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Lamin B1 is a potential therapeutic target and prognostic biomarker for
hepatocellular carcinoma
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ABSTRACT

Hepatocellular carcinoma (HCC) is an aggressive malignancy. Previous studies have found that lamin B1
(LMNB1) contributes to the development of human cancers. However, the biological functions and
prognostic values of LMNB1 in HCC have not been adequately elucidated. In our present research, the
expression pattern of LMNB1 was analyzed. The prognostic values of LMNB1 were evaluated by Kaplan—
Meier survival analysis and Cox proportional hazards regression analysis. The effects of LMNB1 on HCC
progression were assessed by Cell Counting Kit-8 (CCK-8), colony formation, wound healing, Transwell
and in vivo xenograft assays. The mechanisms of LMNB1 in HCC progression were elucidated by gene set
enrichment analysis (GSEA) and loss-of-function assays. Besides, a nomogram for predicting overall
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survival (OS) was constructed. The results demonstrated that LMNB1 was overexpressed in HCC and that
increased LMNB1 expression predicted a dismal prognosis. Further experiments showed that LMNB1
facilitated cell proliferation and metastasis in HCC. Functional enrichment analysis revealed that LMNB1
modulated metastasis-associated biological functions such as focal adhesion, extracellular matrix, cell
junctions and cell adhesion. Mechanistically, we revealed that LMNB1 promoted HCC progression by
regulating the phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) path-
ways. Moreover, incorporating LMNB1, Ki67 and Barcelona Clinic Liver Cancer (BCLC) stage into
a nomogram showed better predictive accuracy than the Tumor-Node-Metastasis (TNM) stage and
BCLC stage. In conclusion, LMNB1 may serve as an effective therapeutic target as well as a reliable
prognostic biomarker for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most
common malignancy in the world and is the third-
highest cause of cancer-related death [1].
Although several therapeutic strategies, such as
hepatectomy, transarterial chemoembolization
(TACE), radiofrequency ablation and immu-
notherapy, have been established [2,3], the clinical
outcome of HCC is still unsatisfactory. The high
mortality of HCC is caused by its high metastasis
and recurrence rates [4]. Patients with HCC are
often diagnosed at an advanced stage [5]. Targeted
therapy is one of the most important treatments
for patients with advanced HCC [6].
Unfortunately, Tang et al. reported that only
approximately 30% of patients with HCC benefit
from targeted therapy [7]. Therefore, there is an
urgent need to identify effective therapeutic tar-
gets by exploring the underlying molecular
changes in HCC.

LMNBI belongs to the type V intermediate fila-
ment protein family and is found below the inner
nuclear membrane [8,9]. LMNBI1 has functional
roles in transcription, cell cycle progression,
nuclear stability, DNA replication and repair, cell
proliferation and differentiation [10,11]. To date,
numerous studies have reported that LMNBI is
dysregulated in different cancers, including color-
ectal cancer, clear-cell renal carcinoma, pancreatic
cancer and gastric cancer [12-15]. LMNBI1 pro-
motes tumor progression through multiple
mechanisms. For example, overexpression of
LMNBI in pancreatic cancer cells greatly enhances
anchorage-independent growth and migration
abilities by targeting Spl transcription factor
(Spl) [14]. Overexpression of LMNB1 promotes
colon cancer progression by inducing mitotic cat-
astrophe [12]. Previous studies found that LMNB1
was significantly upregulated in HCC and present
in patient plasma, thus LMNB1 may be a potential
diagnostic biomarker for detecting early-stage
HCC patients [16,17]. However, the prognostic
values, biological functions and underlying
mechanisms of LMNBI1 in HCC have yet to be
elucidated.

The TNM stage and BCLC stage are routinely
used for HCC treatment and prognostication
[18,19]. However, different clinical outcomes

have been observed in HCC with the same TNM
or BCLC stage [20,21]. These findings indicate that
the current HCC staging systems fail to provide
complete prognostic information. One of the rea-
sons may be that the current staging systems
ignore the complex molecular mechanisms of
HCC. Molecular biomarkers may provide valuable
information in the prognostic prediction of HCC.
Zhou et al. found that Absent in melanoma 1-like
(AIM1L) could predict OS for HCC patients [22].
Recent studies have combined several molecular
biomarkers to create predictive signatures [23,24].
However, the roles of these markers lack experi-
mental validation, and the predictive signatures
are not utilized in clinical practice. Thus, it is
imperative to explore a more accurate predictive
nomogram to guide precise individual treatment
for HCC patients.

