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Abstract.
BACKGROUND: Nucleolar protein 16 (NOP16) is present in the protein complex of the nucleolus. The NOP16 promoter
contains a c-Myc binding site, and the transcriptional regulation by c-Myc directly regulates NOP16 expression levels.
OBJECTIVE: Dysregulation of NOP 16 is currently reported in only a small number of cancers. In this study, the expression
profile of NOP 16 in hepatocellular carcinoma (LIHC) and its clinical significance were analyzed.
METHODS: NOP16 expression in hepatocellular carcinoma (LIHC) and its relationship with the clinical characters of LIHC
were examined using the Cancer Genome Atlas (TCGA), the Gene Expression comprehensive database (GEO), Kaplan-
Meier survival analysis, univariate Cox analysis, multivariate Cox analysis, ROC curve analysis of KEGG enrichment, GSEA
enrichment, in vitro experiments (e.g., siRNA interference of NOP16 expression in hepatoma cells, Keap1-Nrf2 pathway, cell
cycle, cell apoptosis and Transwell assays), and LIHC single-cell sequencing (scRNA).
RESULTS: Pan-cancer analysis revealed that NOP16 was highly expressed in 20 cancer types, including LIHC, and high NOP16
expression was an independent adverse prognostic factor in LIHC patients. The expression levels of NOP16 mRNA and protein
were significantly increased in tumour tissues of LIHC patients compared to normal tissues. The functions of co-expressed
genes were primarily enriched in the cell cycle and reactive oxygen species metabolism. The experimental results showed that
knockdown of NOP16 activated the Keap/Nrf2 signalling pathway and inhibited the invasion, migration, and EMT progression
of LIHC cells. LIHC scRNA-seq data showed that NOP16 was primarily expressed in T lymphocytes.
CONCLUSIONS: NOP16 promoted cancer development in LIHC and caused an imbalance in Keap/Nrf2 signalling, which
subsequently caused the aberrant expression of genes typical for EMT, cell cycle progression and apoptosis. NOP16 is a potential
prognostic marker and therapeutic target for hepatocellular carcinoma progression.
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1. Introduction

Primary liver cancer is one of the most common malignant tumours in humans and the third leading
cause of cancer death worldwide (8.3%). It is primarily divided into three mixed types, LIHC, cholangio-
cytic carcinoma (ICC) and LIHC-ICC, which account for approximately 90% of all liver cancer cases [1].
There is no obvious specific shape of LIHC in the early stage, and greater than 50% of patients have
reached the middle and late stages at the time of diagnosis. Due to the influence of postoperative recur-
rence and cancer metastasis, the mortality rate related to hepatocellular cancer has increased annually [2,
3,4]. Therefore, it is very important to identify reliable LIHC biomarkers and therapeutic targets for the
clinical diagnosis and treatment of LIHC patients.

NOP16, also known as HSPC111, exists in the intracellular protein complex. It is a nucleolar protein
that is transcriptionally regulated by the oncogene c-Myc [5,6]. NOP16 may be involved in the completion
of ribosome synthesis [7]. It also regulates ribosome synthesis by interacting with RNA 3’-phosphocyclase
(RTCD1) [8]. However, its specific mechanism of action is not clear. Tumour development is associated
with related oncogenes and tumour suppressors affecting ribosome biosynthesis. The protein biosynthesis
of tumour cells is determined by the assembly process of ribosome-sized subunits and regulated by
ribosomal protein synthesis, which is associated with tumour development and invasion [9,10,11,12].
Therefore, a reduction in NOP16 expression in cancer cells may block many biological processes.
Therefore, the present study used siRNA to disturb the expression of NOP16 to examine its biological
function in HCC. The underlying mechanism of the activation of oxidative stress signalling pathways
attracted our attention.

The imbalance of redox levels in the body is the pathophysiological basis of many diseases [13]. New
endogenous antioxidant signalling pathways have been discovered in recent years, such as the epoxy
chloropropane Kelch sample related protein-1 (Keap1)-nuclear factor erythroid-2 related factor 2 (Nrf2)
signalling pathway. Because the oxidative stress response caused by internal and external oxidation and
chemical substances plays a very important role in the body’s defence against various external injuries, it
is the most important endogenous antioxidant signalling pathway in the body, and it is a hot topic in the
field of antioxidant research [14]. Imbalance in the Keap1-Nrf2 signalling pathway changed the expression
of some canonical genes, such as EMT, cell cycle, and apoptosis [15], and the abnormal expression of the
PTEN/PI3K/AKT/mTOR signalling pathway (a typical tumour-forming pathway) affected the formation
of liver cancer. However, no study demonstrated that NOP16 mediated the Keap1/Nrf2 signalling pathway
to cause an imbalance in the oxidative stress response that leads to the development of tumours.

The present study evaluated NOP16 expression using bioinformatics techniques and found some
prognostic value in LIHC. We examined the effect of NOP16 expression in HepG2 cells using small
interfering RNA (siRNA) targeting of NOP16 expression. The mechanism of action of NOP16 on the
typical antioxidant signalling pathway (Keapl-Nrf2 signalling pathway) was preliminarily examined, and
NOP16 may play a regulatory role in the development of tumours via this signalling pathway. Therefore,
our study revealed a possible mechanism of action of NOP16 in LIHC and provides a potential therapeutic
target for LIHC.

