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Abstract
Background  Previous studies have indicated that ψ-modified small RNAs play crucial roles in tumor metastasis. 
However, the ψ-modified small RNAs during metastasis of PTC are still unclear.

Methods  We compared the pseudouridine synthase 7 (PUS7) alteration between metastatic and non-metastatic 
PTCs, and investigated its correlation with clinicopathological features. Additionally, we employed a small RNA ψ 
modification microarray to examine the small RNA ψ modification profile in both metastatic and non-metastatic PTCs, 
as well as paired paracancerous tissues. The key molecule involved in ψ modification, pre-miR-8082, was identified 
and found to regulate the expression of CD47. Experiments in vitro were conducted to further investigate the 
function of PUS7 and CD47 in PTC.

Results  Our results demonstrated that PUS7 was down-regulated in PTC and was closely associated with metastasis. 
Moreover, the ψ modification of pre-miR-8082 was found to be decreased, resulting in down-expression of pre-
miR-8082 and miR-8082, leading to the loss of the inhibitory effect on CD47, thereby promoting tumor migration.

Conclusions  Our study demonstrates that PUS7 promotes the inhibition of CD47 and inhibits metastasis of PTC cells 
by regulating the ψ modification of pre-miR-8082. These results suggest that PUS7 and ψ pre-miR-8082 may serve as 
potential targets and diagnostic markers for PTC metastasis.
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Background
Thyroid cancer is currently the most prevalent endocrine 
malignancy [1]. The incidence of thyroid cancer, partic-
ularly papillary thyroid cancer (PTC), has significantly 
increased over the past few decades [2, 3]. Although PTC 
is generally considered to be a slow-growing tumor, some 
cancer cells can spread to the lymph nodes surrounding 
the thyroid gland [4]. PTCs without metastasis are gen-
erally considered low risk, as they have shown excellent 
patient outcomes. In cases of metastasis, a combination 
of surgery, radioactive iodine (RAI) ablation, and thyroid 
stimulating hormone (TSH) suppression are commonly 
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used. Unfortunately, a fraction of patients eventually 
develop resistance to RAI or succumb to the disease [5]. 
The presence of metastasis is a crucial factor in deter-
mining the prognosis, extent of surgery, and risk factors 
associated with high recurrence and low survival rates 
among PTC patients [6].

Preoperative ultrasound is a valuable tool for assess-
ing metastasis in patients with PTC and can provide 
reliable information to assist in surgical management [7, 
8]. However, accurately identifying lymph node metasta-
sis through ultrasound remains challenging. While fine 
needle aspiration (FNA) can aid in ultrasound diagnosis 
[9], it is impractical to perform FNA on all lymph nodes 
before surgery. Consequently, there is an urgent need for 
a non-destructive and efficient method to predict metas-
tasis risk in PTC patients and guide clinical diagnosis and 
treatment. It is crucial to investigate and comprehend 
the molecular mechanisms underlying the development 
and metastasis to facilitate accurate clinical diagnosis and 
treatment.

Recent studies have revealed that small RNA mol-
ecules, including pre-miRNA, miRNA, and tsRNA, play 
significant roles in post-transcriptional gene regulation. 
They are not merely intermediaries between DNA and 
protein or effector molecules [10]. Currently, more than 
100 types of chemical modifications have been identified 
in cellular RNAs, such as pseudouridine (ψ), N1-meth-
yladenosine (m1A), N6-methyladenosine (m6A), 
N7-methylguanosine (m7G), 5-methylcytosine (m5C), 
and uridylation [11]. Accumulated evidence suggests that 
abnormal expression of small RNA modifications is func-
tionally linked to cancer hallmarks, including survival, 
proliferation, self-renewal, differentiation, stress adap-
tion, invasion, and therapy resistance [12–15]. However, 
the specific small RNA modifications present in PTC 
and their role in tumorigenesis and progression remain 
unclear.

In this study, we utilized transcriptome data from 397 
PTC samples obtained from the TCGA database, as 
well as small RNA modification microarray data from 9 
PTC patients in our hospital. We observed a significant 
decrease in the expression of pseudouridine synthase 7 
(PUS7) in PTC patients. Additionally, we found a signifi-
cant alteration in small RNA ψ modification, particularly 
in patients with lymph node metastasis. Furthermore, 
our research revealed that PUS7 plays a role in CD47-
mediated tumor cell proliferation and migration through 
its regulation of the ψ modification of pre-miR-8082. 
Overall, our study highlights the crucial role of small 
RNA ψ modification in the progression and metastasis of 
PTC, and its potential for aiding in the clinical diagnosis 
of PTC metastasis.

