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ARTICLE INFO ABSTRACT

Keywords: Objectives: Lung adenocarcinomas have different prognoses depending on their histological
Lung adenocarcinomas growth patterns. Micropapillary growth within lung adenocarcinoma, particularly metastasis, is
Micropapillary

related to dismal prognostic outcome. Metastasis accounts for a major factor leading to mortality

LM;;ZS;?S‘S among lung cancer patients. Understanding the mechanisms underlying early stage metastasis can
Proteomics help develop novel treatments for improving patient survival.

Methods: Here, quantitative mass spectrometry was conducted for comparing protein expression
profiles among various histological subtypes, including adenocarcinoma in situ, minimally
invasive adenocarcinoma, and invasive adenocarcinoma (including acinar and micropapillary
[MIP] types). To determine the mechanism of MIP-associated metastasis, we identified a protein
that was highly expressed in MIP. The expression of the selected highly expressed MIP protein was
verified via immunohistochemical (IHC) analysis and its function was validated by an in vitro
migration assay.

Results: Proteomic data revealed that low-density lipoprotein receptor-related protein-associated
protein 1 (LRPAP1) was highly expressed in MIP group, which was confirmed by IHC. The co-
expressed proteins in this study, PSMD1 and HSP90AB1, have been reported to be highly
expressed in different cancers and play an essential role in metastasis. We observed that LRPAP1
promoted lung cancer progression, including metastasis, invasion and proliferation in vitro and in
vivo.

Conclusion: LRPAP1 is necessary for MIP-associated metastasis and is the candidate novel anti-
metastasis therapeutic target.
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1. Introduction

Lung adenocarcinoma (LUAD) shows the highest prevalence among lung cancer subtypes, and it accounts for a main cause of
cancer-related death worldwide [1]. Regardless of advances in clinical technology, lung cancer patients still have a low (22 %) 5-year
relative survival rate [1]. Metastasis represents a leading factor inducing mortality among cancer patients [2]. A LUAD classification
system has been proposed by International Association for the Study of Lung Cancer, American Thoracic Society, and European
Respiratory Society. It divides LUAD into pre-invasive subtype (like atypical adenomatous hyperplasia [AAH], adenocarcinoma in situ
[AIS], and minimally invasive adenocarcinoma [MIA]) or invasive adenocarcinoma (IAC) (namely, lepidic [LEP], acinar [ACI],
papillary [PAP], micropapillary [MIP], or solid [SOL] predominant subtype) [3].

Abbreviations

AIS adenocarcinoma in situ

MIA minimally invasive adenocarcinoma
IAC invasive adenocarcinoma

ACI acinar

MIP micropapillary

IHC immunohistochemistry

LRPAP1 ipoprotein receptor-related protein-associated protein 1
PSMD1 pteasome 26 S subunit, non-ATPase 1

HSP90AB1 heat shock protein 90 alpha family class B member 1
LUAD  lung adenocarcinoma

AAH atypical adenomatous hyperplasia

LEP lepidic

PAP papillary

SOL solid

LRP1 low-density lipoprotein receptor-related protein 1

BCR B-cell receptors

MCL mantle cell lymphoma

ESCC esophageal squamous cell carcinoma

FFPE frmalin-fixed, paraffin-embedded

BCA bicinchoninic acid

FASP filter-aided sample preparation

GO Gene Ontology

KEGG  Kyoto Encyclopedia of Genes and Genomes

STR short tandem repeat

qRT-PCR quantitative reverse transcription-polymerase chain reaction
FBS fetal bovine serum

MTS 3-(4,5-dimethylthiazol-2yl)-5- (3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
DFS disease-free survival

RFP recurrence-free probability

HPA Human Protein Atlas

TAM tumor-associated macrophage

CPTAC Clinical Proteomic Tumor Analysis Consortium
PCN protein co-expression network

LDCT low-dose computed tomography

IASLC  International Association for the Study of Lung Cancer
ATS American Thoracic Society

