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ABSTRACT

Papillary thyroid cancer (PTC) is one of the most common malignant tumors in female, and estrogen can affect
its progression. However, the targets and mechanisms of estrogen action in PTC remain unclear. Therefore, this
study focuses on the relationship between estrogen-related genes (ERGs) expression and prognosis in PTC,
particularly neuropeptide U (NMU), and its important role in tumor progression. Based on The Cancer Genome
Atlas (TCGA) and Gene Expression Omnibus (GEO) databases, differentially expressed genes (DEGS)
predominantly enriched in ERGs were identified between PTC and normal tissue. Then, we identified ERGs that
contributed most to PTC prognosis, including Transducer of ERBB2 1 (TOB1), trefoil factor 1 (TFF1),
phospholipase A and acyltransferase 3 (PLAAT3), NMU, kinesin family member 20A (KIF20A), DNA
topoisomerase Il alpha (TOP2A), tetraspanin 13 (TSPAN13), and carboxypeptidase E (CPE). In addition, we
confirmed that NMU was highly expressed in PTC and explored the effect of NMU on PTC cells proliferation
in vitro and in vivo. The results showed that the proliferative capacity of PTC cells was significantly reduced
with NMU knockdown. Moreover, the phosphorylation levels of the Kirsten rat sarcoma virus (KRAS) signaling
pathway were significantly lower with NMU knockdown. These results suggest that ERGs, especially NMU, may
be novel prognostic indicators in PTC.

INTRODUCTION [1, 2]. Although the overall prognosis for TC is good,

5-10% of patients may die due to distant metastases
TC is the most common malignancy of the endocrine [3, 4]. PTC is one of the more prevalent pathological
system, and its incidence continues to rise worldwide types, accounting for 90% of all TC cases, and is often
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confined and asymptomatic [5]. The cause of PTC is
unknown, but possible causes include benign thyroid
disease, radiation, family history, iodine intake, and
abnormal estrogen levels. To further improve the OS,
clinicians and scientists are working to identify
effective therapeutic PTC targets and uncover the main
mechanisms of action in PTC development.

In addition to acting on breast tissue and the female
reproductive system [6-8], estrogens can also act on
thyroid tissue and are involved in the development of
many thyroid disorders [9, 10]. It has been found that
the direct action of estrogen on thyroid tissue can lead
to the development of goiter, nodules and cancer in
women [11], but the specific mechanisms of action are
unclear. In addition, the incidence of PTC differed
significantly between females of childbearing age and
adolescent females, and was three times more common
in females than in males, suggesting that the incidence
of PTC may be closely related to female estrogen levels
[12, 13]. Numerous studies have found that the
abnormal expression and function of ER are key factors
in the development and progression of hormone-related
cancers and influences the efficacy of anticancer
therapy [14]. In PTC, estrogen is able to activate the
tyrosine kinase signaling pathways on the cell
membrane, leading to poor prognosis in PTC patients
[9]. The above studies suggest that PTC occurrence is
closely related to estrogen levels and ER expression.

NMU, an estrogen-related gene, is originally isolated
from the pig spinal cord [15], and involved in the gut-
brain axis, energy homeostasis, and immune response
[16]. NMU mainly exerts physiological and patho-
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physiological effects by binding to neuromedin U
receptors 1/2 [17], including smooth muscle
contraction, feeding behavior, energy homeostasis,
stress response, circadian rhythmicity, inflammation
development, and tumorigenesis [18-20]. There is
growing evidence that aberrant NMU expression can
promote cancer development and progression [21-23].

In this study, we identified DEGs for PTC and normal
tissues from TCGA and GEO databases, and found that
they were predominantly enriched in estrogen-
responsive related pathways. We constructed a PTC risk
model and used it to identify eight ERGs with relatively
large impacts on PTC prognosis. Then, we selected
NMU as the primary target of this study based on the
differential expression and the impact on the PFI. We
explored the function of NMU in PTC cells, finding that
the proliferative ability of PTC cells and the activity of
KRAS pathway was significantly decreased after
knockdown of the NMU gene. Our findings indicated
that NMU was an important oncogene that affected PTC
development via the KRAS signaling pathway.

RESULTS
Identification of DEGs in PTC

We downloaded complete clinical sequencing data for
501 thyroid cancer tissues and 58 normal tissues from
the TCGA database. In addition, 25 TC tissues and 7
normal tissues were obtained from the GSE54958
dataset. Differential expression and Venn analyses
identified 274 genes upregulated and 135 genes
downregulated in both datasets (Figure 1A-1D).

GO Terms @ ESTROGEN_RESPONSE_LATE
B ESTROGEN_RESPONSE_EARLY

Figure 1. Analysis of DEGs and enrichment in PTC and normal thyroid samples. (A, B) Volcano plots of DEGs of TCGA-THCA and
GSE54958 datasets. (C, D) Venn diagram of down- and up-regulated genes in TCGA and GSE54958 showed that 135 genes were down-
regulated and 274 genes were upregulated. (E) DEGs were predominantly enriched in estrogen response-related pathways.
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Finally, an enrichment analysis of these genes revealed
that they were mainly enriched in estrogen response-
related pathways (Figure 1E).

Identification of independent prognostic factors in
estrogen-related genes

To find independent prognostic factors, we downloaded
ERGs sets (Supplementary Table 1) and filtered out
duplicate and poorly expressed genes, leaving 299
genes for subsequent analysis (Supplementary Table 2).
Univariate analysis of these 299 genes identified eight
genes with p < 0.05 (Supplementary Table 2): CPE,
KIF20A, NMU, PLAAT3, TFF1, TOB1, TOP2A, and
TSPAN13. Then we further filtered the genes by Lasso
cox analysis, and the 8 genes were retained, which we
used to construct the risk score model, risk score =
(0.33 x TFF1 expression) + (—0.47 x PLAAT3
expression) + (—0.43 x TOB1 expression) + (—0.48 x
TSPAN13 expression) + (0.53 x KIF20A expression) +
(=0.27 x CPE expression) + (0.19 x NMU expression) +
(0.39 x TOP2A expression) (Figure 2A, 2B). Next, we
created a heatmap based on their expression in the

TCGA and GSE54958 datasets, showing that TOB1 and
TFF1 were more highly expressed in normal thyroid
tissues than in PTC tissues, but PLAAT3, NMU,
KIF20A, TOP2A, TSPAN13, and CPE were more
highly expressed in PTC tissues (Figure 2C, 2D).