Methods
Patients and clinical samples
Paired samples of PTC tissues and paracancerous tissues 
were collected at Shenzhen People’s Hospital. The PTC 
patients included in the study had not received any che-
motherapy or radiotherapy before the tissue collection. 
Patients with infectious diseases such as chronic hepatitis 
B virus infection, autoimmune diseases like Hashimoto’s 
thyroiditis, and primary hyperthyroidism were excluded 
from the study. The study ethics was approved by the 
ethics committees of the Shenzhen People’s Hospital 
(LL-KY-2022091). The informed consents were collected 
from all the participants.

RNA extraction and quantitative real-time PCR
RNA was extracted from PTC and paracancerous tissues 
or cells using the TranZol Up Plus RNA Kit (TranGen 
Biotech, ER501), following the manufacturer’s instruc-
tions. Subsequently, the RNA was reverse transcribed 
into cDNA using the EasyScript All-in-One First-Strand 
cDNA Synthesis SuperMix for qPCR (One-Step gDNA 
Removal) (TranGen Biotech, AE341). Quantitative real-
time PCR was then conducted according to the manu-
facturer’s instructions using PerfectStart Green qPCR 
SuperMix (TranGen Biotech, AQ601). The primers used 
in this study are listed in Supplemental Table 1.

Data source and description
We obtained the mRNA expression matrix file of TCGA-
THCA which includes 397 samples with 712 normal, 
from the Genomic Data Commons Data Portal (https://
www.ncbi.nlm.nih.gov/). Additionally, two mRNA 
expression datasets (GSE3678 and GSE129879) were 
retrieved from the GEO database (https://www.ncbi.nlm.
nih.gov/geo/). These datasets consist of PTC and nor-
mal samples. To investigate protein expression data, we 
utilized the Human Protein Atlas (HPA) (https://www.
proteinatlas.org/), a proteomics database that provides 
information on the organization and cellular distribution 
of human proteins. Specifically, we searched for PUS7, 
DNMT3B, and CD47 protein expression data in the HPA.

Arraystar human pseudouridine (ψ) small RNA 
modification microarray analysis
Nine pairs of PTCs and paracancerous tissue sam-
ples were selected for RNA extraction. The Arraystar 
Seq-StarTM poly(A) mRNA Isolation Kit (Aksomics, 
AS-MB-006-01/02) was used according to the manufac-
turer’s instructions to obtain the small RNA. The quan-
tity of RNA samples was determined using a NanoDrop 
ND-1000 spectrophotometer, and RNA integrity was 
assessed using a Bioanalyzer 2100 or gel electropho-
resis. Each total RNA sample (1–5 µg) was immuno-
precipitated with 4 µg of anti-pseudouridine antibody 
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(Diagenode, C15200247) and 1  mg of Protein G Dyna-
beads (Thermo Fisher, 11203D) in 500 µL of RIP buffer. 
The modified RNAs, referred to as ‘IP’, were extracted 
from the immunoprecipitated magnetic beads. The 
unmodified RNAs, known as ‘Sup’, were obtained from 
the supernatant. Arraystar’s standard protocols were 
used to enzymatically label the ‘IP’ RNAs with Cy5, 
and the ‘Sup’ RNAs with Cy3 in separate reactions. The 
labeled RNAs were then combined and hybridized onto 
the Arraystar Human small RNA Modification Micro-
array (8 × 15  K). Finally, the array was scanned using an 
Agilent Scanner G2505C in two-color.

The acquired array images were analyzed using Agilent 
Feature Extraction software (version 11.0.1.1). The raw 
intensities of IP (immunoprecipitated, Cy5-labelled) and 
Sup (supernatant, Cy3-labelled) were normalized by tak-
ing the average of log2-scaled Spike-in RNA intensities. 
After normalization, the probe signals that had Present 
(P) or Marginal (M) QC flags in at least 4 out of 18 sam-
ples were retained. Multiple probes from the same small 
RNA (miRNA/tsRNA (tRF&tiRNA)/pre-miRNA) were 
combined into a single RNA level. The abundance of ‘ψ’ 
was analyzed based on the normalized intensities of Cy5-
labelled IP (modified RNA). Differentially ψ-modified 
RNAs between two comparison groups were identi-
fied using fold change (FC) and statistical significance 
(p-value) thresholds. The ψ-modification patterns among 
samples were displayed using a hierarchical clustering 
heatmap created with R.

