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Summary

N6-methyladenosine (m8A) is the most abundant internal modification of MRNAs and is
implicated in all aspects of post-transcriptional RNA metabolism. However, little is known about
m®A modifications to circular (circ) RNAs. We developed a computational pipeline (AutoCirc)
that together with depletion of ribosomal RNA and m8A immunoprecipitation defined thousands
of mBA-circRNAs, with cell-type-specific expression. The presence of m8A-circRNAS is
corroborated by interaction between circRNAs and Y THDF1/YTHDF2, proteins that read m®A
sites in mRNAs, and by reduced m8A levels upon depletion of METTL3, the m8A writer. Despite
sharing m®A readers and writers, m®A-circRNAs are frequently derived from exons that are not
methylated in mRNAs, while mMRNAs that are methylated on the same exons that compose mA-
circRNAs exhibit less stability, in a process regulated by YTHDF2. These results expand our
understanding of the breadth of m8A modifications and uncover regulation of circRNAs through
mSA modification.
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Introduction

N6-methyladenosine (m®A) was the first identified mammalian internal messenger (m) RNA
modification and remains the most abundant modification known on mMRNAs and long
noncoding (Inc) RNAs (Gilbert and Bell, 2016). A renewed interest in RNA modifications
catalyzed by technological advances has revealed the widespread nature of méA in
eukaryotic cells from yeast to humans as well as its reversibility in mammalian cells
(Dominissini et al., 2012; Jia et al., 2013; Meyer et al., 2012; Schwartz et al., 2013). The
identification of proteins that act as “writers,” “readers,” and “erasers” of m6A, as well as
recognition of other internal modifications such as 5-methylcytosine (Squires et al., 2012),
N1-methyladenosine (Ozanick et al., 2005), and pseudouridine (Staehelin, 1971) have led to
the field coined ‘epitranscriptomics’. mBA has been implicated in all aspects of post-
transcriptional RNA metabolism including half-life, splicing, translational efficiency, nuclear
export, and RNA structure (Lichinchi et al., 2006; Spitale et al., 2015; Wang et al., 2014,
2015).

The development of m8A location analyses utilizing anti-m®A antibodies coupled to RNA-
sequencing after RNA fragmentation has revealed sites of m8A modifications located on
thousands of MRNAs and hundreds of IncRNAs in numerous primary and transformed cells
(Chen et al., 2015; Linder et al., 2015). Along with site and cell/tissue specificity, m®A
modifications exhibit global enrichment in the 3"UTR near mRNA stop-codons and long
internal exons, leading to unique m8A-derived transcriptome topology (Batista et al., 2014;
Dominissini et al., 2012; Ke et al., 2015; Meyer et al., 2012). The writing of mbA is
accomplished via an m8A methyltransferase complex composed of a core METTL3 and
METTL14 heterodimer (Liu et al., 2014; Wang et al., 2016a, 2016b), and depletion of either
METTL3 or METTL14 decreases mBA levels in mMRNAs to a similar degree (Liu et al.,
2014; Ping et al., 2014). Proteins containing the YTH domain directly bind m8A sites and
act as readers of the m6A signal (Wang et al., 2014, 2015; Xiao et al., 2016). YTHDF2
proteins recruit m8A-modified mRNAs to nuclear p-bodies, promoting RNA degradation
(Wang et al., 2014), while YTHDF1 promotes the translation of m6A-modified mMRNAs
through interaction with translation initiation machinery (Wang et al., 2015).

We asked how broadly the concept of an epitranscriptome extends from linear RNAs to
circRNAs, which are created by the covalent linkage of the 3" and 5" ends of spliced RNA
transcripts resulting in circularization (Salzman et al., 2012). These back splice events were
initially described in mammalian cells as a source of scrambled exons (Nigro et al., 1991)
before they were linked to circRNAs (Capel et al., 1993). Nearly two decades later, high-
throughput sequencing of total RNAs depleted of ribosomal (r) RNAs revealed the
abundance of circRNAs (Salzman et al., 2012). Subsequent studies suggested that circRNAs
can interact with transcriptional machinery, cyclin-dependent kinases, and microRNAs (Du
etal., 2016; Hansen et al., 2013; Memczak et al., 2013; Zhang et al., 2013) and are potential
biomarkers for disease (Shang et al., 2016; Xuan et al., 2016). However, the extent to which
circRNAs are marked by the same m8A modification found in mMRNAs and IncRNAs is
unclear.
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Here we identify more than one thousand m8A-circRNASs in human embryonic stem cells
(hESCs) and show that mB6A-circRNAs are also abundant in HeLa cells. Comparison of
m6A-circRNA maps between hESCs and HeL a cells reveals both common and cell-type-
specific mSA-circRNA expression patterns. Surprisingly, a large percentage of m8A-
circRNAs do not overlap with exons containing méA peaks in mMRNAs in both cell types.
The mBA readers YTHDF1 and YTHDF?2 interact with m6A-circRNAs, and the m8A writer
METTL3 regulates m6A levels, suggesting that much of the same cellular machinery is
shared between m8A modified circRNAs and mRNAs. Our analyses also uncovered an
unexpected connection between méA-circRNAs and mRNA half-life regulated by YTHDF2.
These results expand our understanding of the breadth and regulatory aspects of méA
modifications through identification of the circRNA epitranscriptome.

