www.nature.com/aps

ARTICLE

Acta Pharmacologica Sinica
®

Check for
Updates

Promoter methylation-regulated miR-148a-3p inhibits lung
adenocarcinoma (LUAD) progression by targeting MAP3K9

Lu Liang1, Wen-yan Xu', Ao Shen’, Hui-yu Cen', Zhi-jun Chen3, Lin Tan', Ling-min Zhang1, Yu Zhang’, Ji-jun Fu', Ai-ping Qin',
Xue-ping Lei', Song-pei Li', Yu-yan Qin’, Jiong-hua Huang? and Xi-yong Yu'

Lung adenocarcinoma (LUAD) characterized by high metastasis and mortality is the leading subtype of non-small cell lung cancer.
Evidence shows that some microRNAs (miRNAs) may act as oncogenes or tumor suppressor genes, leading to malignant tumor
occurrence and progression. To better understand the molecular mechanism associated with miRNA methylation in LUAD
progression and clinical outcomes, we investigated the correlation between miR-148a-3p methylation and the clinical features of
LUAD. In the LUAD cell lines and tumor tissues from patients, miR-148a-3p was found to be significantly downregulated, while the
methylation of miR-148a-3p promoter was notably increased. Importantly, miR-148a-3p hypermethylation was closely associated
with lymph node metastasis. We demonstrated that mitogen-activated protein (MAP) kinase kinase kinase 9 (MAP3K9) was the
target of miR-148a-3p and that MAP3K9 levels were significantly increased in both LUAD cell lines and clinical tumor tissues. In
A549 and NCI-H1299 cells, overexpression of miR-148a-3p or silencing MAP3K9 significantly inhibited cell growth, migration,
invasion and cytoskeleton reorganization accompanied by suppressing the epithelial-mesenchymal transition. In a nude mouse
xenograft assay we found that tumor growth was effectively inhibited by miR-148a-3p overexpression. Taken together, the
promoter methylation-associated decrease in miR-148a-3p could lead to lung cancer metastasis by targeting MAP3K9. This study
suggests that miR-148a-3p and MAP3K9 may act as novel therapeutic targets for the treatment of LUAD and have potential clinical

applications.
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INTRODUCTION
Non-small cell lung cancer (NSCLC) accounts for ~85% of all kinds
of lung cancers [1]. Lung adenocarcinoma (LUAD), characterized
by high metastasis and mortality, is the leading subtype of NSCLC
[2]. The low survival rate for NSCLC patients is mainly due to
distant metastasis that accounts for 90% of cancer-related deaths
[2]. Although many therapeutic strategies have been applied, the
prognosis of NSCLC remains unsatisfactory. Lack of appropriate
biomarkers and accurate therapeutic targets and toxicity of
chemotherapy drugs lead to poor curative efficacy in lung cancer
[3]. Therefore, it is of great significance to explore the molecular
mechanism of LUAD occurrence and progression and discover
promising therapeutic targets to improve its prognosis.
MicroRNAs (miRNAs) are small (20-24 nucleotides) endogen-
ous non-coding RNAs that regulate vital biological processes,
such as cell cycling, growth, apoptosis, and the regulation of
gene expression [4-6]. miRNAs function in RNA silencing mainly
via complementary binding to the 3’-untranslated region
(3’-UTR) of its target mMRNA molecules [4]. Lung cancer occurs
through a multi-step process, which is related to either the

activation of oncogenes or silencing of tumor suppressors [7].
Some miRNAs may be considered oncogenes or tumor
suppressor genes, leading to malignant tumor occurrence or
suppression. For instance, downregulation of miR-148a-3p
mediates tumorigenesis and progression in several types of
cancer. It also suppresses cell proliferation and migration by
targeting erb-b2 receptor tyrosine kinase 3 in colorectal cancer
[8]. In addition, it suppresses NSCLC metastasis both in vitro and
in vivo [9].

