
Am J Cancer Res 2024;14(5):2055-2071
www.ajcr.us /ISSN:2156-6976/ajcr0154281

https://doi.org/10.62347/IYVV7581

Original Article
NOLC1 was identified as a tumor  
suppressor gene in thyroid cancer and  
correlated with prognosis by bioinformatics

Fengguang Zhai1*, Yuxuan Li2*, Xia Luo2, Xiaofeng Jin1,2, Meng Ye1

1The First Hospital of Ningbo University, Ningbo 315010, Zhejiang, China; 2Department of Biochemistry and 
Molecular Biology, Health Science Center, Ningbo University, Ningbo 315211, Zhejiang, China. *Equal contribu-
tors.

Received November 6, 2023; Accepted April 15, 2024; Epub May 15, 2024; Published May 30, 2024

Abstract: Thyroid cancer (THCA) is the most common endocrine malignancy, mainly affecting women’s unilateral 
glandular lobes. However, for relapsed and distant metastasis of THCA patients, the existing early diagnosis and 
treatment methods were still insufficient, and a new method was urgently needed to diagnose and treat them. 
Nucleolar and coiled-body phosphoprotein 1 (NOLC1) was one of the most phosphorylated proteins in the cell, which 
was located mainly in the nucleolus. In addition, more and more studies have confirmed that NOLC1 plays a crucial 
role in various pathological processes, such as the occurrence and progression of cancer and viral infection. A previ-
ous study showed that NOLC1, as a member of RNA-binding protein, was significantly correlated with the prognosis 
of THCA patients. However, further exploration of NOLC1 in THCA is limited. To further explore the role of NOLC1 in 
THCA, we conducted expression and survival prognosis analysis of NOLC1 using multiple databases. We also evalu-
ated the correlation between NOLC1 gene expression and clinical characteristics of THCA patients. Furthermore, we 
analyzed the relationship between NOLC1 and other genes, followed by enrichment analysis to investigate its meta-
bolic pathways and molecular metabolism processes. Additionally, we examined the association between immune 
cell infiltration in tumor microenvironment and NOLC1. Notably, through vitro experiments, we confirmed the tumor 
suppressive effect of NOLC1 on the proliferation and migration of human THCA cells, providing evidence for clinical 
diagnosis of THCA. Furthermore, we confirmed the tumor suppressive effect of NOLC1 in vivo xenograft assay. To 
sum up, our results suggest that NOLC1 is a tumor suppressor gene for THCA.
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Introduction

Thyroid cancer (THCA) was the most common 
endocrine malignancy, mainly affecting wom-
en’s unilateral glandular lobes [1]. Because of 
histological differences, THCA was classified as 
differentiated thyroid cancer (DTC) and ana-
plastic thyroid cancer (ATC), the former 
accounts for approximately 90% of all THCA 
patients [2]. Most DTC patients were treated 
with surgery and radioactive iodine therapy, 
and the long-term survival rate was excellent 
[3]. However, tumor recurrence and metastasis 
impede clinical treatment, which in turn leads 
to a poor prognosis. In addition, the malignant 
degree of ATC was high, and the etiology was 
still unclear. Most of them were related to fast 
progression and poor prognosis, and there was 

currently no effective treatment method [2]. For 
relapsed and distant metastasis of DTC patients 
and ATC patients, the existing early diagnosis 
and treatment methods were still insufficient, 
and a new method was urgently needed to diag-
nose and treat them.

Nucleolar and coiled-body phosphoprotein 1 
(NOLC1) was one of the most phosphorylated 
proteins in the cell, which was located mainly in 
the nucleolus [4]. NOLC1 regulated various cel-
lular life activities, including ribosome biosyn-
thesis, cell cycle, transcriptional coactivation, 
etc. [5]. In addition, more and more studies 
have confirmed that NOLC1 plays a crucial role 
in various pathological processes, such as the 
occurrence and progression of cancer and viral 
infection [5-9]. Although several studies have 
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shown that NOLC1 functions as an oncogenic 
protein. For example, NOLC1, as a transcrip-
tional coactivator, coordinates with p53 to tran-
scriptional up-regulate the expression and 
activity of MDM2, thus promoting the occur-
rence and development of nasopharyngeal car-
cinoma [10]. However, NOLC1, as a multifunc-
tional protein, could also function as a tumor 
suppressor. For example, the cellular senes-
cence-inhibited gene (CSIG) can bind the 5’-UTR 
of NOLC1 and promote its mRNA degradation, 
thus inhibiting the proliferation of Hepatoma 
cells [11]. Therefore, the role of NOLC1 may be 
dependent on the cancer environment. Jing 
Zhen et al.’s study showed that NOLC1, as a 
member of RNA-binding protein, was signifi-
cantly correlated with the prognosis of THCA 
patients. However, further exploration of NOLC1 
in THCA is limited [12].