MeRIP-PCR
RNA was isolated from paired PTC and paracancerous 
tissue samples and diluted to a concentration of 2  µg/
µl. The RNA was then fragmented at 65 ℃ for 5 min. A 
small aliquot of the fragmented RNA (5 µg) was reserved 
as the input sample for qPCR normalization. Dynabead-
sTM M-280 Sheep Anti-Mouse IgG (Invitrogen, 11201D) 
were used and washed twice with IP buffer (10 mM Tris 
pH_7.4, 250 mM NaCl, 0.1% NP-40) and then coupled 
with pseudouridine antibody (Diagenode C15200247) 
for 2  h at 4 ℃. Subsequently, the fragmented RNA and 
RNase inhibitor (Enzymatics, Y9240L) were added to the 
IP buffer. Samples were eluted with 200 µl Elution buffer 
(100 mM Tris pH 7.4, 1 mM EDTA, 0.05% SDS), 4 µl Pro-
teinase K (Qiagen, 19131), and 2  µl RNase inhibitor for 
1 h at 50 ℃ on a rotor. The supernatant was collected for 
RNA isolation.

For the RT reaction, 2 µl of RNA was used with either 
M-MuLV Reverse Transcriptase (Enzymatics, P7040L) 
for miRNA or SuperScriptTM III Reverse Transcrip-
tase (Invitrogen) for pre-miRNA. The RT reactions were 
performed in the Gene Amp PCR System 9700 (Applied 
Biosystems). In the case of tsRNA, the RNA underwent 
pretreatment using the rtStar™ tRF&tiRNA Pretreatment 

Kit (Arraystar, AS-FS-005) to undergo acylation, 3’-cP 
removal, 5’-P addition, and demethylation. The rtStar™ 
First-Strand cDNA Synthesis Kit (3’ and 5’ adaptor) 
(Arraystar, AS-FS-003) instructions were followed, 
including ligation of the 3’ splice, reverse transcription 
primer hybridization, and ligation of the 5’ for cDNA 
synthesis for tsRNA. Each cDNA sample was configured 
separately with a realtime PCR reaction system. The pre-
pared 384-PCR plate was then placed on a QuantStu-
dio5 Real-time PCR System (Applied Biosystems) for 
PCR reactions. The resulting data were analyzed using 
the 2−△△Ct method to calculate the percentage of input 
(%Input) for each MeRIP fraction. The %Input value 
was determined using the formula %Input = 2− CtMeRIP/
(2− CtMeRIP+2−CtSupernatant)*Fd*100%. The primers 
used are listed in Supplemental Table 1.

Cell culture and transfection
The human PTC cell lines B-CPAP and human normal 
thyroid cells Nthy-ori 3 − 1 were obtained from Fen-
ghui Biotechnology Co., Ltd (Hunan, PR China). The 
cell lines were cultured in RPMI-1640 medium (Gibco, 
C11875500BT) supplemented with 10% fetal bovine 
serum (ExCell Bio, FSP500), 100  µg/mL penicillin, and 
0.1 mg/mL streptomycin. The cells were maintained in a 
humidified atmosphere at 37 °C with 5% CO2.

For the transfection experiments, B-CPAP and Nthy-
ori 3 − 1 cells were divided into different groups. These 
groups included the si-NC control group (transfected 
with si-NC control), the mimic NC control group 
(transfected with mimic NC), the si-PUS7 or si-CD47 
group (transfected with si-PUS7 or si-CD47), and the 
si-PUS7 + miR-8082 group (transfected with both si-
PUS7 and miR-8082 mimic). The si-PUS7 (5’-​G​G​A​A​G​
A​A​G​A​G​G​A​G​G​A​A​G​A​U-3’) or si-CD47 (5’-​G​G​A​U​C​C​A​
G​U​C​A​C​C​U​C​U​G​A​A​T​T-3’) and si-NC (5’-​U​U​C​U​C​C​G​
A​A​C​G​U​G​U​C​A​C​G​U​T​T-3’) control were obtained from 
Sangon Biotech (Shanghai, PR China). The microRNA 
mimic (5’- ​U​G​A​U​G​G​A​G​C​U​G​G​G​A​A​U​A​C​U​C​U​G-3’) and 
mimic NC (5’- ​U​U​G​U​A​C​U​A​C​A​C​A​A​A​A​G​U​A​C​U​G-3’) 
were also obtained from Sangon Biotech (Shanghai, PR 
China). B-CPAP and Nthy-ori 3 − 1 cells were transfected 
at ~ 70–80% confluency with siRNA or microRNA mimic 
using Lipofectamine 3000 (Invitrogen, L3000-015) fol-
lowing the manufacturer’s instructions.