ERS European Respiratory Society

Surgical resection is highly effective for pre-invasive lesions, with a 5-year survival rate of about 100 %. However, IAC has a much
lower survival rate, which decreases substantially with increasing tumor stage [4]. LEP- and ACI-predominant subtypes of IAC are less
invasive and have a better prognosis than the other histological subtypes [5-9]. In contrast, PAP-predominant LUAD generally exhibits
an intermediate prognosis [10,11]. MIP- and SOL-predominant subtypes of IAC exhibit the poorest prognosis. With regard to
MIP-predominant LUAD, its 5-year disease-free survival (DFS) rate is 0 % [12], and overall survival (OS) is markedly dismal within
tumors with even 1 % MIP pattern [13]. Recent studies have used genome sequencing to generate genetic maps of different histological
subtypes in all-stage tumor tissues [14,15]. However, the mechanism of MIP-associated metastasis remains unknown and studies at a
similar proteomic level are lacking.

Low-density lipoprotein receptor-related protein-associated protein 1 (LRPAP1) served as the chaperone for low-density
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lipoprotein receptor-related protein 1 (LRP1). It regulates apoE-enriched lipoprotein absorption and activates a2-macroglobulin
within extra- and intra-hepatic tissues [16,17]. LRPAP1 loss leads to LRP1 deficiency, which may result in transforming growth
factor-p signaling activation and abnormal extracellular matrix (ECM) remodeling, eventually leading to myopia [18,19]. LRPAP1 was
recently identified as an autoantigen for B-cell receptors (BCR) from mantle cell lymphoma (MCL) that induces proliferation via the
BCR pathway [20]. LRPAP1 autoantibodies are related to superior outcomes among MCL patients [21]. In contrast, LRPAP1 is
overexpressed in esophageal squamous cell carcinoma, and its serum antibody is a valuable marker for diagnosing digestive organ
cancers and atherosclerosis-related diseases [22]. Nonetheless, roles of LRPAP1 within lung cancer and metastasis remain largely
unclear.

To delineate the unique molecular features of different LUAD histological subtypes, quantitative mass spectrometry (MS) was
applied in comparing following four groups of tumor tissues at pathological stage I with no metastasis: AIS, MIA, ACI, and MIP.
Bioinformatics analyses revealed that LRPAP1 expression gradually increased from AIS to MIA, ACI, and MIP. LRPAP1 was also co-
expressed with many proteins linked to cancer metastasis, such as PSMD1 and HSP90ABLI. In vitro cell migration assays revealed
that LRPAP1 overexpression promoted cancer cell metastasis and invasion. Here, we conducted a comprehensive proteomic analysis of
different LUAD histological subtypes to identify the cause of MIP-associated metastasis and emphasize the feasibility of LRPAP1 as the
target for anti-metastatic treatment.

2. Materials and methods
2.1. Human samples

Formalin-fixed paraffin-embedded (FFPE) samples (n = 24) were obtained from Cancer Hospital (Shenzhen), Chinese Academy of
Medical Sciences, and Peking Union Medical College. The basic and clinical patient features can be observed from Table 1.

2.2. Ethical approval

The present work gained approval from Cancer Hospital and Shenzhen Hospital, Chinese Academy of Medical Sciences, and Peking
Union Medical College Institutional Review Board of Clinical Research (ethics approval reference no. KYKT2021-2-1). Patients pro-
vided informed consents for participation.

2.3. Protein extraction and digestion

Proteins were extracted from FFPE samples as previously described [23]. We utilized the bicinchoninic acid protein assay kit
(Beyotime Institute of Biotechnology, China) in assessing protein content within lysate.

