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ARTICLE
m®A-dependent biogenesis of circular RNAs in male germ cells

Chong Tang'?, Yeming Xie', Tian Yu', Na Liu?, Zhuging Wang@®', Rebekah J. Woolsey?, Yunge Tang*®, Xinzong Zhang™*®,
Weibing Qin*?, Ying Zhang4'5, Ge Song4'5, Weiwei Zheng4'5, Juan Wangz, Weitian Chen?, Xiongyi Wei?, Zhe Xie*®, Rachel Klukovich’,
Huili Zheng', David R. Quilici®* and Wei Yan'7#

The majority of circular RNAs (circRNAs) spliced from coding genes contain open reading frames (ORFs) and thus, have protein
coding potential. However, it remains unknown what regulates the biogenesis of these ORF-containing circRNAs, whether they are
actually translated into proteins and what functions they play in specific physiological contexts. Here, we report that a large number
of circRNAs are synthesized with increasing abundance when late pachytene spermatocytes develop into round and then
elongating spermatids during murine spermatogenesis. For a subset of circRNAs, the back splicing appears to occur mostly at m°A-
enriched sites, which are usually located around the start and stop codons in linear mRNAs. Consequently, approximately a half of
these male germ cell circRNAs contain large ORFs with m®A-modified start codons in their junctions, features that have been
recently shown to be associated with protein-coding potential. Hundreds of peptides encoded by the junction sequences of these
circRNAs were detected using liquid chromatography coupled with mass spectrometry, suggesting that these circRNAs can indeed
be translated into proteins in both developing (spermatocytes and spermatids) and mature (spermatozoa) male germ cells. The
present study discovered not only a novel role of m°A in the biogenesis of coding circRNAs, but also a potential mechanism to
ensure stable and long-lasting protein production in the absence of linear mRNAs, i.e., through production of circRNAs containing
large ORFs and m®A-modified start codons in junction sequences.
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INTRODUCTION

Spermatogenesis refers to the process through which sperma-
togonial stem cells differentiate into spermatozoa within the
seminiferous epithelium in the testis." It consists of three phases:
mitotic (proliferation and differentiation of spermatogonia),
meiotic (spermatocyte differentiation and division), and haploid
(also called spermiogenesis, differentiation of round spermatids
into spermatozoa) phases.? Each of the three phases involves
complex regulatory networks that control precise spatiotemporal
gene expression.>” The haploid phase, spermiogenesis, is unique
in that (1) it does not involve proliferation and (2) it displays two
prominent regulatory features of gene expression: global short-
ening of transcripts and delayed translation.>® The delayed
translation, also called uncoupling of transcription and transla-
tion, is due to the fact that transcription ceases upon nuclear
condensation, which coincides with spermatid elongation (step 9
in mice), whereas proteins required for the remaining steps
(steps 9-16 in mice) of sperm assembly must be translated using
mRNAs synthesized prior to transcriptional shutdown.® Therefore,
thousands of transcripts are pre-synthesized in late pachytene
spermatocytes and round spermatids (steps 1-7) and then
stored in ribonucleoprotein particles (RNPs) until translation in

elongating/elongated spermatids when needed. For example, it
has been shown that Prm7 mRNAs can be stored for up to
2 weeks before translation.’® The current concept ascribes the
prolonged stability of mRNAs to their physical confinement to
RNPs, a cytoplasmic sub-compartment known as the RNA
processing and storage center”'' It is widely believed that
these translationally suppressed mRNAs are associated with RNA-
binding proteins (RBPs) and small RNAs, which are highly
enriched in RNPs and thus, may protect mRNAs from degradation
or detrimental precocious translation.'*' During the last several
steps of spermiogenesis, a quick protein turnover is required for
efficient sperm assembly in spermiogenesis.'*'> Global short-
ening of mRNA transcripts during late spermiogenesis has been
postulated as a mechanism to ensure efficient translation,
because these shorter transcripts have much shorter 3'UTRs,
thus containing much fewer binding sites for RBPs and small
RNAs.®”'® This is opposite to the global transcript lengthening
events in brain because longer 3’UTRs in brain mRNAs enable
much more complicated posttranscriptional regulation due to
more binding sites for RBPs and small RNAs.'® Alternative
polyadenylation (APA) has been regarded as the mechanism
underlying the production of shortened transcripts in late
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pachytene spermatocytes and round spermatids.”” However,
such an APA factor has not been identified. Recently, we and
others have demonstrated that UPF2, a critical factor involved in
the nonsense-mediated mMRNA decay pathway, can selectively
degrade longer transcripts during spermiogenesis,®’'® suggest-
ing that selective degradation of longer transcripts, in addition to
increased synthesis of shorter transcript, represents an alter-
native mechanism for achieving global shortening of transcripts
in late spermiogenesis. Nevertheless, the increased production of
shorter transcripts requires enhanced alternative splicing, which
has been linked to a common mRNA modification, called N°-
methyladenosine, or m®A." It has been shown that elevated
levels of m°A on pre-mRNAs leads to more splicing events in
cultured cells.?>2" Our recent report demonstrated that longer
transcripts tend to contain more m®A compared with shorter
ones in pachytene spermatocytes, round, and elongating
spermatids.??> Correct splicing for the production of longer
transcripts requires significant removal of m°A by ALKBH5, a
known m°®A eraser in the nucleus of spermatocytes and round
spermatids. Inactivation of Alkbh5 leads to higher levels of m°A,
causing enhanced splicing and production of numerous shorter
transcript isoforms with elevated levels of m°A, which undergo
rapid degradation in the cytoplasm of elongating/elongated
spermatids.®> Therefore, m°A appears to regulate splicing
events in the nucleus and to control mRNA stability in the
cytoplasm in pachytene spermatocytes and round and elongat-
ing spermatids.?

Clearly, the regulation of gene expression in haploid male
germ cell development involves two cellular events: stabiliza-
tion of mRNAs for delayed translation and enhanced splicing.
Both have been linked to the biogenesis and function of a
unique class of regulatory RNAs, circular RNAs (circRNAs).”?
CircRNAs are RNA circles mostly representing back spliced,
exon-containing pre-mRNA fragments circularized by a cova-
lent, 3/,5"-phosphodiester bond.** These RNA circles used to be
regarded as byproducts of erroneous splicing without specific
functions. However, this view is no longer valid because
thousands of circRNAs have been identified in various tissues
of almost all species, and their evolutionary conservation,
tissue- and developmental stage-specific expression patterns
and highly variable abundance between circRNAs and their
corresponding linear forms in the same tissues,>>™ all suggest
that circRNAs are purposely synthesized with regulatory
functions. Indeed, studies showing circRNA functions have
started emerging, e.g., several circRNAs derived from intergenic
regions have been found to act as miRNA sponge?®~3'; a gene
knockout (KO) study demonstrated that a circRNA, Cdrias plays
a critical role in regulating brain function.3? Recent studies show
that some circRNAs have coding potential and can be translated
into proteins in Drosophila, mice and humans.>*~3® Despite the
progress, little is known regarding factors that affect circRNA
biogenesis and their roles in physiological contexts. Here, we
report that circRNA levels increase while their corresponding
linear forms actively undergo degradation in haploid male germ
cells with progression of spermatogenesis. Junction sequences
of these circRNAs appear to be enriched for m®A, which is
usually located around the start and stop codons in linear
mRNAs.>2  Consequently, ~50% of these spermiogenesis-
enriched circRNAs contain large open reading frames (ORFs)
with m®A-modified start codons in their junctions, which can
indeed be translated into proteins in both spermatogenic cells
and spermatozoa. Our findings suggest that m°®A-dependent
circRNA accumulation with the progression of spermatogenesis
may function to compensate for massive degradation of linear
MRNAs in late spermiogenesis so that stable and long-lasting
production of proteins in the last several steps of spermiogen-
esis and in spermatozoa is maintained.
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RESULTS
CircRNAs are abundantly expressed in male germ cells during
spermatogenesis

To define the entire large RNA transcriptome in purified murine
spermatogenic cells, we generated large RNA libraries with and
without RNase R treatment and performed RNA-seq with greater
depth for two reasons: First, we would like to see whether RNA-seq
without RNase R treatment would lead to a higher false positive rate
in circRNA annotation. Second, to normalize the circRNA/junction
reads, we need to use total linear RNA reads as the internal control.
Once treated with RNase R, this normalization method would not be
appropriate because the efficiency of RNase R treatment is often
affected by many factors (e.g, temperature, digestion time, and
enzymatic activities, etc.) and thus, is uncontrollable. To enhance
circRNA discovery, we also adopted a recently reported circRNA
enrichment method called RNase R treatment followed by
polyadenylation and poly(A) + RNA Depletion (RPAD).>® The RPAD
method selectively eliminates most of the linear mRNAs, thus
enriching circRNAs from total RNA for library construction and deep
sequencing (Supplementary information, Fig. S1a).

The overall expression patterns of circRNAs in three spermato-
genic cell types (pachytene spermatocytes, round, and elongating
spermatids) were similar between the two conventional RNA-seq
methods (Fig. 1a, and Supplementary information, Fig. S2). A total of
65,500 circRNAs were annotated from RPAD-seq data (Supplemen-
tary information, Table S1; the raw data have been deposited into
the CNGB database with accession# CNP0000637). Of importance,
~80% of the circRNAs identified from the regular RNA-seq data
could be verified in the RPAD-seq data (Supplementary information,
Table S2), suggesting that the false positive rates are similar
between both methods. Considering proper normalization method
and limited starting materials available, we decided to mainly use
circRNAs identified from conventional RNA-seq data (without RNase
R treatment) for all the analyses reported below.