In this study, we hypothesized that LMNBI1
serves as an effective therapeutic target as well as
a prognostic biomarker for HCC. To validate this
hypothesis, we conducted a combined analysis of
public databases and clinical specimens to explore
the expression pattern and clinical significance of
LMNBI in HCC. We then investigated the biolo-
gical functions of LMNBI1 in HCC by a series of
in vitro and in vivo assays. Moreover, we provided
insight into LMNBI-related pathways through
GSEA, RNA sequencing (RNA-seq) and pathway
enrichment analysis. Finally, we constructed
a nomogram to predict the OS of HCC patients.
We hope this study will contribute to our under-
standing of targeted therapy and prognosis evalua-
tion of HCC.

Materials and methods
Data collection

High-throughput transcriptome sequencing mRNA
expression data and clinical parameters of the liver
hepatocellular carcinoma (LIHC) dataset were
downloaded from The Cancer Genome Atlas
(TCGA). The TCGA-LIHC dataset contains infor-
mation on 371 tumor samples. The histological types
of the LIHC dataset included HCC, clear cell adeno-
carcinoma, combined hepatocellular carcinoma and
cholangiocarcinoma. The normalized microarray
GSE14520 dataset and its corresponding clinical



parameters were obtained from the Gene Expression
Omnibus (GEQO). The GSE14520 dataset contains
247 HCC samples. Samples without complete clin-
ical parameters and samples whose histological type
was not HCC were removed. Finally, 364 patients
from the TCGA-LIHC dataset and 220 patients from
the GSE14520 dataset were used for subsequent
analysis.

Screening prognostic genes in the GSE14520
dataset

In the GSE14520 dataset, the median mRNA
expression value was selected as a cutoff value.
HCC patients were divided into high mRNA
expression and low mRNA expression two groups
according to the cutoff value. Then, we performed
Kaplan-Meier analysis of all the mRNA expression
profiles to screen out the prognostic genes by
using the ‘survminer’ R package. P < 0.05 was
selected as a cutoff value to screen prognostic
genes.

Weighted gene co-expression network analysis
(WGCNA)

WGCNA is widely used to unravel the correlation
between gene modules and clinical phenotypes
[25]. We conducted WGCNA based on the prog-
nostic genes through the R package “WGCNA’.
First, the correlations between the prognostic
genes were calculated by Pearson’s method to
establish an adjacency matrix. Then, an optimal
soft threshold was chosen through the scale-free
topological fit test. R* > 0.9 was selected as a scale-
free fit to obtain a high-confidence scale-free net-
work. Second, according to the optimal soft
threshold, a topological overlap matrix (TOM)
was established based on the adjacency matrix.
Subsequently, by using a dynamic tree cut algo-
rithm, hierarchical clustering was conducted for
module screening. The cutreeDynamic function
of the WGCNA package was used for tree pruning
of the hierarchical clustering dendrograms.
Correlations between the gene modules and clin-
ical phenotypes were further calculated to screen
gene modules that were significantly relevant to
the metastasis and survival status of HCC.
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Gene set variation analysis (GSVA) and
identification of metastasis score-based
subgroups

The normalized mRNA expression data of the
TCGA-LIHC dataset were used for GSVA [26]. We
obtained metastasis-associated gene expression signa-
tures from the C2 curated gene sets in the Molecular
Signatures Database (https://www.gsea-msigdb.org/
gsea/msigdb). We calculated the metastasis scores
for HCC patients based on the 22 selected metastasis-
associated gene sets (Supplementary Table 1) through
the R package ‘GSVA’. To discover metastasis score-
based subgroups, we performed unsupervised cluster-
ing based on the metastasis score profiles by using the
‘ConsensusClusterPlus’ R package. The maximum
K value of 9 with 80% item resampling and 50 resam-
plings was used for clustering. The optimal K value of
clusters was 2 according to the cumulative distribu-
tion functions (CDFs). Thus, HCC patients were clas-
sified into cluster 1 and cluster 2 two groups.

Screening of differentially expressed genes
(DEGs)

To discover metastasis-associated hub genes in
HCC. We used the ‘edgeR’ package to identify
DEGs between cluster 2 (high metastasis score)
and cluster 1 (low metastasis score) patients.
Genes with false discovery rate (FDR) < 0.01 and
log2-fold-change > 1 were considered significant
DEGs that were upregulated in HCC with high
metastasis scores.

Cell lines, culture conditions and clinical
specimens

The normal hepatic cell line LO2 and HCC cell
lines MHCC-97H, Huh7, Hep3B and HepG2 were
purchased from the Chinese Academy of Sciences
(Shanghai, China). These cells were cultured in
DMEM (Gibco) supplemented with 10% FBS
(Gibco). All cells were maintained in
a humidified incubator with 5% CO2 at 37°C.
Tumor and paired peritumoral specimens were
obtained from 20 HCC patients who underwent
partial hepatectomy at Nanfang Hospital of
Southern Medical University. Before surgery,
none of the patients received specialized
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treatment, such as targeted therapy, immunother-
apy or TACE. Patient specific information could
be found in Supplementary Table 2. All patients
voluntarily signed informed consent before the
study began. This study was approved by the
Ethics Committee of Nanfang Hospital of
Southern Medical University.