RNase R Resistant RNA Species are Modified by m6A

m®A modifications have been described in mMRNAs and IncRNAs, and we wanted to
determine if circRNAs may also be modified by m8A. We analyzed three fractions of hESC
RNA for the presence of m®A modifications by anti-m8A dot blot after rRNA depletion and
RNAse R digestion to degrade linear RNAs (Suzuki et al., 2006) (Figure 1). Bioanalyzer
analysis was also performed to evaluate the RNA at each step in this process (Figure S1A).
The input RNA (rRNA-depleted, RNAse R-treated) and eluate fraction (m®A-positive
fraction following m8A RNA immunoprecipitation (RIP)) both contain m6A modifications,
while the supernatant (m8A-negative fraction) shows no evidence of m6A (Figure 1A
bottom). 1t is unlikely that the positive signal in the eluate fraction is due to tRNAs, which
are also resistant to RNase R, because tRNAs are not modified by m8A in mammalian cells
(Mishima et al., 2015). This conclusion is supported by the loss of the RNA peak around 75
nucleotides (nt) following m8A RIP (Figure S1A, eluate), which contains tRNAs (Holley et
al., 1965). These results show that RNase R-resistant (nonlinear) RNAs contain a strong
mOA signal, and suggest that circRNASs contained in this pool may be modified by m8A.

METTL3 and METTL14 are Required for m6A Modifications of Non-linear RNAs

METTL3 and METTL14 physically interact in a synergistic complex, which is required for
mOA modification of polyadenylated (polyA) RNAs (Liu et al., 2014), and we asked if
METTL3 and/or METTL14 are also required for mSA modification of non-linear RNAs.
Depletion of METTL3and/or METTL 14 by small interfering (si) RNAs in HEK-293T cells
(Figure 1B and S1B) resulted in reduced m8A methylation of polyA RNAs as expected
(Figure 1C, top and S1C, top) (Batista et al., 2014; Liu et al., 2014). Analysis of rRNA-
depleted and RNase R-digested RNA after depletion of METTL3or METTL 14 also
demonstrated a reduction in m®A modification of non-linear (circRNA-enriched) RNA
compared to negative controls, and this reduction was more pronounced upon combined
METTL3/14 depletion. (Figure 1C, bottom and S1C, bottom). Together, these data show
that there is an RNase R-resistant fraction of RNA that is dependent on METTL3/14 for
m®A modification and suggest that circRNAs may be modified by the METTL3/14 complex.
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Computational Pipeline to Identify CircRNAs

To test for the existence of m8A-modified circRNAs, we developed a computational pipeline
(AutoCirc) to identify back splice junctions characteristic of circRNAs (Figure 2A, see
Materials and Methods). AutoCirc identified 2,679 total circRNAs by the presence of at least
two unique reads spanning a back splice in the union of biological replicates. We validated
the presence of back splice junctions identified by AutoCirc with reverse transcription (RT)-
PCR (Figure 2B) and Sanger sequencing (Figure 2C). The analyzed circRNAs were chosen
to include examples from the most abundant (encoded by SMO), moderately abundant
(encoded by SLC11A2), and least abundant (encoded by FO XK2) groups of circRNAs
based on back splice counts (Supplemental Table S1).

We then compared AutoCirc to CIRCexplorer and MapSplice, which have performed well in
other studies (Hansen et al., 2015; Zhang et al., 2014). All three pipelines identify similar
populations of circRNAs (2,679 by AutoCirc, 2,425 by CIRCexplorer and 2,704 by
MapSplice) using a threshold of two unique reads spanning a back splice junction in our
rRNA-depleted hESC RNA samples. Approximately 80% of the back splice junctions
identified by CIRCexplorer were also identified by AutoCirc. The circRNASs identified by
AutoCirc or CIRCexplorer each have a slightly smaller degree of overlap with the circRNASs
identified by MapSplice than they do with each other (Figure S2A). 887 back splice
junctions identified by MapSplice are unique compared to 254 for CIRCexplorer and 479 for
AutoCirc. The increased number of unique back splice junctions identified by MapSplice is
likely due to the use of the ENCODE gene annotation by MapSplice compared to RefSeq for
CIRCexplorer and AutoCirc, as the ENCODE annotation contains a larger number of genes.
As a negative control for circRNA detection, we analyzed polyA RNA from hESCs (Sigova
etal., 2013), and all three pipelines identified a similar low frequency of back splice
junctions (Figure S2B). AutoCirc is about 10 fold faster than CIRCexplorer and about 250
fold faster than MapSplice and consumes fewer computing resources (memory threads and
number of processes) (Supplemental Table S2).

Identification of m8A-circRNAs in hESCs

To test for the existence of m®A-modified circRNAs in hESCs, we prepared libraries for
RNA sequencing after rRNA depletion (input) followed by m8A RIP (eluate) (Figure S2C).
To confirm the specificity of the m6A RIP, we added exogenous RNA spike-ins with and
without m8A modifications to each RNA sample after rRNA-depletion. Only spike-ins
containing m8A-modified RNAs were detected after m8A RIP (Figure S2D), consistent with
our previous experience (Batista et al., 2014; Molinie et al., 2016).

We applied AutoCirc after m8A RIP and identified 1,404 m8A-circRNAs (Figure 2D). Fifty-
four percent of m8A-circRNAs were contained in the pool of total circRNAs (Figure S2E),
and this increased to 83% when we expanded the pool of total circRNASs by including
additional hESC data sets (Figure S2F). We quantified expression of m®A-circRNASs verses
those predicted not to be methylated by their presence in the input and absence in m®A RIP
samples. We performed these experiments before and after depletion of METTL3to assess
for the requirement of METTL3 for mSA modifications in circRNAs (Figure 2E). mSA-
circRNAs encoded by FAT3, HIPK3, and SLC45A4 were chosen due to their high
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abundance, and the m6A-circRNA encoded by NUFIP2was chosen as an example of an
mBA-circRNA with lower abundance (Supplemental Table S1). Black bars represent samples
without depletion of METTL3and show enrichment of m8A-circRNAs (encoded by FAT3,
HI PK3, SL.C45A4, and NUFIP2) after m8A RIP compared to non-m®A-circRNAs (encoded
by SMO, SLC11AZ2 and FOXK2) (Figure 2E, righ?). Dark and light gray shading represent
two independent siRNAs used to deplete METTL3 (Figure 2E, /eff). Depletion of METTL3
did not affect the total expression levels of circRNAs regardless of whether they were
identified as m8A-circRNAs or non-mBA-circRNAs (Figure S2G). However, depletion of
METTL3, was associated with a decrease in the level of m8A-circRNAs (Figure 2E, right),
suggesting that METTL3 regulates m®A modification in circRNAs. The back splices that
define each m®A-circRNA were confirmed by Sanger sequencing, and RNA-seq tracks show
enrichment of the exons encoding circRNAs following m8A RIP (Figure 2F, S2H). These
results establish a transcriptome-wide map of m®A-circRNAs in hESCs.

