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The human sphingomyelin synthase 1 gene (SGMST1) encodes an essential enzyme that is involved in the synthesis of
sphingomyelin and diacylglycerol from phosphatidylcholine and ceramide. Among the products of SGMST1, we found
new transcripts, circular RNAs (circRNAs), that contain sequences of the gene’s 5’ untranslated region (5'UTR). Some of
them include the gene’s coding region and fragments of introns. An analysis of the abundance of circRNAs in human
tissues showed that the largest transcripts were predominantly found in different parts of the brain. circRNAs of rat and
mouse sphingomyelin synthase 1 orthologous genes were detected and are highly similar to the human SGMST gene
transcripts. A quantitative analysis of the abundance of such transcripts also revealed their elevated amount in the
brain. A computational analysis of sequences of human circRNAs showed their high potential of binding microRNAs
(miRNAs), including the miRNAs that form complexes with Ago proteins and the mRNA of SGMST. We assume that the
circRNAs identified here participate in the regulation of the function of the SGMST gene in the brain.

Introduction

The sphingomyelin synthase 1 gene (SGMSI) encodes a trans-
membrane protein that is conserved among mammalians and
participates in the synthesis of sphingomyelin, cholesterol metab-
olism, the regulation of intracellular molecular transport, cell
proliferation, apoptosis and other essential processes.'™ Previ-
ously, we studied the structure of the human SGMSI gene and
characterized transcripts of this gene that are potentially able to
direct protein synthesis. We established that the transcriptional
diversity of the SGMSI gene is provided by the presence of alter-
native promoters, alternative polyadenylation and exon splic-
ing.”” In human tissues, transcripts with a 5’ untranslated region
(5'UTR) that includes exons 1-6 and exon 7, with a coding
region that is localized in exons 7-10 and in a portion of exon
11, and with a 3'UTR that stems entirely to the remaining por-
tion of exon 11 are mostly abundant.® The multiplicity and com-
plexity of the biological processes that involve the sphingomyelin
synthase 1 (SMS1) protein suggest the high specificity of the con-
trol of the function of its encoding gene in the individual cells
and tissues of organisms. However, almost no information is
available regarding the specific regulatory mechanisms of this
gene. In this study, among the transcripts of the SGMSI gene,
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we found circRNAs that were nascent from the 5" untranslated
region and that were highly abundant in the brain.

In eukaryotic organisms, long non-coding RNAs that form circu-
lar structures were isolated as a fraction that is resistant to RNase R
treatment, which degrades linear forms of RNA."® Whole-transcrip-
tome sequencing of eukaryotic cells revealed the existence of thou-
sands of circular RNAs (circRNAs).!'1° As an example, it was shown
that circRNAs in humans, mouse and drosophila account for 10% of
the total number of the linear transcripts.13 circRNA expression pro-
ceeds in a complex tissue-, cell-type- or developmental-stage-specific
manner and has been observed for orthologous genes of humans and
mice.'>'>!>17 Repeated sequences have been shown to participate in
pre-mRNA structure formation, which contributes to splicing.'® For
instance, inverted repeats can contribute to circRNA forma-
tion.!>1>19 Currently, the biological role of circRNAs has not been
established and is being actively studied. These species are thought to
play a regulatory role and have been ascribed the function of
“molecular sponges.”ls’16 It was shown that the formation of
“circRNA-microRNA” complexes suppresses the function of micro-
RNAs (miRNAs), which allows circRNA to act as a mediator of
miRNA activity in cells.***" circRNAs containing sequences
of introns exercise transcriptional control because of the sorption of
RNA-binding proteins'” and snRNA.**

Volume 12 Issue 9



In this study, we established the structure of the circRNA of
the human SGMSI gene and analyzed its homologous circRNAs
in rat and mouse tissues. We studied the abundance of some
circRNAs in animal tissues and found that their amount in the
brain was elevated. A computational analysis was used to detect
Alu repeats in human SGMS! introns that participate in the for-
mation of circRNAs, and a large number of miRNAs that inter-
act with circRNAs were found. We discuss the structure,
expression features and possible functional role of circRNAs of
the sphingomyelin synthase 1 gene. The circRNAs identified are
likely to be involved in the regulation of the expression mecha-
nism of this gene.

Results

Detection of circRNAs among the transcripts of the human
SGMS1 gene

We found several sequences in the SRA (http://blast.ncbi.nlm.
nih.gov/Blast.cgi/) and circBase (http://www.circbase.org/) data-
bases that coincided with individual exons of the SGMSI gene
(Table S1). These exons may have resulted from back-splicing
and have a circular topology. As the greatest part of the circRNAs
stored in these databases included those stemming from the
RNA-Seq analysis of RNase R-treated RNA from human cellular
lines and were obtained by computerized treatment of short
RNA-Seq reads, experimental confirmation of their presence in
human tissues was required.

