several organisms, such as humans (Szabo et al.
2015), mice (You et al. 2015; Gruner et al. 2016), and flies
(Westholm et al. 2014). We confirmed a monotonic in-
crease of circRNAs in the rat brain samples (Fig. 5A), while
most other tissues, such as the heart, liver, and lungs, did
not present a consistent association of circRNAs with age
(Fig. 5A; Supplemental Table S3), which is consistent
with the observations made by Gruner et al. (2016). They
(Gruner et al. 2016) investigated the changes of circRNAs
in mouse heart samples and found no significant changes
in circRNA expression between young and aged mice.

In addition to the age-dependent circRNA profile found
in the brain, another major novel discovery of our study is a
previously unidentified, dynamic age-dependent pattern
in the testes, where circRNA levels mirror sexual maturity
and the robustness of male reproduction. Our further path-
way-level analysis revealed that the circRNA populations
showing age-sensitive changes are essential for spermato-
genesis, which was cross-analyzed and confirmed in mouse
developmental stage-specific spermatogenetic cells. In
particular, the potential function of circRNAs in ciliummor-
phogenesis (essential for the formation of the spermatid
flagellum) is very interesting, which may spur future exten-
sive basic and translational studies.

Finally, we surveyed the potential causes of the age-de-
pendent circRNA expression observed in the brain and
testes. One obvious cause is the much lower degradation
rate of circRNAs than that of mRNAs (Enuka et al. 2016),
which explains the enrichment of circRNAs in exosomes
(Li et al. 2015a) and several anucleate blood components,
such as platelets and red blood cells (Alhasan et al. 2016).
Given that neurons show relatively low proliferation,
circRNAs could accumulate in neurons during aging
(Gruner et al. 2016). However, increased circRNA stability
cannot explain the circRNA accumulation observed in
several other tissues. For example, although cardiomyo-
cytes show similar proliferation rates to neurons, heart
circRNAs do not continuously accumulate during aging
(Fig. 5A). Therefore, factors other than circRNA stability
itself should account for circRNA accumulation during ag-
ing. For example, Harries et al. (2011) observed that two
splicing factors, SRFR6 and SRFS1, were down-regulated
in human aging. The decreased expression of splicing
factors with age may be related to the accumulation of
circRNAs. Indeed, age-dependent circRNA expression
has been implicated in several biological processes, in-
cluding neuronal differentiation (Rybak-Wolf et al. 2015;
You et al. 2015), epithelial-mesenchymal transition (Conn
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et al. 2015), and fetal development (Szabo et al. 2015).
Therefore, it is reasonable to assume that the accumulation
of circRNAs in the brain and testes is a regulatory outcome
on circRNA expression to ensure proper physiological
functions at different developmental stages.
In conclusion, we present a comprehensive view of

circRNA expression profiles and their relevance to linear
mRNAs across different rat tissues and developmental
stages. We propose that circRNAs have important func-
tional implications for tissue phenotypes and develop-
ment, which are independent of their linear counterparts.
Highlights of our study include the findings that the testis
is the most sensitive organ showing age-dependent
changes in circRNA levels and that circRNAs could be
essential in regulating the process of spermatogenesis
andmight be used as a biomarker of reproductive maturity
and aging. Nevertheless, we need to point out that,
though we mainly focus on the cis-effect of circRNAs,
existing studies have suggested that circRNAs can also
play trans-regulatory roles as miRNA (Hansen et al. 2013)
and/or RNA binding protein sponges (Conn et al. 2015).
In future work, it will be very interesting to explore the
trans-effect of circRNAs on rat tissue phenotypes and
development.

MATERIALS AND METHODS

Raw RNA-seq data

To explore the dynamic expression of both circular and linear
transcripts based on a single data set, we downloaded the raw
RNA-seq data of the rat BodyMap data set from the NCBI GEO
database (Barrett et al. 2013) under accession code GSE53960.
In the rat BodyMap data set, Yu et al. (2014a,b) constructed
and sequenced 320 rRNA-depleted RNA-seq libraries containing
samples from 11 rat tissue types (adrenal gland, brain, heart, kid-
ney, liver, lung, muscle, spleen, thymus, testes [male only], and
uterus [female only]) from both sexes of Fischer 344 rats across
four developmental stages (2, 6, 21, and 104 wk). For each devel-
opmental stage, four male and four female biological replicates
were obtained from adrenal, brain, heart, kidney, liver, lung, mus-
cle, spleen, and thymus tissues (Supplemental Table S4). For
the testes/uterus, four male/female replicates were included for
each developmental stage (Supplemental Table S4). To further
investigate age-sensitive testicular circRNA expression, we also
obtained raw RNA-seq data for mouse spermatogenic cells
from theNCBIGEOdatabase (Barrett et al. 2013) under accession
code GSE75826. This data set contains rRNA-depleted RNA-seq
data from three different types of spermatogenic cells: spermato-
gonia, spermatocytes, and spermatids (Lin et al. 2016).

