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Abstract
Background  Armadillo Repeat Containing X-Linked 1 (ARMCX1), a member of the ARM Repeat X-linked protein 
family, exerts inhibitory function in various tumors. However, its biological role in lung adenocarcinoma (LUAD) and 
the underlying molecular mechanisms require further exploration.

Methods  LUAD tissue microarrays and bioinformatic databases were used to evaluate the relationship between 
ARMCX1 and clinicopathological features. The influence of ARMCX1 on LUAD cell proliferation, migration, and 
invasion in vitro was determined by colony formation, CCK-8, EdU incorporation, cell cycle, wound healing, 
and Transwell assays. The impact of ARMCX1 on LUAD cell growth and metastasis in vivo was determined by 
subcutaneously transplanted tumor and pulmonary metastasis assays. Western blot, immunoprecipitation, 
immunofluorescence, cycloheximide, and proteasome inhibitor assays were finally conducted to explore the potential 
underlying molecular mechanisms.

Results  ARMCX1 expression was downregulated in clinical LUAD samples due to which patient prognoses were 
poor. Functional experiments indicated that ARMCX1 overexpression inhibited the growth and metastasis of LUAD 
cells in vitro and in vivo. The molecular mechanism suggested that ARMCX1 recruits the E3 ubiquitin ligase FBXW7 for 
mediating ubiquitinated degradation of c-Myc, suppressing its nuclear accumulation, and ultimately inactivating cell 
cycle and epithelial-mesenchymal transition (EMT) signals.

Conclusion  ARMCX1 inhibits LUAD cell proliferation and metastasis by interacting with c-Myc and enhancing its 
ubiquitination and degradation. Consequently, it can act as a tumor suppressor in this disease. These results suggest 
that ARMCX1 is a potential target in the treatment of LUAD.
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Background
The predominant histological subtype of lung cancer, 
a very deadly malignant tumor globally, is lung adeno-
carcinoma (LUAD) [1–3], and its therapy has entered 
the “precision medicine” era. For patients with specific 
gene mutations or positivity, such as epidermal growth 
factor receptor (EGFR) mutations in NSCLC, targeted 
EGFR tyrosine kinase inhibitors improve therapeutic 
outcomes and result in longer median progression-free 
survival than conventional chemotherapy [4]. Moreover, 
for patients with anaplastic lymphoma kinase-positive 
NSCLC, adjuvant treatment with alectinib significantly 
reduces the risk of disease recurrence or death compared 
to that with chemotherapy [5]. Therefore, identifying 
novel significant biomarkers is crucial for diagnosing and 
treating LUAD.

The ARMCX gene family is found on the X chromo-
some and contains armadillo (ARM) repeat sequences. 
This family of proteins has been demonstrated to play a 
vital role in a number of important biological functions, 
such as organelle and intercellular cascade reactions [6], 
thermogenic adipose tissue plasticity [6], neural differ-
entiation [7], and hepatic tumorigenesis [8]. ARMCX1, 
also known as ALEX1, is a member of the ARM repeat 
X-chain of proteins, which contains an important N-ter-
minal transmembrane structural and two ARM repeat 
sequences. The gene encoding this protein is closely 
localized on the X chromosome with other members of 
the family, including ARMCX2 and ARMCX3. ARMCX1 
modulates mitochondrial translocation and kinetic func-
tions, attenuates traumatic brain injury, and exerts a 
neuroprotective effect [9–11]. In cancer research, early 
studies reported that ARMCX1 transcripts were lost or 
that mRNA levels were reduced in various tumors [12]. 
Subsequent studies in colorectal and pancreatic cancer 
cells revealed that mutations in the key cis-regulatory 
element of ARMCX1 impair the function of the ARMCX1 
promoter [13]. The ARMCX1 promoter is highly methyl-
ated, which inhibits colony formation of colorectal cancer 
cells and negatively regulates breast cancer cell prolifera-
tion [14, 15]. Furthermore, gastric cancer tissues and cells 
contain a highly methylated ARMCX1 promoter, and 
overexpression of ARMCX1 suppresses gastric cancer 
cell growth and metastasis [16].

c-Myc is one of the most frequently activated onco-
genic transcription factors, and numerous studies have 
reported that it modulates the cell cycle, apoptosis, 
metabolism, adhesion, and protein synthesis by regulat-
ing a wide array of genes [17–21]. Furthermore, c-Myc 
expression is often aberrant in most tumors and 
involved in cell proliferation, migration, invasion, and 
ositinib resistance in LUAD [22–24]. Notably, c-Myc is 
a highly unstable protein, with its stability regulated by 

ubiquitination and deubiquitination. It is one of the key 
targets of the E3 ubiquitin ligase FBXW7 [25, 26].

