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Abstract Duodenal atresia (DA) is a common
neonatal digestive tract obstruction, with unclear
prenatal diagnostic specificity and optimal inter-
vention timing. tRNA-derived small RNAs (tsR-
NAs), stable and enriched in blood, are promising
biomarkers for disease diagnosis. Therefore, iden-
tifying tsRNA biomarkers, elucidating DA patho-
genesis, and exploring potential intrauterine inter-
ventions is urgently needed. This study conducts
tsRNA profiling via sequencing on plasma samples

Wenting Luo, Wei Sun, and Zhengwei Yuan contributed
equally to this work.

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10565-025-10040-8.

X. Meng - W. Sun (<))

Department of Ultrasound, Shengjing Hospital of China
Medical University, No. 36 Sanhao Street, Heping District,
Shenyang 110004, Liaoning, China

e-mail: sunwei8677@126.com

X.Meng - X. Wei-H. Gu-W.Ma-D. Liu-S. Jia -
S. Cao - D. Ding - Y. He - W. Huang - J. Xue -

W. Luo (<) - W. Sun - Z. Yuan (I)

Key Laboratory of Health Ministry for Congenital
Malformation, Shengjing Hospital of China Medical
University, No. 36 Sanhao Street, Heping District,
Shenyang 110004, Liaoning, China

e-mail: lvirginia@ 163.com

Z. Yuan
e-mail: yuanzw @hotmail.com

Published online: 22 May 2025

from pregnant women carrying fetuses with DA
and matched healthy controls. Validation was per-
formed in 147 pregnant women, including cohorts
with fetal gastrointestinal atresia, normal pregnan-
cies, and post-delivery cases. Functional analy-
ses in cellular models and Adriamycin rat models
with DA explored the role of key tsRNAs in DA
pathogenesis and intrauterine therapy. It is found
that tsRNAs, including tRF-61:78-chrM. Leu-
TAA, tRF-60:77-1le-AAT-1-M4, tRF-57:76-Arg-
ACG-1-M2, and tRF-58:76-Tyr-GTA-2-M3, were
significantly downregulated in DA cases. tRF-
58:76-Tyr-GTA-2-M3 is further implicated in DA
development, with knockdown inducing excessive
apoptosis via upregulation of SUFU and suppres-
sion of GLIl, a hedgehog pathway transcription
factor. Intraperitoneal microinjection of tRF-58:76-
Tyr-GTA-2-M3 agomir in DA rat models reduce
apoptosis and mitigates DA formation by modulat-
ing SUFU and GLI1 expression. Taken together,
this study identifies novel tsRNA biomarkers for
DA, with tRF-58:76-Tyr-GTA-2-M3 playing a piv-
otal role in its pathogenesis. These findings offer
insights into DA mechanisms and suggest potential
therapeutic targets, advancing strategies for early
diagnosis and intervention.
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Introduction

Duodenal atresia (DA) is defined as congenital intes-
tinal occlusion that occurs in the duodenum. It is one
of the most prevalent causes of digestive tract obstruc-
tion in newborns, with an incidence of approximately
0.9-1.2 per 10,000 live births and an increasing trend
in recent years (Best et al. 2012; Bethell et al. 2020;
Hemming and Rankin 2007). DA is an acute abdomi-
nal condition in neonates that requires immediate gas-
trointestinal decompression and surgical intervention.
In infants with DA who are not promptly diagnosed
before delivery, the likelihood of postoperative com-
plications markedly increases. Furthermore, the dura-
tion of parenteral feeding and length of hospital stay
are markedly prolonged in some cases, resulting in
severe electrolyte imbalances (Basu and Burge 2004;
Bittencourt et al. 2004; Patterson et al. 2022; Romero
et al. 1988). Such complications profoundly impact
the daily lives of affected children, with the potential
for considerable adverse effects on their physiologi-
cal and psychological wellbeing. Currently, there is a
dearth of efficacious prenatal diagnostic methods and
treatment modalities for DA. Although ultrasound
examinations can offer valuable insights, the false-
positive and false-negative rate remain an inherent
problem due to the reliance on the gestational age of
examination and indirect marker such as the “double
bubble sign” (Haeusler et al. 2002; Hemming and
Rankin 2007). Additionally, maternal serum alpha-
fetoprotein levels have been reported to be elevated
in pregnant women with DA. However, this bio-
marker lacks specificity since it may occur in various
fetal anomalies, pregnancy complications, placental
impairments, and maternal factors (Aboughalia et al.
2020).Therefore, it is imperative to identify more
specific molecular markers for non-invasive prenatal
diagnosis of DA, as well as to investigate the associ-
ated mechanisms and early intervention strategies.
The etiology of DA remains elusive. Tandler’s
classic"solid cord"hypothesis, proposed in 1900, is
widely accepted by most pediatric surgeons. How-
ever, it has been criticized for failing to account for
the morphological variations in DA and for con-
flicting with findings from developmental biology
research (Botham et al. 2012; Merrot et al. 2006).
In recent years, research has focused primarily on
Fgf10-Fgfr2b axis. Disruption of Fgf10/Fgfr2b sign-
aling represents the most well-established genetic
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association with DA in murine models (Botham et al.
2012; Fairbanks et al. 2004). Nevertheless, the pen-
etrance of DA in mice deficient for either Fgfi0 or
its receptor gene is incomplete, occurring in only
35-75% cases (Fairbanks et al. 2004). Additionally,
the Hedgehog signaling pathway has been implicated
as a potential contributor to the pathogenesis of con-
genital gastrointestinal malformations. Mutations in
key Hedgehog pathway ligands, such as sonic hedge-
hog (Shh) and indian hedgehog (Ihh), as well as alter-
ations in their downstream signaling components,
lead to various severe malformations of the murine
gastrointestinal tract, such as esophageal atresia, tra-
cheoesophageal fistula, midgut malrotation, annular
pancreas, and duodenal or anal atresia. (Ramalho-
Santos et al. 2000; van den Brink 2007). The role
of apoptosis in the formation of DA remains a topic
of ongoing investigation. Some studies indicate that
the absence of Fgfr2b expression in the embry-
onic gastrointestinal tract leads to increased apopto-
sis, which has been associated with gastrointestinal
atresia (Botham et al. 2012; Fairbanks et al. 2006).
Conversely, other research posits that apoptosis may
not be involved in the pathogenesis of DA (Cheng
and Tam 2000). To date, the molecular mechanisms
underlying human DA has not been fully clarified.
tRNA-derived small RNAs (tsRNAs) have recently
emerged as a distinct class of small noncoding RNAs,
generated through site-specific cleavage of precursors
or mature tRNAs by specialized ribonucleases (Cole
et al. 2009; Lee et al. 2009; Weng et al. 2022). Their
extensive post-transcriptional modifications impede
adapter ligation and reverse transcription, rendering
tsRNAs largely invisible to conventional sequenc-
ing workflow. Recent advances in pre-sequencing
demethylation and ligation-enhancement techniques
have enabled the discovery and validation of an ever-
expanding repertoire of tsSRNAs in recent years (Shi
et al. 2021). tsRNA are typically classified into tRF-1
s, tRF-3 s, tRF-5 s, and tRNA halves (tiRNAs) (Tian
et al. 2022). They regulate gene expression through
diverse mechanisms such as modulating mRNA sta-
bility, inhibiting translation, influencing ribosome
biogenesis, and acting as epigenetic regulators. tsR-
NAs have also been implicated in early embryogen-
esis. For example, inhibition of tRNA-GIn-TTG-
derived small RNAs in mature spermatozoa impairs
the first cleavage and subsequent development of
porcine embryo (Chen et al. 2020). Comparable
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observations have also been documented in human
zygotes (Chen et al. 2021). In comparison to conven-
tional diagnostic approaches such as ultrasound and
maternal serum biomarkers mentioned above, tsR-
NAs have the potential to significantly enhance diag-
nostic sensitivity and specificity due to their stability,
tissue-specific expression, and presence in various
body fluids, making them promising candidates as
biomarkers for disease diagnosis (Shi et al. 2021). To
date, aside from the pioneering study by Lu et al. (Lu
et al. 2023), which demonstrated that specific tsSRNAs
can serve as prenatal biomarkers for congenital heart
disease, there remains a striking paucity of research
characterizing tsRNA expression or function in con-
genital malformations, and no evidence yet implicates
tsRNAs in other developmental defects.

