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KEYWORDS Abstract Accumulating evidence supports the association of somatic mutations with tumor
Doxorubicin; occurrence and development. We aimed to identify somatic mutations with important implica-
Hepatocellular tions in hepatocellular carcinoma (HCC) and explore their possible mechanisms. The gene mu-
carcinoma; tation profiles of HCC patients were assessed, and the tumor mutation burden was calculated.
LRP1B; Gene mutations closely associated with tumor mutation burden and patient overall survival
PI3K/AKT pathway; were identified. In vivo and in vitro experiments were performed to verify the effects of pu-
Tumor mutation tative genes on proliferation, invasion, drug resistance, and other malignant biological behav-
burden iors of tumor cells. Fourteen genes with a high mutation frequency were identified. The

mutation status of 12 of these genes was closely related to the mutation burden. Among these
12 genes, LRP1B mutation was closely associated with patient prognosis. Nine genes were asso-
ciated with immune cell infiltration. The results of in vivo and in vitro experiments showed
that the knockdown of LRP1B promotes tumor cell proliferation and migration and enhances
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the resistance of tumor cells to liposomal doxorubicin. LRP1B could directly bind to NCSTN and
affect its protein expression level, thereby regulating the PI3K/AKT pathway. Our mutational
analysis revealed complex and orchestrated liposomal alterations linked to doxorubicin resis-
tance that may also render cancers less susceptible to immunotherapy and also provides new

treatment alternatives.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

Liver cancer is the sixth most common malignancy and the
fourth leading cause of cancer-related death worldwide.'
Hepatocellular carcinoma (HCC) is the most common type
of primary liver cancer, accounting for more than 80% of
primary liver cancers worldwide.” Classic clinical treat-
ments for HCC include surgery, radiotherapy, chemo-
therapy, and immunotherapy. Despite these diverse
possible treatments, the mortality rate of HCC remains
high; the 10-year overall survival rate is 10%, and the rates
of local recurrence and metastasis are often high.>

Tumor mutation burden (TMB) reflects the number of
nonsynonymous mutations in the genome and can be used to
predict patient prognosis and treatment outcomes. Non-
synonymous mutations can lead to structurally distinct mutant
protein products that act as neoantigens, increasing the pos-
sibility that cancer cells are recognized by cytotoxic T lym-
phocytes.” Therefore, nonsynonymous mutations have clinical
significance in predicting the immunotherapy response.
Through bioinformatics analysis, we found a close relationship
between LDL receptor-related protein 1 B (LRP1B) expression
and TMB; in addition, LRP1B mutation is associated with the
efficacy of immunotherapy in multiple cancer types.® There-
fore, LRP1B can be used as a biomarker to predict survival and
the efficacy of immunotherapy in HCC patients.

We aimed to explore gene mutations associated with the
TMB, immune infiltration, and prognosis of liver cancer. Our
study showed that mutations in TP53, TTN, MUC16,
AHNAK2, OBSCN, FLG, and LRP1B are closely related to
TMB. XIRP2, MUC16, HMCN1, and LRP1B are associated with
CD8*" T-cell infiltration, and LRP1B mutation is associated
with prognosis in patients with liver cancer.

LRP1B functions as a tumor suppressor gene in cancers
such as prostate cancer,® colon cancer,’ thyroid cancer,® and
gastric cancer.’ In addition, the mutation status and
expression level of LRP1B are closely related to prognosis in
various cancers.'®'? Multiple miRNAs can promote tumor
proliferation, invasion, and migration by targeting LRP1B.%"3
However, the mechanism underlying the role of LRP1B in
tumors is unclear. We identified NCSTN as the interacting
protein of LRP1B by coimmunoprecipitation (co-IP), mass
spectrometry, and other research methods. LRP1B could bind
with NCSTN and affect its protein expression level. Further-
more, through in vitro and in vivo experiments, we found that
LRP1B exerts a tumor suppressor effect by regulating the
PI3K/AKT signaling pathway through NCSTN. In liver cancer,
LRP1B could affect lipid metabolism in liver cancer cells and
resistance to liposomal doxorubicin.

