Proceedings of the 4th International Conference on Biological Engineering and Medical Science
DOI: 10.54254/2753-8818/78/2024.19991

An investigation into the role of circular RNA in zebrafish
spinal cord regeneration with focus on circRNA-miRNA
interaction

Zixin Cheng"*"", Hanwen Cui*>", Zigian Wan>*"

'WLSA Shanghai Academy, Shanghai, 200940, China

?Utahloy International School Zengcheng, Guangzhou, 511300, China

3Collage of Science, Xi’an jiaotong-Liverpool University, Suzhou, 215000, China

“tracy 0816@qq.com

°c18102293508@163.com

6Zigian. Wan22@student.xjtlu.edu.cn

*corresponding author

"These authors contributed equally to this work and should be considered co-first
authors.

Abstract. Zebrafish (Danio rerio) serve as a valuable model for studying spinal cord
regeneration due to their remarkable ability to restore the central nervous system (CNYS),
challenging the long-standing belief that neurons in the adult CNS cannot regenerate. While
current knowledge of spinal cord regeneration primarily centers around signaling pathways like
the Wingless/Integrated-1 pathway, emerging evidence suggests that circular RNAs (circRNA)
also play a critical role in cellular regeneration. Studies in mouse models and human intestinal
epithelium have demonstrated the importance of circRNAs in tissue repair, and significant
changes in circRNA expression have been observed in zebrafish spinal cord following injury.
However, there has been a lack of investigation into what roles circRNAs play in zebrafish spinal
cord regeneration. This proposal seeks to fill this research gap by conducting global RNA
sequencing to identify the spinal cord injury regenerative circRNA (SCIR-circRNA) that is most
differentially expressed before and after spinal cord transection. The role of this SCIR-circRNA
in spinal cord regeneration will then be examined through RNAi knockdown experiments to
determine whether it promotes or inhibits the regenerative process. Furthermore, the study will
focus on SCIR-circRNA and microRNAs (miRNAs) to elucidate their interaction via luciferase
assay and RNA pulldown assay. The expected outcomes of this research will contribute to a
deeper understanding of the molecular mechanisms underlying spinal cord regeneration and may
identify novel therapeutic targets for treating spinal cord injuries.
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1. Introduction

1.1. CNS injury

Over a century ago, Santiago Ramon y Cajal, the pioneer of modern neuroscience, asserted that neurons
in the adult CNS exhibit a fundamental incapacity for regeneration. [1]. This concept is now deeply
ingrained in neurobiology, supported by observation that unlike neurons in the peripheral nervous
system (PNS) where spontaneous regeneration typically occurs after damage [2], mammalian CNS
neurons are often unable to regenerate, leading to irreversible functional loss in conditions such as
neurodegenerative diseases and spinal cord injury (SCI). The axonal regrowth in the CNS is impeded,
and neuronal circuits are disrupted due to inhibitory factors in the extracellular environment, including
glial scar formation [3,4], as well as the intrinsic limited regenerative capacity of mature CNS neurons
[5]. Despite advances in neuroregenerative research, efforts to promote functional recovery in the
mammalian CNS remain largely unsuccessful, with therapeutic interventions struggling to overcome
these barriers to regeneration [6].

1.2. Spinal Cord Regeneration

The spinal cord is a pivotal component of the central nervous system (CNS), essential for relaying
signals between the brain and the rest of the body. Spinal cord regeneration is orchestrated through
mechanisms such as axonal regrowth and the reformation of neural circuits, processes that are tightly
regulated by progenitor cell proliferation and the modulation of inflammation [7]. Among these
mechanisms, the Wingless/Integrated-1 (Wnt/B-catenin) signaling pathway has been identified as a key
driver in promoting neural regeneration in zebrafish after spinal cord injury (SCI) [8].

Recent studies focusing on circular RNAs (circRNAs) in zebrafish spinal cords post-SCI have
demonstrated significant differential expression patterns [9]. These findings suggest that circRNAs may
play a crucial role in modulating inflammation and facilitating neural regeneration during SCI recovery
[10].

1.3. Zebrafish as a Model for Studying Spinal Cord Regeneration

In contrast to mammals, certain non-mammalian species demonstrate remarkable regenerative
capabilities; for instance, spiny mice retain their spinal cord’s regenerative capability until a few days
after birth [11], amphibians undergo regenerative process after SCI before metamorphosis [12], and
birds display a partial regeneration of the spinal cord at the larval stage [9]. Among those models,
zebrafish stand out due to their exceptional ability to regenerate neural tissues, including motor neurons,
glial cells, and axons, from the embryonic to adult stages [7, 14]. For instance, following experimentally
induced spinal cord injuries, such as transection [15] or mechanical compression [16] affecting one-
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third of motor axons, zebrafish can completely restore spinal cord integrity within weeks [17, 18]. Newly
generated motor neurons restore normal swimming activity [19].

