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Abstract

Background and Aims: Radiation-induced liver fibrosis
(RILF), delayed damage to the liver (post-irradiation) re-
mains a major challenge for the radiotherapy of liver ma-
lignancies. This study investigated the potential function
and mechanism of circTUBD1 in the development of RILF.
Methods: By using a dual luciferase assay, RNA pull-
down assays, RNA sequencing, chromatin immunoprecipi-
tation (known as ChIP) assays, and a series of gain- or
loss-of-function experiments, it was found that circTUBD1
regulated the activation and fibrosis response of LX-2 cells
induced by irradiation via a circTUBD1/micro-203a-3p/
Smad3 positive feedback loop in a 3D system. Results:
Knockdown of circTUBD1 not only reduced the expression
of a-SMA, as a marker of LX-2 cell activation, but also
significantly decreased the levels of hepatic fibrosis mol-
ecules, collagen type I alpha 1 (COL1A1), collagen type
IIT alpha 1 (COL3A1), and connective tissue growth factor
(CTGF) in a three-dimensional (3D) culture system and
RILF model in vivo. Notably, knockdown of circTUBD1 al-
leviated early liver fibrosis induced by irradiation in mice
models. Conclusions: This study is the first to reveal the
mechanism and role of circTUBD1 in RILF via a circTUBD1/
micro-203a-3p/Smad3 feedback loop, which provides a
novel therapeutic strategy for relieving the progression
of RILF.
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Introduction

Radiotherapy is one of the most important nonsurgical
treatments of liver malignancies! such as hepatocellular
carcinoma and intrahepatic cholangiocarcinoma. However,
the efficacy of radiotherapy for liver malignancy is severely
limited by radiation-induced liver fibrosis (RILF),2 which
prevents re-irradiation or irradiation dose escalation for
additional treatment of the cancer.!~# It cannot be ignored
that patients with liver dysfunction have a decreased toler-
ance to radiation and are more likely to develop RILF after
completion of radiotherapy.25:¢ Therefore, it is necessary to
thoroughly clarify the central mechanisms underlying RILF
and find suitable interventions to prevent or alleviate RILF
occurrence and development.

However, research progress in RILF remains slow and no
efficient therapies are available. One of the major obstacles
is the lack of a stable fibrosis model induced by irradiation
in vitro.” Hepatic stellate cells (HSCs) are the main fibro-
sis cell type of liver fibrosis.8 However, human primary HSCs
are difficult to culture because they have limited proliferation
capacity. The two-dimensional (2D) culture model’s rapid
dedifferentiation limits observation of the long-term cell phe-
notypes of chronic liver diseases, such as hepatotoxicity or fi-
brosis. Thus, it is imperative to develop new in vitro systems
for maintaining quiescent LX-2 cells during prolonged periods
of culture. A 3D culture system has recently gained much
attention as a reliable system in vitro for studying various
molecular and screening therapeutic drugs.”.9:10 Pingitore et
al. established multilineage 3D spheroids as a model of liver
steatosis and reported that LX-2 cells facilitate the compact-
ness of 3D spheroids.® In addition, the 3D model system is
more similar to in vivo conditions, which makes it a realistic
system for in vitro translation studies.10.11 These studies sug-
gested that 3D cultures have potential as an in vitro model to
explore mechanisms involved in chronic liver diseases.”:9:11