In conclusion, our bioinformatics analysis revealed that
LRP1B has a high mutation rate in HCC and is closely related
to tumor mutation burden and prognosis in HCC. Then, we
found that LRP1B affects lipid metabolism, proliferation,
and drug resistance in cancer cells through the NCSTN/
PI3K/AKT signaling axis. Therefore, LRP1B could be used to
predict the prognosis of liver cancer patients and the effi-
cacy of doxorubicin treatment and immunotherapy in liver
cancer patients and could be used as a potential target for
immunotherapy.

Materials and methods

Mutation analysis

Genome sequencing data for 352 and 331 HCC patients were
obtained from the International Cancer Genome Consortium
(ICGC; daco.icgc.org) database and The Cancer Genome
Atlas (TCGA; portal.gdc.cancer.gov) database, respectively.
The mutation frequency and mutation type for each gene
were quantitatively determined and presented as a waterfall
plot. In addition, clinical information of 375 patients with
liver cancer, including age, sex, TNM stage, survival time, and
survival status, was obtained. Somatic mutation data were
analyzed using the "maftools” R package, the TMB of the
patients was calculated, and the patients were divided into
the low TMB and high TMB groups. Associations between TMB
and single-gene mutations were determined by analyzing
mutation data from both groups of patients.

Survival analysis based on single-gene mutation
status

The mutation data and clinical data of each patient were
paired, and the patients were divided into mutant-type and
wild-type groups according to the mutation status of every
single gene. The survival curves for the two groups of pa-
tients were drawn, and the 5-year survival rates were
calculated. Univariate and multivariate Cox regression an-
alyses were performed on the mutant genes screened by
survival analysis to determine whether each single-gene
mutation was an independent prognostic factor.

Immune infiltration analysis

The CIBERSORT algorithm was used to calculate the pa-
tients’ immune cell score.” The analyzed immune cells
included B cells (naive B cells and memory B cells), T cells
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(CD8" T cells, CD4" T cells, etc.), natural killer cells, and
macrophages. The patients were divided into the wild-type
and mutant-type groups according to mutation status. Dif-
ferences in immune cell infiltration scores between the two
groups of patients were analyzed using the “vioplot”
package in R software.

Gene ontology (GO) functional enrichment analysis and
gene set enrichment analyses (GSEA).

Differences in gene expression between the wild-type
and mutant groups of patients were analyzed. Difference
analysis, normalization, and visualization of raw tran-
scriptome data were performed with the “limma” package
in R software. GO functional enrichment analysis was per-
formed using the “enrichplot”, "org.Hs.eg.db” and
“ggplot2” packages in R software. GSEA was performed
using software downloaded from ‘gsea-msigdb.org”
(http://www.gsea-msigdb.org/gsea/index.jsp).

Mutation-related gene analysis and identification of
potential small molecule drugs

Differentially expressed genes (DEGs) associated with sin-
gle-gene mutations were analyzed using the online analysis
tool muTarget (mutarget.com). DEGs were uploaded to the
Connection Map (CMap) database (portals.broadin-
stitute.org/cmap) to identify drugs that could potentially
reverse specific biological effects caused by a single gene
mutation in HCC. The structures of potential small mole-
cule drugs were obtained from the PubChem database
(pubchem.ncbi.nlm.nih.gov).

Evaluation of cell proliferation ability

Cell proliferation ability was assessed using plate colony
formation and Cell Counting Kit-8 (CCK-8) assays. Cells
subjected to different treatments were seeded into 6-well
plates (approximately 1,000 cells per well). After two
weeks of culture, the cells were fixed with formaldehyde,
stained with crystal violet, and photographed. A total of 10
uL/well of CCK-8 reagent (Beyotime, Shanghai, China) was
added to a 96-well plate containing 2,000 cells per well and
incubated at 37 °C for 2 h. The optical density values at
450 nm (OD450) were measured with a 96-well multimode
plate reader (Biotech Instruments, Winooski, USA).

Evaluation of cell invasion ability

Cell invasion ability was evaluated using Transwell cham-
bers with 8 um-pore size polycarbonate membrane filters.
After transfection for 24 h, cells were added to the upper
compartments of chambers containing membranes coated
with Matrigel (BD Bioscience, NJ, USA) and cultured for an
additional 24 h. For the wound healing (scratch) assay, cells
were seeded in 6-well plates. After the cells were
confluent, a scratch was made in the monolayer, and digital
images were acquired after 0, 24, and 48 h.