Mitogen-activated protein kinase (MAPK) kinase kinase kinase 9
(MAP3K9), also named MLK1, regulates the growth, differentiation,
migration, and apoptosis of cells [10]. Recently, it was reported
that inhibition of MAP3K9 suppresses cell necroptosis in
pancreatic cancer [11]. Moreover, miR-34a functions as a tumor
suppressor by inhibiting MAP3K9 expression in neuroblastoma
[12]. Although these reports have suggested that MAP3K9
functions as an oncogene in tumors, its underlying molecular
mechanism remains unclear. Therefore, it is crucial to investigate
the tumor-target regulation of MAP3K9 and reveal its potential
clinical applications.
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Epigenetic regulation is an important driving factor in the early
stages of tumorigenesis. DNA methylation is one of the key
epigenetic mechanisms that affects gene expression in mammals
[13]. More importantly, aberrant DNA methylation significantly
affects epigenetic regulation in cancer, resulting in aberrant gene
expression [14]. Consequently, silencing tumor suppressor miRNAs
via promoter hypermethylation is becoming a significant marker
of tumors. Whether the methylation of the miR-148a-3p promoter
participates in LUAD metastasis has not yet been studied.
Therefore, in the current study, we evaluated whether epigenetic
modification of miR-148a-3p is linked to promoter methylation
and explored the molecular mechanisms of miR-148a-3p and
MAP3K9 in LUAD in vitro and in vivo.

MATERIALS AND METHODS

Materials

The experimental mice were obtained from Beijing HFK
Bioscience (Beijing, China). 293 T, A549, NCI-H1299, NCI-H460,
and BEAS-2B cell lines were from the Cell Bank of Chinese
Academy of Sciences. Phosphate buffer solution (PBS), DMEM,
fetal bovine serum (FBS), TRIzol, Pierce BCA protein assay kit,
Lipofectamine 3000 and SuperSignal chemiluminescent sub-
strate were from Thermo Fisher (Waltham, MA, USA). Penicillin
and streptomycin were from Sigma-Aldrich (St. Louis, MO, USA).
SYBR Green gPCR kit and Evo M-MLV RT kit were bought from
Accurate Biotechnology (Changsha, China). TUNEL assay kit was
purchased from Servicebio (Wuhan, China). Cell counting kit-8
(CCK8) and 12-hydroxylauric acid were from Yeasen Biotech
(Shanghai, China). Transwell inserts (pore size 8.0 um) were
bought from Corning (Corning, NY, USA). miR-148a-3p mimic
and its scramble control (miR-NC), siRNA targeting MAP3K9 or
DNMTT1 (si-MAP3K9, si-DNMT1) and a scramble control (si-NC)
were from Genepharma (Shanghai, China). Dual luciferase
reporter assay kit and pGL3 vector were from Promega
(Madison, WI, USA). The Entranster-in vivo transfection reagent
was bought from Engreen Biosystem (Beijing, China). The
primary antibodies used in this study were anti-GAPDH (Sigma-
Aldrich, St. Louis, MO, USA), anti-MAP3K9 (Affinity Biosciences,
Beijing, China), anti-Vimentin, -Snail, -E-cadherin and -N-
cadherin (ImmunoWay Biotechnology, Plano, TX, USA). The
HRP-conjugated secondary antibodies were from Proteintech
(Wuhan, China).

Patients and clinical samples

We obtained 56 pairs of tumor and tumor-adjacent normal tissues
from patients with LUAD from the Affiliated Cancer Hospital of
Guangzhou Medical University. We conducted this study with the
approval of the Ethics Committee of the Affiliated Cancer Hospital
of Guangzhou Medical University (202108004). Written informed
consent was obtained from each participant prior to the study.

miRNA microarray assay

Four pairs of tumor and adjacent normal tissues from patients with
LUAD were used for miRNA microarray (Sinotech Genomics). In brief,
total RNA of each sample was extracted using miRNeasy mini kit
(Qiagen). Paired-end libraries were synthesized by QIAseq miRNA
library kit (Qiagen) and then sequenced on lllumina HiSeq X ten
platform. miRNA expression analysis was performed using DESeq
software. miRNAs from tumor and adjacent tissue with log2(FC)
value > 1 and <0.05 were considered as significantly modulated.

Cell culture and transfection

LUAD (A549, NCI-H1299, and NCI-H460) and BEAS-2B cells were
cultured in the Dulbecco’s modified Eagle’s medium supplemen-
ted with 10% FBS, 100 U/mL penicillin, and 100 pg/mL strepto-
mycin. Cells were seeded into 12-well plates and transfected using
Lipofectamine 3000 at ~70% confluence.
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Table 1. Primers for RT-gPCR.