2. Materials and methods

2.1. Public database

TCGA database: We used the TCGA (https://portal.gdc.cancer.gov/) website to download the LIHC
transcriptomic data and the corresponding clinical information. The TCGA database contains Illumina
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RNA-seq gene expression data, including tumour grade and survival data, expression profile data and
clinical data. A total of 424 LIHC patients were screened.

HPA database: We performed immunohistochemical experiments using a NOP16 histochemical anti-
body on normal hepatic tissue and liver cancer tissue. We entered the keyword “NOP16” in the Human
Protein Atlas database (http://www.proteinatlas.org/) and selected “Pathology” and “liver cancer”.

2.2. Analysis of the differentially expressed genes

NOP16 (cut-off value of 50%) was divided into low expression and high expression groups, and the
RNAseq data in the level 3 HTSeq-Counts format in the project were integrated. The R package DESeq2
(version 1.26.0) was used to identify DEGs, and the heatmap was visualised using ggplot2 (version 3.3.3).
We performed an unpaired analysis of NOP16 mRNA expression in 33 cancers in the TCGA and GTEx
databases, including liver cancer.

2.3. Functional enrichment analysis

Differentially expressed genes in the NOP16 high and low expression groups to explore the effect of
differential NOP16 expression levels on cell signaling pathways. In this study, the KEGG.v7.4 data set
was used for enrichment analysis according to the default reference settings, and q < 0.05 was selected
as significantly enriched gene sets. The “ggplot2” package was used to analyze the biological processes,
molecular functions, and cellular localization involved in the NOP16 co-expressed genes, and the KEGG
pathway enrichment analysis to discover the signaling pathways that these genes are involved in COAD.

2.4. Cell culture and transfection

Cells were seeded into 6-well cell culture plates 1 d before transfection at 6 × 105 cells per well. At 80%
adherent cell growth, transfection was performed according to the Lipogectamine TM3000 transfection
kit instructions. Negative control cells were transfected with negative control siRNA, siRNA-NOP16
group cells were transfected with NOP16 siRNA, and blank control cells were not transfected. After 8 h
of transfection, the normal medium (containing 10% FBS) was replaced. Cell transfection efficiency was
determined using qRT-PCR and Western blotting (NOP16 mRNA and protein expression levels in cells,
respectively).

2.5. Apoptosis and the cell cycle measurement using flow cytometry

For conventional culture-negative control and NOP16-siRNA cells at 70% confluence, a single cell
suspension was collected without EDTA pancreatic enzyme digestion or centrifugation, and the cells
were washed twice via PBS centrifugation. The cell apoptosis kit and cell cycle kit were used, and the
cell apoptosis rate and cell cycle of each group were determined using flow cytometry.

2.6. Cell wound scratch assay

Cells of the negative control and NOP16-siRNA groups were seeded in 6-well plates and cultured at
37◦C in a 5% CO2 incubator on the cell surface. Cell fragments were removed by washing with PBS, and
serum-free culture medium was removed from the same field at 0 h, 24 h, and 48 h. Cell migration was
calculated.
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2.7. Transwell assays

The treated cells were washed twice with PBS and treated with serum-free DMEM starvation for 12 h.
The treated cells were collected using trypsin digestion, and a single-cell suspension was prepared and
seeded in the Transwell upper chamber (8 µm, 24-well insert; Transwell; Corning Inc. Lowell, MA, USA)
at 5 × 103 cells per well). Complete culture medium (600 µL) was added to the lower chamber for 24 h.
The chambers were removed, and unmigrated cells were discarded, fixed in 4% paraformaldehyde for
10 min, washed twice in PBS, dried, stained with crystal violet and placed under a light microscope for
counting.

2.8. Western blotting

Total intracellular protein was extracted using RIPA lysis buffer. The total protein concentration
was determined using BCA. SDS-PAGE loading buffer was added for 10 min using 10% PAGE gel
electrophoresis. Isolated proteins were transferred onto PVDF membranes and blocked with 5% skim milk
powder for 1 h. The corresponding primary antibody and β-actin antibody (1:1000 dilution) were added
and incubated at 4◦C overnight. After incubation with the secondary antibodies, the relative expression
levels of the target proteins were analysed and compared after three washes with TBST buffer.

2.9. Real-time qRT-PCR

Total intracellular RNA was extracted using the TRIzol method, and first-strand cDNA was synthesised
using reverse transcription and used as the template for qPCR. Each reaction system included components
according to the PCR kit instructions. The qPCR procedure was 95◦C pre-denaturation for 2 min, 95◦C
denaturation for 15 s and 60◦C annealing for 1 min for a total of 40 cycles. Ct values were calculated for
each group and compared between groups using the 2-∆∆Ct method. Primer sequences and antibody
information are shown in Table 1.

2.10. Prognostic analysis

Clinical information of LIHC patients with effective prognostic information included in the TCGA
database was screened. The independent prognosis and risk score and clinical characteristics (age, sex
and disease classification) by R software to plot the forest map, observe the accuracy of the survival
of patients by drawing ROC curve, verify the results of independent prognostic analysis, and draw the
nomogram to predict the patient survival rate

2.11. Construction and validation of the nomograms

To predict the overall survival probability, we constructed a nomogram based on the independent
prognostic factors in the multivariate Cox analysis. The nomogram was drawn with 1000 equal repeated
samples of Bootstrap for 1 year, 3 year and 5 year calibration curves.

