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Abstract
Background/Aims: To investigate the clinical significance and functional mechanisms of 
membrane-associated RING-CH protein 9 (MARCH9) in lung adenocarcinoma (LAC). Methods: 
Immunohistochemistry staining was performed to explore the expression of MARCH9 in 
LAC tissues and adjacent normal lung tissues. Patients’ prognosis was evaluated using 
overall survival. The prognostic role of MARCH9 was tested with univariate and multivariate 
analyses. To confirm the effect of MARCH9 in cell proliferation and invasion, overexpression 
of MARCH9 was induced in two LAC cell lines. Cell cycle, apoptosis, migration, invasion, and 
immunoprecipitation experiments were performed to further explore the signaling pathways 
involved. Results: Analysis of a series of 143 clinical samples revealed that MARCH9 was down-
regulated in tumor tissues compared with normal lung tissues, and this was closely associated 
with lymph node metastasis (P = 0.004). Univariate and multivariate analyses indicated 
that MARCH9 was an independent prognostic biomarker for LAC; low MARCH9 expression 
indicated poor overall survival. Cellular studies with A549 and H1299 cells demonstrated that 
MARCH9 can attenuate tumor migration and invasion but had little effect on cell cycle or 
apoptosis. Moreover, an interaction between MARCH9 and ICAM-1 protein was identified, 
and overexpression of MARCH9 was found to attenuate the oncogenic effect of ICAM-1, 
suggesting that MARCH9 may inhibit tumor progression by downregulating ICAM-1 signaling. 
Conclusion: MARCH9 downregulation in LAC tissues correlated with poor clinical outcomes. 
MARCH9 may serve as a novel biomarker and potential therapeutic target for LAC.
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Introduction

Lung cancer is one of the most common tumor types worldwide and is the leading cause 
of cancer-related mortality [1]. The histological classification of lung cancer has two major 
subtypes, non-small cell lung cancer (NSCLC) and small cell lung cancer. NSCLC is typically 
carries a poor prognosis, with 5-year overall survival at around 15% [2]. Usually originating 
from peripheral lung tissues, lung adenocarcinoma (LAC) comprises more than 40% of lung 
cancers and has a high prevalence of distant metastasis [3]. The established curative method 
for managing LAC is surgical treatment. Unfortunately, it is still difficult to predict clinical 
outcomes even for patients who undergo tumor resection [4]. Also, despite the considerable 
advances that have been made in early detection and targeted therapies for lung cancer, 
patients with advanced disease still end up with unfavorable outcomes. The predominant 
factors for poor prognosis include metastasis, early recurrence, and poor response to 
adjunctive therapy. Therefore, better understanding of the metastasis mechanisms and 
identification of novel biomarkers are essential to help predict the prognostic patterns of 
LAC patients as well as develop novel therapeutic interventions.

Major histocompatibility complex (MHC) proteins, including MHC class I and MHC 
class II, play important roles in initiating immune response and are highly expressed in 
antigen-presenting cells [5]. The membrane-associated RING-CH (MARCH) proteins were 
first identified as ubiquitination regulators of MHC proteins, modulating the overall levels of 
MHC proteins on the cell surface [6, 7]. The MARCH family comprises 11 members, MARCH1 
to MARCH11. Besides the roles in the immune system, MARCH proteins are also involved 
in other cellular functions [8]. For example, MARCH1 was reported to regulate insulin 
sensitivity by controlling the level of cell surface insulin receptors [9]. MARCH2 can promote 
endocytosis and degradation of beta2-adrenergic receptors and is thought to be involved in 
regulating cardiovascular function [10]. MARCH5 is located in the mitochondria and controls 
mitochondrial fission and cell sensitivity to stress-induced apoptosis [11]. MARCH7 regulates 
T cell proliferation and neuronal development and participates in membrane trafficking and 
protein degradation.

Accumulating evidence suggests that the MARCH proteins can also regulate tumor 
development and progression. For example, MARCH1 knock out suppresses proliferation, 
migration, and invasion of ovarian cancer cells by suppressing the NF-κB and Wnt/β-catenin 
pathways [12]. Similarly, MARCH2 silencing inhibits the growth of colon cancer cells via 
induction of endoplasmic reticulum stress [13]. MARCH5 and MARCH7 can both promote 
the processes of migration and invasion in ovarian cancer cells [14, 15]. High expression of 
MARCH8 was also observed in esophageal tumors and was associated with tumor aggression 
[16]. However, at present, there is no evidence about the role of MARCH9 in malignancy.