To further explore the role of NOLC1, we con-
ducted expression and survival prognosis anal-
ysis of NOLC1 using multiple databases. We 
also evaluated the correlation between NOLC1 
gene expression and clinical characteristics of 
THCA patients. Furthermore, we analyzed the 
relationship between NOLC1 and other genes, 
followed by enrichment analysis to investigate 
its metabolic pathways and molecular metabo-
lism processes. Additionally, we examined the 
association between immune cell infiltration in 
tumor microenvironment and NOLC1. Finally, 
through in vitro and vivo experiments, we con-
firmed the tumor suppressive effect of NOLC1 
on the human THCA cells, providing evidence 
for clinical diagnosis of THCA.

Materials and methods

Data collection and procession

From The Cancer Genome Atlas (TCGA) data-
base (https://portal.gdc.cancer.gov) to down-
load 512 thyroid carcinoma patients and 59 
cases of normal thyroid tissue RNA-seq data. 
The FPKM format was then converted to tran-
scripts per million (TPM) formats. Clinical infor-
mation and RNA-seq data are retained. Further 
data processing was carried out through R 
4.2.1.

Paired sample processing: RNA-seq data of 
normal and adjacent tissues of 59 patients 
with THCA were extracted. R package: ggplot2 
(3.3.6), stats (4.2.1), and car (3.1.0) were used 

for further analysis, and a paired sample T-test 
was performed.

Unpaired sample processing: The data of 59 
normal tissues and 512 THCA patient tissues 
were analyzed by R package: ggplot2 (3.3.6), 
stats (4.2.1), car (3.1.0), and Wilcoxon rank 
sum test was used.

UALCAN: The correlation between mRNA levels 
of NOLC1 and clinical features of patients with 
THCA was presented through the UALCAN data-
base (https://ualcan.path.uab.edu/).

GEPIA2: The GEPIA2 database analyzes RNA 
information from the TCGA and GTEx databas-
es (https://gepia2.cancer-pku.cn/). The first 
100 genes associated with NOLC1 were col-
lected through the GEPIA2 database, and the 
correlation between NOLC1 and the first four 
genes was analyzed. In addition, GEPIA2 was 
used to analyze the correlation between NOLC1 
mRNA expression level and survival prognosis 
of prostate cancer patients.

STRING: The STRING database searches net-
works of known or likely interacting proteins. 
The human NOLC1 binding protein network was 
presented through the STRING URL. The active 
interaction source is “Text mining and experi-
mentation”. Set the minimum interaction score 
to High confidence (0.7000) and max number 
of interactors to show: 1st shell: Set the maxi-
mum interaction number to no more than 50 
interactors. All others are “default” (https://
cn.string-db.org/cgi/network?taskId=b9nrKaj
KnooA&sessionId=bd03WMEg0Ajg).

HPA: The Human Protein Atlas database (HPA) 
database was used for protein expression-
related databases (https://www.proteinatlas.
org/). Tissue by HPA database module and the 
pathological module NOLC1 protein in normal 
thyroid tissue samples and expression in thy-
roid carcinoma tissue samples (https://www.
proteinatlas.org/ENSG00000166197-NOLC1/).

Timer 2.0: The “Timer-Gene” module was used 
to explore the relationship between NOLC1 
expression and immune infiltration level in 
patients with THCA. Meanwhile, different algo-
rithms were used to analyze the correlation 
between NOLC1 expression and immune infil-
tration in TCGA using the “Immune-gene” 
module.
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Cell culture

Thyroid normal cell lines Nthy-ori-3-1 and 
human THCA cell lines FTC-133, BCPAP, and 
TPC-1 were derived from the American Type 
Culture Collection (ATCC). Nthy-ori-3-1 was cul-
tured in Roswell Park Memorial Institute 1640 
(RPMI-1640, Zhongqiaoxinzhou, China, Cat  
No: ZQ-200) including 10% Fetal Bovine Ser- 
um (FBS Premium, PAN-Seratech). FTC-133, 
BCPAP, and TPC-1 were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM, Zhong- 
qiaoxinzhou, China, Cat No: ZQ-100) including 
10% Fetal Bovine Serum (Standard Quality, 
China, Cat No: FBSST-01033). All cell lines were 
cultured at 37°C with 5% CO2.

Plasmid construction and transfections

For over-expression and cell infection, pCMV-
NOLC1-3*FLAG, pCMV-Vector, PMD2G, and 
PSPAX2 was purchased from the MiaoLing 
plasmid platform. For knockout, sh-NOLC1 and 
sh-Control was purchased from QingKe bio-
technology company (Shanghai, China). sh-
NOLC1 sequence: CCGGCAGTTAAAGCTCAGA- 
CTAAAGCTCGAGCTTTAGTCTGAGCTTTAACTG- 
TTTTTT. All transfection assays were carried 
out using Lipo6000TM Transfection Reagent 
(Beyotime, China, Cat No: C0526) following the 
manufacturer’s instructions.

