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ABSTRACT
Marek’s disease (MD), induced by Marek’s disease virus (MDV), is a lymphotropic neoplastic disease and causes
huge economic losses to the poultry industry. Non-coding RNAs (ncRNAs) play important regulatory roles in
disease pathogenesis. To investigate host circular RNA (circRNA) and microRNA (miRNA) expression profile,
RNA sequencing was performed in tumourous spleens (TS), spleens from the survivors (SS) without any lesion
after MDV infection, and non-infected chicken spleens (NS). A total of 2,169 circRNAs were identified andmore
than 80% of circRNAs were derived from exon. The flanking introns of 1,744 exonic circRNAs possessed 579
reverse complementary matches (RCMs), which mainly overlapped with chicken repeat 1 family (CR1F). It
suggested that CR1F mediated the cyclization of exons by intron pairing. Out of 2,169 circRNAs, 113 were
differentially expressed circRNAs (DECs). The Q-PCR and Rnase R digestion experiments showed circRNA
possessed high stability compared with their linear RNAs. Integrated with previous transcriptome data, we
profiled regulatory networks of circRNA/long non-coding RNA (lncRNA)-miRNA-mRNA. Extensive competing
endogenous RNA (ceRNA) networks were predicted to be involved in MD tumourigenesis. Interestingly,
circZMYM3, an intronic circRNA, interacted with seven miRNAs which targeted some immune genes, such as
SWAP70 and CCL4. Gga-miR-155 not only interacted with circGTDC1 and circMYO1B, but also targeted
immune-related genes, such as GATA4, which indicated the roles of non-coding RNAs played to mediate
immune responsive genes. Collectively, this is the first study that integrated RNA expression profiles in MD
model. Our results provided comprehensive interactions of ncRNAs and mRNA in MD tumourigenesis.
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Introduction

Marek’s disease (MD), a T-cell lymphoma disease, caused by
Marek’s disease virus (MDV), can induce T-cell lymphoma, immu-
nosuppression and neurological disorders, and bring huge losses to
the global poultry industry [1,2]. The mortality of susceptible
chicken infected with MDV reached up to 100%. MD in chicken
is also a good biomedical research model for virus-induced lym-
phoma disease [3,4]. Up to date, many researchers reported that
non-coding RNAs (ncRNAs), including microRNAs (miRNAs),
long non-coding RNAs (lncRNAs) and circular RNAs (circRNAs),
play important role in the occurrence of diseases [5–9]. Some
lncRNAs and miRNAs involved in MD have been reported [10],
but circRNA profile in MD is not yet investigated. CircRNA, was
a type of endogenous non-coding RNA, is the product of back-
splicing. Unlike linear RNA, circRNA, without cap and poly A tails,
is stable and not easily degraded by Rnase [11,12]. CircRNAs are
related to cell development [13] and various diseases, such as cardi-
ovascular disease, severe acne, traumatic spinal cord injury and oral
squamous cell carcinoma [14–17]. CircRNApossessesmany impor-
tant functions, including acting as microRNA (miRNA) sponges
[18,19], interacting with proteins to regulate gene expression [20],
regulating transcription and splicing [21,22] and translation into

a protein or polypeptide [23]. It is reported that exon-derived
circRNAs acted as miRNAs sponges and involved in many diseases
such as glioblastoma [18], hepatocellular [24], gastric cancer [25].
The circRNA profiles have been studied in chickenmuscle [13] and
follicular [26]. Zhang, et al. (2017) profiled the circRNA expression
of livers in ALV-J-resistant and ALV-J-susceptible chickens and
concluded that circRNAs were related to chicken resistance to
ALV-J-induced tumour formation [27]. Qiu, et al. (2018) investi-
gated the circRNAexpression profiles of the spleen tissues of normal
chickens and ALV-J-infected chickens and declared that circRNA
was involved in the tumourigenesis [28].

In this study, we comprehensively analyzed transcriptomes
and features of circRNA and miRNA in MDV-infected and
non-infected spleen and constructed ceRNA network includ-
ing circRNA, lncRNA, miRNA and mRNA to identify epige-
netic factors involved in MD tumourigenesis.