However, the biological role of ARMCX1 in LUAD 
and the underlying molecular mechanisms are not well 
understood. In this study, we revealed that ARMCX1 
expression is abnormally downregulated in LUAD com-
pared to that in the normal epithelium and that it cor-
relates with a poorer prognosis in patients. The proposed 
molecular mechanism involves an ARMCX1 interaction 
with c-Myc, promoting the ubiquitin-mediated degra-
dation of the latter through FBXW7 recruitment, ulti-
mately inhibiting LUAD proliferation and metastasis. 
In summary, we investigated the effects of ARMCX1 on 
LUAD progression and the underlying molecular mecha-
nisms. These findings provide a theoretical basis for the 
use of ARMCX1 as a potential target for the treatment of 
LUAD.

Materials and methods
Tissue samples and immunohistochemistry
The LUAD microarray (HLugA180Su08, Outdo Biotech, 
Shanghai, China) was used for immunohistochemistry 
(IHC) staining scoring. Visualization of the staining sig-
nals in the microarray was achieved using the strepta-
vidin/peroxidase and DAB kits (ZSGB BIO). A score > 6 
represented high expression, whereas a score ≤ 6 repre-
sented low expression.

Cell culture
The LUAD cell lines used in this study were H1299, A549, 
H1975, PC9, and 16HBE. RPMI 1640 (Vivacell, China) 
containing 10% fetal bovine serum (FBS; Nobimpex, Ger-
many) was used to culture LUAD cells, whereas 16HBE 
cells were cultured in Dulbecco’s modified Eagle medium 
(Vivacell) with 10% FBS (Nobimpex, Germany). All cell 
lines were maintained in a humidified chamber at 37 °C 
with 5% CO2.

Reverse transcription-quantitative PCR
We extracted total RNA through the Cell Total RNA 
Isolation Kit (Foregene, China) following the experi-
ment’s manual. We then converted mRNA to cDNA 
via the Reverse Transcription Kit (AG, China), and the 
cDNA was amplified by adding specific primers. SYBR 
Green (AG, China) and cDNA were then mixed for qPCR 
detection. The 2−ΔΔCt assay was applied to evaluated the 
mRNA level of genes. The primers are displayed in Sup-
plementary Table S1.

Cell counting Kit-8 (CCK-8) assay
Following the seeding of 2000 LUAD cells into 96-well 
dishes, 10 µL of Cell Counting Kit-8 (CCK-8) reagent 
(Vazyme, China) was added for 100  min in a 100 µL 
system, and a Multiskan Sky Full-wavelength Enzyme 
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Labeler was used to measure each well’s optical density at 
450 nm. Cell viability was recorded from days 0 to 4.

5-Ethynyl-2’-deoxyuridine incorporation analysis
The 5-Ethynyl-2’-deoxyuridine (EdU) assay was car-
ried out using a Cell-Light EdU Apollo 567 kit (RiboBio, 
Guangzhou, China), according to the manufacturer’s 
instructions. After co-culturing LUAD cells with EdU A 
solution for 2 h, the cells were fixed with 4% paraformal-
dehyde, permeabilized with 0.5% Triton X-100 and then 
colored with Apollo fluorescent dye and DAPI.

Colony formation and cell cycle analyses
Three hundred cells per well of stable transfected LUAD 
cells were injected into 6-well plates, and the media was 
replaced every 72  h throughout the 12-day incubation 
period. After incubation, the colonies were stained with 
crystal violet for 5 min after being fixed for 20 min with 
4% paraformaldehyde. As instructed in the experiment 
handbook, cell cycle analysis was carried out using the 
Cell Cycle Kit (Leagene, China).

Wound healing assay
When LUAD cells reached confluency greater than 95% 
in 6-well plates, a linear scratch wound was made using 
a 1 mL pipette tip for the wound healing assay. At 0 and 
48  h, the decrease in wound width was viewed under a 
microscope, and pictures were taken.