Cell infection

To establish constitutive sh-NOLC1 and sh-Con-
trol THCA cells (TPC-1 and BCPAP), sh-RNA tar-
geting NOLC1 (Gene ID: 9221) and sh-Control 
were acquired from QingKe biotechnology com-
pany (Shanghai, China). Day 1: 293T inocula-
tion: The number of 293T cells was inoculated 
into a 10 cm dish two days in advance so that 
the cells reached a fusion rate of ~80% on the 
day of transfection. Day 2: Before transfection, 
the old cell culture medium was discarded, 
cleaned with 3-5 mL PBS, and serum-free 
DMEM was added, and then balanced in the 
incubator. Transfection reagents are prepared 
in the following proportions: Mix 1 (melting 25 
μg sh-NOLC1 or sh-Control, 7.5 μg PMD2G, and 
15 μg PSPAX2 in 1000 μL serum-free DMEM). 
Mix 2 (melting 100 μL Lipo6000TM Trans- 
fection Reagent in 1000 μL serum-free DMEM). 
Mix 1 and Mix 2, respectively, at room tempera-
ture for 5-10 min, then Mix 1 and Mix 2, at room 
temperature for 30 min, and add to 10 cm dish. 

Day 3: Fresh medium (containing 10% FBS) was 
changed within 6 h-24 h to observe the trans-
fection efficiency and take photos. Day 5: 
Observed cell state and photographed. The 
supernatant medium was collected and filtered 
through a 0.45 μm filter membrane. The super-
natant medium was added into the ultra-fast 
centrifuge tube and then centrifuged at 25000 
rpm at 4°C for 1.5 h after trimming. Discard the 
supernatant, redissolve with the appropriate 
virus preservation solution, mix, and dissolve 
overnight. Day 6: The virus was collected and 
packaged for virus titer determination. The col-
lected viral supernatants were used to infect 
the THCA cells (Mixing with complete medium 
in 1:1 ratio). To achieve constitutive shRNA 
effects, puromycin selection was conducted to 
obtain stable sh-NOLC1 and sh-Control TPC-1 
cells. Compared with stable sh-Control THCA 
cells, the low expression of NOLC1 in estab-
lished constitutive sh-NOLC1 THCA cells has 
been proven at the protein level and RNA level.

Western blotting

Protein samples were obtained by using RIPA 
(high) Lysis Buffer (Meilunbio, China, Cat No: 
MA0153) with proteasome inhibitors. The pro-
tein samples were then subjected to 10% SDS-
PAGE and transferred to the nitrocellulose 
membranes (Cat No: 10600001; Cytiva, USA). 
At room temperature, NC membranes were 
blocked with 5% fat-free milk for one hour. 
Membranes were probed with NOLC1 Polyclonal 
Antibody (Proteintech, China, Cat No: 11815-1-
AP) and Recombinant Anti-GAPDH antibody 
(Servicebio, China, Cat No: GB15004-100) at 
4°C overnight. HRP-conjugated secondary anti-
rabbit antibody (SAB, China, Cat No: #L3012) 
infiltrates the NC membrane for one hour. The 
target proteins were developed on film using 
NcmECL Ultra (New Cell & Molecular Biotech, 
China, Cat No: P10300). At least two indepen-
dent experiments, WB was conducted 2-3 
times, and representativeness were given.

Real-time quantitative PCR (RT-qPCR)

By using TRIzol Reagent, total RNA was obtained 
from Nthy-ori-3-1, FTC-133, BCPAP, and TPC-1 
cells (cat#15596018; Thermo Fisher, USA). 
cDNA was reverse-transcribed using HiScript III 
All-in-one RT SuperMix Perfect for qPCR 
(cat#R333; Vazyme, China). The Taq Pro 
Universal SYBR qPCR Master Mix (cat#Q712; 
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Vazyme, China) was used to PCR amplification. 
All data were quantitatively normalized by 
GAPDH. The primer sequences used for RT- 
qPCR are listed: GAPDH forward, 5’-GGTGGT- 
CTCCTCTGACTTCAACA-3’, reverse, 5’-GTTGCT- 
GTAGCCAAATTCGTTGT-3’; NOLC1 forward, 5’- 
AAGAAGCCACAGAAGGTAGCA-3’, reverse, 5’- 
CACTGGAGTCAGAAGAAGAAC-3’; casein kinase 
2α1 (CSNK2A1) forward, 5’-GAACGCTTTGTC- 
CACAGTGA-3’, reverse, 5’-TATCGCAGCAGTTTG- 
TCCAG-3’. At least two independent experi-
ments, RT-qPCR was conducted 2-3 times, and 
representativeness were given.

Colony formation assay

TPC-1 and BCABP cell lines were inoculated in 
6-well plates containing 2,000 individual cells 
per well in triplicate. After 14 days, the cells 
were fixed in 100% methanol for 5 min at room 
temperature and then stained with Giemsa dye 
for 20 min (Solarbio, China, cat#G1063). The 
images of cell colonies were captured using a 
scanner (CanoScan LiDE 300, Canon) and ana-
lyzed by Image J software. Each count was per-
formed in triplicates.

Transwell migration assay

Transwell (Cat No: 3422; Costar, USA) was used 
to detect cell migration. The cells were starved 
in serum-free medium with 4,000 cells per 
chamber. After 18 h, the migrated cells under-
side of the filter was washed with PBS. The 
migrated cells were then stained in a shaker for 
20 minutes with crystal violet solution (G4070, 
Solarbio, China). 4 fields were randomly select-
ed and photographed with a 100× magnifying 
glass, and analyzed with Image J software.