MTT assay
Cells were seeded into 96-well plates at a density of 
2 × 10^3 cells per well, 24 h after transfection with si-RNA 
or si-NC. The plates were then incubated at 37  °C with 
5% CO2 for 48  h. Next, 10  µl of MTT solution (Sigma-
Aldrich, M5655-1G) was added to each well, followed 
by an additional 4  h of incubation. After dissolving the 
intracellular formazan crystals in DMSO (150 µL per 
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well; Sigma-Aldrich, D8418) for 20 min, the absorbance 
at 490 nm was measured using an Emax precision micro-
plate reader (BioTek, PR China). The experiments were 
repeated at least three times, with 5–6 wells being set up 
each time.

Cell cycle analysis
Cell digestion was carried out using trypsin, followed 
by centrifugation and removal of the supernatant. The 
cells were then resuspended in ice-cold PBS and under-
went repeated washing. To ensure proper fixation, sin-
gle cell suspensions were prepared by adding ice-cold 
70% ethanol solution to the cell and incubating it for 
more than 24  h at 4  °C. After centrifugation and wash-
ing with ice-cold PBS, the samples were stained with PI 
staining solution (MedChemExpress, HY-K1071-50T). 
Flow cytometry analysis was conducted using a BD FAC-
SCanto II flow cytometer (BD Biosciences, US) and the 
results were analyzed using FlowJo X 10.0.7 (BD, US). 
The experiments were repeated at least three times.

Measurement of cell apoptosis
The Annexin V-FITC/PI apoptosis kit (MULTI SCI-
ENCES, AP101-100) was utilized to evaluate apopto-
sis in B-CPAP and Nthy ori 3 − 1 cells. After treatment, 
the cells were collected and washed with ice-cold PBS 
twice. They were then resuspended in binding buffer 
and harvested into centrifuge tubes. Subsequently, the 
cells were incubated with Annexin V/PI in the dark for 
15  min. The apoptotic cells were quantified using a BD 
FACSCanto II flow cytometer (BD Biosciences, US). Cells 
transfected with a scrambled si-RNA were used as the 
negative control. Early phase apoptotic cells were catego-
rized as Annexin V+/PI- and late phase apoptotic cells 
as Annexin V+/PI+. The results of the experiments were 
detected and analyzed using FlowJo X 10.0.7 (BD, US) 
and the BD FACSCanto II flow cytometer. The experi-
ments were repeated at least three times.

Cell migration assay
A Wound Healing assay was performed to investigate 
cancer cell migration. B-CPAP cells were transfected 
with si-RNA or si-NC and then seeded into 12-well plates 
and grew until they reached 80% confluence. To create 
wounds, the monolayer cells were scraped using a 200 µl 
pipette tip, and any non-adherent cells were removed 
by washing with the medium. After 48  h, the treated 
and control cells were examined, and migration images 
were captured using a 10x objective in phase-contrast 
microscopy. The rate at which cells moved towards the 
scratched area was used to determine cell migration. The 
size of the scratched area was quantified using ImageJ™ 
software.

Statistical analysis
The experiments were repeated at least three times. Sta-
tistical data were analyzed using GraphPad Prism 7.0 
software and presented as the Mean ± SD of results from 
three independent experiments. The statistical analyses 
included the Student’s t-test and one-way ANOVA. A 
p-value < 0.05 was considered statistically significant.

Results
PUS7 was decreased in PTCs and associated with 
metastatic
To investigate the potential role of small RNA modifica-
tion in PTCs, we initially analyzed the expression of six 
common modifying enzymes using The Cancer Genome 
Atlas Thyroid Carcinoma (TCGA-THCA) dataset. Our 
findings indicated a significant decrease in the expres-
sion of five out of six RNA modifying enzymes in PTC 
tumors compared to normal tissues (Fig.  1A). Specifi-
cally, the core components of the RNA m5C methyl-
transferases complex, namely DNMT1, DNMT3A, and 
DNMT3B, along with the key enzyme of m6A, METTL3, 
and the pseudouridine synthase 7 (PUS7), exhibited sig-
nificant downregulation in PTC tumors. Further analysis 
of the expression in non-metastatic and metastatic PTCs 
revealed that DNMT3B, METTL1, and PUS7 were signif-
icantly underexpressed in the metastatic PTCs (Fig. 1B). 
DNMT3B and PUS7 showed a lower level of expression 
in non-metastatic PTCs and exhibited a further decrease 
in metastatic PTCs, suggesting a correlation with PTC 
progression. These findings highlighted the important 
physiological functions of DNMT3B and PUS7 in PTCs. 
To confirm the specific link between PUS7, which medi-
ates small RNA ψ modification, or DNMT3B, which 
mediates small RNA m5C modification, and PTCs, we 
analyzed the correlation of DNMT3B or PUS7 expres-
sion with clinical characteristics (Fig.  1C and D). The 
distribution of the pN stage and pTNM stage between 
the PUS7-high and PUS7-low groups showed a signifi-
cant difference. The qPCR assay demonstrated that PUS7 
was downregulated in PTC tissues and was significantly 
downregulated in metastasis compared to non-meta-
static PTCs (Fig.  1E). Immunohistochemistry staining 
revealed a lower expression of PUS7 in PTCs compared 
to normal tissues (Fig.  1F). Additionally, we also con-
ducted a qPCR assay and found no significant alterations 
in DNMT3B expression between normal and tumor tis-
sues, as well as between non-metastatic and metastatic 
tumors (Figure S1E and S1F). These findings suggested 
that PUS7, which mediates small RNA ψ modification, 
could play an important role in the progression of PTCs.