CircRNA levels increase with progression of spermiogenesis

Accumulating data suggest that the global shortening of mRNA
transcripts during spermiogenesis is achieved through both
alternative usage of polyadenylation signals and selective degrada-
tion of longer 3'UTR transcripts in spermatids.>’”'8 It is also known
that circRNA production positively correlates with the splicing
activity.2®274° Given that progression of spermatogenesis from late
meiotic to haploid phases involves enhanced alternative spli-
cing,"*" we first tested whether circRNA biogenesis also increases
from pachytene spermatocytes to round/elongating spermatids.
Indeed, we found that both the number (Fig. 1a) and relative
abundance (Fig. 1b, upper two panels) of unique circRNAs
increased drastically when pachytene spermatocytes developed
into round/elongating spermatids (Supplementary information,
Table S1). Interestingly, levels of their corresponding linear forms
decreased from pachytene spermatocytes to round/elongating
spermatids (Fig. 1b, lower two panels). Consistently, the circular/
linear ratio increased significantly during the same period of
spermatogenesis (Fig. 1c). We experimentally validated this finding
by examining levels of both the linear and circular forms of three
genes (Ddx4, Spag16, and Trim37), which are all known to be
essential for spermatogenesis*? (Fig. 1d, e; Supplementary informa-
tion, Fig. S3). These data suggest that levels of circRNAs increase
while their linear precursors undergo degradation from pachytene
spermatocytes and round spermatids to elongating spermatids.
Gene ontology (GO) term enrichment analyses revealed that the
host genes of these circRNAs were involved in critical events during
spermiogenesis, e.g.,, epigenomic modulations (DNA methylation,
histone modifications, and nucleosome organization) and sperm
motility (cilium movement, axoneme assembly, and microtubule
bundle formation) (Supplementary information, Fig. S4). circRNAs
have a much longer half-life than linear RNAs because they are
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Fig. 1 CircRNA levels increase with progression of spermiogenesis. a CircRNA expression in wild type (WT) pachytene spermatocytes,
round, and elongating spermatids. CircRNA reads were identified from RNA-seq data, followed by normalization against aligned total RNA
reads. b CircRNA levels increase while levels of their linear isoforms decrease when WT pachytene spermatocytes develop to round and
elongating spermatids. Accumulation curves and heat maps showing normalized circRNA counts and normalized linear RNA levels (FPKM) are
used to compare levels of circRNAs and their linear isoforms in WT pachytene spermatocytes, round, and elongating spermatids. ¢ The
circular/corresponding linear RNA ratio increases from WT pachytene spermatocytes, to round and elongating spermatids. Normalized counts
of circRNAs and their linear isoforms are used to calculate the ratios and to generate the bar graphs. d Ddx4 linear and circRNAs display
opposite expression patterns in WT pachytene spermatocytes, round, and elongating spermatids. Normalized circRNA counts and normalized
linear RNA levels (FPKM) are compared in WT pachytene spermatocytes, round, and elongating spermatids. e A representative result of semi-
quantitative qPCR analyses for levels of Ddx4 circular and linear RNAs in WT pachytene spermatocytes, round, and elongating spermatids.
Gapdh was used as a loading control. The Student’s t test was used for statistical analyses. *P < 0.1; **P < 0.05; ***P < 0.001. The data were
presented as two biological replicates or means + SD, biological replicates, n=2. Sums of two technical repeats in each of the biological
replicates were used for analyses.
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Fig.2 CircRNA accumulation correlates with enhanced splicing at m®A sites. a Alkbh5 mRNA levels decrease from pachytene spermatocytes
to round and elongating spermatids. Normalized counts of Alkbh5 (FPKM) were used to represent mMRNA levels and data are presented as
means + SD, b|olog|cal repllcates n=3. b Schematics of circRNA identification from m°®A-RIP-seq data. Briefly, RNAs are fragmentlzed and
pulled down using m®A antibodies. Sequencing adapters are added during library construction. After deep sequencing, circRNAs are
identified from the RIP-seq data based on junction reads using CIRI. ¢ Density plots showing circRNA junction reads increase around 3'UTRs
(upper panel) (biological repllcates n = 2), while this increase coincides with elevated m°®A levels nearby (lower panel) (blologlcal replicates,
n = 3). Total RNA-seq and m°A-RIP-seq data were used to determine the distribution of circRNA junction reads and m°A sites, respectively.
Sequencing was performed in biological triplicates (n = 3). Normalized, relative density is presented on the y-axis, whereas read distribution
across 5’'UTR, CDS, and 3'UTR is shown on the x-axis. d The circular/linear ratio was much higher in m®A-RIP-seq reads than that in total RNA-
Seq reads, suggesting the increased circRNAs during spermiogenesis are enriched with m°A (biological replicates, n = 3). The Student’s t test

was used for statistical analyses. *P < 0.1; **P < 0.05; ***P < 0.001.

resistant to degradation due to a lack of free ends.”* Given that
linear RNAs, especially those with longer 3’UTRs, are actively
undergoing degradation in late spermiogenesis,®'® the increased
levels of circRNAs may represent a mechanism through which
certain transcripts of particular importance are preserved for
protein production at a later time point during spermiogenesis.

CircRNA accumulation correlates with enhanced splicing at m°A
sites

Recent data suggest that m°A is involved in the regulation of
alternative splicing in both somatic?'** and male germ?? cells. In

SPRINGERNATURE

our recent report, we have demonstrated that longer mRNA
transcripts that are normally expressed in WT pachytene
spermatocytes and round spermatids are spliced into shorter
transcripts when higher levels of m°A are present in those longer
transcripts due to inactivation of ALKBH5, an eraser of m°A.""?
This is consistent with other data showing that pre-mRNAs with
elevated mPA levels appear to bind the splicecosome more tightly,
thus leading to enhanced splicing.”* Given that the global
shortening of mRNA transcripts during late spermiogenesis (steps
9-16) results from enhanced splicing,'”” m°®A levels should increase
while ALKBH5 levels should decrease if m®A is involved in this
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process. Indeed, based on our RNA-Seq analyses on purified WT
spermatogenic cells, Alkbh5 mRNA levels decreased from pachy-
tene spermatocytes to round/elongating spermatids (Fig. 2a). This
pattern is consistent with immunofluorescence staining of adult
testes, showing that ALKBH5 protein is abundantly expressed in

Cell Research (2020) 30:211-228

pachytene spermatocytes and round spermatids, but becomes
undetectable in elongating spermatids.>> More interestingly, more
circRNAs were identified in Alkbh5 KO testes (~29,000 circRNAs)
than in WT control testes (~19,000 circRNAs), supporting the
connections among m°A levels, splicing, and circRNA biogenesis
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Fig. 3 A subgroup of circRNAs contain ORFs with m®A-modified start codons. a Exonic circRNAs are the majority in WT pachytene
spermatocytes, round, and elongating spermatids. Normalized average circRNA counts derived from exons, introns, and intergenic regions are
presented (biological replicates, n=2). b Density plots showing that circRNAs in elongating spermatids have more coding potential than
those in pachytene spermatocytes. The plots were generated by mapping the junction reads containing the 3’ (head) and 5’ (tail) ends of their
host mRNAs to the full-length mRNAs. Compared with circRNAs in pachytene spermatocytes, those in elongating spermatids display more
junction sequences containing the start and stop codons, suggesting higher coding potential for full-length proteins (biological replicates,
n = 2). ¢ Density plots showing that circRNAs with higher circular/linear ratios contain both start and stop codons more often and thus, have
higher coding potential. Density plots were generated by mapping junction reads of circRNAs expressed in elongating spermatids against
their full-length host mRNAs. The cutoffs for higher and lower circular/linear ratio were >0.2 and <0.1, respectively (biological replicates, n = 2).
d CircRNAs that contain m®A were detected in WT pachytene spermatocytes, round and elongating spermatids. Data represent circRNA
counts in m®A-RIP-seq data of the three types of spermatogenic cells. m®A-RIP-seq was performed in triplicates and IgG was used as negative
controls (biological replicates, n = 3). e Density plots showing that pachytene circRNAs with junction sites containing the start codon tend to
have higher levels of m®A. The plots were generated by mapping the head (containing the 5’ ends of their host mRNAs) or tail (containing the
3’ ends of their host mRNAs) junction reads of m°A IP-enriched pachytene circRNAs to the full-length mRNAs. Because IgG could only pull
down some junction reads, we used the RNA-seq data (non-IP) as background control (biological replicates, n=3). f Pie chart showing
distribution of circRNAs with or without coding potential in the three types of spermatogenic cells. g Bar graphs showing levels of circRNAs
associated with polysomes and RNP in WT pachytene spermatocytes, round and elongating spermatids. Data represent normalized circRNA
counts in RNA-seq analyses of RNP-/polysome-associated RNA (biological replicates, n = 3). h Density plots showing that polysome-associated
circRNAs tend to contain the start/stop codon more often in elongating spermatids than those in pachytene spermatocytes. Density plots
were generated by mapping the head (containing the 5’ ends of their host mRNAs) or tail (containing the 3’ ends of their host mRNAs)
junction reads of polysome-associated circRNAs to the full-length mRNAs (biological replicates, n=3). i A proposed model depicting how
m°®A near the start and stop codons induces circRNA production and translation. m®A near 5'UTR and 3’UTR tends to recruit spliceosome,
leading to back splicing and circRNA production. Junction m®A in the start codon may serve as the IRES for translation initiation. The Student’s
t test was used for statistical analyses. *P < 0.1; **P < 0.05; ***P < 0.001.

