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Abstract: Lung adenocarcinoma (LUAD) is the most common type of lung cancer. LRP1B was initially identified
as a cancer suppressor in several cancers. However, the potential biological phenotypes and molecular mecha-
nisms of LRP1B in LUAD have not been fully investigated. In our study, we showed that the expression of LRP1B
in LUAD tissues was lower than that in normal tissues. Knockdown of LRP1B markedly enhanced malignancy of
LUAD cells. Genomic analysis indicated that the population expressing low-levels of LRP1B had higher genomic
instability, which accounted for a larger proportion of aneuploidy and inflammation subtyping. Enrichment analysis
of bulk and cell-line transcriptomic data both showed that the low expression of LRP1B could induce the activation
of IL-6-JAK-STAT3, chemokinge, cytokine, and other inflammation signaling pathways. Moreover, our findings revealed
that knockdown LRP1B enhanced the secretion of IL.-6 and IL-8, as confirmed by ELISA assays. Further validation
using PCR and WB confirmed that downregulation of LRP1B mRNA significantly upregulated the activity of the IL-6-
JAK-STAT3 pathway. Collectively, this study highlights LRP1B as a tumor suppressor gene and reveals that LRP1B
knockdown promotes malignant progression in LUAD by inducing inflammation through the IL-6-JAK-STAT3 pathway.
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Introduction

Lung cancer currently ranks as the leading
cause of death among cancer patients world-
wide. Among the various types, lung adenocar-
cinoma (LUAD) represents the most common
form [1, 2]. Unfortunately, a significant number
of LUAD cases are already diagnosed at inter-
mediate to advanced stages, posing a serious
threat to human life and health.

Low-density lipoprotein receptor-related pro-
tein 1B (LRP1B) belongs to the LDL receptor
family and is one of the most frequently altered
genes in human cancers. As one of the largest
transmembrane receptors, it consists of 4599
amino acids encoded by an mRNA of 13800
base pairs [3]. Inactivation of LRP1B has been
observed in hepatobiliary tumors [4], urothelial

cancer [5], esophageal cancer [6], and others.
Notably, it has been found to be inactivated in
more than 40% of non-small cell lung cancer
cell lines [3]. Several previous investigations
have identified LRP1B as a critical tumor sup-
pressor gene. Downregulation of LRP1B has
been shown to promote cancer cell growth and
migration in colon cancer [7], as well as regu-
late the progression of high-grade urothelial
carcinoma [5]. In gastric cancer, inactivation of
LRP1B through DNA methylation has been
demonstrated to promote tumorigenesis [8].
However, the precise impact of LRP1B on the
biological behavior of lung cancer and its poten-
tial molecular mechanism have not been fully
elucidated. Therefore, in this study, we aimed to
investigate the function of LRP1B in LUAD and
explore its potential mechanisms through in
silico analysis and molecular experiments.
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The IL-6-JAK-STAT pathway is composed of
interleukin 6 (IL-6), Janus kinase (JAK), and sig-
nal transducer and activator of transcription
(STAT) [9]. Several key inflammatory cytokines,
particularly IL-6 and IL-8, exert a significant
impact on cancer progression. IL-6, in particu-
lar, is a prototypical tumor-promoting cytokine
that has long been recognized as a crucial link
between inflammation and cancer, offering
potential as a therapeutic target [10, 11]. It
binds to its ligand-binding receptor IL-6R and
transmits intracellular signals through the JAK-
STAT pathway [12]. The JAK-STAT pathway,
acting as a central communication node in
numerous vital cellular processes, induces the
expression of various key mediators involved in
cancer and inflammation [13]. It plays a pivotal
role in the occurrence and development of
various malignant tumors, including lung can-
cer, influencing tumor cell proliferation, differ-
entiation, development, and metastasis [13,
14]. Additionally, 1L-17 has been reported to
stimulate the activation of IL-6 and STAT3 in
cancer, inflammatory cells, and autoimmune
diseases [15, 16].

In our study, we observed that the expression
of LRP1B was higher in normal tissues com-
pared with tumor tissues. Analysis of LUAD
data from the TCGA database revealed that
samples with low LRP1B expression exhibited
elevated genome instability and tumorigenesis
signaling. Knockdown of LRP1B significantly
enhanced the malignant phenotype of LUAD
cell lines and indicated worse outcomes. Fur-
thermore, we found that reducing the mRNA
expression of LRP1B significantly elevated the
activity of inflammation signaling pathways
such as IL-6-JAK-STAT3 and IL17, as revealed by
bulk and cell-line RNA sequencing data, and
were validated at the mRNA and protein levels.