2.12. Single-cell RNA-seq

The scRNA-seq data (GSE112271) [42] of LIHC patients were obtained from the Gene Expression
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Table 1
Clinicopathological characteristics of high and low NOP16 expression groups

Characteristic Low expression
of NOP16

High expression
of NOP16 p

n 187 187
T stage, n (%) 0.413

T1 97 (26.1%) 86 (23.2%)
T2 45 (12.1%) 50 (13.5%)
T3 35 (9.4%) 45 (12.1%)
T4 8 (2.2%) 5 (1.3%)

N stage, n (%) 0.122
N0 125 (48.4%) 129 (50%)
N1 4 (1.6%) 0 (0%)

M stage, n (%) 1.000
M0 131 (48.2%) 137 (50.4%)
M1 2 (0.7%) 2 (0.7%)

Pathologic stage, n (%) 0.887
Stage I 88 (25.1%) 85 (24.3%)
Stage II 41 (11.7%) 46 (13.1%)
Stage III 41 (11.7%) 44 (12.6%)
Stage IV 3 (0.9%) 2 (0.6%)

Tumor status, n (%) 0.319
Tumor free 107 (30.1%) 95 (26.8%)
With tumor 72 (20.3%) 81 (22.8%)

Gender, n (%) 0.002
Female 75 (20.1%) 46 (12.3%)
Male 112 (29.9%) 141 (37.7%)

Age, n (%) 0.232
6 60 95 (25.5%) 82 (22%)
> 60 92 (24.7%) 104 (27.9%)

Weight, n (%) 0.767
6 70 88 (25.4%) 96 (27.7%)
> 70 81 (23.4%) 81 (23.4%)

BMI, n (%) 0.421
6 25 83 (24.6%) 94 (27.9%)
> 25 83 (24.6%) 77 (22.8%)

Histologic grade, n (%) 0.033
G1 35 (9.5%) 20 (5.4%)
G2 91 (24.7%) 87 (23.6%)
G3 55 (14.9%) 69 (18.7%)
G4 3 (0.8%) 9 (2.4%)

AFP (ng/ml), n (%) 0.571
6 400 105 (37.5%) 110 (39.3%)
> 400 35 (12.5%) 30 (10.7%)

Residual tumor, n (%) 1.000
R0 161 (46.7%) 166 (48.1%)
R1 8 (2.3%) 9 (2.6%)
R2 0 (0%) 1 (0.3%)

Adjacent hepatic tissue inflammation, n (%) 0.309
None 68 (28.7%) 50 (21.1%)
Mild 49 (20.7%) 52 (21.9%)
Severe 8 (3.4%) 10 (4.2%)

Albumin (g/dl), n (%) 0.035
< 3.5 27 (9%) 42 (14%)
> 3.5 126 (42%) 105 (35%)
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Table 1, continued

Characteristic Low expression
of NOP16

High expression
of NOP16 p

Prothrombin time, n (%) 0.152
6 4 101 (34%) 107 (36%)
> 4 52 (17.5%) 37 (12.5%)

Child-Pugh grade, n (%) 0.733
A 106 (44%) 113 (46.9%)
B 11 (4.6%) 10 (4.1%)
C 1 (0.4%) 0 (0%)

Age, median (IQR) 60 (51, 68) 62.5 (52, 69) 0.332

Omnibus database (GEO, https://www.ncbi.nlm.nih.gov/geo/, accessed November 10, 2022). Single-
cell RNA sequencing (scRNA seq) data were processed using the R package “Seurat” then further
standardised data and multiple books were integrated. “Louvain” clustering was performed with 23
principal components. Some classical cell subpopulation-defined markers were obtained from previous
studies and manually annotated according to marker expression.

2.13. Statistical analysis

The statistical significance of cell proliferation, migration, cycle, apoptosis, invasion and gene expres-
sion was determined using Student’s t test (for comparisons between two groups) or two-way ANOVA
(for comparisons between multiple groups). The relevant data are shown as fold-changes (mean ± SEM
or ± SD), and significant differences were calculated at p < 0.05.

3. Results

3.1. The expression level of NOP16 was increased in LIHC

Pan-cancer analysis showed that NOP16 was highly expressed in 20 cancer types, including LIHC,
bladder and urothelial carcinoma, breast cancer, cervical squamous cell carcinoma, cholangiocarcinoma,
colon cancer, glioblastoma, oesophageal cancer, kidney chromophobe, kidney renal clear cell carcinoma,
lung adenocarcinoma, lung squamous cell carcinoma, pheochromocytoma and paraganglioma, prostate
adenocarcinoma, rectum adenocarcinoma, stomach adenocarcinoma, thyroid carcinoma and uterine
corpus endometrial carcinoma (Fig. 1A). NOP16 expression was significantly higher in LIHC samples
than normal tissues, and NOP16 expression was more significant in paired sample tumours than normal
samples (p < 0.001) (Fig. 1B and C). The ROC curve showed that NOP16 expression was also predictive,
with an area under the curve (AUC) of 0.826 (95% CI [CI] = 0.770–0.882) (Fig. 1D).