Lentiviral construction and cell transfection

Lentiviral small hairpin RNA targeting LMNBI
(Iv-sh-LMNBI1) and empty lentiviral vector (lv-
sh-con) were purchased from Hanbio (Shanghai,
China). The sequence of sh-LMNB1 was 5’-
GATCCGCGCTTGAAGAACACTTCTGAATTC-
AAGAGATTCAGAAGTGTTCTTCAAGCGTTT-
TTTG -3’. HepG2 and Hep3B cells were infected
with lentivirus to construct stably transfected cell
lines. After 72 h, we removed negative cells
through puromycin selection (Solarbio).

Immunohistochemistry (IHC)

Immunohistochemistry was conducted as previously
reported [27]. Antibodies against LMNBI1 (1:200,
Santa Cruz, sc-377,000), matrix metallopeptidase 11
(MMP11) (1:100, Abcam, ab119284) and Ki67
(1:200, Proteintech, 27309-1-AP) were used for
IHC. Image-Pro Plus 6.0 software (IPP6) was used
to analyze the IHC results. The integrated optical
density in each microscopic view (IOD/area) was
measured to quantify the staining intensity.

CCK-8 assay

Stable HCC cell lines with or without LMNBI
knockdown were seeded into 96-well plates. The
cell density was set as 200 cells per well. After
incubation for 24 h, ten microliters of CCK-8
solution (Solarbio, CA1210) were added to the
cells in each well. The optical density at 450 nm
was calculated by a microplate reader.

Colony formation assay

Stable HCC cell lines with or without LMNBI
knockdown were seeded into 6-well plates. The
cell density was set as 400 cells per well. After
incubation for 14 days, the medium was removed,

and the cells were washed three times with PBS.
Then, the cells were fixed with 4% paraformalde-
hyde and stained with 0.1% crystal violet solution.
The colony numbers were counted to evaluate cell
proliferation abilities among different groups.

Wound healing assay

LMNBI knockdown or control HepG2 and Hep3B
cells were cultured in 6-well plates. After the cell
density reached 90%, we made a wound in each
well plate using a 100 ul pipette tip. Then, the
medium was replaced with serum-free DMEM.
We recorded the wound healing area at 0 h, 24 h
and 48 h to evaluate the cell migration ability.

Transwell invasion assay

Transwell invasion assays were conducted with
Matrigel-coated chambers (8-um pore size; 24-
well; Corning). A total of 5 x 10* cells with or
without LMNB1 knockdown in DMEM without
FBS were seeded in the upper chamber. DMEM
with 20% FBS was added to the lower chamber.
The cells that had traversed the membrane were
fixed with 4% paraformaldehyde and then stained
with 0.1% crystal violet. Finally, the invading cells
were observed under a microscope.

Western blot analysis

Western blot analysis was performed following our
previous description [28]. Antibodies against
LMNBI (1: 1000, Santa Cruz, sc-377000), Snail
(1: 1000, CST, # 3879), MMPI11 (1: 1000, Abcam,
ab119284), Slug (1: 1000, CST, # 9585),
N-cadherin (1: 1000, CST, # 13116), Akt (1: 1000,
CST, # 4691), GSK-3p (1: 2000, Abcam, ab93926),
Phospho-Akt (p-Akt) (1: 2000, CST, #4060),
Phospho-GSK-3p (p-GSK-3B) (1: 1000, Abcam,
ab75745) and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (1: 10000, Abcam, ab8245)
were used for this assay. GAPDH was selected as
the internal control. Finally, an electrochemilumi-
nescence imaging analysis system was used to
detect the signals of the bands.



In vivo xenograft assay

We purchased BALB/c male nude mice from
the Animal Center of Southern Medical
University. All nude mice were 4-6 weeks old.
This animal experiment was approved by the
Southern Medical University Experimental
Animal Ethics Committee. Each nude mouse
was subcutaneously inoculated with 5.0 x 10°
HepG2 cells that were infected with Iv-sh-
LMNBI vector or lv-sh-con vector. Tumor size
was measured weekly. The mice were sacrificed
in the fourth week. Tumor volume (mm?>) was
calculated with the equation: V = Lx W? x 0.5.