m6A Methylation is Enriched in CircRNAs Composed of Long Single Exons

We next evaluated the features of m8A-circRNAs and non-m8A-circRNAs. We sequenced
the mBA-depleted RNA (supernatant from m8A RIP) and applied AutoCirc (Figure 2A) to
provide more stringent criteria to define the population of circRNAs enriched in non-m68A-
circRNAs. We examined the distributions of genomic origins of total circRNAs identified
from input, m6A-circRNAs identified from eluate, and non-mBA-circRNAs from
supernatant. mBA-circRNAs and non-mBA-circRNAs show a similar genomic distribution;
approximately 80% of circRNAs from both categories are derived from exons of protein-
coding genes (Figure 3A). Parent genes for both m8A-circRNAs and non-m8A-circRNAs are
also similarly enriched in the gene ontogeny (GO) categories of enzyme binding and
transcription factor activities (Figure S3A). The majority of total circRNASs that originate
from protein-coding genes span two or three exons (Figure 3B, /eff), whereas méA-
circRNAs are more commonly encoded by single exons compared to non-mBA-circRNAs
(Figure 3B, right). The exons of single exon circRNAs tend to be longer than the exons of
multi-exon circRNAs for all groups of circRNAs (Figure 3C). Furthermore, the lengths of all
exons in m8A-circRNAs tend to be longer than those in non-m8A-circRNAs (Figure 3D).
Single exon circRNAs are also more abundant than multiple-exon circRNAs in m8A-
circRNAs compared to non-m8A-circRNAs (p<1.2e-9 in m8A-circRNAs vs p=0.52 in non-
m6A-circRNASs, Figure 3E). Thus, m®A methylation is enriched in circRNAs composed of
long single exons, which are more abundant than multi-exon m6A-circRNAs.

m6A-circRNAs Exhibit Distinct Patterns of m®A Modifications Compared to mRNAs

mOA sites in mMRNASs are most common in the last exon (Meyer et al., 2012); however,
circularization of the last exon of genes is uncommon (Zhang et al., 2014). We found that
73% of parent genes of m8A-circRNAs also encode m8A-mRNAs in hESCs (Figure 4A). We
then examined if exons methylated in mMRNAs are the same exons that form m8A-circRNAs.
Surprisingly, the majority (59%) of m8A-circRNAs were produced from exons without m6A
peaks in MRNAs (Figure 4B). Thirty-three percent of m6A-circRNAs were produced from
genes that encode m6A-mRNAs methylated on different exons, and 26% of m8A-circRNAs
were produced from genes that encode mRNAs without detectable m®A modification. This
observation is also reflected in the different distributions of m8A-circRNAs and m®A peaks

Cell Rep. Author manuscript; available in PMC 2017 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 6

in mRNAs across genes (Figure 4C). These results suggest a different set of rules may
govern m®A biogenesis in circRNAs.

We performed qRT-PCR on fragmented, polyA-selected RNA before and after m®A RIP to
confirm the mBA status of linear transcripts that also encode circRNAs. The first category
represents genes including METTL3 and ZNF398 that encode m8A-circRNAs from exons
that also have an m8A peak in mMRNAs. We confirmed the presence of m8A-circRNAs
encoded by METTL3and ZNF398by RT-PCR (Figure S4A). Primers were designed to
detect the m6A mRNA peak within the exons encoding the m8A-circRNA (primers P1) and
to detect a region of the mMRNA without m8A enrichment (primers P2) (Figures 4D, top and
S4B, top). After mSA RIP, we detected amplification with P1 but not P2 primers (Figures 4E
and S4C, top-left). P1 and P2 primers both amplified fragmented mRNA confirming the
presence of both exons in polyA-selected RNA (Figures 4E and S4C, top-right). The second
category of genes, including SO X13and ARHG EF19, encode mBA-circRNAs from exons
different from those containing méA peaks in mMRNAs. Primers P1 amplify RNA from exons
encoding the mBA-circRNA, and primers P2 amplify the mSA-mRNA peak defined by
sequencing (Figures 4D and S4B, middle). After m6A RIP, we detected amplification of
with P2 but not P1 primers, consistent with different sites of m6A modifications between
mOA circRNAs and m8A mRNAs encoded by the same genes. (Figures 4E and S4C,
middle). Both primer sets amplified mMRNA before m6A RIP (Figures 4E and S4C, middle-
right). The third category of genes, including G FM2and MAPKAPI, encode mBA-
circRNAs from genes that do not encode m8A mRNAs. We did not detect m8A
modifications in mMRNAs within the exons encoding m8A-circRNAs (P1) or other regions
(P2), (Figures 4D and S4B, bottom), but both primer sets amplified mMRNA (Figures 4E and
S4C, bottom). These results validate the finding that numerous m6A-circRNAs are generated
from exons that do not contain m8A peaks in mRNAs.

CircRNAs Exhibit Unique Patterns of m6A Methylation in Different Cell Types

To determine if m®A modifications in hESCs were representative of mammalian cells in
general, we repeated the sequencing analysis in HeLa cells. We identified 854 circRNAs
from input (rRNA-depletion), 987 m®A-circRNAs from eluate (rRNA-depletion, m®A RIP),
and 899 non-mBA-circRNAs from supernatant after m8A RIP (Figure S5A). The genomic
distribution, exon length, and number of exons in m®A-circRNAs and non-mBA-circRNAs
are similar between hESCs and HeLa cells (Figures S5A—C). Similar to m®A-circRNAs in
hESCs, half of the m®A-circRNAs identified in HeLa cells originate from exons that do not
contain the m8A modification in mRNAs (Figure S5D).