Migration and invasion assays
The ability of LUAD cell to migrate and invade was 
assessed using a Transwell chamber. To this end, 1 × 105 
LUAD cells were seeded in the Transwell chamber’s top 
chamber after being combined with 100 µL of serum-free 
RPMI 1640, either with or without BD Matrigel (Corn-
ing, USA). In contrast, 10% FBS-supplemented RPMI-
1640 was applied to the bottom chamber. Following the 
specified incubation time, cells on the membrane’s bot-
tom were fixed for 20  min with 4% paraformaldehyde 
dyed with Giemsa (Nanjing JianCheng Technology) for 5 
min, and observed under a microscope. Three randomly 
selected fields of view were taken from each membrane, 
and Image Pro Plus was implemented to determine 
the average number of migratory or invading cells in 
membrane.

Coimmunoprecipitation
LUAD cells were subjected to immunoprecipitation (IP) 
lysis, and the cell lysates were treated for an evening at 
4  °C with 5  µg of either a particular antibody or nor-
mal immunoglobulin G (IgG) using a rotator. The anti-
gen–antibody complexes were then co-incubated with 
A/G magnetic beads (Bimake, Shanghai) for 60  min at 
37  °C. The magnetic beads were cleaned five times with 

a washing buffer, and 5 × SDS buffer was added to the 
precipitated compounds; they were boiled for 10 min and 
analyzed using Western blot.

Immunofluorescence staining
Following 48  h of plasmid transfection, LUAD cells 
were inoculated into cultivation plates (Sorfa Life Sci-
ence, Zhejiang, China). Following a PBS wash, the cells 
were fixed with 4% paraformaldehyde, permeabilized 
with 0.5% Triton X-100, and then treated overnight at 
4 °C with the appropriate primary antibodies. After that, 
the cells were stained with second antibodies that were 
fluorescently tagged, and the cell nuclei were dyed with 
DAPI.

Western blot analysis
Standard procedures were utilized for Western blot. 
Proteintech provided the antibodies against the follow-
ing: FBXW7 (552901-AP), c-Myc (10828-1-AP), CCND1 
(60186-1-Ig), ARMCX1 (20193-1-AP), P21 (10355-1-
AP), Vimentin (10366-1-AP), and Ubiquitin (10201-2-
AP). E-cadherin (#14472) and N-cadherin (#13116) were 
acquired from Cell Signaling Technologies, anti-FLAG 
(F1804) was acquired from Sigma-Aldrich (St. Louis, 
MO, USA), and anti-GAPDH (AP0063) was obtained 
from Bioworld. Primary antibodies were diluted using 
common antibody Dilution Buffer (EpiZyme, Shanghai, 
China).

Lentivirus infection and cell transfection
A lentivirus was created using full-length human 
ARMCX1 and fluorescent protein (GFP) gene sequences 
(OBIO Technology, Shanghai, China). LUAD cells were 
infected with an empty GFP vector lentivirus (LV-NC) 
or an ARMCX1 GFP vector lentivirus (LV-ARMCX1) to 
generate ARMCX1 stable overexpression clones. Ribo-
Bio Lnc generated small interfering RNAs (siRNAs) that 
selectively target the ARMCX1 gene (Guangzhou, China; 
Supplementary Table S2). The ARMCX1 plasmid was 
synthesized by Weizhou Biosciences Inc. (Shandong, 
China). Following the manufacturer’s instructions, Lipo-
fectamine TM 3000 (Invitrogen) was employed to tran-
siently transfect plasmids or siRNAs into LUAD cells. 
Cells with treatment were utilized for the subsequent 
phase of the experiment after 24 to 48 h.

Animal experiment
Tumor growth was assessed in a subcutaneous xenograft 
nude mouse model. Female nude mice, aged four weeks, 
were acquired from Ruige Biology (Guangzhou, China) 
and maintained in a designated pathogen-free envi-
ronment. The left and right dorsums of the nude mice 
were injected with negative control cells and A549 cells 
(5 × 106) that were stable overexpressors of ARMCX1, 
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respectively. Every 6 days, the tumor volume was mea-
sured. Nude mice were euthanized after 40 days, and 
the subcutaneous graft tumor tissue was harvested 
and weighed. In the lung metastasis model, A549 cells 
(2 × 106) were injected into the tail vein of a nude mice. 
After 30 days, the nude mice were euthanized, and the 
lung tissue was removed and photographed under an ani-
mal fluorescence microscope. The animal experiments in 
this study were conducted in accordance with the review 
of the Institutional Animal Care and Use Committee 
(IACUC) of Ruige Biotechnology, which is in line with 
the principles of animal protection, animal welfare, and 
ethics and complies with the relevant national regula-
tions on the welfare and ethics of laboratory animals.