Increasing evidence shows that small RNA molecules have
significant roles in the regulation of a variety of biological pro-
cesses.1?2 In addition, circRNAs characteristically have tissue-
specific expression patterns!3 that indicate they have a po-
tential role in the diagnosis and treatment of disease. It was
reported that circ-10720 serves as a biomarker of hepatocel-
lular carcinoma and is positively correlated with poor prog-
nosis in hepatocellular carcinoma.!3 Hsa_circ_0070963 inhib-
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its liver fibrosis by regulation of miR-223-3p and LEMD3.14
The findings suggest that targeting circRNAs is a promising
therapeutic strategy. However, the expression and function of
circRNAs in RILF remain largely unexamined. Because con-
ventional 2D cell culture is sensitive to irradiation, it restricts
observation of the chronic phenotype of liver fibrosis induced
by high-dose irradiation. To study RILF, we successfully estab-
lished a 3D spheroid model of LX-2 cells, which greatly facili-
tated this research. To examine the mechanism of activation
and fibrogenic response of LX-2 cells to irradiation, a circRNA
microarray was used to screen differentially expressed circR-
NAs in irradiated and nonirradiated LX-2 cells in our previous
study.1> Among the significantly different circRNAs, circTUBD1
(hsa_circ_0044897) caught our attention because it was sig-
nificantly upregulated, and its change was consistent with the
activation of LX-2 cells. In this study, its role and regulation
mechanism were further investigated in a 3D spheroid model
of human HSCs LX-2 cells and in RILF mice models.

Methods

3D spheroid culture

LX-2 cells were purchased from the Shanghai Academy of
Life Sciences (Shanghai, China) and cultured in Dulbecco’s
Modified Eagle Medium (HyClone Laboratories, Logan, UT,
USA). LX-2 cells were seeded into ultra low-attachment 96-
well plates (Corning, Corning, NY, USA) at 3,000 viable cells
per well in 200 pL specific culture medium with 2% fetal
bovine serum (FBS), 100 U/mL penicillin, and 100 ug/mL
streptomycin. The spheroids were sufficiently compact at 3
days after seeding, and 50% of the medium was exchanged
daily with fresh medium. Spheroids were transferred to
spinner flasks and maintained on a constant temperature
cell shaker with stirring at 50 rpm.

Cell irradiation with X-rays

To minimize cell activation, the cells were cultured for 3-5
generations after irradiation. LX-2 cells were irradiated with
a single dose of 8 Gy X-rays, a photon beam energy of 8 MV,
and at a dose rate of 300 cGy/min using an ONCORTM linear
accelerator (Siemens, Munich, Germany). The distance be-
tween the cell plates and the X-ray source was 100 cm. The
cells were collected at the indicated times for subsequent
experiments.

Cell viability assay

To measure cell viability, a CellTiter-Glo Luminescent Cell
Viability Assay kit (Promega, Madison, WI, USA) was used
following the manufacturer’s instructions to measure ATP
content. Briefly, 50 pL reagent was added to each sample
well. After disruption of spheroids by pipetting, the plate was
incubated at room temperature for 20 min in the dark. Then,
the plate was placed in a SpectraMax i3 (Molecular Devices,
San Jose, CA, USA) counter and luminescence was meas-
ured with SoftMax Pro 6.3 software (Molecular Devices).

Immunofluorescence

Briefly, 3D spheroidal cells were fixed with 8% paraformalde-
hyde for 12 h, embedded in OCT Cryomount, and then sec-
tioned at 8 um. The sections were permeabilized with 0.5%
Triton X-100, blocked with 10% FBS, and then incubated with
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primary antibodies against a-SMA, COL1A1, COL3A1, CTGF
(Cell Signaling Technology, Danvers, MA, USA) for 60 min at
37°C. All antibodies were diluted in 0.2% (w/v) bovine serum
albumen in phosphate buffered saline. Sections were then
probed with a Cy3-conjugated goat antimouse or antirab-
bit IgG secondary antibody for 30 min at 37°C. Nuclei were
stained with antifade mounting medium containing diamidi-
no-2-phenylindole (DAPI) (Beyotime Institute of Biotechnol-
ogy, Shanghai, China). Images were obtained by fluorescence
microscopy (model BZ 700; Keyence, Osaka, Japan).