Meanwhile, proteins were digested by filter-aided sample preparation method described previously [24]. Briefly, proteins were
extracted within the ultrafiltration filtrate tube (30 kDa cut-off, Sartorius, Germany), then UA buffer (100 pL, comprising 8 M urea, 10
mM IAM, and 150 mM Tris-HCI, pH 8.0) was introduced to conduct 30-min incubation. Samples were rinsed twice using UB buffer
(100 pL, consisting of 8 M urea, and 150 mM Tris-HCI, pH 8.0) in the filter unit. After 10-min centrifugation at 12,000 g, 100 pL. ABC
and trypsin (Promega, USA) were added to digest protein suspension within this infiltrate tube for an 18-h period at 37 °C. Finally,
liquid chromatography (LC)-MS analysis was performed on the filtrate that was centrifuged for a 10-min period at 12,000 g.

Table 1

Clinicopathological characteristics of different lung adenocarcinoma histologic subtypes.
Characteristic Total AIS MIA ACI MIP p-value

(n=24) (N =7 [29 %]) (N =7[29 %]) (N =6 [25 %]) (N =41[17 %]

Age (years) 60 (32-78) 60 (32-69) 60 (33-70) 62.5 35-78) 67 (43-71) 0.78
Smoking status 0.804
Never 9(38) 2(29) 3(43) 3(50) 1 (25)
Ever 15 (62) 5(71) 4(57) 3(50) 3(75)
cN status 0.801
Node-negative 24 (100) 7 (100) 7 (100) 6 (100) 4 (100)
Node-positive 0 (0) 0 (0) 0 (0) 0(0) 0(0)
PN status 0.157
Node-negative 23 (96) 7 (100) 7 (100) 6 (100) 3 (75)
Node- positive 14 0 (0) 0 (0) 0 (0) 1 (25)
VPI 3(13) 0(0) 0(0) 1(17) 2 (50) 0.0647
LVI 3(13) 0 (0) 0 (0) 0 (0) 3(75) <0.001

Data are no. (%), or median. cN status, clinical node status; pN status, pathological node status; VPI, visceral pleural invasion; LVI, lymphovascular
invasion. Continuous variables (age) were analyzed using analysis of variance (ANOVA). Discrete variables (such as pN. status) were analyzed by chi-
square test.
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2.4. LC-MS/MS analysis

The EASY-nano-LC 1000 system (Thermo Fisher Scientific, MA, USA) was used for separating peptides, which were later emitted in
Q-Exactive HF tandem mass spectrometer (Thermo Fisher Scientific) by the Acclaim PepMap C18 column (3 pm, 100 A, 75 pm x 50
cm, Thermo Fisher Scientific). Solvent A included 0.1 % formic acid supplemented within water, whereas solvent B was comprised by
0.1 % formic acid contained within 98 % acetonitrile. The injection volume was 3 pL (about 3 pg) each time, and the elution procedure
(60-min) was as follows, 5-min at 5 % B, 10-min at 20 % B, 10-min at 32 % B, and 10-min at 90 % B. At last, B was reduced to 5 % within
the following 60 s, followed by 10-min equilibration prior to subsequent injection.

A Thermo Q-Exactive HF mass spectrometer was programmed for obtaining 55 x 16 m/z spectra (16 m/z precursor isolation
windows, resolution of 30,000, AGC target of 1e5, and maximal injection time of 55 ms) in data independent acquisition (DIA) mode
for quantitative samples. We obtained precursor spectra (350-1500 m/z) at a 120,000 resolution for hitting the AGC target of 3e6. The
maximal injection time was 50 ms.

2.5. Protein identification

The library-free method [25] was applied in analyzing DIA data using DIA-NN algorithm. To generate the library, the options “Deep
learning-based spectra, RTs, and IMs prediction” and “FASTA digest for library-free search/library generation” were enabled. Oper-
ating in this mode, DIA-NN first generates an in silico-predicted spectral library from a human protein sequence database (UniProt
version 2018.7, comprising 20,386 entries). DIA-NN subsequently analyzes the raw data employing this library. Match between runs
(MBR) was also activated. The following parameters were employed for the database search: enzyme, trypsin/P; maximal missed
cleavages, 2; fixed modification, carbamidomethyl (C); variable modifications, oxidation (M). The 1 % false discovery rate was applied
in filtering results. Just protein groups passing the standard could be adopted for downstream analyses.