Cycloheximide chase and ubiquitination assays
After seeding an equivalent quantity of cells onto 6-well 
plates, the cells were cultured in a 2 mL system contain-
ing cycloheximide (CHX; concentration of 50  µg/ml; 
Selleck, China). Cells were harvested at different time 
points for protein extraction and subsequent Western 
blot experiments. For ubiquitin experiments, LUAD cells 
were exposed to MG132 at a concentration of 20 µM for 
4 h. Cells were treated with IP lysate buffer and extracted, 
and cell lysates were immunoprecipitated using an anti-
c-Myc antibody, then incubated with magnetic beads, 
and washed four times. Finally, the proteins boiled for 
10  min after adding SDS loading buffer, and used for 
Western blot.

Statistical analysis
Student’s t-tests were employed to compare two groups, 
and one-way analysis of variance was performed to eval-
uate differences among several groups. The GraphPad 
Prism 8 software and SPSS Statistics 25 were applied for 
the statistical analyses. The log-rank test was utilized to 
assess the survival curve. The Cox regression model was 
applied to filter prognostic variables that were single 
or multiple. Statistical significance was established at 
p < 0.05.

Results
Downregulation of ARMCX1 expression in LUAD is 
associated with poor patient prognosis
Using the Gene Expression Omnibus (GEO), Cancer 
Genome Atlas (TCGA), and UALCAN databases, we 
first examined the expression of ARMCX1 in tumors 
and normal tissues to determine its involvement in the 
development of LUAD. In comparison to normal lung 
tissues, the expression of ARMCX1 was reduced in lung 
cancer tissues (Fig. 1a-c). Using the KM Plotter database, 
survival curves were produced, indicating that LUAD 
patients with high ARMCX1 expression had a greater 
survival rate than those with low ARMCX1 expression 

(Fig.  1d). Moreover, using qPCR and Western blot, we 
found that the mRNA and protein levels of ARMCX1 
were downregulated in LUAD cell lines compared to 
those in normal bronchial epithelial cells (Fig.  1e, f ). 
Immunohistochemical staining and statistical analysis 
of tissue microarrays further indicated that ARMCX1 
expression was markedly decreased in LUAD (Table  1; 
Fig.  1g). The correlation between ARMCX1 expression 
and clinicopathological features in LUAD patients was 
further examined; ARMCX1 expression was significantly 
correlated with the T, N, and AJCC stages (Table 2). Fur-
thermore, the Kaplan-Meier curve demonstrated that 
LUAD patients with a low ARMCX1 level had a lower 
survival time, as compared to that with high ARMCX1 
level (Fig. 1h). The T, N, and AJCC stages and ARMCX1 
expression were associated with LUAD patient survival 
based on univariate regression analysis (Fig.  1i). Multi-
variate regression analysis demonstrated that ARMCX1 
expression was an independent predictor of overall sur-
vival (Fig.  1j). These results indicate that patients with 
low ARMCX1 expression have a worse survival prob-
ability than those with high expression, which could be 
closely associated with LUAD progression.

ARMCX1 overexpression inhibits LUAD cell proliferation, 
migration, and invasion in vitro
To establish the functional involvement of ARMCX1 
in the development of LUAD, we employed Gene Set 
Enrichment Analysis (GSEA), The findings demon-
strated that low ARMCX1 levels have highly enriched 
genes associated with the cell cycle (Fig.  2a). Based on 
the low expression of ARMCX1 in most LUAD cells, 
an ARMCX1 plasmid or lentivirus was used to treat 
H1299, H1975, and A549 cells, siRNA was utilized to 
silence ARMCX1 levels in cells stably overexpressing 
ARMCX1. The impact of ARMCX1 on cell proliferation 
was then examined using assays for colony formation, 
CCK-8, and EdU incorporation. Here, overexpression of 
ARMCX1 considerably inhibited the growth and viabil-
ity of H1299, H1975, and A549 cells compared to the 
control group (Fig. 2b-d). Moreover, flow cytometry was 
employed to ascertain the impact of ARMCX1 on the 
phase of G1/S; compared to control cells, the portion of 
G1 phase cells was higher in LUAD cells overexpressing 
ARMCX1, whereas the proportion of S phase cells was 
lower (Fig. 2e).