To confirm the circular topology of the new transcript variants
of the SGMS1 gene, the Northern blot hybridization method was
applied (Fig. 1). Hybridization of human frontal cortex RNA
preparations was performed using radioactive probes that were
complementary to the gene’s coding region (exons 7-8), and
3'UTR (exons 7-11) and 5'UTR (exons 2-6). Protein-coding
transcripts hybridized with all probes and were detected after frac-
tioning in agarose gel as a band in the region of 3300-4000 nt
(Fig. 1A). An additional radioactive signal corresponding to tran-
scripts with lengths of 200-500 nt was only detected in the case of
hybridization with a probe that was complementary to the
sequence of exons 2—6. The high intensity of the signal implied a
high content of short transcripts bearing 5'UTR exons of the gene
in the RNA sample studied. Treatment of a frontal cortex RNA
preparation with RNase R, which depletes linear transcripts,
resulted in the disappearance of the upper band in a similar experi-
ment; however, the bottom band, which corresponded to the short
products, was retained (Fig. 1A). This observation indicated the
circular topology of the transcripts detected in this region. The
fractioning of a frontal cortex RNA preparation in PAAG and sub-
sequent hybridization with a probe that was complementary to the
exon 2-6 sequence (5'UTR of the gene) led to the detection of
individual circular transcripts (Fig. 1B). Thus, we showed that
the frontal cortex RNA preparation contained circRNAs with a
size that varied considerably and with a sequence that coincided
with the 5’UTR of the SGMS! gene.

A subsequent search of circRNAs carrying individual exons
of the SGMSI gene was performed using PCR. Amplification
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Figure 1. Northern blot analysis of transcripts of the SGMST gene in the
human frontal cortex. Total RNA (—) and RNase R-treated RNA (+) were
hybridized with (a->?P)dATP-labeled probes. (A) RNA fractionation in
1.2% agarose gel; hybridization with probes complementary to the
regions of 1—the coding region (exons 7-8); 2—the coding region and
3’UTR (exons 7-11); 3 and 4—5'UTR (exons 2-6). (B) Fractionation of the
RNA preparation in 3.5% PAAG; hybridization with a probe complemen-
tary to the 5'UTR region of the gene (exons 2-6). The positions of the
marker bands of 28S and 18S rRNA, and also of the RiboRuler Low-Range
RNA Ladder are shown (nt).

of a frontal cortex cDNA synthesized from RNase R-treated
RNA was carried out in the presence of outward-facing pri-
mers corresponding to the sequence of each of the 11 exons.
Supplemental Table 2 shows the sequences of the primers
used, and Figure 2A illustrates their localization relative to the
exons. When the outward-facing primers corresponding to
exons 1 and 8-11 were used, no PCR products were detected;
in contrast, PCR products were detected in the presence of
primers for exons 2—7, which confirmed the circular topology
of the matrix (Fig. 2B). We must note that the transcripts
obtained using primers to exon 7 were detected at a lower
level. During the subsequent amplification of the frontal cor-
tex cDNA synthesized from RNA without preliminary RNase
R treatment in the presence of inward-facing primers, we
observed the synthesis of individual PCR products correspond-
ing to linear protein-encoding mRNAs (Fig. 2C). Concomi-
tantly, PCR products were detected in the presence of
outward-facing primers, which confirmed the presence of new
variants of the alternative splicing with a circular topology in
RNA preparations. Thus, circRNAs carrying sequences of
exons 2—7 of the gene were present in frontal cortex RNA
preparations.

Sequencing of individual PCR products in the presence
of outward-facing primers allowed the clarification of the
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structural  organization of several
circRNAs of the human SGMS! gene,
as well as the identification of the
regions of introns that are part of the
circRNAs (Fig. 3A). We determined
the nucleotide sequence of 11
circular transcripts of the SGMSI
gene  (Fig. 3B).  Six  circRNAs
(cireSGMS1_2-6, circeSGMS1_2-5,
cireSGMS1_4—6, circSGMS1_2-3,
cireSGMS1_4—5 and circSGMSI1_3-6)
included different combinations of
exons 2-6 (5'UTR) of the SGMSI
gene. Transcript cirecSGMSI_7 repre-
sented the sequence of exon 7 shaped
as a closed circle. Three RNAs
(cireSGMS1_1¢c-2-3,  circSGMSI1_2—
2¢-3 and circSGMS1_2-3-3c)
included  sequences  of
(lIc, 2c and 3c, respectively), which
have been spliced with the known
exons 2 and 3. The sequence of
cireSGMSI1_7-7b included exons 7
and 7b. Exon 7b was previously iden-

introns

tified in an alternative transcript of
the SGMS1I gene.6 According to the
data of the Human Splicing Finder
Program, exons lc, 2¢, 3¢ and 7b con-
tain canonic splicing sites at their
ends. Table 1 shows the characteriza-
tion of the new exons lc, 2¢, 3¢ and
7b. The GenBank database records
the circRNAs detected by wus as
KP710931-KP710938 and
KR020014-KR020016 (Table S1).

A search for linear transcripts lack-
ing sequences of exons 2-7 was car-
ried out using RT-PCR in frontal
cortex RNA preparations. Similar
RNAs are formed according to the
exon-skipping principle and may be
accompanied by the formation of
circRNAs. Several such variants were
detected among transcripts starting
from exon la. For instance, shorter
PCR products were detected in paral-

lel to the products (1538 nt) corresponding to the full-size
transcripts during the amplification of frontal cortex cDNAs
in the presence of Fla/R8 primers. The sequencing of these
products detected transcripts lacking exon 7 (684 nt), as well
as transcripts lacking exons 2-7 (232 nt). The latter were
detected at much lower levels (Fig. 3C). In similar studies, lin-
ear transcripts were found that included exon la but had no
sequences of exons 2-5 and 2-6. In the GenBank database,
the transcripts that were detected here have accession numbers

KR020022-KR020025.
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Figure 2. RT-PCR analysis of transcripts of the SGMST gene in the human frontal cortex. (A) The struc-
ture of the major coding transcripts; 5'UTR exons are marked by open rectangular boxes, coding exons
are marked by dark rectangular boxes and 3'UTR exons are marked by cross-hatched rectangular
boxes; the direction of the arrows indicates the 5'— 3’ orientation of the primers relative to the exons.
(B) Electrophoretic separation of the amplification products of cDNAs synthesized from an RNase R-
treated RNA. Outward-facing primers corresponding to the sequence of exons 1-11 were used. (C, D)
Electrophoretic separation of the amplification products of cDNAs synthesized from an RNase R-
untreated RNA in the presence of inward-facing primers and outward-facing primers (D) correspond-
ing to the exon sequence of the SGMST gene. The position of the bands of the Log Scale DNA Ladder
marker is shown (nt).

