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Background: Annexin A9 (ANXA9) has been proved to be concerned with cancer development. However, 
to explore the clinical consequences of ANXA9 in lung adenocarcinoma (LUAD), especially its correlation to 
spinal metastasis (SM) has no in-depth study. The study was expected to elucidate the mechanism of ANXA9 
in regulating SM of LUAD and create a productive nano-composites delivery system targeting this gene for 
treatment of SM.
Methods: Harmine (HM), a β-carboline extracted from the traditional Chinese herb Peganum harmala, 
loaded Au@MSNs@PEG@Asp6 (NPS) nano-composites were synthesized. Bioinformatics analysis and 
clinical specimens’ tests were used to verify the association between ANXA9 and prognosis of LUAD with 
SM. The immunohistochemistry (IHC) was employed to detect the expression levels of the ANXA9 protein 
in LUAD tissues with or without SM, and its significance in clinic was also explored. ANXA9‑siRNA was 
applied to investigate the molecular mechanism of ANXA9 in tumor behaviors. The HM release kinetics 
was detected by high performance liquid chromatography (HPLC) method. The cellular uptake efficiency 
of nanoparticles by A549 cells was observed by fluorescence microscope. Antitumor effects of nanoparticles 
were assessed in the nude mouse model of SM.
Results: The genomic amplification of ANXA9 was prevalent in LUAD tissues and closely associated with 
poor outcome and SM (P<0.01). The experimental result manifested that high expression of ANXA9 could 
lead to wretched prognosis and ANXA9 was an independent risk factor for survival (P<0.05). After impeding 
expression of ANXA9, the proliferation and metastatic ability of tumor cells obviously decreased, and 
expression of matrix metallopeptidase 2 (MMP-2) and matrix metallopeptidase 9 (MMP-9) were considerably 
downregulated, while the expression of associated oncogene pathway were downregulated (P<0.01) as well. 
The synthesized HM-loaded NPS nano-composites could target to cancer and response to reactive oxygen 
species (ROS) to release HM slowly. Notably, in comparison to free HM, the nano-composites showed 
excellent targeting and anti-tumor effects in the A549 cell-bearing mouse model. 
Conclusions: ANXA9 may serve as a novel biomarker for predicting poor prognosis in LUAD, and we 
provided an efficient and targeting drug delivery nano‑composites system for precise treatment of SM from 
LUAD. 
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Introduction

Lung cancer is one of the most common malignant 
tumors worldwide and the leading cause of cancer death 
in China (1). Lung adenocarcinoma (LUAD) in a form 
of non-small cell lung cancer (NSCLC), accounting for 
approximately 40–55% of lung cancer incidence (2). With 
the development of new targeting medicines and treatment 
strategies, the therapeutic effect of LUAD treatment has 
been improved greatly (3). However, bone metastasis occurs 
in 30–40% of lung cancer cases with a majority affecting 
the spine (4). Despite major advances in LUAD treatment, 
patients who develop SM have poor prognosis and quality 
of life (5). In addition to disabling pain, spinal metastasis 
(SM) can result in a series of events, including paraplegia, 
quadriplegia and lifelong urinary and fecal incontinence (6). 
Current treatment of SM including surgery, external beam 
radiation, brachytherapy and systemic treatment, all of which 
typically result in temporary, suboptimal benefit (7,8). Thus, 
comprehensive understanding of the molecular mechanism 
related to SM from LUAD is urgently needed to enable 
better interventions to combat this devastating disease.

Annexins (ANXs) are a large family of multifunctional 
Ca2+-binding proteins with 12 identified family members, 

including A, B, C, D, and E subgroups that can bind to 
anionic biomolecules (9). The members of the ANX family 
have diverse biological functions that are mainly involved 
in the secretion and transportation of vesicles, mitosis, cell 
senescence and apoptosis, calcium ion channel signaling, 
and cell growth (10). In particular, specific subgroups of 
membrane coupling protein A (ANXA) are closely related 
to cancers (11,12). For example, increased expression of 
ANXA9, a family member of ANXA, has been associated 
with gastric cancer (13), head and neck squamous cell 
carcinomas (14), and colorectal cancer (15). Some researchers 
also found that ANXA9 expression was associated with 
immune-related biological function. ANXA9 expression was 
also correlated with the infiltration level of CD8+ T cells, 
neutrophils, and dendritic cells in tumor (16). Function 
enrichment analyses revealed that immune network plays an 
important role in LUAD progression by interacting with its 
related genes (17). However, the exact connection between 
ANXA9 and LUAD remains unclear.

Harmine (HM), a β-carboline extracted from the 
traditional Chinese herb Peganum harmala, has a wide range 
of pharmacological effects on ion channels, muscle, the 
cardiovascular system, and the central nervous system (18).  
Recent studies have demonstrated that HM has the ability 
to inhibit tumor cells (e.g., NSCLC) (19,20). However, poor 
absorption and bioavailability of HM when administered 
systemically has resulted in inability to realize its therapeutic 
potential (21). In addition, due to neurotropic nature of 
HM, serious toxicity to the central nervous system is also an 
important factor impeding its clinical application (18). Using 
a precise drug delivery system to specific areas of disease 
might mitigate some of these challenges and provide an 
effective strategy to deliver this anti-tumor agent effectively 
and safely. 