The impact of ARMCX1 in LUAD cells on migra-
tion and invasion was examined utilizing Transwell and 
Wound healing assays. Overexpression of ARMCX1 
dramatically suppressed LUAD cell capacity to migrate 
relative to control cells; it also reduced the quantity of 
migratory and invasive cells in the Transwell chambers 
(Fig. 3a-f ). Western blot analysis revealed that ARMCX1 
overexpression contributed to the downregulation of 
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Table 1  Expression of ARMCX1 in LUAD compared to para-carcinoma tissues
Group Cases(n) ARMCX1

expression
X2 value P value

Low High
Tumor 88 63 25 5.784 0.016
Normal 15 6 9

Fig. 1  ARMCX1 expression is downregulated in LUAD and associated with poor patient prognosis. (a-c) The expression level of ARMCX1 was analyzed 
using TCGA, GEO, and UALCAN databases for LUAD. (d) The survival curve based on ARMCX1 expression was analyzed using the KM plotter database for 
LUAD. (e, f) The mRNA and protein expression levels of ARMCX1 were detected via qPCR and Western blot using 16HBE, H1975, H1299, A549, and PC9 cell 
lines. (g) Representative images generated from tissue microarray immunohistochemistry demonstrate the expression of the ARMCX1 protein (magni-
fication, scale bar: 20 μm). (h) Survival curve based on LUAD patients’ tissue microarray ARMCX1 expression. (i, j) Cox regression analysis, both univariate 
and multivariate, of the clinicopathologic features of LUAD patients
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the oncogenic c-Myc and the cell cycle-related protein 
CCDN1. Furthermore, after ARMCX1 overexpression, 
protein levels of the mesenchymal marker N-cadherin 
and Vimentin were downregulated, whereas the epithe-
lial marker E-cadherin and cell cycle-related protein P21 
were upregulated (Fig. 3g).

Conversely, after silencing ARMCX1, the proliferation 
of H1299 and A549 cells was increased (Fig. 4a, b, and d), 
and the migratory and invasive capacities were enhanced 
(Fig. 4c, e, f, and g). Moreover, the expression of c-Myc, 
CCND1, and N-cadherin was elevated when ARMCX1 
was silenced, whereas the expression of E-cadherin and 
P21 was decreased in LUAD cells (Fig. 4h). These results 
indicated that ARMCX1 is crucial to the biological func-
tions performed by LUAD cells.

ARMCX1 overexpression attenuates LUAD cell 
tumorigenicity and metastasis in vivo
To elucidate the biological roles of ARMCX1 in vivo. 
we utilized subcutaneously implanted tumors and lung 
metastasis models. Nude mice were divided into two 
groups based on A549 cells: a negative control group 
and a stable ARMCX1-overexpressing A549 cell group. 
Subcutaneous implants of control (5 × 106) and stable 
ARMCX1-overexpressing A549 (5 × 106) cells were made 
in the left and right backs, respectively (Fig.  5a). After 
40 days, nude mice were euthanized, and subcutane-
ously transplanted tumor nodules were harvested. The 
weights and volumes of tumor nodules in the ARMCX1-
overexpressing group were decreased compared to 
control group (Fig.  5b). IHC staining discovered that, 
compared to the control group, the level of ARMCX1 
was higher and the level of Ki-67 was downregulated in 
the ARMCX1-overexpressing group (Fig. 5c). We further 
injected A549 cells (2 × 106) into the tail veins of naked 
mice to establish a lung metastasis model (Fig. 5d). The 
green fluorescence signal associated with lung metasta-
ses in the ARMCX1-overexpressing group was markedly 
attenuated compared to the control group (Fig. 5e).

ARMCX1 interacts with c-Myc
After confirming that ARMCX1 inhibits the proliferation 
and metastasis of LUAD, the underlying mechanisms 
that underlie the inhibitory effects of ARMCX1 on the 
advancement of LUAD were explored in more detail. The 
BioGRID protein database was used to predict putative 
proteins that might interact with ARMCX1. The results 
suggested that ARMCX1 might bind c-Myc. Co-IP and 
immunofluorescence staining were used to analyze the 
interactive relationship between these two proteins. The 
results suggested that ARMCX1 binds to and co-localizes 
with c-Myc (Fig.  6a, b, e). Notably, ARMCX1 overex-
pression inhibited c-Myc nuclear accumulation (Fig. 6g). 
FBXW7 tightly regulates the degradation of tumor pro-
teins, which is induced by the proteasome system, and 
is a vital tumor suppressor. Nevertheless, c-Myc is one 
of its target proteins, and overexpression of ARMCX1 
was found to downregulate c-Myc protein level. There-
fore, we examined the relationship among ARMCX1, 
c-Myc, and FBXW7 expression. Co-IP and immunofluo-
rescence staining demonstrated that ARMCX1 binds to 
and co-localizes with FBXW7 (Fig. 6c, d, f ). In summary, 
ARMCX1, c-Myc, and FBXW7 interact with each other.