<

(Supplementary information, Table S3). To further confirm that
ALKBH5 affects circRNA production, we conducted in vitro Alkbh5
knockdown and minigene reporter assays as reported pre-
viously.*>*® Sltm was chosen because both its circular and linear
forms were abundantly expressed in the spermatogenic cell types
analyzed in our RNA-seq analyses (Supplementary information,
Table S2). Using junction PCR, levels of S/itm circRNAs were found
to be drastically upregulated, whereas levels of its linear form
remained unaffected when Alkbh5 levels were reduced through
siRNA-mediated knockdown in NIH 3T3 cells (Supplementary
information, Fig. S5a). The data suggest that inhibition of ALKBH5
indeed enhances circRNA production most likely through
enhanced splicing, as reported previously.”>*” However, in the
minigene reporter assays, no enhanced production of S/tm
circRNAs was observed in HEK293 cells (Supplementary informa-
tion, Fig. S5b). The negative finding is most likely due to the fact
that the splicing mechanisms in HEK293 cells are different from
those utilized in spermatogenic cells.

To further establish the relationship between circRNA produc-
tion and m®A levels, we conducted m®A RNA immunoprecipitation
followed by deep sequencing (m°®A-RIP-seq) analyses (Fig. 2b). By
mapping the sequence reads to the longest RNA isoform for each
gene, we calculated the m®A enrichment score and located m°A
sites based on constitutive 100nt windows, as previously
reported.?? From pachytene spermatocytes to round and elongat-
ing spermatids, the circRNA junction reads became increasingly
enriched near the stop codon (Fig. 2¢c, upper panel), which
correlated well with the increased m°A levels around the same
region (Fig. 2¢, lower panel), suggesting a link between elevated
mCA and circRNA levels. By analyzing circRNA abundance and m°®A
levels, we found that the more abundant the circRNAs were, the
higher m®A levels they contained (Supplementary information,
Fig. S6b). Such a positive correlation strongly suggests that
circRNAs are spliced from mCA-enriched sites. If this notion is
correct, then the m°A immunoprecipitation products should
contain abundant circRNAs. Indeed, by annotating circRNAs using
the m®A-RIP-seq reads, we observed that the circular/linear ratio
increased from pachytene spermatocytes to round and then to
elongating spermatids (Supplementary information, Fig. S6a). The
circular/linear ratio was significantly higher in m°A-RIP-seq reads
than that in total RNA-seq reads, suggesting that the junction
regions of circRNAs are significantly enriched for m®A (Fig. 2d). We
then divided the junction reads into the head (close to the 5’ end)
and tail (close to the 3’ end) fragments, followed by mapping
them against their linear mRNAs. Data from this analysis revealed
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that these m®A-IP-enriched circRNAs contained ORFs of variable
lengths, with the majority possessing the start codon and some
even with both the start and stop codons (Supplementary
information, Fig. S6c). Together, these data imply that circRNA
levels increase while the levels of their corresponding linear forms
decrease (due to massive degradation) in elongating and
elongated spermatids, and that back splicing tends to occur
between m®A-enriched sites, which are usually around the start
and stop codons of linear mRNAs in spermatogenic cells.??

A subgroup of circRNAs contain ORFs with m®A-modified start
codons

Only a few circRNAs derived from intergenic regions have been
shown to act as miRNA sponge,®’ whereas the majority of the
circRNAs spliced from coding genes contain ORFs and thus, have
protein-coding potential.>*3** A recent report has demonstrated
that some ORF-containing circRNAs can be efficiently translated
into proteins using the m®A-modified start codon as the internal
ribosome entry site (IRES), which can be recognized by YTHDF3, an
m°A reader®*® Accumulation of circRNAs from pachytene
spermatocytes to round spermatids coincides with the com-
mencement of transcriptional cessation and massive degradation
of MRNA transcripts, especially those with longer 3’UTRs, in
elongating/elongated spermatids.®'>*? If these RNA circles can be
translated into proteins, then turning linear mRNAs into circRNAs
with coding capability would represent an ideal mechanism to
bypass the massive mRNA degradation and to maintain the
continuous production of certain proteins that are of particular
importance for late spermiogenesis. To test this hypothesis, we
examined whether these circRNAs contain ORFs and m°A-
modified start codons, and whether they are associated with
polyribosomes in round and elongating spermatids.

CircRNAs accumulated during late meiotic and early haploid
phases of spermatogenesis (pachytene spermatocytes—round
spermatids—elongating spermatids) were predominantly derived
from exons (Fig. 3a). Interestingly, by mapping the head and tail
junction reads to the full-length host linear mRNAs, we observed
that the junctions appeared to be enriched in both start and stop
codons (arrows pointing to the two peaks in Fig. 3b), suggesting
these circRNAs contain potentially full-length or partial ORFs.
Furthermore, levels of these ORF-containing circRNAs seemed
higher in elongating spermatids than those in pachytene
spermatocytes (Fig. 3b). If these circRNAs are translatable, then it
means that partial or full-length proteins can be produced in
elongating spermatids despite the massive degradation of linear
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Fig. 4 Spermiogenesis-enriched circRNAs shift from RNPs to polyribosomes with progression of spermiogenesis. a Heat map showing
round spermatid RNP-associated circRNAs being shifted and loaded onto polysomes in elongating spermatids (left panels), while levels of
their corresponding linear RNAs continuously decrease from pachytene spermatocytes to round and elongating spermatids (right panels).
Normalized circRNA counts and normalized linear RNA FPKM represent levels of circRNAs and their corresponding linear transcripts,
respectively (biological replicates, n = 3). b Density plots showing that regions from which polysome-enriched circRNAs were derived had
changed from open to closed chromatin structures when pachytene spermatocytes developed into round spermatids based on ATAC-seq
analyses (biological replicates, n = 3). c Levels of Arhgap5 and Dcaf8, two mRNAs known to display delayed translation, in RNPs and polysomes
of pachytene spermatocytes, round, and elongating spermatids. Data represent normalized C|rcRNA counts in RNA-seq analyses of RNP-/
polysome-associated RNA (biological replicates, n = 3). d Schematics depicting the role of m°A in mRNA fate control in late meiotic and
haploid phases of spermatogene5|s On one hand, higher m®A levels in mRNAs lead to degradation |n the cytoplasm of elongating
spermatids. Since m®A is mostly located in 3'UTRs, the longer transcripts tend to contain hlgher levels of m°A because of the longer 3'UTRs
and thus, are more prone to degradatlon compared with shorter transcnpts (upper panel). This is a known means to achieve global transcript
shortening during late spermiogenesis. On the other hand, the more m°A the transcripts contain, the more they are subjected to splicing,
leading to increased circRNA production. Consequently, a large number of circRNAs can be produced from longer transcripts. These RNA
circles become associated with RNPs and later loaded onto polysomes for translation (lower panel). This represents an alternative way to

protect longer transcripts form massive global degradation events during late spermiogenesis because these proteins remain needed for the
last several steps of sperm assembly.
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mRNAs. More interestingly, we also observed that circRNAs with
higher circular/linear ratios (i.e., circRNAs as the main output of
transcription) contained more intact ORFs compared with those
with lower circular/linear ratios (i.e., linear RNAs as the main
output of transcription) (Fig. 3c). These data suggest that those
ORF-containing circRNAs can gradually substitute their linear
forms, probably for maintaining continuous protein production
even after the degradation of linear mRNAs in elongating and
elongated spermatids (steps 9-16).

Next, we looked into whether the junction sites of these
circRNAs are enriched for the m®A-modified start codon, which
has been shown to serve as the IRES for translational initiation.>>*®
mCA-RIP-seq analyses on purified spermatogenic cells revealed
that the number of unique circRNAs increased from pachytene
spermatocytes to round and elongating spermatids, and peaked
in elongating spermatids (Fig. 3d); this pattern is consistent with
the increased splicing events and elevated levels of m°A, as
discussed earlier (Fig. 2). Further mapping of the head (5’ end) and
tail (3’ end) junction reads against the host genes revealed an
enrichment of m®A around the start codon (Fig. 3e; Supplemen-
tary information, Fig. S7), indicating that these circRNAs indeed
contain m®A-modified start codons. Given that the m®A-modified
start codon can be recognized by YTHDF3 and acts as the IRES for
translational initiation,>>*® this finding suggests that this subgroup
of circRNAs may be translatable. To further support this notion, we
combined all of the sequencing reads (~300Gb) from the
conventional RNA-seq and assembled the full-length sequences
for 68 circRNAs. Interestingly, approximately a half of these
circRNAs were predicted to have coding potential (Fig. 3f).
Similarly, full-length sequences of 2949 circRNAs were assembled
using all of RPAD-seq reads, and 1427 (~48%) were predicted to
have coding potential (Supplementary information, Fig. S1b). The
majority of these circRNAs were predicted to have coding
potential in all three spermatogenic cell types as well as sperm
(Supplementary information, Fig. S1c).