Results

Profiling of circRNAs in chicken spleens

To profile circRNA landscape in chicken spleens during
MDV-induced transformation stage, we characterized
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circRNA transcripts in 14 samples using rRNA-depleted
RNA-Seq, sequencing data have been submitted to Gene
Expression Omnibus (GSE138600). A total of 161.35 gigabytes
data, and 157.99 gigabytes were remained after filtering the
adapters and low-quality reads. Clean reads were mapped
against the reference genome and unmapped reads were
saved followed by anchors splitting and re-alignment.

We identified 2,169 circRNAs with at least two indepen-
dent reads spanning over back-splice junction sites via two
software of find_circ and CIRI2 (Supplementary Table 1).
Among 2,169 circRNAs, 1,744 were produced from exons of
1,172 genes, out of which, 855 parental genes generated one
circRNA per gene, while, the other genes could produce two
or more circular informs (Fig. 1(a)). In total of 286 were
generated from intergenic region and the remaining were
intronic circRNAs (Fig. 1(b)). The length of circRNAs ranged
from 185 nt to 91,159 nt and most of them located in chro-
mosome 1 (Fig. 1(c)). The counts of the reads that spanned
over back-splice junction sites were normalized as the number

of transcripts per million (TPM) (Supplementary Fig. 1). The
circRNAs originated from exon, intron and intergenic region
showed no significant changes in length and expression abun-
dance (TPM) (Fig. 1(d)). The back-splicing events in chicken
showed that circRNA preferred to be generated from exon
regions. The length of flanking introns of circRNAs’ parental
exon was of median 7,208 bp and ranged from 12 bp to 193
data, 653 bp, which was significantly longer than that of the
linear exons (Fig. 1(e)), which indicated that exons with long
flanking intron sequences tended to generate circRNAs. We
also observed that introns flanking circRNAs’ parental exons
contained many repetitive elements. Of note, simple repeats
and interspersed repeats extensively existed in introns brack-
eting exonic circRNAs, including long interspersed nuclear
elements (LINEs, especially chicken repeat 1 family), short
interspersed nuclear elements (SINEs), low complexity
sequences, satellites and microsatellites (Fig. 1(f)).

We aligned the flanking intron pairs of exons encoding
circRNA to identify reverse complementary matches (RCMs)

Figure 1. Identification of circRNA in chicken spleens. (a) The distribution of host genes encoding different number of novel circRNAs in chicken spleens. (b) The
proportion of different categories of circRNAs in chicken spleens. Most of circRNAs were derived from exon regions of their host genes while a few circRNAs were
formed by circularization of intronic or intergenic sequences. (c) The distribution of novel circRNAs in different chromosomes. Huge chromosomes produced more
circRNAs in chicken genome. (d) Cumulative distribution of circRNA length (left) and expression (right). Three different types of circRNAs showed no significant
changes in length and expression abundance (TPM). (e) Box plot showing the length of flanking introns of circRNAs’ host exon and the other exons. Introns
surrounding circRNAs’ host exon significantly larger than that of other spliced exons. (f) Over-representation test showed that simple repeats and interspersed
repeats were significantly enriched in circRNA flanking introns (p < 0.01, fisher exact test). Moreover, by employing alignment in each circRNA flanking intron pair,
over 80% of RCMs contained chicken repeat 1 family (left). (g) The genomic regions of RUNX2. (h) The RCM in the long intron flanking sequences of the upstream of
exon 2 and the downstream of exon 4.
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using Basic Local Alignment Search Tool (BLAST). Total of
579 RCMs were observed. Among them, 576 were shared in
the three groups, one was only shared in SS and NS, and two
were only shared in TS and SS. Out of 579 RCMs, 284 were
overlapped with CR1 family. Fisher exact test showed RCMs
were highly enriched in CR1 family (Supplementary Table 2;
Fig. 1(f)). It suggested that CR1 family within RCMs facili-
tated the circularization of their embedded exon. For exam-
ple, the genomic structure of the circRUNX2.1 (Table 1,
gga_circ_0009435) showed that the RCM existed in the
long flanking intron of exon (Fig. 1(g,h)). We further ana-
lyzed sequence feature of RCMs in chickens, and three most
prevalent sequence motifs were identified (Supplementary
Fig. 2). However, only 23% of 579 RCMs possessed at least
one of these motif sites.

