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CircJagl promotes apoptosis of ethylene thiourea—exposed
anorectal malformations through sponging miR-137-3p

by regulating Sox9 and suppressing Wnt/p-catenin pathway
during the hindgut development of rat embryos
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Abstract Anorectal malformations (ARMs) are
common birth defects involving congenital struc-
tural anomalies of the gastrointestinal tract. As an
important component of non-coding RNAs, circular
RNAs (circRNAs) widely participate in the digestive
system development; however, the specific molecu-
lar mechanism of their involvement in ARM occur-
rence remains obscure. Herein, we generated rat mod-
els of ARMs induced by ethylene thiourea. A novel
circRNA (circJagl) was screened and identified by
RNA-Seq, which is remarkably upregulated in hind-
gut tissues of ARM rat embryos. In vivo experiments,
colocation analysis via fluorescence in situ hybridi-
zation, and immunofluorescence further demon-
strated that the disordered circJagl/miR-137-3p/Sox9
expression caused a spatiotemporal imbalance in the
urorectal septum (URS) of ARMs. In vitro, functional
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assays confirmed that circJagl upregulation resulted
in the degradation of nuclear f-catenin, C-myc, and
Cyclin D1 in rat intestinal epithelial cells, as well as
the promotion of apoptosis and suppression of cell
proliferation. Mechanistically, dual-luciferase reporter
assay and RNA immunoprecipitation assay indicated
that circJagl acted as a miR-137-3p sponge, thereby
inhibiting its repressive effect on its target Sox9. Fur-
ther experiments showed that a loss of Sox9 abol-
ished the circJagl-mediated increase in apoptosis. In
conclusion, aberrantly high circJagl expression pro-
motes epithelial apoptosis by suppressing the canoni-
cal Wnt/B-catenin pathway via the miR-137-3p/
Sox9 axis, which leads to fusion failure of the URS
and cloacal membrane, and eventually contributed to
ARMs. Our achievements might boost the compre-
hension of ARM pathogenesis and could provide a
novel candidate target for the development of thera-
pies for ARMs to complement surgical treatment.

Highlights

e CircJagl was remarkably upregulated in ARM
hindgut tissues during rat embryo development.

e CircJagl acts as a competing endogenous RNA to
sequester miR-137-3p, resulting in activation of miR-
137-3p-target Sox9, and then promote degradation of
B-catenin and turn off Wnt pathway.

e Abnormal expression of circjagl may result in
fusion failure of URS and CM by reducing epithelial
proliferation and promoting apoptosis.
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Introduction

Anorectal malformations (ARMs) have a broad spec-
trum of clinical phenotypes, such as stenotic anus,
rectourethral fistula, rectal vestibular fistula, and anal
atresia, which makes ARMs are common congenital
structural anomalies, and prevalence rates of approxi-
mately 1/5000 live births (Falcone et al. 2007; Kluth
2010; Wood and Levitt 2018). Because the contours
of the distal rectum and anus are difficult to clearly
show through imaging, ARMs are hard to diagnose in
the prenatal period. Although the anatomical anoma-
lies can be corrected by delicate surgical reconstruc-
tive surgery, many patients experience postoperative
defecation dysfunction, and these complications sub-
stantially disrupt their quality of life (Bai et al. 2000;
Grano et al. 2013). Therefore, elucidating the funda-
mental molecular mechanisms of ARMs is of great
significance for the development of novel early diag-
nosis and effective treatments.

Owing to the difficulty in obtaining human
embryos with ARMs, ethylene thiourea (ETU) is the
most common method for establishing rat embryonic
ARM models which can be used to study interven-
tions and the pathogenesis of ARMs conveniently
(Macedo et al. 2007; Qi et al. 2002). Typical pheno-
types of the ETU-induced ARM rat model are similar
to those of neonates with ARMs; thus, many schol-
ars have used this model to study dynamic morpho-
logical variation and molecular mechanisms underly-
ing ARMs (Mandhan et al. 2006; Tang et al. 2014).
During normal cloacal development, the downward
extension of the urorectal septum (URS) completely
separates the rectum from the urethra and bladder
(Bai et al. 2004; Qi et al. 2000a). Dynamic observa-
tions and molecular analyses of ARMs induced by
ETU in rats have suggested that, excessive endo-
dermal epithelial apoptosis can lead to the fusion
between the URS and cloacal membrane (CM) fall
through, which may be an important reason of ARMs
(Qi et al. 2000b; Sasaki et al. 2004). Consequently,
further studies of the exact molecular mechanism
linking apoptosis and ARMs are urgently needed.

ARMs caused by both hereditary and environmen-
tal factors according to epidemiological and animal
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experiments (Khanna et al. 2018; Wijers et al. 2014;
Wang et al. 2015). Our research group has mainly
focused on mRNA expression profiles during rat
embryonic hindgut development (Li et al. 2021a;
Tang et al. 2014). With the iterative refinement of
sequencing technology, functions of circular RNAs
(circRNAs) have been revealed in various biological
processes during the development of embryos. Fur-
thermore, circRNAs widely participate in the diges-
tive system development. CircRNAs are character-
ized as covalent, closed-loop structures without 5'-3’
polarity or a poly-A tail (Lasda and Parker 2014). The
special construction naturally protects circRNAs from
degradation by RNA exonucleases, RNA enzyme
R, and debranching enzymes. The stability and tis-
sue specificity of circRNAs make them promising
diagnostic biomarkers for diseases (Zhou et al. 2018,
2022). Functionally, mounting evidence have proven
that circRNAs act as sponges for microRNAs (miR-
NAs) to modulate the repression of the target mRNA
(Misir et al. 2022). However, the roles of circRNAs
in anorectal development and particularly in ARMs
were rarely understood.