Gene Sequence (5'-3")

TGGGTATTTGTTTTTGTTGATTG
ACTACACTTAAACCCCCTCTAACC

miR-148a-3p Forward
miR-148a-3p Reverse

U6 Forward GCAGGGGCCATGCTAATCTTCTCTGTATCG

U6 Reverse CAAACAAAAAAACTAAAACCCCACAACAAACA
MAP3K9 Forward GAGTGCGGCAGGGACGTAT

MAP3K9 Reverse CCC CATAGCTCCACACATCAC

GAPDH Forward CCCTCAACGACCACTTTGTC

GAPDH Reverse AGGGGAGATTCAGTGTGGTG

Table 2. MSP primers for miR-148a-3p.

Gene Sequence (5-3")

TATGATTTGTTTTATTATTGGTT
AACACTAACAACATCAACAACC
TGATTCGTTTTATTATCGGTC
AACACTAACGACATCGACG

miR-148a-3p-U Forward
miR-148a-3p-U Reverse
miR-148a-3p-M Forward
miR-148a-3p-M Reverse

Transwell migration and invasion assays

Transwell migration and invasion assays were performed, according
to the previously described protocols [15]. In brief, the upper
chambers were coated with Matrigel for the invasion assays and
without Matrigel for the migration assays. The invading cells that
adhered to the lower surface of the membrane were stained and
counted.

Western blotting assay
Samples with equal amounts of total protein were separated using
a universal approach [15]. The primary antibodies used were

as follows: anti-E-cadherin (1:1000, 135kDa), anti-N-cadherin
(1:1000, 140kDa), anti-Snail (1:1000, 29 kDa), anti-MAP3K9
(1:1000, 121kDa), anti-vimentin (1:1000, 57 kDa), and anti-

GAPDH (1:1000, 37 kDa). The SuperSignal chemiluminescent
substrate was used to visualize the protein of interest after the
horseradish peroxidase-conjugated secondary antibodies were
bound to the primary antibodies.

RT-gPCR assay

RNA extraction and RT-qPCR assay were performed according to
the previously described protocols [15]. Primers used for RT-gPCR
were shown in Table 1. Differences among target expression were
quantitatively analyzed.

Methylation-specific PCR (MSP)

The MSP assay was carried out according to the previously
described protocol [16] and the primers of methylated (M) or
unmethylated (U) miR-148a-3p promoter were shown in Table 2.

Colony formation assay and cell counting kit-8 (CCK8) assay

The colony formation assay was conducted to detect the ability of
colony growth according to the previous report [17]. And CCK8
assay was carried out using a universal approach [17]. The cell
viability ratio was calculated as

Atreated /Acontrol % 100%.
5-Aza-deoxycytidine (5-Aza) treatment
Briefly, cells were seeded in six-well plates 24 h before 5-Aza

(5umol/L) treatment. RNA was extracted 48 h after 5-Aza
treatment to examine miR-148a-3p and MAP3K9 expression.

SPRINGER NATURE

2947



miR-148a-3p inhibits LUAD progression
L Liang et al.

2948

Diff_miRNA

| hsa-miR-34a-3p

hsa-miR-34a-5p

RN hsa-miR-7-5p
hsa-miR-93-5p
hsa-miR-224-5p
hsa-miR-429
hsa-miR-148b-3p
hsa-miR-9-5p
hsa-miR-96-5p
hsa-miR-551b-5p
hsa-miR-205-3p
hsa-miR-944
hsa-miR-155-5p
hsa-miR-130b-5p
hsa-miR-9-3p
hsa-miR.-21.5n

3
I
1

0

I.1
-2

hsa-miR-148a-3p
hsa-miR-148a-5p
a 24036

hsa-miR-543
hsa-miR-193b-3p
hsa-miFH 93b-5p

hsa-miR-193a-5p
hsa-miR-206
hsa-miR-338-5p

hsa-miR-30a-5p
hsa-miR-30a-3p

- hsa-miR-126-3p
hsa-miR-126-5p

Fig. 1

F =)
S
@
[0]
b £
x
(0]
o
L
©
[o0)
<
o
g
(0]
>
s
Q
@
=]
S
c 2
o
[oR
x
(0]
153
S5
©
[e0)
R
x
E
(0]
-
kS
[0]
@
d
S 1001 — Low miR-148a-3p (n=245)
= 80 -~ High miR-148a-3p (n=245)
= Logrank P-value=0.0269
S 601
35
@ 104
S 201
>
8 o : : : ;
0 2000 4000 6000 8000
Days

