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Background: Microfibril-associated protein 2 (MFAP2) plays an oncogenic role in various cancer. The purpose of study is to
investigate the roles of MFAP2 in non-small cell lung cancer (NSCLC).

Methods: Frist, bioinformatics were performed to determine MFAP2 expression in lung adenocarcinoma (LUAD) and Lung
squamous cell carcinoma (LUSC); next, MFAP2 mRNA expression in clinical samples has been observed using quantitative
reverse transcriptase polymerase chain reaction (QRT-PCR) method, and the protein expression of MFAP2 was tested using
western blot and immunohistochemistry; moreover, Receiver operating characteristic (ROC) analysis has been performed to
determine the potential diagnostic value of MFAP2; furthermore, A549 as well as NCI-H1299 cells were cultured, and the cell
viability, proliferation, migration as well as invasion was determined by using Cell-Counting-Kit-8 (CCK-8), colony formation
assay, wound healing and Matrigel assays. Finally, the effects of MFAP2 on ferroptosis of NSCLC cells were also determined by
commercially available Kits or western blot methods.

Results: We found that the expression of MFAP2 was increased in NSCLC, and overexpression of MFAP2 predicted poor clinical
outcomes. Furthermore, high levels of MFAP2 in tumor tissues can be used as a sensitive biomarker for NSCLC patients. More-
over, over-expression of MFAP2 may increase the growth and migration of NSCLC cells, and increased expression of MFAP2
also dampened Erastin-induced ferroptosis of A549 and NCI-H1299 (p < 0.001).

Conclusions: In summary, MFAP2 may worked as an oncogene in NSCLC. MFAP2 deficiency suppressed the aggressiveness of
NSCLC cells by increasing the ferroptosis.
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Introduction chain family member 4 (ACSL4), glutathione peroxidase
4 (GPX4), solute carrier family 7 member 11 (SCL7A11),
etc.) [5,6]. Iron-dependent lipid peroxidation can induce
the degradation of GPX4, and consequentially promotes
glutathione synthesis [7]. Moreover, cystine/glutamate
antiporter SLC7A11 (Xc™) may uptake cystine for glu-
tathione synthesis [8]. Recently, it has been reported that
Erastin-mediated inhibition of Xc™ or RAS-selective lethal
3 (RSL3)-induced blockage of GPX4 signaling can effi-
ciently inhibit the aggressiveness behaviors of NSCLC can-
cer cells, resulting in increased chemosensitivity of tumor
cells [9,10]. Nevertheless, the underlying mechanisms are

Non-small cell lung cancer (NSCLC) characterized
with high morbidity and mortality is the main subtype of
lung cancer [1]. Great breakthroughs are made in anti-
NSCLC therapy, however, due to the heterogeneity of the
disease, the incidence of NSCLC increases annually [2] and
the prognosis of NSCLC is still unsatisfactory, the 5-year
survival rate is <20%, which may due to “cryptic hints” of
NSCLC at early stage [3]. Therefore, to optimize the treat-
ment plan for NSCLC is urgently needed.

Ferroptosis is a recently developed time of cell death
that induced by iron-dependent phospholipid peroxidation
[4]. Results of previous studies suggested that ferropto-
sis has been regulated by three signaling pathways: re-
dox homeostasis (NRF2), iron handling (transferrin re-
ceptor 1 (TFR1), Ferritin heavy chain (FTH)/ferritin light
chain 1 (FTL1)), mitochondrial activity and metabolism of
amino acids, lipids and sugars (acyl-CoA synthetase long-

still unclear.