Among the available delivery systems, mesoporous silica-
Au nano-composites have been extensively studied because 
of their high drug loading efficiency, good biocompatibility, 
easy fabrication and modification, and Au-dependent 
photothermal therapy ability (22,23). For example, a 
recently published study reported successful employment 
of nanotheranostic system for pH triggered-multimodal 
cancer therapy (24). 
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In this study, we aimed to investigate the relationship 
between ANXA9 and prognosis of LUAD patients, with a 
particular focus on cell migration, invasion and development 
of SM. Parallelly, through several experiments involving cell 
lines and animal models, we assessed the ability of HM to 
inhibit ANXA9 and its associated pathways. We evaluated 
sensitivity and targetability of HM to LUAD and SM from 
LUAD. We designed smart HM-loaded Au@MSNs@
PEG@Asp6 (HM@NPS) nano-composites to target LUAD 
cells and release HM in response to reactive oxygen species 
(ROS). We herein present the results of our study evaluating 
the prognostic value of ANXA9 in LUAD patients and its 
relationship with development of SM. We also present the 
results of our experiments showing the therapeutic ability 
of HM@NPS nano-composites to target SM of LUAD in 
the nude mouse model of SM. We present this article in 
accordance with the ARRIVE reporting checklist (available 
at https://tlcr.amegroups.com/article/view/10.21037/tlcr-
23-191/rc).

Methods 

Chemicals

Sodium borohydride (NaBH4), 1-ethyl-3-(3-dimethly-
aminopropyl) carbodiimide (EDC), tetraethyl orthosilicate 
(TEOS), ascorbic acid, sodium hydroxide, concentrated 
sulfuric acid, hydrochloric acid (12 mol/L), ethanol, 
(3-aminopropyl) triethoxysilane (APTES), cetyltrimethyl 
ammonium bromide (CTAB), N-hydroxysuccinimide 
(NHS), and tetrachloroauric acid (HAuCl4·3H2O) were 
bought from Sigma-Aldrich (St. Louis, MO, USA). We 
purchased HM from ChemeGen (Los Angeles, CA, USA); 
Asp6 was purchased from Shanghai Botai Biotechnology 
Co., Ltd. (Shanghai, China).

Bioinformatics analysis 

Based on The Cancer Genome Atlas (TCGA) dataset for 
LUAD, gene expression and DNA copy-number variation 
(CNV) of 526 tumor tissues and 59 normal lung tissues 
were analyzed (http://www.cbioportal.org/). The one-sided 
Jonckheere-Terpstra test was applied to assess the effect 
of ANXA9 CNV on expression. The gene set enrichment 
analysis (GSEA) algorithm was used to identify the pathways 
of significant enrichment between high and low expression 
of ANXA9. The study was conducted in accordance with 

the Declaration of Helsinki (as revised in 2013).

DNA CNV detection

The DNA of specimens of LUAD tissues and paired normal 
lung tissues were obtained by Tguide S32 Magnetic Tissue 
Genomic DNA Kit (TIANGEN Biotech. Co. Ltd., Beijing, 
China). The ANXA9 CNV was detected by QX200 Droplet 
Digital PCR Assay (Bio-Rad, Hercules, CA, USA).

Immunohistochemistry 

Immunohistochemical (IHC) staining of the ANXA9 
protein from LUAD and SM specimens was carried out 
according to the standard protocol using anti-ANXA9 
(ab235891; Abcam, Cambridge, MA, USA) and the 
corresponding secondary antibody. The IHC assessment 
was performed by two independent pathologists. The 
results were scored from 0 to 3 and specimens were divided 
into 2 groups according to their score: the IHC score of 
low expression group was less than 50% and that of high 
expression was over 50%.

Cell transfection 

Human lung cancer cell lines (A549) and human lung 
bronchial epithelial 16HBE cells (Chinese Academy of 
Sciences, Shanghai, China) were routinely cultured in 
Dulbecco’s modified Eagle medium (DMEM) with 10% 
fetal bovine serum (FBS) and 1% penicillin/streptomycin.

The coding sequence of ANXA9 was cloned into 
pLVX-Puro plasmids (Clontech,  Mountain View, 
CA, USA) to elevate ANXA9 expression, and RNA 
interference sequence of ANXA9 was cloned into 
linearized pLKO.1 plasmids (Addgene, Watertown, 
MA, USA) to down-regulate ANXA9 expression. The 
interference sites and corresponding primer sequences 
were as follows: ANXA9 (shRNA-1, position 302–320, 
5'-CCCTCAGGACCTTCTTGAA-3'; shRNA-2, position 
461–479, 5'-CCCAACAGGACCTGATGAA-3'; shRNA-3, 
position 832–850, 5'-GGACCTAGCAGAGAGGAAA-3'). 
Recombinant plasmids together with the packaging 
plasmids psPAX2 and pMD2G were co-transfected into 
293T cells. After 48 hours, recombined vectors were 
enriched for transducing cells. The negative control was 
cells with pLKO.1-scramble short hairpin (sh)RNA or 

https://tlcr.amegroups.com/article/view/10.21037/tlcr-23-191/rc
https://tlcr.amegroups.com/article/view/10.21037/tlcr-23-191/rc
http://www.cbioportal.org/
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blank pLVX-Puro transduction.