RNA pull-down assay

RNA pull-down assays were performed following the manu-
facturer’s instructions. Briefly, for circTUBD1 to pull down en-
dogenous miR-203a-3p, a biotin-coupled probe was designed
to bind to the junction sites of circTUBD1, and a negative
probe was used as a control. Biotin-circTUBD1 and its nega-
tive probe were incubated with 600 ug streptavidin magnetic
beads (Life Technologies, Carlsbad, CA, USA) to form a biotin-
coupled RNA complex. Total RNA was extracted from 2x107
LX-2 cells, and 200 pg total RNA was incubated with the bi-
otin-coupled RNA complex. Bound RNAs were evaluated by
gRT-PCR. The same method was used for biotin-miR-203a-3p
mimics to pull down endogenous circTUBD1. The circTUBD1
probe, miR-203a-3p probe, and the corresponding negative
control probes are listed in Supplementary Table 1.

RNA sequencing analysis

LX-2 cells transfected with small interfering RNA targeting
circTUBD1 and its negative control were treated with 8 Gy
X-rays. After irradiation for 72 h, LX-2 cells were collected
for RNA sequencing. Transcriptome sequencing and bioinfor-
matics analysis was performed with an Illumina HiSeq2500
instrument at Shanghai Majorbio Biopharm Technology Co.
Ltd. (Shanghai, China).

ChIP assay

ChIP assays were performed following the manufacturer’s
protocol using the Magna Ch-IP G Assay kit (EMD Millipore,
Temecula, CA, USA). Briefly, cells were cross-linked with 1%
formaldehyde for 10 m at room temperature, and quenched
with 0.25 mol/L glycine. The cell pellet was resuspended in
lysis buffer and incubated on ice for 15 min. The pellet was
resuspended in nuclear lysis buffer. Effective sonication was
confirmed by bioanalyzer analysis. The chromatin fraction
was incubated with an anti-SMAD3 mAb (1:100) overnight
at 4°C. The protein/DNA cross links were reversed to obtain
free DNA, and after cross links were reversed, the purified
DNA was detected and amplified by PCR.

RILF model establishment and studies

Male C57/B6] mice (6 weeks of age) were purchased from
Shanghai Laboratory Animal Co. Ltd (SLAC, Shanghai, Chi-
na) and maintained in pathogen-free conditions. Mice were
randomly allocated to four groups of 12 each. The RILF
model was constructed by irradiating the left liver with 30
Gy with five fractions, 6 Gy/per week. After 4 weeks of ir-
radiation, adenovirus (Ad-cirTUBD1-NC, Ad-sh1-circTUBD1
and Ad-sh2-circTUBD1) were administrated through the tail
vein at a titer of 5x 108 pfu/mouse, once/week, three times.
After 6 months of irradiation, the mice were killed by meth-
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ods following the regulations of Animal Ethics Committee
of Zhongshan Hospital, Fudan University. Liver tissue was
collected for hematoxylin and eosin, Masson-trichrome, and
Sirius red staining, immunohistochemistry (IHC), western
blotting, and qRT-PCR assays.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 8
and SPSS v. 26.0.0.2. Results were compared by one-way
analysis of variance, followed by Student'’s t-test for unpaired
observations or Bonferroni’s correction for multiple compari-
sons. A p-value of <0.05 was considered significant. Results
were reported as means £ standard error of the means.

Supplementary Methods

For details about other methods, please refer to Supplemen-
tary File 1.

Results

Irradiation-induced human HSC activation and fibro-
sis response

To detect the effect of irradiation on the viability of the LX-2
cell spheroids, ATP levels of spheroids irradiated with 8 Gy
X-rays were measured. Spheroid viability increased within
3 days before irradiation and decreased after irradiation,
but maintained higher levels until 4 days after irradiation
compared with 2D culture (Fig. 1A, B). Compared with 12
h after irradiation, a-SMA began to increase significantly at
24 h and remained at a high level. Fibrotic indicators of
HSCs, such as COL1A1, COL3A1, and CTGF, were not sig-
nificantly increased within 24 h after irradiation, but began
to increase at 48 h and reached the highest level at 72 h
after radiation (Fig. 1C). Taken together, the results indi-
cated that 72 h after irradiation was an appropriate time to
evaluate fibrotic phenotypes of LX-2 cell spheroids.