Apoptosis and cell cycle analyses

Transfected cells were examined 48 h post transfection.
Apoptosis and the cell cycle status were then assessed using

apoptosis and cell cycle kits, respectively (Beyotime,
Shanghai, China). Specifically, cells were resuspended in
500 pL of binding buffer and incubated with 5 uL of FITC
and 5 pL of Pl (apoptosis) or PI/RNase A (cell cycle) for
15 min at room temperature in the dark. Samples were
analyzed by flow cytometry (BD Accuri™Cé, USA).

Cell immunofluorescence analysis

A total of 3 x 10° cells were seeded on coverslips in each
well of a 24-well plate. Cells were fixed with 4% para-
formaldehyde for 20 min at room temperature, per-
meabilized with 0.2% Triton X-100 in PBS for 10 min,
blocked in 5% BSA for 1 h at room temperature, and incu-
bated with the primary antibodies overnight at 4 °C. The
cells were then incubated with fluorophore-conjugated
secondary antibodies (1:1,000; Thermo Fisher Scientific,
CA, USA). After washing, sections were incubated with DAPI
(Beyotime, Shanghai, China), washed, and mounted. Im-
ages were acquired with a ZEISS microscope (Axio Imager
A2/AxioCam HRc; Zeiss, Jena, Germany).

Western blotting (WB)

Protein was extracted with 0.5% SDS and quantified using a
BCA protein estimation kit (Boster, Wuhan, China). The
PVDF membrane was incubated first with the primary
antibody overnight at 4 °C and then with the corresponding
secondary antibodies at room temperature for 1 h. Immu-
noreactive bands were visualized using an ECL detection kit
(Boster, Wuhan, China) and imaged with a GeneGnome5
Chemiluminescence Series Image Capture system (Syngene,
Frederick, USA). Detailed information on all antibodies is
shown in Table S1.

Animal model establishment

Male BALB/c nude mice (12—14 g, 3—4 weeks old) were
obtained from Hubei Biont Bioscience. Huh7 cells (2 x 10°)
subjected to different treatments were suspended in
100 uL of PBS and inoculated subcutaneously into the
bilateral flanks of nude mice. The tumors were measured
every five days, and the volume was calculated according to
the following equation: volume = length x width?/2. One
month after cell injection, the mice were euthanized, and
the tumors were harvested. For immunohistochemical
staining, tumor sections were incubated first with the pri-
mary antibody and then with the secondary antibody.

Huh7 cells (1 x 10° cells per mouse) subjected to
different treatments were injected into BALB/c nude mice
via the tail vein. One month after injection, the mice were
euthanized, and the lungs were removed. The formation of
HCC metastatic foci in the lung was confirmed by hema-
toxylin and eosin staining.

Co-immunoprecipitation (IP) and ubiquitination
assays

The co-IP assay was performed using a Pierce Crosslink
Magnetic IP/Co-IP Kit (Thermo Fisher Scientific, CA, USA)
according to the manufacturer’s instructions. Whole-cell
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lysates were incubated with the desired antibodies, and the
target protein was then pulled down with protein A/G
magnetic beads. The microbeads were then washed with a
lower-concentration binding buffer, which caused the
bound protein to dissociate from the antibody-conjugated
beads. The eluate was collected and examined by WB and
SDS-PAGE. For the ubiquitination assay, cells co-transfected
with the indicated plasmids were lysed in cold IP lysis
buffer containing 1% SDS. Subsequently, the lysates were
diluted tenfold with IP lysis buffer and subjected to ultra-
sonic disruption and centrifugation. The next steps were
the same as those used for co-IP.

Statistical analysis

The results are presented as the mean =+ standard error of
the mean (SEM). Statistical analysis was performed using an
unpaired t-test. Bioinformatic and statistical analyses were
performed using the R package mentioned earlier. DEGs
were identified according to the threshold | log, (fold
change) | > 1 and P value < 0.05. GSEA was performed
using GSEA version 3.0 (Broad). For the enrichment anal-
ysis, the enrichment results were considered meaningful
when the false discovery rate (FDR) was <0.05. Statistical
analyses of the experimental results were carried out using
SPSS version 24.0 (SPSS Inc., Chicago, IL, USA). Two-tailed P
values less than 0.05 (P < 0.05) were considered statisti-
cally significant.