Validation of the
prognostic signature

estrogen-response  related

To confirm the strong predictive potential of the
prognostic features, we used the R caret package to evenly
randomize the TCGA cohort into a training and test set
(Supplementary Table 3). Next, we divided the patients
into high- and low-risk groups based on the expression of
eight ERGs in the training, test, and whole set, (median
value of risk scores for training set, test set, whole set =
—8.388908, —8.454174, and —8.413054, respectively)
(Figure 3A, 3E and 3l), and observed the risk score
distribution and the survival status of individual patients
(Figure 3B, 3F and 3J).

Patients in the high-risk score group are more likely
to progress, we observed a similar result across all
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Figure 2. Construction of the prognostic risk model. (A) A Lasso coefficient profile for the prognostic value. (B) Partial likelihood
distribution with the corresponding A-logarithm value. (C, D) Based on the TCGA and GSE54958 datasets, ERGs were differentially expressed
in the PTC and normal thyroid tissues, including TOB1, TFF1, PLAAT3, NMU, KIF20A, TOP2A, TSPAN13, and CPE.
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datasets (all p < 0.0001; Figure 3C, 3G, and 3K). To
further explore the accuracy of prognostic features in
predicting patients’ PFI, we also performed a time-
dependent ROC curve prediction. We found that the
AUC for prognostic features in the training set reached
0.759, 0.716, and 0.808 at 1, 3, and 5 years,
respectively. Similarly, in the test set, the AUC reached
0.755, 0.732, and 0.655, respectively. And in the whole
set, the AUC reached 0.757, 0.725, and 0.723,
respectively (Figure 3D, 3H, and 3L). Altogether, these
results suggested that prognostic features of ERGs can
predict PTC development.

Relationship between risk grouping and clinico-
pathological characteristics of PTC

Next, we explored the clinical significance of risk score,
and found that it was significantly positively correlated
with pathologic stage, primary tumor size, regional
lymph node metastasis, and tumor depth (All p < 0.05;
Figure 4C4E, 4G), but not with age, gender, and
distant metastasis (Figure 4A, 4B and 4F). These results
suggested that as the expression of ERGs increased, the
likelihood of PTC progressing to advanced tumors also
increased, and overall patient prognosis worsen.
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Figure 3. Risk grouping and PFI prediction for three data sets (training set, test set, and whole set). (A, E, 1) Division of high-risk
and low-risk groups in the training set, test set, and whole set (median value of risk scores for training set, test set, whole set = -8.388908,
-8.454174, and -8.413054, respectively). (B, F, J) Survival time of patients in the progressive and non-progressive groups in the training set,
test set and whole set. (C, G, K) Patients in the high-risk group had shorter PFI than in the low-risk group in the training set, test set and
whole set (All p < 0.001). (D, H, L) The strong predictive potential of the prognostic features constructed from TOB1, TFF1, PLAAT3, NMU,
KIF20A, TOP2A, TSPAN13, and CPE, similar results were observed in the test set and whole set.
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NMU identified as a hub gene affecting PTC prognosis

We performed K-M analysis for each of the above eight
genes and could found that higher the expression of
TOB1, NMU, and TOP2A, the worse the prognosis of
PTC patients (Supplementary Figure 1). Since NMU
has been previously found to be highly expressed in
PTC cells [24], and we hypothesized that NMU was a
potential biomarker for PTC. In the TCGA dataset, we
found overall NMU expression to be significantly
higher in tumor tissues than in normal tissues (p = 1.4 x
10719 Figure 5A). Pair analysis also found that NMU
expression was significantly higher in tumor tissues
from the same patients (p = 2 x 10°%; Figure 5B). In
ROC curve analysis of NMU expression, the AUC was
0.854, distinguishing normal and tumor tissues (Figure
5C). K-M analysis showed that the prognosis of patients
was significantly worse with increased NMU expression
(p 0.047; Figure 5D). Altogether, these results
suggested that NMU was a poor biomarker for
predicting PTC patient prognosis.

NMU may play an important oncogenic role in PTC

To confirm NMU expression levels, we quantified
NMU protein levels in tumor tissues from 25 PTC
patients with IHC, and found that the NMU positive rate
was as high as 72% (18/25). NMU, as a secreted
protein, was mainly present in the cytoplasm as brown
and yellow granules (Figure 5E). The serum NMU
levels in PTC patients (25.99-44.23 pg/ml; median =
34.82 pg/ml) was significantly higher than in healthy

controls individuals (median = 29.55 pg/ml; 25.03-
35.41 pg/ml; p < 0.01; Figure 5F). Finally, we
compared NMU expression in 16 randomly selected
pairs of cancerous and neighboring normal tissues from
PTC patients, finding that NMU expression was
significantly higher in cancerous tissues than in normal
tissues (p < 0.05; Figure 5G). Therefore, these results
suggested that NMU expression was elevated in PTC
patients, consistent with our analysis results.

To determine the effect of NMU knockdown on cell
proliferation, we used TPC-1 and KTC-1 cells and
confirmed they had significant knockdown efficiency
(p < 0.01; Figure 6A), then performed CCK-8, clone
formation assays and EdU proliferation. We found that
NMU knockdown significantly reduced the activity,
colony formation ability and proliferation ability of
TPC-1 and KTC-1 cells ("p < 0.05; ™p < 0.01; ™™p <
0.001; Figure 6B-6D). And it was further confirmed by
in vivo experiments that NMU knockdown could
significantly inhibit the growth of PTC ("p < 0.01; ™"p
< 0.001; Figure 6E).

Therefore, these results suggested that NMU expression
may promote malignant PTC progression and cell
growth.