Association with polyribosomes is another indication of
potential translation.*® Indeed, circRNAs were detected in both
RNPs and polysomes (pooled heavier fractions) with increasing
levels from pachytene spermatocytes to round/elongating sper-
matids (Fig. 3g). Levels of RNP-associated circRNAs were always
greater than those of circRNAs associated with polysomes, and the
highest levels of circRNAs were found in elongating spermatids
(Fig. 3g). The distribution patterns are consistent with the fact that
transcripts subjected to delayed translation are sequestered into
RNPs during spermiogenesis.'> By pair mapping the head and tail
junction reads to the host genes, we observed that the circRNAs
associated with polysomes appeared to contain intact ORFs in
both round and elongating spermatids (Supplementary informa-
tion, Fig. S8), further supporting the notion that these circRNAs are
made for translation. Moreover, polysome-bound circRNAs
appeared to contain more intact ORFs in elongating spermatids
than those in pachytene spermatocytes, suggesting enhanced
coding potential in elongating spermatids (Fig. 3h). Taken
together, these data indicate that the circRNAs enriched in late
meiotic (spermatocytes) and haploid (spermatids) male germ cells
mostly contain both intact ORFs and m®A-modified start codons
(Fig. 3i). Given that the host linear transcripts of these circRNAs are
undergoing massive degradation in elongating/elongated sper-
matids, it is likely that these circRNAs are made to maintain a
continuous production of proteins, which may be critical for late
spermiogenesis and sperm function.

Spermiogenesis-enriched circRNAs shift from RNPs to
polyribosomes with progression of spermiogenesis

Delayed translation in spermiogenesis allows for continuous
supply of proteins in the absence of de novo transcription, which
has been shown to be essential for late sperm assembly (steps
9-16 spermatids in mice).” By analyzing circRNA abundance, we
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observed that those RNP-enriched circRNAs in round spermatids
shifted from RNPs to the polysomes when round spermatids
developed into elongating spermatids (Left panel, Fig. 4a and
Supplementary information, Table S4), suggesting a transition
from a non-translational state in round spermatids to an active
translational state in elongating spermatids. Meanwhile, levels of
their corresponding linear RNAs continuously decreased due to
massive degradation of mRNAs (Fig. 4a, right panel). ATAC-seq
relies on transposase accessibility and thus, can be used to detect
transcriptional status (open vs. closed chromatin). More transpo-
son peaks indicate higher transcriptional activity/open chromatin.
Using published ATAC-seq data on murine spermatogenic cells,*
we mapped the reads representing those regions, from which the
circRNAs appear to be shifting from RNPs to polysomes in
pachytene spermatocytes and round spermatids (Fig. 4a, left
panel), to the genome. We found that regions from which those
circRNAs were derived had changed from open to closed
chromatin states when pachytene spermatocytes developed into
round spermatids (Fig. 4b), suggesting that the circRNAs tend to
be produced from loci that are destined to become transcription-
ally inactive. Given that transcription remains active in round
spermatids, circRNA production from these “pre-silenced” regions
strongly suggests that these circRNAs are produced to compen-
sate for the upcoming transcriptional shutdown and massive
linear mRNA degradation. Two mRNAs known to display delayed
translation (Arhgap5 and Dcaf8) during spermiogenesis were
examined and both showed a significant shift of their circular
forms from RNPs to polysomes when pachytene spermatocytes
developed into round and then elongating spermatids (Fig. 4c).
GO term enrichment analyses on those polysome-enriched
circRNAs in elongating spermatids revealed that their correspond-
ing host genes were mostly related to flagellar development (e.g.,
cilium, centriole microtubules, etc.) and cellular structural organi-
zation (e.g., cytoskeleton, cell projection, etc.) (Supplementary
information, Fig. S9), the most active cellular events in the last
several steps of sperm assembly.*%>"

Based on the analyses above, we propose that m°A-directed
circRNA biogenesis participates in the regulation of delayed
translation during spermiogenesis (Fig. 4d). One way to achieve
delayed translation is to lower m°A levels in mRNAs by ALKBH5.%
Since m®A is mostly located in 3’UTRs, the longer transcripts tend
to contain more m°A sites because of the longer 3’UTRs and thus,
are more prone to degradation compared to shorter ones®
(Fig. 4d). In this way, the overall length of transcripts becomes
gradually decreased."®** However, the more mCPA sites the
transcripts contain, the more they are subjected to splicing,>**?
which, in turn, leads to enhanced circRNA production. Conse-
quently, a large number of circRNAs would be produced from
those longer transcripts. These RNA circles then become
associated with RNPs and are later loaded onto polysomes for
translation. This may represent an alternative means to protect the
transcripts from massive global degradation events during late
spermiogenesis because these proteins are still needed for the last
several steps of spermiogenesis.

ALKBH5 and METTL3 affect circRNA biosynthesis through
modulating m®A levels

To establish the cause-effect relationship between m®A and
circRNAs, we analyzed data from Alkbh5- and Mett/3-null
testes.*’>>* As an eraser of m®A, ALKBH5 has been shown to
play a critical role in spermatogenesis.*’ Specifically, Alkbh5-null
spermatogenic cells display significant higher m®A levels than the
wild-type controls.***’ Since elevated m°A levels correlate with
increased splicing,?* which may enhance circRNA biogenesis, we
examined the relative abundance of unique circRNAs in Alkbh5-
null spermatogenic cells (Fig. 5a). Indeed, instead of a steady
increase from spermatocytes to round and elongating spermatids
in WT testes, circRNAs levels were uniformly higher among all the
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three types of Alkbh5-null spermatogenic cells analyzed (Fig. 5a,
Supplementary information, Fig. S10a and Table S3). It is
noteworthy that the Alkbh5-null pachytene spermatocytes
expressed similar levels of circRNAs as compared with wild-type
elongating spermatids, which express no or minimal amount of
ALKBH5.2 Consistently, quantitative analyses revealed that
circRNA levels already peaked in Alkbh5-null pachytene sperma-
tocytes, and the drastically elevated levels persisted in round and
elongating spermatids (Fig. 5b). This altered expression pattern
was also confirmed by semi-quantitative RT-PCR analyses and
RNAseq on Ddx4 circRNAs (Fig. 5c and Supplementary informa-
tion, Fig. S10b). Consistent with our notion that elevated m°A
levels promote circRNA biogenesis, circRNAs in Alkbh5-null
spermatogenic cells displayed greater m°A levels than those in
the wild-type cells (Fig. 5d). Since enhanced splicing promotes
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circRNA formation, we then examined levels of circRNAs and their
corresponding linear forms. Indeed, we observed significantly
upregulated circular/linear ratios in Alkbh5-null spermatogenic
cells compared with WT controls (Supplementary information,
Fig. S10c). Although circRNA accumulation represented a common
trend shared between WT and Alkbh5-null spermatogenic cells,
the differences among the three cell types appeared to be much
larger in WT cells than those in Alkbh5-null male germ cells
(Supplementary information, Fig. S10c), suggesting that elevated
m°A levels enhance circRNA production. For example, Gbel and
Oxr1, both are essential for spermiogenesis,*> were marked with
higher levels of m®A on the start and stop codons, and formed
circRNAs with the full-length ORF in Alkbh5-null pachytene
spermatocytes (Supplementary information, Fig. S$10d). The
increased circRNA types in Alkbh5-null pachytene spermatocytes
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Fig. 5 ALKBH5 and METTL3 affect circRNA generation through modulating m°A levels. a CircRNA levels in Alkbh5 KO and WT pachytene
spermatocytes, round, and elongating spermatids. CircRNAs were identified from RNA-seq data in two biological replicates (n = 2), followed
by normalization against aligned total RNA reads. Note that the circRNA levels in Alkbh5-null pachytene spermatocytes and round spermatids
are similar to those in WT or Alkbh5 KO elongating spermatids, and are much higher than those in WT pachytene spermatocytes and round
spermatids. b Heatmap showing circRNA expression levels, as represented by normalized circRNA counts in RNA-seq data (biological
replicates, n=2), in Alkbh5 KO and WT pachytene spermatocytes, round, and elongating spermatids. Note that the circRNA expression
patterns in all three types of Alkbh5-null spermatogenic cells are similar to those in WT elongating spermatids. ¢ A representative semi-qPCR
gel image showing much higher levels of Ddx4 circRNAs in Alkbh5 KO than in WT pachytene spermatocytes, round and elongating spermatids.
Gapdh was used as a loading control. Two technical repeats were performed with similar results. d m®A levels in circRNA junction sequences
are higher in Alkbh5-null than those in WT spermatogenic cells. The m°A peak-searching was performed around the junction region and m°A
levels were determined based on how many times a specific m°A site was detected in three replicates of experiments (1-3). Data are
presented as means + SD, biological replicates, n =3, *P < 0.05. e Exonic circRNAs are differentially expressed in WT, but not in Alkbh5 KO
pachytene spermatocytes, round, and elongating spermatids. Normalized average circRNA counts derived from exons, introns and intergenic
regions were calculated based on RNA-seq data in two biological replicates (n = 2). f Density plots showing the distribution of m°A sites in
Alkbh5 KO and WT pachytene spermatocytes, as well as WT elongating spermatids. Note that the m®A profile in Alkbh5 KO pachytene circRNAs
is similar to that in WT elongating spermatid circRNAs, but very different from that in WT pachytene circRNAs (arrow). m°A sites were
determined based on peak searching in the m°A-RIP-seq data in triplicates (biological replicates, n = 3). g Levels of circRNAs in WT and MetlI3
KO testes at postnatal day 12, when the most advanced spermatogenic cells are pachytene spermatocytes. Normalized circRNA counts were
calculated based on RNA-seq data in duplicates (biological replicates, n = 2) and data are presented as means + SD. Please note that all the
values are log-transformed, and the Student’s t test was used for statistical analyses. *P < 0.1; **P < 0.05; ***P < 0.001.