Down-regulation of circTUBD1 inhibited irradiation-
induced LX-2 cell activation and fibrosis response

Knocking down circTUBD1 significantly reduced LX-2 cell vi-
ability, but LX-2 cells remained viable more than 6 days
after irradiation (Fig. 2A, B). Compared with the nonirra-
diated group, irradiation significantly induced activation of
LX-2 cells (e.g., increased a-SMA and expression of fibro-
sis-related molecules, including COL1A1, COL3A1, CTGF
mRNA and protein. Down-regulation of circTUBD1 not only
reduced LX-2 activity, but also significantly decreased the
expression of fibrosis-related molecules (Fig. 2C, D). The
relative expression of the proteins in Figure 2D is shown
in Supplementary Figure 1A. We also performed immuno-
fluorescence staining of the LX-2 spheroids, and the results
were consistent with the results of qRT-PCR and western
blotting (Fig. 2E). The relative quantitative fluorescence in-
tensity in Figure 2E are shown in Supplementary Figure 1B.

MiR-203a-3p reversed the effect of circTUBD1 on the
activation and profibrotic response of LX-2 cells

The prediction results from Circinteractome database indi-

cated that circTUBD1 shared response elements for miR-
203a-3p (Fig. 3A). Dual luciferase reporter assays indicat-
ed that compared with the miR-203a-3p negative control,
mimics of miR-203a-3p significantly reduced the luciferase
activity of a reporter containing the wild-type circTUBD1
sequence. However, it had no effect on the mutant circ-
TUBD1 sequence (Fig. 3B, C). The results confirmed that
circTUBD1 directly bound to miR-203a-3p. RNA pull-down
assays further confirmed that miR-203a-3p was substan-
tially enriched by the bio-circTUBD1 probe. Likewise, circ-
TUBD1 was pulled down by the wild-type bio-miR-646
probe (Fig. 3D, E). We also examined how circTUBD1
regulated the radiation-induced activation and fibrosis re-
sponse of LX-2 cells through interactions with miR-203a-
3p. The results indicated that the level of miR-203a-3p
or circTUBD1 was not significantly changed in LX-2 cells
transfected with knockdown of circTUBD1 or miR-203a-
3p mimics, compared with the corresponding control (Fig.
3F, G). Compared with the negative control, miR-203a-
3p inhibitor aggravated radiation-induced activation and
fibrosis of LX-2 cells, including the increasing of a-SMA,
COL1A1, COL3A1, CTGF (Fig. 3H, I). The relative expres-
sion of proteins in Figure 3I are shown in Supplementary
Figure 2. The suppression caused by silencing circTUBD1
was partially reduced by miR-203a-3p inhibitor. These re-
sults further revealed that circTUBD1 sponged miR-203a-
3p to regulate the radiation-induced activation and fibrosis
response of LX-2 cells.

MiR-203a-3p mediated circTUBD1 through SMAD3 to
regulate the radiation-induced activation and fibro-
sis of LX-2 cells