RNA sequencing (RNA-seq), functional
annotation, and pathway enrichment analysis

Total RNA derived from HepG2 cells infected with
lentivirus was quantified and then used for RNA-seq.
DEGs were screened between the Iv-sh-LMNB1 and
Iv-sh-con groups by the ‘edgeR’ package. The DEGs
with fold change > 1.5 and p < 0.05 were used for
subsequent analysis. We further performed Gene
Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses
on the DEGs. The enrichment analysis was performed
on the Database for Annotation, Visualization, and
Integrated Discovery (DAVID, Version 6.8; https://
david.ncifcrf.gov/). According to the median LMNBI
expression value, HCC patients were labeled
LMNB1"€" or LMNB1'". Then GSEA [29] was per-
formed to identify the significant pathways enriched
by LMNBI. The gene set file used was ‘c2. all. v7.1.
symbols. gmt’.

Cox proportional hazards regression analysis

To determine the risk factors for HCC, we per-
formed univariate Cox analysis among LMNBI,
Ki67, age, gender, alanine aminotransferase
(ALT), alpha fetoprotein (AFP) and BCLC stage
from the GSE14520 dataset. Variables with
P < 0.05 were considered as risk factors for overall
survival (OS). All statistically significant risk fac-
tors identified by the univariate Cox analysis were
subsequently included in the multivariate Cox
analysis. The hazard ratio and 95% confidence
interval of each variable were also calculated.
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Construction and validation of a nomogram

Schonfeld test was used to verify the propor-
tional hazard (PH) assumption. The independent
risk factors that meet the PH assumption were
used to constructed a predictive nomogram.
Then, we drew calibration curves and receiver
operating characteristic (ROC) curves to evaluate
the performance of the nomogram. Moreover,
we performed decision curve analysis (DCA) to
systematically compare the clinical application
among the nomogram, TNM stage and BCLC
stage.

Statistical analysis

Statistical analysis was performed by SPSS soft-
ware 22.0 (IBM Corp, New York, USA),
R software (version 4.1.2), and Prism 8.0
(GraphPad Software, San Diego, CA, USA).
Statistical differences between two independent
groups were evaluated by Student’s t test. Cox
proportional hazards regression model and
Kaplan-Meier survival analysis were used to
assess the prognostic value of LMNBI.
Statistical significance was set at P < 0.05.

Results

The present study aimed to explore the clinical
significance, biological functions and underlying
mechanisms of LMNBI in HCC by bioinfor-
matic analysis and fundamental experiments.
Our analysis revealed that LMNB1 was upregu-
lated in HCC and that increased LMNB1 expres-
sion was positively correlated with advanced
TNM stage, worse histological grade, high risk
of tumor metastasis and dismal prognosis.
Functional and mechanistic studies revealed
that LMNB1 promotes HCC proliferation and
metastasis and regulates the PI3K/MAPK signal-
ing pathway. Another purpose of our study was
to construct a nomogram to predict the OS of
HCC patients. We incorporated LMNBI1, Ki67
and BCLC stage into a nomogram. Surprisingly,
the performance of this nomogram was better
than that of the TNM stage or BCLC stage.
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LMNBT1 is associated with HCC metastasis and is  power to generate the TOM (Figure 1(a)). After
overexpressed in HCC applying the dynamic tree cut algorithm, five gene
modules were identified among all prognostic
genes (Figure 1(b)). The gray module that had no
significance was removed. We estimated the asso-
ciation between modules and clinical traits. As
shown in the heat map, the correlation between

We performed survival analysis of mRNA expres-
sion profiles and identified 1799 prognostic genes
from the GSE14520 dataset. The above prognostic
genes were subjected to WGCNA, thus leading to
the discovery of pivotal mRNAs that modulate
HCC metastasis. We selected 0.9 as a scale-free  the black module and HCC metastasis was stron-

topology fit index and 6 as a soft threshold  gest (R = 0.56, P < 0.001, Figure 1(c)). Then, the
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between the gene modules and clinical traits. (d) The correlation between the black gene module and HCC metastasis is shown in
the scatter plot.



correlation between module membership (MM)
and gene significance (GS) was calculated by
Pearson correlation analysis. The scatter plot of
MM vs. GS revealed that the black module was
positively correlated with HCC metastasis (Figure
1(d)). The black module contained 343 metastasis-
associated genes (Supplementary Table 3). In the
TCGA-LIHC dataset, we further characterized
HCC patients with metastasis scores by using
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GSVA algorithm based on metastasis-associated
gene sets. Then, 364 HCC samples with metastasis
scores were used for unsupervised clustering.
Hierarchical clustering revealed two main sub-
groups (cluster 1 and cluster 2, Figure 2(a)).
Cluster 1 was assigned to the low metastasis
score subgroup, and cluster 2 was assigned to the
high metastasis score subgroup. Differential
expression analysis revealed that 1678 DEGs were
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Figure 2. Screening hub genes from the black module and DEGs. (a) Heatmap of the clusters defined by metastasis-associated gene
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shown in the volcano plot. (c) Survival curve of HCC patients in cluster 1 and cluster 2. (d) The hub genes of HCC are shown in the
Venn diagram.
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upregulated in  cluster 2 2(b)),

(Supplementary Table 4). The two subgroups

(Figure

showed distinct survival outcomes. HCC patients
in cluster 1 had a significantly longer OS rate than
those in cluster 2 (Figure 2(c)). As the Venn dia-
gram (Figure 2(d)) shows, 69 overlapping genes
(Supplementary Table 5) were identified as onco-
genes of HCC. LMNBI1 was one of the oncogenes
that was significantly associated with HCC metas-
tasis, indicating that LMNB1 may promote HCC
progression by inducing cell metastasis.