Pus7 impaired PTC progression
To investigate the functions of PUS7 in PTC, we con-
ducted a comparative analysis of differentially expressed 
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genes (DEGs) between PTCs with high PUS7 expression 
and low PUS7 expression. We performed an enrichment 
analysis of the DEGs for KEGG pathways and GO terms, 
as shown in Figure S2. The KEGG enrichment data 
revealed that PUS7 may have an impact on multiple path-
ways, including the TGF-beta signaling pathway, relaxin 
signaling pathway, platelet activation, and focal adhesion. 
These pathways have been previously reported to be can-
cer related, indicating the potential modulatory roles of 
PUS7 in PTC tumorigenesis. Subsequently, we utilized 
si-PUS7 to knock down PUS7 in B-CPAP, a commonly 
used PTC cell line (Fig. 2A). Our findings demonstrated 

that the loss of PUS7 leads to accelerated cell growth in 
B-CPAP cells (Fig.  2B). Furthermore, cell cycle analy-
sis using PI staining revealed a significant increase in 
the proportion of cells arrested in the G2/M phase in 
PUS7 knockdown B-CPAP cells (Fig.  2C). Additionally, 
Annexin V/propidium iodide (PI) staining demonstrated 
that the depletion of PUS7 also resulted in decreased cell 
apoptosis in PTCs (Fig.  2D). Moreover, the knockdown 
of PUS7 enhanced the migratory abilities of PTC cells 
(Fig.  2E). Overall, our in vitro results unveiled a crucial 
role of PUS7 in the regulation of PTC progression.

Fig. 1  Decreased expression of the PUS7 in PTC tissues. A. Comparison of the relative expression of RNA modification enzymes in PTCs (blue box) and 
normal tissues in TCGA-THCA. B. Comparison of the expression of RNA modification enzymes between non-metastatic PTCs (red box), metastatic PTCs 
(blue box), and normal tissues (yellow box) in TCGA-THCA. C-D. Correlation analysis between the expression of DNMT3B (C) or PUS7 (D) and clinical 
characteristics (gender, pT stages, pN stages, pM stages, and pTNM stages). The high group represents gene expression above the median expression 
levels, while the low group represents gene expression below the median expression levels. E-F. Quantitative analysis of PUS7 levels by qPCR (E) and IHC 
staining (F, data from HPA). Data are presented as Mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig. 2  PUS7 impairs PTC progression in vitro. A. qPCR confirmation of PUS7 depletion using siPUS7 in B-CPAP and Nthy ori 3 − 1 cells. B. MTT assay of 
PUS7-depleted B-CPAP cells or Nthy ori 3 − 1 cells. C. PI staining of PUS7-depleted B-CPAP cells or Nthy ori 3 − 1 cells. Left panels: representative images. 
Right panels: quantification data. D. Annexin V/PI analysis of PUS7-depleted B-CPAP cells or Nthy ori 3 − 1 cells. Top: representative images. Bottom: quanti-
fication data. E. Wound Healing assay of PUS7-depleted B-CPAP cells or Nthy ori 3 − 1 cells. Left panels: representative images. Right panels: quantification 
data. Data are presented as mean ± SD. ∗∗p < 0.01, ∗∗∗p < 0.001. siNC, negative control siRNA. All in vitro assays were biologically repeated three times
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PUS7 regulated ψ modification of miRNA, pre-miRNA, and 
tsRNA in PTCs
To investigate the role of PUS7 in regulating PTC pro-
gression, we conducted a study using 9 pairs of PTCs and 
paracancerous tissues. We focused on assessing small 
RNA ψ modification and analyzed the clinical indexes of 
the 9 patients, with 4 patients showing lymphatic metas-
tasis (Fig. 3A, Supplementary Table 2). Our analysis iden-
tified a total of 2047 miRNAs, 539 pre-miRNAs, and 3344 
tsRNAs. Among these, 102 miRNAs, 154 pre-miRNAs, 
and 221 tsRNAs showed differential ψ modification in 
PTCs (p < 0.05 & fold-change > = 1.5 or < = 1/1.5, Fig. 3D-
F). Notably, the proportion of modified pre-miRNAs 
was significantly higher than that of the other two types 
of small RNAs, accounting for 28.57% of the total. The 
differential modification of small RNAs was visualized 
using volcanos and heat maps. Our data revealed signifi-
cant differences between non-metastatic and metastatic 
PTCs, particularly in terms of differentially modified 
pre-miRNAs. We further compared the modification of 
miRNA, pre-miRNA, and tsRNA in non-metastatic and 
metastatic PTCs, and the heatmap highlighted the dif-
ferences (Fig.  3G, Figure S3). Additionally, we observed 
a significant downregulation of ψ modification in pre-
miR-8082 compared to paracancerous tissues, with even 
lower levels in metastatic PTCs (Fig. 3H), consistent with 
the expression of PUS7 in PTCs. Overall, our findings 
suggested that ψ modification of pre-miR-8082 may play 
a regulatory role in PTC progression and metastasis.