ARMCX1 promotes ubiquitination and degradation of 
c-Myc through FBXW7 recruitment
In the previous experiments, we confirmed the inter-
action among ARMCX1, c-Myc, and FBXW7. Also, 
ARMCX1 negatively modulates c-Myc protein lev-
els. However, the GEO (GSE75037) database analysis 
indicated no correlation between the mRNA levels of 
ARMCX1 and c-Myc/FBXW7 in LUAD tissue (Fig.  7a). 
Furthermore, qPCR experiments indicated that the 
overexpression of ARMCX1 does not modulate c-Myc 
mRNA levels in LUAD cells (Fig.  7b). We thus specu-
lated that ARMCX1 might enhance c-Myc degradation 
by the recruiting FBXW7. Following a 4  h treatment 
with the proteasome inhibitor MG132, the reduction in 
c-Myc induced by ARMCX1 overexpression was restored 

Table 2  Relation between clinicopathologic characteristics and ARMCX1 expression in LUAD
Factors n ARMCX1 expression X2 P value

Low High
Age(y) < 50 10 7 3 0.014 0.905

≥ 50 78 56 22
Gender Male 52 37 15 0.011 0.913

Female 36 26 10
Clinical stage* I-II 48 29 19 8.874 0.002

III-IV 27 25 2
T stage* T1-T2 65 43 22 4.292 0.038

T3-T4 20 18 2
N stage* N0-N1 55 36 19 4.383 0.036

N2-N3 20 18 2
*Some patients are not included in the statistics owing to the missing data
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Fig. 2  ARMCX1 inhibits LUAD cell proliferation. (a) GSEA revealed that cell cycle-related signals were significantly enriched with low expression levels 
of ARMCX1. (b) Colony formation, (c) CCK-8, and (d) EdU incorporation (Scale bar: 100 μm) assays were conducted to evaluate the effect of ARMCX1 on 
cell proliferation in LUAD cells. (e) Flow cytometric analysis of the cell cycle was employed to assess the impact of ARMCX1 on LUAD cell G1/S transition. 
Mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 3  ARMCX1 inhibits LUAD cell migration and invasion. (a-f) Wound healing and Transwell assays (Scale bar: 200 μm) to verify the effect of ARMCX1 on 
LUAD cell migration and invasion. (g) Western blot was employed to assess N-cadherin, E-cadherin, vimentin, CCND1, c-Myc, P21, and ARMCX1 protein 
levels in control and ARMCX1-overexpressing LUAD cells. Mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 4  ARMCX1 knockdown promotes LUAD cell proliferation, migration, and invasion. (a) EdU incorporation, (b, d) CCK-8, (c, e) wound healing, and 
(f, g) Transwell assays were performed after transfecting siNC, siARMCX1-2, or siARMCX1-3 into ARMCX1-overexpressing LUAD cells. (h) Western blot 
was performed to evaluate N-cadherin, E-cadherin, vimentin, CCND1, c-Myc, P21, and ARMCX1 protein changes after transfecting siNC, siARMCX1-2, or 
siARMCX1-3 into ARMCX1-overexpressing LUAD cells. Mean ± SD, **p < 0.01, ***p < 0.001
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(Fig. 7c, d). Moreover, a CHX chase test was performed 
to identify alterations in the half-life of c-Myc result-
ing from ARMCX1 overexpression. Compared to that 
in control LUAD cells, ARMCX1 overexpression short-
ened the half-life of the c-Myc protein (Fig.  7e-h). Sub-
sequently, Western blot showed upregulation of c-Myc 
after FBXW7 knockdown in ARMCX1 overexpres-
sion cells (Fig.  7i), immunoprecipitation revealed that 
ARMCX1 enhanced c-Myc degradation, and this trend 
was reversed by silencing FBXW7 (Fig.  7j, k). These 

results demonstrate that ARMCX1 promotes the c-Myc 
degradation via recruiting FBXW7.