Microfibril-associated protein 2 (MFAP2) is a protein
component of the microfibrils [11], and it is a crucial regu-
lator that is involved in promoting microfibril assembly and
maintaining the tissue homeostasis [12]. MFAP2 possesses
two forms: the extracellular part binds to extracellular ma-
trix (ECM) proteins, while the intracellular part modulates
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cell adhesion and cell morbidity [13]. Recently, increas-
ing evidence have reported that MFAP?2 is frequently found
overexpressed in different type of cancers, including gas-
tric cancer, papillary thyroid cancer and ovarian cancer etc.
[14-16]. Moreover, overexpressed MFAP2 may also pre-
dict poor prognosis in patients with colorectal cancer (CRC)
[17]. In lung diseases, MFAP2 is identified as a novel
mesenchymal lineage marker for human lung mesenchy-
mal progenitor cells [18]. Nevertheless, the role played by
MFAP2 in NSCLC have not been elucidated. Therefore,
this research designed to investigate the effects of MFAP2
on NSCLC. We hypothesized that MFAP2 can serve as a
sensitive biomarker in NSCLC. To verify this, we deter-
mined cellular functions of NSCLC cells after transfecting
with MFAP2 shRNA or its overexpression plasmids.

Materials and Methods

Specimens

The clinical samples have been collected from patients
who went on surgical therapies at Tumor Hospital Affiliated
to Nantong University from June 18, 2020 to December 31,
2022. These patients were diagnosed by two clinical doc-
tors as NSCLC [19]. Surgical resection of cancer and ad-
jacent tissues, low-temperature storage for subsequent ex-
perimental applications. Plasma samples collected by the
Physical Examination Center of Tumor Hospital Affiliated
to Nantong University as the normal control group. The in-
clusion and exclusion criteria for the healthy control group:
Inclusion criteria for the control group: Healthy individuals
were screened for physical examination items in our hospi-
tal, and no abnormalities were found in chest X-ray, abdom-
inal ultrasound, blood routine, liver and kidney function,
electrolytes, electrocardiogram, and other tests; The clini-
cal data is complete. Exclusion criteria: (1) Suffering from
malignant tumors; (2) Pregnant and lactating women; (3)
Suffering from immune and blood system diseases; (4) Suf-
fering from severe organ diseases such as heart, liver, and
kidney; (5) Suffering from mental disorders and cognitive
disorders; (6) Active infection. All participant received no
radiotherapy or chemotherapy experience. The research has
been approved by the Ethical Committee of Tumor Hospi-
tal Affiliated to Nantong University, Nantong Tumor Hos-
pital (No. 202308226173) and in accordance with the Dec-
laration of Helsinki. All participants provided the informed
consent. Inclusion criteria: (1) patients meet the diagnostic
criteria for NSCLC; (2) patients with age greater than 18
years. Exclusion criteria: (1) patients with the immunol-
ogy diseases; (2) contagious diseases; (3) other tumors; (4)
pulmonary diseases; (5) patients with mental disorders.

Immunohistochemistry

Tissue samples were fixed in and sliced into sections
at the thickness of 4 um, and washed after immersed in
antigen repair solution. Then the sections were incubated
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with antibody against MFAP2 (ab183830, 1:8000, Abcam,
Cambridge, MA, USA) at 4 °C overnight, followed by sec-
ondary antibody (ab150077, 1:5000, Abcam, Cambridge,
MA, USA). After treated with DAB solutions and hema-
toxylin. The sections have been captured using a micro-
scope. The positive rate was calculated using Image J (v
1.8.0, NIH Image, Bethesda, MD, USA).

Cell Culture

Cell line BEAS-2B, A549, HCC827, NCI-H1299,
NCI-H1650, and NCI-H1688, have been obtained from
ATCC (Manassas, VA, USA), which were through my-
coplasma detection and str validation. BEAS-2B cells were
cultured in DMEM medium containing 10% fetal bovine
serum (FBS), while other cell lines were cultured in 1640
medium containing 10% FBS. All cells were cultured in a
37 °C incubator with 5% COy and 95% humidity. Then
A549 and NCI-H1299 cells have been cultured with 2 uM
Erastin, a ferroptosis inducer, or Erastin+Ferrostatin-1, a
ferroptosis inhibitor, for 48 h.

Cell Transfection

The short hairpin (sh) clones targeting MFAP2
(MFAP2 shRNAs), MFAP2 overexpression (OE) plas-
mids, as well as corresponding control (NC) were obtained
from GeneChem (Shanghai, China). Transfecting MFAP2
shRNAs, MFAP2 OE into A549 and NCI-H1299 cells. The
sequences of ShRNAs were showed in Supplementary Ta-
ble 1. The transfection efficiency was determined by poly-
merase chain reaction (PCR) method.