2.6. Bioinformatic data analysis

R statistical environment software (version 4.2.0; R Foundation for Statistical Computing, Vienna, Austria) was applied in sta-
tistical analysis. Complex Heatmap package (version 2.8.0) was adopted for generating the hierarchical clustering heatmap. Next,
hypergeometric-based enrichment analysis was performed for each group using several annotation systems, including Gene Ontology,
Kyoto Encyclopedia of Genes and Genomes, EggNOG, and Reactome systerms. Finally, the co-expressed proteins were imported into
Cytoscape to construct a network.

2.7. Cell culture and reagents

We obtained A549 and H1975 cells in Cell Bank of Shanghai Institutes for Biological Sciences of the Chinese Academy of Sciences
(Shanghai, China). To ensure cell line quality, we identified short tandem repeat and detected mycoplasma. Cells were grown within
the Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific) that included 10 % fetal bovine serum (FBS, Thermo
Fisher Scientific) under 37 °C and 5 % CO», maintaining a pH level of around 7.2-7.6. The medium was refreshed at 2-3-day intervals,
and cells were passaged every 2-3 days when coverage reached 80-90 %.

2.8. Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)

The TRIzol reagent (Thermo Fisher Scientific) was utilized for extracting total cellular RNA following specific instructions. Later,
total RNA (1 pg) was prepared to cDNA with PrimerScript RT reagent kit (Takara, Kyoto, Japan). qRT-PCR analysis was conducted by
SYBR Green Master Mix (Takara). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as the endogenous reference. qRT-PCR
primers below were used: GAPDH, ACGGATTTGGTCGTATTGGG (forward) and CGCTCCTGGAAGATGGTGAT (reverse); LRPAP1,
ACCTCAATGTCATCTTGG (forward) and CTTTGTGATGCAGGAACTC (reverse).

2.9. Western blotting

We conducted Western-blotting according to previous description [26]. Anti-LRPAP1 (1:1000; Abcam, MA, USA) and anti-GAPDH
(1:1000; Abcam) primary antibodies and a secondary antibody against rabbit immunoglobulin G (1:1000, Cell Signaling Technology,
MA, USA) were used. Enhanced chemiluminescence (Millipore, Burlington, MA, USA) was later adopted for detecting protein
expression.

2.10. Lentivirus infection

The overexpression and knockdown lentivirus were provided by GeneChem (Shanghai, China). In brief, 5 x 10° cells were inoc-
ulated in a six-well plate for 24-h incubation till reaching 80 % confluency. The lentiviruses were mixed with the transfection reagent,
in line with specific instructions. At 72-h following virus application, 1 pg/mL puromycin was used for screening stably infected cells.
qRT-PCR and Western-blotting were carried out to confirm infection efficiency.
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2.11. Transwell assay

Lower chamber of Transwell plate was introduced with medium (600 pL) that contained 20 % FBS. Then, top chamber was
introduced with 200 uL FBS-free cell suspension that contained 1 x 10° cells. Following 24-h incubation, a cotton swab was utilized to
remove remaining cells from the inner chamber membrane. While cells migrating onto outer chamber membrane were stained using
0.5 % crystal violet. After 30-min drying under 80 °C, images of at least five random fields were taken using an inverted microscope.
The cells were quantified using Image J software. Specifically, we chose three images for each group, converted the image to black and
white and adjusted the threshold to contain all cells as much as possible while removing impurities in the background. ImageJ enabled
reliable automated cell counting following ‘Analyze Particles’, as well as manual confirmation of accuracy.