RT-PCR analysis of the abundance of circRNAs in human
tissues

An analysis of the abundance of the circRNAs detected in 9
human brain tissues and 9 human non-brain tissues was carried
out via RT-PCR using primers F2/R2, F5/R5 and F7/R7. Fig-
ure 4 shows the electrophoretic separation of the amplification
products, and it is obvious that the amounts of some circRNAs
in human tssues varied markedly. The long cirekSGMS1_2-6
(452 nt) and cireSGMS1_2-5 (371 nt) species were mostly rep-
resented in brain tissues (Fig. 4A and B). New exon-containing
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Figure 3. Structural organization of the new transcripts of the human SGMST gene. (A) Exon-intron structure of the human SGMS1 gene. Exons are
marked by rectangular boxes, introns by dashed lines. (B) Structure of the circRNAs of the human SGMST gene. The numbers in the circles indicate the
length of the circRNAs (nt). (C) 1—electrophoretic separation of the amplification products of a cDNA synthesized from an RNA from the human frontal

cortex using the F1a/R8 primers. The structure of the PCR products and their sizes are shown on the right (nt). M—A\ phage DNA treated with the Pstl
restriction nuclease was used as a marker.

cireSGMS1_2-3-3c was also represented more often in the brain
tissues compared with other tissues (Fig. 4A). In the majority of
tissues, circSGMS1_7-7b was detected at a low level (Fig. 4C).

Primers F1/R3, which were specific to the coding transcript con-
taining exon 1, were employed for the endogenous control of the
expression level of the SGMS! gene (Fig. 4D).
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Table 1. Characterization of the new exons

Name Length (nt) Position in genome?®
1c 43 50598823-50598781
2c 80 50527947-50527868
3c 112 50516434-50516323
7b 78 50340464-50340387

2GenBank accession number NC_000010.11

Analysis of homologous circRNAs of the sphingomyelin
synthase 1 gene in rats and mice

We discovered several new circRNAs in rats and mice using
PCR. Outward-facing primers corresponding to exons 2, 5 and 6
(F2/R2,, F2,/R2; F5,/R5,, F5_/R5,; and F6,/R6,, F6,,/RG,,)
were used to amplify cDNA fragments of the total brains of rats
(Fig. 5) and mice (Fig. S1). These primers’ sequences are shown
in Supplemental Table 2, and their localization relative to exons
in rats and mice is shown in Figure 5A and Supplemental
Figure 1A, respectively. Sequencing of individual PCR products
showed the existence of several circRNAs in the rat (Fig. 5B and
C) and in the mouse (Fig. S1B and C). These circRNAs included
sequences of the 5’UTR (exons 2-5) and of exon 6 containing a
fragment of the SgmsI coding region of the rat and mouse. In
the GenBank database, the accession numbers of the rat
and mouse circRNAs identified
here are KP710939-KP720941,

circRNAs of rodents were less homologous (38%-58%) to
human circRNAs, mainly because of the absence of an exon
homologous to human exon 5 in these rodent circRNAs. None-
theless, the observation that formation of some of them was asso-
ciated with the back-splicing of their homologous exons was
important. For instance, circSgms1,_2-5 and circSgmsl,,_2-5 of
rats were similar to human cireSGMS1_2-6, and circSgmsl,_4-5
and circSgmsl,,_4-5 were similar to human circeSGMSI_4-6
(Fig. S3).

Analysis of the quantitative abundance of circRNAs in
tissues of humans, rats and mice

The quantitative abundance of major coding transcripts and
circRNAs of the sphingomyelin synthase 1 gene in different tis-
sues of humans (rats and mice) was assessed using real-time RT—
PCR technique relative to the average mRNA level of 3 house-
keeping genes LDHA, GAPDH, and RPL3 (Ldha, Gapdh, and
Rpl3), which was set as 100% (Fig. 6). Primers used for major
coding transcripts and circRNAs are listed at Supplemental
Table 3. Figure 6A shows that transcript encoding the human
SMSI varied from 5.8% (frontal cortex) to 23.1% (corpus cal-
losum) in brain tissues, and was comparable to non-brain tissues,
where it varied from 5.2% (liver) to 16.6% (spleen). Figure 6D
shows that the amount of human circRNAs varied from 1.0%
(cerebellum) to 4.9% (corpus callosum), whereas it did not

KR020017 and KR020018 (rat);
and KP710942 and KR020019-
KR020021 (mouse) (Table S1).
The use of bioinformatics to
compare the exon 2—7 nucleotide
sequences belonging to human

circRNAs and the exon 2—6 nucle- B

otide sequences of the rat and ggg B

mouse Sgmsl gene revealed a high 345~

similarity of individual sequences, 3?:___ -
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content. A high homology (73%— c
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rodents, homologues of human
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circRNAs of the rat and mouse
were similar, as they included
homologous exons. The single-
exon RNAs circSgmsl,_6 and
circSgmsl,, 6 of rodents were
highly homologous (88%-89%)
to human cirecSGMSI1_7
RNA (Fig. 8$3). The multi-exon