In the present study, we first determined the mRNA and protein levels of MARCH9 in 
LAC tissues and adjacent lung tissues. Statistical analysis confirmed its predictive role as an 
independent prognostic factor for poor overall survival in LAC patients. We also performed 
cellular experiments to explore its functional mechanisms. MARCH9 significantly inhibited 
the processes of migration and invasion in LAC cells but had little effect on cell proliferation 
or apoptosis. Of note, we further found that MARCH9 could downregulate the protein levels 
of Intercellular adhesion molecule 1 (ICAM-1), and this maybe the underlying mechanism 
in repressing tumor metastasis. Our results not only provide initial evidence about the 
suppressive role of MARCH9 in tumor progression, but also reveal a novel MARCH9-ICAM-1 
signaling pathway in tumor cells, and may therefore help direct targeted therapeutic strategy 
for LAC patients.
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Materials and Methods

Patients and samples
A total of 143 patients (43 women, 100 men) diagnosed with primary LAC were recruited from our 

hospital (Shenyang, China) between March 2005 and March 2014. All patients underwent surgical resection 
at our hospital and all declined preoperative drug treatment. Retrospectively collected clinical information 
included age, smoking history, tumor size, histological differentiation grade, lymph node metastasis, and 
TNM staging. Complete follow-up details were obtained for all LAC patients and were included in overall 
survival analysis. We collected formalin-fixed paraffin-embedded (FFPE) tissues as well as 12 pairs of 
freshly resected LAC and adjacent normal lung tissue samples, which were flash-frozen and stored in liquid 
nitrogen for further use.

Immunohistochemistry (IHC)
IHC experiments and staining evaluation were performed as described elsewhere [17]. Briefly, FFPE 

specimens were cut into 4 μm serial sections, deparaffinized, blocked, and incubated at 4°C overnight with 
the primary antibodies (MARCH9, ab99231, Abcam, Cambridge, UK; ICAM-1, ab2213, Abcam), followed 
by incubation with horseradish peroxidase-labeled secondary. Two independent pathologists analyzed 
immunoreactivity in at least six randomized visual fields based on both staining intensity and percentage 
of positively stained cells. Briefly, the percentage of positively stained cells was scored as 1 (0-25%), 2 (25–
50%), 3 (50-75%), or 4 (75-100%). The staining intensity score was classified as 1 (unstained, negative), 
2 (slightly stained, light yellow), 3 (medium stained, dark yellow), or 4 (strongly stained, dark brown). The 
final IHC score was calculated by multiplying these two scores (range 1-16). Based on the IHC score, we 
then divided the patients into a high MARCH9 expression group (IHC score ≥ 9, n = 68) and a low MARCH9 
expression group (IHC score < 9, n = 75).

Quantitative real-time polymerase chain reaction (RT-qPCR)
Total RNA was extracted from fresh-frozen tissues using TRIZOL reagent (Invitrogen, Carlsbad, 

CA). Reverse transcription PCR was performed using PrimeScript RT reagent Kit (TaKaRa, Dalian, China) 
according to the manufacturer’s instructions. Real-time PCR was carried out to quantify MARCH9 transcript 
level using SYBR Premix Ex Taq II (RR420A; TaKaRa) according to a standard protocol [18]. The housekeeping 
gene GAPDH was used as normalization control. The following primers were used: MARCH9 forward: 5′-
AATCCGCTGGATCAGTGAGAGG-3′; MARCH9 reverse: 5′-GCAGCAATCTGGACCTTCTCGA-3′; GAPDH forward: 
5′-CCTGCACCACCAACTGCTTA-3′; and GAPDH reverse: 5′-GGCCATCCACAGTCTTCTGAG-3′.