Synthesis of HM@NPS nano-composites

Synthesis of Au@mesoporous silica nanoparticles 
The synthesis of Au@mesoporous silica nanoparticles 
(Au@MSNs) was performed according to a previous study, 
with minor modifications (25). Briefly, a 9.4 mL aqueous 
solution containing 0.75 mmoL CTAB and 2.5×10−3 mmoL 
HAuCl4 was mixed with 0.6 mL ice-cold NaBH4 aqueous 
solution (0.01 M) and CTAB-capped Au seeds were obtained 
immediately. Then, the growth of seeds was carried out in 
a mixture solution at 30 ℃, containing 5 mmoL CTAB, 
0.025 mmoL HAuCl4, 0.5 mmoL H2SO4, and 0.01 mmoL 
ascorbic acid. Following that, the reactive system was 
centrifuged, washed 3 times, and diluted to 20 mL with 
water. Whilst stirring, 200 μL of 0.1 M NaOH aqueous 
solution was supplemented. After that, 60 μL of 20% 
TEOS methanol solution was injected under gentle stirring, 
and repeated every 30 minutes for a total of 3 times. 
The mixture was stored at 26–28 ℃ for 3 days. Then, the 
sample was obtained by centrifugation and washed 3 times 
with ethanol. The sample was then dried at 60 ℃ oven for  
24 hours to remove ethanol. Then, 100 μL HCl was added to 
the 100 mL ethanol solution with 0.5 g Au@MSN and the 
reactive systems were stirred for 8 hours at 60 ℃ to remove 
CTAB from the as-prepared sample. The products were 
enriched by centrifugation and dried in a 60 ℃ oven. The 
products in this stage were denoted as Au@MSNs.

Preparation of amine-functionalized Au@MSNs
The amine-functionalized Au@MSNs were obtained by 
treatment with APTES. The detailed steps were as follows: 
100 mg Au@MSNs was dispersed in 200 mL ethanol, 
and it was refluxed at 78 ℃ for 12 hours. Then, 0.5 mL 
APTES was added. After centrifugation at 10,000 rpm for  
5 minutes, the precipitate was washed with water and 
ethanol. Finally, the obtained Au@MSNs-NH2 was dried at 
60 ℃ for further use.

The HM loading on amine-functionalized Au@MSNs
Amine-functionalized Au@MSNs (100 mg) were incubated 
with 10.0 mL of 25 mg/mL HM for 24 hours and collected 
by centrifugation at 10,000 rpm for 20 minutes. The 
products were freeze-dried and named as HM@Au@MSNs.

PEG grafting onto the surface of HM@Au@MSNs
Firstly, 0.192 g EDC and 0.115 g NHS were solved into 

100 mL of water (pH 6.0) and simultaneously the reactive 
system was vigorously stirred for 30 minutes. Secondly, 
50 mg HM@Au@MSNs in 10 mL deionized water were 
supplemented and the mixture was stirred for 6 hours. 
Thirdly, the obtained conjugate was washed with deionized 
water and dried using vacuum freeze dryer. The final 
obtained products were named as HM@Au@MSNs@PEG.

Asp6 grafting onto the surface of HM@Au@MSNs@
PEG
A total of 10 mg HM@Au@MSNs@PEG was dispersed 
into 100 mL water (pH 6.0). Then, 0.192 g EDC and 
0.115 g NHS aqueous solution were added and stirred for 
30 minutes. Afterwards, 10 mL of 0.5/mL ASP6 aqueous 
water was added and stirred for 6 hours. The product, 
named as HM@Au@MSNs@PEG@Asp6 (HM@NPS) 
nanocomposites, was obtained by centrifugation and dried 
using a vacuum freeze dryer.

Characterization of assays

Physical and chemical structure analysis
The morphologies were observed by a transmission electron 
microscope (TEM; JEM-2100F, JEOL Ltd., Tokyo, 
Japan). Fourier transform infrared (FTIR) spectroscopy 
were recorded by a Nicolet iS10 instrument (Thermo 
Fisher, Waltham, MA, USA). Thermogravimetry analysis 
was recorded by a STA449C thermal analysis instrument 
(Netzsch, Selb, Germany). High performance liquid 
chromatography (HPLC) was measured by Waters Alliance 
HPLC system (Waters, Milford, MA, USA).

HM release in response of ROS
To study the role of ROS in HM release from HM@NPS 
nano-composites, drug release experiments were carried out 
at 37 ℃ in phosphate-buffered solutions (PBS; pH 7.4) with 
different concentrations of H2O2 ranging from 0 to 1 mM. 
The content of free HM in the incubation solution was 
measured at given time intervals by HPLC method.

Photothermal analysis
The photothermal conversion efficiency of HM@NPS 
nano-composites at different time points was measured at 
808 nm by semiconductor laser device (GCSLS-05-007; 
Daheng New Epoch Technology, Inc., Beijing, China). The 
power density was set at 1 W cm−2; PMCS (5 mg/mL) was 
irradiated by near infrared (NIR) laser light transfer. A PT-
3S thermo-detector (Optex Co., Ltd., Tokyo, Japan) was 
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used to detect the temperature change.

Cell Counting Kit-8 (CCK-8) assay

Cell proliferation was assessed by CCK-8 assay. Cells with 
3×103 cells/well concentration were seeded and routinely 
cultured in 96-well plates for 12 hours. The A549 and 16HBE 
cells were treated with HM (0.5, 1, 2, 4, and 8 μg/mL).  
After 24 or 48 hours, the CCK-8 reagent was added for 
another 1 hour of cell culture. The absorbance of each well 
was determined at 450 nm.