1034

Figure 4. Electrophoretic separation of the PCR products corresponding to the circRNAs of the SGMST gene.
Electrophoretic separation of the PCR products corresponding to circRNAs was carried out after 40 amplifica-
tion cycles. For the amplification, outward-facing primers corresponding to the sequences of exons 2 (A), 5
(B) and 7 (C) were used. (D) For the control of the amount of RNA in a sample, the level of the coding tran-
script of the SGMST gene was assessed using the inward-facing F1/F3 primers (28 amplification cycles). circR-
NAs are shown to the right of the electrophoretogram, and the lengths of PCR products are shown to its left
(nt); tissues from which RNA was isolated are shown at the bottom.
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Figure 5. Analysis of circRNAs of the rat Sgms1 gene. (A) A fragment of the structure of the coding transcript
of the rat Sgms7 gene. (B) Structure of the detected circRNAs of the rat Sgms1 gene. The numbers in the
circles designate the length of circRNAs (nt). 5’UTR exons are shown in white, and coding exons are shown in
black. (C) Electrophoretic separation of the amplification products of a cDNA synthesized from RNA from total
rat brain. For amplification, outward-facing primers corresponding to the sequences of exons 2, 5 and 6 were
used. For the control of RNA content in samples, the level of the Sgms1 coding transcript was assessed using
the inward-facing F1,/R3, primers. circRNAs are shown to the right of the electrophoretogram, and the

in each group, whereas Alu repeats
from different groups exhibited
high

showed that some Alu repeats

complementarity. ~ We

from different groups were located
near exons involved in cyclization

(Fig. S4A). For instance, AluSx

exceed 0.4% in non-brain dssues (lymph node). Similar results
for major coding transcripts and circRNAs of Sgrmsl are shown
for the rat (Fig. 6B and E) and mouse (Fig. 6C and F).

We also assessed the quantitative abundance of
circSGMS1_2-6, circSgmsl,_2-5 and  circSgmsIm_2-5 in
human, rat and mouse tissues relative to the basic protein-
encoding transcript, which level was taken as 100%. As
shown in Figure 6G, the amount of ci7eSGMSI_2-6 in the
brain tissues varied from 7.8% (cerebellum) to 37.3% (thala-
mus). In non-brain tissues, its amount was considerably lower
and varied from 0.7% (placenta) to 3.3% (lymph node). In
tissues of rats and mice we found, a considerably larger
amount of circRNAs in brain tissues compared with non-
brain tissues. The amount of rat brain circSgmsl, 2-5 varied
from 2.8% (cerebellum) to 9.2% (subcortex), whereas it did
not exceed 1% in non-brain tissues (lung) (Fig. 6H). In the
total brain sample of mice, the level of the homologous circu-
lar circSgmsl,,_2—-5 was 2.1%, whereas it did not exceed
0.6% in non-brain tissues (Fig. 6I).

Thus, the circRNAs of all studied organisms were more abun-
dant in brain tissues compared with non-brain tissues. In humans
and rats, it was shown that the amount of circRNAs in subcorti-
cal structures of the brain (thalamus, hypothalamus and hippo-
campus) was, on average, greater than that detected in the frontal
cortex and in the cerebellum.
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was located before exon 2 and
AluY was located after exon 6,
with a complementarity of 80%.
The interaction between these Alu repeats might contribute to the
approximation of the 5" end of exon 2 to the 3’ end of exon 6, to
their splicing and to the formation of cire<SGMSI_2-6 (Fig. S4B
and C). Exons 1c, 2¢, 3¢ and 7b detected in circRNAs were also
located near Alu repeats. AluSp was located 1349 nucleotides
away from the 3’ end of the exon 7b. Both exons 1c and 2c were
surrounded by homologous Alu repeats. Regarding exon lc,
AluSg and AluSp were located 778 and 745 nucleotides away
from the 5" and 3’ ends of the sequence, respectively. In the case of
exon 2¢, AluJr and AluSc were located 677 and 799 nucleotides
away from the 5’ and 3’ ends of the sequence, respectively.
Homologous Alu repeats may participate in the regulation of the
incorporation of an additional exon into circRNAs, because of
their competition for the interaction with the oppositely oriented
Alu.

Dozens of repeats (Alu, B1, B2, B4, ID families) were
detected in rat and mouse Sgmsl introns using the UCSC
browser. The Table S4 shows the characteristics of repeats, which
are located near the exons, involved in circularization, and may
allow the formation of the secondary structure of pre-mRNAs,
which contributes to back-splicing and to the emergence of
circRNAs. Thus, the complexes of repeats that flank the sequen-
ces of these circRNAs and underlie the preferential yield of spe-
cific splicing variants are likely to be involved in the formation of
the circular transcripts detected here (Fig. S4, Table S4).
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Figure 6. Analysis of the quantitative abundance of coding transcript and homologous circRNAs in the sphingomyelin synthase 1 gene of humans, mice
and rats. The content of major coding transcript of gene encoding SMS1 for human (A), rat (B), mouse (C), and circSGMS1_2-6 (D), circSgms1,_2-5 (E),
circSgms1,, 2-5 (F) referred to GAPDH, RPL3 and LDHA (Gapdh, Rpl3 and Ldha) genes in tissues. (G) The content of circSGMS1_2-6 referred to the major
coding transcript SGMST in human tissues; circSgms1r_2-5 (H) and circSgms1m_2-5 (1) referred to the major coding transcript Sgms1 in rat and mouse tis-
sues, respectively. The level of reference genes set to be equal to 100%. The data are presented as the mean =+ standard error of the mean. Results for