In this study, we conducted tRFs&tiRNAs high-
throughput sequencing along with real-time quantita-
tive reverse transcription-polymerase chain reaction
(qRT-PCR) in the plasma of pregnant women carry-
ing fetuses diagnosed with DA. The aim of this study
was to identify potential tsSRNA biomarkers, patho-
genesis, and therapeutic targets for DA using human
specimens and Adriamycin rat model (ARM). Our
findings provide valuable insights into the potential of
tsRNAs to enhance prenatal diagnosis and facilitate
early intervention in DA.

Materials and methods
Subjects
Study population

Pregnant women were recruited from the ongoing
Shengjing Birth Cohort (SJBC), initiated in North-
east China in April 2017. The study included 38
pregnant women carrying fetuses with DA, 23 with
jejunal-ileal atresia (JIA), 4 with esophageal atresia
(EA), and 65 carrying normal fetuses, followed for
at least one year to ensure the infants’health post-
natally. For biomarker screening, pregnant women
with no fetal anomalies were selected as the control
group. To minimize confounding and ensure com-
parability between the groups, all participants were
matched based on gestational age, maternal age, and
body mass index (BMI). These factors were chosen
as matching criteria due to their known influence on

maternal—fetal physiology and potential impact on
circulating RNA profiles. Furthermore, 17 paired
plasma samples were obtained from women carry-
ing normal fetuses at 38—40 weeks gestation and 24
h post-delivery. Detailed demographics for all groups
are provided in Supplementary Table S1, and the
overall biomarker screening workflow is illustrated
in Supplementary Fig. 1. Diagnoses of DA, JIA, and
EA were established via prenatal ultrasonography
and postnatal imaging, surgery, or autopsy. Women
with multiple pregnancies or other pregnancy-related
comorbidities were excluded. Maternal blood sam-
ples were collected, centrifuged at 3000 xg at 4 °C for
15 min. Plasma samples were stored at —80 °C.

Animal models

Sprague-Dawley rats weighting between 250-300
g were acquired from the Animal Centre of the
Shengjing Hospital of China Medical University
(Shenyang, Liaoning, China) and mated with conspe-
cifics overnight. Pregnancy was confirmed by exam-
ining the genitalia of the females in the presence of
sperm the following morning, designated embryonic
day O (EO). The intraperitoneal injection of adriamy-
cin (1.9 mg/kg on E8-E9; Aladdin, Shanghai, China)
is a well-established protocol for generating foregut
malformations in the rat that closely resemble human
EA/DA in both incidence and histopathology (Franca
et al. 2004; Qi et al. 1996). Administration on E§—E9
targets the critical window of rat foregut patterning,
yielding a high penetrance (> 60%) of DA with rela-
tively low maternal mortality. This temporal and dose
precision allows us to investigate early molecular
events underlying atresia formation in vivo. Preg-
nant rats were randomly assigned to two groups: one
received 1% adriamycin dissolved in saline, while
the control group received an equivalent volume of
saline alone. Embryos were harvested on E17, E19,
and E21, and DA was diagnosed based on duodenal
discontinuity under a dissecting microscope.

RNA extraction, pre-treatment and tRF&tiRNA
sequencing

Total RNA, including tsRNA derived from plasma of
pregnant women, was extracted using TRIzol reagent
(Takara, Ohtsu, Japan), following the manufacturer’s
instructions. RNA purity and concentration were
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«Fig. 1 Analysis of plasma tRF and tiRNA high-throughput
sequencing a. Venn diagrams show that 240 tsRNAs were
co-expressed in both groups. b. The Venn diagram shows the
overlap number of tsRNAs found in the sequencing data and
the tRFdb. c. Pie charts show the subtype numbers of tsRNAs
in the two groups. d. Hierarchical clustering of the expression
profile of tsRNAs in the DA and normal groups. e. Volcano
plots of the expression profile of tsRNAs in the DA and nor-
mal groups. f. Stacked plots indicated the number of subtypes
of tsRNAs derived from the same anti-codon tRNA in the DA
and normal groups

assessed using agarose gel electrophoresis and Nan-
oDrop ND-1000 (Thermo Fisher Scientific, Wilm-
ington, USA). To ensure the accuracy of subsequent
small RNA sequencing libraries, plasma total RNA
was pretreated to eliminate potential RNA modifi-
cations. The RNA samples were then sequentially
ligated to 3’and 5’adapters, reverse-transcribed, and
PCR-amplified using Illumina platform-specific
primers. PCR products of 134-160 bp (correspond-
ing to 14—40 nt small RNAs) were isolated by poly-
acrylamide gel electrophoresis and quantified with an
Agilent 2100 bioanalyzer. Libraries were denatured,
diluted to 1.8 pM in 1.3 mL, and sequenced on an
Illumina NextSeq 500. tsRNA sequencing was con-
ducted with a read depth of 10 million reads per sam-
ple. The alignment rate for each sample is detailed in
Supplementary Table S2. Sequencing counts were
normalized to counts per million (CPM) of total
aligned reads to assess tSRNA abundance.

Cell culture and transfection

NCM460 normal human colonic epithelial cells
(Beina Chuanglian Biology Research Institute, China)
were maintained in RPMI 1640 medium (Biolnd,
Israel). Other cell culture and transfection procedures
were performed as previously detailed (Liu et al.
2020).

Reagents and plasmid construction

tRF-58:76-Tyr-GTA-2-M3 mimic, inhibitor and cor-
responding controls were procured from RIBOBIO
(Guangzhou, China). Small interfering RNAs (siR-
NAs) targeting SUFU were synthesized by Syngen-
Bio (Beijing, China). The 3'-untranslated region
(UTR) of SUFU, including both the wild-type
(WT) and a mutated (Mut) version of the predicted

tRF-58:76-Tyr-GTA-2-M3 binding site, was ampli-
fied and subcloned into the pmirGLO Dual-Lucif-
erase Vectorto generate the 3'-UTR-Luc, WT-Luc,
and Mut-Luc reporters (Baihao Biological, Liaoning,
China). The tRF-58:76-Tyr-GTA-2-M3 agomir and
negative control were obtained from RIBOBIO.

Target gene prediction and bioinformatics analysis

Low-quality reads were filtered using the Illumina
chastity filter. Clean reads were trimed and aligned
to mature and precursor tRNA sequences from
GtRNAdb (https://gtrnadb.ucsc.edu/) using Bow-
tie software (http://bowtie.cbcb.umd.edu), exclud-
ing mitochondrial tRNAs and their derivatives. The
DEGseq R package was used to identify differen-
tially expressed tsSRNAs in the RNA sequencing data.
Subsequent analyses, including principal compo-
nent analysis (PCA), correlation analysis, pie charts,
Venn charts, hierarchical clustering and volcano plots
were conducted. Target genes were predicted using
TargetScan 8.0 (https://www.targetscan.org/) and
miRanda v6 (https://www.microRNA.org) the over-
lapping results were subjected to further analyses.
Functional enrichment was implemented using Gene
Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analyses via Metascape. Gene
interactions were explored using GeneMANIA.