were mainly from exons, and the abundance was close to that in
WT elongating spermatids (Fig. 5e). Although the m®A distribution
pattern in Albkbh5-null pachytene spermatocytes was similar to
that in WT elongating spermatids, it was drastically different from
that in WT pachytene spermatocytes (Fig. 5f and Supplementary
information, Fig. S11). These data indicate a precocious circRNA
surge in preparation for delayed translation due to increased m°®A
levels in Alkbh5-null spermatogenic cells. METTL3 functions as an
mCA writer, and a lack of METTL3 has been shown to cause
spermatogenic arrest at the meiotic phase and male infertility.”>>*
If m®A levels affect circRNA production, then circRNA biogenesis in
MetlI3-null spermatogenic cells should be downregulated. Indeed,
we identified much fewer circRNAs in Mett/3-null testes at
postnatal day 12, in which the most advanced spermatogenic
cells are pachytene spermatocytes (Fig. 5g and Supplementary
information, Table S5). Together, these data further support the
notion that m®A affects circRNA production in meiotic and haploid
male germ cells.

Sperm carry abundant, evolutionarily conserved circRNAs

Given that circRNAs are much more stable than linear RNAs, we
hypothesized that a small amount of circRNAs may be present in
spermatozoa. To our surprise, we found that circRNAs were ~ 50-
100 times more abundant in spermatozoa than in spermatocytes
and spermatids (Fig. 6a and Supplementary information, Fig. S12a).
We purified cytoplasmic droplets (CDs), a transient organelle only
present in epididymal spermatozoa,®**> and found that the CDs
also contained a large number of circRNAs (Fig. 6a, Supplementary
information, Fig. S12b and Table S6). GO analyses revealed that
the host genes of these CD circRNAs were enriched in genes
involved in sperm mobility and sperm energy metabolism (P <
0.05), whereas the host genes of the whole sperm circRNAs were
mostly those involved in chemical modifications of histone and
DNA (Fig. 6b and Supplementary information, Fig. S12c). We then
analyzed circRNA contents in whole sperm and sperm heads, and
the number of unique circRNAs was three times greater in whole
sperm than that in sperm heads (Fig. 6¢), suggesting that the
majority of circRNAs are localized to sperm tail and the connecting
piece/neck. We also found that ~30% of the sperm-borne circRNAs
could be found in elongating spermatids, suggesting that sperm-
borne circRNAs are derived from spermatogenesis (Supplemen-
tary information, Fig. S12d).

Since earlier reports have shown that circRNAs accumulate with
age in mouse brain,”® we examined circRNA expression in young
(4-month old) and aged (2-year old) sperms. To our surprise, we
observed the opposite trend, i.e., young sperm contained a much
greater number of circRNAs compared with aged sperm (Fig. 6d,

SPRINGERNATURE

e), suggesting that these sperm-borne circRNAs may have positive
impact on sperm quality in general. GO term analyses revealed
that host genes of these circRNAs are mostly involved in the
control of sperm motility (Supplementary information, Fig. S12e). If
the sperm-borne circRNAs have regulatory roles, then evolutionary
conservation should be expected. To test this, we analyzed sperm-
borne circRNAs in four mammalian species using published data.>”
Interestingly, we found that 30-50% of circRNAs were conserved
among mice, rats, rabbits, and humans (Fig. 69).

To further explore potential roles of circRNAs in human sperm,
we analyzed circRNA expression in high fertility (pregnancy rate in
IVF > 25%) and low fertility (pregnancy rate in IVF < 10%) human
sperms using RNA-seq. High fertility sperm contained more
circRNAs than low fertility sperm (Fig. 6f). Consistently, more
linear RNAs were present in low fertility sperm compared to high
fertility sperm (Supplementary information, Fig. S12f and Table S7).
We extracted the differentially expressed circRNAs and performed
GO term analyses on their host genes. Our results showed that the
enriched terms were mostly related to regulation of histone
modifications (Fig. 6h), suggesting the potential epigenomic
differences between these two types of sperms. Overall, these
data suggest that sperms contain a large number of circRNAs that
may have functions in their post-testicular lives, including
regulation of motility and epigenetic modifications during
fertilization and early embryonic development. Moreover, these
circRNAs may be good biomarkers for predicting epigenomic
integrity of human sperm.

CircRNAs can be translated into proteins in both spermatogenic

cells and spermatozoa

As described above, several lines of evidence, including (1) large
ORFs-containing circRNAs containing m®A-modified start codons
at the junction sites and (2) increasingly dynamic associations of
circRNAs with polysomes from late pachytene spermatocytes to
round and elongating spermatids, all suggest that circRNAs with
these characteristics are made for protein production. Given that
transcription ceases and massive degradation of linear mRNAs
occurs in elongating and elongated spermatids, translation from
circRNAs would represent a compensatory mechanism to ensure
continuous production of proteins critical for late spermiogenesis.
However, direct proof of translation remained lacking. It is very
hard to unequivocally demonstrate circRNA translation because
both the circRNAs and their homologous linear forms share the
same ORFs and thus, one cannot tell the origin of the peptides
detected (from circRNAs vs. from their linear forms). Recent
reports have shown that the translational machinery, although
rarely, can sometimes go over the junction sites, leading to the
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production of polypeptides encoded by the back-spliced junction
sequences, which are unique to the circRNAs>***73% Dye to the
extremely low abundance, the high-resolution mass spectrometry
(LC-MS)-based proteomic approach is required to identify these
rare, but unique junction peptides.33**37 To directly identify
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junction peptides, we first generated a customized database
containing all peptides possibly encoded by junction sequences of
all circRNAs (based on three different coding frames) identified in
pachytene spermatocytes, round/elongating spermatids and
spermatozoa (Fig. 7a). All peptides identified by LC-MS were
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Fig. 6 Sperm-borne circRNAs are abundant, highly conserved across species and variable with aging and fertility statuses. a Levels of
circRNAs in three types of spermatogenic cells (pachytene spermatocytes, round, and elongating spermatids), whole sperm and cytoplasmic
droplets. CircRNA reads were identified from RNA-seq data in triplicates (biological replicates, n = 3 in whole sperm and cytoplasmic droplets),
followed by normalization against aligned total RNA reads. b Enriched GO terms for cytoplasmic droplet-enriched and whole sperm-enriched
circRNAs. ¢ CircRNA abundance in sperm heads and whole sperm. CircRNA reads were identified from RNA-seq data in biological triplicates (n
= 3), followed by normalization against aligned total RNA reads. d Dot plot showing circRNAs are more abundant in young than those in old
mouse testes. Normalized FPKM values of circRNAs in old (2-year-old) mouse testes are plotted against those in young (4-month-old) mouse
testes (biological replicates, n = 2). The regression line is indicated in blue with gray shading. e Representative semi-qPCR gel images showing
levels of the circular and linear forms of two genes (Sept10 and Ttil5) in young and old mouse testes (Technical replicates n =2, results are
similar). f High fertility human sperms contain more circRNAs and less linear RNAs than low fertility human sperms. CircRNA reads were
identified from RNA-seq data (biological replicates n=8 after removing outlier) from whole sperm of healthy donors, followed by
normalization against aligned total RNA reads (Upper panel). Normalized counts of circRNAs and their linear isoforms are used to calculate the
ratios and to generate the accumulation curve (lower panel). g Venn diagram showing sperm circRNAs are conserved across species. Unique
circRNAs in rat, human, and rabbit sperm were identified from RNA-seq data (biological replicates, n = 2-3) of whole sperm, followed by
normalization against aligned total RNA reads. h Significantly enriched GO terms in differentially expressed circRNAs between high and low
fertility human sperms. GO terms related to nuclear functions are in orange, whereas those involved in sperm motility are in gray. The
Student’s t test was used for statistical analyses. *P < 0.1; **P < 0.05; ***P < 0.001.

then blasted against the database, and hundreds of junction
peptides were identified with high confidence (99%) from the
three spermatogenic cell types as well as spermatozoa (Fig. 7b
and Supplementary information, Table S8). We also blasted these
junction peptides against the NCBI protein database and found
only 1-2 hits, suggesting the false positive rate is very low (<0.5%).
Therefore, the vast majority (99.8%) of the peptides identified
were unique to the junction sequences of circRNAs, and this result
is consistent with previous reports.>**>7’ More interestingly, a
close correlation (R*=0.94, P =0.05) was observed between the
counts of junction peptides identified by LC-MS and those of
circRNAs annotated using RNA-seq in spermatids and spermato-
zoa (Fig. 7c), suggesting that these junction peptides are not
random protein degradation products, but rather specifically
translated from circRNAs. GO term enrichment analyses revealed
that the host genes of these coding circRNAs are involved in
spermatogenesis in general, and flagellar development, energy
metabolism and protein turnover in particular, which all represent
the most active cellular events during spermiogenesis®>>%*"
(Supplementary information, Fig. S13 and Table S9). CircRNAs
derived from two genes, Hook1 and Ranbp9, which are known to
be essential for late spermatogenesis,”®>° were most likely
translatable because of the specific detection of the polypeptides
encoded by their corresponding junction sequences (Fig. 7d).
Together, these data strongly suggest that male germ cell
circRNAs accumulate in late meiotic and early haploid male germ
cells, and function to provide continuous supply of proteins critical
for late spermiogenesis and normal sperm functions.