To further identify the expression of NOP16 at the LIHC protein level, we used the HPA database. The
NOP16 histochemical antibody (No. HPA036506) showed primary staining in the nucleus. The results
showed that the positive expression area and positive intensity of NOP16 in LIHC tissues (n = 12) were
significantly higher than normal tissues (n = 3) (Fig. 2). Case statistics for immunohistochemistry are
shown in Table 1. This result was consistent with the pan-cancer analysis (Fig. 1).

3.2. Association between NOP16 expression and clinicopathological variables

The 375 primary tumors collected from TCGA included clinical features and gene expression data.
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Fig. 1. Expression levels of NOP16 in different types of tumours and LIHC. Expression of NOP16 (A) in different types of
tumours compared to normal tissues in TCGA and GTEx databases, (B) in LIHC and non-matched normal tissues in the TCGA
and GTEx databases, (C) in LIHC and matched normal tissues in the TCGA and GTEx databases. (D) ROC curves for classifying
LIHC versus normal tissues in the TCGA database.

Patient characteristics included gender, race, differentiation, TNM stage, pathological stage, initial
treatment, histological type, tumor anatomical site division, TP 53 and PIK3CA status. The analysis
showed that high expression of NOP16 was significantly associated with gender (p = 0.002), histological
grade (p = 0.033) and albumin (g/dl) (p = 0.035), as shown in Table 1. The expression of NOP16 in
males was significantly higher than females (Fig. 1A), Nevertheless, NOP16 remains higher in female
patients than in normal tissue (Fig. 1B). In addition, from the concise G grade reflecting tumor tissue
atypia, the expression level of NOP 14 was significantly higher (P < 0.001) than G1 (Fig. 1C).

3.3. Identification of differentially expressed genes (DEGs) in LIHC and functional enrichment analysis,
including GO, KEGG, and GSEA

There were 1580 significantly different genes, which were used to analyse the differential expression
of NOP16 (high expression group and low expression group). A total of 758 (47.9%) genes were
upregulated, and 826 (52.1%) genes were downregulated (adjusted p value <0.05, |Log2-FC| > 1)
(Fig. 3A). Immune-related DEGS (PDCD 1, CD274, CTLA 4, LAG 3, HAVCR2, TIGIT, CD48) are
shown in Fig. 3B.
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Fig. 2. Representative images of NOP16 expression in LIHC tissues and normal tissues. Images of immunohistochemistry
staining for LIHC and normal tissues were collected with HPA. The greater the antigen content (representing the level of protein
expression) and the higher the distribution density, the stronger the positive result color rendering. According to the degree
of colorrendering of positive markers, they are classified as: blue, negative; light yellow, weaklypositive; brown, moderately
positive; and dark brown, strongly positive.

GO enrichment analysis, including biological processes, cellular compositions, and molecular functions,
revealed that DEGs were enriched in different GO terms, such as extracellular matrix disassembly,
chromatin assembly, nucleosome, protein-DNA complex, ion gated channel activity, and gated channel
activity. KEGG pathway analysis showed that significantly DEG-enriched pathways included neuroactive
ligand-receptor interaction and steroid hormone biosynthesis (Fig. 3C and Table 2). GSEA enrichment
analysis between the NOP16 high and low expression groups revealed a significant enrichment of
biological processes, such as the cell cycle and reactive oxygen species metabolism process, which
suggest that NOP16 regulates LIHC occurrence and development via the oxidative stress pathway
(Fig. 1B).

3.4. Effect of NOP16-siRNA interference on the Keap-Nrf2 signalling pathway in HepG2 cells

To verify the role of NOP16 in the occurrence and development of HCC, we designed three siRNAs
to inhibit NOP16 expression in HepG2 cells. The interference efficiency of NOP16 was verified using
real-time q-PCR and Western blotting (WB). The results showed that interference with siRNA-3 increased
the NOP16 interference efficiency greater than 50% in HepG2 cells (Fig. 4A and B). Therefore, we
selected siRNA-3 for the subsequent cellular function experiments.
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Fig. 3. NOP16-related differentially expressed genes (DEGs) and functional enrichment analysis of NOP16 in glioma using
GO and KEGG. (A) Volcano plot of DEGs. Blue and red dots indicate the significantly downregulated and upregulated DEGs,
respectively. (B) Heatmap of the coexpression of NOP16 and immune-related genes. (C) GO and KEGG analysis of DEGs. (GO,
Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes. ∗p < 0.05, ∗∗p <
0.01, and ∗∗∗p < 0.001.)
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Table 2
Cox proportional hazards regression analyzed the association of NOP16 expression levels and OS prognosis in LIHC patients

Characteristics Total (N) Univariate analysis Multivariate analysis
Hazard ratio

(95% CI) P value Hazard ratio
(95% CI) P value

T stage 370
T1 183 Reference
T2 94 1.428 (0.901–2.264) 0.129 0.000 (0.000–Inf) 0.996
T3 and T4 93 2.949 (1.982–4.386) < 0.001 0.722 (0.097–5.401) 0.751