Dual-luciferase reporter assay

NCM460 cells were plated in 24-well plates and
transfected at 70-80% confluence. The SUFU 3’-UTR
sequences containing the predicted tRF-58:76-Tyr-
GTA-2-M3 binding sites were cloned into the pmir-
GLO dual-luciferase vector (Promega, Madison, WI,
USA). 24 h later, luciferase reporter gene plasmid
and tRF-58:76-Tyr-GTA-2-M3 mimic/mimic NC
were transfected. Following a 48-h incubation, Lucif-
erase activity was detected using the Dual-Luciferase
Reporter Assay System (Promega) and quantified by
a Tecan Infinite M200 Pro Multimode Reader.

Reverse transcription and qRT-PCR
The details can be found in our previous study (Liu

et al. 2020). Primers for tsRNA and mRNA were
synthesized by RIBOBIO, and Sangon Biotech,
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respectively (sequence listed in Supplementary
Table S3). U6 and B-actin served as internal controls.

Hematoxylin and eosin staining (HE)

Fresh fetal duodenum tissue from ARM was har-
vested and processed for HE. Further details referred
to our previous study (Liu et al. 2020).

TUNEL assay

The TUNEL assay was conducted using an in situ cell
death detection kit (Roche, Mannheim, Germany),
according to the manufacturer’s instructions. The
details can be found in our previous study (Huang
etal. 2021).

Fluorescence in situ hybridization (FISH)

FISH was conducted using a tRF-58:76-Tyr-GTA-
2-M3 probe designed and synthesized by ServiceBio
(Wuhan, China). TUNEL-stained sections were pre-
hybridized at 37 °C for 1 h, Followed by hybridiza-
tion with the probe solution overnight at 40 °C. After
washing, sections were incubated with pre-warmed
Probe Mix 2 at 40 °C for 45 min. Nuclei were coun-
terstained with DAPI and incubated in the dark for
eight minutes. After rinsing and mounting with anti-
fluorescence quenching retardant, images were cap-
tured using a confocal microscope. TUNEL-positive
(green) and FISH -positive (red) cells were subse-
quently quantified.

Western blotting

Proteins were extracted from NCM460 cells or
duodenum tissue. Western blotting was performed
according to previous study (Liu et al. 2020). All the
antibody information is presented in Supplementary
Table S4.

Flow cytometry assay

Cellular apoptosis was assessed using an Annexin
V-FITC/propidium iodide double staining kit
(Vazyme Biotech, Nanjing) and quantified by flow
cytometry (BD Biosciences).
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Intraperitoneal microinjection

Pregnant rats were administered 1% adriamycin and
anesthetized with 2-5% isoflurane (RWD, Shenzhen,
China) on E16. Following a mid-lower abnormal inci-
sion, the uterus was exteriorized, covered with moist
gauze, and placed in warm saline. Fetal rats were ran-
domly assigned to receive either 5 pL. of PBS (n =46)
or 5 uL. of tRF-58:76-Tyr-GTA-2-M3 agomir (n =59)
via intraperitoneal injection through the uterine wall
using a micro-injection pump (RWD) and a glass cap-
illary needle. Injection was performed on the ventral
side to avoid placenta and umbilical cord injury. After
injection, the uterus was repositioned and the abdomi-
nal wall was sutured. On E21, pregnant rats were eutha-
nized, and fetuses were harvested and captured by a
Leica fluorescence stereomicroscope.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism V. 8 (GraphPad, La Jolla, USA) and SPSS Statis-
tics V. 26 (IBM, Armonk, USA). Data are presented as
mean =+ standard deviation (SD) for normal distributed
variables or median (interquartile range) for non-nor-
mally distributed variables. The normality of variance
distribution and homogeneity was evaluated before data
analysis. Comparisons between two groups were con-
ducted using the unpaired t-test or Mann—Whitney test,
as appropriate. For multiple group comparisons, one-
way ANOVA with Turkey’s or Dunnett’s post hoc test
was applied. Paired t-test or Wilcoxon test were used to
compare tsSRNA expression between 38—40 weeks of
gestation and 24 h after delivery. Chi-square test was
used to analyze differences in DA and type III DA rates
among control, PBS, and tRF-58:76-Tyr-GTA-2-M3
agomir groups. The area under the receiver operating
characteristic (ROC) curve (AUC) was calculated using
MedCalc 19.0.7 to assess the diagnostic potential of the
tsRNAs. Statistical significance was defined as *P<
0.05 and **P < 0.01.

Results
Overview of tsRNAs profiling in plasma

To investigate and characterize the differentially
expressed tsSRNAs in the maternal plasma of DA, we
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analyzed tsRNA expression profiles in three pairs
of maternal plasma from DA and matched maternal
plasma from normal fetuses using high-throughput
sequencing technology. A total of 731 tsRNAs were
identified using tRF and tiRNA sequencing. Venn
diagram analysis indicated that 240 tsSRNAs were co-
expressed in both groups, and 85 tsRNAs were identi-
fied from the sequencing results and validated using
tRFdb (a database for the transfer of RNA fragments)
(Fig. 1a-b). Component analysis revealed remarkable
changes in the expression levels of tsSRNAs across
subtypes. The distribution of tsRNAs across sub-
types in the maternal plasma of both normal and DA
groups was primarily represented by tRF-3 and tRF-5
(Fig. 1c). Subsequently, we applied filter conditions of
fold change > 1.5 and P < 0.05, which resulted in the
identification of 83 differentially expressed tsRNAs,
of which 14 were upregulated and 69 were down-
regulated (Fig. 1d-e). This indicated that the number
of downregulated tsSRNAs was significantly greater
than upregulated tsRNAs, with the fold change in
downregulation being substantially higher than that
in upregulation. The stacked plots demonstrate the
quantity of tsRNAs derived from tRNAs with iden-
tical amino acids and anticodons in the normal and
DA groups following the removal of redundant data.
tRNA-Gly-GCC was responsible for generating the
highest number of tsRNAs in both groups (Fig. 1f).

gqRT-PCR verification of three pairs of original
sequencing samples

Most differentially expressed tsRNAs were down-
regulated, with the fold change of the downregu-
lated tsRNAs exceeding that of the upregulated tsR-
NAs by a significant margin. To validate the tRF and
tiRNA sequencing results, we initially selected the
top 10 tsRNAs exhibiting the greatest downregula-
tion and subsequently validated them in three pairs
of original sequencing samples. A comprehensive
account of the differentially expressed tsRNAs is pre-
sented in Supplementary Table S5. The expression
levels of these 10 candidate tsSRNAs were assessed
using qRT-PCR (Supplementary Fig. S2). Among
them, seven tsRNAs exhibite significant downregu-
lation in the DA maternal plasma of the original
sequencing samples (P < 0.05), which were consist-
ent with those of sequencing. These included tRF-
69:85-Ser-GCT-3-M4, tRF-61:78-chrM. Leu-TAA,

tRF-60:77-Ile-AAT-1-M4, tRF-57:76-Arg-ACG-
1-M2, tRF-58:76-Tyr-GTA-2-M3, tRF-68:85-Ser-
TGA-4, and tRF-70:86-Leu-CAG-1.

gRT-PCR analysis of 35 paired plasma samples in the
validation phase of the study