The expression features of LMNBI in different
types of tumors were evaluated by analyzing tran-
scriptome expression data from the TIMER2.0
database. Compared to normal tissues, LMNBI
was significantly upregulated in most types of
tumor tissues (Figure 3(a)). From the TCGA data-
set, overexpression of LMNBI1 was observed in the
high metastasis score patients in comparison with
the low metastasis score patients (Figure 3(b)). The
same trend could be found between HCC patients
with a high metastasis signature and those with
a low metastasis signature from the GSE14520
dataset (Figure 3(c)). In addition, gene expression
data from both the TCGA and GSE14520 datasets
revealed that LMNBI1 was significantly upregulated
in HCC (Figure 3(d,e)). Furthermore, IHC and
western blot analyses results verified that LMNB1
was upregulated in HCC compared to peritumoral
tissues (Figure 3(f,h)). The western blot analysis
showed a similar result in the LO2 and HCC cell
lines (Figure 3(g)).

Overexpression of LMNB1 is associated with
aggressive clinicopathological characteristics

Supplementary Table 6 shows that LMNBI expres-
sion was significantly associated with age
(p = 0.007), AFP level (p < 0.001), grade
(p < 0.001), tumor status (p = 0.009), metastatic
score (p < 0.001) and TNM stage (p = 0.009). No
direct effects of gender and BMI were observed on
LMNBI expression (p > 0.05). (Figure 4(a)) show
that the expression of LMNB1 in HCC with TNM
stage III+IV was significantly higher than those in
HCC with TNM stage I. (Figure 4(b)) show that
the expression of LMNBI1 in HCC with poorer
differentiation were significantly higher than

those in HCC with good or moderate

differentiation.

Overexpression of LMNB1 indicates a dismal
prognosis in patients with HCC

We also evaluated the prognostic significance of
LMNBI1 in HCC. As shown in the Kaplan-Meier
survival curves, overexpression of LMNB1 was
correlated with poor OS (P = 0.013, Figure 4(c))
and disease-free survival (DFS, P = 0.033, Figure 4
(d)) in the TCGA-LIHC dataset. A similar result
was observed for OS in the GSE14520 dataset
(P = 0.00085, Figure 4(e)). However, HCC patients
with LMNB1"8" and LMNB1'®" expression exhib-
ited no significant difference in terms of DFS
(P = 0.072, Figure 4(f)). Moreover, univariate
Cox analysis revealed that high serum AFP,
advanced BCLC stage, overexpression of LMNBI
and overexpression of Ki67 were risk factors for
OS. Multivariate analysis revealed that overexpres-
sion of LMNBI, overexpression of Ki67 and
advanced BCLC stage independently predicted
poor OS in HCC (Table 1).

Knockdown of LMNB1 inhibits the growth and
migration of HCC cells in vitro

Bioinformatic analysis revealed that LMNBI1 was
associated with the metastasis and prognosis of
HCC. We stably deleted LMNB1 in HCC cell lines
to confirm its tumorigenic roles (Figure 5(a)).
Reduced colony formations were observed in
LMNBI1 knockdown HCC cell lines (Figure 5(b)).
In CCK-8 assays, LMNBI silencing attenuated the
proliferation abilities of HCC cell lines (Figure 5(c,
d)). In wound healing and Transwell assays, LMNB1
knockdown significantly delayed the wound healing
time (Figure 5(e)) and suppressed the invasion of
HCC cells (Figure 5(f)). The above findings verified
that LMNBI plays a tumorigenic role in HCC.

Knockdown of LMNB1 suppresses HCC
tumorigenesis in vivo and restrains EMT

To confirm the functional roles of LMNBI in vivo,
a mouse tumorigenesis assay was conducted in our
laboratory. The subcutaneous tumors of the Iv-sh-
LMNBI group were lighter than those of the Iv-sh-
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Figure 3. Expression analysis of LMNB1 in HCC. (a) LMNB1 was abnormally expressed in different malignancies in the TIMER2
database. (b) LMNB1 was upregulated in patients with high metastasis scores. (c) LMNB1 was upregulated in patients with high
metastasis signatures. (d, e) In the GSE14520 dataset (d) and TCGA-LIHC dataset (e), LMNB1 was overexpressed in HCC compared to
peritumoral tissues. (f) Representative IHC images of HCC tissues and peritumoral tissues. IHC verified that LMNB1 was overexpressed
in HCC. Scale bars (up) = 100 pm. Scale bars (low) = 50 pm. (g) Overexpression of LMNB1 was detected in HCC cell lines. (h) Western
blot analysis of HCC tissues and peritumoral tissues. *P < 0.05, **P < 0.01, ***P < 0.001.
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Table 1. Univariate and multivariate Cox regression analysis for OS in HCC patients based on GSE14520 dataset (n = 220).