NMU may exert oncogenic effects by affecting
KRAS signaling pathway in PTC

Next, we further examined the pathways significantly
enriched in the high-risk group, identifying six signaling
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wWww.aging-us.com

1672

AGING



pathways: E2F targets, G2M checkpoint, epithelial-
mesenchymal transition, IL6/JAK/STAT3 signaling,
KRAS signaling, and IL2/STATS5 signaling (All p < 0.01;
Figure 7A-7F), indicating that NMU may promote
malignant PTC progression via these signaling pathways.

To confirm whether NMU in PTC affects the KRAS
signaling pathway, we first confirmed that NMU had
significant knockdown efficiency in TPC-1 and KTC-1
cell lines by western blot. Then, we examined the
classical markers of KRAS signaling pathway,
including AKT, p-AKT, ERK, and p-ERK. We found
that p-AKT and p-ERK had significantly lower
expression with NMU knockdown, suggesting that
decreased NMU expression may inhibit malignant PTC
progression by reducing the phosphorylation level of
the KRAS signaling pathway (Figure 7G). Altogether,
these results suggested that NMU is critical for PTC

tumorigenicity and may contribute to PTC development
via activating the KRAS signaling pathway.

DISCUSSION

PTC is the most common type of TC pathology with a
better prognosis. However, many PTC patients can still
develop resistance to conventional treatment, develop
local and distant metastasis and have a high probability
of recurrence [25]. PTC occurs most often in women,
and its incidence rate is three times than that of men
[26, 27]. It suggests that PTC development may be
closely related to estrogen levels. Therefore, it is
essential to identify the targets of estrogen action and
the molecular mechanisms in PTC.

Based on bioinformatics analysis, we identified DEGs
between PTC with normal thyroid tissue enriched for
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Figure 5. The differential expression of NMU in tumor and normal tissues. (A) Differential expression of NMU in tumor and
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increased in tumor tissues (*p < 0.05).
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ERGs, developed a risk-prognosis model, and created a tumor suppressor gene and a key determinant of

heatmap of the ERGs expression. This heatmap survival in estrogen-dependent ER-positive breast cells
contained eight genes: TOB1, TFF1, PLAAT3, NMU, [28]. TFF1 is a well-known tumor suppressor in gastric
KIF20A, TOP2A, TSPAN13, and CPE. TOB1 is a cancer (GC) and a downstream target of the nuclear
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receptor estrogen-related receptor gamma [29]. Higher
TOP2A expression was significantly associated with
tumor size, poor grading, human epidermal growth
factor receptor 2 expression, and positive lymph nodes
in breast cancer [30]. However, since the function and
mechanism of ERGs in PTC risk-prognosis models
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KTC-1 cells with and without NMU knockdown. GAPDH was used as the loading control, p-AKT and p-ERK levels were significantly lower

with NMU knockdown.
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NMU may help facilitate the progress of PTC. In vivo
experiments have shown that NMU expression is higher
in the tissues and serum of PTC patients compared to
healthy individuals, and in vitro experiments have also
shown that the proliferation and colony formation
ability of PTC cells are significantly reduced with NMU
knockdown.

NMU expression has been found to be elevated in
various cancers, including hepatocellular cancer,
pancreatic cancer, and colorectal cancer (CRC) [22, 23,
26]. It has been reported that NMU accelerates the
migration and invasion of CRC cells by activating
ERK1/2 kinases [22]. In this study, we hypothesized
that NMU might promote malignant PTC progression
through E2F targets, G2M checkpoints, epithelial-
mesenchymal transition, the IL6/JAK/STATS3 signaling
pathway, the KRAS signaling pathway, and the
IL2/STATS5 signaling pathway. In addition, we
experimentally confirmed that NMU might promote
malignant PTC progression by activating the KRAS
signaling pathway. Previous studies have found that
NMU expression correlates with prognosis in PTC via
bioinformatics analysis. However, none have performed
biological experiments to support this conclusion [31-
33]. Therefore, this study was the first to perform
biological experiments on NMU to support their
conclusion.

However, there were some limitations to this study.
Firstly, its model was constructed and validated using
data from public TCGA and GEO databases, and more
prospective data were needed to validate the clinical
applicability of our model. Secondly, we confirmed
NMU expression in PTC and its role in promoting PTC
proliferation without explored its other functions.
Finally, we screened for NMU from ERGs, but we have
not performed further clinical studies to confirm that
estrogen levels influence its expression in PTC patients.
Therefore, while it is clear that NMU can promote PTC
progression, further studies are required to determine
whether it is a significant prognostic biomarker for
PTC.

This study first identified various DEGs using PTC data
from the public TCGA and GEO databases, found them
predominantly enriched in estrogen response-related
pathways. Eight hub genes that could be potential PTC
biomarkers were identified via risk models. NMU was
chosen as the focus of this study based on the
differential expression of eight genes in PTC and
normal tissues and the impact on the PFI, and confirmed
its expression in PTC and its important role in
promoting PTC progression, showing that NMU might
be an important indicator for PTC diagnosis and
prognosis. In conclusion, our finding is important for

elucidating the potential molecular biological
mechanisms of PTC and developing new prognostic
biomarkers.

MATERIALS AND METHODS
Data collection and preprocessing

Row count and normalized RNA-seq data and
corresponding clinical features of PTC patients were
downloaded from the UCSC Xena browser
(https://xena.ucsc.edu/). The GSES54958 microarray
dataset was downloaded from the GEO database
(https://www.ncbi.nlm.nih.gov/geo/). We also down-
loaded the set of genes associated with the
HALLMARK_ESTROGEN_RESPONSE_EARLY and
HALLMARK_ESTROGEN_RESPONSE_LATE path-
ways from the MSigdb (http://www.gsea-msigdb.org/
gsea/msigdb/collections.jsp), and filtered out duplicates
and poorly expressed genes.

Identification of DEGs between normal and tumor
tissues in PTC

We used the limma package in the R statistical
software to identify DEGs for the GEO and TCGA
expression data [34] with a log, (fold change)
threshold of >1.1 and a significance threshold of p <
0.01. Genes that were jointly up- or down-regulated in
both datasets were considered DEGs. In addition, we
used the enricher function of the R clusterProfiler
package to calculate the enrichment of the hallmark
gene sets in the MSigdb [35].