Materials and methods
Gene expression analysis

We utilized two interactive network resources,
the GEPIA2 portal (http://gepia2.cancer-pku.
cn) and the Ualcan portal (http://ualcan.path.
uab.edu), to analyze cancer data Omics. For
this study, we selected the available dataset of
LUAD and explored the expression level of the
total protein between tumor and normal tis-
sues by inputting ‘LRP1B'.
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Immunohistochemistry (IHC)

IHC staining was performed using the IHC Kit
(ZLI-9019, ORIGENE, Beijing, China). Briefly, tis-
sue microarrays were incubated with primary
antibody (1:200, TA367775, ORIGENE, China),
washed, incubated with secondary antibodies,
and followed with staining with DAB and hema-
toxylin reagent. The expression of LRP1B in
65 cases of LUAD tissues and matched normal
tissues was scored using IHC staining. The
scoring method was performed as previously
described [17]: the staining intensity was cate-
gorized into four grades: no staining (score 0),
pale yellow (score 1), pale brown (score 2), and
dark brown (score 3). Area of positive staining
was classified into five categories: < 5% (score
0), 6-25% (score 1), 26-50% (score 2), 51-75%
(score 3), and 76-100% (score 4). The final
LRP1B expression score was determined by
multiplying the intensity and area scores. All
cases were independently scored by two
pathologists from Shandong Provincial Hospital
who were blind to the clinical data of the
patients. In cases where there were inconsis-
tencies between the two pathologists, the
mean score was used.

Paraffin-embedded specimens from 65 pa-
tients diagnosed with LUAD from 2014 to
2016 were randomly selected and reviewed
from the archives of the Department of
Pathology, Shandong Provincial Hospital. This
study was approved by the Institutional Ethics
Committee of Shandong Provincial Hospital
(NSFC: No. 2021-529). Each patient in this
study provided written informed consent for the
collection of samples and the analysis of data.

Protein-protein interaction networks (PPI)

The GeneMANIA portal (http://genemania.org/)
is an interactive web resource for analyzing PPI.
In this study, we used this portal to obtain the
relationship between different genes (sets). We
selected the available dataset of LUAD for our
analysis.

Genomic and clinical data

Gene expression data (TPM), clinical informa-
tion, and somatic mutation data (MuTect2) of
499 LUAD samples in The Cancer Genome
Atlas (TCGA) were downloaded from the UC-
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SC Xena database (https://xenabrowser.net/).
Mutation signatures and mutation load were
extracted from somatic mutation data using
the “maftools” package [18]. Aneuploid scores
and HR defects of TCGA samples were deter-
mined and curated based on previous studies
[19].

Inference of infiltrating cells in the tumor mi-
croenvironment (TME) of LUAD

Using bulk RNA-seq datasets, we employed
the xCell algorithm [20] to estimate immune
and stromal cell subpopulations in LUAD
tumors. Gene expression profiles were pre-
pared using standard annotation files, and
the data were submitted to the xCell portal
(https://xcell.ucsf.edu). The xCell signature was
used in the algorithm.

Gene set enrichment analysis (GSEA) and net-
work analysis

LUAD samples from TCGA were divided into
high and low subgroups based on the median
expression of LRP1B. The R package ‘limma’
[21] was employed to evaluate differentially
expressed genes in the two LRP1B expression
subgroups of TCGA and A549 cell lines with or
without LRP1B knockdown. Specifically, gene
expression data were normalized and then
input to ImFit and eBayes functions to calculate
statistics using the R limma package. The
obtained differential expression statistics were
used as input to perform GSEA [22] on the
HallMarker and KEGG gene sets (downloaded
from the MSigDB database v7.1). The fast
gene set enrichment analysis algorithm imple-
mented in the Bioconductor R package fgsea
was used.

Cell culture and cell transfection

A549 and BEAS-2B cells were obtained from
the ATCC and maintained in RPMI 1640 culture
medium (Gibco, Grand Island, USA) supple-
mented with 10% fetal bovine serum (FBS)
(PAN) and penicillin-streptomycin (10 U/mL,
Thermo Fisher) at 37°C in a 5% CO, atmo-
sphere. Lentiviruses of shNC (Negative con-
trol), shLRP1B#1, shLRP1B#2 (LRP1B knock-
down) for humans were purchased from
Genomeditech. The shRNA for the knockdown
of LRP1B-#1 is “cgGCATTTACAGTCCCTGATA”
and the shRNA for the knockdown of LRP1B-
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#2 is “gcTGTAAAGATCAATGAAT”. A549 cells
were infected with 1640 medium supplement-
ed with 10% FBS, penicillin-streptomycin (10
U/mL, Thermo Fisher), lentivirus, and polybrene
(0.1%) for 48 h, and then selected with puromy-
cin (1.6 pg/ml, MedChemExpress) for 7 days.

RT-gPCR

Total RNA was extracted from cells using
TRIzol reagent (Invitrogen, China). Following the
manufacturer’s instructions (Vazyme, China),
total RNA was reverse transcribed into cDNA.
Amplification was performed according to the
manufacturer’s instructions of the RT-gPCR kit
(Vazyme, China). GAPDH was used as a refer-
ence for mRNA. Gene and primer sequences
can be seen in Supplementary Table 3. The
relative expression levels of mRNA were calcu-
lated using the 2-AACt method.

Colony formation assay

500 cells per well were plated onto 6-well
plates. The plates were placed in an incubator
for 15 days, with the culture media changed
every 4 days. After discarding the media, the
cells were rinsed with PBS, fixed with parafor-
maldehyde for 30 minutes, and stained with
crystal violet reagent for 30 minutes. The colo-
nies were counted after washing off the re-
maining dye solution. Only colonies with a cell
count exceeding 50 cells per colony were
counted.