Cell proliferation assay

Cell proliferation rates were determined using a 
Cell Counting Kit 8 (CCK-8) (cat#K1018; 
APExBIO, America) according to the manufac-
turer’s instructions. 2,000 cells per well were 
inoculated in 96-well plates. During the incuba-
tion period of 1-7 days, 10 µL of CCK-8 solution 
was added to each cell culture, and the result-
ing OD values were measured at 450 nm using 
a microplate absorbance meter (Bio-Rad, 
Hercules, CA, USA) after 2 h of incubation. Each 
assay was performed in triplicates.

Statistical analysis

Statistical analyses were performed using 
GraphPad Prism 9 software. Comparisons 

between groups were made using Student’s 
t-test. Multiple comparisons were analyzed 
using one-way analysis of variance (ANOVA). * 
represents P < 0.05; ** represents P < 0.01; 
*** represents P < 0.001; **** represents P 
< 0.0001.

In vivo xenograft assay

Four- to six-week-old NOD-SCID mice (strain  
No. T001492) (weighing 15-25 g) were obtain- 
ed from Jiangsu GemPharmatech Co., Ltd. 
(Nanjing, China) for in vivo xenograft experi-
ments. Prepare 4 portions of sh-NOLC1 TPC1 
cells and 8 portions of sh-Control TPC1 cells in 
advance (3 × 106 cells per portion). Two days 
before the in vitro experiment, the 8 parts sh-
Control TPC1 cells were transiently transfected 
for FLAG-NOLC1 and EV (empty vector) plasmid 
respectively (10 μg per 3 × 106 cells). The 4 
parts sh-NOLC1 TPC1 cells were transiently 
transfected for EV plasmid (10 μg per 3 × 106 
cells). After digestion and centrifugation, each 
group of cells was re-suspended with 400 ul 
PBS, and 400 ul matrix glue (cat#082704; 
Mogengel, Xiamen, China) was added, and 
evenly distributed after mixing. Cultured TPC-1 
cells grouped into sh-Control+EV, sh-Control+ 
Flag-NOLC1, or sh-NOLC1+EV were subcutane-
ously transplanted into the right flank of 12 
mice via randomization to groups (200 ul cell 
suspension per mouse). The tumor volume was 
measured every four days and ending in 16 
days, starting four days post-transplantation, 
and calculated using the following formula: 
tumor volume = (long × wide2) × 1/2. At the end 
of the experiment, the tumors were imaged and 
weighed after the mice were euthanized. A total 
of four mice were used in each group, and no 
blinding methods were used. All animal proce-
dures were performed according to protocols 
approved by the Animal Care Committee of 
Ningbo University.

Results

Differential expression analysis of NOLC1 in 
thyroid carcinoma

A flow chart shows the analysis of this study 
(Figure 1). By analyzing the matched and 
unmatched samples in the TCGA database, we 
found that the expression of NOLC1 in THCA 
was lower than that in adjacent tissues (Figure 
2A, 2B). Then, we collected one normal thyroid 
cell line (Nthy-ori-3-1) and three THCA cell lines 
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Figure 1. The flow chart of the analysis process.

(FTC-133, TPC-1, BCPAP) to detect the mRNA 
and protein levels of NOLC1, respectively 
(Figure 2C, 2D). The results showed that NOLC1 
protein and mRNA expression levels in normal 
thyroid cells were dramatically higher than 
those in THCA cells. Consistently, Human Pro- 
tein Atlas database (HPA) database also indi-
cated that NOLC1 protein was low expressed in 
THCA tissues (Figure 2E).

Low expression of NOLC1 in THCA was related 
to clinical features and prognostic outcomes

Clinical data of 510 patients with THCA were 
processed, including T stage, N stage, M stage, 
pathological stage, gender, age, race, histologi-
cal type, Overall Survival (OS), Progression-free 
interval event (PFI), thyroid gland disorder his-
tory, neoplasm location, primary neoplasm 
focus type, extrathyroidal extension, residual 
tumor (Table 1). According to the chi-square 

test results, NOLC1 was closely correlated with 
T stage (P < 0.001), N stage (P < 0.001), patho-
logical stage (P < 0.001), histological type (P = 
0.013), thyroid gland disorder history (P = 0.02), 
primary neoplasm focus type (P = 0.049), and 
extrathyroidal extension (P < 0.001). While 
there was no significant correlation between 
NOLC1 expression and other clinicopathologi-
cal features.

We used the UALCAN website to verify the rela-
tionship between NOLC1 mRNA expression and 
stage, race, lymph node stage, age, and gender 
through TCGA analysis (Figure 3A-E). The 
results showed that the lower the NOLC1 
expression, the higher the stage, the more 
lymph node involvement, and the older the age. 
The expression of NOLC1 in male patients was 
lower than that in female patients (Figure 3E). 
Using the GEPIA2 database, according to the 
expression volume of NOLC1 (Custom High: 40; 
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Figure 2. The expression level of NOLC1 in THCA. A. mRNA expression level of NOLC1 in 59 THCA tissues and adja-
cent paired tissues in TCGA. B. NOLC1 mRNA expression levels in cancerous and normal tissues in the TCGA THCA 
dataset. C. Western Blotting detected NOLC1 protein expression levels in normal and THCA cells. D. Detection of 
NOLC1 mRNA expression levels in normal and THCA cells by RT-qPCR. E. Comparison of NOLC1 between normal 
thyroid and THCA tissues based on the Human Protein Atlas database. P-value significant codes: *, P < 0.05; **, P 
< 0.01; ***, P < 0.001.