The seven tsRNAs initially identified by sequenc-
ing were subsequently evaluated using qRT-PCR. As
illustrated in Fig. 2a, four tsSRNAs were identified:
tRF-61:78-chrM. Leu-TAA, tRF-60:77-1le-AAT-
1-M4, tRF-57:76-Arg-ACG-1-M2, and tRF-58:76-
Tyr-GTA-2-M3 were significantly dysregulated in
the plasma samples of pregnant women carrying
fetuses with DA compared with those carrying nor-
mal fetuses (P < 0.05). The diagnostic value of tRF-
61:78-chrM.Leu-TAA, tRF-60:77-1le-AAT-1-M4,
tRF-57:76-Arg-ACG-1-M2, and tRF-58:76-Tyr-GTA-
2-M3 for fetal DA was assessed using ROC curve
analysis of 35 case—control pairs. The results indi-
cated high diagnostic accuracy for these tsSRNAs, with
AUC:s of 0.728, 0.738, 0.731, and 0.748, respectively
(P< 0.001). The sensitivity and specificity were as
follows: tRF-61:78-chrM.Leu-TAA: 58.33% sensi-
tivity, 83.36% specificity; tRF-60:77-Ile-AAT-1-M4:
61.11% sensitivity, 83.33% specificity; tRF-57:76-
Arg-ACG-1-M2: 77.78% sensitivity, 63.89% speci-
ficity; tRF-58:76-Tyr-GTA-2-M3: 48.57% sensitivity,
91.43% specificity (all P< 0.001). Furthermore, the
combination of these four tsRNAs yielded an AUC of
0.798, with a sensitivity of 48.57% and specificity of
88.57% (Fig. 2b and Supplementary Table S6).

tsRNAs expression in plasma from women with
normal fetuses before and after delivery and in
plasma samples from women with other types of
gastrointestinal atresia

The current research aimed to ascertain whether the
expression of four candidate tsRNAs are correlated
with pregnancy. Plasma levels were validated using
qRT-PCR at 38-40 weeks of gestation and 24 h after
normal delivery in 17 pregnant women (Fig. 3a).
24 h after delivery, tsSRNA expression levels always
decreased. Therefore, it has been speculated that
the four tsRNAs were associated with pregnancy.
Furthermore, the potential of these four tsRNAs as
molecular markers for the prenatal diagnosis of other
types of gastrointestinal atresia, specifically EA and
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Fig. 2 Relative expression of the seven tsRNAs in the plasma
of pregnant women carrying DA and normal fetuses. a. qRT-
PCR analysis was performed on the 35 paired plasma from
pregnant women carrying fetuses with DA (n =35) and preg-
nant women carrying normal fetuses (n =35). U6 was used as
an internal control. P values were determined using unpaired
t-test for normally distributed data and Mann—Whitney U

JIA, was investigated. The results demonstrated that
tRF-61:78-chrM.  Leu-TAA, tRF-60:77-1le-AAT-
1-M4, tRF-57:76-Arg-ACG-1-M2, and tRF-58:76-
Tyr-GTA-2-M3 were significantly reduced in the
plasma of pregnant women with EA (Fig. 3b). How-
ever, no difference was observed in the plasma of
pregnant women with JIA (Fig. 3c). Thus, it can be
concluded that these four tsSRNAs may have diagnos-
tic value for EA, and further validation with a larger
sample size is required.

tRF-58:76-Tyr-GTA-2-M3 is downregulated in fetal
duodenum of DA and inhibited apoptosis in NCM460
cells

Among the four tsRNA biomarkers, tRF-58:76-Tyr-
GTA-2-M3 demonstrated the most significant area
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test for nonparametric data. qRT-PCR measurements were
performed in duplicate. Data are expressed as mean =+SD
(unpaired t-test) or median and interquartile range (Mann—
Whitney test). b. ROC curves of four differentially expressed
tsRNAs and a combination of the four tsSRNAs in plasma from
35 case—control pairs (normal group, n= 35; DA group, n=
35)

under the ROC curve and highest diagnostic accu-
racy. Therefore, we focused our efforts on tRF-58:76-
Tyr-GTA-2-M3 to ascertain its potential involve-
ment in the pathogenesis of DA. According to the
MINIbase v2.0 database, tRF-58:76-Tyr-GTA-2-M3
is derived from the 3’end of the mature tRNA-Tyr-
GTA and comprises 19 bases, with a sequence of
5’-Attccggcetcgaaggacca-3’and a shear site located
in the T-Loop (TTCGATT) (Fig. 4a). Furthermore,
four paired duodenal specimens were collected from
fetuses with DA and normal fetuses; their clini-
cal characteristics are presented in Supplementary
Table S7. The expression of tRF-58:76-Tyr-GTA-
2-M3 in the duodenum of fetuses with DA was mark-
edly diminished, which correlated with the expression
observed in the plasma of pregnant women with DA
(Fig. 4b). To investigate the role of apoptosis in the
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Fig. 3 qPCR analysis of tsRNAs during the additional vali-
dation phase. a. Scatter plots of tRF-61:78-chrM.Leu-TAA,
tRF-60:77-1le-AAT-1-M4, tRF-57:76-Arg-ACG-1-M2, and
tRF-58:76-Tyr-GTA-2-M3. Each line represents one plasma
sample from the same pregnant woman at 38—40 weeks of ges-
tation and 24 h after delivery (n =17). P value was determined
by paired t-test for normally distributed data, and paired Wil-
coxon test for non-parametric data. b. Relative tsSRNAs expres-
sion of tRF-61:78-chrM.Leu-TAA, tRF-60:77-Ile-AAT-1-M4,

formation of DA, the expression of apoptosis-related
markers in the duodenum of fetal DA was detected.
As illustrated in Fig. 4c, the expression levels of
Cleaved-Caspase-3 and the BAX/BCL2 ratio in the
fetal duodenal tissue of the DA group were remark-
ably higher than those in the normal group, indicating
that an increase in apoptosis contributed to the occur-
rence of DA.

To ascertain whether tRF-58:76-Tyr-GTA-2-M3
plays a role in the pathogenesis of DA by influenc-
ing apoptosis, we conducted a series of transfec-
tions of NCM460 cells. The transfections involved
the use of a tRF-58:76-Tyr-GTA-2-M3 mimic,

tRF-57:76-Arg-ACG-1-M2, and tRF-58:76-Tyr-GTA-2-M3 in
pregnant women with EA (n =4) and normal fetuses (n =4). c.
Relative tsSRNA expression in tRF-61:78-chrM. Leu-TAA, tRF-
60:77-1le-AAT-1-M4, tRF-57:76-Arg-ACG-1-M2, and tRF-
58:76-Tyr-GTA-2-M3 in pregnant women with JIA (n =23)
and in normal fetuses (n =23). U6 was used as an internal con-
trol. P value was determined using unpaired t-test for normally
distributed data and Mann—Whitney U test for nonparametric
data