Construction and validation of the prognostic model

The whole set with complete clinical information
were equally divided into training and test sets using
the R package caret. The R survival package was
used to perform univariate Cox regression analysis,
and the R glmnet package was used to perform lasso
Cox regression analysis. The estrogen response-
related DEGs with a significant prognostic value
(p < 0.05) were screened. We constructed a risk
model based on the screened prognostic genes, risk
score = (coefficient gene 1 x gene 1 expression) +
(coefficient gene 2 x gene 2 expression) +
(coefficient gene N x gene N expression), where the
coefficient was from the univariate Cox regression
analysis of the training set. Patients were divided into
a high-risk score group and a low-risk score group,
depending on the median value of the risk score. The
difference in survival between the two groups was
assessed with Kaplan-Meier (K-M) survival curves
and compared by the log-rank test. Time-dependent
ROC curves for PFI of 1, 3, and 5 years were
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constructed, and AUC values were calculated to
assess the accuracy of the prognostic model. Then a
heatmap was also created based on the expression of
eight genes in the TCGA and GSE54958 datasets
between the PTC and normal tissues.

Correlation between the risk scores and clinical
indicators

The “beeswarm” R package was used to demonstrate
the correlation between risk scores and clinical
features (including age, gender, TNM stage, and
pathologic stage), and the effect of high- and low-risk
groups on neoplasm depth, to better assess the impact
of different clinical features on PTC prognosis. The
statistical significance was analyzed by the Kruskal-
Wallis test.

Differential expression and survival analysis of NMU
in tumor and normal tissues

We performed K-M analysis on each of the above eight
genes to assess the correlation between the expression
of these genes and the prognosis of PTC patients.
Differential expression of NMU in PTC and normal
tissues and NMU in Pair-PTC tissues were evaluated
through the TCGA database. Accuracy of differential
expression of NMU in PTC and normal tissue was
assessed by ROC curves. The difference in PFI between
the NMU high expression group and NMU low
expression group was assessed with K-M survival
curves and compared by the log-rank test.

Gene set enrichment analysis

GSEA is a computational method to determine
whether a pre-defined set of genes shows significant
differences between two biological states. We
performed the GSEA for the Hallmark gene sets in the
high-risk group and the low-risk group with the R
clusterProfiler package.

Patient samples

From 2020 to 2021, a total of 16 PTC tissues and 16
paired non-tumors thyroid samples were collected for
RT-gPCR, and 25 paraffin tissues were collected for
IHC from Tianjin Medical University Cancer Institute
and Hospital (Tianjin, China). The peripheral blood of
16 PTC patients were collected to quantify NMU levels
by ELISA, and 10 healthy individuals were collected as
controls. This study was approved by the Ethics
Committee of the Tianjin Medical University Cancer
Institute and Hospital. All procedures were performed
according to the Declaration of Helsinki and relevant
Chinese policies.

IHC staining

IHC staining was performed on deparaffinized tissue
sections of human PTC surgical specimens.
Rehydration was performed with an ethanol series, and
sections were blocked with 5% normal goat serum and
3% bovine serum albumin in tris-buffered saline for
60 min. Sections were incubated with 3% hydrogen
peroxide for 15 min at room temperature to block
endogenous peroxidase and then incubated overnight at
4°C with the appropriate primary antibody. Horseradish
peroxidase conjugated antibodies were detected by 3,3'-
diaminobenzidine IHC staining.

Cell culture and cell transfection

The cell lines for PTC, TPC-1, and KTC-1 cells were
cultured in Roswell Park Memorial Institute (RPMI)-
1640 medium (Gibco; Gaithersburg, MD, USA)
supplemented with 10% fetal bovine serum (FBS;
Biological Industries; Cromwell, CT, USA), 2 mM
L-glutamine (Gibco), penicillin, and streptomycin
(Gibco). Cells were maintained in a humidified
incubator at 37°C with 5% carbon dioxide (CO,). We
synthesized a small interfering RNA (siRNA) against
NMU (Qingke Bio; Beijing, China) to study NMU
function with the sequence shown in Supplementary
Table 4. TPC-1 and KTC-1 cells were transfected using
Lipofectamine 2000 (Invitrogen; Waltham, MA, USA)
according to the manufacturer’s recommended protocol,
which used serum-free medium for transfection that was
replaced with complete medium containing 10% FBS
after 6 h. Cells were harvested for subsequent
experiments after continued incubation for 24-48 h.

RNA isolation and RT-qPCR

Total RNA was extracted with TRIzol reagent
(AC0101-B; SparkJade, China) added to 25 pairs of
PTC tissues and their corresponding paracancerous
tissues. For RT-gPCR, PCR reactions were performed
with 2 x HQ SYBR gPCR Mix (ZF501; ZOMANBIO;
Beijing, China) on an Applied Biosystems 7500 Fast
Real-Time PCR System (Foster City, CA, USA)
according to the manufacturer’s instructions. The
primers used in this study were listed in Supplementary
Table 5.

Cell proliferation and colony formation assay

Cell proliferation assays were performed using Cell
Counting Kit-8 (CCK-8; C6005M; US Everbright;
Silicon Valley, CA, USA) and 5-ethynyl-2'-
deoxyuridine (EdU; C6015M; US Everbright) Kits
according to their manufacturer’s instructions. For the
cell viability assay, PTC cells were inoculated into
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96-well plates at a density of 1,000 cells/well and left to
stand with 10 pL of CCK-8 reagent for 2.5 h at 37°C
with 5% CO., then incubated for 0, 24, 48, 72 and 96 h
following transfection. For the EdU assay, 5 x 10* cells
were inoculated into a 24-well plate and cultured in
complete culture medium. After 24 h, cells were stained
and photographed according to the manufacturer’s
instructions. For the colony formation assay, the
corresponding siRNA was transfected into TPC-1 and
KTC-1 cells for 24 h. Then, cells were digested with
trypsin and transferred into six-well plates (1000
cells/well) and kept for two weeks for colony formation
assays. All experiments were repeated at least three
times.

