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Discovery of a novel viroid-like circular RNA in colorectal

cancer

Viroids, the smallest known infectious agents, were ini-
tially discovered in plants [1], and have caused significant
agricultural diseases [2-4]. Recently, viroids have been
identified in fungi [5-7] and bacteria [8], but none have
been identified in animals. To date, no studies have
explored the presence of viroids in colorectal cancer (CRC).
We employed a reference-free computational method to
identify a novel viroid-like circular RNA (circRNA) in CRC
patients. Our study suggests that a broader class of viroids
may exist in living systems.

We utilized a computer algorithm developed by Qingfa
Wu’s team [9, 10], which is unique in its homology inde-
pendence. It employs the splitting longer reads into shorter
fragments (SLS) technique and progressively filters over-
lapping small RNAs 2 (PFOR2), facilitating the detection
of novel viroid-like circRNAs through deep RNA sequenc-
ing. SLS segments long RNA sequences into 21-nt virtual
small RNAs, followed by PFOR2 analysis, which retains
only 21-nt virtual internal small RNAs (ISRs) for circRNA
assembly [9]. Our goal was to employ reference-free com-
puter algorithms to investigate the existence of viroids
in CRC tissues, aiming to gain new insights into the
pathogenesis and treatment of CRC.

Through deep sequencing, we compiled whole tran-
scriptome data from 12 clinical pairs of CRC samples
(Supplementary Table S1). The data analysis flowchart is
depicted in Figure 1A. After excluding low-quality bases
and irrelevant reads, clean, high-quality reads were aligned
to the human genome (hg38) using Tophat, with matched
reads being discarded. The remaining reads were trans-
formed into virtual small RNAs using the SLS program,
followed by contig assembly using PFOR2. To enhance
computational efficiency, the “step” parameter in the SLS

List of abbreviations: CRC, colorectal cancer; circRNA, circular RNA;
CCAV, colorectal cancer-associated viroid; DEGs, differentially
expressed genes; GO, Gene Ontology; ISRs, internal small RNAs; KEGG,
Kyoto Encyclopedia of Genes and Genomes; MFE, minimum free
energy; PFOR2, progressively filters overlapping small RNAs 2; SLS,
splitting longer reads into shorter fragments.

program was set to 8. During this process, over 10,000
contigs were assembled. These contigs were compared
to the human genome (hg38) using BLAST, and highly
homologous contigs were removed, leaving only nonho-
mologous ones. After screening, 5,235 contigs remained,
with a GC content of 51.35% and a total length of 1,114,562
bp. The length distribution is illustrated in Figure 1B,
with most fragment lengths clustered between 100 bp
and 200 bp. To more accurately eliminate contigs derived
from the human genome, the 5,235 contigs were individu-
ally aligned to the human genome under more stringent
conditions, resulting in the identification of 130 contigs
(Supplementary Table S2). Throughout the experimen-
tal design, we systematically discarded sequencing data
homologous to the human genome whenever possible and
used non-homologous data as the foundational dataset for
PFOR2 program operations.

A total of 130 primer pairs were designed based on these
sequences (Supplementary Table S3) and subsequently
verified through PCR and Sanger sequencing in CRC tis-
sues, ultimately identifying three contigs. However, only
one of the three contigs tested positive in the in situ
hybridization analysis using the BaseScope™ Detection
Reagent Kit v2-RED, leading to its identification as a novel
viroid-like circRNA in CRC patients. We propose naming
it CRC-associated viroid (CCAV).

The nucleotide sequence has been submitted to Gen-
Bank, with the GenBank accession number OR538373
(https://www.ncbi.nlm.nih.gov/nuccore/OR538373).
CCAV spans 114 nt and has a GC content of 42.11%
(Figure 1C). Based on our data processing, we argue that
CCAV is not derived from splicing of the human genome.
Comparison with genomes of other species revealed no
homology. The secondary structure of CCAV, predicted
using RNAfold, shows a circular ring, distinct from the
rod-like conformation with extensive base-pairing that is
characteristic of all known viroids (Figure 1C).

We utilized the BaseScope™ Detection Reagent Kit
v2-RED to examine CCAV levels in fresh CRC pathologi-
cal sections sourced from the First Affiliated Hospital of

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,

provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Author(s). Cancer Communications published by John Wiley & Sons Australia, Ltd. on behalf of Sun Yat-sen University Cancer Center.