The results of RNA sequencing suggested that the TGF-
signaling pathway ranked third among the top 15 enriched
pathways and that the expression of SMAD3 was significant-
ly downregulated after knockdown of circTUBD1 (Fig. 4A,
B). To explore why knockdown of circTUBD1 resulted in the
decrease of SMAD3, prediction database was used. The re-
sults of Targetscan indicated that there were multiple bind-
ing sites between miR-203a-3p and SMAD3-3’-untrasnlated
region (UTR) (Fig. 4C). The dual luciferase assay findings
revealed that miR-203a-3p mimics significantly reduced lu-
ciferase activity of the report vector containing wild-type of
SMAD3 but had no significant effects on the mutant SMAD3
(Fig. 4D, E). These results showed that miR-203a-3p directly
bound to SMAD3. To verify whether miR-203a-3p mediated
the regulation of circTUBD1 through SMAD3, we transfected
miR-203a-3p inhibitor into cells to knock down circTUBD1.
The gRT-PCR and western blot results suggested that miR-
203a-3p inhibitors partially reversed the inhibition effect of
knocking down circTUBD1 on SMAD3, p-SMAD3, SMAD2, p-
SMAD?2, and TGF-B levels (Fig. 4F, G). The relative expres-
sion of the proteins in Figure 4G is shown in Supplemen-
tary Figure 3A. To examine whether SMAD3 was involved in
radiation-induced activation and fibrosis response of LX-2
cells, we knocked down SMAD3. The results indicated that
compared with the negative control, SMAD3 knockdown sig-
nificantly inhibited radiation-induced activation and expres-
sion of fibrosis-related molecules in LX-2 cells, including the
down-regulation of a-SMA, COL1A1, COL3A1, and CTGF.
Knockdown of SMAD3 partially reversed the promotion ef-
fect of miR-203a-3p inhibitors on radiation-induced activa-
tion and fibrosis-related molecules of LX-2 cells (Fig. 4H-1J).
The relative expression of the proteins in Figure 4] is shown
in Supplementary Figure 3B, C. The findings indicated that
circTUBD was mediated by miR-203a-3p through SMAD3
to regulate the radiation-induced activation and fibrosis of
LX-2 cells.
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Fig. 1. Irradiation induced the activation and fibrosis response of the human hepatic stellate line LX-2 cells. (A) The representative morphology of LX-2
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CircTUBD1 was also be regulated by SMAD3 via a
positive feed back

The predicted results from GTAR and JASPAR database re-
vealed that SMAD3, as a transcription factor, possessed
multiple transcription factor binding sites (TFBSs) in the
TUBD1 promoter region (Fig. 5A, B). The results of the
dual luciferase assay revealed that there were two effective
TFBSs on the TUBD1 promoter region that bound to SMAD3
(Fig. 5C, D). To further examine how SMAD3 regulated circ-
TUBD1, specific primers were designed to detect expres-
sion of TUBD1 pre-mRNA and TUBD1, and circTUBD1 mRNA
(Fig. 6E). To explore the transcriptional regulation of SMAD3
on TUBD1, we performed ChIP assays using a mAb against
SMAD3. ChIP-PCR analysis confirmed the occupancy of
SAMD3 on the promoter of TUBD1 (Fig. 5F, G). Moreover,
knockdown of SMAD3 significantly decreased TUBD1, pre-
TUBD1, and circTUBD1 expression in LX-2 cells (Fig. 5H-]).
Taken together, the findings suggest that SMAD3 was not
only regulated by cirTUBD1, but it also regulated endog-
enous expression of circTUBD1.

Knockdown of circTUBD1 alleviated the progression
of irradiation-induced liver fibrogenesis in vivo model

gRT-PCR and western blot assays found that irradiation in-
duced up-regulation of a-SMA, COL1A1, COL3A1, and CTGF
and knockdown of circTUBD1 partially alleviated the effect
on the fibrosis makers (Fig. 6A, B). The relative expression
of the proteins in Figure 6B are shown in Supplementary
Figure 4. The RILF model was successfully constructed in
C57BL/6 mice irradiated with 30 Gy X-ray in five fraction,
manifested as the disruption of the regular lobular struc-
ture of liver, the extent of inflammatory cell infiltration (Fig.
6C), and excess collagen deposition around blood vessels 6
months after irradiation (Fig. 6 D, E). Notably, the results
of immunohistochemistry confirmed that irradiation induced
up-regulation of the above motioned fibrosis makers, and
knockdown of circTUBD1 alleviated the fibrosis phenotype
(Fig. 6F).