Univariate analysis

Multivariate analysis

Variables HR 95% C P value HR 95% CI P value

Age 0.820 0.469-1.433 0.486
(= 60 vs < 60)

Gender 0.613 0.296-1.269 0.187
(male vs female)

ALT 1.097 0.714-1.685 0.672
(>50 U/L vs <50 U/L)

AFP 1.606 1.049-2.460 0.029 1.257 0.815-1.939 0.301
(>300 ng/ml vs <300 ng/ml)

BCLC stage 3.522 2.264-5.480 <0.001 3.372 2.147-5.294 <0.001
B+Cvs0+A)

LMNB1 2.087 1.341-3.247 0.001 1.805 1.139-2.863 0.012
(high expression vs low expression)

Ki67 1.990 1.284-3.83 0.002 1.614 1.023-2.547 0.040

(high expression vs low expression)

0S, overall survival. HR, hazard ratio. Cl, confidence interval

con group, and the tumor volumes of the lv-sh-
LMNBI group were relatively smaller than those
of the lv-sh-con group (Figure 6(a)). IHC results of
the subcutaneous tumors confirmed that LMNBI
had been knocked down in the lv-sh-LMNBI
group. We evaluated Ki67 and MMPI11 protein
expression. The subcutaneous tumors of the Iv-sh-
LMNBI group showed fewer Ki67- and MMP11-
positive cells than those of the control group
(Figure 6(b)). Ki67 is widely used to detect the
cell proliferation abilities of malignancies.
MMP11 has functional roles in tumor metastasis
[30]. These findings reinforced the idea that
LMNBI could facilitate HCC proliferation and
metastasis.

EMT is crucial for HCC metastasis, we evaluated
the protein levels of EMT markers to demonstrate
the role of LMNBI in EMT. Western blot analysis
showed that Slug, Snail, MMP11 and N-cadherin
were significantly decreased at the protein level
after LMNB1 was knocked down (Figure 6(c)).

GSEA outlines LMNB1-related oncogenic
signaling pathways

GSEA based on the TCGA-LIHC dataset was per-
formed to outline the molecular mechanisms under-
lying LMNB1-mediated HCC progression. As the
GSEA results showed, HCC with high expression of
LMNBI1 was involved in the PI3K (Figure 7(a)),
MAPK (Figure 7(b)) and epidermal growth factor
receptor (EGFR) (Figure 7(c)) pathways. The

epithelial-mesenchymal transition procedure (Figure
7(d)), BIDUS METASTASIS UP (Figure 7(e)) and
BENPORATH PROLIFERATION (Figure 7(f)) gene
sets showed significant enrichment in HCC with
LMNB high expression.

RNA-seq verifies that LMNB1 plays an oncogenic
role through multiple pathways

To further verify the mechanisms by which LMNB1
promotes HCC progression, RNA-seq was carried
out in LMNBI1 knockdown (sh-LMNBI1) HepG2
cells and control (sh-con) HepG2 cells. We screened
DEGs between sh-LMNB1 HepG2 cells and sh-con
HepG2 cells. The DEGs are shown in the volcano
plot (Figure 8(a)). GO enrichment analysis revealed
that the DEGs have functional roles in focal adhe-
sion, the extracellular matrix, cell junctions, cell
adhesion and angiogenesis (Figure 8(b)). These
functions are considered to be associated with
tumor metastasis. KEGG pathway enrichment ana-
lysis highlighted that LMNB1 was involved in the
regulation of the PI3K-AKT and MAPK pathways
(Figure 8(c)). All these pathways play a pivotal role in
tumor progression. Western blot analysis showed
that phosphorylated AKT and phosphorylated
GSK3B were downregulated after LMNBI1 was
knocked down (Figure 8(d)). The above results
revealed that LMNB1 promoted HCC metastasis
and played an oncogenic role through multiple
pathways.
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proliferation. (€) LMNB1 knockdown inhibited HCC migration. Scale bars = 200 pym. (f) LMNB1 knockdown inhibited HCC invasion.
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Construction and validation of a nomogram a predictive nomogram using these independent risk