Analysis of circRNA sequences of the human SGMSI gene
for the presence of miRNAs and protein-binding sites

Using a bioinformatics approach, we estimated the potential of
circRNAs of the human SGMS1 gene to bind miRNAs. According
to mirBase, their sequences can bind dozens of miRNAs. The
STarMirDB database was used to search for miRNA-binding sites
in the sequence of exons 1-7 of the human SGMSI gene (Gen-
Bank accession number NM_147156). Figure 7A shows the total
number of miRNA sites for which the start site is found in the
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specified interval of 25 nt. It is obvious that the largest number of
miRNA-binding sites was observed in the area of exons 5, 6 and 7,
whereas their smallest number was detected in that of exon 1. In
the 5’UTR of exon 7, their amount exceeded the number of bind-
ing sites found in the coding region. We searched for miRNA-
binding sites that interacted with Ago proteins in the mRNA
sequence of the SGMSI gene. Unique miRNAs were found that
were able to cooperate with Ago and interact with the mRNA of
the SGMS]1 gene in the protein-coding region and in the 3’'UTR.
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Figure 7. Search of miRNA-binding sites in the sequences of exons 1-7 of the human SGMST gene. (A) The total number of sites of the miRNA in which
the start site falls within the specified 25-nt-long interval of the mRNA (GenBank accession number NM_147156). (B) Curves of the potential binding of
individual miRNAs involved in the formation of complexes with Ago proteins, circRNAs and the sequence of exon 1.

Subsequently, we determined the amount of individual miRNAs
that were able to interact with both Ago proteins and the exon 1-7
sequence. We only studied those miRNAs with binding sites that
were located entirely within the zone of a specified exon. The
number of miRNA-binding sites of the circRNA sequences was
determined by adding the number of miRNA-binding sites to the
number of exons that were part of the cycle. Figure 7B shows the
number of entry sites in individual miRNAs on some of the
circRNAs detected here (circSGMSI_2—6, circSGMSI1_2-5,
circSGMS1_2-3 and circSMGSI1_7) and in exon 1, which was not
included in circRNAs. Exon 1 obviously had a minimal number
of similar sites, and the circRNAs containing exons 5, 6 and 7 had
a larger amount of miRNA-binding sites that were able to interact
with Ago proteins.

Using RBPDB, we estimated the potential of the binding of
exons lc, 2¢, 3¢ and 7b of circRNAs to RNA-binding proteins
(RBDPs). The largest number of RBP binding sites was found in
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the sequence of exon 3c, in particular in the MBNLI, EIF4B,
YTHDCI, ELAVL1, KHDRBS3 and SFRSI proteins, which are

involved in the control of transcription, splicing and translation.

Discussion

Evidence of a newly discovered class of RNA in eukaryotes
was reported recently. These transcripts are formed during the
ligation of linear RNA exons, so that the 5" end of the pre-
mRNA exon binds the 3’ end of the upstream exon. 104
They are circular and non-coding RNAs. '® The abundance of
circRNAs has been shown using RNA-Seq technology.lz’M’23 In
this study, we confirmed 7 circRNAs and discovered new 4
circRNAs for the SGMSI gene in RNA preparations of human
tissues. It should be noted that, in human tissues studied, we
failed to detect the circRNAs from the circBase database that

1037



included the sequences of exons 1, 8, 9, 10 and 11 of the SGMS1
gene. Simultaneously, circRNAs, which contain exons ¢, 2¢, 3¢
and 7b have been found by us for the first time. Many circRNAs
from circBase database are probably either specific for definite
human cellular lines or do not exist 77 vivo, such as those result-
ing from computational data processing of short RNA-Seq reads
(Table S1). Over half the circRNAs that are known currently
contain exons that only code for proteins.'” In the case of the
SGMS1 gene, its circRNAs contained mostly exon sequences
from the 5’UTR. The fact that the 5UTR of SGMS]I consists of
several exons separated from each other by large introns led us to
assume that this type of 5'UTR organization of genes in eukary-
otic cells might be used, via back-splicing, for the synthesis of
non-coding circRNAs that are able to participate in the regula-
tion of the function of these genes.

The splicing of exons separated by large introns can involve
complementary interspersed repetitive elements. These allow
intron splicing sites to be found more quickly by folding the
intronic RNA upon itself at smaller intervals, thus reducing the
distance between donor and acceptor sites.'® The formation of
circRNAs sometimes also includes the connection of splicing sites
that are located far away from each other and can be controlled at
the level of pre-mRNA splicing.”>?® In this process, Alu repeats
can play the role of repeated sequences.'***** Using
ZKSCANI, HIPK3 and EPHB4 as examples, it was discovered
that the removal of Alu elements in flanking introns interrupted
exon circularization.'” The exon-flanking introns of the human
SGMS1 gene are tens of times longer than its exons. They include
a large number of Alu repeats placed in an orientation that allows
the formation of the secondary structure of pre-mRNAs, which
contributes to back-splicing and to the emergence of the tran-
scripts discovered by the authors. The incorporation of additional
exons (1¢, 2¢, 3c and 7b) surrounded by Alu repeats in circRNAs
was another indication of the involvement of Alu repeats in the
formation of circRNAs.