Discussion

RILF delayed post-irradiation damage to the liver that is
inevitable and can be lethal.2:3:5 In this study, it was found
that knockdown of circTUBD1 alleviated radiation-induced
activation and fibrosis response in 3D culture systems in vit-
ro and in a RILF mouse model, including inhibition of a-SMA
expression, reduction in the expression of the fibrosis-pro-
moting molecules COL1A1, COL3A1, and CTGF in LX-2 cells
treated with irradiation. The study results revealed that
circTUBD1 regulated the activation and fibrosis response
of LX-2 cells induced by irradiation through a circTUBD1/
micro-203a-3p/Smad3 positive feedback loop.

To date, more than 380 cell lines have been established
as 3D models and are used in drug toxicology studies, can-
cer research, and metabolomics research. The 3D culture
system helps us understand complex cell physiology and
cell function in response to stimuli in a condition closer to
the in vivo environment. A previous study found that cells
in 3D culture system enhanced extracellular matrix deposi-
tion and expression of biomarkers.1! Through optimization
of culture conditions, we successfully established an LX-2
cell 3D spheroid culture system as an in vitro model for
the study of the mechanism of RILF. Our results confirmed
that viability of the LX-2 cells was maintained longer after
irradiation in the 3D spheroid system. More important, we
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discovered that the increases in a-SMA, COL1A1, COL3A1,
and CTGF induced by irradiation were significant higher in
the 3D model than in 2D culture. It is possible that LX-2
cells were auto-activated in 2D culture. It was also found
that irradiation induced significant increases in the expres-
sion of TGF-B and SMAD3 in activated LX-2 cells. The results
are consistent with those of previous studies.16:.17 Taken to-
gether, our results and those of previous studies confirm
that the 3D spheroid system is a useful in vitro model that
has advantages over 2D culture for the study of chronic liver
diseases.!!

Many small RNAs have been identified as being involved
in regulation of disease.!8 Different small RNAs are multidi-
mensional and have significantly different biological activ-
ity. Dysregulation of small RNAs, like miRNAs and circR-
NAs, contributes to regulation of the progression of hepatic
fibrosis by targeting mRNAs.1° It has been reported that
circRNA_000203 enhanced the expression of fibrosis-asso-
ciated genes by derepressing targets of miR-26b-5p, Colla2
and CTGF, in cardiac fibroblasts.2° In this study, we showed
that irradiation induced a significant increase of circTUBD1
in LX-2 cells. Knockdown of circTUBD1 inhibited HSC acti-
vation and profibrotic molecules, such as a-SMA, COL1A1,
COL3A1, and CTGF. The results indicated that circTUBD1
was involved in radiation-induced LX-2 cell activation and
profibrotic response. Study findings suggest that miR-203a-
3p also inhibits HSC proliferation and attenuates liver fibro-
sis in mice via modulation of the p66Shc/B-catenin pathway
induced by CCl4.21 We found that miR-203a-3p inhibitor
significantly promoted the radiation-induced activation and
fibrosis of LX-2 cells. Our results, which were partially con-
sistent with previous studies, confirmed that miR-203a-3p
inhibited liver fibrosis. We also confirmed that knockdown
of circTUBD1 could reverse the promotion effect of miR-
203a-3p inhibitors on the radiation-induced activation and
fibrosis of LX-2 cells. Our previous studies showed that LX-2
cells immediately secreted large amounts of proinflamma-
tory cytokines, including interleukin (IL)-1B, IL6, and tumor
necrosis factor alpha (TNF-a) 24 h after irradiation, which
regulated by circTUBD1/miR-146a-5p/TLR4 pathway.2? In
this study, we found that HSCs began to synthesize a large
amount of collagen at 48 h after radiation. Our previous
work and the study results together suggest that radiation-
induced activation of HSCs not only promote the secretion
of inflammatory factors in the early stage but also promote
the synthesis of fibrosis in the late stage through different
signaling pathways.