Results
Tumor mutation burden

The top 30 high mutation frequency genes from the TCGA
database are shown in Figure 1A. In the ICGC database, the
top 30 high mutation frequency genes included TP53, TTN,
MUC16, IGFN1, and AHNAKZ2 (Fig. 1B). The mutated genes
and types of mutations in each patient were quantitatively
determined in the TCGA and ICGC databases, and the most
common type of mutation was a missense mutation
(Fig. 1C, D). The results obtained in the two databases were
intersected to identify 14 genes with high mutation fre-
quencies (Fig. 1E, F). The results of correlation analysis
between TMB and gene mutation status showed that the
mutation status of TP53, TTN, MUC16, AHNAK2, OBSCN,
FLG, PCLO, LRP1B, HMCN1, USH2A, and XIRP2 was closely
related to TMB in patients (Fig. 1G). TMB was significantly
higher in patients with the above gene mutations
(P < 0.01).

Prognostic and immune cell infiltration analyses

The patients were divided into the wild-type and mutant
groups based on the mutation status, and survival analysis
was performed using the Kaplan—Meier survival method
(Fig. 2A—N). Patients with LRP1B mutation had a worse
prognosis than those without LRP1B mutation (Fig. 2F).
Univariate Cox regression analysis showed that disease
stage and LRP1B mutation status were associated with
prognosis (P < 0.05; Fig. 20). Multivariate Cox regression

analysis indicated that disease stage and LRP71B mutation
were independent prognostic factors (P < 0.05) and that
LRP1B mutation was associated with a poor prognosis
(hazard ratio >1, P < 0.05; Fig. 2P). The proportion of
immune cells per patient was calculated using CIBERSORT R
script v1.03. P < 0.05 was used as the screening threshold,
and the results of the immune cell infiltration analysis of
138 patients were considered reliable and used for further
analysis (Fig. S1). LRP1B mutation was associated with the
infiltration of CD8" T cells, macrophages, activated mast
cells, and activated memory CD4™ T cells (Fig. 2Q). Other
genetic mutations were also associated with the infiltration
of different immune cells (Fig. S2). GSEA was performed
according to the mutation status of LRP1B. Mutation of
LRP1B was associated with cellular metabolism and a vari-
ety of immune- or inflammation-related pathways,
including the nuclear factor kappa-B (NF-kb) signaling
pathway and the tumor necrosis factor (TNF) signaling
pathway (Fig. 2R).

LRP1B mutation-related gene analysis, functional
enrichment analysis, and therapeutic molecule
prediction

To further analyze the biological function of LRP1B muta-
tion, we identified the genes associated with LRP1B muta-
tion. The expression levels of ILRUN, APTR, TCF19,
LOC101927021, TMEM14A, TMEM97, LOC730101, and LIMD1
were significantly higher in patients with LRP1B mutation.
Conversely, the expression levels of SCN1B and DNASE1L3
were lower in the mutant group (Fig. 3A—J). Small mole-
cules with potential therapeutic effects against liver cancer
were then predicted based on the mutation-related DEG
profiles (Table S2). Serdemetan, alisertib, caffeic acid,
pyrimethamine, and doxorubicin have strong therapeutic
potential (Fig. 3K—0). Among these agents, doxorubicin is
widely used in the treatment of liver cancer. GO enrich-
ment analysis showed that LRP1B was associated with
various pathways, such as the NF-kB pathway, PI3K/AKT
pathway, and TNF pathway (Fig. 3P). Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis showed
that LRP1B is associated with apoptosis, membrane traf-
ficking, cytokines, drug metabolism, and immune-related
pathways (Fig. 3Q).