Western blotting and antibodies

Total protein was extracted from harvested cells using
radioimmunoprecipitation assay lysis buffer (R0020;
Solarbio; Shanghai, China). Protein samples were
subjected to 10% sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis and transferred onto
a polyvinylidene difluoride membrane, and then
incubated with a specific antibody at 4°C overnight:
NMU (24862-1-AP; Proteintech; Rosemont, IL, USA),

protein kinase B (AKT; 4685S; Cell Signaling
Technology  [CST]; Danvers, MA, USA),
phosphorylated AKT  (p-AKT; 4060S; CST),

extracellular signal-regulated kinase (ERK; 4695S;
CST), and phosphorylated ERK (p-ERK; 4370S; CST).
Then, the PVDF membranes were incubated with
secondary antibodies, including goat anti-rabbit
immunoglobulin G (IgG[H+L])-HRP  (UT2001;
UTIBODY:; Tianjin, China) at room temperature for
1 h. An antibody against glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the control
(R5174; CST).

In vivo studies

Four-week-old female BALB/c nude mice were
purchased from the GemPharmatech Co., Ltd. (Jiangsu,
China). A PTC subcutaneous tumor model was
constructed using TPC-1 cells. When the tumor
diameter reached ~3 mm, mice were randomly divided
into two groups: (1) NMU down-regulation group and
(2) control group. NMU down-regulation was
performed by siRNA transfection (Qingke Bio; Beijing,
China). Each tumor was locally injected with 5 nmol/
20 g of siRNA twice a week for 2 weeks. The animals
were Killed 35 days after injection, and the tumors were
collected to measure diameter and weight. All animal
experiments were performed humanely according to the
guidelines reviewed by the Animal Ethics Committee of
the Tianjin Medical University Cancer Institute and
Hospital.

Statistical analysis

Data analysis was performed by using GraphPad Prism
9.0 (San Diego, CA, USA). The two-sided Student’s
t-test was used to compare unpaired data. PFI analyses
were performed with K-M curves and log-rank tests.
Spearman rank correlation coefficient (p) was used to
assess the correlation between risk score and neoplasm
depth. The Cox hazard regression model was used for
univariate analysis, expressed as HR with the 95% CI.
P value < 0.05 was considered statistically significant.

Abbreviations

TC: Thyroid cancer; PTC: Papillary thyroid cancer; ER:
Estrogen receptor; ERGs: Estrogen-related genes;
NMU: Neuropeptide U; TCGA: The Cancer Genome
Atlas; GEO: Gene Expression Omnibus; DEGs:
Differentially expressed genes; UCSC: University of
California-Santa Cruz; TOB1: Transducer of ERBB2 1;
TFF1: Trefoil factor 1; PLAAT3: Phospholipase A and
acyltransferase 3; KIF20A: Kinesin family member
20A; TOP2A: DNA topoisomerase Il alpha; TSPAN13:
Tetraspanin 13; CPE: Carboxypeptidase E; OS: Overall
survival, ROC: Receiver operating characteristic; AUC:
Area under the curve; PFI: Progression-free interval,
GSEA: Gene Set Enrichment Analysis; HR: Hazard
ratio; IL6: Interleukin 6; JAK: Janus kinase 2; STAT3:
Signal transducer and activator of transcription 3; 1L2:
Interleukin 2; STATS5: Signal transducer and activator
of transcription 5; KRAS: Kirsten rat sarcoma virus;
mMTOR: mammalian-targeted rapamycin.

AUTHOR CONTRIBUTIONS

Conceptualization, Validation and Writing original
draft, Yu Zeng, Weike Ma and Lijuan Li; Data curation,
Yu Zeng, Weike Ma, Lijuan Li, Weijing Hao and Yu
Liu; Methodology, Yu Zeng, Weike Ma, Gaojian
Zhuang, Guoging Luo, Hong Zhou and Xianhui Ruan;
Resources, Fengli Guo, Gaojian Zhuang and Mengran
Tian; Software and Visualization, Lijuan Li and Gaojian
Zhuang; Funding acquisition, Project administration and
Supervision, Ming Gao, Xianhui Ruan and Xianggian
Zheng; Writing-review and editing, all authors.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest related to
this study.

ETHICAL STATEMENT AND CONSENT
The protocol for the research project has been approved

by a suitably constituted Ethics Committee of Tianjin
Medical University Cancer Institute and Hospital within

wWww.aging-us.com

1678

AGING



which the work was undertaken and that it conforms to
the provisions of the Declaration of Helsinki. All
informed consent was obtained from the subject(s)
and/or guardian(s). All animal experiments were
performed humanely according to the guidelines
reviewed by the Animal Ethics Committee of the
Tianjin Medical University Cancer Institute and
Hospital.

FUNDING

This work was supported by grants from the National
Natural Science Foundation of China (81872169,
82172821, 82103386); Tianjin Municipal Science and
Technology Project (19JCYBJC27400,
21JCZDJC00360); Beijing-Tianjin-Hebei Basic
Research Cooperation Project (20JCZXJC00120); the
Science and Technology Development Fund of Tianjin
Education Commission for Higher Education
(2021zZD033); and Tianjin Medical Key Discipline
(Specialty) Construction Project (TJYXZDXK-058B).