Zebrafish achieve spinal cord regeneration through coordinated processes that include the formation
of a cellular bridge at the injury site, guided neuronal regrowth facilitated by molecular signals,
proliferation and differentiation of stem and progenitor cells, and controlled inflammatory responses, as
well as specific epigenetic modifications that promote regeneration [20, 21]. It has been shown that in
zebrafish, regeneration of neurons depends on differentiation of progenitor cells, specifically the radial
glial progenitor cells [11,14] and the ependymo-radial glial cells (ERGs), a class of neural progenitor
cells that share some properties with the radial glial cells [22]. Unlike mammalian SCI, in which
astrocytic gliosis leads to the formation of a glial scar that obstructs regeneration, zebrafish gliosis is
thought to assist axon regrowth and spinal cord regeneration [22]. Given their genetic similarity to
humans, zebrafish share orthologous genes with high similarity to human genes [23]. This makes
zebrafish an excellent model for investigating molecular mechanisms underlying spinal cord
regeneration, with the potential to advance therapeutic approaches for spinal cord injury in the
mammalian CNS. However, there is currently a lack of research into the role of circRNAs in zebrafish
spinal cord regeneration; hence, to contribute towards filling the research gap of the roles of circular
RNAs in zebrafish spinal cord regeneration, this proposal aims to investigate post-SCI circRNA
expression levels in zebrafish.

1.4. Circular RNA and its prospect in spinal cord regeneration

Circular RNAs (circRNAs) are single-stranded, covalently bonded RNAs that are found across species,
from viruses to mammals. They were initially thought to be viroids [24], and later products of splicing
errors [25,26]. Later, circRNAs were found to be a common feature of the transcriptome in humans and
many other metazoans. CircRNAs are generated from an alternative splicing event known as back-
splicing, when the 3°-end of a pre-mRNA exon ligates to its own 5’-end or that of an upstream exon via
a 5°-3” phosphodiester bond, forming a closed, circular structure with a signature back-splicing junction
[27]. Their unique circular structure, which lacks 5' caps and 3' polyadenylation tails, significantly
enhances their stability by protecting them from exonuclease-mediated degradation [28]. circRNAs
were found to perform multiple functions in gene expression, including transcriptional regulation,
interacting with and modulating RNA-binding proteins (RBPs), and translation [27]; a property of
circRNAs that has received the most attention is their function as micro RNA (miRNA) sponges, through
which they upregulate miRNA target mRNAs [27,29]; interestingly, the circRNA cdrlas has been
shown to upregulate miR-195 by stabilizing pre-miR-195 in the intestine of mice [30] which raises the
question that whether other circRNAs have similar functions. In recent years, there has been rising
interest in the role of circRNAs’ in nerve injury and regeneration; for example, circ-HIPK3
overexpression reduces neuronal cell apoptosis following SCI via regulating the miR-588/DPYSL5 axis
in rats [31]. These findings suggest that circRNAs may similarly influence spinal cord regeneration in
zebrafish, highlighting their potential significance in enhancing our understanding of regenerative
processes across different models. There is great prospect in uncovering circRNA’s role in nerve
regeneration and potentially applying the findings to regenerative medicine, which this proposal seeks
to contribute to by investigating its role in zebrafish spinal cord regeneration.

2. Project Description

The main goal of this project is to identify potential circRNAs that plays a role in post-SCI regeneration
of zebrafish, specifically in the differentiation and proliferation of motor neurons, and to focus on
investigating the mechanism of one such circRNA, which we will refer to as the Spinal Cord Injury
Regenerative Circular RNA (SCIR-circRNA). We hypothesized that the levels of circRNAs that has a
role in spinal cord regeneration would be altered following SCI, and that knockdown of which will affect
the process of post-SCI regeneration; specifically, we aim to determine whether SCIR-circRNA
promotes or inhibits regeneration. We further suspect that the circRNA of interest may regulate spinal
cord regeneration via interaction with miRNA, hence knockdown of said circRNA would also result in
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the differential expression of its potential target miRNA. As such, this project will identify the most
differentially expressed (DE) circRNA out of all circRNAs differentially expressed following SCI,
determine its effect on spinal cord regeneration, and find the putative miRNA through which it regulates
the process. By characterizing SCIR-circRNA and its regulatory impact, this project seeks to elucidate
its contribution to spinal cord repair and identify potential miRNA targets involved in its function.