Low expression of LRP1B in hepatocellular
carcinoma is associated with cell migration,
proliferation, and apoptosis

Specimens were collected from 20 patients who underwent
resection for liver cancer at the Second Hospital of Shan-
dong University between January 1, 2020, and January 1,
2021, and mRNA was extracted from the tissues for qPCR
analysis. In most patients, the expression of LRP1B was
lower in tumor tissues than in adjacent tissues (Fig. 4A).
The ICGC database indicated that the liver cancer cell line
Huh7 was an LRP1B wild-type line. We extracted mRNA
from different liver cancer cell lines, and the PCR results
showed that the expression level of LRP1B in the Huh7 cell
line was significantly higher than that in the other cell lines
(Fig. 4B). Therefore, the Huh7 cell line was selected for the



2086 X. Zhai et al.
_g TCGA @ ICGC
2 150~ E‘ 150
3 g
5 g
£ 100 £ 100
0
] 2
5 -
2 50 g 50
5 s
2 2
5 " ias SEW, A @ E -
Z RO R R e A A N ROV 3 T N R T R R T Y
R K N RO R A D AR ¢ B AN T O T O A e o O N P z A A G VAN PR 20 O e R LA SR Qe
A
C genes D genes
2 100 )
ig:z Jienstatonal Sricct Translational Effect
s ] B syronmous
ézi: il L Lm_ bl daa ool 5° [ NLL._,_,. | I von Synonymous.
er;:; I8 B RN HH!II]HH‘ I = 1 T .
o I I e Mh 1l I “IIIIII‘I m— Mutafion Type
g o b | Iy it oy T I . s
/;Fygi | | |} L e ity 1 | | ] I|II!|I I} | ni II | i 1
Mucs 1
,,L,ZEL'E Wl ik i : |||'|II" | ! {
gx;ﬂsz; ! 1] il | 1 09 Do ¢ I I
| | I _—
w01 i | g | M“II | 1] b T ' iff
‘s’f',';} I | | | A § I L1} i | I v | |
DNAHT - |
ey I "
Lo \ 4 i
s , 14 1 AR R i
Aﬂmmmmmo | i :I \ |I| | I I |
_ o
% Mutant Sample (n=331) Tnt Ryl % Mutant Sample (n=352)
E F G Type E3 Wid E3 Mutation
B L O e - s o
€ 32 .
TCGA P = TCGA 4 :
© 18] » e PR Y 5 iy el e T
Q |CGC e‘. I § . e * «* $ % Ye s oY Y"e B
8 200 .
o
s 150 i R e e R R RN
g I o e o IR R i S
16 & 100 T 5 o 0[] Y e s ~ Bl W S
E | .lllllll Al ini) (S (AR
E 3 ’g
E T 111 g B &'H H g a Q l£| & & H %ﬁ
1
e R R A [ 69 R ALK
KR FFF FLS ) e & 3 0 0 & & & ¢ & & &
[N v £ £ S §F T og gL FHESF
genes ¥§&¢ AR A A
Figure 1 Gene mutation frequency statistics and screening of tumor mutation burden-related mutations. (A) Gene mutation

frequencies in the TCGA database. (B) Gene mutation frequencies in the International Cancer Genome Consortium (ICGC) data-
base. (C) Waterfall plot of gene mutation statuses in The Cancer Genome Atlas (TCGA) database. (D) Waterfall plot of gene
mutation statuses in the ICGC database. (E) Venn diagram of mutated genes. (F) Mutation frequencies of the overlapping genes. (G)

Correlation analysis of TMB and gene mutations.

functional study of LRP1B. Immunofluorescence analysis
showed that the expression level of LRP1B decreased
significantly after cells were transfected with shLRP1B. The
expression level of LRP1B was obviously increased by LRP1B
plasmid transfection (Fig. 4C). We employed 5-ethynyl-2'-
deoxyuridine (EdU) incorporation and colony formation as-
says to detect the effect of LRP1B on cell proliferation. The
percentage of EdU-positive cells was significantly higher in
the LRP1B knockdown group (Fig. 4D). Knockdown of LRP1B
significantly increased the colony number compared with
that in the control group (Fig. 4E), suggesting that LRP1B
knockdown increases cell proliferation. Huh7 cells with
LRP1B knockdown demonstrated an enhanced migratory
capacity (Fig. 4F). The Transwell migration assay indicated
that the LRP1B knockdown group had a stronger migration

ability than the control group (Fig. 4G). LRP1B knockdown
led to a decrease in apoptosis upon Nutlin-3 treatment,
consistent with the previous results of KEGG enrichment
analysis (Fig. 4H). Flow cytometric analysis of the cell cycle
showed that after LRP1B knockdown, the proportion of cells
in the S phase increased, suggesting that cell proliferation
was accelerated (Fig. 4l).