REFERENCES

1. Zhang W, Ruan X, Li Y, Zhi J, Hu L, Hou X, Shi X, Wang
X, Wang J, Ma W, Gu P, Zheng X, Gao M. KDM1A
promotes thyroid cancer progression and maintains
stemness through the Wnt/B-catenin signaling
pathway. Theranostics. 2022; 12:1500-17.
https://doi.org/10.7150/thno.66142
PMID:35198054

2. La Vecchia C, Malvezzi M, Bosetti C, Garavello W,
Bertuccio P, Levi F, Negri E. Thyroid cancer mortality
and incidence: a global overview. Int J Cancer. 2015;
136:2187-95.
https://doi.org/10.1002/ijc.29251
PMID:25284703

3. HouX, Shi X, Zhang W, Li D, Hu L, Yang J, Zhao J, Wei S,
Wei X, Ruan X, Zheng X, Gao M. LDHA induces EMT
gene transcription and regulates autophagy to
promote the metastasis and tumorigenesis of papillary
thyroid carcinoma. Cell Death Dis. 2021; 12:347.
https://doi.org/10.1038/s41419-021-03641-8
PMID:33795650

4. Durante C, Haddy N, Baudin E, Leboulleux S, Hartl D,
Travagli JP, Caillou B, Ricard M, Lumbroso JD, De
Vathaire F, Schlumberger M. Long-term outcome of
444 patients with distant metastases from papillary
and follicular thyroid carcinoma: benefits and limits
of radioiodine therapy. J Clin Endocrinol Metab. 2006;
91:2892-9.
https://doi.org/10.1210/jc.2005-2838
PMID:16684830

5. Hu L, Zhang J, Tian M, Kang N, Xu G, Zhi J, Ruan X,

10.

11.

12.

13.

14.

. Kulkoyluoglu-Cotul

Hou X, Zhang W, Yi J, Ma W, Chang L, Tang T, et al.
Pharmacological inhibition of Ref-1 enhances the
therapeutic sensitivity of papillary thyroid carcinoma
to vemurafenib. Cell Death Dis. 2022; 13:124.
https://doi.org/10.1038/s41419-022-04550-0
PMID:35136031

. Kwa M, Plottel CS, Blaser MJ, Adams S. The Intestinal

Microbiome and Estrogen Receptor-Positive Female
Breast Cancer. J Natl Cancer Inst. 2016; 108:djw029.
https://doi.org/10.1093/jnci/djw029

PMID:27107051

E, Arca A, Madak-Erdogan Z.
Crosstalk between Estrogen Signaling and Breast
Cancer Metabolism. Trends Endocrinol Metab. 2019;
30:25-38.
https://doi.org/10.1016/j.tem.2018.10.006
PMID:30471920

. Fuentes N, Silveyra P. Estrogen receptor signaling

mechanisms. Adv Protein Chem Struct Biol. 2019;
116:135-70.
https://doi.org/10.1016/bs.apcsb.2019.01.001
PMID:31036290

. Derwahl M, Nicula D. Estrogen and its role in thyroid

cancer. Endocr Relat Cancer. 2014; 21:T273-83.
https://doi.org/10.1530/ERC-14-0053
PMID:25052473

Baloch ZW, LiVolsi VA. Special types of thyroid
carcinoma. Histopathology. 2018; 72:40-52.
https://doi.org/10.1111/his.13348

PMID:29239042

Li H, Li J. Thyroid disorders in women. Minerva Med.
2015; 106:109-14.
PMID:25668600

Kabat GC, Park Y, Hollenbeck AR, Schatzkin A, Rohan
TE. Reproductive factors and exogenous hormone use
and risk of adult glioma in women in the NIH-AARP
Diet and Health Study. Int J Cancer. 2011; 128:944-50.
https://doi.org/10.1002/ijc.25413

PMID:20473903

Sturniolo G, Zafon C, Moleti M, Castellvi J, Vermiglio
F, Mesa J. Immunohistochemical Expression of
Estrogen Receptor-a and Progesterone Receptor in
Patients with Papillary Thyroid Cancer. Eur Thyroid J.
2016; 5:224-30.

https://doi.org/10.1159/000452488

PMID:28101486

Rong C, Meinert EFR, Hess J. Estrogen Receptor
Signaling in  Radiotherapy: From  Molecular
Mechanisms to Clinical Studies. Int J Mol Sci. 2018;
19:713.

https://doi.org/10.3390/ijms19030713
PMID:29498642

wWww.aging-us.com

1679

AGING


https://doi.org/10.7150/thno.66142
https://pubmed.ncbi.nlm.nih.gov/35198054
https://doi.org/10.1002/ijc.29251
https://pubmed.ncbi.nlm.nih.gov/25284703
https://doi.org/10.1038/s41419-021-03641-8
https://pubmed.ncbi.nlm.nih.gov/33795650
https://doi.org/10.1210/jc.2005-2838
https://pubmed.ncbi.nlm.nih.gov/16684830
https://doi.org/10.1038/s41419-022-04550-0
https://pubmed.ncbi.nlm.nih.gov/35136031
https://doi.org/10.1093/jnci/djw029
https://pubmed.ncbi.nlm.nih.gov/27107051
https://doi.org/10.1016/j.tem.2018.10.006
https://pubmed.ncbi.nlm.nih.gov/30471920
https://doi.org/10.1016/bs.apcsb.2019.01.001
https://pubmed.ncbi.nlm.nih.gov/31036290
https://doi.org/10.1530/ERC-14-0053
https://pubmed.ncbi.nlm.nih.gov/25052473
https://doi.org/10.1111/his.13348
https://pubmed.ncbi.nlm.nih.gov/29239042
https://pubmed.ncbi.nlm.nih.gov/25668600
https://doi.org/10.1002/ijc.25413
https://pubmed.ncbi.nlm.nih.gov/20473903
https://doi.org/10.1159/000452488
https://pubmed.ncbi.nlm.nih.gov/28101486
https://doi.org/10.3390/ijms19030713
https://pubmed.ncbi.nlm.nih.gov/29498642

15.

16.

17.

18.

19.

20.

21.

22.

23.