CCK-8 assay

Cells were plated in 96-well plates at a density
of 4 x 10E4 cells/well in 100 pl of complete
media. The Cell Counting Kit-8 (DOJINDO,
Japan) was used to determine the absorbance
of the medium in each well at O h, 24 h, 48 h,
72 hand 96 h.

Transwell assay

For migration assays, cell suspensions (4 x
10E5/mL) were seeded onto the top chamber
of an 8-mm hole without Matrigel, whereas for
invasion assays, cell suspensions (6 x 10E5/
mL) were seeded onto the top chamber with
Matrigel. In both conditions, 200 ul of serum-
free medium was added to the top chamber,
and 600 ul of 1640 culture medium supple-
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mented with 10% FBS was added to the lower
compartment. After 24 hours of incubation,
the upper chambers were fixed in 4% parafor-
maldehyde for 20 minutes, stained with 0.1%
crystal violet for 30 minutes, and then counted
using random fields under a light microscope.

Cell wound scratch assay

Cells were inoculated in 6-well plates, and
three wounds were created in each well using
sterile 100 pl pipette tips. The cells were culti-
vated in the same culture system (1640 + 1%
FBS) for 48 hours. The width of the scratches
was measured and recorded at 0 hand 48 hin
three randomly chosen microscopic fields. The
wound closure ratio was calculated as the ratio
of the migration distance to the starting wound
distance.

Apoptosis assays

The Apoptosis Detection Kit | (5659763, BD
Biosciences, USA) was used to measure the
apoptosis rates. Cells (1 x 10E5) were collect-
ed, washed with PBS, and resuspended in
100 pl of binding buffer. The buffer was then
mixed with 5 ul of PE and 5 ul of 7AAD and
incubated for 15 minutes at room temperature
and in the dark. Within an hour, cells were ana-
lyzed using flow cytometry (Beckman Coulter).

Cell cycle analysis

Cell cycle was evaluated using the Cell Cycle
Detection Kit (KGA512, KeyGEN bioTECH,
China). Cells (1 x 10E6) were collected, washed
with PBS, and fixed in ethanol. PI (450 ul) and
RNase A solution (50 ul) were added, and cells
were incubated in the dark for 30 minutes at
room temperature. The DNA contents were
detected by flow cytometry, and the cell cycle
was analyzed using FlowJo software.

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of cytokines in the cell cul-
ture system supernatant were estimated for
each cell using ELISA kits (KEOO139 and
KEOOOO0G, Proteintech, USA) according to the
manufacturers’ protocols. The absorbance of
the ELISA plates was measured at a wavelength
of 450 nm. A standard curve was created, and
the concentration was calculated.
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Western blotting and antibody

The cells were lysed using RIPA buffer, and
the total protein was extracted and separated
by polyacrylamide gel electrophoresis (SDS-
PAGE). The separated proteins were transferr-
ed to a PVDF membrane. Membranes were
blocked in 5% skimmed milk powder. The
membrane was then incubated with primary
antibodies overnight at 4°C. After rinsing with
TBST, the appropriate amount of diluted sec-
ondary antibody (1:5000, SA00001-2, Pro-
teintech, USA) was added and incubated for 1
hour at room temperature. After rinsing with
TBST again, chemiluminescence detection and
photography were performed using an appro-
priate instrument. The following primary anti-
bodies were used: IL-6 (1:1000, 21865-1-AP,
Proteintech, Chicago, USA), JAK1 (1:1000,
#3344S, Cell Signaling Technology, USA), JAK2
(1:1000, #3230S, Cell Signaling Technology,
USA), STAT3 (1:1000, #9239, Cell Signaling
Technology, USA), P-STAT3 (1:1000, #94994,
Cell Signaling Technology, USA).

RNA sequencing (RNA-seq)

Total RNA from different groups of cells were
freshly extracted using the NEBNEXT Ultra
RNA Library Prep Kit (NEBNEXT® Ultra™ RNA
Library Prep Kit For Illumina®) following the
manufacturer’'s instructions. The extracted
library was quantified using the Qubit 2.0
Fluorometer and the insert size was determin-
ed using the Agilent 2100 Bioanalyzer. After
passing the quality check, the libraries were
pooled according to the desired data con-
centration and sequenced using Illumina’s
sequencing technology based on the principle
of Sequencing by Synthesis.

Statistical analysis

Statistical analyses of the multi-omics data-
base were performed using R-4.0.1. For quanti-
tative data, two-tailed Student’s t-tests were
used to determine statistical significance for
normally distributed variables, while the Wil-
coxon rank-sum test was employed for analyz-
ing non-normally distributed variables. Con-
tingency tables were analyzed using the x? test
and Fisher’s exact test, depending on the spe-
cific grouping condition. Correlations between
two quantitative variables were assessed using
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Spearman’s correlation coefficient. Statistical
analyses for the experiments were conducted
using Prism 8 (GraphPad), and all data were
expressed as mean + standard deviation.
Statistical significance was determined using
Student’s t-test or Wilcoxon’s rank-sum test (P
< 0.05 was considered statistically significant).