More than half of the m8A-circRNAs detected in HeLa cells were not detected in hESCs
(Figure S5E), suggesting that many m8A-circRNAs are uniquely expressed in the two cell
types. HeLa cells and hESCs do not express all of the same genes or circRNAs, so we asked
if the differences in mBA-circRNAs between HeLa cells and hESCs could be explained by
differences in gene or circRNA expression. Sixty-five percent of m8A-circRNAs detected in
HeLa cells were not detected in hESCs even when the parent genes of these circRNAs are
expressed in both cell types (Figure 5A, top). Furthermore, 41% of mBA-circRNAs detected
in HelLa cells were not detected in hESCs even when circRNAs are expressed in both cell
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types (Figure 5A, bottom). HeLa cells and hESCs produce circRNAs from a small number
of parent genes that do not express detectable mMRNAs, which explains why there are more
common m8A-circRNAs between HeLa cells and hESCs among the shared circRNAs group
(Figure 5A, bottom) compared to the shared parent genes group (Figure 5A, fop). When
mOA-circRNAs are expressed in both cell types, they tend to be expressed at similar levels
(Figure 5B and S5F).

RT-PCR confirmed that unique m8A-circRNAs could be detected in the two different cell
types. RASSF8and KANKI are expressed in both HeLa cells and hESCs, yet circRNAS
from these two genes are detected only in HeLa cells, where they are m8A-modified (Figure
5C, 5D, top and S5G, S5H, top). In contrast, SEC11A and TMEFFI are expressed in both
HeLa cells and hESCs, but circRNAs are only detected in hESCs, where they are m6A-
modified (Figure 5C, 5D, center and S5G, S5H, center). CircRNAs encoded by K/F208B
and NUFIP2 are detected in both HeLa cells and hESCs and are both modified by méA
based on mbA RIP seq (Figure 5C, 5D, bottom and S5G, S5H bottom). Sanger sequencing
confirmed the predicted back splice junctions for circRNAs encoded by RASSF8, SEC11A,
and NVUFIPZ2 (Figure 5E). Furthermore, circRNAs encoded by RAPGEF1 and ATP5C1 are
detected in both HeLa cells and hESCs, but are only detected after m6A RIP in HeLa cells
(Figure 5F, /eff) and hESCs (Figure 5F, righi), respectively. These results show that many
mOA-circRNAs are expressed in a cell-type-specific manner.

mBA-circRNA Levels

We next evaluated m8A levels in circRNAs in HeLa cells and hESCs. We quantified the m6A
level for each circRNA by RNA abundance, defined as eluate/(eluate+supernatant) where
eluate and supernatant samples were normalized using synthetic ERCC control RNAs
(Molinie et al., 2016) (Figure S6A). The median methylation levels of circRNAs are reduced
in hESCs compared to HeLa cells (Figure 6A) due to an enrichment of unmethylated or
lowly methylated circRNAs in hESCs compared to HeL a cells (Figure 6B). Because the
majority of unmethylated or lowly methylated circRNAs are only detected in supernatant
samples, we also measured the distribution of m®A levels for circRNAs detected in both
eluate and supernatant. These circRNAs follow an almost bimodal distribution where most
circRNAs exhibit less than 50% methylation (Figure S6B), similar to the distribution
observed in mRNAs (Molinie et al., 2016). The overall m®A-levels in circRNAs are higher
in hESCs than in HeLa cells when restricting analysis to circRNAs detectable in both eluate
and supernatant (Figure 6C). These results show that there are variable levels of m8A-
modification across circRNA species in a distribution similar to mMRNAs.

m6A Levels and CircRNA Expression

mOA promotes MRNA degradation (Wang et al., 2014), and mSA levels are inversely
correlated with steady-state mMRNA expression levels (Molinie et al., 2016). We asked how
mBA-levels are related to expression levels of circRNAs. In HeLa cells, m6A-levels in
circRNAs are positively correlated with the expression levels of circRNAs (Spearman
correlation rho=0.41, p<2.2e-16), and in hESCs, mBA-levels in circRNAs are positively
correlated with the expression levels of circRNAs with m6A levels > 0.3 (Spearman
correlation rho=0.65, p<2.2e-16, Figure 6D). We did observe a negative correlation with
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circRNA expression for low mBA levels (<0.3) in hESCs (Spearman correlation rho= - 0.62,
p<2.2e-16). These results suggest that at low levels of m®A-modification, an increase in
mOA level can be associated with reduced circRNA expression in some conditions, but at
mOA levels over 0.3, increasing levels of m6A-modification is not linked to decreased
circRNA expression.

Transposable Elements are Enriched in the Flanking Regions of m6A-circRNAs

Reverse complementary sequence in transposable elements (TEs) in the flanking regions of
circRNAs promote the formation of circRNAs (Ashwal-Fluss et al., 2014; Chen et al., 2017;
Liang and Wilusz, 2014; Zhang et al., 2014). We asked if there were characteristics of TEs
in the flanking regions of circRNAs that are associated with m®A modification. We found
that TEs are significantly enriched in both the 5" and 3" flanking regions of m6A-circRNAs
(eluate) compared to circRNA pools depleted of m8A (supernatant). The population of m8A-
circRNAs changes between cell types (Figure 5A and B), so we also analyzed the density of
flanking TEs in the group of circRNAs that do not have evidence of m6A modification in
either HeLa cells or hESCs. These circRNAs have the lowest density of flanking TEs
(Figure 6E). These results suggest that the density of TEs flanking circRNAs may be linked
to formation of m8A-circRNAs.