N stage 258
N0 254 Reference
N1 4 2.029 (0.497–8.281) 0.324

M stage 272
M0 268 Reference
M1 4 4.077 (1.281–12.973) 0.017 7.439 (0.582–95.117) 0.123

Weight 345
6 70 184 Reference
> 70 161 0.941 (0.657–1.346) 0.738

Pathologic stage 349
Stage I 173 Reference
Stage II 86 1.417 (0.868–2.312) 0.164 9699232.960 (0.000–Inf) 0.996
Stage III 85 2.734 (1.792–4.172) < 0.001 4.391 (0.572–33.718) 0.155
Stage IV 5 5.597 (1.726–18.148) 0.004

Tumor status 354
Tumor free 202 Reference
With tumor 152 2.317 (1.590–3.376) < 0.001 1.961 (1.226–3.135) 0.005

Age 373
6 60 177 Reference
> 60 196 1.205 (0.850–1.708) 0.295

Histologic grade 368
G1 55 Reference
G2 178 1.162 (0.686–1.969) 0.576
G3 123 1.185 (0.683–2.057) 0.545
G4 12 1.681 (0.621–4.549) 0.307

BMI 336
6 25 177 Reference
> 25 159 0.798 (0.550–1.158) 0.235

AFP (ng/ml) 279
6 400 215 Reference
> 400 64 1.075 (0.658–1.759) 0.772

Gender 373
Female 121 Reference
Male 252 0.793 (0.557–1.130) 0.200

Adjacent hepatic tissue inflammation 236
None 118 Reference
Mild&severe 118 1.194 (0.734–1.942) 0.475

NOP16 373
Low 187 Reference
High 186 1.462 (1.034–2.068) 0.032 1.763 (1.115–2.790) 0.015

Keapl-Nrf2 is the most important endogenous antioxidative stress pathway discovered in recent
years [1]. Nrf2 is a key regulator of the oxidant/antioxidant balance and is primarily activated in response
to oxidative stress. Because of the enrichment of NOP16 in the oxidative stress pathway, q-PCR and
WB were used to detect key genes in the Keap1-Nrf2 signalling pathway. The results showed that Keap1
decreased significantly compared to negative results, and Nrf2, GCLC, NQO1, GCLM and H0-1 were
significantly higher in the NOP16-siRNA-3 group than the negative controls (P < 0.05). Similar results
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Fig. 4. The decrease in NOP16 leads to abnormal expression of the Keap1-Nrf2 signalling pathway. (A–B) siRNA interfered
with the expression of NOP16 in HepG2 cells, and mRNA and protein levels were measured using q-PCR (A) and WB,
respectively (B). (C–D) siRNA3 interfered with the expression of NOP16 and affected the Keap1-Nrf2 pathway. q-PCR (C)
and WB (D) were used to detect its expression. The full name of the protein involved in Fig D is as follows: Keap1 (kelch
like ECH associated protein 1), Nrf2 NRF2 (Nuclear Factor erythroid 2-Related Factor 2), GCLC (Recombinant Glutamate
Cysteine Ligase, Catalytic), NQO1 (NAD (P) H: quinoneoxidoreductaseNQO1), GCLM (Recombinant Glutamate Cysteine
Ligase, Modifier Subunit), HO-1 (NAD (P) H: quinoneoxidoreductaseNQO1) N > 3, and “**” “$$” indicates p 6 0.01.

were observed in the Western blot assays. These results indicate that the knockdown of the NOP16 gene
activated the Keap1-Nrf2 pathway to exert its hepatoprotective effects [16] (Fig. 4C and D).

3.5. Functional validation of NOP16 in HepG2 cells

The decreased expression of NOP16 caused abnormal expression of the Keap1-Nrf2 pathway (Fig. 4C
and D). Abnormal expression of the Keap1-Nrf2 pathway leads to abnormalities in cell infection,
migration, the cell cycle and apoptosis [15]. To define the biological function of NOP16 in HepG2 cells,
Transwell and cell scratch experiments were used to examine the effect of NOP16 on cell migration. The
Transwell experiments showed that decreased NOP16 expression reduced cell invasiveness (p < 0.001)
(Fig. 5A and B). However, the cell scratch experiments showed that interfering with NOP16 inhibited
the cell scratch healing rate in HepG2 cells (p < 0.01) (Fig. 5C–E). The effect of NOP16 on the HepG2
cell cycle and apoptosis was determined using flow cytometry, and the results showed that interfering
with NOP16 arrested the cell cycle in the G1 phase (p < 0.001) (Fig. 5F and G). However, the apoptosis
results showed that the silencing of NOP16 increased the apoptosis rate in HepG2 cells compared to the
control group (p < 0.001) (Fig. 5H and I). Therefore, the results suggest that NOP16 may be involved in
invasion, migration, the cell cycle and cell apoptosis via the Keap1-Nrf2 pathway.