The Schonfeld test showed that the independent risk factors (Figure 9). Then, we cmp loyed calibration
factors LMNBI, Ki67 and BCLC stage meet the PH ~ Plots and ROC curves to validate the nomogram.
assumption (all P > 0.05, Figure S1). We constructed ~ Calibration plots indicated that our nomogram had
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a favorable predictive accuracy. As shown in (Figure
10(a,b)), the predicted OS at 3 and 5 years was
approximately the same as the actual OS. In the
ROC curves, the area under the curves (AUCs) of
our nomogram were drawn to predict OS at 3 and
5 years. The AUCs of the nomogram, BCLC stage

and TNM stage for predicting 3-year OS were 0.728,
0.667 and 0.668, respectively (Figure 10(c)). The
AUCs of the nomogram, BCLC stage and TNM
stage for predicting 5-year OS were 0.768, 0.69 and
0.666, respectively (Figure 10(d)). The nomogram
displayed better predictive accuracy than the BCLC
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metastasis (e) and proliferation (f) of HCC. NES, normalized enrichment score.

stage and TNM stage. Finally, we assessed the clinical
application of this nomogram by employing the
DCA method. The nomogram showed a superior
net benefit than the BCLC stage and TNM stage

(Figure 10(e,f)). The above findings suggested that
the nomogram based on LMNBI, Ki67 and BCLC
stage exhibited excellent predictive value for HCC
patients.
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Figure 9. A nomogram for predicting the OS of HCC patients.

Discussion

HCC is a heterogeneous disease. Patients with
HCC are often diagnosed at a late stage and
therefore suffer dismal prognoses. Therefore, it
is urgently needed to discover efficient biomar-
kers for HCC therapy and prognosis prediction.
Due to the high level of heterogeneity, persona-
lized treatment strategies for patients with HCC
are encouraged [31]. Combination analysis of
multiple datasets is considered to be a more
reliable method than single dataset analysis. In
the present study, we integrated three datasets
from TCGA-LIHC, GSE14520, and TIMER2 to
explore hub genes of HCC. Through WGCNA,
we found that the black gene module was closely
related to HCC metastasis and survival status. By
performing differential expression analysis, we
identified DEGs that were associated with HCC
metastasis. LMNBI belonged to both the black
gene module and DEGs. Hence, LMNB1 may
promote HCC metastasis and could be consid-
ered an effective biomarker for predicting prog-
nosis. However, the significance of LMNBI1 and
LMNBI-associated mechanisms in HCC has not
been elucidated. Therefore, our study aims to
comprehensively analyze the expression, correla-
tion with clinical features, prognostic value, bio-
logical functions and potential mechanisms of
LMNBI1 in HCC. An additional purpose of our
research is to construct a reliable predictive
nomogram based on LMNBI, Ki67 and BCLC
stage for HCC.

Lamins play a pivotal role in maintaining intra-
cellular physiological equilibrium. The lamin family
includes LMNA, LMNB1, LMNB2 and LMNC
[32,33]. Previous studies reported that LMNBI is
essential for the survival of mammalian cells
[34,35]. In addition, accumulating evidence suggests
that LMNBI1 is abnormally expressed in multiple
malignant tumors, such as lung adenocarcinoma
[36], gastric cancer [13], renal cell carcinoma [15]
and B-cell malignancies [37]. The dysregulation of
LMNBI is associated with tumor progression. Luo
et al. reported that overexpression of LMNBI pro-
motes prostate cancer metastasis [38]. In our report,
we systematically evaluated the expression features
of LMNBI in HCC and peritumoral tissues. Based
on the integrated analysis of the TCGA-LIHC data-
set, GSE14520 dataset and TIMER2 database, we
found that LMNB1 was overexpressed in HCC, espe-
cially in HCC with high metastasis risk. Enhanced
protein levels of LMNBI were also verified in cell
lines and tissues from Nanfang Hospital. Moreover,
enhanced LMNBI1 expression was found to be clo-
sely correlated with advanced TNM stage, poorer
histological differentiation, higher levels of AFP,
tumor recurrence and tumor metastasis. Our results
also revealed that LMNB1 was independently corre-
lated with overall survival. These results indicate that
LMNBI is not only related to the occurrence of HCC
but also may be involved in its development, includ-
ing tumor recurrence and metastasis. Notably, these
results are highly consistent with previous studies.
For example, Sun et al. reported that overexpression
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of LMNBI1 was significantly associated with
advanced TNM stage [16]. Tang et al. identified
that LMNB1 knockdown reduced cell migration
ability in lung adenocarcinoma. All these findings
demonstrated that LMNBI may act as a tumor pro-
moter and prognostic marker for HCC.