tRF-58:76-Tyr-GTA-2-M3 inhibitor, and their cor-
responding negative controls (sequences are pro-
vided in Supplementary Table S8). The transfec-
tion efficiency of tRF-58:76-Tyr-GTA-2-M3 was
initially validated, and it was observed that the
expression levels were markedly elevated following
the transfection of the tRF-58:76-Tyr-GTA-2-M3
mimic into NCM460 cells (Supplementary Fig. S3).
TUNEL staining was performed, and BAX, BCL2,
and Caspase-3 expression was quantified in
NCM460 cells following transfection with the tRF-
58:76-Tyr-GTA-M3 mimic and NC. Transfection
with the tRF-58:76-Tyr-GTA-M3 mimic resulted in
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Fig. 4 tRF-58:76-Tyr-GTA-2-M3 is downregulated in the fetal
duodenum of DA and mediated apoptosis of NCM460 cells. a.
Shear position and sequence of tRF-58:76-Tyr-GTA-2-M3. b.
gPCR analysis of tRF-58:76-Tyr-GTA-2-M3 expression in the
duodenum of DA and normal fetuses. U6 was used as an inter-
nal control. Data are presented as the mean +SD (n =4, *P<
0.05; Unpaired t-test). c. The expression of apoptosis-related
proteins in the duodenum of DA and normal fetuses. Data are
presented as the mean +SD (n =4, *P< 0.05, * *P< 0.01;
Unpaired t-test). d. Apoptosis-related proteins (Cleaved-Cas-
pase-3, BAX and BCL2) were detected using western blotting
in NCM460 cells transfected with an tRF-58:76-Tyr-GTA-M3
mimic or a mimic NC. Data are presented as the mean +SD (n
=3, ¥ P < 0.05; Unpaired t-test). e. TUNEL assay showing rep-

downregulation of the pro-apoptotic proteins Cas-
pase-3 and BAX, accompanied by upregulation of
the anti-apoptotic protein BCL2 (Fig. 4d). Consist-
ently, TUNEL assay revealed a marked decrease in
apoptotic cell numbers in NCM460 cells transfected
with the tRF-58:76-Tyr-GTA-M3 mimic compared
to the negative control (Fig. 4e). In contrast, trans-
fectants of the tRF-58:76-Tyr-GTA-M3 inhibitor
exhibited augmented apoptosis, as evidenced by the
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cells transfected with an tRF-58:76-Tyr-GTA-M3 mimic or
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TUNEL assay and elevated expression of Caspase-3
and BAX/BCL2 ratio (Fig. 4f-g).

tRF-58:76-Tyr-GTA-2-M3 directly targeted SUFU

The target genes of tRF-58:76-Tyr-GTA-2-M3 were
predicted using TargetScan 8.0 and miRanda v6,
and subsequently classified through GO and KEGG
pathway analyses. A total of 334 target genes were
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identified, most which were associated with bio-
logical processes related to embryonic development.
These processes included embryonic morphogen-
esis, cardiac chamber development, telencephalon
development, embryonic limb development, and the
positive regulation of mesenchymal cell apoptosis
(Fig. 5a). The results of the KEGG pathway analy-
sis are presented in Supplementary Fig. S4. The
GeneMANIA network revealed potential interac-
tions among the predicted target genes (Fig. 5b). We
observed over three instances of gene intersections
across these five categories. Based on these observa-
tions, we selected eight candidate target genes (TBX2,
ID3, HOXA3, HOXAI3, FOXEIl, HDAC2, FZD2,
and SUFU) for further validation. qRT-PCR revealed
that SUFU mRNA expression in the fetal duodenum
of the DA group was markedly elevated compared
with that in the normal group (P < 0.01), indicating
a potential inverse regulatory relationship with tRF-
58:76-Tyr-GTA-2-M3 (Fig. 5c). Furthermore, the
expression level of SUFU protein in fetal duodenal
tissue was quantified, revealing a significant upregu-
lation of SUFU in DA fetal duodenal tissue (Fig. 5d).
To confirm the direct relationship between tRF-58:76-
Tyr-GTA-2-M3 and SUFU, a dual-luciferase vector
was constructed to clone the 3'-UTR of SUFU. The
bioinformatics databases TargetScan and miRanda
indicated that SUFU contains a binding site for tRF-
58:76-Tyr-GTA-2-M3 (Fig. 5e). Subsequently, a lucif-
erase assay was conducted by co-transfecting tRF-
58:76-Tyr-GTA-2-M3 mimic and NC with Luc-SUFU
into NCM460 cells. Compared to the control group,
the tRF-58:76-Tyr-GTA-2-M3 mimic resulted in a
reduction in Luc-SUFU luciferase reporter activity
(Fig. 5f). The regulatory relationship between tRF-
58:76-Tyr-GTA-2-M3 and SUFU expression was also
investigated. As illustrated in Fig. 5g-h, SUFU RNA
and protein expression levels decreased in the tRF-
58:76-Tyr-GTA-2-M3 mimic group and increased in
the tRF-58:76-Tyr-GTA-2-M3 inhibitor group.

SUFU regulated apoptosis and increased GLI1
expression levels

SUFU functions as a negative regulator of the hedge-
hog signaling pathway by interacting with GLI1, a
pivotal transcription factor within this pathway, to
impede GLI1 nuclear translocation and, consequently,
the suppression of hedgehog signaling (He et al.

2020; Zhang et al. 2017). We further detected the
expression levels of GLI1 in the fetal duodenum of
DA. Figure 6a illustrates that the expression level of
GLI1 protein in the lesion tissue was diminished, sug-
gesting that the hedgehog signaling pathway may be
inhibited during the formation of DA. Subsequently,
NCM460 cells were transfected with tRF-58:76-Tyr-
GTA-2-M3 mimic and inhibitor. The results demon-
strated that GLI1 protein expression was markedly
elevated following transfection with the tRF-58:76-
Tyr-GTA-2-M3 mimic, whereas it was significantly
reduced following transfection with the tRF-58:76-
Tyr-GTA-2-M3 inhibitor (Fig. 6b). To further eluci-
date the impact of SUFU on embryogenesis through
apoptosis and its biological function in regulating
GLI1 expression, we quantified the expression of
apoptosis-related proteins in NCM460 cells following
transfection with small interfering RNAs (siRNAs).
Three siRNAs targeting SUFU mRNA (Supple-
mentary Table S9) were designed and evaluated for
their silencing efficiency. Among them, siSUFU#I
exhibited the most potent suppression of both SUFU
mRNA and protein expression levels (Fig. 6¢—d),
and was selected for use in subsequent research.
Therefore, si SUFU#1 was selected for the subse-
quent experiments. The use of si SUFU#1 resulted
in increased GLI1 levels and decreased Cleaved-
Caspase-3 and BAX: BCL2 ratio in NCM460 cells
(Fig. 6e). To ascertain whether the effects of the
tRF-58:76-Tyr-GTA-2-M3 inhibitor could be coun-
teracted by si SUFU#1, we co-transfected NCM460
cells with tRF-58:76-Tyr-GTA-2-M3 inhibitor and si
SUFU#1. The results demonstrated that the upregula-
tion of SUFU and downregulation of GLI1 induced
by tRF-58:76-Tyr-GTA-2-M3 knockdown was par-
tially reversed by si SUFU#1. Moreover, si SUFU#1
partially attenuated apoptosis induced by tRF-58:76-
Tyr-GTA-2-M3 inhibition, as evidenced by flow
cytometry (Fig. 6f-g). In conclusion, these findings
collectively indicate that tRF-58:76-Tyr-GTA-2-M3
influences apoptosis in NCM460 cells through the
modulation of SUFU and GLII expression.