Cancer Communications. 2024;1-5.

wileyonlinelibrary.com/journal/cac2 | 1


http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ncbi.nlm.nih.gov/nuccore/OR538373
https://wileyonlinelibrary.com/journal/cac2
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcac2.12626&domain=pdf&date_stamp=2024-11-09

2 | (O ANCER LETTER TO THE JOURNAL
_I_ OMMUNICATIONS
(A) (B) (D)
Contigs Lenth Distribution 3
o0
5 350 3 g
£ 3500
o 3000 (2]
» E 250 S
2000 2
£ 1500 912 2
2 1% 269 201 g4 g9 198 8
A““Mz““@,\:s““sw“x“\fa““ 50\»@6“\:@1“@%“ A° o
o
contigs lenth(nt) ﬁ_
(C) =
O O IO [ITTE L g
ES
S
~
8
=
o, ’
P
N
8
b ; e
= '
— nN
8
=
5
(E) (F) (G) (1) 4t
i
CCAV i
25+ * or
245 *
5 i
7 207 o 2oy |
] 32, o
o £ o
s 151 0 ‘s
S S 300
u’j Vector CCAV Vector CCAV g
® 104 AT EATOEAC A AAAAAACAC BT ACACT EACAC T AT AKTEGT COACE TR °
210 (H) § 200
g splice junction 5
T o
4 © 100
=
K
§ 0

Oh 1h 3h 6h 9h 12h 24h 36h 48h
Times

(K) Cyclization Sites Sequencing Diagram
E_6h-vs-C_6h(Total): Top 30 GO Term S0l EG6 Pty Clstcan_
Cmgmy
:m".:;::’m i B
| —
iR =5
it — e——
"""II I" Illlll m:{;:-@ _— ===
T ITRX) «w Wi ——— | e
«@\; afmii‘fs‘fb ééf@éﬁs‘;: a{;&f e@@@p&gﬁgﬁg’% T, "“"‘:WE"':’:::‘ -
SR o S et 4
5‘@“\5;{'& »@fsﬂ ‘,;@f;b@" f BIG T
a:f;if'" s “ fﬂf ’
& § ¢‘” &
& & é;e‘@‘ ' q@;f’

e

E_24h-vs-C_24h(Total): Top 30 GO Term

Heatonr component Devel

Wmolecular_f mm

o
oheides |

e =
I mc = —,
e
pr—;- = .
= S
g = e —
5 =_ B
] e P
nt aiscase: n i
peia _

; B
@f % @:“’ Iy e

‘$°“° «\iﬂp&@ ?,@‘Mf“ e

@» .
«iN? g o By
Y P ¢ %{y canER e S,
PSXA a’b e .ée L i
P & j :  rwntlonsny
A @
B &
E_48h-vs-C_48h(Total): Top 30 GO Term otal): KEGG Pathway Classification
Category )
P i
Rmoleciar funcion .
g et
.

S ﬂ“’*@”ﬁ\ %’3‘“ Voo
«13% \: SR Ka‘y
P n\@%

G

& bﬁg& f“

FIGURE 1 Discovery of a novel viroid-like circRNA. (A) Data analysis flowchart. High-quality reads from RNA deep sequencing were
aligned to the human genome (hg38) using Tophat, with matched reads discarded. The remaining reads were transformed into virtual small
RNAs using the SLS program, followed by contig assembly using PFOR?2, resulting in over 10,000 contigs. To enhance computational
efficiency, the “step” parameter in the SLS program was set to 8. These contigs were compared with the human genome (hg38) using BLAST,

85U8017 SUOWIWOD aAIEe.1D |qeal|dde sy Aq peussnob a.e Sejoie VO ‘8sh J0 S8|NJ o) A%elqi auljuO A3|IM UO (SUONIPUOI-PUR-SW.RIA0Y" AS 1M ARe1q /U1 UO//:SANY) SUONIPUOD pUe SWS 1 Y1 89S *[202/TT/ZT] U0 Ariqi7auliuo AS[IM ‘9292T 2Ie9/200T OT/I0p/Wod Ao 1M Areig 1 jeul|uo//sdny wolj pepeojumod ‘0 ‘8rSeeese



LETTER TO THE JOURNAL

ANCER
COMMUNICATIONS J_3

Kunming Medical University. The BaseScope™ Probe for
CCAV was designed for the target region 61-13 bp. The pres-
ence of CCAV was confirmed in fresh pathological sections
using in situ hybridization analysis with the BaseScope™
Detection Reagent Kit v2-RED (Figure 1D). As depicted in
the figure, the expression of CCAV in the tissue was not
highly pronounced.

In further validation experiments, CCAV was detected
in both tumorous and adjacent tissues of 100 CRC patients
with stages I, I, III, and IV (Supplementary Table S4).
During this step, linear RNAs were pre-digested by RNase
R. Compared to adjacent tissues, CCAV exhibited signif-
icantly higher expression in cancer tissues (*P < 0.05)
(Figure 1E, Supplementary Figure S1).

Numerous studies have confirmed the association
between the occurrence of CRC and bacteria. Therefore,
we isolated 36 strains of bacteria from fresh CRC tissues
and confirmed the presence of CCAV in these 36 bacteria
strains through qPCR and Sanger sequencing (Supplemen-
tary Table S5). The results demonstrated the presence of
CCAYV in all 36 strains of bacteria. Further experiments
are required to determine whether bacteria act as carri-
ers or hosts of CCAV and to elucidate the nature of their
relationship.

The CCAV overexpression vector was constructed to
further investigate the role of CCAV in CRC. The vector
pCE-RB-Mam-NeoR served as the backbone (Supplemen-

tary Figure S2). To induce circularization in vivo, side
flanking repeat sequences (~180 bp 5" flanking and ~200
bp 3’ flanking sequence) were added to both sides of
the CCAV complete sequence (Supplementary Figure S2).
We confirmed that the overexpression vector of CCAV
could form loops after being transfected into 293T cells
(Figure 1F-H). The CCAV expression level in the overex-
pression vector-transfected group was significantly higher
than in the empty vector control group (Figure 1F-G), and
the splice junction sequencing was correct (Figure 1H).