mOBA-circRNAs are recognized by YTHDF1 and YTHDF2

YTH-domain family member 1 (Y THDF1) recognizes m8A-mRNAs and promotes
translation (Wang et al., 2015), while YTHDF2 forms a complex with m6A-mRNAs to target
RNAs to decay sites (Wang et al., 2014). We asked if the YTH domain that recognizes méA-
mRNASs also recognizes m8A-circRNAs. We re-analyzed YTHDF1 and YTHDF2 RIP-seq
data (Wang et al., 2014, 2015) using AutoCirc (Figure 2A) to identify circRNAs bound by
YTHDF1 and YTHDF2 (Figure 7A). We identified 1,155 circRNAs interacting with
YTHDF1 and 1,348 circRNAs interacting with YTHDF2 (Figure 7B). These circRNAs
show a similar distribution across the genome to that of m®A-circRNAs (Figure 7B and
Figure S5A) and are generated from the same categories of genes by GO analysis (Figure
S7A). In addition, the circRNAs that interact with YTHDF1 and YTHDF2 are formed
primarily from exons immediately downstream of the start of coding regions (Figure 7C).
Twenty-eight percent and 22% of the YTHDF1 and YTHDF2 bound circRNAS, respectively,
were also identified as m6A-circRNAs in HeLa cells (Figure 7D), and 51% of circRNAs
interacting with YTHDF1 also interact with YTHDF2 (Figure S7B). To evaluate the
possibility that circRNAs may interact with proteins independent of m6A modifications, we
analyzed RIP-seq data for AGO2 (Polioudakis et al., 2015), a protein which is not known to
bind m8A. Analyses are normalized to sequencing depth, and show that Y THDF1 and
YTHDF2-bound circRNAs are significantly enriched in m6A-circRNAs compared to AGO2-
bound circRNAs (p<0.0041) (Figure 7E).

mBA-circRNAs are Linked to mRNA Stability by YTHDF2

YTHDF?2 interacts with m8A-mRNAs to regulate mRNA stability (Wang et al., 2014), and
mRNAs encoded by the parent genes of m8A-circRNAs also have a shorter half-life than
mRNAs encoded by the parent genes of non-mBA-circRNAs (Figures 7F and S7C). This
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finding is observed for m8A-circRNAs identified by m8A RIP or interaction with Y THDF1/
YTHDF2, regardless of whether the mRNA contains an m8A modification. We then
performed the same analysis but separated m8A negative (m8A(-)) from mBA positive
(m8A(+)) mRNAs (Figure 7G and S7D). This analysis showed that m6A-mRNAs encoded
by the parent genes of mBA-circRNAs are the only group with significantly reduced half-
lives compared to genes not encoding any circRNAs. These results suggest that in addition
to the m®A modification of MRNAs being associated with a shorter mRNA half-life (Wang
et al., 2014), those m6A-mRNAs encoded by the parent genes of m8A-circRNAs have
shorter half-lives among all m8A-mRNAs. Genes encoding both m8A-mRNAs and m°A-
circRNAs can produce these transcripts from the same (Figure 7H, diagram A) or different
exons (diagram B). The m8A-mRNAs with the shortest half-lives are those in which m8A-
circRNAs are produced from the same exons that have m6A modifications in mMRNAs
(Figure 7H and S7E). m®A is most commonly enriched in the 3" UTR of mRNAs (Batista
et al., 2014; Dominissini et al., 2012; Ke et al., 2015; Meyer et al., 2012), while circRNAs
are enriched in the gene body (Figure 4C and 7C). We examined if differences in the
location of the m8A modification in mRNAs could explain the difference in half-lives and
found no significant difference in the half-lives of m8A-mRNAs that are modified in the
gene body or 3" UTR (Figure S7F). Finally, the half-lives of mSA-mRNAs that are
methylated in the same exons that are methylated in circRNAs increase with depletion of
YTHDF2 (Figures 71 and S7G), suggesting that stability of this subset of RNAs is
controlled by YTHDF?2 in a process that may involve recognition of m8A-circRNAs.

Discussion

This study brings together two rapidly expanding fields: RNA modifications and circRNAs.
Here, we present transcriptome-wide identification of méA-circRNAs, extending the concept
of the RNA epitranscriptome to circRNAs. We provide evidence that m8A modifications in
circRNAs are written and read by the same machinery (METTL3/14, YTH proteins) used
for mMRNAs, but often at different locations. We implicate méA-circRNAs in mRNA stability
mediated by YTHDF2, but m®A does not appear to promote degradation of circRNAs as it
does for mMRNAs. Furthermore, we identify many m8A-circRNAs expressed in a cell-type-
specific pattern even when their parental genes (or circRNAS) are expressed in both cell
types, suggesting that the m6A modification of circRNAs may regulate different biological
processes in different cell types. Our results establish a fertile area of investigation to define
the breadth and function of covalent modifications in circRNAs.

The discovery of m8A-circRNAs raises many questions that will need to be addressed in
future studies, including the significance of méA-modifications on exons that compose
circRNAs but are not modified in mMRNAs. Nevertheless, our results show that identification
of mBA-circRNA patterns may be useful to identify different cell types/states even in the
absence of significant changes in baseline mMRNA expression, leading to methodologies to
fingerprint cells. Furthermore, it will be of interest to address whether m6A-circRNAs are
found in extracellular vesicles, which have been proposed as a mechanism to clear circRNAs
from cells (Lasda and Parker, 2016).
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In terms of m8A-circRNA functionality, we provide evidence of cross-talk between méA-
modified mMRNAs and circRNAs that affects mMRNA half-life in a YTHDF2-dependent
manner. However, it is unclear if recognition of m8A-circRNAs by YTHDF2 plays a direct
role. One potential model is that m6A-circRNAs and m6A-mRNAs encoded by the same
exons are bundled as part of a chromatin-associated liquid phase transition leading to a
nuclear “liquid droplet” (Caudron-Herger et al., 2016; Marzahn et al., 2016) and continue to
be a topologically and organizationally distinct information packets. Whereas mA-
circRNAs arising from non-methylated exons of MRNAs may not be bundled with mRNAs
or are contained in other bundles. It is possible that these information packet(s) are
transmitted to the cytosol leading to differential mMRNA processing via interaction with
cytosolic liquid droplets, that may include m8A binding to YTH domain proteins, which
harbor poly Q unstructured domains (Guo and Shorter, 2015; Wang et al., 2014; Zhang et
al., 2015). We postulate that circRNAs in general may exhibit unique tuning qualities on
liquid droplets, affecting surface tension, stability, size and/or longevity. mA-circRNAs
may further modify these characteristics given their ability to interact with YTH proteins as
well as other RNA binding proteins (Guo and Shorter, 2015; Lin et al., 2015).