The profile of circRNAs in three groups

Combining with our previous data [29], we conducted
a comparison between the linear splice junction sites of par-
ental genes and the back-splice junction sites of circRNAs. We
measured the correlation of expression between circRNAs and
their host genes in non-infected chicken to investigate their
relationship. CircRNAs exhibited an extremely low degree of
correlation with their host genes (Figure 2(a)). A weak
Pearson correlation coefficient of 0.058 suggested that the
frequency of head-to-tail splicing events was largely indepen-
dent of its parental gene expression. We then evaluated the
expression variation of circRNAs and their parental genes in
three groups. Coefficient of variance of each RNA was com-
puted as the measurement of expression level variance.

Table 1. The specific information of 18 circRNAs.

Circ_ID Chr Parental gene Length (nt) Junction Name

gga_circ_0011261 4 ZMYM3 272 Intron 10pa circZMYM3
ggs_circ_0014428 7 GTDC1 282 Intron 3p-exon 4a circGTDC1
gga_circ_0014634 7 MYO1B 1251 Exon 11–13 circMYO1B
gga_circ_0009435 3 RUNX2 546 Exon 2–4 circRUNX2.12

gga_circ_0009437 3 RUNX2 162 Exon 6 circRUNX2.2b

gga_circ_0015132 8 AMY2A 605 Exon 5–9 circAMY2A
gga_circ_0003618 1 na 305 Intergenic_region circNA1
gga_circ_0008071 2 UBE2E2 281 Exon 4–5 circUBE2E2
gga_circ_0002209 16 TAP1 315 Exon 6–7 circTAP1
gga_circ_0000062 10 na 181 Intergenic_region circNA2
gga_circ_0000179 10 na 308 Intergenic_region circNA3
gga_circ_0003057 1 RUNX1 411 Exon 2–3 circRUNX1
gga_circ_0000542 11 WWOX 357 Exon 3–4+ intron 3p1 circWWOX
gga_circ_0003849 1 DACH1 278 Exon 2–3 circDACH1
gga_circ_0007434 2 na 507 Intergenic_region circNA4
gga_circ_0016716 Z NTRK2 718 Exon 2–3+ exon 10–11 circNTRK2
gga_circ_0016532 Z SMARCA2 385 Exon 3–4 circSMARCA2
gga_circ_0005414 1 LRP6 329 Exon 8–9 circLRP6

ap means the partial sequence of the region
bcircRUNX2.1 and circRUNX2.2 were originated from the same parental gene but different exons.
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Figure 2. Expressional profile of circRNAs. (a) Expression correlation between circRNAs and their respective parental genes. Reads that spanned junction site reads
(JSRs) were compared between circular and linear RNAs. (b) Expression variance of circRNAs and their parental genes in three groups. (c) Heatmap showing the
expression of all circRNAs identified in this research. Read counts of each circRNAs were scaled into Z score. (d) Number of differentially expressed circRNAs in three
different contrasts. (e) Volcano plots depicting differentially expressed circRNAs in three contrasts. The horizontal dashed lines represent the adjusted p value cut-off
of 0.01 and the perpendicular dashed lines represent |LFC| cut-off of 1.
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CircRNAs tended to have higher expression variance relative
to their parental genes, which indicated that the biogenesis of
circRNAs is prone to be regulated by multiple factors in
different individuals (Fig. 2(b)).

Next, differentially expressed circRNAs (DECs) were identified
byDEGseq2 (Supplementary Table 3). CircRNAs shared the simi-
lar expression profiles were clustered, and the results showed some
circRNAspredominately expressed in tumourous group and some
mainly expressed in non-infected group (Fig. 2(c)). In total of 98,
29 and 6 differentially expressed (DE) circRNAs in TS vs. NS, TS
vs. SS and NS vs. SS, respectively (Fig. 2(d)). In TS vs. NS, 58
circRNAs up-regulated while 40 circRNAs down-regulated in TS
group; 13 circRNAs were higher expressed in TS group relative to
SS group, whereas 16 circRNAs had lower expression levels in TS
group than that in SS group. Only six DE circRNAs were found in
NS vs. SS contrast, of which two circRNAs up-regulated in NS
group and four circRNAs down-regulated (Fig. 2(e)).