Through in vitro loss-of-function assays, we
further verified the biological functions of
LMNB1 in HCC. The results showed that
LMNBI knockdown markedly attenuated the pro-
and metastasis abilities of HCC.
Moreover, LMNBI knockdown inhibited the
EMT process in vitro. These results were consis-
tent with our bioinformatic analysis. Cancer

liferation

metastasis leads to over 90% of human cancer-
related deaths [39]. Inhibiting the metastasis pro-
cess provides great benefit for the treatment of
cancer patients [40]. Yang et al. reported that
Huaier could inhibit prostate cancer proliferation
and metastasis by suppressing the expression of
LMNBI1 [41]. All these findings suggested that
inhibitors targeting LMNB1 may contribute to
the treatment of HCC.

We conducted GSEA on the TCGA-LIHC data-
set and performed functional annotation and
enrichment pathway analyses on our RNA-seq
data to better understand the LMNBI-associated
mechanisms in HCC. The pathway analysis results
indicated that LMNBI1-related signaling pathways
in HCC were enriched in the PI3K, MAPK and
EGFR pathways. PI3K signaling is an important
intracellular pathway [42]. PI3K pathway activa-
tion is frequently observed in various tumors and
leads to poor survival. A recent study reported that
CD73 facilitates the development of HCC by reg-
ulating the PI3K/AKT pathway [43]. Our experi-
ments showed that phosphorylated AKT and
phosphorylated GSK3p were downregulated after
LMNBI1 knockout, confirming that LMNBI posi-
tively regulated PI3K signaling. MAPK and EGFR
signaling are other important pathways that pro-
mote the malignant behavior of HCC.
Phosphorylation of MAPK signaling regulates the
proliferation, differentiation, apoptosis and angio-
genesis of HCC [44]. Sueangoen and Wang et al.
reported that EGFR is upregulated in various

human cancers, and high expression of EGFR
leads to dismal clinical outcomes [45,46].
Moreover, the results of functional annotation
analysis were concentrated on tumor metastasis-
related biological processes, including epithelial-
mesenchymal transition, focal adhesion, extracel-
lular matrix, cell junctions and cell adhesion, rein-
forcing the idea that LMNB1 promotes HCC
metastasis. The above findings revealed that
LMNBI could promote HCC progression by reg-
ulating tumor-associated pathways. Thus, suppres-
sion of LMNB1 and LMNBI-related signaling
pathways may be a novel strategy to treat HCC.
However, more experimental verifications are
needed to validate our findings.

Accurate prognostic assessment is pivotal for
choosing an appropriate treatment protocol. The
BCLC stage and TNM stage are widely used for
treatment strategy establishment and clinical out-
come prediction in HCC. However, various clin-
ical outcomes are observed among HCC patients
with the same BCLC stage or TNM stage [21,47].
The BCLC staging system focuses on tumor sta-
tus and clinical information. The TNM staging
system is based on tumor anatomical informa-
tion. HCC is a heterogeneous disease [48].
Genomic heterogeneity is not taken into consid-
eration may limit the predictive abilities of these
systems. Biomarkers have potential prognostic
value for HCC. Feng et al. found that the expres-
sion of ARIDIA could be used to predict the
outcome of HCC [49]. Moreover, previous studies
have integrated several molecular biomarkers into
HCC prognostic models [50,51]. Surprisingly, the
prognostic accuracy of these gene signatures is
equal to or even superior to the TNM stage. In
this study, we incorporated LMNBI, Ki67 and
BCLC stage into a nomogram. Ki67 is a well-
known proliferation biomarker. Surprisingly, the
points contributed by high LMNBI expression
were higher than the points contributed by high
Ki67 expression. Another encouraging finding is
that the ROC analysis and DCA result demon-
strated that our nomogram performed better than
the TNM stage and BCLC stage, which suggests
that LMNBI1 could add prognostic value to the
BCLC stage and contribute to individualized
treatment for patients with HCC.



Conclusion

In summary, we showed that LMNBI is overex-
pressed in HCC through combined database ana-
lysis and experimental validation. High LMNB1
expression is correlated with aggressive clinico-
pathological features and dismal survival. LMNB1
could promote HCC proliferation and metastasis
and regulate the PI3K and MAPK pathways. In
addition, incorporating LMNBI1, Ki67 and BCLC
stage into a nomogram achieved strong survival
predictive accuracy. Thus, LMNBI1 may serve as an
effective therapeutic target and a reliable prognos-
tic biomarker for HCC.

Highlights

e LMNBI is overexpressed in HCC.

e LMNBI expression is significantly correlated
with aggressive clinicopathological features.
Overexpression of LMNB1 indicates
a dismal prognosis of HCC.

e LMNBI1 regulates epithelial-mesenchymal
transition (EMT) and tumorigenesis via the
PI3K/MAPK pathway in HCC.

e LMNBI is an effective therapeutic target for
HCC.

e The nomogram may contribute to individua-
lized treatment for patients with HCC.
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