SRY-related (SOX) transcription factor family
members, which encode transcription factors with
a high mobility group (HMG)-type DNA-binding
domain, are extensively involved in ontogenesis and
determine cell destiny and identity in many lineages
(Schepers et al. 2002). Sox gene mutations are asso-
ciated with congenital disorders and could result in
developmental defects and syndromes, including
severe defects, such as skeletal dysmorphism, cardio-
vascular anomalies, and sex reversal (Kamachi and
Kondoh 2013). Liu et al. found that the expression
levels of SoxI0 in colon samples from patients with
Hirschsprung’s disease and intestinal neurodysplasia
are significantly higher than levels in normal controls
(Liu et al. 2019). Shi et al. proved that Sox9 can inhibit
the proliferation of intestinal epithelial cells in mice
(Shi et al. 2013). Recently, the important roles of the
Sox9 gene in early embryonic development have been
reported (Chatzeli et al. 2017; Song and Park 2020).
Moreover, Sox9 could inhibit Wnt/pB-catenin signal-
ing activity in the developing intestinal epithelium
(Akiyama et al. 2004; Bastide et al. 2007; Formeister
et al. 2009; Topol et al. 2009). Numerous studies have
shown that the wingless-type MMTYV integration site
family (Wnt) signaling pathway is critical in hindgut
development (Kim et al. 2007; Miyagawa et al. 2014;



Cell Biol Toxicol

Ng et al. 2014; Khanna et al. 2018). p-Catenin plays
an important role in regulation of cell differentiation
and morphogenesis during embryogenesis, which is
also a critical component of canonical Wnt signal-
ing (Haegel et al. 1995). Topol et al. confirmed that
So0x9 could promote f-catenin phosphorylation in the
nucleus and its subsequent degradation in chondro-
cytes (Topol et al. 2009). Hence, we speculated that
Sox9 may play a vital function in hindgut develop-
ment via the Wnt/p-catenin signaling pathway.

In our previous study (Li et al. 2021b), we per-
formed high-throughput sequencing of hindgut tis-
sues of rat embryos with or without ETU-induced
ARMs and found that circJagl (novel_circ_011174
from RNA-sequencing; circular jagged canonical
Notch ligand 1; derived from exons 3 and 6 of Jagl)
was upregulated obviously in the ARM group com-
pared to in the normal group. In the current study, we
determined the differences in spatiotemporal expres-
sion of circJagl during hindgut development between
normal rat embryos and rat embryos with ARMs
from gestational day (GD) 14 to GD16, the key time
period for anorectal development. We further clarified
the role of circJagl in ARMs and its potential under-
lying mechanisms. Additionally, for the first time in
this study, we explored the relationship between the
circJagl/miR-137-3p/Sox9 axis and Wnt/B-catenin
signaling pathway. Our observations may shed light
on a novel pathophysiologic mechanism and serve as
a useful foundation for the progress of preventive and
treatment strategies for ARMs.

Materials and methods
RNA-Seq and bioinformatics analysis

Specific methods of RNA-Seq have been described
in our previous studies (Li et al. 2021b). The data-
sets used in this study have been uploaded to the
Gene Expression Omnibus database (GSE159306). In
comparisons between groups, it was revealed that cir-
cRNAs with [FC| > 2 and p < 0.05 are differentially
expressed. The statistical analysis was accomplished
by R software (version 3.6.3; R Foundation for Sta-
tistical Computing, Vienna, Austria). The heat map
and Venn diagram are visualized using GGploT2 and
GGdendro.

Ethics statement

Ethics approval for the study was obtained from the
Ethics Committee of our institution (2020PS357K).
All of the animal experiments were strictly conducted
according to the guidelines for the care and use of
laboratory animals.

Animal and tissue preparation

The detailed process for the collection of anorectal
tissues from ARM and normal rat embryos was fol-
lowed by the previous study (Tang et al. 2014). In
the aggregation, 60 pregnant Wistar rats (7-9 weeks,
250-280 g) were prepared. Half of the rats were
gavaged by 1% ETU (Sigma-Aldrich; Merck Mil-
lipore, Darmstadt, Germany) on GD10 in accordance
with125 mg/kg, whereas the remainder of the rats
received an equivalent amount of normal saline as a
control. Rodents were reared in a SPF (specific path-
ogen-free) environment, which room temperature was
maintain in 22 + 2°C, humidity was maintain in 55 +
5%, light/dark cycle per 12 h, and available water and
food for free.