Western blot
Resected tissues or cultured cells were lysed with lysis buffer. The supernatant of the lysate was 

collected by centrifuging at 13, 000 rpm for 30 min. After protein quantification, about 30 μg of total 
protein was loaded onto 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred 
to polyvinylidene difluoride membranes. The membranes were blocked with 5% bovine serum albumin for 
1h at room temperature and then incubated with specific antibodies (MARCH9, β-actin, ICAM-1, GTP-RhoA, 
RhoA, and Flag; all purchased from Abcam) at 4 °C overnight. Membranes were subsequently incubated with 
secondary antibodies for another 1 h at room temperature. Protein bands were visualized using an ECL 
western blotting kit (Thermo Fisher Scientific, Pittsburgh, PA, USA).

Cell culture
The human normal bronchial epithelial cell line (HBE) and two LAC cell lines (H1299 and A549) 

were purchased from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences 
(Shanghai, China). All the cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine 
serum (FBS; GIBCO, Gaithersburg, MD, USA) and 1% penicillin-streptomycin. All cells were maintained at 
37°C in a humidified atmosphere with 5% CO2.
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Plasmids and transfection
siRNA targeting human MARCH9 was purchased from Sigma (Cat.: sc-95940). Flag-tagged MARCH9 and 

ICAM-1 constructs were inserted into pcDNA3.0 vector, respectively. The plasmids were both constructed 
by GenePharma (Shanghai, China) and verified with DNA sequencing by BGI (Beijing, China). Transfection 
was performed using Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific) according to the 
manufacturer’s instructions. After 24 h, transfected cells were partially harvested to assess the transfection 
efficiency; the remaining cells were expanded and subjected to functional assays.

MTT assay
MTT assays were performed to assess cell proliferation [19]. Briefly, 3000 cells in 200 μL FBS-

containing DMEM were seeded into each well of 96-well plates and cultured for several days. Triplicate 
wells from each transfection group were assessed every day (days 0-4). At the designated time points, 100 
μL fresh medium containing MTT (5 mg/mL) was added to each well and the cells were incubated at 37 °C 
for 4 h. The medium was then replaced with 150 μL DMSO and the cells were shaken at room temperature 
for 10 min to dissolve crystals. Absorbance was measured at 490 nm. Each experiment was performed in 
triplicate, and results are presented as the mean ± SD.

Colony formation
Colony formation assay was performed on a 6-well plate for 2 weeks. The colonies were fixed with 

paraformaldehyde and then stained with 0.1% crystal violet (Sigma-Aldrich, St Louis, MO, USA). Visible 
colonies were counted manually. All experiments were performed at least three times.

Polyubiquitination analysis
To test whether MARCH9 regulates the K48-linked poly-ubiquitination of ICAM-1, we transfected cells 

with calmodulin binding peptide (CBP)-tagged ICAM-1, HA-tagged ubiquitin (K48), as well as Flag-tagged 
MARCH9 plasmids. After culturing for 48 h, cells were harvested and subjected to immunoprecipitation 
using CBP affinity beads. The pull-down products were then tested by both anti-HA and anti-CBP antibodies 
as described above.

Cell cycle
Cell cycle phases (G1, S, or G2 phase) were identified based on different DNA contents using the 

fluorescent dye propidium iodide (PI; Sigma Aldrich) according to the standard procedure. Briefly, cells 
were fixed with 70% cold ethanol (700 μL) at 4°C for 4 h and then washed and stained with PI at 37°C in 
the dark for 30 min. After filtering through a nylon mesh (400 screen meshes), cells were introduced to a 
fluorescence-activated cell sorting (FACS) flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The 
ratio of cells in various cell cycle phases were counted and analyzed. All experiments were performed in 
triplicate and repeated at least three times.

Apoptosis
The Annexin V-FITC Apoptosis Detection kit (Calbiochem, Darmstadt, Germany) was used to assess 

apoptosis in transfected cells. Briefly, cultured cells were suspended, centrifuged and washed with 
phosphate buffered saline and then resuspended in cold Binding Buffer (Santa Cruz Biotechnology, Dallas, 
TX, USA) supplemented with 1.25 μL Annexin V-FITC reagent according to the manufacturer’s instructions. 
Flow cytometric analysis was also performed using a BD FACS flow cytometer. All data were quadrantally 
analyzed to distinguish early apoptotic cells, late apoptotic cells, dead cells, and viable cells. The apoptotic 
index was calculated by combining the percentage of early and late apoptotic cells. All experiments were 
performed in triplicate and repeated at least three times.