3.6. NOP16-siRNA leads to the dysregulation of genes that control the cell cycle and apoptosis

The above results indicated that the silencing of NOP16 led to phenotypic changes in cell behaviour,
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Fig. 5. Analyses of cell migration, wound healing, cell cycle and apoptosis. (A) Transwell migration assays. The polycarbonate
film stained with crystal violet was photographed on an inverted microscope. The number of cells that migrated across the
membrane in NC and NOP16-siRNA-3 cells was calculated. (B) The number of infected cells in each NC and NOP16-siRNA-3
cell line was calculated according to the infected cell chart in Fig. A. (C–E) Wound healing assay. (C) NC and NOP16-siRNA-3
cells covering the bottom of the small dish were scratched with the tip of 10 µL pipette, and the healing of each cell line
was recorded at 0 h, 24 h and 48 h using inverted microscopy. Pictures show representative examples. Scale bars, 750 µm.
(D) According to the scratch width in Fig. C, the cell migration distance of each cell line was calculated at 24 h and 48 h.
(E) According to the scratch, the cell mobility of each cell was calculated at 24 h and 48 h. (F) Cell cycle detected using flow
cytometry. Cell number distribution maps of NC and NOP16-siRNA-3 cell lines at each stage of the cell cycle were detected
using flow cytometry. (G) The percentage of NC and NOP16-siRNA-3 cell lines in G0/G1, S and G2/M phases was calculated.
(H) Cell apoptosis was detected using flow cytometry. Cell apoptosis of NC and NOP16-siRNA-3 cell lines was detected using
flow cytometry. The cells were divided into four zones: “Dead”, “Late Apop”, “Early Apop” and “Live”. (I) It was used to
calculate the percentage of apoptotic cells in NC and NOP16-siRNA-3 cells. “LA” refers to Late Apop, and “EA” refers to Early
Apop. N > 3, and “**” “$$” indicates p 6 0.01.
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Fig. 6. Decreased NOP16 results in abnormal expression of genes typical for EMT, the cell cycle and apoptosis. (A) Q-PCR was
used to detect the mRNA expression of NOP16, CTNNA1, CTNNB1, SNAI1, SNAI2, CDH1, CDH2, FN1, MMP17, MMP9 and
vimentin in NC and NOP16-siRNA-3 cells. (B) WB was used to detect the protein expression of NOP16 SNAI2, CDH2, FN1,
MMP9 and vimentin in NC and NOP16-siRNA-3 cells. (C) Q-PCR was used to detect the mRNA expression of P53, P21, CDK2,
CDK6 and cyclinD1 in NC and NOP16-siRNA-3 cells. (D) Quantitative real-time PCR was used to detect the mRNA expression
of CASP3 CASP4 CASP6 BCL2 and BCL2L1 in NC and NOP16-siRNA-3 cells. N > 3, and “**” “$$” indicates p 6 0.01.

such as the invasive capacity of the cells, migration, cell cycle, and apoptosis. Therefore, we examined
key genes controlling cellular processes and behaviour using real-time q-PCR and WB.

The mRNA expression levels of key genes in EMT progression were determined using q-PCR. The
results showed that the relative expression levels of CTNNA1, CTNNB1, and CDH1 were significantly
higher in the NOP16-siRNA group than the negative control group. However, the relative expression
levels of SNAl1, SNAl2, CDH2, FNT1, MMP17, MMP9, and vimentin were significantly higher than
the negative controls (Fig. 6A) (P < 0.05). Similar results were observed using Western blot analysis
compared to a negative control. The protein expression levels of SNA12, CDH2, FN1, MMP9 and
vimentin were significantly reduced in the cells of the NOP16-siRNA group (Fig. 6B). NOP16 knockdown
significantly reversed the EMT process in HepG2 cells.

The effect of NOP16 on the mRNA expression levels of cell cycle regulators was further examined.
The results showed that the relative cyclinD1 expression level of cyclin-dependent kinase 6 (CDK6) in
the NOP16-siRNA group was significantly higher than the negative control group. However, the relative
expression levels of p53, p21 and CDK2 were significantly lower than the negative controls (P < 0.05).
These results indicate that knockdown of NOP16 caused cell cycle arrest and inhibited cell proliferation
(Fig. 6C).

We also examined the mRNA expression levels of apoptosis-related genes, and the results suggested that
the relative expression levels of Casp3, Casp4 and Casp6 in the NOP16-siRNA group were significantly
higher than the negative control group. However, the expression levels of BCL-2 and BCL2L1 were
significantly lower than the negative controls (all Ps < 0.05). The BCL-2 family of proteins control
and regulate the apoptotic pathway of the mitochondria by promoting mitochondrial outer membrane
permeability (MOMP). MOMP releases proapoptotic factors from the mitochondria into the cytosol to
further activate the caspase protease cascade [17,18]. Therefore, we combined our experimental results to
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Fig. 7. Prognostic values of NOP16 expression in patients with LIHC evaluated using the Kaplan-Meier method. Overall survival
(A) and disease-specific survival (B) for LIHC patients with high versus low NOP16. (C) Forest map based on multivariate Cox
analysis for overall survival. HR, hazard ratio; CI, confidence interval.
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Fig. 8. A nomogram and calibration curves for prediction of one-, three-, and five-year overall survival rates of patients with
LIHC. (A) A nomogram for the prediction of one-, three-, and five-year overall survival rates of patients with LIHC. (B–D)
Calibration curves of the nomogram prediction of one-, three-, and five-year overall survival rates of patients with LIHC.

show that knockdown of the NOP16 gene promoted the apoptosis of HepG2 cells. All of these results
explain our study of the NOP16 phenotype (Fig. 6D).