Cellular uptake

The uptake ability of A549 cells to NPS nano-composites 
was assessed by confocal laser scanning microscopy. Briefly, 
A549 cells with 3×104 cells/well concentration in a 24-well 
plate were exposed to 2 μg/mL NPS nano-composites. 
After 6 hours of incubation, the sections of cell nucleus, 
cytoskeleton, and NPS nano-composites were treated 
with 4',6-diamidino-2-phenylindole (DAPI; Beyotime 
Biotechnology, Shanghai, China), fluorescein isothiocyanate 
(FITC)-phalloidin (Abcam), and Cy7 (MedChemExpress) 
for 40 minutes in sequence, which were determined by 
confocal laser scanning microscopy with 405, 562, and 
488 nm of excitation wavenumber, respectively. For TEM 
detection, the samples were treated according to a recently 
described procedure after fixation with 4% glutaraldehyde.

Transwell assay

The A549 cells (3×104 cells/well) were cultured in the 6-well 
plate at 37 ℃ overnight. The cell migration and invasion 
were measured according to a previous study (26). After 
fixed and stained with crystal violet, tumor cell migration 
and invasion were analyzed under a microscope.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

Total RNA was extracted by Trizol reagent (Invitrogen, 
Carlsbad, CA, USA) according to the experimental 
protocol, and reverse transcribed into cDNA with 
RevertAid First Strand cDNA Synthesis Kit (Thermo 
Fisher, USA). qRT-PCR was conducted using SYBR 
green PCR Master Mix (Thermo Fisher, USA) on 
an ABI7300 system. The primers were as follows: 
ANXA9 (5 ' -GGCAGCTCATCTCACGAAAC-3 ' 

a n d  5 ' - C A G C A G A G C C AT C A C A AT C C - 3 ' ) ; 
g l y c e r a l d e h y d e  3 - p h o s p h a t e  d e h y d r o g e n a s e 
(GAPDH) (5'-AATCCCATCACCATCTTC-3' and 
5'-AGGCTGTTGTCATACTTC-3'). The relative 
abundance of genes was quantified by using the comparative 
2−ΔΔCt with GAPDH as an internal control.

Western blot 

The proteins of interest were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), and transferred onto a nitrocellulose membrane. 
Membranes were further blocked with 5% skim milk, 
and immersed into antibodies solution against ANXA9 
(ab166621), MMP-2 (ab97779), MMP-9 (ab73734; all 
from Abcam), AKT (#9272), p-AKT (#9271), and GAPDH 
(#5174; all from Cell Signaling Technology, USA]. 
Then, the membranes were immersed into the secondary 
antibody solution linked to horseradish peroxidase (HRP; 
Beyotime, Shanghai, China). Signals were captured by a 
chemiluminescence system.

Precise targeting of HM@NPS nano-composites against 
spinal metastasis from lung adenocarcinoma using mouse 
model (LUAD SM)

A total of 40 4–6-week-old BALB/c nude mice (half male/
half female) were obtained from the Jiesijie Laboratory 
Animal Co., Ltd. (Shanghai, China). Experiments were 
performed under a project license (No. ZS2019-032) 
granted by the Institutional Animal Ethics Committee 
of Zhongshan Hospital, in compliance with institutional 
guidelines for the care and use of animals. A protocol was 
prepared before the study without registration. The mice 
were randomly divided into four groups (n=10), which were 
group control, group HM, group NPS and group HM@
NPS.

First, 200 μL of 1×106 A549 cells were injected into the 
left ventricle to establish spinal metastases mice models. 
A549 is a LUAD cell line derived from a patient with the 
highest tendency to form spine metastases using previously 
described methods (27). After successful creation of the 
LUAD SM model in vivo, the mice were then divided into 
four groups, with each group consisting of 10 mice. After  
3 weeks, in one group of mice (Group A), HM@NPS nano-
composites were injected into the tail vein at a concentration 
of 0.25 mg/mouse/day for 4 weeks. The HM@NPS nano-
composites fluorescent images were obtained through In 
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Vivo Imaging System (IVIS) 200 system (PerkinElmer, 
Waltham, MA, USA) at 0, 6, 12, and 24 hours to verify 
the bio-distribution of HM@NPS nano-composites. Both 
HM and NPS nanocomposites were chosen as controls 
(Groups B and C). Group D mice were not treated with 
anything. The surviving A549 cells in vivo were detected 
via bioluminescence at 0, 2, and 4 weeks in each group of 
mice. The lesions were also assessed using micro-computed 
tomography (CT). The mice were sacrificed intravenous 
injection at the end of the experiment. Heart, liver, lung, 
spleen, kidneys, and SM were collected, washed, fixed with 
4% paraformaldehyde, and displayed by paraffin sections 
for toxicity evaluation after hematoxylin and eosin (H&E) 
staining.

Statistical analysis

Statistical analysis was conducted by GraphPad Prism 8.0.2 
(GraphPad Software Inc., La Jolla, CA, USA). Data from 
independent triplicates were displayed as mean ± standard 
deviation. After test of normality of continuous variables, 
analysis of variance (ANOVA) and Student’s t-test were 
used to analyze the differences among groups. The Kaplan-
Meier method and Cox’s proportional hazards regression 
model were used to calculate overall survival and the log-
rank test was used for comparisons. All tests were two-sided, 
and significant effects were defined when P<0.05.