Out of 579 RCM circRNAs (with RCM in their flanking
regions), 30 circRNAs were DE with 28 in TS vs. NS, 6 in TS
vs. SS and 1 in NS vs. SS. In further analysis, we found that RCM
circRNAs were not over-represented in DE circRNA category
compared with other non-RCM circRNAs (p value = 0.91, fisher
exact test), that suggested there was no relationship between
circRNA bearing RCM and its differential expression.
Additionally, 284 out of 579 RCM circRNAs were overlapped
with chicken repeat family (CR1F circRNA), 14 CR1F circRNAs
DE in TS vs. NS, 1 in TS vs. SS and 0 in SS vs. NS (Supplementary
Table 2). To further investigate the relationship between chicken
repeat 1 family and MD, we used Chi-squared test to analyze
whetherCR1F circRNAswere prone to enrich in any comparison
group. The results showed that CR1F circRNAs were not sig-
nificantly over-represented in any comparison compared with
RCM circRNAs that had no CR1F overlaps (p value = 0.18, chi-
squared test).

The gene ontology analysis showed that parental genes of
DE circRNAs in TS vs. NS preferentially enriched in apoptotic
process and regulatory region nucleic acid binding
(Supplementary Table 4; Fig. 3(a)). Parental genes of DE

circRNAs in TS vs. SS were mainly enriched in DNA repair
and immune response (Fig. 3(b)). But no significant hits of
parental genes-associated pathways were discovered in three
comparisons.

To analyze the effects influencing differential expression
aside from clinical status, principal components analysis was
performed on three groups based on expression levels of DE
circRNAs, which displayed no significant sex or other effects
(Supplementary Fig. 3).

Experimental validation of circRNAs

To verify the accuracy of transcriptome sequencing, we selected
four DE circRNAs randomly, and divergent primer and con-
vergent primer were designed to identify the junction sequence
of circRNA. As shown in agarose gel electrophoresis (Fig. 4),
the products could be amplified by convergent primers with
either DNA or cDNA used as template; however, divergent
primer could amplify product only using cDNA as template.
Sanger sequencing of products amplified from cDNA showed
junction sequences (Fig. 4). Q-PCR results showed that the
expression of these circRNAs was corresponding with that in
RNA-Seq, which illustrated that data from RNA-Seq were
accurate and credible (Fig. 5). Four circRNAs, as well as their
parental genes, were digested by Rnase R to investigate the
stability of circRNA. Q-PCR results showed that circRNAs
parental genes were DE (p < 0.01, Fig. 6(a)), while, the expres-
sion of circRNAs had no significant difference between Rnase
R treatment and non-treatment group (p > 0.05, Fig. 6(b)).

miRNA transcriptome analysis

In order to investigate the interaction of circRNAs and
miRNAs in MD tumourigenesis, miRNA sequencing for
tumourous and non-infected spleens was performed, sequen-
cing data had been submitted to Gene Expression Omnibus
(GSE138601). Reads shorter than 17 bp and longer than 35 bp
were discarded and remaining reads were aligned onto the
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chicken genome. Uniquely mapped reads were passed into the
downstream analyses. Detail sample information, quality con-
trol and mapping statistics were listed in Supplementary Table
5. DE miRNAs (DE miRNAs) were identified by DESeq2
(Supplementary Fig. 4A). We obtained 33 and 64 DE
miRNAs in TS vs. NS contrast and TS vs. SS contrast, respec-
tively, of which 29 miRNAs deregulated in both contrasts
(Supplementary Table 6; Supplementary Fig. 4(b,c)).
Specifically, no DE miRNAs were detected in NS vs. SS
contrast.

Delineation of the circRNA/lncRNA-miRNA-mRNA
interplays network

To elucidate the miRNA regulatory function of DE circRNAs
in our study, we used miRanda to predict potential miRNA
seed sites. We combined previous lncRNA and mRNA data,
and investigated the interactions of DE lncRNAs and the
circRNA-miRNA-mRNA (Fig. 7(a)), 107 DE lncRNAs were
participated in this network, and 29 DE lncRNAs were impli-
cated in the network with the gga-miR-155 acting as a hub
gene (Supplementary Table 7). Most of circRNAs were shared
by at most three miRNAs. However, circZMYM3 (Table 1,
gga_circ_0011261) contained the greatest number of seven
miRNA binding sites.