Results

Relationship between LRP1B expression and
clinical features, immune landscape in LUAD

Using the GEPIA2 portal and the Ualcan por-
tal, we observed that the expression of LRP1B
was significantly lower in LUAD tumor tissues
compared to normal tissues (both P < 0.05,
Figure 1A, Supplementary Figure 1A). Immu-
nohistochemistry (IHC) staining of 65 LUAD
tissue samples and matched normal tissues
confirmed this, showing significantly reduced
LRP1B expression in LUAD tissues (P < 0.001,
Figure 1B). Protein-protein interaction (PPI) net-
work analysis revealed that LRP1B is closely
associated with 20 proteins, including APBB3,
MMP15, APBB2, APBB1, MMP14, APHI1A,
PSENEN, et al. (Supplementary Figure 1B).

TCGA divided LUAD tumors into different mo-
lecular subtypes based on transcriptomics,
immune phenotypes, and methylation status
[23-25]. We further explored the association
between LRP1B expression and clinical charac-
teristics, immune landscape, expression sub-
types, and methylation subtypes in the LUAD
cohort (Figure 1C). Interestingly, the LRP1B
high-expression group had a higher proportion
of C3 subtype. We also found that the prox-
inflam type, Immune-C2, and high-methylation
signature were more prevalent in the LRP1B
low-expression group compared to the high-
expression group (all P < 0.05, Figure 1D).
Using the xCell algorithm, we digitally charac-
terized the abundance of tumor-infiltrating lym-
phocytes in the LRP1B low-expression and
high-expression groups. We observed that vari-
ous immune cells (ADC cells, CD4+ T cells,
CD8+ T cells, CD8+ naive T cells, DC cells, NK
T cells, Thi cells, et al.) were more enriched in
the LRP1B low-expression group compared to
the high-expression group (all P < 0.05, Figure
1E). These findings suggest that low expression
of LRP1B may be associated with tumor pro-
gression in LUAD.
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Comprehensive genomic profiles of LUAD pa-
tients

We further investigated the genomic landscape
alterations in LUAD based on different LRP1B
expression subgroups. The fraction of genome
altered (FGA), which represents the percentage
of genome affected by copy number gains or
losses, was higher in the LRP1B low-expres-
sion group compared to the high-expression
group (P = 0.0015, Figure 2A). Homologous
recombination defect (HRD), a common driver
of tumorigenesis resulting from impaired dou-
ble-strand break repair [26], was more frequent
in the LRP1B low-expression group than in the
high-expression group (P = 0.0073, Figure 2B).
Additionally, the LRP1B low-expression group
exhibited significantly higher aneuploidy scor-
es compared to the high-expression group (P =
0.011, Figure 2C). Furthermore, the non-silent
mutation load in the LRP1B low-expression
group was higher than that in the high-expres-
sion group (P = 0.056, Supplementary Figure
2A). These findings demonstrate a relationship
between LRP1B expression and genomic fea-
tures in the LUAD cohort. We identified 15 fre-
quently mutated genes that showed signifi-
cant differences between the two LRP1B
expression groups using the somatic interac-
tion function (Figure 2D). Among these genes,
MUC16, CSMD3, LRP1B, RIMS2, FAMA47C,
CTNND2, CACNA1C, PPP1R3A, SCN10A, ZNF-
479, CACNA2D1, ACTN2, CCDC129 exhibited
higher mutational frequency in the LRP1B low-
expression subgroup, while KEAP1 and SMA-
RCA4 exhibited higher mutational frequency in
the high-expression subgroup (Fisher exact
test, P < 0.05, Figure 2D). We also performed
pairwise Fisher’'s exact tests to examine the
interrelationships between these 15 genes
and found that most of these genes were
mutually exclusive (Figure 2E). We extracted
three mutational signatures from the lung can-
cer samples, namely signatures (1, 2, 3), and
re-annotated them against the Cancer Soma-
tic Mutation Catalog (COSMIC) signature no-
menclature using cosine similarity analysis
(Figure 2F, Supplementary Figure 2B). We
observed that the SBS2 signature was pri-
marily composed of C>T transitions associated
with APOBEC Cytidine Deaminase, the SBS6
signature was mainly composed of C>T transi-
tions due to defective DNA mismatch repair,
and the SBS4 signature was mainly composed
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Figure 1. Relationship between LRP1B expression and clinical features, immune landscape in LUAD. A. Analysis of
LRP1B gene expression in normal and tumor samples using GEPIA2 (*P < 0.05). B. Immunohistochemical (IHC)
staining of LRP1B in LUAD tissues and paired normal tissues (***P < 0.001). C. The relationship between the
expression of LRP1B and clinical features, immune subtypes, expression subtypes, and methylation subtypes (*P
< 0.05). D. Proportions of immune subtypes, expression subtypes, and methylation subtypes in the two groups. E.
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Comparison of the relative infiltration level of immune and stromal cells in the two LRP1B subgroups of the TCGA co-
hort. Sporadic dots within each group represent immune cell expression levels. The thick line represents the median
value. The bottom and top of the boxes represent the 25th and 75th percentiles (interquartile range), respectively.
The whiskers cover a range of 1.5 times the interquartile range. The Kruskal-Wallis H test was used to assess sta-
tistical differences between the three gene clusters (*P < 0.05, **P < 0.01, ***P < 0.001).