DISCUSSION

Although circRNAs have been discovered for decades,® it was not
until the past several years that these RNA circles started to draw
investigators’ attention largely due to the fact that tens of
thousands of circRNAs have been identified in almost all
species’”®! and their regulatory roles start to emerge.* %’
CircRNAs were identified based on bioinformatic analyses of
junction sequences in RNA-seq reads. It was subsequently realized
that RNase R-treated total RNAs should be used for library
construction to avoid interference of linear RNAs which are
dominant in total RNAs. However, recent reports have shown that
RNase R treatment cannot remove linear RNAs with modifications,
e.g., mPA; thus, even after RNase R treatment, linear RNAs can
persist.%> RPAD was developed to remove linear RNAs from total
RNAs and thereby enrich circRNAs,*® and its efficiency was proved
by our data (~40x enrichment of circRNAs). We used all three
methods to identify circRNAs and similar results were obtained,
suggesting that conventional RNA-seq with/without RNase R
treatment, as long as the sequencing is deep enough, can

SPRINGERNATURE

accurately identify most of the circRNAs. Obviously, RPAD-seq
would be much more efficient and economic for circRNA
discovery due to significant enrichment of circRNAs.

Given that normalization was performed against total reads,
degradation of linear RNAs could increase the relative abundance
of circRNAs. However, this is highly unlikely due to several reasons.
First, massive linear RNA degradation does not commence until
the elongation steps (i.e, in elongating spermatids), whereas
levels of circRNA are increased in both pachytene spermatocytes
and round spermatids in which the massive linear RNA degrada-
tion has not happened yet.>%*% Second, it has been well-
documented that m°A levels increase with progression of
spermatogenesis from pachytene spermatocytes to round/elon-
gating spermatids, coinciding with enhanced splicing to generate
shorter 3’UTR transcripts and degradation of longer 3’UTR
transcripts.?? In the present study, we discovered that the m°A-
guided splicing events positively correlate with elevated levels of
circRNAs in Alkbh5-null mice, suggesting that enhanced splicing
due to increased m®A levels may increase circRNA biogenesis.
Third, circRNAs increase in both total counts and species with
progression of spermatogenesis from pachytene spermatocytes to
round/elongating spermatids. Based on these data, we, therefore,
believe that accumulation of circRNAs mainly resulted from
enhanced circRNA biogenesis instead of relative enrichment due
to linear RNA degradation; this applies, at least, to those in the
progression of spermatogenesis from pachytene spermatocytes to
round spermatids. However, the rapid accumulation of circRNAs in
elongating spermatids may represent a relative enrichment
because of the cessation of transcription and massive degradation
of linear RNAs in these cells. Regardless, neither of the scenarios
would affect our conclusion that circRNA levels increase with
progression of spermiogenesis.

The increased circRNA/linear mRNA ratio suggests that circRNAs
become the major RNA output when spermatogenesis progresses
from late meiotic phase (late pachytene spermatocytes) to
spermiogenesis/haploid phase (round, elongating and elongated
spermatids). A similar trend was reported in Drosophila cells when
splicecosomes are activated or when approaching transcription
termination.®® Thus, switching from linear mRNA production to
circRNA biogenesis appears to be a conserved mechanism for
post-transcriptional regulation of gene expression. Given their
superior stability, circRNAs would be ideal to protect RNAs from
degradation. The increased circRNA production and drastic
downregulation of their linear forms from pachytene spermato-
cytes to round and elongating spermatids strongly imply that
these RNA circles are made to compensate for the functions of
certain linear mRNAs that are destined to be degraded in
elongating/elongated spermatids. However, such a compensatory
mechanism makes sense only if they can be translated into

Cell Research (2020) 30:211-228



Article

a b B .
[=
=
[=]
o
< § 400
.« . [T}
Splicing site €2
identification - g2
\ [ 2 < 200
Q.3
2 <
% =
\ [ @ %
| ] =% D
N N
() Ny
" o - O
CircRNA junction _ @&‘? <&
nucleotide sequence y A
(I 2 e Pachytene WT
® Round_WT
® Elongating WT
Sperm_WT
| 44 772005

R?=0.94

4.2

CircRNA junction
peptide sequence y

0990 00%0®

3.8

Log,, RNASeq idtentified
circRNA junction type count

3.4

2.5 2.6 2.7

Log,, MassSpec idtentified
circRNA junction type count

Hook1 Ranbp9
CILLYQAETMSESS 100% coverage LQSTSNIALLR 100% coverage
100%

2 > 40%

Q Q

.g 50% .g 20%

[} [3}

: . Al

0% 0% NI i d.\ul‘i‘l. L
0 500 1000 1500 0 200 400 600 800 1000
m/z m/z

— Peptide fragment ion in the spectrum
= Peptide fragment ion not in the spectrum

Fig. 7 Detection of circRNA junction peptides using LC-MS. a Workflow for assembling junction peptide sequence database. RNA-seq data
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joined with 60 bp adjacent sequences (dark green). The predicted, trypsin-digested circRNA junction peptide sequences were collected in the
circRNA junction peptide sequence database, which will be used for analyzing LC-MS data. b Number of junction peptides identified by
LC-MS in pachytene spermatocytes, round, and elongating spermatids, as well as spermatozoa. Bars represent the total number of junction
peptides identified from LC-MS analyses in three replicates (numbers of junction peptides from three biological replicates were combined).
¢ Close correlations between counts of junction peptides identified via LC-MS and those of circRNA junction sequences identified from RNA-
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replicates were combined for analyses). d Examples of two circRNA junction peptides identified using LC-MS. The junction peptide sequences
are fully covered. The relative intensity of each peptide identified is indicated in each vertical line. The y-axis shows the relative ion intensity
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proteins. Indeed, these spermiogenesis-enriched circRNAs have
coding potential based upon the presence of large intact ORFs
and mSA-modified start codons at the junction sites. Moreover,
these potentially coding circRNAs also display a dynamic shift
from RNPs to polysomes when round spermatids develop into
elongating spermatids, further supporting their translational
potential. Identification of polypeptides encoded by the junction
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sequences of circRNAs by LC-MS-based deep proteomic analyses
provided the ultimate evidence of translation. Out of tens of
thousands of circRNAs identified, only three to five hundred
junction peptides were detected with high confidence; the low
detection rate is consistent with the notion that it is a rare event
for the translational machinery to go through the junction sites
during translation.>33>737 A strong correlation between counts of
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junction peptides identified via LC-MS and those of circRNA
junction sequences identified from RNA-seq not only proves that
the junction peptides are truly specific to circRNAs, but also
provides solid evidence supporting the notion that circRNA
translation increases with progression of spermatogenesis from
pachytene spermatocytes to round and elongating spermatids.
Given that during the transition from round to elongating
spermatids transcription ceases and large linear mRNAs undergo
massive degradation, circRNAs may serve as the backup version of
their degenerating linear forms, thus maintaining stable and long-
lasting protein production in elongating/elongated spermatids
and in spermatozoa. This notion is supported by the fact that most
of those coding circRNAs are synthesized from genes critical for
the final several steps of spermiogenesis/sperm assembly and
sperm function.

m°A appears to play an important role in the regulation of gene
expression in spermatogenesis because KO mice lacking m°A
writer (Metll3 and Mettl14)>>*>>* eraser (Alkbh5)***" or reader
(Ythdc2 and Ythdf2)%”*® genes all display disrupted spermatogen-
esis and male infertility. This is not surprising given that
spermatogenesis is known to have complex gene regulatory
networks to ensure precise spatiotemporal gene expression.>'?
Our recent study on Alkbh5 KO mice have revealed that m°A
controls correct splicing of longer transcripts in the nuclei and
mMRNA stability in the cytoplasm in pachytene spermatocytes and
round spermatids.?? Significantly, increased circRNA production in
Alkbh5-null pachytene spermatocytes and spermatids is consistent
with the enhanced, but aberrant splicing of mRNA transcripts. This
finding further supports the slicing function of m°®A and also the
notion that circRNA production results from enhanced spli-
cing.2*?' The preferential enrichment of m®A in the junction
sequences of a subgroup of circRNAs indicates that these circles
are spliced from m°A-enriched sites in linear mRNAs, which are
usually located around the stop and start codons.®*”" Meanwhile,
mCA-enriched junction sites may have specific functions, e.g., the
m®A-modified start codon can be recognized by the m°A reader
YTHDF3 and serves as the IRES.>>*® Our data strongly suggest a
direct link between m°A and circRNA biogenesis, and that m°A-
guided circRNA production represents an alternative mechanism
to ensure stable and more “weather-proof” translation of proteins
critical for specific physiological processes.