We used Cytoscape to visualize this network wherein
circRNAs, lncRNAs and mRNAs were connected by the same
target miRNAs (Fig. 7(a)) [30]. In the networks, gga-miR-214
had a putative binding seed targeting SWAP switching B-cell
complex 70 kDa subunit (SWAP70), an immune response-
related gene, which was predicted to interact with circZMYM3
and 55 lncRNAs. C-C Motif Chemokine Ligand 4 (CCL4),
a chemokine, involving in diverse immune responses, was pre-
dicted to interact with gga-miR-429-3p and gga-miR-200b-3p
that were decoyed by circZMYM3. gga-miR-155 was predicted
to interact with 29 lncRNAs, two circRNAs, circGTDC1 and
circMYO1B (Table 1, gga_circ_0014428 and gga_circ_0014634),
and five mRNA (Fig. 7(b)).

Potential coding ability analysis

Recent studies have found that circRNA has the potential to
encode proteins by IRES, we performed IRES prediction of
circRNA sequences and junction sequences (Supplementary
Table 8). According to prediction results, there were 2,474
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IRESs and the prediction score of some IRESs was up to
0.9974 which indicated an extremely high potential of coding
protein.

Discussion

In human genome, less than 2% DNA is translated into protein,
and a large amount of DNA sequence is transcripted into RNA
without translation activity, which is called non-coding RNA
(ncRNA). ncRNA was originally regarded as junk of gene tran-
scription [31]. With the development of high-throughput
sequencing technologies, more and more ncRNAs were identi-
fied and manifested to play key roles in biological processes, cell
development and various diseases [32–34]. CircRNA is single-

stranded RNA with a covalently closed loop structure [16].
Fischer and Leung (2017) revealed that circRNAs are stable,
dynamically, tissue-specific manner, and involved in apoptosis,
oxidative stress, protection against microbe infections and the
mediation of cellular homoeostasis [35]. Thus, we investigated
the circRNA expression profiles of MDV-infected chicken
spleen and to analyze the function of circRNAs in tumour
formation process. In this study, we identified 2,169 circRNAs
in 14 spleens tissues, which was lower than other researches
[13,26]. This might be explained by dynamic expression of
circRNA in a tissue-specific manner [35].

Previous study reported that MDV replicated in B cell and
T cells resulting in clinical signs such as paralysis and immune
suppression. MDV-associated immunosuppression mainly

**

**

**

**

**
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B

Figure 6. The resistance of circRNAs to Rnase R digestion. (a) The expression of β-actin and parental genes of circRNAs with or without Rnase R treatment. (b) The
expression of β-actin and circRNAs with or without Rnase R treatment. R+ represents that the RNA was digested by Rnase R, R- represents that RNA without digested
by Rnase R. **means p < 0.01.
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reflected in virus-induced changes in immune regulation and
tumour cell-induced immunosuppression [36]. Our previous
study investigated the lncRNA-mRNA expression profiles of
NS, TS, SS and found that several DE genes were related to
B-cell activation and Wnt signalling pathway. Furthermore,
some MD-resistant candidate genes, such as IGF-1, CTLA4,
HDAC9, SWAP70, CD72, JCHAIN, CXCL12 and CD8B were
also identified [29].

CircRNAs and lncRNAs can serve as miRNA sponge to
regulate the expression of mRNA by competing endogenous
RNAs (ceRNAs) mechanism. Combining previous lncRNA
and mRNA data, we found that 2 circRNAs and 29
lncRNAs could bind with miR-155 (Fig. 7(b)). Yao, et al.
(2009) also found that miRNA-155, an MDV-1-encoded func-
tional orthologue of MDV-miR-M4, specifically down-
regulated in MDV-transformed tumour cells [37]. Study
revealed that miR-155 facilitated the suppression of host
innate immunity to latent viral and the immortalization of
Epstein-Barr virus [38]. Besides that, miR-155 was associated
with various diseases, such as, Hodgkin’s lymphoma, primary
mediastinal B-cell lymphoma, diffuse large B-cell lymphoma
[39], chronic lymphocytic leukaemia [40], pancreatic tumour
[41] and breast cancer [42]. Notably, deleting two copy of
mdv1-miR-M4 of the infectious BAC clone pRB-1B5 resulted
in significant decline in MD incidence. However, after sup-
plementing one of gga-miR-155, which was functional homo-
log of mdv1-miR-M4, the decrease of incidence was rescued
[43]. Therefore, miR-155 played important roles in multiple
diseases, including MD. In this study, miR-155 in ceRNA
network acted as hub gene, and five DE mRNA targets were
identified, such as GATA4, which participated in the regula-
tion of disease occurrence [44,45].