2.12. Wound healing assay

About 1 x 10° cells/well were inoculated in the 6-well plate and allowed for overnight formation of monolayers. A straight line was
created with a sterilized 20-pL pipette tip across surface of the plates, and phosphate-buffered saline was used thrice to remove the
suspended cells. Images of control group were obtained at 0 h. Then, 24-h cell culture in DMEM including 2 % FBS under 37 °C with 5
% CO2 was completed. Finally, mages were captured using a phase-contrast microscope. Each assay was performed in triplicates. The
scratch areas were quantified using ImageJ software. Briefly, we first calculated the scratch area at day O denoted by SO, then
calculated the area S1 after 24 h, and finally, used (S0-S1)/S0 to calculate the migration efficiency.

2.13. Flow cytometry analysis and apoptosis assay
Flow cytometry analysis was performed using the FC500-MPL flow cytometer (Beckman Coulter), as previously described [27].

Apoptosis assays were performed using the YF®647A-Annexin V and PI Apoptosis Kits (UE, Suzhou, China). Data were analyzed using
the FlowJo software.

2.14. 3-(4,5-dimethylthiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyD)-2H-tetrazolium (MTS) assay

Using MTS cell proliferation and cytotoxicity assay kit (KeyGen, Nanjing, China), cell proliferation was measured within the 96-
well plate (1000 cells/well) in line with specific protocols.

2.15. Immunohistochemical (IHC) analysis

IHC was carried out using FFPE sections stained with LRPAP1 (Abcam), as previously described [28]. Finally, sections were viewed
and photographed in at least five random fields using a confocal microscope (Leica, Germany). Immunoreactivity was assessed using
the previously described immunoreactivity score (IRS) method [29]. Briefly, IRS = staining intensity (SI) x positive percentage (PP).
The SI is categorized into four levels: 0 (negative), 1 (weak), 2 (moderate), and 3 (strong). The PP is classified into five levels:
0 (negative, <10 %), 1 (11%-25 %), 2 (26%-50 %), 3 (51%-75 %), and 4 (76%-100 %).

2.16. Animal experiments
The 5-6-week-old female BALB/c mice were provided by GemPharmatech (Jiangsu, China) and raised under the specific pathogen-

free (SPF) condition. Mice were given subcutaneous injection with a suspension containing 5 x 10° cells within PBS-matrigel (200 pL;
ratio, 1:1). Tumor formation was monitored post-injection, and the weight of mice with tumor volumes was measured twice a week.
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Fig. 1. Study design for the proteome analysis of different lung adenocarcinoma histologic subtypes. The flowchart was created on BioRender.com.
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3. Results
3.1. Study design focused on different LUAD histologic subtypes

We collected FFPE tissue samples from seven AIS, seven MIA, six ACI, and four MIP lung tumors for this study. Table 1 displays
basic patient features. All samples were classified as pathological stage I. ACI and MIP accounted for >40 % of the corresponding
samples.

Quantitative proteomic data were acquired for different histological subtypes of LUAD. There were altogether 6022 unique proteins
discovered and analyzed using a label-free DIA MS workflow (Table S1). We conducted extensive bioinformatics analyses and
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validated potential proteins related to tumor metastasis in vivo and in vitro (the study design is shown in Fig. 1). Mass spectrometry
proteomics data were imported in ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) through iProX
partner repository [30,31] under the dataset identifier PXD038594.
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3.2. Proteins and pathways associated with different LUAD histologic subtypes

All samples from different subtypes had similar protein numbers and total protein intensity distributions (Figs. S1A-B). In addition,
quantitative reproducibility was satisfactory for further statistical analyses (Fig. S1C).

Based on the quantified proteins, we identified different genes (Table S2, Fig. S2) and pathways enriched in the different subtypes
(Fig. 2A). We also found that the TP53-regulated transcription of DNA repair proteins was downregulated in the AIS group, consistent
with the onset of cancer (Fig. 2A). Moreover, the expression of MDC1, a representative protein in this pathway, was corroborated by
IHC analysis (Fig. 2B). Defects in DNA repair and damage signaling contribute to tumorigenesis [32-34]. TP53 is a well-known tumor
suppressor that encodes a transcription factor that regulates downstream antitumor responses such as DNA repair and apoptosis [35].
More than 50 % of cancers have abnormal TP53 function [36,37]. Proteins enriched in the AIS group were primarily associated with
pulmonary physiological function (pulmonary immunity and ventilation)-related pathways [38,39], including ECM organization and
complement cascade regulation (Fig. 2A). AIS and MIA tumors are defined as lesions <3 cm in size. Multiple validation studies have
shown that both tumors show a 100 % 5-year DFS (disease-free survival) rate after complete resection. The lung in AIS and MIA tumors
are primarily functional, with only minor damage. These results indicated that our proteomic data were highly reliable.