There were 341 ARM embryos with short tails
or no tails that were induced by ETU, as determined
by light microscopy (OLYMPUS CX22; Tokyo,
Japan), and 420 normal embryos treated by saline
were obtained by cesarean section on GD14, GD15,
and GD16. There are 84.8% (341/402) rat embryos
in the ETU-treated group where ARMs occurred
after excluding 21 that died in utero. A total of 430
embryos were formalin-fixed and paraffin-embedded,
and then, the 4-pm-thick serial sections in sagittal
view were used for fluorescence in situ hybridization
(FISH), immunohistochemistry (IHC), and immuno-
fluorescence (IF). Other samples were immediately
frozen in liquid nitrogen for further quantitative real-
time polymerase chain reaction (QRT-PCR) and West-
ern blotting.

Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL)

Sections were deparaffinized with xylene and hydrated
with an alcohol gradient. After transfection on glass
slides in a 6-well plate, 4% formaldehyde was used
to fix the cells. Following the instructions provided
with the TUNEL Kit (Roche, Basel, Switzerland),
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«Fig. 1 CircJagl expression pattern in rat intestinal epithelial
cells. A Heat map of 55 differentially expressed circRNAs
between hindgut tissues in normal and ETU-induced ARMs.
Each group represents a mean of three biological replicates.
B Venn diagram showing the overlap among the 55 differen-
tially expressed circRNAs between the three time points; only
novel_circ_011174 (circJagl) was identified at both GD14 and
GD15. C Validation of circJagl by qRT-PCR in normal and
ARM hindgut samples. Six independent experiments were per-
formed in triplicate. f-Actin was used as an internal control. D
Schematic illustration showing Jagl exons 3 to 6 circulariza-
tion to form circJagl. E The sequence of circJagl in RNA-Seq
consistent with the result of Sanger sequencing. F The pres-
ence of circJagl was validated in IEC-6 by PCR followed by
agarose gel. Divergent primers amplified circJagl from cDNA
with or without RNase R, but not from gDNA. B-Actin was
used as a negative control. G Representative FISH images of
IEC-6 stained with circJagl were shown. H qRT-PCR showed
that circJagl mainly expressed in the cytoplasm of IEC-6. The
amount of circJagl was normalized to the value measured in
the cytoplasm. I Total RNAs of IEC-6 were digested with or
without RNase R followed by qRT-PCR detection of circJagl
and Jagl expression. Jagl was detected as the RNase R-sensi-
tive control. *p < 0.05; **p < 0.01. N, normal group; A, ARM
group; GD, gestational day

the reaction mixture was prepared for samples incu-
bated for 2h at 37 °C. Images were obtained under an
Eclipse 80i microscope (Nikon, Tokyo, Japan). The
average number of positive cells was divided by the
total number of cells to calculate the apoptosis rate.

IF

After transfection on glass slides in 6-well plates, the
cells were treated with 4% formaldehyde for 15 min and
10% goat serum (Biological Industries, Beit HaEmek,
Israel) for 30 min. Then, the primary anti-B-catenin
(1:100; Proteintech) was used to incubate with the cells
at 4 °C continued for 16 h. The secondary antibody
Alexa Fluor 594-conjugated (1:200; Proteintech) were
used to incubate with IECs at room temperature con-
tinued for 1 h. Eclipse 80i microscope (Nikon, Tokyo,
Japan) was used to obtain the images. Fluorescence
signals and nuclear-plasma ratio were quantified by
ImagelJ. The quantitative methods reference studies that
have been reported in the literature (Anguissola et al.
2011). In brief, the gray value of the entire cell and the
cell nucleus was measured by ImagelJ, and the nuclear-
plasma ratio = the gray value of the cell nucleus/(the
gray value of the entirety cell — the gray value of the
cell nucleus). The nuclear-plasma ratio of each group
was from the cell of three separate experiments, each

nuclear-plasma ratio of individual experiment was the
average of three field which selected randomly under
microscope, and each nuclear-plasma ratio of the field
was the average of three cell selected randomly in it.

IHC

Sections were deparaffinized and hydrated according
to the common practice. Three percent H,O, was used
to incubate with the sections for 15 min in order to
block the endogenous peroxidase activity. After antigen
retrieval by sodium citrate, 10% goat serum (Thermo
Fisher Scientific) was used to incubate the sections for
30 min to reduce false positives. Then, the primary anti-
body (anti-Sox9, 1:100 dilution; Abcam, ab185230)
was used to incubate with the sections at 4 °C contin-
ued for 16 h, and then incubated with a horseradish
peroxidase-conjugated secondary antibody (Thermo
Fisher Scientific) at room temperature for 30 min. The
3,3'-diaminobenzidine (DAB; Sigma) was used to visu-
alize the immunoreactivity, and the nuclei were stained
with hematoxylin. Tissue sections were checked under
a microscope (NIKON CE1 Confocal Microscope).
The image processing was accomplished by Adobe
Photoshop. Image] was used for quantitative analysis.

Statistical analysis

Statistical analyses were performed using SPSS 13.0
(IBM Corporation, Armonk, NY, USA). All data
were obtained from at least three independent experi-
ments performed in triplicate, and the results are
presented as mean + standard deviation (SD). Sta-
tistically significant differences between groups were
identified by Student’s #-tests (two-group compari-
son). One-way analysis of variance followed by Tuk-
ey’s post-hoc analysis (multigroup comparison) was
used to examine the difference as appropriate. Values
of p < 0.05 were considered significant.