The generation mechanisms of circRNA include lariat-driven
circularization, intron-pairing-driven circularization and RNA-
binding-proteins-driven circularization [46]. There is emerging
evidence that exonic circRNAs in human and other model
organisms are bracketed by long introns which contain reverse
complementarymatches (RCMs) that promote circularization of
circRNAs [47]. Human ALU repeats [48] and mammalian-wide
interspersed repeats (MIRs) [49] could mediate circRNAs’ for-
mation. In order to investigate circRNA generation mechanism
in chickens, we analyzed RCMs in flanking intron sequence of
parental exon of circRNAs.We found that there were 579 RCMs,
and out of which CR1 family occupied a large proportion. We
speculated that CR1 family might facilitate the circulation of
exon. However, circRNAs that possessed RCMs were not asso-
ciated with a particular MD status.

Intron circRNA (ciRNA) generally located in nucleus and
regulated its parental gene transcription [21,50,51]. Zhang et al.
(2014) revealed that the intronic circRNA boasted few miRNA
binding sites [52]. Chen, et al. (2019) revealed that circAGO2
which generated from the intron region of AGO2, mainly
located in the cytoplasm, and circAGO2 mediated the transloca-
tion of HuR from nuclear to cytoplasm, which can inhibit the
gene silence induced by AGO2/miRNA network and promoted
the tumourigenesis and aggressiveness [53]. However, in our
study, circZMYM3, intron-derived circRNA, was predicted to
possess seven miRNA binding sites and those miRNAs targeted
genes that involved in immune response. It indicated that some
ciRNA might regulate miRNA and mRNA through ceRNA
mechanism other than only modulating their host gene.

Recently, studies reported that some circRNAs showed
coding ability, and their peptides or proteins products exhib-
ited important regulatory roles in cell development, especially
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in diseases [54,55]. Gu, et al. (2018) reported that circgprc5a
translated into polypeptide to promote bladder cancer growth
and metastasis [56]. It is reported that circRNA with
a ribosome entry site (IRES) can be translated, and have
translation ability [57]. However, Guo, et al. (2014) found
that the translation efficiency of circular RNA was lower
than that of linear RNA in human U2OS cells and they also
found that there was no evidence showed that ribosome
protected fragment (RPF) was related to the translation of
circRNA [58]. In this study, IRESfinder software was used to
identify the IRES of circRNAs, we found 2,474 IRESs in all
circRNAs, out of which, 218 circRNAs possessed high score
(score > 0.90). Maybe some of these circRNAs could be
translated, which will make ceRNA network complicated.
However, translation capability of circRNAs with high score
needs further verification.

Materials and methods

Biological samples

The information of experimental samples was described in pre-
vious study [59]. Briefly, 150 1-d-old specific-pathogen-freeWhite
Leghorn (BWEL) chicks were divided into two groups. One
hundred chicks were infected intraperitoneally with 2,000 plaque-
forming units (PFUs) of the MDV-GA, and the remaining 50
birds were injected with the same volume of diluent (0.2 mL) as
non-infected controls. Two groups were housed in different iso-
lators. After 31 days of infection, the chickens were continuously
observed, and the individuals with severe clinical conditions were
euthanized, four tumourous spleens (TS) of which were sampled.
Meanwhile, five non-infected spleens (NS) of chickens in the
control group were collected. The trial period lasted to 56 days
post infection, and all remaining birds were euthanized. Five
MDV-infected chicken without any clinical signs were regarded
as survivors and their spleens were sampled (SS). All tissues were
preserved in RNA fixer at 4°C overnight and transferred to −80°C
for further study. All animal handling procedures were conducted
according to regulations and guidelines established by Animal
Care and Use Committee of China Agricultural University
(Approval ID: XXCB-20,090,209).