Results 

Evaluation on the prognosis predictor role of ANXA9 in 
LUAD

As a form of structural genomic variation, CNV is 
ubiquitous in human beings and is closely related to disease 
susceptibility or resistance to cancer treatment. Figure 1A-
1D shows the prevalence of ANXA family CNV in LUAD 
using the TCGA database. It can be seen that the ANXA6, 
ANXA9, and ANXA13 genes show amplification in LUAD 
patients, and ANXA9 had the most significant gains (Figure 
1A). High expression of ANXA9 was associated with a poor 
prognosis in LUAD patients (Figure 1B). Additionally, 
in comparison with the non CNV group, the ANXA9 
messenger RNA (mRNA) level in the ANXA9-gained 
CNV group was significant higher (Figure 1C). Differential 
expression analysis indicated that ANXA9 mRNA level is 
increased in LUAD tissues compared with normal tissues 

(Figure 1D). In paired tissue specimens, (Figure 1E-1N), 
the ANXA9 mRNA level was significantly higher in tumor 
tissue compared with normal tissue in LUAD patients 
(Figure 1E). We analyzed the ANXA9 CNV by RT-
PCR in clinical specimens to verify its consistency with 
bioinformatics data. The RT-PCR revealed that ANXA9 
amplification was detected in 4 of 32 (12.5%) samples in 
cohort 1 and 12 of the 97 (12.4%) samples in cohort 2 
(Figure 1F). The LUAD cases with ANXA9 amplification 
exhibited close associations with poorer prognosis than 
those without alteration in both groups (Figure 1G,1H). Our 
analysis also suggested that high expression of ANXA9 and 
shortening of survival time in LUAD patients were driven 
by its copy-number alterations. 

The ANXA9 protein expression pattern was observed 
by IHC analysis in our experiment (Figure 1I,1J). Kaplan-
Meier analysis showed that high expression of ANXA9 
was associated with a poor prognosis in this cohort of 
97 LUAD patients (Figure 1K). Multivariate regression 
analysis including pertinent clinical and pathological 
features indicated that the ANXA9 protein expression is 
an independent predictor of LUAD aggressiveness with 
significant HR for predicting clinical outcomes (Figure 
1L). Specific to LUAD with SM (n=59), high expression of 
ANXA9 was associated with a poor prognosis as shown in 
Figure 1M,1N. These data indicate that ANXA9 might be 
an independent prognosis predictor and play an important 
role in regulating spinal metastases from LUAD.

Investigation on the inhibition effect of ANXA9 and 
possible molecular mechanism on the migration and 
invasion of A549 cells

To verify whether ANXA9 indeed plays an oncogenic role 
in LUAD progression in vivo, we performed GSEA. The 
results showed that the ANXA9 expression was associated 
with metastasis and the AKT signaling pathway (Figure 2A). 
The designed shRNAs could specifically target ANXA9 
and efficiently down-regulate the expression of ANXA9 
in A549 cells (Figure 2B,2C). The migration and invasion 
ability of A549 cells were measured before or after changing 
the expression level of ANXA9. As shown in Figure 2D-
2F, knockdown of ANXA9 decreased the migration and 
invasion of A549 cells. Knockdown of ANXA9 also resulted 
in decreased MMP-3 and MMP-9 protein and p-AKT 
levels (Figure 2G). 
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Figure 1 ANXA9 genomic amplification was prevalent in LUAD tissues and associated with poor outcome and spinal metastases. (A) 
Representative CNV analysis of ANXA family genes up-regulated in LUAD tissues from TCGA database. (B) Survival rate of LUAD patients 
from TCGA database. (C) In TCGA database, ANXA9 mRNA level with ANXA9-gained CNV samples were significantly increased by 
comparison with the samples without CNV (1-sided Jonckheere-Terpstra test, P<0.01). (D) ANXA9 expression in LUAD tissues (n=526) and 
normal liver tissues (n=59) from TCGA dataset. (E) The expression of ANXA9 in LUAD tissues and paired normal lung tissues (n=32) from 
cohort 1 was measured by qRT-PCR. (F) qRT-PCR analysis on ANXA9 copy number in 2 cohorts. (G,H) Survival analysis of clinical specimens 
with or without ANXA9 amplification in 2 cohorts. (I,J) The expression of ANXA9 in LUAD tissues with or without SM and normal lung 
tissues from cohort 2 was measured by IHC. Scale bars: 100 μm. (K) Survival analysis of clinical specimens with high or low ANXA9 expression 
in cohort 2. (L) Multivariate regression analysis of cohort 2. (M) The expression of ANXA9 in spinal tissues of patients with spinal metastasis 
from cohort 2 was measured by IHC. Scale bars: 100 μm. (N) Survival analysis was performed between patients with spinal metastasis and with 
high or low ANXA9 expression from cohort 2. **, P<0.01, ***, P<0.001 compared with N. ###, P<0.001 compared with T‑NM. CI, confidence 
interval; HR, hazard ratio; IHC, immunohistochemistry; LUAD, lung adenocarcinoma; CNV, copy-number variation; TCGA, The Cancer 
Genome Atlas; qRT-PCR, quantitative real-time polymerase chain reaction; mRNA, messenger RNA; SM, spinal metastasis. 
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Design and synthesis of a smart HM@NPS nano-
composites for ROS-sensitive HM release

The Au@MSNs nanoparticles were obtained by a sol-gel 
method. Figure 3A shows the TEM image of Au@MSNs. 
The diameter of Au@MSNs particles ranged from 80 to 100 
nm and Au@MSNs nanoparticles had a core-shell structure. 
The silica shell with about 20 nm thickness was composed of 
disordered mesopores and the gold core with about 60 nm 

diameter showed a dense structure. This gold core-silica shell 
structure was specifically designed to supply mesoporous space 
for drugs and simultaneously act as a photothermal agent. 