Wound healing
Transfected cells were cultured in 6-well plates at 2.5 × 105 cells per well. When the cells reached 

80-90% confluency, the cells were scratched using sterile 200 μL pipette tips. The cell culture medium 
was refreshed to remove floating cells, and the width of the scratch was immediately observed with an 
inverted microscope as the original control. At the 24-h and 48-h time points, the width of the scratches was 
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observed; percent wound closure was calculated by comparing with the original width. Each experiment 
was repeated in triplicate.

Transwell migration and Matrigel invasion assays
Migration assays were performed using transwell chambers with 8.0 μm pore membrane inserts 

[20]. Transfected Hep3B and Huh7 cells were seeded in a separate culture well and allowed to undergo 
migration in a 37°C incubator for 24 h. The cells were cultured with 10% FBS in the upper chamber and 
DMEM containing 20% FBS in the lower chamber. After 24 h of culture, cells on the lower surface of the 
membrane were fixed and stained with crystal violet. For each well, 10 random fields were counted and the 
average number of cells was determined. Each experiment was performed in triplicate and repeated for at 
least three times. For the invasion assays, transwell chambers were precoated with Matrigel (0.4 mg/mL) 
before seeding cells; the invasion period was for 48 h [21].

Statistical analysis
Statistical analysis was performed using SPSS version 18.0 (IBM, New York, NY). Pearson chi-square 

tests were used to compare differences between the high-MARCH9 expression group and low-MARCH9 
expression group. Survival curves were plotted with the Kaplan–Meier method and compared using the log-
rank test. Significant factors identified by the univariate models were further entered into a multivariable 
Cox regression model to test their independent roles. For all tests, P < 0.05 was considered statistically 
significant.

Ethics
Written informed consent was obtained from each patient prior to initiation of this study. This study 

was approved by the Ethics Committee of the First Affiliated Hospital of China Medical University.

Results

Patient’ background
A total of 143 patients with LAC (100 men [69.9%], 43 women [30.1%]; median age 57 

years, range 29-78 years) were 
enrolled on this study (Table 1). 
Only 60 patients (42.0%) were 
nonsmokers (fewer than 100 
cigarettes in their lifetime [22]). 
On histological examination, 
there were 81 patients (56.6%) 
with tumor diameter > 3.0 cm, 
and the remaining 62 patients 
(43.4%) with tumor diameter 
≤ 3.0 cm. Tumors were 
poorly differentiated in 54 
patients (37.8%), moderately 
differentiated in 65 patients 
(45.5%), and well differentiated 
in the remaining 24 patients 
(16.8%). Additionally, 77 
patients (53.8%) had positive 
lymph node metastasis; the 
remaining 66 patients (46.2%) 
had negative lymph nodes. 
Eighty-nine patients (62.2%) 
were classified as TNM stage I-II 
and 54 (37.8%) as TNM stage 

Table 1. Correlations between MARCH9 expression and 
clinicopathologial characteristics in LAC patients. Note: * 
Statistically significant by chi-square test. Abbreviations: 
MARCH9, Membrane Associated Ring-CH-Type Finger 9; LAC, 
Lung Adenocarcinoma; LN, Lymph Node

≤ 60 yrs

≤ 3.0 cm

http://dx.doi.org/10.1159%2F000493961


Cell Physiol Biochem 2018;50:92-107
DOI: 10.1159/000493961
Published online: 3 October 2018 97

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Shen et al.: MARCH9 Inhibits LAC Progression

Fig. 1. MARCH9 is downregulated in LAC tissues. (A) MARCH9 protein expression levels in paraffinized 
lung tissues and LAC tissues assessed using IHC, showing positive immunoreactivity in the cytoplasm. (B) 
Comparison of average MARCH9 IHC scores among different TNM stages, showing negative correlation of 
MARCH9 with tumor progression. (C) MARCH9 mRNA levels in 12 fresh-resected LAC tissues and paired 
adjacent lung tissues analyzed using RT-PCR normalized with GAPDH and indicating that MARCH9 is down-
regulated in tumor tissues. (D) Protein extracted from the 12 tissue pairs subjected to Western blot analysis 
with MARCH9 antibody; 9 pairs (9/12, 75.0%) show lower MARCH9 protein levels in LAC tissues compared 
with lung tissues. * P<0.05 compared with normal group, Student’s t-test.