Quantitative Reverse Transcriptase Polymerase
Chain Reaction (qRT-PCR)

Extract total RNA from A549 and NCI-H1299 cells,
reverse record cDNA, and perform RT qPCR amplification.
RT-PCR program: 95 °C, 3 seconds; 60 °C, 30 seconds;
72 °C, 15 seconds, 40 cycles, 95 °C for 30 seconds, 61 °C
to 52 °C for 20 seconds, 4 cycles, each cycle dropping 3
°C; 95 °C for 30 seconds, 60 °C for 30 seconds, 35 cycles.
MFAP2 with Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as control. Relative MFAP2 mRNA expression
was measured with 222 method. The sequences of the
primers used in PCR was as shown in Supplementary Ta-
ble 2.

Western Blot

The total protein of A549 and NCI-H1299 cells was
extracted, the protein concentration was measured, and then
the protein was separated by gel electrophoresis assay and
transferred to the membrane. After the membrane was
sealed, it was incubated with the primary antibody matrix
metalloproteinase-2 (MMP2) (ab92536, 1:5000, Abcam,
Cambridge, MA, USA), MMP9 (ab76003, 1:2000, Abcam,
Cambridge, MA, USA), GPX4 (ab125066, 1:2000, Abcam,
Cambridge, MA, USA), FTH1 (ab183781, 1:2000, Abcam,
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Cambridge, MA, USA), ACSL4 (ab155282, 1:2000, Ab-
cam, Cambridge, MA, USA) and GAPDH (ab9485, 1:5000,
Abcam, Cambridge, MA, USA) at 4 °C for 24 hours. Then
incubated with HRP labeled, the second antibody at room
temperature for 2 hours. The protein expression levels have
been quantified by Image J. Image J converts the image
into a grayscale image and analyzes the grayscale values
to quantify bands.

Fe?t Release

The release of ferrous iron (Fe?) was determined by
an iron assay kit (cat. no. ab83366, Abcam, Cambridge,
MA, USA). Briefly, following trypsinization (Trypsin
(0.25%), 25200072, Thermofisher Scientific, Waltham,
MA, USA), cells were resuspended. After centrifugation at
13,000 x g, the supernatant was cultured with assay buffer.
Subsequently, the release of Fe?T was detected at the wave-
length of 593 nm.

Determination of Superoxide Dismutase (SOD) and
Glutathione (GSH)

The release of SOD and GSH was determined us-
ing the corresponding the Superoxide Dismutase Assay
Kit (S0101S, Beyotime, Shanghai, China) and Glutathione
Assay Kit (CS0260, Sigma-Aldrich, Shanghai, China).
Briefly, after transfection or Erastin treatment, cells were
lysed using lysis buffer (100 uL, Beyotime, Shanghai,
China). Then the lysates were supplemented with detec-
tion buffer. Finally, the release of SOD and GSH was de-
termined at the wavelength of 450 nm and 340 nm, respec-
tively.

Colony Formation Assay

Cells in the logarithmic growth phase were plated on a
96-well plate (500 cells/well). Each sample had 3 wells, and
the cells were continuously cultured in a cell culture incu-
bator for about 10 days. Methanol fixation was performed,
followed by staining with 0.2% crystal violet staining solu-
tion and analyze the results. The images were capture using
amicroscope (DM4M, Leica, Wetzlar, Germany). Colonies
in predetermined fields of interest were counted (magnifi-
cation, x200).

Wound Healing Assay

Cells have been calculated in a 96-well plate (2 x 103
cells/well). Then, the cells have been scratched using a 100-
nL plastic pipette tip and cultured 24 h. Then the migrated
cells captured using a microscope (Leica, Germany; magni-
fication, x100) and quantified using Image J software and
normalized to the control cells. The formulae is: wound
healing rate = (initial scratch width — scratch width after 24
hours)/initial scratch width x100%; length of cell migra-
tion (nm)/migration time (hr).
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Transwell Assay