Custom Low: 60), The Kaplan-Meier plotter 
analysis showed that the Disease Free Survival 
(DFS) of THCA patients in the low NOLC1 group 
was worse than that in the high NOLC1 group (P 
< 0.05, Figure 3F). Receiver operating charac-
teristic curve (ROC) analysis evaluated the diag-
nostic potential of NOLC1 for THCA and normal 
thyroid tissue (Figure 3G). The area under the 
ROC curve of NOLC1 in the TCGA database was 
0.892 (95% CI: 0.838-0.947, P < 0.0001), sug-
gesting that NOLC1 is a valuable diagnostic bio-
marker for THCA.

Potential molecules interacting with NOLC1

To explore the relationship between NOLC1 and 
other proteins in THCA, we used the STRING 
database to construct a protein-protein asso-

ciation (PPI) network (Figure 4A). In addition, to 
identify genes associated with NOLC1 expres-
sion, we also obtained the top 100 genes from 
the GEPIA2 database. NOLC1 expression  
was positively correlated with the first four 
genes, 5-methylcytosine rRNA methyltransfer-
ase nsun-4 (NSUN4), DnaJ homolog subfamily 
C member 14 (DNAJC14), Ribosomal protein 
uL30-like (RPL7L1), and Regulation of nu- 
clear pre-mRNA domain-containing protein 1B 
(RPRD1B) (Figure 4B). In addition, the expres-
sion of the above four genes in THCA was fur-
ther detected, and the results showed that they 
were all low expressed in THCA (Figure 4C). The 
VENE diagram showed a common gene in the 
two groups of predicted gene sets, namely 
casein kinase 2α1 (CSNK2A1) (Figure 4D). 
CSNK2A1 was positively correlated with NOLC1 
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Table 1. Clinicopathological parameters of THCA patients with NOLC1 expression in TCGA
Characteristic Low expression of NOLC1 High expression of NOLC1 P
n 255 255
T stage, n (%) < 0.001
    T1 59 (11.6%) 84 (16.5%)
    T2 74 (14.6) 93 (18.3%)
    T3 102 (20.1) 73 (14.4%)
    T4 19 (3.7) 4 (0.8%)
N stage, n (%) < 0.001
    N0 96 (20.9) 133 (28.9)
    N1 135 (29.3) 96 (20.9)
M stage, n (%) 0.246
    M0 150 (50.8) 136 (46.1)
    M1 7 (2.4) 2 (0.7)
Pathologic stage, n (%) < 0.001
    Stage I 129 (25.4%) 157 (30.9%)
    Stage II 20 (3.9%) 32 (6.3%)
    Stage III 63 (12.4) 50 (9.8%)
    Stage IV 42 (8.3%) 15 (3%)
Gender, n (%) < 0.001
    Female 167 (32.7%) 204 (40%)
    Male 88 (17.3%) 51 (105%)
Age, n (%) 0.156
    ≤ 45 112 (22%) 129 (25.3%)
    > 45 143 (28%) 126 (24.7%)
Race, n (%) 0.934
    Asian 25 (6%) 26 (6.3%)
    Black or African American 14 (3.4%) 13 (3.1%)
    White 174 (42%) 162 (39.1%)
Histological type, n (%) 0.013
    Classical 184 (36.1%) 180 (35.3)
    Follicular 41 (8%) 60 (11.8%)
    Other 4 (0.8%) 5 (1%)
    Tall Cell 26 (5.1%) 10 (2%)
OS event, n (%) 0.799
    Alive 248 (48.6) 246 (48.2%)
    Dead 7 (1.4%) 9 (1.8%)
PFI event, n (%) 0.314
    Alive 224 (43.9%) 232 (45.5%)
    Dead 7 (1.4%) 9 (1.8%)
Thyroid gland disorder history, n (%) 0.02
    Lymphocytic Thyroiditis 30 (6.6%) 44 (9.7%)
    Nodular Hyperplasia 25 (5.5%) 43 (9.5%)
    Normal 153 (33.8%) 132 (29.2%)
    Other, specify 15 (3.3%) 10 (2.2%)
Neoplasm location, n (%) 0.065
    Bilateral 34 (6.7%) 54 (10.7%)
    Isthmus 14 (2.8%) 8 (1.6%)
    Left lobe 89 (17.7%) 88 (17.5)
    Right lobe 116 (23%) 101 (23%)
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Primary neoplasm focus type, n (%) 0.049
    Multifocal 105 (21%) 128 (25.6%)
    Unifocal 145 (29%) 122 (24.4%)
Extrathyroidal extension, n (%) < 0.001
    No 150 (30.5%) 188 (38.2%)
    Yes 94 (19.1%) 60 (12.2%)
Residual tumor, n (%) 0.094
    R0 188 (42%) 202 (45.1)
    R1 29 (6.5%) 25 (5.6%)
    R2 4 (0.9%) 0 (0%)
PFI: Progression-free interval event; OS: Overall Survival.

at the mRNA level and had lower expression in 
THCA (Figure 4E, 4F). RT-qPCR results showed 
that NOLC1 and CSNK2A1 were positively cor-
related at the mRNA level (Figure 4G).