Prognosis of ACI-predominant LUAD is worse than that of AIS and MIA, with the 70-80 % 5-year relapse-free probability [9]. Here,
highly expressed proteins in the ACI group were associated with cell proliferation. In contrast, pathways related to apoptosis and cell
division were downregulated (Fig. 2A). This finding may explain why ACI-dominated tumors show an increased relapse risk than AIS
or MIA tumors.

MIP growth in LUAD is associated with lymphatic and pleural invasion, nodal metastases, and a 5-year DFS rate of 0 %. Minor MIP
patterns can lead to adverse clinical outcomes [12]. OS is significantly worse in tumors with even 1 % MIP patterns [13]. However, the
mechanisms underlying MIP-associated invasion and metastasis is unknown. According to our results, PI3K/AKT pathway was
upregulated within MIP tumors (Fig. 2A), which was associated with cancer onset and development and played key roles in tumor cell
proliferation, migration, and metabolism [40-42]. Furthermore, the expression of AKT1, a key protein in this pathway, was validated
by IHC analysis (Fig. 2C). This could partly explain why MIP tumors are prone to metastasis and recurrence.

3.3. Macrophages are highly enriched in MIP based on cell type analysis

Heterogeneity is characteristic of many biological systems and diseases, including cancer [43,44]. For example, tumor cell type
analysis, such as single-cell RNA-sequencing, contributes to revealing uncommon and complicated cell subsets and gene regulatory
relations and tracking development trajectory in diverse cells [45]. To investigate cell types of the identified proteins, we used lung
cell-type specificity annotation from the tissue cell-type section in Human Protein Atlas (www.proteinatlas.org/) database [46]. We
found that smooth muscle cells and fibroblasts, which form and maintain typical tissue structure [47], were enriched in AIS (Fig. 3). In
contrast, these cell types were gradually decreased in MIA, ACI, and MIP groups (Fig. S3). Our data provide an accurate picture of what
happens in the lungs as prognosis worsens from AIS to MIA, ACI, and MIP. Mitotic and T cells were enriched in the ACI group,
indicating that tumor cell proliferation and antitumor immunity occur concurrently (Fig. 3). These findings support the assertion that
ACI has an intermediate prognosis [4]. Macrophages were enriched in ACI and MIP groups (Fig. 3). Macrophages play essential roles in
cancer development and metastasis [48]. Anti-inflammatory and tumor-associated M2 macrophages enhance tumor proliferation and
migration [49].

3.4. LRPAPI1 is highly-expressed in MIP via IHC validation

Macrophages were enriched in the ACI and MIP groups. Among the 15 proteins in the macrophage set (Fig. 3), only LRPAP1 of MIP
group was up-regulated relative to those remaining three groups (Table S2). IHC analysis was used to confirm the expression pattern in
our proteomic data by verifying the expression of LRPAP1 in the four groups. LRPAP1 was highly expressed in MIP (Fig. 4).
3.5. LRPAP1 and its co-expressed proteins are all highly expressed in tumors

LRPAP1 was first identified as an LRP1 chaperone that modulates ApoE-enriched lipoprotein uptake and activates a2-macro-

globulin within extra- and intra-hepatic tissues [16,17]. It is important for occurrence of myopia and MCL [18-21]. But its impact on
solid tumors remains ambiguous. To investigate the role of LRPAP1 in solid tumors, we identified a network of proteins that were