We employed FTIR analysis to monitor the evolvement 
of the preparation HM@NPS nano-composites. As shown in 
Figure 3B, free silanol stretching vibration mode at 960 cm−1 
weakened when the PEG was successfully grafted on the 
surface of the Au@MSNs. The comparative strong C=O 

Figure 2 ANXA9 knockdown inhibited cell migration and invasion in A549 cells. (A) GSEA demonstrated ANXA9 expression was 
associated with the metastasis and AKT signaling pathway. (B) mRNA level of ANXA9, (C) ANXA9 expression in A549 cells transduced 
with indicated plasmids. (D-F) Cell migration and invasion was analyzed by Transwell assay via crystal violet staining (×200). (G) expression 
of MMP-2, MMP-9, p-AKT, and AKT in A549 cells transduced with indicated plasmids. *, P<0.05; **, P<0.01; ****, P<0.0001 compared 
with shNC. GSEA, gene set enrichment analysis; mRNA, messenger RNA; NC, negative control; NES, normalized enrichment score.
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absorption peak at 1,700 cm−1 and C-N stretching vibration 
peak at 1,400 cm−1 indicated that the Asp6 molecules had 
been successfully introduced to the nanoparticles. Figure 
3C shows the weight loss of HM, Au@MSNs, and HM@
NPS nano-composites with the increase of temperature by 
thermogravimetry analysis. The Au@MSNs were relatively 
stable but the weight of HM@NPS nano-composites 
gradually reduced and the weight loss rate reached about 
10% from 200 to 500 ℃, corresponding to the burning of 
HM. Therefore, the loading efficiency of HM on NPS nano‑
composites could be calculated to be 100 mg/g. Compared 
with water, the temperature of the aqueous dispersion of 
Au@MSNs dramatically increased to 60 ℃ within 8 min after 
irradiation (Figure 3D), indicating the good photothermal 
conversion capacity of HM@Au@MSNs. 

TK linkers (from H2N-PEG-TK-COOH) are sensitive 
to ROS and the fracture of TK linkers has been shown to 

cause the release of HM from pores of HM@NPS nano-
composites (28). To investigate the HM release kinetics 
from HM@NPS nanocomposites in response to ROS, we 
utilized H2O2 as typical ROS stimuli in in-vitro experiments, 
and the release profiles of the encapsulated HM from HM@
NPS nano-composites under different H2O2 concentration 
were monitored by HPLC. As shown in Figure 3E, without 
H2O2, less than 20% of HM could leak out from HM@NPS 
nanocomposites in 50 hours due to the protection of PEG, 
proving the effectiveness of anchoring the nano-valves by 
the TK linkers. In contrast, H2O2 significantly promoted 
the release of HM from HM@NPS nano-composites 
and the HM release rate positively correlated with the 
concentration of H2O2. The highest cumulative release of 
HM in 50 hours reached over 80% when the concentration 
of H2O2 was 1 mM. This suggested that the HM release was 
H2O2-sensitive owing to the ROS-cleavable TK linkers. 
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Figure 4 Effects of HM@NPS nano-composites on A549 cells behaviors. Cell viability of (A) A549 and (B) 16HBE cells incubated with 
different concentrations of HM for 24 and 48 h. (C) Confocal laser scanning microscope images (blue: nuclei stained with DAPI, red: 
HM@NPS nano-composites stained with Cy7, green: cytoskeleton stained with FITC-phalloidin, ×40). (D) TEM images indicated the 
intracellular distribution of HM@NPS nano-composites in A549 cells. (E-G) Cell migration and invasion, as determined by Transwell 
assays via crystal violet staining (×200). (H-J) expression of ANXA9, MMP-2, MMP-9, p-AKT, and AKT of A549 cells incubated with 
HM, NPS or HM@NPS nano-composites. **, P<0.01; ***, P<0.001 compared with control. ###, P<0.001; ####, P<0.0001 compared with 
NPS nano‑composites. HM, harmine; NPS, nanoparticles; DAPI, 4',6‑diamidino‑2‑phenylindole; FITC, fluorescein isothiocyanate; TEM, 
transmission electron microscope; FTIR, Fourier transform infrared spectroscopy.

Effect of HM, NPS, and HM@NPS nano-composites on 
cell behaviors

The cytotoxicity of NPS nano-composites and HM was 
assessed using human lung normal cells (16HBE) and lung 
cancer cells (A549). As for NPS nano-composites, over 
90% of A549 and 16HBE cells after exposure to NPS 
nano-composites for 24 hours and 48 hours survived even 
at a concentration of 2 μg/mL, indicating good biological 
safety (data not shown). As for free HM (Figure 4A,4B), 
the CCK-8 assay results revealed that A549 cancer cells 
are more sensitive to HM than 16HBE normal cells, 

and the inhibition rate of HM on A549 was about twice 
that of 16HBE cells; both positively correlated with HM 
concentration. Less than 70% of A549 cells survived after 
exposure to 8 μg/mL of HM for 48 hours (Figure 4A), and 
for 16HBE cells, the survival rate was about 85% (Figure 
4B). These data indicated that HM might be toxic to tumor 
cells but can absolve normal cells.