Sasaki-Hamada S, Maeno Y, Yabe M, Ishibashi H.
Neuromedin U modulates neuronal excitability in rat
hippocampal slices. Neuropeptides. 2021; 89:102168.
https://doi.org/10.1016/j.npep.2021.102168
PMID:34243110

Marotta A, Noro F, Parisi R, Gialluisi A, Tirozzi A, De
Curtis A, Costanzo S, Di Castelnuovo A, Cerletti C,
Donati MB, de Gaetano G, lacoviello L, lzzi B,
Gianfagna F. NMU DNA methylation in blood is
associated with metabolic and inflammatory indices:
results from the Moli-sani study. Epigenetics. 2021;
16:1347-60.
https://doi.org/10.1080/15592294.2020.1864167
PMID:33393847

Malendowicz LK, Rucinski M. Neuromedins NMU and
NMS: An Updated Overview of Their Functions. Front
Endocrinol (Lausanne). 2021; 12:713961.
https://doi.org/10.3389/fendo.2021.713961
PMID:34276571

Ye Y, Liang Z, Xue L. Neuromedin U: potential roles in
immunity and inflammation. Immunology. 2021;
162:17-29.

https://doi.org/10.1111/imm.13257

PMID:32888314

Teranishi H, Hanada R. Neuromedin U, a Key
Molecule in Metabolic Disorders. Int J Mol Sci. 2021;
22:4238.

https://doi.org/10.3390/ijms22084238
PMID:33921859

Chan MM, Lu X, Merchant FM, Iglehart JD, Miron PL.
Gene expression profiling of NMU-induced rat
mammary tumors: cross species comparison with
human breast cancer. Carcinogenesis. 2005;
26:1343-53.

https://doi.org/10.1093/carcin/bgi100
PMID:15845649

Martinez VG, Crown J, Porter RK, O'Driscoll L.
Neuromedin U alters bioenergetics and expands the
cancer stem cell phenotype in HER2-positive breast
cancer. Int J Cancer. 2017; 140:2771-84.
https://doi.org/10.1002/ijc.30705

PMID:28340506

Przygodzka P, Sochacka E, Soboska K, Pacholczyk M,
Papiewska-Pajgk I, Przygodzki T, Ptocinski P, Ballet S,
De Prins A, Boncela J. Neuromedin U induces an
invasive phenotype in CRC cells expressing the
NMUR2 receptor. J Exp Clin Cancer Res. 2021; 40:283.
https://doi.org/10.1186/s13046-021-02073-8
PMID:34493299

Yoo W, Lee J, Jun E, Noh KH, Lee S, Jung D, Jung KH,
Kim JS, Park YY, Kim SC, Kim S. The YAP1-NMU Axis Is
Associated with Pancreatic Cancer Progression and

24.

25.

26.

27.

28.

29.

30.

31.

Poor Outcome: ldentification of a Novel Diagnostic
Biomarker and Therapeutic Target. Cancers (Basel).
2019; 11:1477.
https://doi.org/10.3390/cancers11101477
PMID:31575084

Pu W, Shi X, Yu P, Zhang M, Liu Z, Tan L, Han P, Wang
Y, Ji D, Gan H, Wei W, Lu Z, Qu N, et al. Single-cell
transcriptomic analysis of the tumor ecosystems
underlying initiation and progression of papillary
thyroid carcinoma. Nat Commun. 2021; 12:6058.
https://doi.org/10.1038/s41467-021-26343-3
PMID:34663816

Ho AS, Davies L, Nixon IJ, Palmer FL, Wang LY, Patel
SG, Ganly I, Wong RJ, Tuttle RM, Morris LG. Increasing
diagnosis of subclinical thyroid cancers leads to
spurious improvements in survival rates. Cancer.
2015; 121:1793-9.
https://doi.org/10.1002/cncr.29289

PMID:25712809

Ding J, Wu W, Fang J, Zhao J, Jiang L. Male sex is
associated with aggressive behaviour and poor
prognosis in Chinese papillary thyroid carcinoma. Sci
Rep. 2020; 10:4141.
https://doi.org/10.1038/s41598-020-60199-9
PMID:32139703

Cabanillas ME, McFadden DG, Durante C. Thyroid
cancer. Lancet. 2016; 388:2783-95.
https://doi.org/10.1016/S0140-6736(16)30172-6
PMID:27240885

Zhang YW, Nasto RE, Varghese R, Jablonski SA,
Serebriiskii IG, Surana R, Calvert VS, Bebu I, Murray J,
Jin L, Johnson M, Riggins R, Ressom H, et al.
Acquisition of estrogen independence induces TOB1-
related mechanisms supporting breast cancer cell
proliferation. Oncogene. 2016; 35:1643-56.
https://doi.org/10.1038/0nc.2015.226
PMID:26165839

Kang MH, Eyun SI, Park YY. Estrogen-related receptor-
gamma influences Helicobacter pylori infection by
regulating TFF1 in gastric cancer. Biochem Biophys
Res Commun. 2021; 563:15-22.
https://doi.org/10.1016/j.bbrc.2021.05.076
PMID:34058470

Sparano JA, Goldstein LJ, Davidson NE, Sledge GW Jr,
Gray R. TOP2A RNA expression and recurrence in
estrogen receptor-positive breast cancer. Breast
Cancer Res Treat. 2012; 134:751-7.
https://doi.org/10.1007/s10549-012-2112-7
PMID:22706628

ShenY, Dong S, Liu J, Zhang L, Zhang J, Zhou H, Dong W.
Identification of Potential Biomarkers for Thyroid
Cancer Using Bioinformatics Strategy: A Study Based on

wWww.aging-us.com

AGING


https://doi.org/10.1016/j.npep.2021.102168
https://pubmed.ncbi.nlm.nih.gov/34243110
https://doi.org/10.1080/15592294.2020.1864167
https://pubmed.ncbi.nlm.nih.gov/33393847
https://doi.org/10.3389/fendo.2021.713961
https://pubmed.ncbi.nlm.nih.gov/34276571
https://doi.org/10.1111/imm.13257
https://pubmed.ncbi.nlm.nih.gov/32888314
https://doi.org/10.3390/ijms22084238
https://pubmed.ncbi.nlm.nih.gov/33921859
https://doi.org/10.1093/carcin/bgi100
https://pubmed.ncbi.nlm.nih.gov/15845649
https://doi.org/10.1002/ijc.30705
https://pubmed.ncbi.nlm.nih.gov/28340506
https://doi.org/10.1186/s13046-021-02073-8
https://pubmed.ncbi.nlm.nih.gov/34493299
https://doi.org/10.3390/cancers11101477
https://pubmed.ncbi.nlm.nih.gov/31575084
https://doi.org/10.1038/s41467-021-26343-3
https://pubmed.ncbi.nlm.nih.gov/34663816
https://doi.org/10.1002/cncr.29289
https://pubmed.ncbi.nlm.nih.gov/25712809
https://doi.org/10.1038/s41598-020-60199-9
https://pubmed.ncbi.nlm.nih.gov/32139703
https://doi.org/10.1016/S0140-6736(16)30172-6
https://pubmed.ncbi.nlm.nih.gov/27240885
https://doi.org/10.1038/onc.2015.226
https://pubmed.ncbi.nlm.nih.gov/26165839
https://doi.org/10.1016/j.bbrc.2021.05.076
https://pubmed.ncbi.nlm.nih.gov/34058470
https://doi.org/10.1007/s10549-012-2112-7
https://pubmed.ncbi.nlm.nih.gov/22706628

32.