of C>A transitions resulting from exposure to
tobacco (smoking) mutagens. We illustrated
the proportions and activities of the three
extracted signatures in each LUAD sample. The
mutation counts attributed to the SBS4
signature showed a significant increase in the
LRP1B low-expression group compared to the
high-expression group (P < 0.05, Figure 2G),
suggesting that smoking may be associated
with reduced LRP1B expression. These findings
indicate that decreased LRP1B expression
may lead to increased genetic instability in
LUAD.

Knockdown of LRP1B promoted proliferation,
invasion, migration, accelerated cell cycle, and
inhibited apoptosis in A549 cells

Firstly, we determined the mRNA expression
level of LRP1B in bronchial epithelial cells
(BEAS-2B) and LUAD cells (A549) through a
gRT-PCR experiment (Figure 3A). We then
transfected lentivirus to knock down the
LRP1B gene in A549 cells (Figure 3B).

Colony formation assay (P < 0.01, Figure 3C)
and CCK-8 proliferation assay (P < 0.05, Figure
3D) results indicated that the knockdown of
LRP1B significantly increased cell proliferation
of A549 cells. Next, we analyzed the cell cycle
of A549 cells using flow cytometry and observed
a significant reduction in the percentage of
cells in the GO/G1 phase in the knockdown
groups (P < 0.01, Figure 3E). We also quantifi-
ed A549 cell apoptosis using the PE and 7AAD
double staining kit. Flow cytometry results
demonstrated a significant decrease in the
proportion of apoptotic cells after LRP1B
gene knockdown (P < 0.001, Figure 3F). These
experiments showed that the knockdown of
LRP1B promoted cell proliferation, accelerated
DNA synthesis to advance the cell cycle, and
inhibited cell apoptosis in A549 cells.

Transwell experiments revealed a significant
increase in the number of cells passing through
the pore membrane after LRP1B knockdown (P
< 0.05, Figure 4A, 4B). Scratch assay results
indicated that the wound closure ratio was sig-
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nificantly enhanced by LRP1B knockdown in
A549 cells (P < 0.05, Figure 4C). These experi-
ments demonstrated that LRP1B inhibited the
migration and invasion of LUAD cells. In sum-
mary, LRP1B may potentially serve as a tumor
suppressor during LUAD tumorigenesis.

Transcriptomic analysis revealed enrichment
of the JAK-STAT pathway in the shLRP1B sub-

group

To gain mechanistic insights into the role of
LRP1B in LUAD, we performed RNA-seq analy-
sis in the shLRP1B and NC cell lines (Figure
5A). We identified 193 differentially up-regulat-
ed genes and 85 down-regulated genes in
A549 cells with LRP1B knockdown (Supple-
mentary Table 1). By integrating these differen-
tially expressed genes with those derived from
TCGA, we discovered that LRP1B regulated a
protein-protein interaction (PPI) network in-
volving SETBP1, SYT12, PEAR1, MATN2, EID3,
MAPK4, ICAM1, CXXC4, CFHR1, TSPANS,
TM4SF20, LRP12, PI3, and SYT13, which col-
lectively contributed to the regulation of the
malignant phenotype of LUAD (Figure 5B). The
up-regulated genes from the RNA-seq results
were subjected to Gene Set Enrichment
Analysis (GSEA) based on the KEGG pathway
dataset. Analysis showed that the up-regulat-
ed genes were enriched in the JAK-STAT path-
way, chemokine signaling, NF-kappa B signal-
ing, IL-17 signaling, and other tumor inflamma-
tion pathways (Figure 5C). Furthermore, GO
enrichment analysis of the up-regulated differ-
entially expressed genes in LRP1B knock-
down LUAD cell A549 revealed their involve-
ment in biological pathways related to cellular
response to tumor necrosis factor, inflamma-
tion and chemotaxis, extracellular matrix
composition, and cytokine/chemokine activity
(Supplementary Figure 3A). On the other hand,
down-regulated differentially expressed genes
were associated with cellular functions such as
cell transmission, G-protein receptor signaling,
and presynaptic membrane activities (Supple-