Figure 1 
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III-IV. Median follow-up period was 
37 months (range 13-86 months). In 
total, 61 patients (42.7%) died during 
the study period.

MARCH9 is downregulated in LAC 
tumor tissues
We assessed the levels of 

MARCH9 protein in all 143 pairs of 
LAC tissues and adjacent normal 
liver tissues using IHC. MARCH9 
protein was mainly located in the 
cytoplasm (Fig. 1A). Unlike the high 
endogenous expression in normal 
lung tissues, MARCH9 showed 
decreased levels in LAC tumor tissues 
and this was negatively correlated 
with tumor stage (Fig. 1B). We also 
assessed MARCH9 mRNA levels in 
fresh-frozen tissue pairs and found 
lower MARCH9 transcription in 
tumor tissues (Fig. 1C). Consistent 
with this, western blotting revealed 
decreased MARCH9 protein levels in 
tumor tissues compared with levels 
in adjacent normal lung tissues (Fig. 
1D). Because the MARCH9 expression pattern indicated its potential as a tumor suppressor, 
we then performed statistical analysis to explore its clinical significance.

Using the chi-square test, we compared patients in the low- and high-MARCH9 expression 
groups. We found that low MARCH9 correlated with poorly differentiated tumors (P < 0.001; 
Table 1). Moreover, patients with positive lymph nodes or advanced TNM stages showed 
lower MARCH9 levels (P = 0.004 and P = 0.021, respectively). In contrast, no significant 
difference was found between MARCH9 expression level and sex, age, smoking history, or 
tumor size.

Low MARCH9 expression indicates poor overall survival in LAC patients
We plotted overall survival curves using Kaplan–Meier analysis based on different 

variables (Table 2, Fig. 2). Overall survival in LAC patients was not significantly correlated 
with sex (P = 0.072) or smoking history (P = 0.179). However, older patients showed 
unfavorable clinical outcomes (P = 0.030). As expected, shorter overall survival time was 
associated with larger tumor size (P = 0.025), poor histological differentiation (P = 0.018), 
positive lymph nodes (P = 0.003), and advanced TNM stages (P < 0.001). Importantly, a 
higher MARCH9 level was beneficial for overall survival in LAC patients (overall survival 
time 67.4 ± 3.6 vs 48.5 ± 2.9 months, P = 0.002).

To enlarge the sample size and minimize bias from the a single-center sample, we further 
evaluated the prognostic effect of MARCH9 from a public database using a Kaplan–Meier 
plotter (http://www.kmplot.com). The microarray data showed that a higher MARCH9 mRNA 
level was correlated with better overall survival in NSCLC (Fig. 3A, P = 0.013) or LAC (Fig. 3B, 
P = 0.037). However, no prognostic significance was observed in patients with lung squamous 
cell carcinoma (Fig. 3C, P = 0.64). Consistent with our data, the public database showed a 
promising role of MARCH9 in predicting clinical outcomes of LAC patients, therefore, we 
further focused on LAC cases in this study.

Multivariate analysis was performed to identify independent prognostic factors of LAC 
(Table 3). Lymph node metastasis (hazard ratio [HR] = 3.223, 95% confidence interval [CI] 

Table 2. Univariate analysis of clinicopatholgical factors for 
the overall survival in 143 LAC patients. Note: * Statistically 
significant by log-rank test. Abbreviations: LAC, Lung 
Adenocarcinoma; LN, Lymph Node; MARCH9, Membrane 
Associated Ring-CH-Type Finger 9

≤ 60 yrs

≤ 3.0 cm
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Fig. 2. MARCH9 expression level is useful in predicting clinical outcomes in LAC patients. Kaplan–Meier 
survival analysis based on patients’ sex (A), age (B), smoking history (C), tumor size (D), tumor differentiation 
(E), lymph node metastasis (F), TNM stage (G), and MARCH9 expression (H). * P<0.05, log-rank test.

Figure 2 
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1.730-6.005, P < 0.001), TNM stage (HR 
= 4.101, 95% CI 2.244-7.496, P < 0.001), 
and MARCH9 (HR = 0.342, 95% CI 0.148-
0.960, P= 0.048) protein levels were all 
independent prognostic factors for overall 
survival in LAC patients. No independent 
effect was observed for age, tumor size, or 
tumor differentiation.