The presence of abundant circRNAs in spermatozoa is intriguing
because it suggests that these sperm-borne circRNAs may play an
important role. The high degree of evolutionary conservation in
sperm-borne circRNAs further support that these RNA circles are
not random carryover products from testicular spermatogenic
cells. The facts that cytoplasmic droplet-enriched circRNAs are
synthesized from genes involved in energy metabolism and that
the sperm head circRNAs are enriched for mRNAs encoding
epigenetic regulators strongly suggest that these circRNAs may be
able to be translated into proteins either inside sperm or in
fertilized eggs. Although mature sperm do not have the typical
translational machinery, studies have shown that sperm can
translate protein using mitochondrial-type ribosomes during
capacitation.”>””* It will be of great significance to test whether
these sperm-borne RNA circles can be translated into proteins
once released into the ooplasm. These possibilities represent
exciting new research directions in the future. Altered circRNA
profiles in aged sperm and the differential circRNA contents
between high and low fertility human sperms all support the
notion that these RNA circles regulate sperm function and may be
used as biomarkers for sperm quality. Further investigation would
allow these stable RNA circles to be used for diagnostic or even
therapeutic purposes in the future.

It is of great interest to note that circRNAs accumulate with
aging in brain,*® whereas their levels decrease in aging/aged
testes. This opposing trend is worth further investigation.
Although several recent reports have shown that circRNAs can

SPRINGERNATURE

be translated into protein,**>77 it remains unknown why such a

mechanism is needed in physiological contexts. Spermiogenesis
represents a perfect model to address this question because
transcription and translation are uncoupled during late spermio-
genesis.>® Despite the massive, global degradation of mRNAs,
especially those with longer 3'UTRs, in spermatids,®® some
transcripts are still needed for protein production during the
remaining several steps of differentiation>® Since physical
sequestration into RNPs (e.g., the chromatoid body, nuage,
intermitochondrial cements, etc.) is no longer feasible in elongat-
ing/elongated spermatids,'® circularization of the minimal ORFs
would be an ideal way of preserving those transcripts for delayed
translation because of the superior stability of circRNAs. In this
way, these circRNAs would represent the continued “fuel” supply
for delayed translation when the transcriptional machinery is
completely shut down. This mechanism appears to operate not
only in late spermiogenesis, but also in post-testicular spermato-
zoa. It is noteworthy that numerous shorter, non-polysome-
associating, non-ORF-containing circRNAs (~50% of all circRNAs
identified in spermatogenic cells) also accumulate with progres-
sion of spermatogenesis. These circRNAs have no translational
potential and their roles need further investigation in the future.

In summary, through comprehensive transcriptomic and epi-
transcriptomic analyses, we have discovered not only a novel role
of m®A in the biogenesis of circRNAs with coding potential, but
also an alternative mechanism to ensure stable and more
“weather-proof” translation of proteins critical for specific physio-
logical processes, i.e., through production of circRNAs containing
large ORFs and m®A-modified start codons in junction sequences.

MATERIALS AND METHODS

Animals

Animal use protocol was approved by Institutional Animal Care
and Use Committee (IACUC) of the University of Nevada, Reno
(Protocol number 00494), and is in accordance with the “Guide for
the Care and Use of Experimental Animals” established by
National Institutes of Health (NIH) (1996, revised 2011). All mice
used in this study were in the C57BI/6J background and housed
under specific pathogen-free conditions in a temperature- and
humidity- controlled animal facility at the University of Nevada,
Reno. The male Alkbh5 KO mice used in this study were described
previously.?>*’

Ethical approval and consent to participate

The use of human semen samples was approved by the
Institutional Review Board of the Family Planning Research
Institute of Guangdong Province, China. All human semen
samples used were deidentified. The original Informed Consent
Forms are available upon request.

Purification of murine spermatogenic cells

Pachytene spermatocytes and round and elongating/elongated
spermatids were purified from adult mouse testes using the STA-
PUT method.”

RNP and polysome fractionation

We fractionated the purified murine spermatogenic cells into RNP
and polyribosome fractions using a continuous sucrose gradient
ultracentrifugation method, as described.

Murine sperm head and droplets purification

Adult C57BI/6) mice were euthanized and the epididymides were
dissected and transferred into 2.5 ml of a dissection medium (0.15
M KCI solution containing 0.01 M Tris-HCl, pH7.1). The epididy-
mides were further dissected into smaller pieces (5 mm X 5 mm)
followed by incubation in a humidity incubator at 37 °C for ~10
min. The spermatozoa-containing supernatants (~2ml) were
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collected and subjected to sperm head’> and cytoplasmic
droplet®® purification using a discontinuous sucrose density
gradient centrifugation method.

Human sperm

Deidentified human semen samples were obtained from the
Sperm Bank of Guangdong Province. Donors were healthy adult
men (20-30 years of age) whose semen parameters met or
exceeded the criteria illustrated in the WHO Laboratory Manual for
the Examination and Processing of Human Semen (5th edition).
High fertility sperm samples were defined as those with a
pregnancy rate >25% (i.e,, legally allowed 5 pregnancies in <20
IVF attempts on different women with normal reproductive
functions), whereas low fertility sperm samples were referred to
those with a pregnancy rate <15%. Human semen samples (1 ml
per vial) were thawed and washed with the HTF medium for three
times by centrifugation at 1000 x g at room temperature. The
sperm pellets were then subjected to RNA extraction for RNA-seq,
as described below.

RNA extraction

RNA was extracted from cells using the mirVana miRNA Isolation
Kit (ThermoFisher, Cat#AM1560), according to the manufacturer’s
instructions. Extracted RNA was quantitated using the Qubit RNA
High Sensitivity Assay Kit (Invitrogen No. Q32855) and measured
on the Qubit 2.0 Fluorometer (Invitrogen).

CircRNA enrichment using RPAD

CircRNAs were enriched from total RNA using the RPAD method as
described.®® In brief, 2 ug of whole testis total RNA, 1 ul RNase
inhibitor (Thermo Fisher Scientific), 1x RNase R buffer and 20U
RNase R (Epicenter) were incubated for 30 min at 37 °C. The RNA
was purified using RNeasy Mini Kit (Qiagen) following the
manufacturer's instructions. A 40 pl polyadenylation reaction
was prepared with polyA polymerase reaction (NEB) following the
manufacturer’s instruction and incubated for 30 min at 37°C.
Oligo-dT Dynabeads (10 pl) from Poly(A)Purist” MAG Kit (AM1922)
were washed three times with the 1x binding buffer provided in
the kit and dissolved in 40 ul of 2x binding buffer. The Oligo-dT
Dynabeads in 2x binding buffer were added into the poly(A)-
tailing reaction mix of RNase R-treated samples and incubated for
5min at 75°C followed by 20 min at 25°C with shaking. The
supernatant was collected for RNA isolation.

Semi-quantitative PCR

To validate the bioinformatic data, semi-qPCR analyses were
performed as described.”® The sequences for the primers used can
be found in Supplementary information, Table S10.

Alkbh5 knockdown assay

NIH 3T3 cells were cultured in a six-well plate (5 x 10° cells/well) in
DMEM with high glucose supplemented with 10% FBS, 100 units/
mL penicillin, and 100 pg/mL streptomycin at 37°C under a
humidified atmosphere containing 5% CO,. The cells were
transfected with 50 nM or 100 nM small interfering RNA (RiboBio,
Guangzhou, China) using Lipofectamine 3000 to knock down
Alkbh5. Cells were then harvested 68-72 h post-transfection for RT-
PCR analyses. Sequences of primers and oligos used can be found
in Supplementary information, Table S10.

Minigene reporter assay

The minigene reporter assay was conducted as described* with
modifications. Briefly, to generate the splicing minigene construct,
the genomic region (chr9:70406844-70410668) corresponding to
the splicing junction of Sitm and flanking intronic regions was cut
out and then inserted into pCITF-KCC2 vector (Cambridge, MA,
USA) by USER cloning (NEB cat#M5505S) following the manufac-
turer’s protocol. HEK293 cells were cultured in a 6-well plate (5%
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10° cells/well) in DMEM with high glucose supplemented with
10% FBS, 100 units/mL penicillin, and 100 pg/mL streptomycin at
37°C under a humidified atmosphere containing 5% CO,. The
constructs were transiently transfected into HEK293 cells using
Lipofectamine® 3000 Transfection Reagent (Thermo Fisher Scien-
tific, Waltham, MA, USA). The cells were then harvested 68-72 h
post transfection for RT-PCR analyses. Sequences of primers and
oligos used can be found in Supplementary information,
Table S10.

m®A RNA immunoprecipitation

Rabbit anti-m°®A antibody (ab151230, Abcam) or normal rabbit IgG
(10500C, Invitrogen) (6pug each) was used for m®A RNA
immunoprecipitation using procedures described previously.??
Experiments were performed in triplicates.

RNA library construction

Immunoprecipitated RNA (1ng) and non-immunoprecipitated
RNA (300 ng) were constructed into next-generation sequencing
libraries (lllumina) using the KAPA Stranded RNA-seq Library
Preparation Kit (KK8400) according to the manufacturer’s instruc-
tions, as described previously.??