mentary Figure 3B).
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Figure 3. Knockdown of LRP1B promotes proliferation, accelerates cell cycle, and inhibits apoptosis in A549 cells
in vitro. A, B. LRP1B mRNA expression of different cells (**P < 0.01, ***P < 0.001). C. Colony formation assays
were performed to detect the proliferation of shLRP1B or shNC transfected A549 cells (***P < 0.001, **P <
0.01). D. Absorbance at 450 nm of A549 cells undergoing shLRP1B via CCK8 analysis (***P < 0.001, *P < 0.05).
E. Impact of LRP1B knockdown on A549 cells cycle via cell cycle analysis (**P < 0.01). F. Detection of impact of
LRP1B knockdown on A549 cells apoptosis ratio via apoptosis analysis (***P < 0.001).
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Figure 4. Knockdown of LRP1B promotes invasion and migration in A549 cells in vitro. A. Examination of the ability
of A549 cells undergoing shLRP1B to invade via transwell assay (100 x and 200 x, **P < 0.01). B. Examination of
the ability of A549 cells undergoing shLRP1B to migrate via transwell assay (100 x and 200 x, *P < 0.05, ***P <
0.001). C. Cell wound scratch assay to quantify the effect of sShLRP1B on A549 migration over 48 hours (4 x, *P <
0.05, ***P < 0.001).
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Figure 5. Transcriptomic analysis reveals enrichment of JAK-STAT pathway in shLRP1B subgroup. A. Schematic
diagram of RNA-seq in shLRP1B and shNC cell subsets. B. Differentially expressed genes in the LRP1B subgroup
obtained from combined results of cell-line RNA-seq and TCGA RNA-seq. The 30 most differentially expressed genes
were used to construct the Protein-Protein Interaction Networks. C. KEGG pathway analyses of differentially ex-
pressed genes in Control and Knockdown groups LRP1B of A549. D-F. Hallmark pathway enrichment analyses of
differentially expressed genes in low and high LRP1B expression subgroups of TCGA.

We performed GSEA based on the Hallmark genes from the LRP1B subgroups in TCGA. The
pathway using the differentially expressed LRP1B-low group showed enrichment primarily
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in pathways related to allograft rejection, IL-6-
JAK-STAT3 signaling, inflammatory response,
interferon alpha response, and TNFa signaling
via NF-Kappa B (Figure 5D, 5E, Supplement-
ary Figure 3C). The LRP1B-high group exhibited
higher enrichment in pathways such as fatty
acid metabolism, KRAS signalingy, Pancreas
Beta Cells, Reactive Oxygen Species Pathway,
and Xenobiotic Metabolism (Figure 5F). Impor-
tantly, the JAK-STAT pathway was enriched in
both bulk and cell line transcriptomic sequenc-
ing data when LRP1B was down-regulated.

LRP1B potentially regulates the JAK-STAT3
pathway

Based on the bioinformatics analysis of RNA-
seq, we identified 24 genes (Supplementary
Table 2) related to the JAK-STAT3 pathway in
6 groups of cell samples. The results showed
significant up-regulation of key genes in the
JAK-STAT3 pathway in shLRP1B-cell subsets
(Figure 6A). Representative genes such as
SOCS3, IL-6, IL11, IFNL1, CSF3, and PIK3CD
were also visualized in the volcano plot (Fig-
ure 6B). GSEA analyses consistently demon-
strated significant enrichment of the JAK-
STAT pathway in the LRP1B knockdown group
(Figure 6C). ELISA revealed that LRP1B knock-
down in A549 cells significantly increased the
concentrations of IL-6 and IL-8 (ligands of
the JAK-STAT3 pathway) in the cell culture
supernatants (P < 0.001, Figure 6D, Supple-
mentary Figure 3D). qPCR experiments show-
ed significant upregulation of IL-6, JAK1, JAK2,
and STAT3 at the mRNA levels in the shLRP-
1B group (P < 0.01, Figure 6E). Furthermore,
knockdown of the LRP1B gene led to a signifi-
cant increase in IL-6, JAK1, JAK2, and STAT3 at
the protein levels, as well as an elevation in
STAT3 phosphorylation (P < 0.05, Figure 6F,
6G). Additionally, the IL17 signaling pathway,
closely related to the JAK-STAT pathway [27],
exhibited significant differences (Supplement-
ary Figure 3E). Consistent with the predicted
results from the GSEA database, these findings
indicate that knockdown of LRP1B can activate
the JAK-STAT3 pathway in LUAD cell lines.

After the addition of IL-6-JAK-STAT3 pathway in-
hibitors, the proliferation, migration, and apop-
tosis abilities of shLRP1B cells were reversed

Angoline is one of the IL-6-JAK-STAT3 pathway
inhibitor. In this study, we perform the prolifera-
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tion, migration, and apoptosis experiments
when shLRP1B and shNC group A549 cells
were treated with the IL-6-JAK-STAT3 pathway
inhibitor (@ concentration of 14 uM of Ango-
line). The results of the colony formation assay
(P < 0.05, Figure 7A) and CCK-8 proliferation
assay (P < 0.001, Figure 7B) showed that the
addition of Angoline to the culture medium
could reverse the effects of LRP1B gene
knockdown on the proliferation ability of A549
cells. The scratch test results showed that the
IL-6-JAK-STAT3 pathway inhibitor was able to
restore the increased migration ability of shLR-
P1B A549 cells (P < 0.001, Figure 7C). The flow
cytometry experiments revealed that the pro-
portion of apoptosis in shLRP1B group cells
was significantly recovered after treatment of
Angoline (P < 0.05, Figure 7D).