Functional enrichment analysis of 150 NOLC1-
interacting and correlated genes containing 
GO, KEGG and GSEA

To explore the functional pathway of NOLC1 in 
THCA, a functional enrichment analysis of 150 
NOLC1-related genes was presented (Figure 
5A-F). Gene Ontology (GO) enrichment analysis, 
including biological processes (BP), cell compo-
sition (CC), and molecular function (MF), 
showed that these related genes were closely 
related to ribosome formation, rRNA metabo-
lism, ribonucleoprotein generation, pre-ribo-
some and snoRNA binding (Figure 5A). In addi-
tion, the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis showed 
that the pathways for significant enrichment of 
NOLC1-related genes included ribosome biofor-
mation and RNA polymerase (Figure 5B). To fur-
ther identify the biological function of NOLC1 in 
THCA, we performed GSEA identification of GO 
and KEGG pathways associated with NOLC1 on 
150 gene sets related to NOLC expression. GO 
item GSEA showed a positive correlation with 
cardiac muscle tissue morphogenesis (Figure 
5C). It negatively correlated with MHC class II 
protein complex (Figure 5D). GSEA in the KEGG 
pathway showed a positive correlation between 
Hedgehog signaling pathways, etc. (Figure 5E), 
and a negative correlation with allograft rejec-
tion, asthma, and intestinal immune network 
for IGA production, etc. (Figure 5F). Together, 
NOLC1 may be closely related to ribosome gen-
eration, antigen processing and presentation, 
and cell morphology in THCA.

NOLC1 expression was associated with levels 
of immune cell infiltration in THCA

The tumor microenvironment had been proven 
to be a vital factor in the occurrence and pro-
gression of cancers [13]. To further test the cor-
relation between NOLC1 expression in THCA 
and immune cell infiltration, we sorted to ana-
lyze the data from the Timer 2.0 database. The 
results suggested that NOLC1 expression was 
positively correlated with CD8 T cells, CD4 T 
cells, macrophages, neutrophils, and dendritic 
cells (Figure 6A). Further, we investigated the 
correlation between the immune microenviron-
ment and NOLC1 expression. According to  
the level of NOLC1 expression in THCA, 571 
patients in the THCA dataset were divided into 
a high-expression group and a low-expression 
group. Then, the difference in expression levels 
of 24 immune cell subtypes in the high-low 
expression group was evaluated. The results 
showed that activated dendritic cells (ADCs),  
T cells, regulatory T cells (Tregs), and other 
immune cells were decreased in the group with 
low NOLC1 expression (Figure 6B). Meanwhile, 
we found that 6 among the above 24 kinds of 
immune cells, indicated a positive association 
with NOLC1 expression (Figure 6C).

High expression of NOLC1 inhibits the occur-
rence and progression of THCA

We first validated the protein levels and mRNA 
levels of FLAG-NOLC1 and sh-NOLC in TPC-1 
and BCPAP cell lines, and selected sh-NOLC1#1 
(hereinafter referred to as sh-NOLC1) with bet-
ter effect (Supplementary Figure 1). By Western 
blotting (WB) and RT-qPCR, we confirmed the 
expression effect of FLAG-NOLC1, sh-NOLC1, 
and their corresponding control group in THCA. 
The results showed that both NOLC1 protein 
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Figure 4. Potential molecules interacting with NOLC1. A. PPI network of NOLC1-binding proteins in STRING da-
tabase. B. Correlation between NOLC1 and the top 4 NOLC1-related genes (including SUN4, DNAJC14, RPL7L1, 
RPRD1B) obtained from the top 100 NOLC1-related genes in the TCGA program in the GEPIA2 database. C. mRNA 
expression levels of the first 4 NOLC1-associated genes in cancer and normal tissues in the TCGA THCA dataset. 
D. Intersection analysis of NOLC1-interacting and correlated genes. E. Correlation between NOLC1 and CSNK2A1 
at mRNA level. F. mRNA expression levels of CSNK2A1 in cancer and normal tissues in the TCGA THCA dataset. G. 
Detection of CSNK2A1 mRNA expression levels in normal and THCA cells by RT-qPCR. P-value significant codes: *, 
P < 0.05; **, P < 0.01; ***, P < 0.001.