The expression of tRF-58:76-Tyr-GTA-2-M3, Sufu,
Glil and apoptosis-related proteins in duodenum of

ARM

The duodenum of the fetal rats was meticulously
identified and isolated under a stereomicroscope.
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«Fig.5 SUFU is a target gene of tRF-58:76-Tyr-GTA-2-M3.
a. GO enrichment analysis was performed to show enrich-
ment classification information for target genes of tRF-58:76-
Tyr-GTA-2-M3  (https://metascape.org/gp/index.html).  b.
GeneMANIA network of the predicted target genes (htttps://
Genemania.org). ¢. qRT-PCR of the eight candidate tar-
get genes (TBX2, ID3, HOXA3, HOXA13, FOXEI, HDAC2,
FZD2, SUFU) in duodenum of DA fetuses and normal fetuses.
B-ACTIN as an endogenous control. Data are presented as the
mean +SD (n =4, **P< 0.01; Unpaired t-test). d. Western
blot analysis for SUFU expression in duodenum of DA fetuses
and normal fetuses. B-ACTIN as an endogenous control. Data
are presented as the mean +SD (n =4, **P < 0.01; Unpaired
t-test). e. Predicted tRF-58:76-Tyr-GTA-2-M3 binding site in
SUFU (SUFU-WT) and the designed mutant sequence (SUFU-
Mut). f. Luciferase reporter assay of NCM460 cells co-trans-
fected with SUFU-WT or SUFU-Mut and tRF-58:76-Tyr-GTA-
2-M3 mimic or tRF-58:76-Tyr-GTA-2-M3 mimic NC. Data are
presented as the mean +SD (n =3, *P < 0.05; Unpaired t-test).
g. Relative SUFU mRNA expression in NCM460 cells trans-
fected with tRF-58:76-Tyr-GTA-2-M3 mimic, tRF-58:76-Tyr-
GTA-2-M3 inhibitor and their corresponding NC measured by
qRT-PCR. B-ACTIN as an endogenous control. Data are pre-
sented as the mean +SD (*P < 0.05 relative to the mimic NC
group, #P < 0.05 relative to the inhibitor NC group; Unpaired
t-test). h. Relative SUFU protein expression in NCM460 cells
transfected with tRF-58:76-Tyr-GTA-2-M3 mimic, tRF-58:76-
Tyr-GTA-2-M3 inhibitor, and their corresponding NC meas-
ured by western blotting. f-ACTIN as an endogenous control.
Data are presented as the mean +SD (*P < 0.05 relative to the
mimic NC group, #P < 0.05 relative to the inhibitor NC group;
Unpaired t-test)

Subsequently, the duodenum was stained with HE,
revealing three morphological types of DA, consist-
ent with descriptions reported in the literature (Jones
et al. 2020). These reflect more serious degrees of
obstruction and discontinuity, ranging from Type
I to Type III (Fig. 7a-b). To ensure the reliability of
specimen collection, only duodenal samples from
Type III were selected for validation experiments.
Fifteen pregnant rats were assigned to the E17 DA
group, 16 to the E19 DA group, and 14 to the E21
DA group. Furthermore, specimens were collected
from 10 pregnant rats at E17, E19, and E21, which
served as control. The incidence of DA in ARM is
presented in Supplementary Table S10, and the num-
ber of fetal rats collected at each time point is shown
in Supplementary Table S11. To further investigate
the expression of tRF-58:76-Tyr-GTA-2-M3 during
embryonic development, we used qRT-PCR to assess
the expression levels of tRF-58:76-Tyr-GTA-2-M3 in
the duodenum of fetal DA rats at different gestational
ages. The results demonstrated that tRF-58:76-Tyr-
GTA-2-M3 was markedly reduced in the duodenum

of the DA group at various stages of embryonic
development compared to the control group, with the
most notable difference observed at E17. In the duo-
denum of normal rat fetuses, the expression of tRF-
58:76-Tyr-GTA-2-M3 exhibited a time-dependent
pattern, with a decrease observed with advancing ges-
tational age (Fig. 7c). Furthermore, in the duodenum
of E19 fetal rats, the expression of the Sufu protein
was increased, whereas the expression of Glil protein
was decreased, and there was an increase in apoptosis
(Fig. 7d-f).

Excessive apoptosis was ameliorated through the
activation of the Hedgehog signaling pathway
following intraperitoneal microinjection of
tRF-58:76-Tyr-GTA-2-M3

To investigate whether upregulation of tRF-58:76-
Tyr-GTA-2-M3 during embryogenesis could attenu-
ate excessive apoptosis via activation of the Hedge-
hog signaling pathway. tRF-58:76-Tyr-GTA-2-M3
agomir was injected intraperitoneally into fetal rats
with DAs at E16 (Fig. 8a). On E21, fetal rats with
DAs that had been treated with tRF-58:76-Tyr-
GTA-2-M3 were harvested. Of the 59 fetal rats that
received an intraperitoneal microinjection of tRF-
58:76-Tyr-GTA-2-M3 agomir at E16, 39 survived.
Of the total number of rats, 18 were identified as DA
fetal rats (46.2%, 18/39), comprising 1 type I, 4 type
I, and 13 type III rats. Furthermore, 46 fetal rats
were subjected to intraperitoneal microinjection of
PBS, of which 39 survived, resulting in 30 DA fetal
rats (76.9%, 30/39). This group comprised O type I, 1
type I, and 29 type III rats. A total of 39 normal fetal
rats were obtained from control pregnant rats, and
no malformations were observed. The incidence and
classification of DA in fetal rats across each group are
shown in Fig. 8b-c, respectively. Following intraperi-
toneal injection of tRF-58:76-Tyr-GTA-2-M3 agomir,
the rate of DA in fetal rats was remarkable reduced
compared to that observed in the control group, with
a notably lower incidence of type III DA. In addi-
tion, duodenal specimens of fetal rats from each
treatment group were collected, and the expression
of tRF-58:76-Tyr-GTA-2-M3 in samples from each
group was assessed using qRT-PCR. The expression
of Sufu, Glil, and apoptosis-related proteins in the
samples from each group was analyzed by western
blotting. As illustrated in Fig. 8d, the expression of
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tRF-58:76-Tyr-GTA-2-M3 in the duodenum of fetal
rats in the ARM group was markedly diminished
compared to that in the control group. Conversely,
administration of tRF-58:76-Tyr-GTA-2-M3 agomir
resulted in a notable elevation in tRF-58:76-Tyr-GTA-
2-M3 expression levels in the ARM group. Western
blot demonstrated that the levels of Sufu, Cleaved
Caspase-3, and Bax were elevated, whereas those
of Glil and Bcl-2 were markedly diminished in the
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ARM group. Specifically, Sufu, Cleaved Caspase-3,
and Bax protein expression were markedly reduced,
whereas Glil and Bcl-2 expression were significantly
elevated in the duodenum of fetal rats (Fig. 8e). To
ascertain the relationship between tRF-58:76-Tyr-
GTA-2-M3 expression and apoptosis in the duode-
num of each treatment group, FISH and TUNEL dou-
ble staining were performed. As illustrated in Fig. 8f,
the expression of tRF-58:76-Tyr-GTA-2-M3 was
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«Fig. 6 SUFU regulates apoptosis and increases GLI1 expres-
sion in NCM460 cells. a. Western blot analysis for GLII
expression in duodenum of DA fetuses and normal fetuses.
B-ACTIN as an endogenous control. Data are presented as
the mean +SD (n =4, **P< 0.01; Unpaired t-test). b. Rela-
tive SUFU protein expression in NCM460 cells transfected
with tRF-58:76-Tyr-GTA-2-M3 mimic, tRF-58:76-Tyr-GTA-
2-M3 inhibitor, and their corresponding NC measured by
western blotting. B-ACTIN as an endogenous control. Data
are presented as the mean +SD (n =3, *P< 0.05 relative to
the mimic NC group, #P < 0.05 relative to the inhibitor NC
group; Unpaired t-test). c-d. RNA and protein levels of SUFU
in NCM460 cells transfected with si SUFU#1 or NC for 48 h.
B-ACTIN as an endogenous control. Data are presented as the
mean +SD (n =3, *P < 0.05; relative to the NC group; one-
way ANOVA with Dunnett correction). e. Relative SUFU,
GLI1, Cleaved-Caspase3, BAX and BCL2 protein expres-
sion in NCM460 cells transfected with si SUFU#1 and its
NC measured by Western blot. B-ACTIN as an endogenous
control. Data are presented as the mean +SD (n =3, *P<
0.05, ** P< 0.01; Unpaired t-test). f. NCM460 cells were co-
transfected with inhibitor NC +siRNA NC or tRF-58:76-Tyr-
GTA-2-M3 inhibitor +siRNA NC or tRF-58:76-Tyr-GTA-
2-M3 inhibitor +si SUFU#1, and the expression levels of
SUFU and GLII proteins and apoptosis-related proteins were
detected by Western blot. p-ACTIN as an endogenous control.
Data are presented as the mean +=SD (n =3, **P < 0.01 rela-
tive to inhibitor NC +siRNA NC group, *** P< 0.001 rela-
tive to inhibitor NC +siRNA NC group, #P <0.05 relative to
tRF-58:76-Tyr-GTA-2-M3 inhibitor +siRNA NC group; one-
way ANOVA with Turkey correction). g. The apoptotic ability
of the co-transfected cells was detected using flow cytometry.
Data are presented as the mean +SD (n =3, *P < 0.05 relative
to inhibitor NC + siRNA NC group, # P < 0.05 relative to tRF-
58:76-Tyr-GTA-2-M3 inhibitor +siRNA NC group; one-way
ANOVA with Turkey correction)