33.

GEO Datasets. Biomed Res Int. 2020; 2020:9710421.
https://doi.org/10.1155/2020/9710421
PMID:32337286

Liu L, He C, Zhou Q, Wang G, Lv Z, Liu J. Identification
of key genes and pathways of thyroid cancer by
integrated bioinformatics analysis. J Cell Physiol.
2019; 234:23647-57.
https://doi.org/10.1002/jcp.28932

PMID:31169306

Tang J, Kong D, Cui Q, Wang K, Zhang D, Yuan Q, Liao
X, Gong Y, Wu G. Bioinformatic analysis and
identification of potential prognostic microRNAs and
mRNAs in thyroid cancer. Peer). 2018; 6:e4674.
https://doi.org/10.7717 /peerj.4674

PMID:29740512

34.

35.

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W,
Smyth GK. limma powers differential expression
analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res. 2015; 43:e47.
https://doi.org/10.1093/nar/gkv007

PMID:25605792

Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R
package for comparing biological themes among gene
clusters. OMICS. 2012; 16:284-7.
https://doi.org/10.1089/0mi.2011.0118
PMID:22455463

wWww.aging-us.com

1681

AGING


https://doi.org/10.1155/2020/9710421
https://pubmed.ncbi.nlm.nih.gov/32337286
https://doi.org/10.1002/jcp.28932
https://pubmed.ncbi.nlm.nih.gov/31169306
https://doi.org/10.7717/peerj.4674
https://pubmed.ncbi.nlm.nih.gov/29740512
https://doi.org/10.1093/nar/gkv007
https://pubmed.ncbi.nlm.nih.gov/25605792
https://doi.org/10.1089/omi.2011.0118
https://pubmed.ncbi.nlm.nih.gov/22455463

SUPPLEMENTARY MATERIALS

Supplementary Figure
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Supplementary Figure 1. The K-M survival analysis of 8 hub genes in TCGA-THCA. The K-M survival analysis of TFF1 (A), TOB1 (B),
KIF20A (C), NMU (D), PLAAT3 (E), TSPAN13 (F), CPE (G) and TOP2A (H) in TCGA-THCA. The expression of TFF1 was not significantly
correlated with the prognosis of PTC patients, the expression of TOB1, PLAAT3, TSPAN13 and CPE was significantly positively correlated
with the prognosis of PTC patients (All p < 0.05), and the expression of KIF20A, NMU and TOP2A was significantly negatively correlated with
the prognosis of PTC patients (All p < 0.05).
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Supplementary Tables
Please browse Full Text version to see the data of Supplementary Tables 1 and 2.

Supplementary Table 1. The estrogen-related genes (ERGs) in PTC.

Supplementary Table 2. The 299 estrogen-related genes (ERGs) involved in the univariate analysis.

Supplementary Table 3. Clinical data statistics for the whole set, test set and training set.

Variable Whole Test set Training set
n 501 250 251
PFI (%)
0 449 (89.6) 225 (90.0) 224 (89.2)
52 (10.4) 25 (10.0) 27 (10.8)
Age (mean (SD)) 47.34 (15.85) 47.76 (15.73) 46.92 (15.99)
Gender (%)
Female 366 (73.1) 180 (72.0) 186 (74.1)
Male 135 (26.9) 70 (28.0) 65 (25.9)
T (%)
T1 142 (28.3) 77 (30.8) 65 (25.9)
T2 164 (32.7) 82 (32.8) 82 (32.7)
T3 170 (33.9) 78 (31.2) 92 (36.7)
T4 23 (4.6) 13 (5.2) 10 (4.0)
X 2(0.4) 0(0.0) 2(0.8)
M (%)
Unknown 1(0.2) 1(0.4) 0(0.0)
MO 282 (56.3) 148 (59.2) 134 (53.4)
M1 9(1.8) 3(1.2) 6 (2.4)
MX 209 (41.7) 98 (39.2) 111 (44.2)
N (%)
NO 229 (45.7) 127 (50.8) 102 (40.6)
N1 222 (44.3) 103 (41.2) 119 (47.4)
NX 50 (10.0) 20 (8.0) 30 (12.0)
Stage (%)
Unknown 2(0.4) 1(0.4) 1(0.4)
Stage | 281 (56.1) 139 (55.6) 142 (56.6)
Stage |1 52 (10.4) 28 (11.2) 24 (9.6)
Stage Il 111 (22.2) 53 (21.2) 58 (23.1)
Stage IV 55 (11.0) 29 (11.6) 26 (10.4)
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Supplementary Table 4. The siRNA sequences used in this study are as follows.

siRNA sequence

SiRNA name -
Sense (5'-3") Antisense (5'-3')
SINMU#L 5-GAACAAGAACU 5-ACAAUUGUAGUU
ACAAUUGUUU-3’ CUUGUUCUG-3
INMU#2 5-GCCGUAUAGUGA 5-AUCUCCAUCACU
! UGGAGAUUU-3’ AUACGGCAA-3’

The sequence of Negative control (NC) group of siRNA was provided by Tsingke.

Supplementary Table 5. Primer sequences used for RT-qPCR in this study.

Primer sequence

Gene name Forward Primer Reverse Primer
B-actin CCCAGCCATGTACGTTGCTA TCACCGGAGTCCATCACGAT
NMU CTCAGGCATCCAACGCACT GACTTGCCCAACTTCTGTGTC
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