Results

CirclJagl is expressed in rat intestinal epithelial cells
Based on our previously generated high-through-
put sequencing data, 55 significantly differentially

expressed circRNAs filtered by IFCl > 2 and p <
0.05 from hindgut tissues of rat embryos with and
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«Fig. 2 CircJagl promotes apoptosis and inhibits prolifera-
tion of rat intestinal epithelial cells. A gRT-PCR was used to
detect the relative expression levels of circJagl and Jagl after
transfection over-circJagl/vector in IEC-6. p-Actin was used
as an internal control. B Western blotting was used to detect
the protein expression levels of Jagl after transfection over-
circJagl/vector in IEC-6. C, D CCK-8 and EdU assays were
used to detect the viability of IEC-6 after transfection over-
circJagl/vector. E, F Flow cytometry with FITC-Annexin V/
PI gating and TUNEL were used to detect apoptosis in IEC-6
after transfection over-circJagl/vector. Q2 and Q3 represent
the percentage of late and early apoptotic cells in quadrants,
respectively. G Protein expression levels of Sox9 in total pro-
tein and fB-catenin, Cyclin D1, and C-myc in nuclear protein
after transfection si-circJagl/si-NC/over-circJagl/vector. H
Relative expression levels of Sox9 in total RNA and f-catenin,
Cyclin D1, and C-myc in nuclear RNA after transfection si-
circJagl/si-NC/over-circJagl/vector. Total RNAs were normal-
ized to P-actin while nuclear RNAs were normalized to U6. I
Immunofluorescence was used to detect the effect on f-catenin
expression after transfection over-circJagl/vector in IEC-6. *p
< 0.05; **p < 0.01

without ETU-treated were identified (Fig. 1A). Only
novel_circ_011174 was identified at both GD14 and
GD15, as shown in a Venn diagram (Fig. 1B). Accord-
ingly, novel_circ_011174 was selected as the research
object. We designed head-to-tail divergent primers for
novel_circ_011174 (567nt circJagl) to validate the
circRNA sequencing data in tissue samples by qRT-
PCR. Compared to normal group, circJagl was signif-
icantly upregulated in ARM group (Fig. 1C). Moreo-
ver, the amplified product of circJagl was detected
by Sanger sequencing, which confirmed that circJagl
was generated from exons 3 to 6 of Jagl (Fig. 1D,
E). The cDNA and gDNA extracted from IEC-6 were
amplified with convergent primers and divergent prim-
ers for circJagl, respectively. The divergent prim-
ers could amplify circJagl in cDNA; however, they
could not detect circJagl in gDNA in IEC-6 (Fig. 1F).
FISH showed that circJagl is mainly expressed in the
cytoplasmic fraction of IEC-6 (Fig. 1G), which was
also confirmed by qRT-PCR (Fig. 1H). CircJagl was
indigestible by exonuclease ribonuclease R (RNase
R), and a large amount of circJagl expression can be
detected after RNase R treatment, while linear Jagl
mRNA was almost undetectable (Fig. 11).

CircJag] inhibits proliferation and promotes
apoptosis

CircJagl overexpression made no difference to Jagl
mRNA and protein levels (Fig. 2A, B); nevertheless,

it reduced the proliferation rate of IEC-6 cells, as
determined by CCK-8 and EdU assays (Fig. 2C, D).
Flow cytometry and TUNEL assays also showed that
circJagl overexpression promoted apoptosis of IEC-6
cells (Fig. 2E, F). In cells transfected with three circ-
Jagl si-RNAs, the si-1 knockdown efficiency was the
highest at 68%; therefore, it was used in subsequent
experiments (Fig. S1A). Moreover, we found that
circJagl high expression induced Sox9 expression,
with concomitant reductions of f-catenin, C-myc,
and Cyclin D1 levels through both Western blotting
and qRT-PCR experiments (Fig. 2G, H). Accord-
ingly, cellular immunofluorescence also showed that
circJagl overexpression resulted in reduced nuclear
B-catenin levels (Fig. 2I). The results indicate that
circJagl overexpression enhances apoptosis and
inhibits proliferation in IECs through Wnt/B-catenin
pathway.