Alternative promoters located inside introns also take part
in the synthesis of the transcripts of the SGMSI gene.® Com-
pared with the distal promoter located at the 5" end of the
gene’s locus, the contribution of the alternative promoters to
the synthesis of the SGMSI mRNA is not large. One can
suggest that they participate in the synthesis of circRNAs.
For instance, the detection of linear transcripts in the human
frontal cortex, starting from exon la but missing exon 7 or
exons 2—7, suggests the involvement of an exon la-containing
promoter in the synthesis of circRNAs (Fig. 3C). Such
transcripts can result from an exon-skipping process accompa-
nied by the circulation of lost exons. Whether alternative pro-
moters participate in the synthesis of the mRNA and
citcRNAs of SGMSI is a problem that remains open for
discussion and requires further investigation.

We detected similar circRNAs in rats and mice. Detection of
highly complementary repeats in the orientation, which may
allow the convergence of back-splicing sites, points to a similar
principles of circRNAs formation in human and rodents. At the
same time some homologous circRNAs nascent from the 5’'UTR
of the SGMSI gene were more abundant in the brain compared
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with other tissues. This phenomenon is in good agreement with
the evidence that circRNAs can be expressed from orthologous
genes and that their expression can proceed in a tissue-specific

manner. 13.17

circRNAs may be localized in neuronal cell bodies
and synaptic processes (axons and dendrites), and change at
developmental stages that correspond to synapse formation and
follow homeostatic plasticity.”” A high content of circRNAs has
been shown in the human and murine brain.?*"** There is evi-
dence that circRNAs may exist at different levels in various brain
parts.13 For instance, a large amount of the antisense ciRS-7
RNA of the CDRI gene has been reported in the developing
mouse midbrain and in several other animals.'” In the case of
humans and rats, we observed that the amount of the circRNAs
studied can also be different in different brain parts.

The mechanisms of formation of circRNAs are probably simi-
lar in the human, rat and mouse brain, which raises the problem
of the biogenesis of the elevated amounts of circRNAs in the
brain. The regulation of these processes can occur at multiple lev-
els and involve the synthesis, transport and degradation of circR-
NAs. Pre-mRNA splicing provides one of the most important
factors of biogenesis. Apparently, back-splicing of pre-mRNAs in
the brain has more competitive advantages than it does in non-
brain tissues. The elevated quantity of circRNAs from the
5'UTR of the sphingomyelin synthase 1 gene observed here
might point to their functional significance in the brain.

The biological significance of circRNAs is being studied
actively. Regarding exonic circRNAs, the fact itself of their exis-
tence may mean a reduction of the amount of full-size mRNAs,
and, consequently, can affect protein levels. Concomitantly,
circRNAs are resistant to the action of nucleases, and some of
them can act as molecular sponges for miRNAs.">'*** In partic-
ular, the function of circRNAs as miRNA activity mediators was
studied in the instance of the circular antisense ciRS-7 RNA,
which is highly expressed in the human and mouse brain.***' Tt
has been shown that ciRS-7 binds to miR-7 and is subsequently
destroyed in an Ago-dependent manner. There is a correlation
between the level of miRNAs and that of the circRNA ciRS-7.
For instance, the amount of the circRNA ciRS-7 is decreased in
the hippocampus of patients with Alzheimer’s disease, whereas
the level of miR-7 increases at the same time, which probably
affects the expression of several Alzheimer’s disease-specific
factors.”? We presumed that the exonic circRNAs of the
human SGMS1 gene can also bind miRNAs. We discovered that
circular transcripts that include exons 5, 6 and 7 exhibited the
highest capacity for sorption of miRNAs. In addition, these
circRNAs can absorb miRNAs that interact with Ago proteins
and with the mRNA of the SGMSI gene. Proteins of the Ago
family are well known to act as RISC complex factors, which cut
the RNA target.” 4 Sorption of miRNAs that interact with Ago
proteins can reduce the quantity of active miRNA-Ago com-
plexes and contribute to the protection of the mRNA target.
cireSGMS1_2-6 and cireSGMSI_2-5 displayed a high level of
representation in the brain, and their contribution to the reduc-
tion of the pool of miRNAs might be considerable.

The discovery of the incorporation of intronic fragments in
circular transcripts seems of interest as far as the functions of
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these RNAs are concerned. Their structure suggests a putative
combination of functions that are typical of exonic and intronic
circRNAs. Exons can act as sponges for miRNAs, whereas an
intronic fragment, like intronic circRNAs, can take part in the
sorption of RNA-binding proteins.'” According to the RBPDB,
the sequence of exon 3¢, for instance, as a part of the
cireSGMS1_2-3-3¢ that prevails in the brain, can adsorb proteins
that are involved in the control of transcription, splicing and
translation. The results obtained here allowed us to assume that
the circRNAs of the sphingomyelin synthase 1 gene can act as
cis-acting factors for the regulation of gene expression.

In conclusion, we note that the significance of the majority of
circular transcripts remains obscure, and that, sometimes, they
are interpreted as inconsequential side products of pre-mRNA
splicing.'” The high amount of circRNAs from the 5’UTR of the
sphingomyelin synthase 1 gene observed in the brain, which was
typical in the mouse, rat and in humans, testifies in favor of the
functional significance of this class of RNA. The discovery of cir-
cular non-coding RNAs in the sphingomyelin synthase 1 gene
not only expands our knowledge about its organization, but also
helps answer questions about the functional significance of
multi-exonic 5’UTRs.