2.1. Objective 1: identify circRNAs in the spinal cord of zebrafish differentially expressed before and
after SCI

Rationale: circRNAs differentially expressed (DE) before and after spinal cord transection in zebrafish
likely play roles in spinal cord regeneration.

Methods:

Models: Wildtype adult zebrafish which are raised as standard procedures [14] will be used as model
organisms for this experiment. Two conditions, control and SCI, will be used.

Spinal Cord Transection: A previously described procedure will be used: adult wildtype zebrafish
will be anesthetized with 0.016% Tricaine (supplied by Sigma-Aldrich); microinjection pipettes will be
broken and beveled, then driven into the spinal cord of at the level of the anal pore; the pipette will then
be moved dorsally to transect the spinal cord. [14].

circRNA purification: 1 will extract tissue samples from both groups at the lesion site 3 days post-
injury [32] to obtain axotomized nerve fibers [33]. Total RNA from the tissue sample will be extracted
with TRIzol reagent (Thermo Fisher Scientific) and treated with RNase-free DNase [34-36] to eliminate
residual DNA. Total RNA will then be purified for circRNA by polyadenylating the linear RNAs using
a Thermo Fisher polyadenylation kit followed by treatment with RNase R, with Li" in place of K" in the
reaction buffer [36,37].

RNA sequencing and Bioinformatic analysis to identify most differentially expressed circRNA: 1 will
conduct circRNA sequencing following a previously established procedure [34]. A sequencing library
for purified circRNA will be prepared using the TruSeq Small RNA Library Prep Kit protocol (Illumina),
which will then be loaded on the Illumina NovaSeq sequencer; the Trinity algorithm [34,38] will be
used for de novo assembly of raw reads, and more accurate mapping outcome can be achieved by Spliced
Transcripts Alignment to a Reference (STAR) software [39]. BLAST+ will be used to annotate the
sequenced circRNAs against existing zebrafish transcriptome databases [34]. Two bioinformatic
algorithms, find-circ and CIRI2, will be used to quantify the sequenced circRNAs to identify the most
DE circRNA pre- and post-SCI; two algorithms are used in conjunction here to reduce false-positive
results [36].

Expected Outcomes:

Identification of most DE circRNA: we expect there will be one circRNA that is most DE out of all
circRNAs in SCI models compared to controls. This hypothetical most DE circRNA potentially plays a
role in post-SCI regeneration in zebrafish, hence we will hereafter refer to it as “spinal cord injury
regeneration circular RNA” (SCIR-circRNA).

2.2. Objective 2: Investigate the role of SCIR-circRNA in spinal cord regeneration by RNAi
knockdown

Rationale: SCIR-circRNA knockdown models would exhibit different post-SCI regeneration
characteristics if SCIR-circRNA indeed plays a role in spinal cord regeneration.

Methods:

Model: Tg(HB9:GFP) zebrafish will be used.

Creation of SCIR-circRNA RNAi knockdown zebrafish: Using sequence data from aforementioned
RNA seq, I will design a short hairpin RNA (shRNA) targeting the back-splicing junction of the SCIR-
circRNA [36]. The shRNA will be delivered to the spinal cord via lentiviral vector siRNA pLKO.1-
EGFP-puro plasmid [40]. RT-qPCR protocol adapted from Yang et al. (2024) [36,40] and fluorescein
isothiocyanate (FITC)-labeled probes targeting SCIR-circRNA [41] will be used to assess whether
SCIR-circRNA level is indeed lowered in knockdown zebrafish.
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Assessing motor neuron regeneration: to assess whether knockdown of SCIR-circRNA affects motor
neuron (MN) regeneration in the spinal cord, I will conduct RNAi knockdown in both Tg(HB9:GFP)
zebrafish, followed by spinal cord transection and tissue sampling as described previously. HB9 (Mnx1)
is a spinal cord motor neuron specific marker and a transcription factor critical for its postmitotic
differentiation [42]. I will conduct an immunohistochemical assessment to count the number of
HB9:GFP" cells in SCIR-circRNA knockdown and control models post-SCI [8,43] to determine how
MN regeneration is affected by depletion of SCIR-circRNA. Immunohistochemical assessment of BrdU
which is able to label cells in S phase will also be conducted in both knockdown and control groups
post-SCI to assess the rate of cell proliferation [8,43].