Fig. 4. Low-density lipoprotein receptor-related protein-associated protein 1 (LRPAP1) highly expressed in micropapillary (MIP) adenocarcinoma.
Representative immunostaining images and corresponding statistical comparison histograms (right) for LRPAP1 in the tumor tissues from each
group. Scale bars = 100 pm. Data were presented as mean + SD. Statistical significance between groups was determined using Kruskal-Wallis
nonparametric analysis. *P < 0.05, **P < 0.01.
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A

Fig. 5. Protein co-expression network (PCN) of LRPAP1. (A) All proteins with a Pearson’s correlation >0.8 with LRPAP1 were defined as co-
expressed proteins and illustrated as a network. The node indicates a protein, and the edge indicates the corresponding correlation value
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between proteins. (B) Abundance comparison of co-expressed proteins in lung cancer data from Clinical Proteomic Tumor Analysis Con-
sortium (CPTAC).

highly co-expressed with LRPAP1 in LUAD (Fig. 5A). According to Clinical Proteomic Tumor Analysis Consortium (CPTAC) database,
30 proteins were co-expressed with LRPAP1, all of which were highly expressed in tumors relative to paracancerous tissues (Fig. 5B).
This dataset is freely accessible [S50]. Therefore, LRPAP1 is crucial for tumor development. However, further investigation is necessary
for illustrating molecular mechanisms of LRPAP1 in enhancing tumor growth and metastasis.

3.6. LRPAP1 promotes metastasis of cancer cells

Metastasis accounts for a major factor inducing mortality among lung cancer patients [2]. MIP-predominant IAC subtype has the
poorest prognosis among all subtypes and is associated with metastasis [12]. MIP subtype is highly migratory, with no method to
inhibit its metastasis. Here, as suggested by our proteomic data, LRPAP1 showed high expression within MIP. Therefore, we over-
expressed LRPAP1 in A549 and H1975 lung cancer cells (Figs. S4A-B), to investigate its potential role in cancer cell metastasis. We
performed transwell and wound healing assays to examine cell migration and invasion. LRPAP1-overexpressing cells had significantly
higher migratory capacity than the control cells in both A549 and H1975 cells lines (Fig. 6A and B). Furthermore, we measured cell
growth and viability to rule out possible confounding impacts of LRPAP1 overexpression on cell growth and death. As shown in
Figs. S4C-D, increased LRPAP1 expression did not affect the apoptosis but slightly increased the proliferation of cells after 72 h. To
further elucidate the role of LRPAP1 in tumor development, we knocked down LRPAP1 (LRPAP1-KD, Figs. S4E-F). This resulted in a
significant inhibition of cell migration and invasion compared to the control group (Fig. 6C and D). Given the compelling in vitro
findings, we sought to validate LRPAP1’s impact in vivo. Equal numbers of cells overexpressing LRPAP1 or control cells were separately
injected subcutaneously into BALB/c nude mice. The results demonstrated that LRPAP1 overexpression promoted tumor growth
(Fig. 6E). Tumor volumes and weights were significantly larger in the group with overexpressed LRPAP1 compared to the control
group (Fig. 6F-H). Notably, there was no significant difference in mouse weight between the two groups throughout the tumor-bearing
process (Figs. S4G-H).

4. Discussion

Lung cancer accounts for a main factor resulting in cancer-associated mortality globally [1]. Lung cancer metastasis represents an
important cause of cancer-related deaths [2]. Low-dose computed tomography (LDCT) helps decrease the lung cancer-specific death
rate by 20 % [51]. But, lung cancer detection is inadequate, with no effective treatment for metastatic or potentially metastatic lung
cancer. LUAD, a lung cancer histological subtype with the highest prevalence, has a poor prognosis and occupies 40 % of the entire
lung cancer patients [52]. LUAD includes many histological subtypes, among which the 5-year DFS for MIP-predominant LUAD is 0 %
[12] and the OS is significantly worse in tumors with even 1 % MIP pattern [13]. However, the mechanisms underlying MIP-associated
metastasis remain unclear.