(a) Correlation of mRNA expression between 
ARMCX1 and c-Myc/FBXW7. (b) The mRNA level of 
c-Myc after ARMCX1 overexpression. (c, d) LUAD cells 
with or without ARMCX1 overexpression were treated 
with MG132 (20 µM) for 4 h. (e, g) Western blot to detect 
the c-Myc half-life in ARMCX1-overexpressing and con-
trol LUAD cells treated with cycloheximide (CHX; 50 µg/
mL). (f, h) Curves showing the half-life of the c-Myc 

Fig. 5  ARMCX1 overexpression attenuates LUAD cell tumorigenicity and metastasis. (a) Tumors from stable ARMCX1-overexpressing and control A549 
cells. (b) Weight and volume curves of tumors generated from stable ARMCX1-overexpressing and control A549 cells. (c) Representative HE, Ki67, and 
ARMCX1 immunohistochemical staining of tumor tissues derived from LV-NC and LV-ARMCX1 A549 cells. (d) Representative HE staining of lung tissue 
from the LV-NC and LV-ARMCX1 groups (magnification, scale bar: 20 μm). (e) Fluorescence intensity of lung tissues from cells stably overexpressing 
ARMCX1 and control A549 cells
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Fig. 6  ARMCX1 interacts with c-Myc. (a, b) Co-IP assay of the interaction between ARMCX1 and c-Myc. (c, d) Co-IP assay of the interaction between 
ARMCX1 and FBXW7. (e) Colocalization of ARMCX1 and c-Myc was detected via immunofluorescence (scale bar: 25 μm). (f) Colocalization of ARMCX1 and 
FBXW7 was detected via immunofluorescence. (g) Immunofluorescence staining showed that ARMCX1 suppressed the nuclear accumulation of c-Myc
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Fig. 7  ARMCX1 promotes ubiquitination and degradation of c-Myc through FBXW7 recruitment
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protein in ARMCX1-overexpressing and control LUAD 
cells. (i) Changes in c-Myc expression after FBXW7 
knockdown in ARMCX1-overexpressing cells were ana-
lyzed via Western blot. (j, k) Co-IP and Western blot 
assays analyzed the impact of ARMCX1 overexpression 
and siFBXW7 on c-Myc ubiquitination levels.

c-Myc restores the suppressive impact of ARMCX1 
overexpression on LUAD cell proliferation, migration, and 
invasion
To further clarify the function of c-Myc in ARMCX1-
modulated LUAD phenotypes, we introduced a c-Myc 
plasmid into cells that overexpressed ARMCX1. Subse-
quent EDU, Transwell and Boyden assays revealed that 
c-Myc upregulation restored the impacts on cell prolif-
eration, migration, and invasion induced by ARMCX1 
overexpression (Fig.  8a-c). Moreover, c-Myc overex-
pression diminished the inhibitory effects of ARMCX1 
overexpression on the protein expression of N-cadherin, 
vimentin, CCND1, and c-Myc (Fig.  8d). In conclusion, 
this study demonstrates that ARMCX1 is a tumor sup-
pressor of LUAD that inhibits c-Myc-induced cell cycle 
progression and EMT signaling by recruiting FBXW7 to 
degrade c-Myc.

Discussion
It has been demonstrated that ARMCX1 functions as a 
cancer suppressor in gastric and colorectal malignancies 
[14, 16]. However, the underlying molecular mechanisms 
and the biological role of ARMCX1 in LUAD remain 
unclear. In the current study, based on the TCGA, GEO, 
and UALCAN databases, we discovered that LUAD tis-
sues express less ARMCX1 compared to normal lung 
tissues. Moreover, our in vitro findings utilizing cell 
lines demonstrated that, in comparison to normal bron-
chial epithelial cells, ARMCX1 protein expression was 
frequently downregulated in LUAD cell lines, which 
matched the predictions in the database. The Kaplan–
Meier plotter database suggested that LUAD patients 
with lower ARMCX1 expression have a poorer survival 
rate, which was consistent with our tissue microar-
ray survival analyses, which suggested that decreased 
ARMCX1 results in a poorer prognosis for LUAD 
patients. Cox regression analysis further discovered that 
ARMCX1 is an independent prognostic factor for LUAD 
patients. These data provide evidence for the tumor-sup-
pressive role of ARMCX1 in LUAD.

Interestingly, in experiments based on biological func-
tions, we discovered that ARMCX1 overexpression 
inhibits the proliferation, migration, and invasion of 
LUAD cells, whereas ARMCX1 inhibition has the reverse 
effect. In addition, the results from the nude mouse xeno-
graft and lung metastasis models further validated the in 
vivo inhibitory effect of ARMCX1 on proliferation and 

metastasis. This is consistent with the suppressive effects 
of ARMCX1 on breast, gastric, and colorectal cancers. 
However, in this study, our sample size of lung metas-
tasis model mice was not large enough, which may have 
led to limited representativeness of the sample. In future 
studies using the same model, we will increase the sample 
size to reduce individual differences, thereby improving 
experimental soundness and reliability.