The expression of CCAV was measured at various time
points (Oh, 1h, 3h, 6h, 9h, 12h, 24h, 36h, and 48h) after
transfecting SW480 cells with the CCAV overexpression
vector, with peak expression observed at 9h and 12h (*P
< 0.05, *P < 0.01) (Figure 1I). Based on these results,
SW480 cell samples transfected with the CCAV overexpres-
sion vector were collected at 6h, 24h, and 48h for deep
sequencing, aiming to further understand the changes in
SW480 cells after CCAV infection.

In this analysis, whole transcriptome sequencing of 21
samples was completed, yielding a total of 321.41 GB of
CleanData. The number of differentially expressed genes
(DEGS) was 595, 144, and 235 at 6h, 24h, and 48h, respec-
tively (Figure 1J). Differential mRNA Gene Ontology (GO)
analysis (Figure 1K) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis (Figure 1L)
were performed using the hypergeometric distribution

and highly homologous contigs were removed, leaving only nonhomologous ones. (B) Length distribution of the 5,235 contigs. The 5,235
sequences were processed using FasParser software, with most fragment lengths clustered between 100 bp and 200 bp. (C) Sequence and
minimum free energy (MFE) secondary structure of CCAV. The secondary structure of CCAV was analyzed using the RNAfold web server.

The optimal secondary structure, shown in dot-bracket notation, had an MFE of -0.50 kcal/mol. The thermodynamic ensemble’s free energy
was -2.22 kcal/mol, with the most frequent structure in the ensemble accounting for 6.16% of the total, and an ensemble diversity of 10.58. (D)
CCAV BaseScope analysis. The BaseScope™ Detection Reagent Kit v2-RED was used to examine CCAV levels in fresh CRC pathological
sections from the First Affiliated Hospital of Kunming Medical University. The BaseScope™ Probe for CCAV targeted the region 61-13 bp.
Control probes included the BaseScope™ Negative Control Probe DapB-1ZZ and the BaseScope™ Positive Control Probe Human

(Hs)-PPIB-1ZZ. The presence of CCAV was confirmed in the fresh pathological sections, although its expression was not highly pronounced.
As shown by the arrows in the figure. (E) qPCR data. The graph shows the relative expression of CCAV in tumor tissues and adjacent normal
tissues from 100 patients: 9 patients in stage I, 51 in stagell, 32 in stage III, and 8 in stage IV. CCAV expression was significantly higher in
tumor tissues compared to adjacent tissues (*P < 0.05). (F-H) CCAV Overexpression Vector in 293T Cell Line. PCR electrophoresis images
comparing empty and overexpressed vectors (F). The vector pCE-RB-Mam-NeoR served as the backbone, with side flanking repeat sequences
added to both sides of the CCAV complete sequence to induce circularization in vivo. The overexpression vector of CCAV successfully formed
loops after transfection into 293T cells (G, H). The expression level of CCAV in the overexpression vector-transfected group was significantly
higher than in the empty vector control group (G), and the splice junction sequencing was confirmed to be correct (H). (I) Expression of
CCAYV at various time points after transfection of SW480 cells with the CCAV overexpression vector. The expression of CCAV peaked at 9h and
12h (*P < 0.05, **P < 0.01). (J-L) Differentially expressed genes. SW480 cell samples transfected with the CCAV overexpression vector were
collected at 6h, 24h, and 48h for deep sequencing. Differential transcripts were identified based on a P value < 0.05 and a fold-change > 2. The
number of differentially expressed genes (DEGs) was 595, 144, and 235 at 6h, 24h, and 48h, respectively (J). Differential mRNA Gene Ontology
(GO) analysis (K) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis (L) were performed using the hyper
geometric distribution test. Whole transcriptome deep sequencing revealed that DEGs generated at different time points after transfection
were mainly associated with viral infection, cellular immune diseases, and tumors (L). Abbreviations: SLS, splitting longer reads into shorter
fragments; PFOR2, progressively filters overlapping small RNAs 2; CRC, colorectal cancer; CCAV, colorectal cancer-associated viroid; MFE,
minimum free energy; PPIB, Peptidylprolyl Isomerase B; DapB, 4-hydroxy-tetrahydrodipicolinate reductase; qPCR, quantitative real-time
PCR; DEGs, differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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test. Whole transcriptome deep sequencing revealed that
DEGs generated at different time points after transfection
of SW480 cells with the CCAV overexpression vector were
mainly associated with viral infection, cellular immune
diseases, and tumors (Figure 1L).

While substantial experimental evidence is still needed
to understand its role in tumor development, this discov-
ery represents the identification of a mammalian viroid
for the first time. It changes the traditional understand-
ing that viroids exist only in plants and expands the
range of viroids. This breakthrough opens new avenues
for investigating human diseases and warrants further
exploration.
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Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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