Controlling the state of m6A modifications in circRNAs may act as switches to control
circRNA functionality. For example, the presence of m6A modifications can promote the
translation of m8A-circRNAs (Yang et al., 2017). This study focused on m®A modifications
located near back splice junctions, which were identified by sequencing circRNAs that
underwent m8A RIP after fragmentation. This approach yielded fewer circRNAs compared
to our analysis because we performed m8A RIP on un-fragmented circRNASs to identify the
abundance of m8A-circRNAs. CircRNASs can also be engineered to be translatable with
internal ribosome entry sites (Chen and Sarnow, 1995; Wang and Wang, 2015), and a few
circRNAs are found to be translated into peptides in a splice-dependent/cap-independent
manner (Legnini et al., 2017; Pamudurti et al., 2017). m®A modification is also implicated in
the splicing of MRNAs (Liu et al., 2015), and m®A modification could be involved in
alternative splicing of some circRNAs.

Many m8A-circRNAs originate from exons where m8A modifications are absent on mRNASs,
indicating that while the writing and reading machinery of m6A modifications are similar in
both mRNAs and circRNAs, different patterns of m®A modifications are produced in
different types of RNA. How do we reconcile the presence of mBA-circRNAs arising from
exons that are non-methylated in polyA-selected mMRNA species? The locations of méA
modifications in nascent pre-mRNAs and mRNAs are highly conserved, suggesting that
m®A modifications in mMRNAs occur by the time nascent pre-mRNA is formed (Ke et al.,
2017). These conclusions, together with our findings that m8A-circRNAs are frequently
modified in exons that are not m®A-modified in MRNAs suggest that some m®A
modifications to circRNAs may occur during or after circRNA formation. TEs are present in
the flanking regions of circRNAs to facilitate the formation of stem loops during back
splicing events (Ashwal-Fluss et al., 2014; Liang and Wilusz, 2014; Zhang et al., 2014),
METTL3/14 have been shown to bind TEs (Kelley et al., 2014), and TEs are enriched in the
flanking regions of m8A-circRNAs compared to non-m8A-circRNAs (Figure 6E). These
findings support a model in which methylation of some circRNAs is linked to circRNA
formation.
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Experimental Procedures

RNA isolation, mA immunoprecipitation, and library preparation

Total RNA was obtained by TRIzol extraction followed by DNAse | treatment prior to rRNA
depletion. RNase R treatment (5 units per ug RNA) was performed in duplicate with 5 pg of
rRNA-depleted RNA input. m6A RIP was performed using an anti-m®A antibody (Synaptic
Systems # 202 003). PolyA RNA selection was performed twice using the Dynabeads
mRNA Purification Kit with 7.5 pg of total RNA input. 100 ng of RNA was used for library
construction.

Computational pipeline for detecting circRNAs

We performed directional, 100 x 100 paired-end sequencing to define circRNAs. Paired
reads were treated independently and mapped to the human reference genome (hg19). We
used Bowtie2 (Langmead and Salzberg, 2012) to identify and discard all sequences that
mapped to a contiguous region of genomic DNA. We developed AutoCirc to scan 20
nucleotides at both ends of each 100 nt sequence of unmapped reads to identify sequences
that contain back splice junctions of circRNAs (see Supplemental Materials and Methods for
details). AutoCirc is available at https://github.com/chanzhou/AutoCirc.

Identification of circRNAs interacting with YTHDF1, YTHDF2, and AGO2

We applied the AutoCirc pipeline to identify circRNAs from YTHDF1 (GSE63591),
YTHDF2 (GSE49339) and AGO2 RIP (GSE64615) in HelLa cells. We counted the
circRNAs with a single read or greater as present in a replicate as long as there were at least
two reads supporting a specific back splice in the union of all replicates.

Evaluation of mRNA half-life

We obtained mRNA half-life data from siControl and siYTHDF2 in HeLa cells (Wang et al.,
2014). We separated the mRNAs into groups as described. mRNAs produced by genes that
did not produce circRNAs were used as a control group. To examine how the interaction
between YTHDF2 and m8A-circRNAs affects m6A-mRNA half-life, we plotted the
accumulation fraction curve of the log2-transformed changed half-life between siYTHDF2
and siControl cells for m8A-mRNAs methylated in the same exons as m®A-circRNAs and
m8A-mRNAs methylated in different exons from m8A-circRNAs encoded by the same gene.