lower in the ARM group than in the control group,
accompanied by a significant increase in the number
of apoptotic cells. In contrast, the malformation group
treated with the tRF-58:76-Tyr-GTA-2-M3 agomir
exhibited elevated expression of tRF-58:76-Tyr-GTA-
2-M3 and a remarkable reduction in the number of
apoptotic cells. In conclusion, these findings suggest
that intraperitoneal microinjection of tRF-58:76-Tyr-
GTA-2-M3 agomir can attenuate apoptosis in fetal rat
duodenum with DA by regulating the expression of
Sufu and Glil.

Discussion
The exploration of nucleic acids in blood circulation

and other bodily fluids as non-invasive biomarkers
for congenital malformations screening has recently

garnered increasing attention in the scientific com-
munity. By conducting proteomic, transcriptomic,
and lipidomic screening of maternal peripheral blood
and subsequently validating the results through the
use of expanded sample sizes, our research group
has identified specific proteins, piRNAs, and miR-
NAs with diagnostic value in screening for congenital
heart disease, neural tube defects, and non-syndromic
cleft lip and palate (An et al. 2015; Chen et al. 2016;
Dong et al. 2020; Gu et al. 2019, 2012; Jia et al. 2021;
Wang et al. 2022). tsRNAs emerge as a promising
class of clinical biomarkers due to their high speci-
ficity and stability. In this study, we revealed for the
first time that tsSRNAs in maternal plasma can serve
as biomarkers for prenatal diagnosis of DA, offer-
ing the potential for non-invasive prenatal diagno-
sis. Through high-throughput sequencing of tRF and
tiRNA, and subsequent validation by qRT-PCR of
the maternal plasma, we identified tRF-61:78-chrM.
Leu-TAA, t(RF-60:77-lle-AAT-1-M4, tRF-57:76-
Arg-ACG-1-M2, and tRF-58:76-Tyr-GTA-2-M3
were expressed at low levels in the maternal plasma
of pregnant women carrying DA, and may serve as
candidate biomarkers for prenatal screening of DA.
ROC curve analysis showed these markers exhibited
high specificity for DA screening and that the com-
bination of the four tsSRNAs enhanced their diagnos-
tic efficiency. The specificity of these tsRNAs was
evaluated in maternal plasma samples from patients
with EA and JIA. Our findings revealed significant
under expression of the four tsSRNAs in the maternal
plasma of patients with EA, whereas no expression
differences were observed in the maternal plasma of
patients with JIA. These results implied the potential
application for the prenatal diagnosis and early inter-
vention of many kinds of gastrointestinal atresia.
During the biomarker screening period, tRF-
58:76-Tyr-GTA-2-M3 demonstrated the highest
diagnostic accuracy. Our investigation focused on
tRF-58:76-Tyr-GTA-2-M3 to ascertain its potential
role in DA development. Accordingly, we investi-
gated the expression of tRF-58:76-Tyr-GTA-2-M3
and apoptosis-related proteins in four paired duodenal
specimens from DA and normal fetuses. The results
demonstrated that tRF-58:76-Tyr-GTA-2-M3 expres-
sion was associated with enhanced apoptosis in the
duodenal tissues of DA fetuses compared to the nor-
mal group. To date, the biological function of tRF-
58:76-Tyr-GTA-2-M3 remains unknown. The present
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Fig. 7 Identification of DA in ARM and expression levels of
tRF-58:76-Tyr-GTA-2-M3, Sufu, Glil, and apoptosis-related
proteins in the duodenum of ARM. a. Morphology of duo-
denum of normal and DA embryos at E21. b. HE staining
images of the duodenum of normal and DA embryos at E21.
c. qRT-PCR and change trend of tRF-58:76-Tyr-GTA-2-M3
in the duodenum of control and adriamycin-induced DA
embryos at E17, E19, and E21. B-Actin as an endogenous con-
trol. Data are presented as the mean +SD (n =10, * P< 0.05;
Unpaired t-test). d. Western Blot of the expression of Sufu
protein in fetal duodenum of control and Adriamycin-induced

study demonstrated that tRF-58:76-Tyr-GTA-2-M3
overexpression in NCM460 cells resulted in a nota-
ble decrease in apoptosis. Given its markedly reduced
levels in the duodenal tissues of DA fetuses, the apop-
tosis related to tRF-58:76-Tyr-GTA-M3 may play a
pivotal role in DAs. Meanwhile, our study identified
SUFU as a novel direct target gene of tRF-58:76-Tyr-
GTA-2-M3, as supported by bioinformatics analysis
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DA embryos at E19. B-Actin as an endogenous control. Data
are presented as the mean +SD (n =8, *P < 0.05; Unpaired
t-test). e. Western Blot of the expression of Glil protein in fetal
duodenum of control and Adriamycin-induced DA embryos at
E19. B-Actin as an endogenous control. Data are presented as
the mean +SD (n =8, * P< 0.05; Unpaired t-test). f. West-
ern Blot of the expression of Cleaved-Caspase-3, Bax and Bcl2
in fetal duodenum of control and Adriamycin-induced rats at
E19. B-Actin as an endogenous control. Data are presented as
the mean +SD (n =8, * P< 0.05, ** P< 0.01; Unpaired t-test)