To investigate the cellular uptake of NPS nano-
composites, A549 cells were exposed to NPS nano-
composites and observed by confocal laser microscopy (cells 
with 6 h of exposure to NPS nano-composites) and TEM 
(cells with 4 h of exposure to NPS nano-composites). Both 
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could easily capture the NPS nano-composites into the 
cells. The NPS nano-composites mainly locate at cytoplasm 
(Figure 4C) and exist in vesicles (Figure 4D).

The migration and invasion of A549 cells were compared 
after exposure to HM, NPS, and HM@NPS nano-
composites. In comparison with the untreated control, 
the NPS nano-composites had no effect on the migration 
and invasion of A549 cells (Figure 4E-4G). However, the 
treatment with free HM or HM@NPS nano-composites 
significantly attenuated the migration and invasion of 
A549 cells, with the effect of HM@NPS nano-composites 
being stronger than that of free HM (Figure 4E-4G). These 
results demonstrate that the loading of HM on NPS nano-
composites can enhance the effect of HM against A549 
cells.

Figure 4H,4I show the ANXA9 mRNA and protein levels 
in A549 cells after exposure to HM, NPS, or HM@NPS 
nano-composites by RT-PCR and Western blot analysis, 
respectively. It can be seen that the NPS nano-composites 
had no effect on ANXA9 mRNA level. Contrarily, HM@
NPS nano-composites exhibited much stronger inhibition 
effect than HM on the ANXA9 gene transcription and 
protein expression. Simultaneously, the decrease of several 
key proteins’ expression (e.g., MMP-3, MMP-9, p-AKT) 
was also detected in A549 cells after exposure to HM or 
HM@NPS nano-composites (Figure 4J).

The ANXA9-overexpression A549 cells model was 
established to confirm the role of ANXA9 in tumor 
progression. The RT-PCR results demonstrated the 
successful transfection of ANXA9 expression in A549 cells, 
characterized with a higher level of ANXA9 mRNA level 
(Figure 5A). By comparison with A549 cells without ANXA9 
transfection, the ANXA9 overexpression cells significantly 
increased the migration and invasion, and simultaneously 
induced high protein expression (e.g., MMP-3, MMP-
9, p-AKT) (Figure 5B-5E). Importantly, HM@NPS nano-
composites or HM could reverse these effects and the 
reversion of HM@NPS nano-composites was stronger than 
that of HM (Figure 5B-5E).

Investigation on the targeting and therapeutic effects of 
HM@NPS nano-composites against SM lung cancer mice 
model

To verify the targeting effect of HM@NPS nano-
composites, the SM lung cancer model was established 
by left ventricle injection of A549 cells. After 3 weeks, the 
HM@NPS nano-composites were intravenously injected. 

Figure 6A shows the bioluminescence of A549 cells and 
fluorescence (red) signal of HM@NPS nano-composites 
at the indicated times. It clearly demonstrates that HM@
NPS nano-composites could target to A549 cells after 
intravenous injection at 12 hours. The H&E staining in 
Figure 6B demonstrates no significant pathological changes 
in liver, spleen, kidney, heart, and lung tissue samples from 
all the groups. HM however, inhibited the survival and 
SM of A549 cells in mice (Figure 6C,6D). Importantly, the 
inhibitory effects of HM in A549 cells-bearing mice were 
enhanced by HM@NPS nano-composites (Figure 6C,6D). 
Overall, consistent with our in vitro findings, our in vivo 
experiment showed that HM@NPS nano-composites 
effectively target LUAD SM with negligible systemic 
toxicity.

Discussion

ANXA9 is a novel prognostic marker for gastric cancer 
patients, that has been shown to regulate cell differentiation, 
invasion, and migration (13); however, the underlying 
molecular mechanisms of ANXA9 in SM of LUAD has 
remained unknown. In this study, we present for the first 
time, through bioinformatics analysis of TCGA database 
and assays using clinical specimens, the correlation between 
LUAD and ANXA9. We also show possible mechanisms 
by which ANXA9 promotes SM of cancer cells. Similarly 
to previous studies demonstrating the increased expression 
of ANXA9 in other cancers (14,15), we also found an 
increased level of ANXA9 with CNVs in LUAD tissues. 
This suggests that amplification of the ANXA9 gene is the 
basis of ANXA9 overexpression in LUAD. 

We also verified that metastasis and AKT signaling 
pathway-related genes were enriched in LUAD tissues 
with higher expression of ANXA9. In line with our 
bioinformatics findings, ANXA9 knockdown inhibited, 
and its overexpression promoted, the invasion and 
migration of A549 cells. This is consistent with previous 
observations concerning ANXA9 (13) and other ANXA 
proteins in different cancers, including lung cancer (29,30). 
Specifically, it has been well documented that ANXA3 
regulates epithelial mesenchymal transition (EMT) and 
lymph node metastasis in pancreatic cancer through the 
PI3K/AKT signaling pathway (31) and ANXA11 promotes 
invasion, migration, and EMT progress in hepatocellular 
carcinoma via the activation of AKT signaling (32). 
However, molecular mechanisms by which ANXA9 
regulates AKT signaling activation in SM of LUAD has not 
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Figure 5 ANXA9 overexpression increases cell migration and invasion in A549 cells and HM@NPS nano-composites exhibited stronger 
inhibition effect on A549 cells with ANXA9 overexpression than free HM. (A) mRNA and protein expression of ANXA9 in A549 cells 
transduced with indicated plasmids. (B-D) Cell migration and invasion, as determined by Transwell assays via crystal violet staining (×200). (E) 
expression of MMP-2, MMP-9, p-AKT, and AKT in A549 cells transduced with indicated plasmids and incubated with HM, NPS, or HM@
NPS nano-composites, respectively. ****, P<0.0001 compared with vector. ##, P<0.01; ###, P<0.001 compared with ANXA9. ΔΔΔΔ, P<0.0001 
compared with ANXA9 + NPS. HM, harmine; NPS, nanoparticles; mRNA, messenger RNA.

been previously reported. Our study provides a glimpse of 
possible mechanisms involved in this specific condition. 