Data access
The accession number for RNA-seq data produced for this study is GEO: GSE85324.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RNase R resistant RNA speciesare mBA-modified

(A) The diagram describes how total RNA from hESCs was processed. Dot blots for m8A
were performed for the indicated amount of RNA. RNA from input (after rRNA-depletion
and RNase R treatment), supernatant (sup) and eluate were probed to detect the m6A
modification for two replicates (Sample 1 and Sample 2). A positive control (+ctrl) and
negative control (—ctrl) containing water are at the bottom of the blot. (B) 293T cells were
transfected with siRNAs to deplete METTL3and METTL 14 as well as negative controls
without siRNA (mock), with scrambled siRNA, and with siRNAs that deplete Cyclophilin B.
Expression of METTL3 (blue) and METTL14 (red) was normalized to mock transfection.
Error bars represent standard deviation. (C) Two rounds of polyadenylated RNA selection
(top) were performed for each condition in (B). Decreasing amounts of RNA from each
condition were probed to detect the m®A. Controls were performed as in (A). Total RNA
was isolated from each condition in (B). RNA was rRNA-depleted and treated with RNase R
to digest linear RNA (Ribo- RNase R). Decreasing amounts of RNA from each condition
were probed to detect m®A in the fraction of RNAs enriched for circRNAs (bottom).
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Figure 2. A customized pipeline to identify circRNAs and mBA-modifiied circRNAs
(A) AutoCirc pipeline to detect circRNAs from RNA-seq data. (B) RT-PCR validation of

identified circRNAs. Divergent primers (purple arrows) only amplify across back splice
junctions created in circRNAs. PCR was performed on total RNA after rRNA-depletion.
Amplicon size is indicated on the left of the gel. (C) Sanger sequencing validation of
circRNAs. The exons involved in the back splice junction and the predicted sequence are
shown at the top for each transcript. Sanger sequencing results across each back splice
junction is shown below each gene. (D) Application of AutoCirc to define m6A-circRNAs
with new steps in red. (E) METTL3expression was quantified by gRT-PCR in hESCs
transfected with Control (Ctrl) sSiRNA and two siRNAs depleting METTL3 (left). Error bars
represent standard deviation. *** indicates p<0.001. Detection of back splice junctions for
circRNAs encoded by the indicated genes after m®A RIP is shown in the right. Black boxes
represent hESCs transfected with Ctrl sSiRNA and the two shades of gray indicate hESCs
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transfected with siRNAs targeting METTL3 (right). m6A-circRNAs and non-m8A-circRNAs
are indicated. Error bars represent standard deviation. *** indicates p< 0.0001 and **
indicates p< 0.001. Amplification of each back splice was tested for each sample prior to
m8A-RIP (Figure S2G). (F) Sanger sequencing across the back splice forming méA-
circRNAs. The exons involved and predicted sequence is show at the top for each transcript.
Sanger sequencing results across each back splice junction are shown in the middle. RNA-
seq tracks are shown at the bottom for total RNA following rRNA depletion (Ribo-) and
after rRNA depletion followed by m8A RIP. The gene structure is shown below the tracks.
Arrows indicate the direction of transcription and asterisks indicate the exons that are
circularized.
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Figure 3. CircRNAs are frequently methylated in human embryonic stem cells
(A) Genomic distribution of total circRNAs (input, left), m6A-circRNAs (eluate, center), and

non-mBA-circRNASs (supernatant, right). The total number of circRNAs identified in each
condition is shown in parenthesis. (B) The percentage of circRNAs (y-axis) was calculated
based on the number of exons each circRNA spans (x-axis) for input circRNAs (left), m6A-
circRNAs (red, right panel) and non-mBA-circRNAs (blue, right panel). The number of
exons up to seven is displayed. (C) The distributions of exon length (y-axis) for input
circRNAs (left), m8A-circRNAs (middle) and non-mBA-circRNAs (right) are plotted based
on the number of exons spanned by each circRNA (x-axis). (D) Comparison of exon size of
mBA-circRNAs and non-m8A-circRNAs. (E) Expression levels (y-axis) for input circRNAs,
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mOA-circRNAs, and non-m8A-circRNAs are plotted based on the number of exons spanned
by each circRNA (x-axis). P values indicate that single exon circRNAs are more abundant
than circRNAs composed of more than one exon.

Cell Rep. Author manuscript; available in PMC 2017 November 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhou et al.

A B
mBA-
mRNA with circRNAs mRNAs
mBA peaks e}
\
d 653
A
‘_J_* 392
653
240 d
mRNAs with m8A-circRNAs Bl 304 240
D mBA-circRNAs from exons with m8A peaks E
in mMRNAs
P1 >«
2.5kb = MOA-CIrcRNA
350 - === circRNA
‘ m mBA-mRNA ———> P2
m mRNA L >
~ " 1 ,J,J iLLl
it o PR B B
METTL3 -
TOX4
mBA-circRNAs from exons that
do not contain mA peaks in mRNAs
10kb P1 »<« P2
3400- B ’>[‘
= —H— -
SOX13
mBA-circRNAs from genes without
mBA-mRNA peaks
10kb
60 Pl
p2 —
>< }
Ll e
[ A ————H
GFM2

Relative Expression Relative Expression

Relative Expression

Page 20
C
4
% — CcircRNAs
< 3] — mBACcircRNAs
g linear mé A peaks
s
5 2
Q
N
s
E 1
2
0 2 N\
5UTR giart stop 3 UTR
m8A mRNA peaks mRNA
6 8
5 |
i |
i 6
3 4
2 2
1
T T m
>< > >< >
16 16 .
: |
12 12
0.8 0.8
0.4 0.4
P1 P2 o
r< > L T
1.0 18]
08 1.2
0.6
0.8
0.4
02 0.4
[oL,
P1 P2 P1 P2
< > >< >

Figure 4. mBA-circRNAs are often methylated in regionswhere mBA-mRNAs are not methylated
(A) Venn diagram showing the overlap between genes encoding m®A-circRNAs and genes

encoding m8A-mRNAs. The total number of genes in each category is shown. (B)
Distribution of m8A-modified exons between circRNAs and mRNAs: m°A sites in the same
exons (top); mBA sites are on different exons from the same parent gene (middle); m6A sites
are only present on circRNAs (bottom). The total number of m8A-circRNAs and mRNAs in
each category are shown. (C) Distribution of exons encoding m8A-circRNAs (red) and total
circRNAs (blue) across genes compared to the distribution of m6A peaks in MRNAs across
genes (green). The region from the transcription start site (TSS) to the start of the coding
sequence (start) represents the 5° UTR and the region from the end of the coding sequence
(Stop) to the 3" end represents the 3" UTR. (D) Examples of genes described in (B). Red
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bars indicate m8A-circRNAs detected by sequencing. Blue bars represent circRNAs
identified by sequencing. Tracks below the circRNAs represent m6A peaks from
polyadenylated mRNAs before and after m6A RIP (Batista et al., 2014). Gray peaks
represent MRNA background levels, and orange peaks represent sites of m8A modification
in mRNAs. The locations of primer sets for each transcript are indicated by black and white
arrows (P1 and P2). (P1, P2) (E) qRT-PCR was performed on cDNA following polyA
selection and m6A RIP (m6A mRNA peaks) and following polyA selection alone (MRNA)
for the genes in (D).
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Figureb5. mBA-circRNAs show cell-type-specific patterns of expression
(A) Venn diagram shows the overlap of m8A-circRNAs encoded by genes expressed in