3.7. The prognostic value of NOP16 in LIHC therapy

The correlation between NOP16 expression and the prognosis of LIHC patients was calculated using
the Kaplan-Meier method. Patients were divided into high and low NOP16 expression groups using
the median NOP16 expression as the cut-off value. OS and DSS in NOP16 showed significantly poor
prognosis (OS: hazard ratio [HR] = 1.46, 95% CI = 1.03–2.07, p = 0.032; DSS: HR = 2.75, 95% CI =
2.11–3.59, p < 0.001) (Fig. 7A and B). Univariate and multivariate Cox regression analyses were used to
determine the prognostic measures. The results of the multivariate analysis showed that tumour status
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Fig. 9. Immune cell type-specific expression of NOP16 in LIHC. (A) Proportion of 12 major cell lines; (B) sorted cells in the
gland-labelled set; (C–D) expression of NOP16 in different cell subsets; (E) score of the corresponding pathway for each cell
subset.

and NOP16 were independent factors of OS in patients with LIHC. The prognosis of patients with high
NOP16 expression, regardless of OS or DSS, was significantly more unfavourable in several subgroups,
including T stage 3, Tumour status: with tumour, Gender: male, Weight: 6 70, Pathological stage: Stage
III, BMI: 6 25, Histological grade: G3, Prothrombin time: > 4 and Fibrosis ishak score: 1/2 (Fig. 7C and
Table 2).

3.8. Construction and verification of the nomogram based on independent factors

Since disease stage is a golden indicator of prognosis, more accurate results would be obtained if
the expression status of NOP 16 and pathological stage were combined to jointly predict the patient
outcome. Different clinicopathological factors were assigned to the corresponding cut-off values, adding
up to obtain the total score, and finally the 1-, 3-, and 5-year survival rate of each HCC patient were
evaluated based on the total score. A higher total score on the nomogram indicates a worse prognosis.
The expression level of NOP 16 had relatively little effect on the total score (Fig. 8A). Nomograms
were drawn with 1000 isoback replicates by Bootstrap (Fig. 8B and C). The results showed that the
bootstrap-corrected c-index of the nomogram was 0.671 (95% CI = 0.638–0.7.4), which means that the
survival outcome predicted by the model is consistent with the actual survival outcome.

3.9. NOP16 expression correlated with T-lymphocyte infiltration in LIHC

Immune cells play a role in inducing EMT and promoting tumor metastasis. The various immune cells
that accumulate in the tumor stroma interact with neighboring cancer cells to activate the previously
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dormant EMT progression [17]. Therefore, this study further analyzed the subsets of immune cells
responsible for the upregulation of NOP 16 expression. To identify cell types expressing NOP16, we used
single-cell RNA sequencing data, GSE112271, from all seven hepatocellular carcinoma samples. We
used a canonical marker set to classify the cells into 12 major cell lines (Fig. 9A and B), HPLC-like (e.g.,
tumour-associated hepatic progenitor cells, epithelial cells, liver bud hepatic cells, enterocytes and other
immune cells (e.g., NK cells, B cells, CD cells, monocytes, Treg cells, and giant cells) are uncommon
cell types. NOP16 was particularly highly expressed in T cells (Fig. 9C and D).

We downloaded the LlHC scRNA sequencing data and analysed the pathways enriched by NOP16.
The results suggested that EMT markers and genes upregulated by reactive oxygen species (ROS) were
significantly enriched (Fig. 9E). This result is highly consistent with our previous experimental results.

4. Discussion

NOP16 is a nucleolus protein that, together with many other nucleolus proteins, constitutes the
ribosomal functional family that plays a role in the synthesis of the large subunit of the cellular ribosome
and contains RNA [6,7,19]. There is a c-Myc binding site on the NOP16 promoter. The transcriptional
regulation of c-Myc directly regulates the expression level of NOP16. Therefore, it is also regulated by
the transcriptional regulation of the oncogene c-Myc [19].

Butt et al. [19] combined their previous study with experimental results and found that NOP 16
expression level was upregulated in breast cancer tissues, while oncogene c-Myc was also increased [20,
21], and the increased expression level of NOP16 predicted poor prognosis in breast cancer [21]. Related
studies found that NOP16 expression was significantly increased in prostate cancer tissues [6,22,23,24].
Further studies showed that NOP16 expression was higher in tumours with liver metastasis [25] and
metastatic nasopharyngeal carcinoma [26] with other diseases. However, the biological function and
prognostic correlation of the NOP16 gene in LIHC have not been reported. The present study reported the
following findings for the first time: NOP16 mediated the Keapl-Nrf2 signalling pathway, which created
an imbalance in the oxidative stress response and led to tumour development.

The TCGA database analysis showed that NOP16 expression was significantly upregulated in 20
species, including LIHC, which is consistent with previous studies. High NOP16 expression was associ-
ated with unfavourable clinicopathological factors, such as histological grade and sex. The univariate and
multivariate Cox analysis suggested that elevated NOP16 expression served as an independent prognostic
biomarker for poor OS and DSS in LIHC patients. Combined with previous study results, NOP16 may be
a potential target in the treatment of LIHC.