and the verification that modulation of tRF-58:76-
Tyr-GTA-2-M3 significantly alters SUFU levels.
SUFU functions as a negative regulator of the Hedge-
hog/GLI1 signaling pathway and interacts with GLI1
to inhibit its nuclear translocation. GLI1 is a crucial
transcription factor in the hedgehog pathway, which
plays a pivotal role in mammalian gastrointestinal
development and homeostasis. Its dysregulation may
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contribute to the development of gastrointestinal mal-
formations in humans (He et al. 2020; Zhang et al.
2017). Nevertheless, there is no evidence that SUFU
and GLI1 are present in DAs. In this study, significant
upregulation of SUFU and downregulation of GLI1
were observed in the duodenal tissues of DA fetuses.
In vitro experiments in NCM460 cells indicated that
SUFU silencing induced apoptosis, as demonstrated
by remarkable alteration in the expression of apop-
tosis-related proteins. tRF-58:76-Tyr-GTA-2-M3 was
predicted to target the 3’-UTR of SUFU, which was
subsequently validated using a luciferase reporter
assay. These findings suggested that tRF-58:76-
Tyr-GTA-2-M3 may cause DA by inhibiting SUFU
expression. Overexpression of tRF-58:76-Tyr-GTA-
2-M3 enhanced GLI1 expression, whereas its inhibi-
tion resulted in decreased GLI1 levels. Furthermore,
SUFU silencing promoted GLI1 expression. These
findings collectively substantiate the assertion that
tRF-58:76-Tyr-GTA-2-M3 exerts a regulatory influ-
ence on GLII expression and apoptosis by modulat-
ing the downstream target gene SUFU, underscoring
its potential involvement in DA pathogenesis.
Advancements in prenatal genetic and obstetric
ultrasound examination have enabled in intrauterine
treatment of congenital diseases (Palanki et al. 2021).
A previous study demonstrated that microinjec-
tion of miR-133a agomir into zebrafish embryos can
counteract the production of reactive oxygen species
and excessive proliferation of zebrafish central cells
induced by trichloroethylene, significantly alleviating
heart defects (Liu et al. 2022). Furthermore, the tRF-
Gly inhibitor has been demonstrated to diminish liver
steatosis in murine models of alcoholic fatty liver
disease by upregulating the expression of Sirtl, con-
sequently influencing downstream fatty acid produc-
tion and p-oxidation pathways. This treatment may be
a potential therapeutic target for alcoholic fatty liver
disease (Zhong et al. 2019). Nevertheless, the poten-
tial therapeutic role of tsRNAs in fetal malformations
remains unclear. Intraperitoneal administration of this
treatment has demonstrated significant efficacy in the
treatment of intestinal diseases (Wang et al. 2016).
Liu et al. provided new insights into the prevention
and treatment of colitis using intraperitoneal stem cell
transplantation, which effectively controlled the pro-
gression and recurrence of the condition (Liu et al.
2022). Our team has conducted several studies dem-
onstrating that injection of mesenchymal stem cells,

adenoviral constructs containing specific genes, or
miRNA mimics into the amniotic fluid during early
fetal development can facilitate beneficial functional
recovery from neural tube defects and anorectal mal-
formations. These findings highlight the potential of
prenatal therapeutic interventions to treat congenital
malformations in embryos/fetuses (Liu et al. 2024,
2020; Ma et al. 2022a, 2020, 2022b; Wei et al. 2020).
In this study, we observed a reduction in the expres-
sion of 58:76-Tyr-GTA-2-M3 in the duodenum of DA
fetal rats at E17, E19, and E21. tRF-58:76-Tyr-GTA-
2-M3 agomir was delivered to the uterus via intra-
peritoneal microinjection to relieve the inhibition of
gene expression in Hedgehog pathway and inordinate
apoptosis in the duodenum of fetal rats with DAs.
The present findings demonstrate that intraperitoneal
therapy in the duodenum facilitates the advancement
of prenatally targeted therapy of DAs. However, ethi-
cal and practical considerations associated with pre-
natal intraperitoneal microinjection in human must be
acknowledged. As with any fetal intervention, both
the mother and the fetus are involved, potential com-
plications such as infection, preterm labor, and fetal
loss must be carefully considered. These concerns
underscore the need for extensive preclinical valida-
tion and rigorous safety assessment before any clini-
cal translation can be contemplated.

There are several limitations in our study. First,
this pilot study with a small human sample and sin-
gle-center design lacking validation of earlier DA
cases and patient diversity, may limit the reliability
and generalizability of the findings; thus, multicenter
studies with larger and more diverse cohorts are war-
ranted for confirmation. Second, the adriamycin rat
model, while valuable, is constrained by off-target
toxicity, litter-to-litter variability in DA penetrance,
and species-specific foregut development differences.
Future studies require using cross-validation in com-
plementary models such as genetic mouse mutants
and human foregut organoids. Finally, the involve-
ment of additional target genes regulated by tRF-
58:76-Tyr-GTA-2-M3 cannot be ruled out. Therefore,
more studies are warranted to comprehensively elu-
cidate the multifaceted roles of tRF-58:76-Tyr-GTA-
2-M3 beyond its effects on apoptosis.

In summary, this study identified four pregnancy-
related tsRNAs, including tRF-61:78-chrM. Leu-TAA,
tRF-60:77-1le-AAT-1-M4, tRF-57:76-Arg-ACG-1-M2,
and tRF-58:76-Tyr-GTA-2-M3 have been identified as
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«Fig. 8 Intraperitoneal microinjection of tRF-58:76-Tyr-
GTA-2-M3 agomir exhibited therapeutic effect by reducing
apoptosis a. Schematic representation of the intraperitoneal
microinjection procedure for delivering tRF-58:76-Tyr-GTA-
2-M3 agomir into E16 embryos. The capillary injection nee-
dle (green) traversed the uterine wall (pink) and the amnion
(gray) before reaching the abdominal cavity. b. The number of
embryos of DA in the control, ARM +PBS, and ARM +tRF-
58:76-Tyr-GTA-2-M3 agomir groups (**P < 0.01; Chi-square
test). ¢. The number of embryos of type III DA in the control,
ARM +PBS, and ARM +tRF-58:76-Tyr-GTA-2-M3 agomir
groups (*P < 0.05; Chi-square test). d. qRT-PCR was used to
detect the expression of tRF-58:76-Tyr-GTA-2-M3 in the duo-
denum of fetal rat in each group. p-Actin as an endogenous
control. Data are presented as the mean +SD (n =6, * P<
0.05; one-way ANOVA with Turkey correction). e. Western
Blot were used to detect the expression of Sufu, Glil, Cleaved-
Caspase 3, Bax and Bcl-2 in the duodenum of fetal rat in each
group. B-Actin as an endogenous control. Data are presented as
the mean +SD (n =3, * P< 0.05; one-way ANOVA with Tur-
key correction). f. Representative images of FISH and TUNEL
double staining showing the fluorescence of tRF-58:76-Tyr-
GTA-2-M3 (red) and the TUNEL signal (green) in the E21
duodenum. Nuclei were counterstained with DAPI (blue). Sta-
tistical analysis of the fluorescence intensity and percentage of
TUNEL-positive signals colocalized with strong tRF-58:76-
Tyr-GTA-2-M3 expression. Data are presented as the mean
+SD. Scale bar =20 pm (n =3, * P< 0.05, one-way ANOVA
with Turkey correction)

novel and promising fetal DA biomarkers. tRF-58:76-
Tyr-GTA-2-M3 has been identified as a key factor in
DA pathogenesis. The tRF-58:76-Tyr-GTA-2-M3/
SUFU/Hedgehog-GLI1 regulatory axis plays a cru-
cial role in DA pathogenesis by modulating apoptosis.
Moreover, intraperitoneal microinjection of tRF-58:76-
Tyr-GTA-2-M3 agomir into fetal rats resulted in the
decreased expression of apoptosis-related genes, which
was achieved by inhibiting SUFU and increasing GLI1
expression. This suggests tRF-58:76-Tyr-GTA-2-M3
as a potential therapeutic target for DA. The potential
application of the identified tsSRNA biomarkers as non-
invasive tools for the risk assessment of DA, which in
conjunction with imaging findings, particularly ultra-
sound, could support timely clinical decision-making
and individualized prenatal care. Taken together, our
findings highlight the potential utility of circulating
plasma tsRNAs not only as predictive biomarkers, but
also therapeutic targets for DA.
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