MARCH9 has no significant effect on 
proliferation or apoptosis of LAC cells
The clinical data revealed an 

independent effect of MARCH9 in 
predicting patients’ survival, so we 
performed cellular experiments to explore 
its functional mechanisms. Endogenous 
MARCH9 protein expression levels were 
tested in HBE cells, A549 cells, and 
H1299 cells. HBE cells represent normal 
lung cells, A549 cells were derived from 
primary lung adenocarcinoma, and H1299 
cells originated from a metastatic lung 
adenocarcinoma lesion. According to the 
western blot results, HBE cells showed the 
highest MARCH9 protein levels, while A549 
and H1299 cells showed lower MARCH9 
levels (Fig. 4A), which was consistent with 
the clinical findings. Therefore, we induced 
MARCH9 gene overexpression in both 
A549 and H1299 cells (Fig. 4B, 4C).

Proliferation of A549 and H1299 cells 
was evaluated using MTT assays (Fig. 4D, 
4E; P > 0.05). Overexpression of MARCH9 
showed no significant effect on cell 
proliferation, which was further verified 
by colony formation experiments (Fig. 4F, 
4G; P > 0.05). In addition, we examined the 
cell cycle in MARCH9-overexpressing cells 
using flow cytometry; neither A549 nor 
H1299 showed significant alteration in 
cell cycle phases (Fig. 5A, 5B). Apoptosis in 
both cell lines was analyzed, and MARCH9 
overexpression showed no apoptotic 
effect (Fig. 5C, 5D). The minimal effect of 
MARCH9 on cell proliferation or apoptosis 
was also consistent with the clinical data 
showing that MARCH9 had no significant 
correlation with tumor size (Table 1, P = 
0.395).

Fig. 3. Low MARCH9 is correlated with poor overall 
survival of LAC patients. Low MARCH9 accumulation 
significantly correlates with poor overall survival in 
NSCLC patients (A) and LAC patients (B). MARCH9 
shows no clinical significance in survival in lung 
squamous cell carcinoma (C). Data were generated 
from a public database through http://www.kmplot.
com. * P<0.05, log-rank test.

Figure 3 
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Table 3. Cox multivariate analysis of variables affecting overall survival in LAC patients. Note: * Statistically 
significant. Abbreviations: LAC, Lung Adenocarcinoma; LN, Lymph Node; MARCH9, Membrane Associated 
Ring-CH-Type Finger 9

 
Fig. 4. MARCH9 
overexpression has no 
significant effect on 
LAC cell proliferation. 
Western blot (A) 
analysis of MARCH9 
levels in human 
bronchial epithelial 
cell line (HBE) and 
LAC cell lines (A549, 
H1299), indicating 
lower MARCH9 levels 
in tumor cells. A549 
and H1299 cells 
transfected with 
MARCH9 plasmids, 
with transfection 
efficiency verified 
using western blot 
(B, C). MARCH9 
overexpression shows 
no significant effect on 
cellular proliferation 
as revealed by MTT 
(D, E) and colony 
formation (F, G) 
assays. Data are the 
mean ± S.D. obtained 
from triplicate 
experiments. NS: no 
statistical significance 
compared with control 
groups transfected 
with plasmid vector.

Figure 4 
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MARCH9 overexpression represses LAC migration and invasion
As revealed by the statistical analysis of clinical data, low MARCH9 expression was 

more frequently observed in patients with positive lymph nodes and advanced tumor stages 
(Table 1), and we therefore hypothesized that MARCH9 may be correlated with the invasion 
process of tumor cells. Migration of LAC cells was first monitored using wound-healing assay 
(Fig. 6A, 6B) and transwell assay (Fig. 6C, 6D). As expected, the migration capacity of both 
A549 and H1299 cells was attenuated by MARCH9 overexpression, further demonstrating 
its tumor-suppressing role in LAC. In addition, Matrigel-coated transwell chambers were 
used to assess the invasion process of LAC cells, demonstrating that MARCH9 can inhibit 
tumor invasion of both A549 (Fig. 6E) and H1299 (Fig. 6F) cells.