ψ modification of pre-miR-8082 regulated the expression 
of CD47 in PTC
Pre-miR-8082 is the precursor of miR-8082. The lower ψ 
modification of pre-miR-8082 has been found to decrease 
the expression of miR-8082 in PTCs, particularly in met-
astatic PTCs (Fig. 4A and B). To identify the downstream 
mRNA targets of PUS7-mediated pre-miR-8082 ψ modi-
fication, we utilized the TargetScan and miRDB databases 
to predict the target genes of miR-8082 (Supplementary 
Table 3). By incorporating data from the GEO database 
(GSE3678 and GSE129879), we identified seven target 
genes (SOX4, CD47, SLC16A7, PSMB2, CD74, S100B, 
and GAS7) that showed differential expression in PTCs 
(Fig. 4C and D). The expression of these seven genes in 
PTCs was further validated by TCGA, and our results 
demonstrated that CD47 expression was significantly 
upregulated in PTC, particularly in metastatic tumors 
(Fig.  4E and F). These findings were confirmed through 
IHC experiments (Fig.  4G). Subsequently, we analyzed 
the relationship between CD47 expression and metas-
tasis, revealing that tumors with high CD47 expression 
were more prone to metastasize (Fig. 4H). Rescue experi-
ments were conducted to validate the regulatory effect 
of PUS7 and miR-8082 on CD47. Knocking down CD47 

using si-CD47 in B-CPAP cells (Fig. 5A) showed that loss 
of PUS7 inhibited cell growth (Fig. 5B). Cell cycle analy-
sis indicated a significant decrease in the proportion of 
cells arrested in the G2/M phase in CD47 knockdown 
B-CPAP cells (Fig. 5C). Additionally, Annexin V/propid-
ium iodide (PI) staining revealed that depletion of CD47 
led to increased cell apoptosis in PTCs (Fig. 5D). Further-
more, the knockdown of CD47 inhibited the migratory 
abilities of PTC cells (Fig.  5E). Overall, these data sug-
gested that decreased ψ modification of pre-miR-8082 
selectively promotes CD47 expression in PTCs.

CD47 affected tumor proliferation and migration by 
regulating cell adhesion
CD47 is frequently found to be overexpressed in tumors 
and can transmit inhibitory signals to macrophages 
through signal regulatory protein α (SIPRα), thereby sup-
pressing macrophage phagocytosis of tumor cells and 
facilitating tumor immune evasion. We further investi-
gated the infiltration of M1-macrophages in PTCs and 
observed a reduction in infiltration in PTCs with high 
CD47 expression (Figure S4A). However, there was no 
significant correlation between CD47 and macrophage 
infiltration (Figure S4B). This suggests that CD47 may 
have a regulatory role in PTCs independent of macro-
phages. To examine the functions of CD47 in PTCs, we 
compared the differentially expressed genes (DEGs) 
between PTCs with high CD47 expression and low CD47 
expression and performed enrichment analysis for KEGG 
pathways (Fig.  6A and B). The KEGG enrichment data 
revealed that CD47 might influence multiple pathways, 
including adhesion junction and focal adhesion. We vali-
dated the DEGs in the adhesion junction pathway using 
qPCR in vitro, as this pathway had the highest enrich-
ment score, and the results were depicted in Fig.  6C. 
In conclusion, our findings confirmed that CD47 may 
enhance tumor cell proliferation and migration by regu-
lating the adhesion function of tumor cells.