Epithelial–mesenchymal transition (EMT) is involved 
in changes in cell adhesion, cytoskeletal rearrangements, 
embryonic development, and tissue renewal. Moreover, it 
has a well-established critical function in cancer progres-
sion, invasion, metastasis, stemness, immunotherapy, and 
resistance to chemotherapeutic drugs [27–32]. The pres-
ent study revealed that the expression of E-cadherin was 
elevated and that of vimentin and N-cadherin reduced 
following ARMCX1 overexpression, whereas this trend 
was reversed after ARMCX1 silencing, which agrees with 
the findings of research into gastric cancer [16].

Key cell cycle regulators modulate the growth and 
development of tumors [33]. c-Myc and CCND1 are 
essential pro-oncogenic factors involved in the cell cycle; 
one target that c-Myc modulates to hasten the pace at 
which cells transition from the G1 to S phase is CCND1, 
which eventually triggers cell cycle dysfunction [34–37]. 
Furthermore, in the Wnt signaling pathway, c-Myc and 
CCND1 are direct downstream targets of the β-catenin-
TCF/LEF complex, and these proteins are activated when 
cells become cancerous. Finally, this promotes β-catenin 
to translocate to the nucleus and link itself to the TCF/
LEF factor to induces high expression of c-Myc and 
CCND1, which consequently modulates cell cycle and 
EMT signals [38]. In this study, we found that c-Myc and 
CCND1 were downregulated and that P21 expression 
was upregulated after ARMCX1 overexpression, whereas 
this trend was reversed after ARMCX1 silencing.

To delve into the molecular processes via which 
ARMCX1 influences LUAD progression, we used the 
BioGRID database to screen for candidate ARMCX1-
interacting proteins and validated the results using Co-IP 
and immunofluorescence assays. We found that c-Myc 
interacts and co-localizes with ARMCX1 in LUAD cells. 
We further explored the regulatory relationship between 
ARMCX1 and c-Myc and demonstrated that ARMCX1 
overexpression promotes c-Myc degradation. The stabil-
ity of the exceedingly unstable protein c-Myc is modu-
lated by both ubiquitination and deubiquitination, and 
it is one of the major targets of the E3 ubiquitin ligase 
FBXW7. FBXW7 is an important tumor-suppressive 
protein, and its expression is downregulated in numer-
ous tumors [39–43]; moreover, it promotes the degrada-
tion of numerous proteins, such as c-Myc [44, 45]. We 
experimentally confirmed that ARMCX1 interacts and 
co-localizes with FBXW7 in LUAD cells. Therefore, we 
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Fig. 8  c-Myc restores the suppressive impact of ARMCX1 overexpression on LUAD cell proliferation, migration, and invasion. The impacts of c-Myc on the 
proliferation, migration, and invasion of H1975 and A549 cells overexpressing ARMCX1 were examined by performing EdU incorporation (a), Transwell (b), 
and Boyden (c) assays. The impacts of c-Myc upregulation on the protein levels of N-cadherin, vimentin, CCND1, E-cadherin, and c-Myc in overexpressed 
ARMCX1 cells were determined via Western blot (d). Mean ± SD, *p < 0.05, **p < 0.01. (e) Diagram illustrating the current study’s findings
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hypothesized that ARMCX1 recruits FBXW7 to ubiqui-
tinate c-Myc for degradation. Further experimental data 
showed that FBXW7 mediates c-Myc degradation upon 
ARMCX1 overexpression.

Conclusions
We demonstrated that that ARMCX1 expression was 
lowered in LUAD and that low expression is predictive 
of a worse outcome for patients. Experiments conducted 
both in vivo and in vitro revealed that ARMCX1 inhib-
its LUAD growth and metastasis. Mechanistic studies 
further suggested that ARMCX1 recruits the E3 ubiqui-
tin ligase FBXW7 to ubiquitinate c-Myc for degradation, 
thereby suppressing cell cycle progression and EMT sig-
nals. This study demonstrated that ARMCX1 is a tumor 
suppressor in LUAD that inhibits c-Myc-induced cell 
cycle progression and EMT signaling through the recruit-
ment of FBXW7. These results suggest that ARMCX1 
could be targeted for the treatment of LUAD.
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