Discussion

The development of inflammatory and neoplas-
tic processes has been linked to low-density
lipoprotein receptor-associated protein 1
(LRP1) [28, 29]. LRP1B is closely related to
LRP1 due to its overlapping structural charac-
teristics and shared common ligands, such as
RAP, tPA, HRG, etc. [30]. These ligands are
widely involved in biological processes, includ-
ing fibrinolysis, cell proliferation, apoptosis,
endocytosis, migration, immunity, host-virus
interaction, etc. [30-34]. Although LRP1 and
LRP1B share plenty of common ligands, recep-
tor-mediated functions of the same ligand may
be significantly different [30]. LRP1B has long
been considered a tumor suppressor in many
types of cancers. In renal cell carcinoma, the
downregulation of LRP1B encourages cell
migration by modifying the actin skeleton and
the RhoA/Cdc42 pathway [35]. In prostate can-
cer, miR-500 can promote tumor cell prolifera-
tion by inhibiting LRP1B expression [36]. In
thyroid cancer, chromosomal, epigenetic, and
microRNA-mediated inactivation of LRP1B can
enhance the growth and invasion of cancer
cells [37]. Similar to previous studies, we found
that the expression of LRP1B in LUAD tissues
was significantly lower than that in normal tis-
sues, both at the RNA and protein levels.
Furthermore, knocking down LRP1B promoted
proliferation, invasion, migration, accelerated
the cell cycle, and inhibited apoptosis in A549
cells. Together, these results suggest that
LRP1B is a tumor suppressor gene in lung
adenocarcinoma.
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specific enrichment of LRP1B knockdown versus control cells. D. Before changing the media, A549 cells with LRP1B
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compared to control (*P < 0.05, **P < 0.01).

Tumor molecular subtypes are associated with
different genetic alterations, clinical prognosis,
tumor microenvironment, and therapeutic regi-
mens [38-40]. TCGA has divided tumors into six
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immune subtypes, where the C3 subtype has
the best prognosis and the C4 and C6 subtypes
have the worst prognosis [23]. We found that
the proportion of LUAD with a better prognosis
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Figure 7. Reversal of proliferation, migration, and apoptosis abilities of shLRP1B cells after addition of IL-6-JAK
STAT3 pathway inhibitors. A. Colony formation assay to detect the proliferation capacity of A549 cells (*P < 0.05,
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in the LRP1B high-expression group was higher
than in the low-expression group [24, 41]. The
prox-inflam type, Immune-C2, and high-methyl-
ation signature were more prevalent in the
LRP1B low-expression group than in the high-
expression group. In addition, various immune
cells were more enriched in the LRP1B low-
expression group than in the high-expression
group. It has been reported that LRP1B-
mutated cancers may have improved outcomes
with immune checkpoint inhibitors (ICI) [32]. In
our previous studies, we found that LRP1B was
frequently mutated in NSCLC, and its mutation
was associated with a higher tumor mutation
burden (TMB) [42]. In this study, the reduction
of LRP1B expression may lead to increased
genetic instability in LUAD.

Knocking down the expression of LRP1B leads
to IL-6-JAK-STAT3 pathway activation. IL-6 is
one of the most typical tumor-promoting cyto-
kines. It has long been recognized as a key
cytokine linking inflammation and cancer and
has the potential to serve as a therapeutic
target [11]. Numerous studies have found a
strong link between IL-6 and lung cancer [43-
46]. The JAK-STAT pathway is a central pathway
that mediates the cellular response to inflam-
mation and promotes cancer progression [13,
47]. Govindan et al. demonstrated that the
JAK-STAT signaling pathway is significantly
altered and promotes the oncogenic processes
of lung cancer [14]. Inhibition of the JAK-STAT
pathway can obviously attenuate the progres-
sion of KRAS- or EGFR-mutation-derived lung
cancer [48-50]. In our research, enrichment
analysis on bulk and cell-line transcriptomic
data showed that the decreased expression of
LRP1B could promote the activation of IL-6-
JAK-STAT3, IL-17 pathway, chemokine, cytokine,
and other inflammation signaling pathways.
ELISA assay showed that LRP1B knockdown
significantly enhanced the concentration of
inflammatory factors IL-6 and IL-8 in LUAD [47].
PCR and WB were also illustrated reducing the
expression of LRP1B significantly elevate the
activity of the IL-6-JAK-STAT3 pathway. To fur-
ther support the conclusion that LRP1B knock-
down can promote malignant progression
through the IL-6-JAK-STAT3 pathway in LUAD. In
our study, IL-6-JAK-STAT3 pathway inhibitors
were used to stimulate shLRP1B and shNC
groups A549 cells, and their proliferation,
migration and apoptosis were tested. After the
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addition of IL-6-JAK-STAT3 pathway inhibitors,
the proliferation, migration, and apoptosis
abilities of shLRP1B group cells were reversed.
GO enrichment analysis of RNA-seq shows
that after knocking down LRP1B, differentially
expressed genes were mainly enriched in bio-
logical pathways including cellular response to
tumor necrosis factor, inflammation, and che-
motaxis; in vivo experiments and prospective
clinical trials are needed to further validate the
molecular mechanisms of LRP1B in mediating
the inflammation phenotype via the IL-6-JAK-
STAT3 pathway. The study flow-chart is shown
in (Figure 8).