CircJagl acts as sponge for miR-137-3p

Since circJagl was highly expressed in the cyto-
plasm (Fig. 1G), we attempted to evaluate whether
it could be a miRNA sponge to influence on gene
expression. Argonaute RNA-induced silencing com-
plex catalytic component 2 (Ago2) is a center mem-
ber of the RNA-induced silencing complex (RISC),
which binds to miRNA to target RNAs. RIP assays
demonstrated that circJagl was explicitly gathered in
the immunoprecipitation of Ago2 pull down; how-
ever, circJagl could not be detected in the control
IgG (Fig. 3A). Two candidate miRNAs (miR-137-3p
and miR-873-5p) were identified by intersection the
predicted miRNA recognition elements in circJagl
sequence through miREAP, miRanda, and TargetS-
can. We used dual luciferase reporter assays to deter-
mine whether miR-137-3p and miR-873-5p regulates
circJagl. Finally, only miR-137-3p mimics could sig-
nificantly reduce the activity of LUC-circJagl WT,
whereas miR-137-3p mimics did not influence the
activity of LUC-circJagl MUT in 293T HEK cells
(Figs. 3B and S1D). FISH showed the colocaliza-
tion of circJagl and miR-137-3p and Manders’ over-
lap coefficient was 0.92 (Fig. 3C). The cytofluoro-
gram is shown in Fig. SIC. We further confirmed
the regulatory interaction between circJagl and miR-
137-3p. The overexpression of circJagl significantly
decreased miR-137-3p expression, and circJagl
silencing increased miR-137-3p expression (Fig. 3D).
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«Fig. 3 CirclJagl serves as a sponge for miR-137-3p. A Total
RNA was extracted from IEC-6 and immunoprecipitated
using Ago2 or IgG antibody. CircJagl amount in the immu-
noprecipitate was detected by qRT-PCR. B Dual-luciferase
reporter experiment validating the direct target relationship of
circJagl and miR-137-3p. C FISH images showing the colo-
calization of circJagl and miR-137-3p in IEC-6. D qRT-PCR
was used to detect the relative expression levels of miR-137-3p
after transfection si-circJagl/si-NC/over-circJagl/vector in
IEC-6. U6 was used as an internal control. E, F TUNEL and
flow cytometry with FITC-Annexin V/PI gating were used to
detect apoptosis in IEC-6 after transfection miR-137-3p inhibi-
tor/inhibitor NC. Q2 and Q3 represent the percentage of late
and early apoptotic cells in quadrants, respectively. G, H EAU
and CCK-8 assays were used to detect the viability of IEC-6
after transfection miR-137-3p inhibitor/inhibitor NC. I West-
ern blotting was used to detect the protein expression levels
of B-catenin, Cyclin D1, and C-myc in nuclear protein after
transfection  miR-137-3p  mimics/mimics-NC/miR-137-3p
inhibitor/inhibitor NC. J qRT-PCR was used to detect the rela-
tive expression levels of B-catenin, Cyclin D1, and C-myc in
nuclear RNA after transfection miR-137-3p mimics/mimics-
NC/miR-137-3p inhibitor/inhibitor NC. U6 was used as an
internal control. *p < 0.05; **p < 0.01; ***p < 0.001

These results support our hypothesis that circJagl
serves as a miR-137-3p sponge. Transfection with an
miR-137-3p inhibitor increased the rate of apoptosis
(Fig. 3E, F) and decreased cell viability and prolif-
eration (Fig. 3G, H). gqRT-PCR and Western blotting
showed that B-catenin, C-myc, and Cyclin D1 expres-
sion decreased/increased significantly in nuclear after
treatment with miR-137-3p inhibitor/mimics (Fig. 31,
D).

Deduction of miR-137-3p upregulates Sox9 and
inhibits intracellular B-catenin

After co-transfection with a miR-137-3p mimic and
the wild-type/mutated 3'-UTR of Sox9, the lucif-
erase reporter assay indicated that miR-137-3p could
remarkably and specifically inhibit the transcrip-
tion of Sox9 (Fig. 4A). Transfection with the miR-
137-3p mimics/significantly inhibited/promoted the
expression of Sox9 (Fig. 4B, C). Transfection with
the Sox9 overexpression plasmid reduces P-catenin,
C-myc, and Cyclin D1 expression (Fig. 4D), inhib-
its proliferation, and promotes apoptosis (Fig. 4E,
F). These effects were attenuated by treatment with
a miR-137-3p mimic (apoptosis rate (%): over-NC
+ mimics-NC, 23.76+2.87; over-Sox9+mimics-
NC, 32.70+2.57; over-Sox9+miR-137-3p mim-
ics, 25.35+2.50; over-NC+miR-137-3p mimics,

16.32+2.87) (Fig. 4D, F). The above results indicate
that there are direct binding sites between Sox9 and
miR-137-3p, and there is a direct regulatory effect
between them in IEC-6 cells. IF showed that Sox9
overexpression/miR-137-3p silencing resulted in the
downregulation of nuclear p-catenin (Fig. 4G).

Spatiotemporal co-expression of circJagl/
miR-137-3p/Sox9

In order to clearly and dynamically observe morpho-
logical changes of cloacal area development in rat
embryos at critical time points, immunohistochemi-
cal staining was used to evaluate the spatiotemporal
expression patterns of Sox9. We found that the posi-
tive signals of Sox9 were stronger in ARM group
compared with the normal group (Fig. 5A, B).

In ARM group, on GD14, the URS located in
high position of cloaca and far away from CM. Sox9-
immunopositive signals were abundant in the hindgut
and URS (Fig. 5Aal, bl). On GD15, the URS and
CM remained unfused. Sox9-immunopositive signals
could be extensively observed on fistula and hindgut
epithelium (Fig. 5Aa2, b2). On GD16, the rectal ter-
minus could not connect with outside. Sox9-positive
cells could be found in the fistula and rectal epithe-
lium (Fig. 5Aa3, b3). In normal group, on GD14, it
is easy to observe that URS almost fused to CM, and
the relative frequencies of Sox9-positive signals were
faint in that of place (Fig. 5Acl, d1). On GD15, the
URS epithelium and the dorsal CM fusion together,
and the URS and anal membrane (AM) fused tissue
exhibited faint Sox9 expression (Fig. SAc2, d2). On
GD16, rupture of the AM was clearly observed, as
well as rectum could be in contact with the external
environment. Sox9-positive cells could be found in
the anorectal epithelium (Fig. 5Ac3, d3).