Discussion
Metastasis is a crucial determinant of the prognosis 
and surgical approach for PTC. It is also a significant 
risk factor for the high recurrence rate and low survival 
rate of patients. Therefore, understanding the molecu-
lar mechanism of PTC occurrence and metastasis holds 
great importance in the clinical diagnosis and treatment 
of PTC metastasis. Small RNAs, a heterogeneous group 
of noncoding RNAs, have emerged as promising mol-
ecules for risk stratification of cancer patients and have 
been found to play a role in tumorigenesis. In recent 
years, there has been an expansion in the field of small 
RNA research, with a greater focus on studying their 
expression. Small RNAs are involved in crucial cellular 
processes that are often dysregulated in cancer, and their 
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Fig. 3  Effects of PUS7 on miRNA, pre-miRNA and tsRNA ψ modification. A. Clinical index of 9 paired PTCs and paracancerousous tissues. B. Workflow 
of Arraystar Human Pseudouridine (ψ) small RNA modification microarray analysis. C. PCA plot comparing the PTC group and the paracancer group. D. 
The number of miRNAs, pre-miRNAs, and tsRNAs identified in PTCs and paracancerous tissues (Left), and the number of differentially modified miRNAs, 
pre-miRNAs, and tsRNAs found in PTCs (Right). E-F. Volcano plot (E) and heatmap (F) of diff-modified miRNAs, pre-miRNAs, and tsRNAs. G. The top two 
differentially modified pre-miRNAs. H. MeRIP-qPCR validation of ψ modification of pre-miR-8082 and pre-miR-152. Data are presented as mean ± SD. 
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001
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Fig. 4  ψ modification of pre-miR-8082 promotes the expression of CD47 in PTC. A. Localization of pre-miR-8082 on the chromosome. B. Expression of 
miR-8082 in paired PTC and paracancerous tissues. C. TargetScan and miRDB databases were used to predict the target genes of miR-8082. D. Venn dia-
gram of the intersection of differentially expressed genes and predicted target genes in the GSE3678 and GSE129879 datasets. E-F. Validation of the seven 
differentially expressed target genes by TCGA database. G. Quantitative analysis of CD47 levels by IHC staining (data from HPA). H. Proportion of lymphatic 
metastases and distant metastases in PTCs with high or low CD47 expression. I. qPCR analysis of si-PUS7, si-PUS7 + miR-8082 mimic, and miR-8082 mimic 
transfected B-CPAP cells. Data are presented as mean ± SD. ∗p < 0.05, ∗∗∗p < 0.001
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impact on tumorigenesis can be reflected [16]. Various 
classes of small RNAs have demonstrated prognostic 
value and functional roles in cancer.

Pseudouridine (ψ) is the C5 glycosidic isomer of ura-
cil and was the first post-transcriptional modification to 
be discovered. It is also one of the most abundant RNA 
modifications [17]. Ψ can occur through two different 
mechanisms: RNA-independent and RNA-dependent ψ 
[18]. RNA-independent ψ is catalyzed by the pseudouri-
dine synthase (PUS), which recognizes the substrate and 
performs catalysis without the need for an RNA tem-
plate strand. From a clinical perspective, PUSs or ψ can 
serve as potential targets for anticancer therapy and bio-
markers. For instance, high levels of ψ have been found 
in the urine of patients with colon, prostate, or ovarian 
cancer, in the plasma of ovarian cancer patients, and in 
the salivary metabolites of patients with oral squamous 
cell carcinoma [19–21]. This suggests that ψ could be a 
promising biomarker for non-invasive early detection of 
cancer through body fluid biopsies. Although abnormal 
expression of several ψ synthases has been observed in 
cancer, it remains unclear whether they could be effec-
tive targets for diagnosis and therapy. Therefore, further 
research is necessary to investigate the specific role of ψ 
synthases in tumor initiation, growth, and metastasis.

To investigate the changes in the expression of ψ and 
its regulatory enzyme PUS7 in PTC tissues, we analyzed 
the differential expression of PUS7 between PTC and 
paracancerous tissues and metastatic and non-metastatic 
PTCs. Our findings confirm that PUS7 regulates the 

proliferation and migration of tumor cells in PTC. Our 
results demonstrate a significant downregulation of PUS7 
expression in PTC, with a more pronounced downregu-
lation in metastatic PTC. ψ, a post-transcriptional RNA 
modification, plays a precise role in coordinating gene 
expression and biological processes. Existing literature 
suggests that ψ is critically involved in the early devel-
opment of several organisms, contributing to cell fate 
specification and physiology [22]. The coordinated effects 
of different classes of modified RNAs and their regula-
tor proteins generate a novel code that orchestrates gene 
expression during cell fate determination. In PTC, the 
modification level of small RNA ψ, regulated by PUS7, 
was significantly altered. This alteration was observed in 
approximately 5% of miRNA, 29% of pre-miRNA, and 
7% of tsRNA. Surprisingly, nearly 1/4 of the pre-miRNAs 
were differentially modified. Importantly, dysregula-
tion of pre-miRNA processing leads to aberrant miRNA 
expression in cancer [23]. RNA modifications play cru-
cial roles in RNA metabolism and modulate miRNA bio-
genesis and function [24]. The RNA methyltransferase 
BCDIN3D has been reported to inhibit miRNA matu-
ration through phospho-dimethylation of the 5’ ends of 
pre-miRNAs [25]. However, our finding is the first report 
on ψ modification of pre-miRNA and its role in the PTC.