Fig. 5. MARCH9 does not affect the cell cycle or apoptosis in LAC cells. Flow cytometry demonstrating little 
effect of MARCH9 on cell cycle phases in A549 (A) and H1299 cells (B). Apoptosis index (C, D) tested by 
flow cytometry; apoptosis is not affected by MARCH9 overexpression. Data are the mean ± S.D. obtained 
from triplicate experiments. NS: no statistical significance compared with control groups transfected with 
plasmid vector.

Figure 5_R2 
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MARCH9 exerts tumor suppressing functions by downregulating ICAM-1
ICAM-1, also known as CD54, is a protein expressed in the cell membrane and it plays 

critical roles in cell migration [23]. A previous mass spectrometry study identified ICAM-1 
as a potential candidate substrate of MARCH9 [24] in lymphoid B cells, and this was also 
verified in 293T cells [25]. Taking into consideration that ICAM-1 plays tumor-promoting 
roles in lung cancer [26], we investigated potential crosstalk between MARCH9 and ICAM-
1 in LAC cells. IHC staining of clinical tissues identified a significant negative correlation 
between the expression levels of MARCH9 and ICAM-1 (Fig. 7A), indicating their intrinsic 

Fig. 6. MARCH9 inhibits migration and invasion of LAC cells. Wound healing experiments showing 
attenuation of cell migration by MARCH9 overexpression in both A549 (A) and H1299 cells (B). Migration 
capacity of LAC cells also verified by transwell chamber assays (C, D), showing results consistent with 
wound-healing assays. Matrigel-Transwell assay (E, F) confirms the role of MARCH9 overexpression in 
inhibiting invasion in LAC cells. * P<0.05, Student’s t-test.

Figure 6_R1 
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relationship. We then transfected LAC cells with both Flag-tagged MARCH9 and/or ICAM-1 to 
validate their direct interaction. As shown by western blot (Fig. 7B), MARCH9 overexpression 
significantly downregulated the ICAM-1 protein level as well as its downstream RhoA 
activity. Of note, immunoprecipitation experiments showed that ICAM-1 can interact with 
MARCH9 protein in LAC cells (Fig. 7B), confirming their enzyme-substrate crosstalk. We 
also performed K48-linked polyubiquitination analysis and, as expected, MARCH9 enhanced 
the K48-linked polyubiquitination of ICAM-1 (Fig. 7C). Meanwhile, MG-132, a proteasome 
inhibitor, significantly attenuated ICAM-1 degradation in MARCH9 overexpressing cells (Fig. 
7D). Therefore, we conclude that ICAM-1 can be ubiquitinated and degraded downstream of 
MARCH9.

We also tested the antergic effects of MARCH9 and ICAM-1 in modulating LAC progression. 
Both migration and invasion capacities were enhanced by ICAM-1 overexpression (Fig. 7E, 
7F), but co-expression of MARCH9 attenuated these tumor-promoting effects. These data 
indicated that MARCH9 can inhibit LAC progression at least partially by downregulating 
ICAM-1 oncoprotein.

Fig. 7. ICAM-1 is downregulated 
by MARCH9. (A) ICAM-1 protein 
expression on IHC showing 
cytoplasmic and membrane 
localization. ICAM-1 and 
MARCH9 expression levels 
are negatively correlated. (B) 
LAC cells transfected with 
different plasmids showing that 
MARCH9 can downregulate 
ICAM-1protein levels. ICAM-
1 transfection increases 
RhoA activation; MARCH9 
overexpression attenuates it. 
Co-immunoprecipitation results 
showing that MARCH9 interacts 
with ICAM-1 protein, consistent 
with IHC data. (C) MARCH9 
overexpression enhances K48-
linked ICAM-1polyubiquitination. 
Experimental procedure is 
similar to that in panel B. (D) 
MG-132, a proteasome inhibitor, 
attenuates ICAM-1 degradation 
in MARCH9 overexpressing 
cells. Functional analysis shows 
that ICAM-1 overexpression 
increases cell migration (E) and 
invasion (F), whereas MARCH9 
overexpression abolishes these 
oncogenic effects.
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Discussion

Despite great achievements in diagnosis and treatment over the past few decades, lung 
cancer remains the leading cause of death [27]. Currently, the mostly considered factors in 
clinical trials are tumor differentiation, lymph node metastasis, and TNM stage. However, 
increasingly more studies have revealed that patients show completely distinct clinical 
outcomes even with the same tumor stage. Therefore, a better illustration of the molecular 
basis of lung cancer would be invaluable for distinguishing patients at high risk. Molecular 
studies will also help predict patients’ prognosis and direct novel drug development.