Identification and quantification of circRNAs

For each sample in the rat BodyMap data set (Yu et al. 2014a,b),
we filtered the raw RNA-seq reads by removing adaptor sequenc-
es, contamination, and low-quality reads and assessed data qual-

ity using RNA-SeQC (DeLuca et al. 2012). Next, we identified all
circRNAs in the sample using CIRI (Gao et al. 2015) with default
parameter settings. We used the mRNA exon structures in
Ensembl rat gene annotation (Cunningham et al. 2015) (release
91) as the reference to determine the exons within circRNAs. To
reduce potential false positives of identified circRNAs, we
constructed a rat circRNA repertoire by retaining all circRNAs
with at least one back-splicing read in at least two samples
of the same tissue type. After circRNA identification, we quan-
tified the expression levels of all identified circular transcripts
and known linear transcripts in the Ensembl rat gene annotation
(Cunningham et al. 2015) (release 91) using Sailfish-cir (Li et al.
2017) with default settings. For each host gene, we calculated
the TPM values of both circular and linear transcripts. The same
computational pipeline was used to identify and quantify mouse
circRNAs from mouse spermatogenic cells.

Evolutionary analysis of rat circRNAs

We performed the evolutionary analysis of rat circRNAs at two
levels. We compared the conservation levels of nucleotide se-
quences in the coding region of exonic circRNAs against those
of linear mRNAs. For each exonic circRNA, we used the transcript
structure of the longest linear mRNA transcript of its host gene.
We downloaded the PhastCons scores for the rat genome from
the UCSC Genome Browser database (Casper et al. 2018). The
base-by-base PhastCons score represents the posterior probabil-
ity that the corresponding alignment column is generated by
the conserved state (Siepel et al. 2005). While a PhastCons score
close to zero means that the site is evolutionary neutral, a
PhastCons score close to one implies that the site is evolutionarily
conserved. For each exonic circRNA, we extracted the PhastCons
scores at all coding positions in its host gene and calculated the
average PhastCons scores at all three codon positions for exons
in circular transcripts and those exclusively in linear transcripts.
In addition to nucleotide conservation levels, we analyzed the
evolutionary gains and losses of rat circRNAs in the mammalian
lineage. To this end, we downloaded the human circRNA reper-
toire from circBase (Glažar et al. 2014) and the mouse circRNA
repertoire from circNet (Liu et al. 2016). One-to-one gene ortho-
log tables between humans, mice, and rats were downloaded
from Ensembl (Vilella et al. 2009). CircRNAs that originated
from orthologous genomic regions among different species
were defined as orthologous circRNAs. We classified all the
rat circRNAs with human and mouse orthologs as mammalian-
common circRNAs. The rat circRNAs with mouse orthologs
but without human orthologs were defined as rodent-specific
circRNAs. The rat circRNAs without either human or mouse ortho-
logs were deemed rat specific.

Tissue specificity

To evaluate the variability of both circRNA andmRNA expression,
we calculated the tissue specificity of each host gene. The TSI
“tau” method developed by Yanai et al. (2005) was applied
here as follows:

TSI =
∑N

i=1

(1− ri )/(N − 1). (1)
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Here, TSI is the tissue specificity index; N is the number of
tissue types; and ri is the mean expression in tissue i normalized
to the maximum mean expression in any tissue. The TSI value
ranges from zero to one, and a higher TSI implies higher tissue
specificity.

CircRNA expression-based pathway score

The FAIME algorithm (Yang et al. 2012) was applied to assign
circRNA expression-based pathway scores for both the “cilium
morphogenesis” and “spermatogenesis” GOBP terms for mouse
spermatogenic cells. The FAIME method computes gene-set
scores using the rank-weighted gene expression of individual sam-
ples, which converts each sample’s transcriptomic information to
molecular mechanisms (Yang et al. 2012). A higher circRNA
expression-based pathway score indicates an overall increase in
the abundance of the circRNAs within the given GOBP term.

Statistical analyses

All the statistical analyses were conducted on the R platform. PCA
was used in this study to visualize the tissue specificity of circRNA
expression andwas performedwith the “dudi.pca” function in the
“ade4” library. Hierarchical clustering was conducted to visualize
tissue-specific circRNAs. The corresponding heatmap was gener-
ated using the “heatmap.2” function in the “gplots” library with
Ward’s method. The t-test, Wilcoxon test, Spearman’s rank corre-
lation test, Kolmogorov–Smirnov test, and Fisher’s exact test ap-
plied in this study were performed with the “t.test”, “wilcox.test”,
“cor.test”, “ks.test”, and “fisher.test” functions, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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