The TGF-B/SMAD3 signaling pathway is an important
mediator during regulation of responses to radiation-in-
duced acute or chronic injury in the liver.16:17 Experimen-
tal and clinical studies have found that the TGF-B/SMAD3
signaling pathway promotes a radiation dose-dependent
increase in the inhibition of TGF-B/SMAD3 that reduces
post-irradiation liver fibrosis in animals. Our LX-2 cell
spheroid model also revealed an irradiation-induced acti-
vation of the TGF-B/SMAD3 signaling pathway. Anti-TGF-
therapy is a potential therapeutic strategy against RILF.
Nevertheless, direct antagonization of TGF-f activity to re-
duce RILF will be a challenge because TGF-f is active in
maintaining normal physiological activities in various cells
of the liver. Therefore, the therapeutic approach of direct
targeting of TGF-B to inhibit liver fibrosis would introduce
unavoidable side effects. But we cannot completely negate
the role of the TGF-B signaling pathway, as it may be a
potential strategy to alleviate RILF by inhibiting down-
stream regulators like SMAD2 and SMAD3. Our previous
study using circRNA microarrays revealed that circTUBD1
expression in LX-2 cells was specifically and significantly
increased when induced by irradiation,1> and Kyoto Ency-
clopedia of Genes and Genomes results suggested that the
TGF-B signaling pathway ranked third among all pathways,
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Fig. 5. SMAD3 regulates circTUBD1 by targeting the pre-mRNA of TUBD1. (A, B) TFBSs in the promoter region of TUBD1 for SMAD3 predicted by GTAR and
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with significant differences after knockdown of circTUBD1.
The result implied that altering circTUBD1 significantly af-
fected the TGF-B pathway. We further confirmed that, as a
sponge of miR-203a-3p, circTUBD1 was involved in regula-
tion of the radiation-induced LX-2 cell profibrotic response
through SMAD3. Although the general components of
TGF-B/SMADs signaling is now understood, the core issue
of how to control TGF-B/SMAD signaling in context remains
unclear.23:24 It has been reported that SMAD3 mediates
the constitutive active loop between IncRNA PCAT7 and the
TGF-B signaling pathway to promote cancer metastasis.25
However, the central question of how the TGF-B/SMAD
feedback model exerts its versatile and context-depend-
ent functions in liver fibrosis is unclear. In this study, we
found that the expression level of circTUBD1 changed after
knockdown of SMAD3. Using different methods, we con-
firmed that SMAD3 was not only regulated by cirTUBD1,
it also regulated the endogenous expression of circTUBD1
and forms a positive feedback. The feedback mode helps
to adjust the signal strength more effectively.

In previous studies, RILF models were established by ir-
radiation whole liver.1.16 To exclude individual differences
and better simulate focal radiation in clinical, we irradiated
only the left liver of mice with X-rays. Compared with the
right liver, the left liver manifested infiltration of a number of
inflammatory cells infiltrate around blood vessels and vas-
cular and interstitial congestion at early stages. The regular
lobular structure was partially disrupted, and excess col-
lagen was deposited in the interstitium, especially around
the vessels. Notably, we observed that irradiation induced
migration of HSCs to vascular spaces from the subendothe-
lial space of Disse, which further confirmed that HSCs have
an important role in irradiation-induced collagen deposition
around the vessels. These results implied that knockdown
of circTUBD1 inhibited the cascade reaction induced by the
circTUBD1/micro-203a-3p/Smad3 positive feedback loop
and reduced collagen secretion from HSCs, may be a poten-
tial strategy to alleviate the RILF.

Conclusion

This study clarified the activities and mechanism of circ-
TUBD1 in the process of RILF through a circTUBD1/miR-
203a-3p/SMAD3 positive feedback loop by 3D model in vitro
and RILF model in vivo. Knockdown of the specific circTUBD1
may be a potential strategy for effective prevention of RILF.
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