Moreover, FISH was used to investigate the spa-
tial and temporal expression patterns of circJagl and
miR-137-3p. The FISH results for circJagl-positive
cells (pink) and miR-137-3p-positive cells (green)
and IF results for Sox9-positive cells (red) are sum-
marized in Fig. 6. On GD14, markedly higher num-
ber of circJagl- and Sox9-positive cells in the hind-
gut and URS could be observed in the ARM group
exceeding that in the normal group (Fig. 6bl, b4, d1,
and d4). Moreover, miR-137-3p-positive cells were
less frequent in ARM hindgut (Fig. 6cl, c4). On
GD15, circJagl and Sox9 levels were significantly
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«Fig. 4 miR-137-3p directly targets Sox9. A Dual-luciferase
reporter experiment validating the direct target relationship of
Sox9 and miR-137-3p. B Western blotting was used to detect
the protein expression levels of Sox9 after transfection miR-
137-3p  mimics/mimics-NC/miR-137-3p  inhibitor/inhibitor
NC. C qRT-PCR was used to detect the relative mRNA expres-
sion levels of Sox9 after transfection miR-137-3p mimics/
mimics-NC/miR-137-3p inhibitor/inhibitor NC. p-Actin was
used as an internal control. D Expression of B-catenin, Cyclin
D1, and C-myc in nuclear protein was detected in IEC-6 trans-
fected with over-Sox9, miR-137-3p mimics, or miR-137-3p
mimics together with Sox9 plasmid. E Flow cytometry with
FITC-Annexin V/PI gating was used to detect apoptosis in
IEC-6 after transfection over-Sox9, miR-137-3p mimics, or
miR-137-3p mimics together with Sox9 plasmid. Q2 and Q3
represent the percentage of late and early apoptotic cells in
quadrants, respectively. F CCK-8 assays were used to detect
the viability of IEC-6 transfected with over-Sox9, miR-137-3p
mimics, or miR-137-3p mimics together with Sox9 plasmid. G
Immunofluorescence was used to detect the effect on f-catenin
expression after transfection over-Sox9/vector/miR-137-3p
inhibitor/inhibitor NC in IEC-6.The white arrow points to the
nuclear positive p-catenin. *p < 0.05; **p < 0.01

higher in the URS of ARM group, and the AM and
URS showed circJagl and Sox9 signals in the nor-
mal group (Fig. 6b2, b5, d2, and d5). The number of
circJagl- and Sox9-positive cells were similar. miR-
137-3p showed faint expression in the ARM group
(Fig. 6¢c2, c5). Merged images show that their sig-
nals overlapped in the fistula and hindgut epithelium
(Fig. 6e2, e5). On GD16, circJagl- and Sox9-positive
cells were detected in the anorectal epithelium in the
normal group (Fig. 6b6, d6). In the ARM group, circ-
Jagl- and Sox9-positive cells were abundant in the
fistula and terminal rectum, with significant overlap
(Fig. 6b3, d3). Positive signals of miR-137-3p were
more common in the normal group (Fig. 6¢3, c6).

CircJagl promotes apoptosis and inhibits
proliferation through the miR-137-3p/Sox9 axis

The miR-137-3p overexpression remarkably attenu-
ated the circJagl-caused upregulation of Sox9 and
downregulation of f-catenin, C-myc, and Cyclin D1
(Fig. 7A, B). The rate of apoptosis was significantly
higher in circJagl-overexpressing IECs than in wild-
type IECs, and this increase was attenuated by the over-
expression of miR-137-3p (apoptosis rate (%): over-NC
+ mimics-NC, 18.21+2.39; over-circJagl+mimics-
NC, 27.02+2.45; over-circJagl4+miR-137-3p mim-
ics, 21.07+2.24; over-NC+miR-137-3p mimics,
15.1940.77) (Fig. 7C, D). To demonstrate the direct

interaction between circJagl and miR-137-3p, we over-
expressed miR-137-3p (20, 50, and 100 nM) in IECs
after the overexpression of circJagl (Fig. 7E). This
result demonstrated that the effect of miR-137-3p sup-
pressed circJagl-induced Sox9 expression increased
in a concentration-dependent manner. These results
indicated that circJagl promotes apoptosis and inhibits
proliferation via the miR-137-3p/Sox9 axis.

Apoptotic effect of circJagl is abolished by the loss
of Sox9

CircJagl overexpression remarkably causes the
upregulation of Sox9 together with downregulation
of nuclear p-catenin and promoted apoptosis in IECs.
Three siRNAs of Sox9 was transfected separately,
and the knockout efficiency of si-3 was 74%, which
was the most efficient (Fig. S1B). Thus, to silence
Sox9, si-3 of it was used in following experiments.
We silenced Sox9, followed by transfection with the
circJagl overexpression plasmid/miR-137-3p inhibi-
tor and did not observe an increase in apoptosis or a
reduction in proliferation in IECs (Fig. 7F, G). The
results mentioned above demonstrated the circJagl/
miR-137-3p/Sox9 regulatory axis play an essential
role in the regulation of apoptosis together with phe-
notypic transformation, as well as excess of circJagl
results in more severe epithelial apoptosis.