In summary, our results demonstrate that
LRP1B may function as a tumor suppressor fac-
tor in LUAD. Additionally, LRP1B is a promising
therapeutic target for LUAD, as low expression
of LRP1B induces inflammation to promote
malignant progression through the IL-6-JAK-
STAT3 pathway.
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Supplementary Table 1. Differentially regulated genes in RNA-seq

shLRP1B-1 shLRP1B-2 shLRP1B-3 shNC-1 shNC-2 shNC-3 shLRP1B

2.881786 0 0 6.334299 8.204781 2.958071  0.960595
203.6462 352.7641 159.5777 3287.501 4332.124 2468.017  238.6627
320.8389 128.8184 450.1994 11.7637 20.51195 19.72047  299.9522
1415.918 830.383 1057.863 219.8907 188.71 2425618  1101.388
4.802977 12.88184 6.340837 110.3978 130.2509 114.3787 8.00855

350.6173 219.9821 98.28297 9.953899 24.61434 11.83228  222.9608
268.9667 228.9003 412.1544 41.62539 33.84472 54.2313 303.3405
70.12347 90.17285 46.49947 374.6285 592.7954 347.0803  68.93193

Supplementary Table 2. The relative levels of JAK-STAT3 signaling pathway-related molecules in A549
cells with knockdown of LRP1B versus control cells (n = 3)

shNC-3 shLRP1B shNC log2FoldCh p value padj gene_name
2.958071 0.960595 5.832384 -2.577934 0.138215 1 LRP1B
7.88819 78.39484 7.415519 3.421497 7.99E-07 0.000287 IL6
52.25926 208.9918 45.49232 2.199126 1.80E-07 8.28E-05 IFNL1
195.2327 777.8646 142.0965 2.453392 7.72E-10 9.81E-07 IL11
5.916142 17.66553 5.04884 1.821249 0.066796 0.555054 IL7R
623.167 1462.691 519.2951 1.493837 1.93E-05 0.003668 SOCS3
169.5961 259.7961 135.1594 0.9427 0.007996 0.192901 STAT5A
713.8812 719.9657 603.1456 0.255364 0.406481 0.837585 ACSF3

Supplementary Table 3. Gene and primer sequence

Target Primer Namr Sequence (5-3)
LRP1B LRP1B-human-F TGCCATTGAAGTGGTTGTGG
LRP1B-human-R AGCCATCTAGTTTGGCCACT
IL6 IL6-human-F ACTCACCTCTTCAGAACGAATTG
IL6-human-R CCATCTTTGGAAGGTTCAGGTTG
JAK1 JAK1-human-F GTTTGCCCTGTATGACGAGAAC
JAK1-human-R ACCTCATCCGGTAGTGGAGC
JAK2 JAK2-human-F TCGGSATCGAACTGGACTA
JAK2-human-R ATCGGATTGCTGAATGCAA
STAT3 STAT3-human-F ACCAGCAGTATAGCCGCTTC
STAT3-human-R GCCACAATCCGGGCAATCT
GAPDH GAPDH-human-F CGCTGAGTACGTCGTGGAGTC

GAPDH-human-R

GCTGATGATCTTGAGGCTGTTGTC
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Supplementary Figure 1. In LUAD cohort, expression of LRP1B in normal issues and tumor issues and LRP1B’s
protein protein interaction network. A. The expression status of the LRP1B gene in normal or tumor was analyzed
through GEPIA2 (*P < 0.05). B. The interaction of LRP1B related proteins in LUAD in GeneMANIA portal.

A B

50- ilcoxon, p = 0.056 cosine similarity against validated signatures
£ 40- ’L ?
© N T e = 8
6
g 30- Signature 1 I0.8
=
§ 20- 0.6
? Signature 2 0.4
2 10-

Signature 3 I
0-
LRP1B

Supplementary Figure 2. Comparison of nonsilent mutation rate and extraction of mutation signatures. A. Compari-
son of nonsilent mutation rate between LRP1B low-expression group with LRP1B high-expression group in TCGA.
B. Cosine similarity analysis of extracted mutational signatures against the 67 identified signatures in COSMIC (Ver-
sion 3) with heatmap illustration.
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Supplementary Figure 3. Low expression of LRP1B significantly elevate the activity of the IL6-JAK-STAT3, IL17 signaling pathway et al inflammation signaling. A, B.
GO enrichment analysis of differentially expressed genes, the left side represents up-regulated expression, and the right side is to be down-regulated expression.
BP, CC, and MF represent biological pathways, cellular components, and molecular functions obtained by GO analysis, respectively. C. Data Display about KEGG
pathway enrichment analyses of differentially expressed genes in Control and Knock down LRP1B of A549. D. A549 cells with knockdown of LRP1B and control cells
were seeded for 12 hours before medium replacement. Culture supernatants were collected 48 hours after medium replacement and the IL-8 levels were detected
by ELISA (***P < 0.001). E. GSEA of IL17 signaling pathway to assess specific enrichment of A549 cells with knockdown of LRP1B versus control cells.