In addition to insufficient understanding on of its 
molecular mechanisms involved in its pathogenesis in 
LUAD, SM presents a unique challenge from a therapeutic 
perspective. Despite major advances in LUAD treatment, 

effective SM management remains an unmet need and SM 
is often associated with poor survival and quality of life. 
Recently, nano-delivery system-based cancer therapy has 
been shown to be a promising treatment strategy for SM 
patients, with minimal systemic side effects, maximum 
tumoricidal effect, and absence of multi-drug resistance. 
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and 24 h after intravenous injection of HM@NPS nano-composites (0.25 mg/mouse/d). (B) Images of H&E-stained sections obtained from the 
major organs (heart, liver, spleen, lung, and kidney) of mice 4 weeks post injection with HM (0.25 mg/mouse/d), NPS (0.25 mg/mouse/d) or 
HM@NPS nano-composites (0.25 mg/mouse/d). Scale bars: 100 μm. (C) A549 cell survival in the mice monitored with an IVIS 200 system. 
(D) Micro-CT images of local destruction (arrows) in the affected spine of the tumorigenic mice. HM, harmine; NPS, nanoparticles; H&E, 
hematoxylin and eosin; IVIS, In Vivo Imaging System; micro-CT, micro-computed tomography.

Here, we successfully designed and synthesized smart HM@
NPS nanocomposites for targeted treatment of SM from 
LUAD. Firstly, the high surface area and large pore volume 
of our construct supported high loading efficiency of HM 
(100 mg/g). Secondly, the link of Asp6, a bio-inspired 
oligopeptide present in osteopontin, allowed the HM@

NPS nano‑composites to specifically target to lung cancer 
SM cells. Thirdly, the TK linker (from H2N-PEG-TK-
COOH) allowed release of HM preferentially in response 
to ROS thus protecting the molecule and allowing for its 
slow release. In this study, we chose HM, a Chinese herb 
extract as the loaded drug against SM of LUAD due to 
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its outstanding anti-tumor activity (20,33). Studies have 
shown that HM has pro-apoptotic, anti-proliferation, anti-
invasion, anti-migration, and anti-metastasis functions in 
NSCLC (34) and other malignancies (33,35). In this study, 
we not only show effective tumor inhibition with SM but 
also shed additional insight into its mechanism of action 
by clearly demonstrating the inhibitory effect of HM on 
AKT signaling pathway. Our findings suggest that HM may 
be a candidate drug for precise treatment of LUAD SM. 
Considering the positive correlation between the ANXA9 
expression and metastasis as well as AKT signaling pathway, 
and the observation that ANXA9 expression can be induced 
by HM in LUAD cells, we hypothesized that ANXA9 
may be an effective target for HM (36,37). Encouraged by 
the in-vitro anti-tumor cells effects of HM@NPS nano-
composites, in vivo antitumor efficacy of HM@NPS nano‑
composites was evaluated in the lung cancer SM mice 
model. Excitingly, HM@NPS nano-composites exhibited 
the ability to target A549 cells in 12 hours. At 4 weeks after 
injection of A549 cells in mice, tumors in the HM@NPS 
nano-composites treatment group almost ceased to progress 
by comparison with other groups suggesting outstanding 
anti-tumor efficacy. The use of nano-composites system 
allowed achievement comparable efficacy and increasing 
of biological activity of a drug compared to traditional 
chemotherapy. At the same time, such formulations 
significantly increase the drug load and may increase its 
bioavailability, response to ROS, reduce side effects, and, as 
a consequence, improve drug efficacy. It may provide novel 
treatment strategies for some lung adenocarcinoma with 
spinal metastasis.

Conclusions 

In conclusion, ANXA9 expression correlates with cell 
migration and invasion of A549 cells via the AKT signaling 
pathway in LUAD in general, and specifically in LUAD SM. 
HM inhibits this but free HM is associated with significant 
systemic toxicity. HM@NPS nano-composites fabricated by 
coating PEG, ASP6, and HM onto Au@MSN nanoparticles 
can precisely target lung cancer SM cells, through its ability 
to release HM in response to ROS. The HM@NPS nano-
composites has low cytotoxicity to normal tissues and 
exhibits a good biological safety. Importantly, HM@NPS 
nanocomposites can effectively reduce LUAD cancer cell 
migration and invasion compared to free HM in. This study 
sheds light on a novel mechanism potentially involved in 
SM of LUAD and a novel strategy to treat this challenging 

disease. This study also reinforces that understanding of 
the mechanisms of action of natural products derived from 
traditional Chinese herbs can facilitate the development of 
safe and effective anticancer drugs. 
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