Discussion

In recent years, researches have evinced circRNAs
were important in embryogenesis, skeletal muscle
development, neuronal development, osteogenic dif-
ferentiation, the reproductive system, and germ cell
development (Di Agostino et al. 2020; Lee et al.
2019). However, reports on circRNAs during hindgut
development are limited. Based on high-throughput
sequencing data and an interaction network (Li et al.
2021b), a novel circRNA (circJagl) was identified,
and it was significantly upregulated in the hindgut of
ARM rat embryos treated with ETU. It is tradition-
ally thought that the failure of the fusion between the
URS and CM during the key period (GD14-GD16)
for anorectal formation leads to the failure of anorec-
tal separation from the urethra. There is still a nor-
mal tube between the urethra and rectum that can be
a reason for persistent cloaca or rectourethral fistula
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Fig. 5 Immunohistochemi-
cal staining of Sox9 in the
normal and ARM groups
from GD14 to GD16. A
Black rectangles in a, ¢ are
displayed at higher magnifi-
cation in b, d. B Quantifica-
tion of positive signals in
IHC. GD, gestational day;
U, urethra; R, rectum; URS,
urorectal septum; CM, cloa-
cal membrane; F, fistula;
AM, anal membrane. Scale

bar, 100 pm.*p < 0.05 GD15

(ARM type) (Qi et al. 2000a; Bai et al. 2004). Our
FISH results revealed that there were strong circJagl-
positive cell expression on the epithelial cells of the
unfused parts in ARM group. qRT-PCR analysis
confirmed ARM is associated with higher circJagl
expression during GD14 and GDI15. These findings
indicated that circJagl expression undergoes a spatial
and temporal imbalance during the development of
the anorectum and that it may play a central regula-
tory role in anorectal abnormalities.

CircRNAs exert biological effects through various
mechanisms, e.g., by interacting with RNA polymerase
II to regulate transcription; substituting RNA-binding
proteins for mRNA splicing patterns; ribosomal trans-
lation; and encoding proteins (Ebbesen et al. 2016).
Many studies have concentrated on the function of
circRNAs as competing endogenous RNA, acting as
sponges to suppress miRNAs, and ultimately disturb the
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conventional mRNAs expression (Hansen et al. 2013).
More and more studies have confirmed that circRNAs
could regulate post-transcriptional function and often
attenuate the repressing influences of miRNAs on their
targets (Guil and Esteller 2015). Our results have shown
that, circJagl expression is mainly in the cytoplasm
of ICEs, and holds conserved binding sites with miR-
137-3p at the same time, which was verified through
FISH, dual-luciferase reporter assays, and RNA immu-
noprecipitation. Overexpression of circJagl significantly
decreased miR-137-3p levels, whereas its absence sig-
nificantly upregulated miR-137-3p expression. These
results verified that, among circJagl and miR-137-3p
had a direct targeted regulatory relationship. Besides,
through targeting to the 3-UTR sequence of Sox9,
miR-137-3p could directly inhibits it expression. Nota-
bly, overexpression of miR-137-3p could abolish Sox9-
mediated epithelial apoptosis. Thus, the isolation effect
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DAPI circJag1 miR-137-3p Sox9 Merged

Fig. 6 FISH staining of circJagl and miR-137-3p together
with IF staining of Sox9 in the N and A groups from GD14
to GD16. a DAPI (blue); b circlJagl (pink); ¢ miR-137-3p
(green); d Sox9 (red); e merged images. White rectangles in e

are displayed at higher magnification in a-d. N, normal group;
A, ARM group; GD, gestational day; U, urethra; R, rectum;
URS, urorectal septum; F, fistula; AM, anal membrane. Scale
bar, 100 pm
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Fig. 7 CircJagl promotes apoptosis and inhibits proliferation
via the miR-137-3p/Sox9 axis. A, B Expression of Sox9 in
total protein and B-catenin, Cyclin D1, and C-myc in nuclear
protein was detected in IEC-6 transfected with over-circJagl,
miR-137-3p mimics, or miR-137-3p mimics together with
over-circJagl. C Flow cytometry with FITC-Annexin V/PI
gating was used to detect apoptosis in IEC-6 after transfection
over-circJagl, miR-137-3p mimics, or miR-137-3p mimics
together with over-circJagl. Q2 and Q3 represent the percent-
age of late and early apoptotic cells in quadrants, respectively.
D CCK-8 was used to detect the viability of IEC-6 after trans-
fection over-circJagl, miR-137-3p mimics, or miR-137-3p
mimics together with over-circJagl. E Transfected miR-137-3p

of circJagl on miR-137-3p provides a reverse effect for
regulating the effect of miR-137-3p on Sox9. As men-
tioned above, we reported for the first time the direct
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mimics (20, 50, and 100 nM) in IECs after the overexpression
of circJagl; Western blotting results showed that miR-137-3p
inhibited circJagl-induced Sox9 expression increased in a con-
centration-dependent manner. F Apoptotic effect of circJagl
is abolished by the loss of Sox9. Apoptosis assay detected by
flow cytometry with FITC-Annexin V/PI gating was used to
measure the cell apoptosis of IEC-6 after transfection si-Sox9
together with over-circJagl/miR-137-3p inhibitor. Q2 and
Q3 represent the percentage of late and early apoptotic cells
in quadrants, respectively. G CCK-8 assay was used to meas-
ure the cell viability of IEC-6 after co-transfection si-Sox9
together with over-circJagl/miR-137-3p inhibitor. *p < 0.05;
**p <0.01