RNA isolation and quality assessment

The total RNA was extracted from spleen tissues by Trizol
(Invitrogen, CA) according to the manufacturer’s instruction.
The NanoPhotometer® spectrophotometer (IMPLEN, USA)
was adopted to monitor RNA purity. RNA concentration
was measured via Qubit® RNA Assay Kit in Qubit® 2.0
Flurometer (Life Technologies, CA, USA). RNA integrity
was assessed using the RNA Nano 6000 Assay Kit of the
Bioanalyzer 2100 system (Agilent Technologies, USA).

Library construction and RNA sequencing

(1) CircRNA sequencing: A total of 5.0 μg per sample
RNA was used. Firstly, ribosomal RNA was removed
by Epicentre Ribo-zero™ rRNA Removal Kit

(Epicentre, USA) and ethanol precipitation was used
to clean up residual rRNA. Secondly, 3 U/μg of Rnase
R (Epicentre, USA) was used to digest the linear
RNA. The sequencing libraries were generated by
NEBNext® Ultra™ Directional RNA Library Prep Kit
for Illumina® (NEB, USA) following manufacturer’s
recommendations and library quality was assessed by
the Agilent Bioanalyzer 2100 system. The libraries
were sequenced on an Illumina Hiseq 4000 platform
and 150 bp paired-end reads were generated.

(2) Small RNA sequencing: A total of 3 μg total RNA per
sample was used as input material for the small RNA
library. Sequencing libraries were generated using
NEBNext® Multiplex Small RNA Library Prep Set
for Illumina® (NEB, USA) following the manufac-
turer’s recommendations and index codes were
added to attribute sequences to each sample. NEB 3ʹ
SR Adaptor was directly and specifically ligated to 3ʹ
end of miRNA. After the 3ʹ ligation reaction, the
single-stranded DNA adaptor was transformed into
a double-stranded DNA molecule. Then 5ʹ ends
adapter was ligated to 5ʹ ends of miRNAs and the
first strand cDNA was synthesized. PCR amplifica-
tion was performed using LongAmp Taq 2X Master
Mix, SR Primer for Illumina and index (X) primer.
Library quality was assessed on the Agilent
Bioanalyzer 2100 system using DNA High
Sensitivity Chips.

Quality control and mapping to the reference genome

Raw reads in fastq format were firstly processed through
quality control. In this step, reads containing adapter, poly-
N and low-quality bases at high proportion were removed to
obtain clean reads. All the downstream analyses were based
on the clean reads with high quality. Reference genome and
annotation files were downloaded from genome website (ver-
sion: Gallus_gallus-5.0; GCA_000002315.3).

For circRNAs, index of the reference genome was built using
bowtie2 v2.2.8 and paired-end clean reads were aligned to the
reference genome using Bowtie with default arguments [60].
Regards to miRNAs, short reads were aligned to reference
genome using Burrows-Wheeler Aligner (BWA) with ‘aln’ and
‘samse’ options and default parameters [61]. Annotated chicken
miRNAs file was downloaded from miRbase (http://www.mir
base.org/index.shtml) [62]. Reads counts that assigned to gen-
ome were computed by FeatureCounts (0.18.1) [63].

CircRNA identification and sequence feature analysis of
circRNAs’ parental sequences

The circRNAs were detected by two softwares of find_circ
(https://github.com/marvin-jens/find_circ) [64] and CIRI2 [65].
The intersecting results from two tools were considered as
candidate circRNAs. For downstream quantitative analyses, can-
didate circRNAs with at least two back-splicing junction reads in
each sample were remained. The intron sequences of exonic
circRNAs’ parental genes and repetitive sequences in chicken
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were downloaded from UCSC Table Browser (https://genome.
ucsc.edu/cgi-bin/hgTables). For the identification of reverse
complementary matches (RCMs), we aligned two introns’
sequences flanking the same exonic circRNA using Basic Local
Alignment Search Tool (BLAST) with ‘blastn’ task, ‘-word_size
7’ and ‘-evalue 20’. The upstream and downstream introns of an
exonic circRNA were input as query sequence and subjected
sequences, respectively. For each intron pair, several alignments
were obtained, and the alignment with lowest e-value that passed
the threshold was regarded as reverse complementary match
(RCM). Then we applied software Bedtools to compare the
RCM genomic coordinates with those of chicken repeat elements
and over-presentation test was conducted by fisher exact test to
discover significant overlaps of RCMs and repeat elements. We
further used MEME suite to identify novel motifs within RCMs
with arguments ‘-mod zoops -minw 6 -maxw 50’ [66].