LRP1B affects tumor progression and resistance to
liposomal doxorubicin in vivo and in vitro

The LRP1B expression plasmid or vector control plasmids
were transfected separately into hepatocellular carcinoma
cells. The colony formation assays further confirmed that
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overexpression of LRP1B suppressed cell proliferation
(Fig. 5A). The scratch migration assay results showed that
overexpression of LRP1B suppressed the migration of
HCCLM3 cells compared with that in the control group
(Fig. 5B). In an experimental lung metastasis model estab-
lished by tail vein injection, the number of lung metastases
in mice injected with shLRP1B cells was significantly higher

than that in mice injected with scramble control cells
(Fig. 5C). Mice injected with shLRP1B cells exhibited a
larger tumor volume and faster tumor growth (P < 0.05;
Fig. 5D). Immunohistochemical analysis of subcutaneous
tumors verified the LRP1B knockdown efficiency, and anti-
gen Kl-67 (Ki-67) staining was stronger in tumors formed
from shLRP1B cells, indicating that the knockdown of LRP1B
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can promote tumor growth in vivo (Fig. 5E). Under doxo-
rubicin treatment, the inhibition rate was calculated, and a
dose—response curve was plotted. The half-maximal
inhibitory concentration (ICsg) was calculated using
GraphPad. The ICsq concentration was lowest in Huh7 cells
among the tested cell lines, whereas the expression of
LRP1B was the highest (Fig. 5F). The ICso value in LRP1B
knockdown cells was significantly higher than that in con-
trol cells (P < 0.05; Fig. 5G). Correspondingly, knockdown
of LRP1B was verified to induce the resistance of tumor
cells to liposomal doxorubicin in a mouse subcutaneous
tumor model (Fig. 5H). Doxorubicin exerts an antitumor
effect by inducing apoptosis'® and enrichment analysis
showed that LRP1B is related to apoptosis. Therefore, we
examined the effect of LRP1B knockout on doxorubicin-
induced apoptosis. Indeed, the knockout of LRP1B partially
reversed liposomal doxorubicin-induced apoptosis (Fig. 5I).

LRP1B binds to NCSTN and regulates the PI3K/AKT/
mTOR pathway

The KEGG enrichment analysis results suggested that LRP1B
may be closely related to the PI3K/AKT signaling pathway.
Western blot analysis confirmed that the knockdown of
LRP1B significantly increased the phosphorylation levels of
PI3K, AKT, and mTOR without affecting the corresponding
total protein levels (Fig. 6A). Overexpression of LRP1B had
the opposite regulatory effects on the PI3K/AKT/mTOR
signaling pathway (Fig. 6B). mTOR is regulated by the
AMPK/mTOR signaling pathway in addition to the PI3K/AKT
signaling pathway; thus, we used the AKT phosphorylation
inhibitor MK-2206. The results showed that LRP1B regulates
mTOR through the PI3K/AKT signaling pathway but not the
AMPK/mTOR signaling pathway (Fig. 6C). Co-IP and mass
spectrometry analysis showed that LRP1B may directly bind
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to NCSTN. We then performed co-IP experiments to verify
the formation of the LRP1B/NCSTN protein complex in Huh7

LRP1B regulates the ubiquitination and protein
level of NCSTN

cells (Fig. 6D). Furthermore, we carried out IP using lysates

prepared from 293 T cells with exogenous overexpression of
LRP1B and NCSTN and proved the reciprocal interaction

between NCSTN and LRP1B (Fig. 6E, F).

We explored the influence of LRP1B on the degradation of
the NCSTN protein by utilizing cycloheximide (CHX), which
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can inhibit protein synthesis. After overexpression of LRP1B
in HCCLM3 cells, the NCSTN protein degradation rate was
accelerated compared with that in control cells, indicating
that LRP1B promotes the degradation of NCSTN protein
(Fig. 7A). To determine whether this clearance involves the
proteasome pathway, we treated cells with MG132 to

inhibit proteasomal degradation. The protein level of
NCSTN increased gradually with prolonged MG132 treat-
ment time, indicating that NCSTN could be degraded via
the proteasome pathway (Fig. 7B). Overexpression of LRP1B
decreased and knockdown of LRP1B increased the protein
level of NCSTN, and these changes were reversed by MG132
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treatment (Fig. 7C, D). Overexpression of LRP1B increased
the ubiquitination level of NCSTN; similarly, knockdown of
LRP1B decreased the ubiquitination level of NCSTN, indi-
cating that LRP1B can regulate the protein level of NCSTN
by directly binding to NCSTN and promoting its ubiquitina-
tion and degradation (Fig. 7E).