regulatory relationships among circJagl, miR-137-3p,
and Sox9 and showed that this axis may be an essential
part in morphogenesis of anus and rectum.
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The delayed development of the tailgut and exces-
sive apoptosis of the epithelial cell in cloaca dorsal
wall may be the reason for the dysplasia of the cloaca
(Qi et al. 2000b; Li et al. 2021a). Previous studies
have confirmed that P53, Bax, and other pro-apop-
totic proteins are upregulated during the ARM rat
embryos development of hindgut (Li et al. 2021a;
Long et al. 2020). According to a series of cell assays,
including flow cytometry, TUNEL, CCKS8, and EAU
assays, we provided the first evidence that circJagl
promotes Sox9 expression by reducing miR-137-3p
levels, thereby inducing epithelial apoptosis and
inhibiting proliferation.

Apoptosis occurs via many different signaling
pathways, among which Wnt/p-catenin as a classical
pathway has been widely studied in ARMs. Wnt/f-
catenin signal transduction dysregulation can contrib-
ute for the ARM phenotypes. Miyagawa et al. (2014)

Fig. 8 Proposed model of
IEC-6 phenotypic modula-
tion control by circJagl.
CircJagl is generated by
the back splicing of exons

3 to 6 of the Jagl gene. We
provide the first study to
show that circJagl performs
its potential function as

a competing endogenous V4
RNA to sequester miR- ,
137-3p, resulting in activa-

tion of miR-137-3p-target '

Sox9, and then promote
degradation of p-catenin

— f=——--)
, Nucleus

\ oo —
DNA

demonstrated that reduced p-catenin expression in the
endodermal epithelium by conditional gene knockout
results in an ARM phenotype. Ng et al. 2014 found
that the Wnt inhibitory factor 1 (Wifl) gene, which
inhibits Wnt signals, plays a crucial role in cloa-
cal development, providing further evidence for the
role of Wnt signaling in the occurrence of ARMs.
p-Catenin is a vital molecule in the canonical Wnt
pathway. After ligand and receptor binding in the Wnt
pathway, the signal transduction leads to the B-catenin
aggregated in the cytoplasm. Then, pB-catenin enters
the nucleus to bind to the TCF/LEF transcription fac-
tors that will in turn activate the Cyclin D1and C-myc
(effector genes) expression (Kin et al. 2007). Besides,
Topol et al. (2009) have investigated the molecular
mechanism of Sox9 antagonizing Wnt/p-catenin path-
way during chondrocyte differentiation and sought out
that the phosphorylation and degradation of p-catenin
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in the nucleus could be promoted by N-terminus of
So0x9. Besides, C-terminus is required to inhibit tran-
scriptional activity of B-catenin without affecting its
stability. In this study, we first explored whether circ-
Jag1/miR-137-3p/Sox9 had similar potential regula-
tory effects in intestinal epithelial cells on canonical
Wnt/B-catenin signaling pathway. Not only p-catenin
protein expression was evaluated, but also the intra-
cellular location after up- and downregulation of
circJagl/miR-137-3p/Sox9 were detected. Overall,
upregulation of circJagl/Sox9 and downregulation of
miR-137-3p were found to lead to B-catenin degrada-
tion in the nucleus, thereby reducing its downstream
target genes expression including C-myc and Cyclin
DI1. Hence, based on the molecular biological func-
tions of Wnt/B-catenin, we believe that circJagl/miR-
137-3p/Sox9 could exercise a momentous regulatory
function in the occurrence and development of ARMs
by influencing the epithelial cells apoptosis and pro-
liferation through Wnt/p-catenin pathway (Fig. 8).

Nevertheless, there are several limitations in
the study. Although our experimental results sup-
port that circJagl can regulate apoptosis and prolif-
eration through the axis of miR-137-3p/Sox9, in vivo
experiments to explore their effects on the phenotype
of ARMs are still lacking. In addition, for a further
understanding of the character of circJagl in ARMs,
more effort and investigations will be needed. Amni-
otic fluid and blood samples from the birth cohort
should be used in future relevant tests to deeper detect
whether circJagl can be added to a prenatal diagnosis
marker or therapeutic target of ARMs.

In conclusion, our results demonstrated that circ-
Jagl is upregulated and exhibits spatiotemporal dys-
regulated expression during hindgut development in
rat embryos with ARMs. Moreover, circJagl serves
as a miR-137-3p sponge and contributes to ARMs via
Sox9-mediated epithelial apoptosis. The overexpres-
sion of circJagl/Sox9 and repression of miR-137-3p
could turn off the Wnt/B-catenin signaling. Taken
together, the new mechanism about circJagl in the
epigenetic regulation of Sox9 was revealed. Further-
more, all of the results reveal that circJagl may have
a vital function in anorectal morphogenesis. Notably,
the circJagl/miR-137-3p/Sox9 axis may represent a
potential therapeutic target for ARMs.
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