Materials and Methods

Animals

Experiments on animals were carried out in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH Publ. no 80-23, revised 1996). White
male rat of the Wistar line (weight, 200-250 g) and white outbred
mice (weight, 20 g) were maintained on a 12 h light/dark cycle at
a temperature of 22-24°C, with free access to food and water.

RNA isolation

The study was performed after approval from the local ethics
committee, was obtained. Total RNA was isolated from human
placenta, blood and post-mortem tissues (the time from acciden-
tal death to autopsy was 4 h), as well as from rat and mouse tis-
sues using TRIzol reagent (Invitrogen, USA) and an acid
guanidine thiocyanate—phenol—chloroform extraction.*® The iso-
lated RNA was treated with DNase I (ThermoFisher scientific,
USA) in the presence of RiboLock (ThermoFisher scientific),
according to the protocol recommended by the manufacturer.
Deproteinization was performed using a 1:1 phenol:chloroform
mixture. The isolated RNA was precipitated with sodium acetate
(3.0 M, pH 5.2) and ethanol. RNA integrity was checked by
analysis of ratio between the bands of 28S and 18S rRNAs after
denaturing agarose gel electrophoresis.®®

Total RNA RNase R treatment

To carry out the synthesis of cDNA, 2 pg of total RNA was
treated with 10 pl of the reaction mixture and 10 U of RNase R
(Epicentre) in 1x RNase R-buffer. The mixture was incubated at
37°C for 1 h. Subsequently, 1 pl of 1 mM EDTA was added
and used for the synthesis of cDNA. For Northern blot analysis,
RNase R-treated RNA was subjected to deproteinization with a

www.tandfonline.com

RNA Biology

1:1 phenol:chloroform mixture
isopropanol.

and re-precipitated from

cDNA synthesis

The synthesis of cDNA was carried out in 20 pl of
reaction mixture containing 2 pg of RNA using the reagents of a
RevertAid First Strand ¢cDNA Synthesis Kit and short random
oligodeoxyribonucleotide primers (ThermoFisher scientific), in
accordance with the manufacturer’s instructions.

RT-PCR and sequencing of PCR products

To obtain samples for sequencing, 20 pl of reaction mixture
was prepared for PCR, containing 2 pl of 0.2 reverse transcrip-
tase reaction sample, forward and reverse primers (5 pwmol each)
(Table S2), 0.2 mM of ANTP, 1x High-Fidelity PCR Buffer
with MgCl,, High-Fidelity PCR Enzyme Mix (5 U/pL) (Ther-
moFisher scientific) and nuclease-free water (up to 20 pL). Spe-
cific primers were selected using the OLIGO Primer Analysis
Software 6.31 and synthesized by the Evrogen Joint Stock Com-
pany, Russia (Table S2). Amplification of cDNA was performed
on a multichannel amplifier (DNA technology, Russia) in the
following mode: stage 1 (denaturation): 95°C, 5 min; and stage
2 (amplification): 95°C, 30 s; 65°C, 1 min; 72°C, 40 s (35
cycles). The electrophoretic separation of PCR products in an
agarose gel was performed in 1x TAE buffer.’” Sequencing of
PCR products using the Sanger method was performed by the
Evrogen Joint Stock Company.

Northern blot analysis

For Northern blot hybridization, frontal cortex RNA samples
that were fractionated in agarose or polyacrylamide gel (PAAG)
were used. Total RNA (12 pg) and 12 pg of RNase R-treated
RNA were separated on a denaturing 1.2% agarose gel contain-
ing 40 mM MOPS (pH 7.0), 10 mM sodium acetate, 1 mM
EDTA and 2.2 M formaldehyde, as described in,”” and were
transferred to a Hybond N+ membrane (GE Healthcare, USA)
via the downward alkaline capillary method described previ-
ously.”® Total RNA (30 ug) and 30 pg of RNase R-treated
RNA were separated in a denaturing 3% PAAG containing 48%
carbamide, 12.1 g/ of tristhydroxymethyl)aminomethane,
5.1 g/L of boric acid and 0.4 g/L of EDTA according to the
procedure described in,”” and transferred to a Hybond N+
membrane (GE, Healthcare, USA) via electrotransfer.