LRP1B regulates the malignant behavior of HCC cells
through the PI3K/AKT/mTOR signaling pathway

Previous studies have shown that NCSTN has a regulatory
effect on the PI3K/AKT signaling pathway.'®"” We

performed rescue experiments to demonstrate that LRP1B
plays a regulatory role in the malignant behavior of tumor
cells through the PI3K/AKT pathway. The PI3K/AKT/mTOR
pathway inhibitor MK-2206 and the agonist SC79 reversed
the effect of LRP1B on the proliferation of Huh7 and
HCCLM3 cells (Fig. 8A, B). The scratch assay showed that
the promoting effect of shLRP1B on cell migration was
reversed by MK-2206 treatment (Fig. 8C). Overexpression of
LRP1B enhanced HCCLM3 cell apoptosis, an effect reversed
by SC79 (Fig. 8D). Silencing LRP1B promoted cell prolifer-
ation in subcutaneous xenograft tissues in the mouse
model, and this effect was reversed by MK-2206 treatment
(Fig. 8E). Immunohistochemical assays were used to detect
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the protein expression levels of LRP1B and NCSTN, and their
expression was lower in tumors derived from shLRP1B cells
than in tumors derived from control cells (Fig. 8F, G). In
addition, the proportion of Ki-67-positive cells was signifi-
cantly increased in tumors derived from shLRP1B-treated
cells, and this increase was partially reversed by MK-2206
treatment (Fig. 8H). QOil Red O staining revealed that
knockdown of LRP1B increased lipid droplet formation

through the PI3K/AKT pathway and that this effect was
reversed by MK-2206 treatment (Fig. 8l).

Discussion

HCC carcinogenesis is a complex multistep process involving
multiple genetic mutations. The predominant consequence
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of mutation accumulation is the activation of proto-onco-
genes or silencing of tumor suppressor genes.'® Somatic
missense mutations strongly promote the generation of
novel tumor epitopes. TMB can reflect the level of muta-
tions in the exon-coding regions of genes in the genome.
With the increasing use of immunotherapy in cancer pa-
tients, the study of TMB has attracted increasing attention.
Generally, the higher the TMB, the greater the difference
between tumor cells and normal cells, and the more likely
the patient will benefit from immunotherapy. Therefore,
the efficacy of immunotherapy in patients can be predicted
according to the TMB. Associations between genetic mu-
tations and TMB have previously been reported.'® It is very
important to study the relationship between single gene
mutations, TMB, tumorigenesis mechanisms, and tumor
therapy.

TMB and gene mutations were evaluated as potential
biomarkers for immunotherapy and survival. However,
studies investigating the relationship between TMB and
genes with high mutation frequency in liver cancer are
limited. Determining approaches to use effective bio-
markers to identify immunotherapy-sensitive people has
become a research hotspot. In this study, to further explore
TMB-related gene mutations, we (i) counted and screened
genes with high mutation frequency in liver cancer pa-
tients; (ii) analyzed differences in gene mutations between
the high and low TMB groups; and (iii) identified a key
mutated gene, LRP1B, associated with liver cancer prog-
nosis. Through these studies, we identified LRP1B mutation
as a key genetic mutation associated with TMB and patient
prognosis.

LRP1B gene expression is frequently inactivated in
numerous human malignancies, suggesting that this gene is
a potential tumor suppressor gene. In our study, TP53 was
found to have the highest mutation frequency. The muta-
tion frequency of LRP1B was lower than that of TP53, but
survival analysis indicated that the LRP1B mutation had a
stronger correlation with patient survival. Patients with
LRP1B mutations had a significantly worse prognosis, indi-
cating that LRP1B is a tumor suppressor gene with impor-
tant functions and has important research value. We
further analyzed the relationship between LRP1B and tumor
immune cell infiltration and found that LRP1B mutation was
associated with the infiltration of CD8™ T cells. Inhibition of
PD-1/PD-L1 has been reported to increase the infiltration of
CD8" T cells to kill tumor cells.?’ This observation suggests
that mutations of LRP1B may be closely related to immu-
notherapy and may become an important immunotherapy
target.