Figure 3. Correlation between NOLC1 expression level and clinical features of THCA patients. A. Clinical stage. B. 
Race. C. Lymph node stage. D. Age. E. Gender. F. The Kaplan-Meier plotter analysis of NOLC1. G. The ROC curve 
shows the predictive value of NOLC1 to identify THCA tissue based on the TCGA database.
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levels and mRNA levels could be increased or 
knockdown in both TPC-1 and BCPAP THCA cell 
lines (Figure 7A-C). To explore the effect of 
NOLC1 on the proliferation ability of THCA cells, 
we performed a CCK8 cell proliferation experi-
ment and a colony formation experiment. 
Knockdown of NOLC1 could promote the prolif-
eration of THCA cells, while overexpression of 
NOLC1 significantly inhibited the proliferation 
ability of THCA cells (Figure 7D-H). To explore 
the effect of NOLC1 on the migration ability of 
THCA cells, the transwell migration experiment 
confirmed that knockdown of NOLC1 could pro-
mote the migration ability of THCA cells, while 
overexpression of NOLC1 significantly sup-
pressed the migration ability of THCA cells 
(Figure 7I-K). To further verify the tumor inhibi-
tory effect of NOLC1 on THCA cells, we conduct-
ed tumor formation experiments in nude mice 
which showed that high expression of NOLC1 
could inhibit tumor growth (Figure 7L-N).

Discussion

In recent years, the incidence and mortality of 
THCA, which occupies the first place of endo-
crine diseases, have increased year by year 
[14]. The main treatment of THCA is surgery, fol-
lowed by endocrine therapy and radionuclide 
therapy [15]. For some patients with refractory 
THCA, there is still lack of effective treatment. 
At present, precise diagnosis and combination 
treatment are the key to improving survival. 
Therefore, there is an urgent need for biomark-
ers capable of early diagnosis and prediction of 
THCA. Previously, the continuous progress of 
basic research has made breakthroughs in 
individualized treatment. Doolittle et al. showed 
that CDK7 regulated the occurrence and devel-
opment of THCA by regulating the NOTCH1-myc 
signaling axis, while CDK7 inhibitors can pre-
vent the progression of THCA [16]. This discov-
ery revealed an important signaling axis within 
THCA cells. Our findings suggest that NOLC1  
is low-expressed in THCA and can serve as a 
biomarker for cancer development. However, 
the specific molecular mechanisms and func-
tional characteristics of NOLC1 remain unclear. 
NOLC1 enables TRF2 to reside in the nucleolus, 
thereby enhancing the telomere binding activity 

of 53BP1, ultimately leading to telomere DNA 
damage response, cell cycle arrest and apopto-
sis. NOLC1 can induce telomere DNA damage 
response, cell cycle arrest and apoptosis by 
increasing TRF2 resident in the nucleolus which 
can enhance the telomere binding activity of 
53BP1 [17, 18]. NOLC1 can be ubiquitinated by 
KBTBD8 to support the neural crest specifica-
tion [19]. The function of NOLC1 is different in 
different tumor backgrounds. It has been 
reported that NOLC1, as an oncogene, can pro-
mote a variety of cancers including esophageal 
cancer, nasopharyngeal cancer and prostate 
cancer [5]. In addition, NOLC1 is involved in the 
resistance of hepatocellular carcinoma and 
renal clear cell carcinoma as a tumor suppres-
sor gene [5].

Phosphorylation and ubiquitination are known 
to be important post-translational modification 
processes that regulate protein levels. Phos- 
phorylation of serine at site 574 of NOLC1 pro-
tein leads to dysfunction of CK2α, which leads 
to the development of tumors. It has been 
found that the accumulation of downstream 
oncoproteins caused by the loss-of function 
mutation of E3 ligases or the continuous degra-
dation of tumor suppressor proteins by some 
E3 ligase are essential factors leading to the 
development of cancer [20, 21]. For example, 
PCa-associated SPOP mutations lead to the 
accumulation of oncoproteins androgen (AR), 
c-MYC, ETS-related genes, and Egl family 
hypoxia-inducing factors, which contribute to 
the development and progression of prostate 
cancer [22]. Hypoxia induces SPOP accumula-
tion to continuously degrade tumor suppressor 
proteins such as PTEN, ERK phosphatase, pro-
apoptotic factor Daxx, and Gli2 transcription 
factor of the Hippo pathway [23]. Therefore, it is 
reasonable to consider that the low expression 
of NOLC1 in THCA is due to the dysregulation of 
its corresponding ubiquitination process. In 
addition, it has been reported that NOLC1 can 
be regulated by transcription factors such as 
NF-κB and CREB [24]. Our previous article sum-
marized upstream molecules that may regulate 
NOLC1 transcription [5]. The upstream tran-
scription factors that maintain the normal 
expression level of NOLC1 may also be regulat-