Homogeneous serum-free single-cell suspensions (1
x 10° cells/well for migration and 5 x 10°/well for in-
vasion) were added to the upper chambers, and the lower
chamber was supplemented with 10% FBS. Cells in lower
chamber have been fixed and stained with 1% crystal violet.
Using 3% acetic acid for decolorize, completely elute crys-
tal violet, and measure the OD value of the eluent on a Mi-
croplate reader (570 nm) to observe and quantify cell inva-
sion. Under a 100 light microscope, select the cells pass-
ing through the membrane from: top, bottom, left, right,
and center. Calculate the average value according to the
formula: Migration inhibition rate = (1 — average migrating
cells in the experimental group/average migrating cells in
the control group) x 100%, calculate the migration ability
of cells.

Detection of Reactive Oxygen Species (ROS)

Sample have been incubated with DCFDA - Cellular
ROS Assay Kit (ab113851, Abcam, Cambridge, MA, USA)
according to the manufacture’s instructions, then washed
and imaged by a fluorescence microscope. The results was
quantified by selecting randomly five different fields of
view using Image-Pro Plus Software 6.0 (Media Cybernet-
ics, Bethesda, MD, USA).

Bioinformatics

MFAP2 expression in NSCLC patients was analyzed
using online database Gene Expression Profiling Interac-
tive Analysis (GEPIA)2 (http://gepia2.cancer-pku.cn/#ind
ex). Survival analysis was performed by Kaplan-Meier
Plotter (http://kmplot.com/analysis/).

Statistical Analysis

All experiments were repeated 3 times. Use Graph-
Pad Prism 9.5.1 software (Dotmatics, Boston, MA, USA)
for data statistical analysis. Data all expressed as mean +
SD. Student ¢ test used for analysis the differences between
two groups, One-way ANOVA for multiple groups. The
correlation between MFAP2 expression in tissue or plasma
samples from was analyzed using Pearson’s coefficient.
The Receiver operating characteristic (ROC) curve was ap-
plied to analyze the potential diagnostic value of MFAP2 in
NSCLC. p < 0.05 indicating statistically significant differ-
ences.

Results

MFAP2 is Overexpressed in NSCLC

MFAP?2 functions as a positive role in tumorigenesis
[11-17]. First, to verify the roles of MFAP2 in NSCLC,
we screened MFAP2 expression in NSCLC patients using
online database GEPIA2. We found that MFAP2 was over-
expressed in both lung adenocarcinoma (LUAD) and Lung
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Fig. 1. MFAP2 is upregulated in NSCLC.
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squamous cell carcinoma (LUSC) (p < 0.05) (Fig. 1A);
moreover, results of bioinformatic analysis showed that
high levels of MFAP2 may predict poor 5-year overall sur-
vival rates (p =0.019) (Fig. 1B). Next, to further confirm the
roles of MFAP2 in NSCLC, we determined the expressions
of MFAP2 in plasma or tissues that collected from NSCLC
patients and healthy control. MFAP2 was markedly over-
expressed in NSCLC tissues (p < 0.001) (Fig. 1C,D), and
this was consistent with results from plasma (p < 0.001)
(Fig. 1E). Moreover, the expression of MFAP2 in tumor tis-
sues has been positively correlated with that from plasma
from NSCLC patients (r = 0.5261, p = 0.001) (Fig. 1F).
Additionally, results of ROC analysis showed that the
AUC of MFAP2 in NSCLC tissues and plasma was 0.9406
and 0.7863, respectively (Fig. 1G,H). The above results
suggested that MFAP2 can be a sensitive biomarker for
NSCLC.

MFAP2 Knockdown Inhibits the Proliferation of
A549 and NCI-H1299 Cells

We further determined the effects of MFAP2 shRNA
on behaviors of NSCLC tumor cells. Fig. 2A showed that
MFAP2 was overexpressed in all NSCLC cells, especially
for A549 and NCI-H1299 cells (p < 0.001). Therefore,
A549 and NCI-H1299 were used in the following experi-
ments. Furthermore, Fig. 2B,C showed the transfection ef-
ficiency of MFAP2 shRNA in A549 and NCI-H1299, and
MFAP2 shRNA-2, with more potent efficiency, was used
in the following experiments (p < 0.001). Next, the ef-
fects of MFAP2 shRNA on the growth of A549 and NCI-
H1299 has been determined. We found that knockdown
of MFAP2 markedly decreased tumor cell viability (p <
0.001) (Fig. 2D,E). Additionally, MFAP2 shRNA markedly
decreased tumor cell colony formation (p < 0.01) (Fig. 2F).
These data suggested that MFAP2 may suppress the prolif-
eration of NSCLC cells.