To produce a radioactively labeled probe for exons 2—6 of the
SGMS]I gene, cDNA synthesized from a total RNA sample from
the frontal cortex was amplified in the presence of forward (5’
GGAGAAAGAAGACAGCCATCA-3') and reverse (5'—
GCTTCTCCCATTGTTCCAGTA-3') primers. The 338-nt-
long fragment of cDNA amplicon comprised 29 nt of the 3'-end
region of exon 2, the full length of exons 3, 4 and 5 and 33 nt of
the 5’-end region of exon 6. To obtain a radioactively labeled
probe for exons 7-8, cDNA synthesized from a total RNA sam-
ple from the frontal cortex was amplified in the presence of for-
ward (5-GGCGTAGACATCCCCACC-3') and reverse (5'—
TACAGCGTGCCAACTATGC-3') primers. The 407-nt-long
cDNA fragment contained 362 nt of the 3’-end region of exon 7
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and 45 nt of the 5’-end region of exon 8. To generate a radioac-
tively labeled probe for exons 7-11, exons of cDNA synthesized
from a total RNA sample from the frontal cortex were amplified
in the presence of forward (5'-TGGTTAATTCAGTGG
CTGCTC-3') and reverse (5'-ATGGTGGTTGCGGGTTAT-
3’) primers. The 918-nt-long cDNA fragment contained 32 nt
of the 3’-end region of exon 7, the full length of exons 8, 9 and
10 and 447 nt of the 5'-end region of exon 11. Amplification of
cDNA was performed in the following mode: stage 1 (denatur-
ation): 95°C, 5 min; and stage 2 (amplification): 95°C, 30 s;
65°C, 1 min; 72°C, 40 s (35 cycles). The fragments obtained
were isolated from the gel, purified, sequenced by Sanger method
and used for the production of probes via asymmetric amplifica-
tion using the corresponding reverse primers. Reaction mixtures
of 20 pl contained 20 ng of matrix, 150 nM of primers,
0.1 mM of each of the 3 nucleotides dGTP, dCTP and dTTP,
2 pM dATP, 2 uM (a-*P)dATP (5 MBq), 1.5 mM MgCl,
and 1 U of a mixture of DNA polymerases (High Fidelity PCR
Enzyme Mix, Thermo Scientific) in the buffer supplied with the
mixture of polymerases. Reaction conditions were as follows: ini-
tial denaturation of the matrix, 94°C, 4 min; followed by 94°C,
30 s; 58°C, 1 min; 72°C, 1 min (25 cycles). The product of the
3 reactions was extracted with a 24:1 chloroform:isoamyl alcohol
mixture, and ammonium acetate was added to 2 M; subse-
quently, it was precipitated with isopropanol and dissolved in
water, denatured by heating at 95°C for 5 min and added to
6 mL of hybridization buffer (0.5 M phosphate buffer (pH 7.2),
7% SDS, 1% BSA and 1 mM EDTA). Blots were hybridized at
65°C for 12 h. The signal was recorded using a Typhoon FLA
9500 apparatus (GE Healthcare).

Real-time RT-PCR

The 25 pl PCR mixture contained 2 pl of 0.2 x revertase reac-
tion sample, forward and reverse primers (5 pwmol each), 5 pl of
5x reaction mixture (Evrogen, Russia) including PCR bulffer,
Taq DNA polymerase, dNTPs and the intercalating dye SYBR
Green . Primers specific to the genes studied were selected using
OLIGO Primer Analysis Software 6.31 and were synthesized by
the Evrogen Joint Stock Company (Table S3). The amplification
of cDNAs was performed on a StepOnePlus™ Real-Time PCR
System (Applied Biosystems, USA) in the following mode: stage 1
(denaturation), 95°C, 10 min; and stage 2 (amplification with
fluorescence measured), 95°C, 1 min; 65°C, 1 min; 72°C, 1 min

(40 cycles). Each cDNA sample was analyzed 3 times.

Data analysis of real-time RT-PCR and statistics

The average cycle threshold (Ct) was calculated for each triplicate.
Three reference genes GAPDH, RPL3, LDHA (human) and Gapdh,
Rpl3, Ldpa (ratand mouse) were used to normalize the cDNA samples
in the quantification of the transcripts encoding the SMS1 protein and
circRNAs.*® Calculations were performed using BestKeeper v1%° and
Relative Expression Software Tool (REST) 2009 software. The manual
at the site “REST .-gene-quantification.info” (http://www.gene-quan-
tification.de/rest-2009.html) was used to evaluate expression target
genes relative to the expression levels of the reference genes. The values
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werecalculated as

Ct(ref) /pC
E t(re )/E t(ra:)’

where E is the PCR efficiency, Ct(tar) is the average Ct of the target
gene, and ECCD is the geometric average E* of the reference genes.
The PCR efficiencies for all primer pairs were estimated using a
cDNA dilution series amplification in which 3 replicate reactions
were performed for each dilution. PCR efficiencies were assessed
using the amplification of a series of standard dilutions of cDNAs
and computed using the REST software.”' The efficiency values for
all PCR reactions were in the range of 1.88-1.99. Additional calcu-

lations were performed using Microsoft Excel.

Computational methods of analysis

circRNAs were analyzed with the help of SRA-Blast from NCBI
(search database SRA using Megablast, available at http://blast.ncbi.
nlm.nih.gov/Blast.cgi) and circBase, available at http://www.circbase.
org.*? Analysis of the sequencing results was performed using Chromas
Lite software. The comparison between the sequencing results and the
sequence of the genome was performed using Blast from NCBI. The
search of thesplicing sites was carried outusing Human Splicing Finder,
v-2.4.1, available at www.umd.be/HSF. The search of repeats was
accomplished using the UCSC browser, available at http://genome.
ucsc.edu. Alignments of repeat sequences and the determination of the
homology between the sequences of different animals were carried out
using the Global Sequence Alignment Tool (NCBI). The search of
potentialmiRNA-bindingsites was performed using mirBase, available
athep://www.mirbase.organd STarMirDB,* availableathetp://sfold.
wadsworth.org/cgi-bin/starmir.pl. The S7zrMirDB database carries
informationonthe V-CLIP project, which pertains to miRNAsite-con-
taining Ago crosslink-centered regions (CCRs) M Possible interactions
with RNA-binding proteins were studied using RBPDB, available at
hetp://tbpdb.ccbr.utoronto.ca.”® Additional calculations were per-
formed using Microsoft Excel.

Data access

The annotated sequences were deposited into the GenBank
with the accession numbers KP710931-KP710943, KR020014—
KR020025.
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