Many studies confirmed that NOP16 interfered with ribosome biosynthesis processes, and this effect
is achieved via coordination with RTCD1. RTCD1 is a phosphocyclase that acts as a catalytic enzyme
involved in the biosynthesis of ribosomes [8]. The assembly process of ribosome-sized subunits de-
termines the protein synthesis process of tumour cells, which is also related to tumour development
and invasion [27]. However, these results do not fully elucidate the mechanism of NOP16 action in
LIHC, and further efforts are needed to investigate the biological function of NOP16 and its signalling
pathways. We performed GSEA and found that the signalling pathways significantly enriched in the
high NOP16-expression group included M phase, reactive oxygen species metabolic process, ethanol
oxidation, response to steroids, and regulation of reactive oxygen species metabolic process. These results
suggested that NOP16 regulated LIHC occurrence and development via the oxidative stress pathway.

The Keapl-Nrf2 signalling pathway plays an important role in the response to oxidative stress [28]. In
a normal physiological state, Nrf2 and Keap1 exist as a complex in the cytoplasm and maintain a low
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level of inactive steady-state [29]. After activation, Nrf2 dissociates from Keap1 and enters the nucleus,
which activates the expression of various host genes, including genes downstream of HO-1, GCLC and
COX-2 [30,31,32,33]. HO-1 attenuates heme-mediated oxidative stress, and it is an important defensive
factor against oxidative damage [31]. GCLC is a subunit of glutamate-cysteine ligase (GCL), which exerts
its antioxidant effects by regulating the expression of GSH [32]. A NOP16 low-expression osteosarcoma
cell line was successfully constructed via the transfection of HepG2 cells with siRNA and studied in vitro
in the present study. After interfering with NOP16 expression, Keap1 expression levels were significantly
reduced in HepG2 cells, and the levels of Nrf2, GCLC, NQO1, GCLM, and HO-1 were increased. These
results indicated that the inhibition of NOP16 activated the Keap1-Nrf2 signalling pathway.

The Transwell and cell scratch assays showed that the NOP16 group-siRNA group had significantly
decreased migration and invasion ability compared to the control group. The Transwell and cell scratch
assays showed that the NOP16-siRNA group had a significantly reduced ability to migrate and invade
compared to the control group. Flow cytometry showed that NOP16-siRNA promoted HepG2 apoptosis
and arrested the cell cycle in G1. To further investigate whether NOP16 induced EMT in HepG2 cells,
q-PCR and Western blot experiments showed that interference with NOP16 caused an increase in E-
cadherin expression and decreased the expression of the stromal phenotype markers SNAI2, vimentin and
MMP9 [34,35,36]. These results demonstrated an increased epithelial phenotype of the cells. Experiments
confirmed that NOP16 participated in EMT in HepG2 cells. EMT is the trans-differentiation process
of quiescent epithelial cells into stromal cells, and it is an irreversible cellular program. An increasing
number of experiments confirmed that EMT was associated with the metastatic process of tumours [37].
A recent study found that cancer-derived exosomal HSPC111 (NOP16) promoted colorectal cancer liver
metastasis by reprogramming lipid metabolism in cancer-associated fibroblasts [25]. These results suggest
an important role for NOP16 in cancer cell invasion and migration, and we speculate that these roles are
related to the key genes regulated by NOP16 in some EMT processes.

Kaplan Meier survival analysis found that patients with high expression of NOP16 had shorter overall
survival and worse prognosis. The combination of univariate and multivariate analyses showed that
NOP16 expression may be used as an independent prognostic factor for patients with LIHC.

Immune cells also play a role in inducing EMT and in promoting tumor metastasis. The various immune
cells that accumulate in the tumor stroma interact by interacting with neighboring cancer cells to activate
previously latent dormant EMT progression. It was shown that E-cadherin expression after in vitro
co-culture with activated effector T cells is absent in pancreatic ductal epithelial cells and epithelial cells
acquire a spindle-shaped interstitial morphology with concurrent expression of vimentin and ZEB1 [38].
It was also found that CD8 + T cells lead to the production of stromal breast cancer cells with stem
cell-like properties by inducing EMT in vivo [39,40]. Based on the role of NOP 16 in promoting EMT,
we further explored the distribution of NOP 16 in immune cells, and the results suggested that NOP 16 is
specifically highly expressed in T cells, therefore, we speculated that NOP 16 mediates EMT production
through T cells. Because existing studies have demonstrated that cytokines released by activated effector
T cells (e.g., IL-6, TNF, and TGF-β) do promote EMT [41].

5. Conclusion

The present study showed for the first time that NOP16 promoted cell migration by regulating EMT-
related protein expression levels in HepG2 cells. Interference with NOP16 inhibited the oxidative stress
response by upregulating molecular expression and activation of the Keap1-Nrf2 pathway, including
the downstream target genes antioxidant metabolic enzymes HO1 and GCLC. Regulation of NOP16



S. Mu et al. / NOP16 promotes hepatocellular carcinoma progression and triggers EMT through 2481

expression or other EMT transcription-related factors may help delay or reverse the metastasis or
deterioration of LIHC. These results further our understanding of the pathogenesis of LIHC.
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