MFAP2 Knockdown Inhibits the Migration and
Invasion of A549 and NCI-H1299

MFAP2 is a key regulator in modulating cell adhe-
sion and morbidity [11]. Next, we determined the ef-
fects of MFAP2 shRNA migrative and invasive ability of
A549 and NCI-H1299. MFAP2 knockdown markedly de-
creased the number of migrated A549 and NCI-H1299
at 24 h (p < 0.01) (Fig. 3A). Moreover, MFAP2 knock-
down remarkably inhibited tumor cell invasive ability (p <
0.01) (Fig. 3B). Additionally, MFAP2 knockdown inhib-
ited gelatinase (MMP2 and MMP9) expressions (p < 0.01)
(Fig. 3C). These data suggested that MFAP2 knockdown
suppressed the migration and invasion of A549 and NCI-
H1299 cells.
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MFAP2 Suppresses the Ferroptosis of
Erastin-Treated NSCLC Cells

Finally, the effects of MFAP2 on ferroptosis of
NSCLC cells have been examined. Fig. 4A showed the
transfection efficiency of MFAP2 OE. MFAP2 expression
was markedly increased in MFAP2 OE group in both A549
and NCI-H1299 cells, suggesting that MFAP2 OE was suc-
cessfully transfected (p < 0.001). Next, we observed that
MFAP2 overexpression markedly decreased the release of
ferrous iron (Fe?T) induced by Erastin treatment, while the
ferroptosis inhibitor, ferrostatin-1 showed the same effects
(p < 0.001) (Fig. 4B). On the other hand, we found that
Erastin-mediated decrease of GSH and SOD was partially
abrogated by MFAP2 OE (p < 0.05) (Fig. 4C,D), and the
effects of MFAP2 OE was same as ferrostatin-1. Further,
ROS production of each group was examined. We found
that Erastin induced increase in ROS, and both MFAP2 OE
and ferrostatin-1 decreased the ROS production (p < 0.01)
(Fig. 4E). Moreover, Erastin also decreased the migration
as well as invasion of both A549 and NCI-H1299 cells,
while MFAP2 OE or ferrostatin-1 could partially alleviate
the effects of Erastin (p < 0.01) (Fig. 4F,G). Finally, the
related protein expressions were examined. We found that
Erastin-mediated inhibition of protein expression of GPX4
and FTHI, as well as increased expression of ACSL4, was
abrogated by overexpressed MFAP2 (Fig. 4H). Taken to-
gether, these data suggested that for Erastin treated NSCLC
cells; MFAP2 over-expression may suppress the ferropto-
sis.

Discussion

In the present study, we found that MFAP2 was over-
expressed in NSCLC and the levels of MFAP2 can be a di-
agnostic biomarker for NSCLC. MFAP2 knockdown sup-
pressed the proliferative, migrative and invasive ability of
A549 and NCI-H1299 cells (p < 0.01); however, overex-
pressed MFAP2 inhibited Erastin-mediated NSCLC ferrop-
tosis (p < 0.001). To our knowledge, this is the first study
to demonstrate the potential roles of MFAP2 in NCSLC and
this may open a new light in NSCLC.