CircRNA junctional peptide database

We generated a customized database containing peptides encoded
by RNA sequences spanning back-spliced junctions of all circRNAs
identified in this study using the method as reported.® In brief,
CIRI2”7 was used to identify circRNA junction sites, followed by
adding the upstream/downstream 100 bp sequence to the junction.
The junction sequences were then translated into three coding
frames, and trypsin-digested peptide sequences encoded by the
junction sequences were collected into the database, which was
used to blast search matching peptides identified by liquid
chromatography coupled with LC-MS (see below).

Protein isolation and enzymatic digestion

The sperm samples were lysed a lysis buffer [180 pl H,O + 100 pl
2% Salkosyl + 20 pl 1 M Tris-HCI pH8.0 + 20 ul 1 M KCL+ 80l 1 M
Dithiothreitol (DTT)]. Sperm protein samples were digested and
desalted. Protein concentrations were measured using a bicinch-
oninic acid assay (Thermo-Fisher Scientific, San Jose, CA). Proteins
were then reduced and alkylated using DTT and iodoacetamide
followed by methanol-chloroform precipitation prior to digestion
with endoproteinase Lys-C (Wako, Richmond, VA). After digestion
with trypsin (Promega, Madison, WI), the samples were subjected
to desalting and concentration using C18 Sep-Pak Cartridges
(Waters).

Basic reversed-phase fractionation

Pooled, tandem mass tags labeled peptides were fractionated by
basic pH reversed-phase fractionation on an Ultimate 3000 HPLC
(Thermo Scientific) using an integrated fraction collector. Elution
was performed using a 10 min gradient of 0%-20% solvent B
followed by a 50 min gradient of 20%-45% solvent B (Solvent A:
5% Acetonitrile, 10 MM ammonium bicarbonate, pH 8.0. Solvent B:
90% Acetonitrile, 10 mM ammonium bicarbonate, pH 8.0) on a
Zorbax 300Extend-C18 column (Agilent) at a flow rate of 0.4 ml/
min. A total of 24 fractions were collected at 37 s intervals in a
looping fashion for 60 min. Peptide elution was monitored at a
wavelength of 220 nm using a Dionex Ultimate 3000 variable
wavelength detector (Thermo Scientific). Each fraction was then
centrifuged to near dryness and desalted using C;g Sep-Pak
Cartridges followed again by centrifugation to near dryness and
reconstitution with 20 pl 5% acetonitrile and 0.1% formic acid.

Liquid chromatography coupled with LC-MS

LC-MS was performed on an UltiMate 3000 RSLChano system
(Thermo Scientific, San Jose, CA). The total gradient time was
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175 min and the gradient consisted of solvent B from 2%-90%
(Solvent A: 0.1% formic acid in water, Solvent B: 0.1% formic acid
in acetonitrile) at 50 °C using a digital Pico View nanospray source
(New Objectives, Woburn, MA) that was modified with a custom-
built column heater and an ABIRD background suppressor (ESI
Source Solutions, Woburn, MA). The column was a self-packed
Pico-Frit (New Objectives, Woburn, MA) column with a 15 um tip
packed with 40 cm of 1.9 um ReproSil-Pur 120 C18-AQ (Dr. Maisch
GmbH, Germany) at 9000 psi using a nano LC column packing kit
(nanoLCMS, Gold River, CA) for the separation.

Mass spectral analysis was performed using an Orbitrap Fusion
mass spectrometer (Thermo Scientific, San Jose, CA). The MS
precursor selection range is 400-1500 m/z at a resolution of
120,000 and an automatic gain control (AGC) target was set to
2.0x 10° with a maximum injection time of 100 ms. Quadrupole
isolation for MS? analysis was performed using CID fragmentation
in the linear ion trap with a collision energy of 35%. The AGC was
set to 4.0x 10° with a maximum injection time of 150 ms. The
instrument was operated in a top speed data-dependent mode
with the most intense precursor priority with dynamic exclusion
set to an exclusion duration of 60 s with a 10 ppm tolerance. The
data were then analyzed using Sequest (Thermo Fisher Scientific,
San Jose, CA, version v.27, rev. 11.) and Proteome Discoverer
(Thermo Scientific, San Jose, CA. version 2.1).

Bioinformatics

RNA-seq data analysis. Trimmomatic was used to remove adapter
sequences and low-quality reads from the sequencing data.”® To
identify all the transcripts, we used Tophat2 and Cufflinks to
assemble the sequencing reads based on the UCSC MM9 mouse
genome.”® The differential expression analysis was performed by
Cuffdiff’® The UTR and alternative splicing analyses were
performed using the SpliceR pipeline®® The sequences without
identified coding frames were extracted and subjected to coding
potential calculating®’ FPKMs counts are scaled in Cuffdiff
analyses via the median of the geometric means of fragment
counts across all libraries, as described previously.2?

m°A RIP-seq data analysis. Trimmomatic was used to remove
adapter sequences and low-quality reads from the sequencing
data.”® To reduce bias from potential inaccurate gene structure
annotation, we aligned the m°®A-seq reads to the assembled gene
sequences derived from RNA-Seq cufflink results, using Tophat
v2.0.14.”° The longest isoform was used if the gene had multiple
isoforms. The peak-calling method was modified from a published
work.® To call m®A peaks, the longest isoform of each gene was
scanned using a 100 nt sliding window with 10 nt step. We add
one count to all the windows to avoid 0 count in the windows. The
peak height threshold was ten counts. For each gene, the read
counts in each window were normalized by the median counts of
all windows of that gene. A Fisher exact test was used to identify
the differential windows between IP and input samples. The
window was called positive if the count =10 and log,(enrichment
score) >0.8, which FDR is close to zero. Overlapping positive
windows were merged. The following four numbers were
calculated to obtain the enrichment score of each window: (a)
read counts of the IP samples in the current window, (b) median
read counts of the IP sample in all 100 nt windows on the current
mMRNA, (c) read counts of the input samples in the current window,
and (d) median read counts of the input samples in all 100 nt
windows on the current mRNA. The enrichment score of each
window was calculated as (a x d)/(b x c).

CircRNA analysis. Reads were aligned to the mouse genome
(UCSC mm9 assembly) using the Burrows-Wheeler Aligner (bwa)
tool. CIRI2”” was used for circRNA annotation (CIRI_v2.0.1.pl
—-no_strigency -l bwa.sam -O ciriout -F bwaindex/genome.fa).
The circRNA counts were normalized in Deseq2, and the circRNA
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junction ratios were used without normalization. The longest
isoforms of the gene were chosen to represent this gene to
calculate the circRNA junction locations in genes. The prospective
full-length circRNAs and coding potential prediction pipeline are
illustrated in Supplementary information, Fig. S14. The clean data
are processed by Tophat-Fusion to identify the fusion junction
sites. Then the Circseq_cup® was performed to identify full length
circRNAs. The two fusion sites with genomic sequence less than 50
kb in between were concatenated as the back-splicing site
reference. Paired-end reads were mapped to the reference and
full-length circRNAs were eventually determined by the
assembled full-length circRNAs with overlapping contigs. The
identified full-length circRNA sequences were sent to Coding
Potential Calculator (CPC)®' for coding potential predictions based
on the default parameters for support vector machine (SVM)
analysis of six features of ORF and BLASTX scores.

Quantification and statistical analysis. Student’s t test was used
for statistical analyses. The majority of data followed a lognormal
distribution. Student’s t test was also performed on the
logarithm data.

Data visualization. For scatterplot (e.g., Fig. 6d), normalized
circRNA read counts calculated in DESeq2 were averaged across
biological replicates. Scatterplots display normalized values of
these averages (ggplot2). The linear regression lines were
calculated though ggplot2 geom_smooth.

For m°A location density plot (e.g. Fig. 2¢), the peak position of
each m°A site was classified into three mutually exclusive mRNA
structural regions including 5UTR, CDS, and 3UTR. The relative
locations in each gene were normalized by the distance between
start (0.25/1) and stop site (0.75/1). The normalized location values
were plotted by ggplot2 density function.

For bar plot (e.g. Fig. 1a), the circRNAs were annotated by CIRI2.
The total number of the junction reads was summarized by CIRI2,
then normalized by total aligned RNA reads. The normalized
circular junction counts were plotted by ggplot2 bar plot function.

For heatmap (e.g. Fig. 4a), the counts of the circular/linear RNAs
were normalized in DESeq2 across biological replicates. The
average normalized counts of the selected circular/linear RNAs in
each subject were plotted by gplots heatmap2 function.

For genome browser track (e.g. Supplementary information,
Fig. 59d), bed files of m°A IP reads from concordant biological
replicates were concatenated and inputted into Integrated
Genome Browser.®® Coordinates in mm9 are indicated above
genome browser tracks.

Data access

All raw and processed sequencing data generated in this study
have been submitted to the NCBI Gene Expression Omnibus
(GEO; http://www.ncbi.nlm.nih.gov/geo/) and BioProject database
(http://www.ncbi.nlm.nih.gov/bioproject/) under accession number
(GSE80353, PRINA420607, GSM747485, GSE81216, PRINA448275,
PRINA448271). The RPAD-seq datasets are available in the CNGB
database (https://db.cngb.org) (Accession# CNP0000637).
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