Expected Outcome

Creation of SCIR-circRNA RNAi knockdown zebrafish: we expect that if RNAi of SCIR-circRNA
indeed achieves the desired effect of reducing SCIR-circRNA levels in the spinal cord, RT-qPCR will
yield less reads of SCIR-circRNA in addition to less observed amount of FITC" cells in SCIR-circRNA
knockdown models compared to control models.

Assessing motor neuron regeneration: we expect SCIR-circRNA to affect post-SCI regeneration in
zebrafish, hence we in turn expect its knockdown to affect MN regeneration. If SCIR-circRNA has a
promotional effect on MN, there would be less HB9:GFP" cells and BrdU" cells in the spinal cord tissue
of SCIR-circRNA knockdown models compared to control models as MN differentiation and
proliferation reduces after SCIR-circRNA depletion, and vice versa if SCIR-circRNA has an inhibitory
effect on MN regeneration.

If SCIR-circRNA promotes MN regeneration If SCIR-circRNA inhibits MN regeneration

Hb9:GFP/ HR9:GFP/

-

SCIR-circ RNA KD SCIR-circ RNA KD

Hb9GEP/ Hb9«GER/

Control Control

munohistache t mmur ' istry result
ntrol KD Cor SCIR-circ K
Model groug Model group

HBO.GFP+ mBrdU+ =HBO.GFP+ mBrdU
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Figure 1. Expected outcome of immunohistochemistry of HB9:GFP-positive cells and BrdU-positive
cells in post-SCI tissue sampls from SCIR-circR KD and control models.

2.3. Objective 3: Ascertain the miRNA through which SCIR-circRNA influences spinal cord
regeneration
Rationale: micro RNA (miRNA) sponging is a prominent feature of circRNA by which it regulates the
transcriptome, and it has been shown that some circRNAs regulate spinal cord regeneration via
interaction with miRNA [31]. Therefore, it is necessary to ascertain whether SCIR-circRNA also
regulates spinal cord regeneration through this mechanism, and if yes, determine which miRNA it
interacts with.

Methods:

miRNA isolation: the TRIzol method will be used to extract total RNA from spinal cord tissue sample
of lesioned SCIR-circRNA knockdown and control zebrafish, followed by DNase treatment to degrade
residual DNA, and subsequently the miRNeasy kit (Qiagen) will be used to isolate miRNA [44,45].
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RNA-seq and bioinformatic analysis: 1 will conduct a bioinformatic analysis of SCIR-circRNA to
predict potential miRNA and Argonaut protein binding sites [36]. I will then conduct RN A-seq on the
miRNA from SCIR-circRNA knockdown and control groups to quantify miRNAs, thereby identifying
the most DE miRNA (MDE-miRNA) before and after SCIR-circRNA depletion that also matches the
potential miRNA binding sites on SCIR-circRNA.

FISH confirmation of SCIR-circRNA and MDE-miRNA colocalization: 1 will conduct fluorescent in-
situ hybridization (FISH) assay on both SCIR-circRNA and MDE-miRNA in spinal cord tissues from
wildtype zebrafish to confirm co-localization [36,46].

Luciferase assay confirmation of circRNA-miRNA binding: 1 will create luciferase reporter gene
constructs, hereafter referred to as luc-SCIRcirc-WT (where WT refers to wildtype), by inserting the
predicted binding site of SCIR-circRNA to miRNA into the 3’UTR of the luciferase gene. Gene
constructs with a mutated version of the aforementioned binding site will also be created as a control,
hereafter referred to as luc-SCIRcirc-Mut. I will then transfect luc-SCIRcirc-WT or -Mut into zebrafish
models alongside MDE-miRNA mimics or negative control (NC) mimics [36,47,48].

5 | L uciferase aene | SCIR-circR's binding | 3'
9 [ site with MDE-miR !