Differential expression and functional enrichment
analysis of circRNAs

Differential expression analysis of NS, TS and SS groups was
performed using the DESeq2 R package (1.22.1) based on the
negative binomial distribution [67]. Variables derived from
sex and days post infection (DPI) were added in design for-
mula thus the effects of sex and DPI were corrected by gen-
eralized linear model. The p values were adjusted using the
Benjamini and Hochberg’s approach for controlling the false
discovery rate. CircRNAs and miRNAs subject to criteria of
q value < 0.05 and log2foldchange (LFC) > 1 were assigned as
DE circRNAs and miRNAs between every comparison among
tumourous spleen, non-infected spleen and survivor spleen.

Gene ontology (GO) enrichment and KEGG pathway
(http://www.genome.jp/kegg/) analysis for host genes of DE
circRNAs were conducted by the TopGO R package, and
KOBAS software, respectively [68,69]. GO terms and KEGG
pathway with corrected p < 0.05 were considered to be sig-
nificantly enriched.

CircRNA/lncRNA-miRNA-mRNA network analysis

Combined with our previous lncRNA and mRNA data
(GSE124133), circRNA/lncRNA-miRNA-mRNA network
was constructed to reveal their potential interactions in
MDV-infected spleens. miRNA binding sites of all
circRNAs and lncRNAs were predicted using miRanda (par-
ing score ≥ 150; free energy ≤ −7). All circRNA/lncRNA-
miRNA-mRNA pairs were subjected to hypergeometric test
and p values were adjusted by the Benjamini and
Hochberg’s approach. circRNA/lncRNA-miRNA-mRNA
pairs with q value < 0.05 were regarded as candidate
miRNA regulatory networks. Cytoscape software was
applied to construct the circRNA/lncRNA-miRNA-mRNA
regulatory networks based on predicted miRNA binding
sites [30]. Internal ribosome entry sites (IRES) of circRNA
were predicted by IRESfinder software (http://iresite.org/
IRESite_web.php?page=introduction) to investigate transla-
tion potential of circRNAs without 5ʹ cap structure.

Validation of circRNAs

Divergent and convergent primers were designed to amplify
PCR product using candidate circRNAs sequences as tem-
plate. Divergent primers were designed in the region about
100 ~ 200 bp surrounding junction site, and convergent
primers were designed in one exon of host gene. Primer
information was shown in Supplementary Table 9. PCR pro-
ducts amplified by divergent primers were sequenced to con-
firm the junction site of circRNAs.

The stability of circRNA was detected by the treatment of
Rnase R kit (Geneseed, China) following the manufacturer’s
instructions. Briefly, a total of 2 μg RNA was digested in 6
U Rnase R for 8 min at 37°C, then, incubated in 70°C for 10
min. The digested product was used to detect the expression
of circRNA and linear genes.

cDNA synthesis and quantitative real-time PCR (Q-PCR)

Total of 1 μg RNA was used for reverse transcription using
Circular RNA Fluorescence Quantitative PCR Reverse
Transcription Kit (Geneseed, China) following the manufac-
turer’s instructions. Q-PCR was conducted using Circular
RNA Fluorescence Quantitative PCR kit (Geneseed, China)
according to the manufacturer’s instructions. The β-actin gene
was used as reference gene for circRNAs [13]. The Q-PCR was
programed in a ABI PRISM ®7500 Sequence Dection System as
follows: 95°C for 5 min; 40 cycles of 95°C for 15 s, 60°C for 12 s,
72°C for 34 s and 72°C for 5 min. The relative expression of
circRNAs was calculated using 2−ΔΔCt method. The detail of
primer sequences was showed in Supplementary Table 9.

Conclusion

We investigated circRNA profile and comprehensively ana-
lyzed circRNA/lncRNA-miRNA-mRNA regulatory networks
and found extensive interactions of these RNAs involved in
MD tumourigenesis. In addition, we found that long flanking
intron of exonic circRNAs possessed repeats and might
induced the circulation of exon by RCMs. RCMs were mainly
overlapped with chicken repeat 1 family, indicating CR1’s
important role in the formation of circRNA in chickens.
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