The ψ modification level of the pre-miR-8082 exhibits 
the most significant difference. Pre-miR-8082 is an RNA 
precursor transcribed from the genome, which undergoes 
multiple intracellular processing steps to generate mature 
microRNA and is used to regulate gene expression. PUS7 

Fig. 5  CD47 accelerates PTC progression in vitro. A. qPCR analysis of CD47 in si-CD47 transfected B-CPAP cells. B. MTT assay of CD47-depleted and 
control B-CPAP cells. C. PI staining of CD47-depleted and control B-CPAP cells. Left panels: representative images. Right panels: quantification data. D. 
Annexin V/PI analysis of CD47-depleted and control B-CPAP cells. Left panels: representative images. Right panels: quantification data. E. Wound Healing 
assay of CD47-depleted and control B-CPAP cells. Left panels: representative images. Right panels: quantification data. Data are presented as mean ± SD. 
∗∗p < 0.01, ∗∗∗p < 0.001. siNC, negative control siRNA
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Fig. 6  CD47 affects the adhesion junction of tumor cells. A-B. Enrichment of KEGG pathways in the CD47-high vs. CD47-low group of PTCs. The high 
group represents genes with expression levels above the median, while the low group represents genes with expression levels below the median. C. 
qPCR assays for the differentially expressed genes (DEGs) of the adhesion junction pathway in si-CD47 transfected B-CPAP cells. The genes highlighted in 
red boxes indicate the DEGs of the adhesion junction pathway. The left 3 pixels beside the gene name represent si-CD47 transfected PTC cells, while the 
right 3 pixels represent si-NC transfected PTC cells. Blue and red colors indicate relatively low and high expression, respectively
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can mediate the ψ modification of the pre-miR-8082, 
thereby affecting its maturation process. This modification 
will change the expression level of miR-8082 and further 
impact the expression of target genes. Our study found 
that a decrease in the level of ψ modification in the pre-
miR-8082 precursor and an increase in miR-8082 expres-
sion in PTC selectively regulate the expression of CD47, a 
downstream target gene. CD47 is a significant transmem-
brane receptor molecule that is found to be overexpressed 
on the surface of several cancer cells [26]. It plays a role 
in anti-apoptosis, pro-proliferation, and pro-angiogenesis. 
CD47 binds to SIRPα on tumor cells, inhibiting macro-
phage phagocytosis in various cancers, including breast 
cancer, and leiomyosarcoma [27]. However, our findings 

suggest that the impact of CD47 is independent of macro-
phages in PTC. Furthermore, studies have indicated that 
CD47 expression is typically high in tumor cells, allow-
ing them to evade immune system surveillance and attack 
[28]. Recent research has also demonstrated the involve-
ment of CD47 in tumor metastasis [29]. CD47 not only 
affects the adhesion ability of tumor cells but also regu-
lates signal transduction pathways in endothelial cells, 
thereby promoting tumor cell metastasis. CD47 may also 
collaborate with other molecules, such as Integrin β3 and 
TSP1, to form a complex signaling network that drives 
tumor cell metastasis [30]. In this study, we observed that 
inhibiting CD47 expression and disrupting tumor cell 
adhesion function prevented PTC metastasis. The precise 

Fig. 7  Schematic illustrating the mechanism by which PUS7 promotes the inhibition of CD47 and suppresses the metastasis of PTC cells through the 
regulation of ψ modification of pre-miR-8082
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mechanism by which CD47 regulates PTC metastasis 
requires further investigation.

Conclusions
The study highlights the significance of abnormal levels 
of small RNA ψ modification in the metastasis of PTC. 
It demonstrates that PUS7 suppresses the migration of 
papillary thyroid carcinoma by repressing CD47 through 
pseudouridylated pre-miR-8082 (Fig. 7). Investigating the 
regulation of important small RNA modifications and 
their underlying mechanisms can help identify prognos-
tic factors and potential drug targets with clinical rele-
vance. This research improves our understanding of how 
small RNA ψ modification influences the development 
and spread of PTC. It guides selecting appropriate clini-
cal treatment options, determining the extent of surgery, 
and managing the disease through various approaches.
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