__________________

Figure 2. luc-SCIRcirc-WT reporter gene construct

Table 1. Experiment and control groups of luciferase assay

Group 1: zebrafish transfected with luc-SCIRcirc- | Group 3: =zebrafish transfected with luc-
WT and MDE-miR mimics SCIRcirc-Mut and MDE-miR mimics

Group 2: zebrafish transfected with luc-SCIRcirc- | Groups 4: zebrafish transfected with luc-
WT and NC mimics SCIRcirc-Mut and NC mimics

Ex-vivo RNA pulldown assay confirmation of specific binding between MDE-miRNA and SCIR-
circRNA: 1 will use a slightly modified version of a previously described procedure [49]: I will construct
biotin-labeled RNA probes according to the predicted MDE-miR binding sites on SCIR-circRNA; the
probes will be attached to streptavidin beads for immobilization. Total miRNA from zebrafish spinal
cord tissue (obtained with aforementioned isolation procedure) will be incubated with the RNA probes;
miRNA that specifically binds to the probes will be eluted while non-specifically binding miRNAs will
be washed away and discarded. The specifically binding miRNA will then be sequenced and annotated
against existing miRNA databases for identification.

Expected Outcomes:

RNA-seq for MDE-miRNA: 1 expect the miRNA most differentially expressed before and after SCIR-
circRNA knockdown to interact with SCIR-circRNA. I expect there to be one out of two outcomes:
either SCIR-circRNA knockdown leads to an increase in the level of MDE-miRNA, which suggests
SCIR-circRNA inhibits MDE-miRNA levels and that SCIR-circRNA is an MDE-miRNA sponge, or
SCIR-circRNA knockdown leads to a decrease in the level of MDE-miRNA, which suggests SCIR-
circRNA upregulates MDE-miRNA levels possibly via stabilizing pre-MDE-miRNA, similar to how
CDR1as stabilizes pre-miR-195 [30]. The latter scenario could be subject of future research.

FISH confirmation of colocalization: 1 expect FISH assay to indicate colocalization of SCIR-
circRNA and MDE-miRNA in the same tissue and cells if the two indeed interacts. If no colocalization
is found, then it is unlikely that the two RNAs are interacting.

Luciferase assay confirmation of circRNA-miRNA binding: if MDE-miRNA indeed binds to the
predicted binding sites on SCIR-circRNA, I expect there to be lower levels of luciferase in models
transfected with luc-SCIRcirc-WT and MDE-miRNA mimics compared to those transfected with luc-
SCIRcirc-WT and NC mimics, because binding of MDE-miRNA to the binding site sequence in luc-
SCIRcirc-WT would cause the latter to be degraded, leading to reduced luciferase expression. I also
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expect that luciferase levels will have no significant difference in models transfected with luc-SCIRcirc-
Mut regardless of whether it was transfected with MDE-miRNA or NC mimics [48].

a 3UTR b

3 , 5
——— SCIR-circR binding site w/ MDE-miR  —— Luciferase —
MDE-miR }—I : ® MDE-miR
B NC

Wildtype Mutant
Type of SCIR-circR to MDE-miR binding site

Luciferase level

Figure 3. Expected outcomes of luciferase assay. a) If MDE-miRNA binds to the SCIR-circRNA
binding site downstream of luciferase gene, the gene construct would be degraded and luciferase
expression inhibited, b) in which case there will be higher level of luciferase in NC models compared
to MDE-miRNA models if binding site is wildtype, and no significant difference if binding site is
mutated.

RNA-pulldown: if MDE-miRNA indeed specifically binds to SCIR-circRNA, I expect it to bind to
the RNA probes that are based on predicted binding sites of SCIR-circRNA to MDE-miRNA; in which
case, MDE-miRNA will be immobilized and not washed away with non-specific binding RNAs, and
can be eluted, sequenced, and annotated according to existing databases.

3. Conclusion

Summary: The goal of this proposed project is to further elucidate the role of circRNA in spinal cord
regeneration in zebrafish, by identifying the most differentially expressed circRNA pre- and post-SCI,
determine its effect on motor neuron regeneration by knockdown experiment, and ascertain potential
miRNA it interacts with.

Limitation: This proposal only assesses spinal cord regeneration by looking at motor neuron
proliferation and differentiation, other critical aspects such as glial cell responses, axonal regrowth, and
functional recovery, are not addressed. Also, the complexity of circRNA biology may confine the
investigation, like competing for endogenous interactions with multiple miRNAs and RNA-binding
proteins that might not be completely presented by these methods.

Future direction: In future studies, the complete molecular pathways and signaling cascades that are
involved in SCIR-circRNA mediated effects on spinal cord regeneration should be explored further. If
knockdown of SCIR-circRNA is indeed proven to increase the levels of MDE-miRNAs in spinal cord,
future studies should also address how exactly increasing SCIR-circRNA can contribute positively
towards upregulating that important subset of crucial miRs. This will include investigating whether or
not SCIR-circRNA stabilizes MDE-miRNA precursor form and/or inhibits its maturation.
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