Post-translational modification (PTM) of proteins has been recognized to play important 
roles in tumor development in recent decades [28, 29], and it is now attracting more 
attention in molecular studies. Among numerous PTMs, ubiquitination is a highly important 
mechanism in modulating protein activity and degradation; the process is reversible and 
is involved in cell differentiation and tissue development [30, 31]. Ubiquitination balance 
is regulated by E3 ubiquitin ligases and deubiquitinases, and dysregulation of either one 
would lead to pathophysiologies including neoplasm. Increasing evidence has verified the 
prognostic and therapeutic roles of various E3 ligases in malignancy [32]. MARCH is a E3 
ligase subfamily that functions by adding ubiquitin residues onto proteins, subsequently 
driving proteolytic degradation as other E3 ligases. All11 members of the MARCH family 
have long since been identified [33], and several of them show some structural homology; for 
example, MARCH4 and MARCH9 seem to be closely related (62% identical at the amino acid 
level) and may share similar substrates [34]. While several critical substrates downstream of 
MARCH4 have been identified [35-37], research on MARCH9 is progressing slowly. Previous 
studies have shown that MARCH9 is located on the Golgi apparatus and lysosomes [36] and 
is predominantly expressed in lymphoid cells [38].

In this study, we have provided initial evidence of the tumor-suppressing role of MARCH9 
in lung adenocarcinoma (LAC). According to our data, MARCH9 was endogenously detectable 
in normal lung tissues at both mRNA and protein levels. However, its expression was 
significantly decreased in LAC tissues and was negatively correlated with tumor metastasis 
and tumor stage. Both univariate and multivariate analysis revealed an independent effect of 
MARCH9 in predicting overall survival, which was consistent with the survival data from a 
public microarray database. We performed cellular experiments to investigate the functional 
mechanisms of MARCH9 in LAC progression. Interestingly, MARCH9 had no significant effect 
on either the cell cycle or cell apoptosis as revealed by MTT, colony formation, and flow 
cytometry assays. However, MARCH9 overexpression significantly inhibited cell migration 
and invasion capacity in LAC cells and thus can explain our clinical findings.

As a ubiquitin ligase, a recent study identified 13 potential MARCH9 targets in lymphoid 
B cells by using high throughput quantitative mass spectrometry strategies [24], and 
only 5 of them were further validated as novel targets of MARCH9 using flow cytometry 
analyses. Among them, ICAM-1 was also validated by another group, indicating that 
MARCH9 can directly ubiquitinate ICAM-1 and promote its degradation [25]. Since ICAM-
1 is a well-known oncoprotein in lung cancer, we further tested whether MARCH9 can 
interact and downregulate ICAM-1 in lung cancer cells. IHC examination in clinical LAC 
tissues showed a negative correlation between the levels of MARCH9 and ICAM-1 proteins. 
Immunoprecipitation experiments in LAC cells identified their direct interaction. Moreover, 
ICAM-1 overexpression enhanced cell aggressiveness via activating RhoA signaling, while 
MARCH9 co-expression abolished this tumor-promoting effect. Therefore, we have provided 
original evidence for MARCH9-ICAM-1 crosstalk in lung cancer progression.
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Conclusion

Taken together, our findings indicate that MARCH9 downregulation is correlated 
with poor clinical outcomes in LAC patients. MARCH9 may suppress tumor invasion by 
downregulating ICAM-1-RhoA signaling.

Abbreviations

CI (confidence interval); HR (hazard ratio); ICAM-1 (intercellular adhesion molecule 
1); IHC (immunohistochemistry); LAC (lung adenocarcinoma); LN (lymph node); MARCH9 
(membrane-associated RING-CH protein 9); OS (overall survival); PCR (polymerase 
chain reaction); PTM (post-translational modification); RNA (ribonucleic acid); RT-qPCR 
(quantitative real-time polymerase chain reaction); RhoA (Ras homolog gene family member 
A); TNM (tumor, nodes, metastasis).
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