MFAP2 overexpression has been reported in many
types of cancers, including gastric cancer, ovarian cancer,
CRC as well as breast cancer [11,14,16,17]. In our study,
we found that MFAP2 is over-expressed in NSCLC, and
MFAP2 expression in tumor tissues can be a sensitive prog-
nostic biomarker for NSCLC patients. Besides, overex-
pressed MFAP2 was associated with poor survival, dictat-
ing its oncogenic role in NSCLC. Moreover, MFAP2 is the
key regulator that involved in cell adhesion and morbidity,
suggesting that MFAP2 may endow with the capability to
mediate the malignant behavior of tumor cells [11]. Re-
sults of a previous study suggested that MFAP2 promotes
the morbidity of hepatocellular carcinoma [20]. More-
over, knockdown of MFAP2 inhibits the migration, inva-
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Fig. 4. MFAP2 suppresses the ferroptosis of erastin-treated NSCLC cells. (A) qRT-PCR. (B) The release of ferrous iron (Fe?*). (C)
Content of Glutathione (GSH). (D) Activity of Superoxide Dismutase (SOD). (E) Reactive oxygen species (ROS) production (scale bar =
200 um). (F) Wound healing assay (scale bar = 200 um). (G) Transwell assay (scale bar =200 um). (H) Western blot. n=3. *p < 0.05,
**p < 0.01, ***p < 0.001. FTH, Ferritin heavy chain; ACSL4, acyl-CoA synthetase long-chain family member 4; GPX4, glutathione

peroxidase 4.

sion as well as metastasis of CRC and melanoma [12,17].
In this study, we found that MFAP2 knockdown inhibited
the growth and metathesis of A549 and NCI-H1299 (p <
0.01). These findings dictated that MFAP2 can be a poten-
tial target for NSCLC, which is consistent with Xue et al.’
study [17].

Ferroptosis is an adaptive process to eradicating the
malignant cells [21]. The alteration in ferrous iron, ox-
idative and metabolic stress are the key factors to in-
duce tumor cell ferroptosis. Interestingly, blocking sys-
tem Xc~ (Erastin), inhibiting extracellular glutamate syn-
thesis (RSL3), or promoting iron overload (FePt nanopar-
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ticles) efficiently inhibits the malignant behaviors of tu-
mor cells [22]. In this study, Erastin increased the accu-
mulation of ferrous iron as well as inhibited the release
of GSH and SOD. Interestingly, the blockage of system
Xc™ inhibits the importing cystine; this is consistent with
the results of previous reports, which is required for glu-
tathione biosynthesis and antioxidant defense [6]. This pro-
cess inhibits the release of ROS and the forming of phos-
phatidylethanolamines, which are vulnerable to peroxida-
tion by iron-dependent lipoxygenases [23]. In this study,
overexpressed suppressed the release of ferrous iron and
promoted glutathione biosynthesis and antioxidant defense,
inducing the resistance of NSCLC cells to Erastin-mediated
ferroptosis (p < 0.001).

Recently, increasing evidences report the interconnec-
tion of ferroptosis and apoptosis, necroptosis, and pyropto-
sis. Apart from the crosstalk between ferroptosis and apop-
tosis, necroptosis, and pyroptosis, the processes of ferropto-
sis is distinct: (1) morphologically, ferroptosis is featured
by shrunken mitochondria and reduced numbers of mito-
chondrial cristae, while apoptosis exhibits chromatin con-
densation and apoptotic body formation [22]. Pyroptosis
is characterized by poor formation [24]. (2) Ferroptosis
is initiated in the scenarios where ferroptosis prerequisites
override antioxidant-buffering capabilities provided by fer-
roptosis defense systems [25,26]. This is differentiated
from other form of death (caspase cascades-mediated death,
RIP3/MLKL-mediated necroptosis and GSDMs-mediated
pyroptosis) [27]. In this study, Erastin-mediated the re-
lease of ferroptosis prerequisites (ferrous iron) and inhib-
ited antioxidant defense (GSH and SOD) in NSCLC cells,
and the effects were dampened by MFAP2. Besides, over-
expression of MFAP2 also affected the production of ROS,
and the content of GPX4, FTH1 as well as ACSL4 protein.
These results suggested that MFAP?2 is closely related with
the ferroptosis of NSCLC cells, and inhibiting MFAP2 may
be a promising strategy for NSCLC. However, the underly-
ing mechanisms still require further investigation.

Conclusions

In conclusion, MFAP2 function as an oncogene in
NSCLC. MFAP2 deficiency suppressed the malignant be-
havior of NSCLC cells. Therefore, MFAP2 may be a novel
target for NSCLC.
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