Figure 5. Functional enrichment analysis of 150 NOLC1-interacting and correlated genes contain Gene Ontology 
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, and Gene Set Enrichment Analysis 
(GSEA). A. GO enrichment analysis. B. KEGG pathway analysis. C-F. GSEA.
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Figure 6. NOLC1 expression was associated with immune cell infiltration in THCA. A. Relationship between NOLC1 
expression and immune infiltration level in the Timer 2.0 database. B. Twenty-four immune cells and their subtypes 
at different levels in the high and low NOLC1 expression groups in THCA tissue samples. C. The Spearman method 
was used to analyze the correlation between the infiltration level of 24 kinds of immune cells and NOLC1 expression 
in THCA tissues. pDC, plasmacytoid DC; DC, dendritic cell; TReg, regulatory T cell; aDC, activated DC; iDC, immature 
DC; Th, T helper cells; Th1, type 1 Th cell; TFH, T follicular helper; Tem, T effector memory; Th2, type 2 Th cells; Th17, 
type 17 Th cell; Tcm, T central memory; NK, natural killer; Tgd, T gamma delta.
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Figure 7. High expression of NOLC1 inhibited the proliferation and migration of THCA cells. A. Western Blotting evalu-
ated the protein expression levels of NOLC1 in different THCA cell lines. B, C. RT-qPCR evaluated the mRNA expres-
sion level of NOLC1 in different THCA cell lines. D-H. The proliferation of THCA cells was detected by CCK-8 assay 
and colony formation assay. I-K. THCA cell migration was detected by transwell assay. L-N. Xenograft tumor model 
investigating the role of THCA cell (TPC-1) grouped into sh-Control+EV, sh-Control+Flag-NOLC1, or sh-NOLC1+EV. The 
data are presented as the means ± SDs for each group of mice (n = 4). P-value significant codes: *, P < 0.05; **, 
P < 0.01; ***, P < 0.001.
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ed by ubiquitination process, thus indirectly 
reducing the expression of NOLC1.

Additionally, the tumor immune microenviron-
ment is an essential part in the process of 
tumor occurrence and development and plays 
a dual role in tumor progression and host 
defense [25]. Our study showed that in the 
THCA tumor microenvironment with low NOLC1 
expression, the abundance of various immune 
cells, including B cells, was higher, while the 
number of Th17 cells was lower. B cells are usu-
ally associated with tumorigenesis, and a 
mouse model confirms that aggregation of 
B-cell antibodies facilitates the development 
and spread of cancer [26]. In contrast, Th17 
cells can recruit cytotoxic T cells and produce 
effector cytokines, including interferon-gam-
ma, to induce anti-tumor immune responses 
[27, 28]. Therefore, we believe that the low 
expression of NOLC1 in THCA may affect the 
prognosis of THCA patients by altering the 
tumor microenvironment.

Although surgery is the primary treatment for 
patients with THCA, patients with refractory 
THCA or metastatic THCA require a more pre-
cise and individualized approach. In 2011, van-
detanib was approved as the first THCA target-
ed drug. In 2020, anlotinib was approved as the 
11th THCA targeted drug, which means that 
THCA targeted therapy is more accurate. The 
study by Subbinah et al. showed that the combi-
nation of dabrafenib and trametinib can signifi-
cantly improve the long-term survival rate of 
patients with refractory THCA, providing a 
meaningful treatment option [29]. In addition, 
studies have shown that surufatinib combined 
with Toripalimab is also feasible as a neoadju-
vant treatment for locally advanced THCA [30]. 
Despite the increasing availability of targeted 
therapy options, drug resistance can occur with 
long-term use. In previous studies, we found 
that NOLC1 overexpression increased the sen-
sitivity of multidrug-resistant (MDR) cells to a 
variety of drug responses, such as 5-fluoroura-
cil, paclitaxel, mitamycin, cisplatin, and gem-
citabine hydrochloride. This suggests that 
NOLC1 is a potential target for increasing the 
sensitivity of multidrug-resistant cells.

However, there are some limitations in this 
experiment. First, although we collected repre-
sentative images of THCA and NOLC1 protein 
expression levels in normal thyroid tissue from 

the HPA database, the number of cases in this 
database is still small at present. Second, most 
of the data came from public databases. 
Although we have demonstrated through some 
experiments that down-regulating the expres-
sion level of NOLC1 can promote the prolifera-
tion, migration and tumor formation of THCA 
cells, while increasing the expression level of 
NOLC1 can inhibit these processes, the down-
stream pathway of NOLC1 is still unclear. 
Finally, our experiments are limited to the phe-
notypic level. Studies are still needed to con-
firm the underlying mechanism of the antican-
cer effect of NOLC1 in THCA.

Conclusion

In conclusion, our experiments confirmed that 
NOLC1 expression was reduced in THCA and 
could be used as a specific biomarker to distin-
guish THCA tissues from normal THCA tissues. 
Low expression of NOLC1 was shown to be 
strongly associated with DFS in THCA patients 
and could be a clinically independent prognos-
tic factor. Further, low NOLC1 expression was 
strongly related to clinical grade, race, lymph 
node stage, and gender of THCA patients. In 
addition, our study analyzed genes with corre-
lations to NOLC1, which will help to explore fur-
ther the specific molecular mechanisms of 
NOLC1 low expression in THCA. Functional 
enrichment analysis showed that the pathways, 
including ribosome generation, antigen pro-
cessing and presentation, and cell morphology, 
were related to NOLC1 expression. NOLC1 may 
affect the progression and prognosis of THCA 
patients by altering the tumor’s immune micro-
environment. Finally, low NOLC1 expression 
was experimentally confirmed to play a patho-
genic role in THCA. We confirmed the associa-
tion between NOLC1 expression and THCA by 
bioinformatics analysis and in vivo and in vitro 
experiments. This will facilitate the identifica-
tion of new tumor markers, drug development, 
and improvement of treatment strategies.
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Supplementary Figure 1. The sh-RNA knockdown effective of NOLC1 was proved.