Recent studies have used genome sequencing to generate genetic maps of different histological subtypes of lung cancer at all stages
[14,15]. However, no protocol is currently available for the inhibition of MIP-mediated metastasis. Therefore, we performed prote-
omic analyses of AIS-, MIA-, ACI-, and MIP-predominant tumors in Phase I. We chose the Phase I samples for two main reasons. First,
the Phase I sample population was significant, taking up 80 % of the entire lung cancer patients. Second, studying metastasis in early
samples in conjunction with LDCT can aid in the early diagnosis of metastatic patients, inhibition of metastasis, and reduction of
mortality.

Comparative analysis revealed that LRPAP1 was abundantly expressed in MIP (Fig. 4). LRPAP1 binds to and protects LRP1 as a
chaperone protein and is essential for the absorption of low density and very low density lipoproteins into cells [17,53]. Here, each
group was not significantly related to body mass index (Table S3). This suggests that LRPAP1 participates in MIP-mediated metastasis
via a novel mechanism. Furthermore, we identified 30 proteins that were co-expressed with LRPAP1. All these proteins were highly
expressed in tumors of the para-cancer samples from CPTAC (Fig. 5B). Consequently, LRPAP1 has an essential effect on tumors. Among
those 30 co-expressed proteins, tumors were found to have high expression of the proteasome 26 S subunit, non-ATPase (PSMD) family
proteins PSMD1 and PSMD3, and ATPase (PSMC) family proteins PSMC1 and PSMC4. The proteasome 26 S subunit, PSMD, and
members of PSMC family participate in protein degradation, whereas PSMD1, PSMD3, PSMC1, and PSMC4 are linked to the pro-
gression of various tumors [54-57]. Heat shock protein 90 kDa alpha, class B, member 1 (HSP90ABI, called HSP90beta as well) was
among those 30 co-expressed proteins and belonged to HSPs playing a role of molecular chaperones. It promotes tumorigenesis and
tumor cell growth [58]. Our findings suggest that most proteins co-expressed with LRPAP1 play significant roles in tumors and that
LRPAP1 probably has an important effect on MIP-associated metastasis.

In conclusion, LRPAP1 promoted tumor cell metastasis and invasion abilities and exhibited potent inhibition on tumor growth.
However, further investigation is necessary to determine the mechanisms by which LRPAP1 promotes tumor metastasis. Our prote-
omic and experimental data revealed that LRPAP1 was highly expressed and promoted tumor cell metastasis in MIP. Taken together,
our findings suggest LRPAP1 as a novel target for anti-metastatic therapy.
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Fig. 6. LRPAP1 promotes cancer cell migration and metastasis. (A) Representative images (top, 24 h after seeding) and histograms (bottom) of the
Transwell assay on A549 and H1975 cells overexpressing LRPAP1. (n = 3). Scale bar, 250 pm. (B) Typical images (top) and histograms (bottom)
showing the wound-healing assay within A549 and H1975 cells with overexpressed LRPAP1. (n = 3). Scale bar, 150 pm. (C) Representative images
(24 h after seeding) and corresponding histograms of the Transwell assay on A549 cells with knockdown of LRPAP1. (n = 3). Scale bar, 250 pm. (D)
Representative images and corresponding histograms illustrating the wound-healing assay in A549 cells with knockdown of LRPAP1. (n = 3). Scale
bar, 150 pm. (E) Subcutaneous injection of 5 x 10° cells into BALB/c nude mice led to tumor formation after a 19-day injection period (n = 3 per
group). Scale bar, 1 cm. (F) Summary of tumor volume measurements obtained from mice. (G) Summary of tumor volume change in mice. (H)
Histogram depicting the terminal weights of tumors. All data were presented as mean + SD. Statistical significance between groups was determined
gsing Student’s t-test (*P < 0 0.05, **P < 0 0.01).
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