HelLa cells and hESCs with RPKM > 1 in both cell types (Shared parent genes, top). The
overlap between mBA-circRNAs among circRNAs that are detected in both HeLa cells and
hESCs is shown below (Shared circRNASs). (B) Two-dimensional histograms comparing the
expression levels of m8A-circRNAs in HeLa cells and hESCs. m8A-circRNAs in the left
panel are encoded by genes that are expressed in both HeLa cells and hESCs (Shared parent
genes). mBA-circRNAs in the right panel show m8A-circRNA levels for all circRNAs
common in both HeLa cells and hESCs (Shared circRNASs). CircRNA counts are indicated
on the scale to the right of each plot. m6A-circRNA expression levels are calculated by the
circular-to-linear ratio (CLR). (C) Examples of m8A-circRNAs that that are unique to HeLa
cells (top), unique to hESCs (middle), and common between HelLa cells and hESCs
(bottom). Blue rectangles indicated m6A-circRNAs identified in HeLa cells, and red
rectangles indicate m8A-circRNAs identified in hESCs. Green arrows indicate the location
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of primers that amplify across forward splice junctions and purple arrows indicate primers
that amplify across back splices. (D) RT-PCR was performed on RNA prepared following
rRNA depletion in HeLa cells and hESC cells, respectively. (E) Sanger sequencing was
performed on PCR products generated by amplifying across back splice junctions for the
indicated genes. Sequencing across the junction is shown in sense for SEC11A and NUFIP2
and antisense (rev compl) for RASSF8. (F) RT-PCR was performed on rRNA-depleted RNA
(Ribo-) and after m8A RIP (Ribo-, m®A RIP) in HeLa cells and hESCs, respectively.
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Figure 6. mOA levels
(A) Comparison of m8A levels in circRNAs in HeLa cells and hESCs with at least 2 reads

supporting the back splice junctions in eluate and supernatant data. (B) Density distributions
of mBA levels in circRNAs using the same criteria as in (B). (C) Scatter plot showing the
linear correlations of m8A levels among the m®A-circRNAs identified in both HeLa cells
and hESCs. The linear regression fit equation is indicated in the top. The Pearson correlation
coefficient and p-value are indicated at the top left corner. (D) The relationship between
expression levels of circRNAs and mBA levels of circRNAs in HeLA cells (left) and hESCs
(right). Expression levels are represented by back splice read counts of circRNAs in eluate
and supernatant data. (E) Density distribution of transposable elements (TEs) flanking
circRNAs. Eluate (red) contains circRNAs identified by m6A RIP (mBA-circRNA-enriched).
Supernatant (blue) contains circRNAs not precipitated by m8A RIP (m8A-circRNA-
depleted). Non-m8A-circRNAs (green) contains circRNAs identified in either HeLa or hESC
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supernatant that were not detected in either HeLa or hESC eluates. * indicates p<2.2e-16
compared to eluate.
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Figure7. mBA-circRNAs bind Y THDF1 and Y THDF2 and identify transcriptswith shorter half-
lives

(A) Data from YTHDF1 and YTHDF2 RIP-seq (Wang et al., 2014, 2015) were used to
identify mBA-circRNAs in HeLa cells. (B) The genomic distribution of circRNAs bound by
YTHDF1 and YTHDF2 are shown. The number of circRNAs associated with each protein is
indicated in parenthesis. (C) The distribution of exons encoding circRNAs associated with
YTHDF1 (blue) and YTHDF2 (purple) compared to exons encoding méA-circRNAs (red)
and the distribution of mBA peaks across MRNAs (green) is shown. (D) Venn diagram shows
the overlap between m8A-circRNAs identified in HeLa cells and m8A-circRNAs bound by
YTHDF1 (left) and YTHDF?2 (right). (E) The percentage of mSA-circRNAs identified by
mO8A RIP in HeLa cells and bound by YTHDF1, YTHDF2, or AGO2 are shown. Error bars
represent standard deviation. (F) mRNA half-life for parent genes that encode m8A-
circRNAs (left), YTHDF1-bound (DF1-IP) circRNAs (middle), or YTHDF2-bound (DF2-
IP) circRNASs (right). Black rings represent circRNAs, red circles indicate m8A
modification, and light blue structures represent YTH proteins. (G) The mRNA half-life for
mBA negative (mBA (-) mMRNA) (left) and mBA positive mMRNAs (m8A (+) mRNA) (right)
whose parent genes encode m8A-circRNAs (black ring with red circle attached), circRNAs
without m8A (black ring), or no circRNAs (black ring with red “X”). p values are indicated
above each plot. (H) The half-life of m8A-mRNAs whose parent genes also encode méA-
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circRNAs from the same exon(s) where an m8A peak is found in mRNA (labeled A) is
compared to the half-life of m8A-mRNA whose parent gene encodes an m6A circRNA at
exon(s) where no mbA peak is found in mMRNAs (labeled B). (1) The change in half-life
(log2(siYTHDF2/siControl)) was calculated after depletion of YTHDF2 as described (Wang
et al., 2014) for condition A (green) and condition B (purple). The p values were calculated
using Wilcoxon-Mann-Whitney test. Figure S6 shows the second replicate.
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