LRP1B, a member of the low-density lipoprotein (LDL)
receptor family, is localized to the cell membrane, as
shown by immunofluorescence. As a member of the LDL
receptor family, LRP1B is involved in the uptake of anionic
liposomes and drugs.?""?> We identified doxorubicin, which
is widely used in the treatment of liver cancer, by pre-
dicting the therapeutic effect of small molecule com-
pounds. Based on this finding, we speculated that LRP1B
might be involved in the uptake of liposomal doxorubicin.
Similarly, previous studies have shown that LRP1B deletion
in ovarian cancers is associated with resistance to liposomal
doxorubicin.?* We demonstrated that deletion of LRP1B in
liver cancer cells is associated with resistance to liposomal

doxorubicin by both in vivo and in vitro experiments.
Mechanistically, LRP1B may bind to apolipoprotein E
(APOE ) in liposomes and participate in the uptake of lipo-
somes. When LRP1B is knocked down, the uptake of lipo-
somes is blocked; thus, doxorubicin cannot easily enter
cells to exert its effects.

LRP1B participates in liposome uptake and regulates
lipid metabolism in cells.”*?® KEGG enrichment analysis
indicated that mTOR, an important regulator of lipid
metabolism, may also be regulated by LRP1B.%”:*® There-
fore, we considered that LRP1B may regulate lipid meta-
bolism in liver cancer cells through mTOR-related
pathways. Subsequent experiments also confirmed the
regulatory effect of LRP1B on the PI3K/AKT/mTOR pathway
and revealed that the knockdown of LRP1B could activate
mTOR to promote fat accumulation and liver cancer pro-
gression. Whether the LRP1B ectodomain binds to apoE-
containing lipoproteins (high-density lipoprotein (HDL) and
very-low-density lipoprotein (VLDL)) and is involved in li-
poprotein uptake is worth investigating,?**° but inactiva-
tion of LRP1B ultimately leads to accumulation of
intracellular lipids. Possible reasons are as follows: (i) li-
poproteins and other ligands can induce other regulatory
mechanisms mediated by the intracellular tail domain of
LRP1B; and (ii) LRP1B and LRP1 antagonize each other’s
functions by competing for the binding of common ligands,
and the of LRP1B enables functional enhancement of LRP1
with increased efficiency of lipoprotein endocytosis,
thereby promoting cellular lipid uptake.®' Therefore, the
interaction between LRP1B and extracellular ligands and
the biological function of the intracellular domain of LRP1B
require further study.

LRP1B directly binds to NCSTN and decreases the NCSTN
protein level. LRP1B is not a ubiquitinase, but it can in-
crease the ubiquitination level of NCSTN to promote its
degradation. Mechanistically, LRP1B may assist in recruiting
a ubiquitinase for binding to NCSTN. Alternatively, LRP1B
could compete with deubiquitinases for binding to the same
binding site on NCSTN. Unfortunately, we have not deter-
mined the specific mechanism, and we will study it in depth
in subsequent experiments.

This study has limitations. First, the data on gene mu-
tations in liver cancer used in this study came from publicly
available data and lacked the support of a large number of
independent clinical samples. We plan to include clinical
patient samples for gene sequencing in the future to
further explore the types of gene mutations and the mu-
tation frequency. Second, although this study showed that
the LRP1B mutations are associated with immune cell
infiltration in liver cancer, experimental validation is lack-
ing. Finally, the specific site for the binding of LRP1B to
NCSTN and the site and type of NCSTN ubiquitination were
not determined.

In conclusion, this study demonstrates that mutations in
LRP1B in liver cancer are associated with TMB and poor
prognosis in patients. LRP1B mutation is associated with the
infiltration of CD8* T cells in the immune microenvironment
of liver cancer. Knockdown of LRP1B causes acquired
resistance to liposomal doxorubicin in HCC cells. Inactiva-
tion of LRP1B can activate the PI3K/AKT/mTOR pathway in
tumor cells to promote lipid accumulation, proliferation,
invasion, and other malignant biological behaviors.
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Therefore, our work revealed the important role and mo-
lecular mechanism of LRP1B in HCC progression, which may
facilitate the development of immunotherapeutic ap-
proaches targeting LRP1B.
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