The miRNA levels of lung tumor samples and matched adjacent samples. a Hierarchical clustering analysis of the differential

expressed miRNAs on microarray assay (n =4). b The miR-148a-3p mRNA levels were detected in lung adenocarcinoma and adjacent non-
tumor tissues (n = 56). ¢ The miR-148a-3p MRNA levels were measured in BEAS-2B, A549, NCI-H1299 and NCI-H460 cells (n = 3). d The overall
survival of lung cancer patients with low and high miR-148a-3p levels (n = 245). **P < 0.01 and ***P < 0.001.

Luciferase reporter assay

The luciferase reporter assay was conducted as described
previously [18]. The DNA fragments containing the wild-type
(WT) or mutant (MT) 3-UTR of MAP3K9 were chemically
synthesized and inserted into the pGL3 vector to generate WT
MAP3K9-3-UTR and MT MAP3K9-3-UTR reporters.

Tumor xenografts

All the experimental procedures were previously approved and
supervised by the Animal Experiment Ethics Committee of
Guangzhou Medical University (GY2021-028, Guangzhou,
China) according to ARRIVE guidelines. Six-week-old male
athymic nude mice were used for xenograft studies. A total of
2x10°% NCI-H1299 or NCI-H1299 cells stably overexpressing
miR-148a-3p (NCI-H1299™MR1482-3P) \yere suspended in 200 pL
phosphate-buffered saline (PBS) and subcutaneously injected
into the right flank regions of mice to generate NCI-H1299 and
NCI-H1299™R 148330 tymor-bearing mice, respectively. After
14 d, the NCI-H1299 tumor-bearing mice were randomly
divided into three groups for additional treatment: (1) saline
(n=5); (2) free miR-148a-3p (treated with miR-148a-3p dis-
solved in saline, n=5, 20 ug miR-148a-3p per mouse); (3)
encapsulated miR-148a-3p (treated with miR-148a-3p mixed
with Entranster-in vivo transfection reagent, n =5, 20 ug miR-
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148a-3p per mouse). The NCI-H1299 tumor-bearing mice were
injected intravenously via the tail vein every 3 days for 2 weeks.
Meanwhile, NCI-H1299™R14823P t;mor-bearing mice were not
treated. The NCI-H1299 and NCI-H1299™R"14823P yymor-bearing
mice were euthanized and analyzed at the end of the
experiment. Tumor size and body weight were measured daily
throughout the experiments. Tumor volume was calculated
using the formula: (width? x length)/2. After sacrifice, the
tumors, livers, spleens, kidneys, hearts, and lungs of the mice
were collected and stained with haematoxylin and eosin (H&E).

Terminal deoxyribonucleotidyl transferase-mediated dUTP nick-
end labelling (TUNEL) assay

The sections of tumors were labelled with the TUNEL assay kit and
examined under a Carl Zeiss LSM 880 laser confocal microscope
(Oberkochen, Germany).

Statistical analysis

The STATISTICA program (StatSoft) was used for the analysis of the
data and all the data were expressed as mean = standard
deviations (SD). Multiple comparisons were assessed by One-
way ANOVA with Tukey’s post hoc test. Correlation was calculated
using the ReglinP function and inverted Student’s t test. P <0.05
was considered statistically significant.
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Fig.2 Methylation of miR-148a-3p promoter in LUAD cells and tissues. a The methylation status of miR-148a-3p promoter was detected in
tumor samples (n = 56). b MSP detection for methylated or demethylated miR-148a-3p promoter in LUAD cells and BEAS-2B cells (n = 3). ¢ The
miR-148a-3p mRNA levels in LUAD cells and BEAS-2B cells (treated with or without 5-Aza for 24 h) were measured (n = 3). d The DNMTT mRNA

levels were measured in LUAD cells (n = 3). **P < 0.01 and ***P < 0.001.

Table 3. The correlation of miR-148a-3p methylation and clinical
features of LUAD patients.

Clinicopathologic The number The cases of miR- P value
characteristics of cases 148a-3p methylation
(n, %) (n, %)
Age (year) 0.7123
<60 38 (67.9) 21 (55.3)
>60 18 (32.1) 9 (50.0)
Sex 0.246
Female 24 (42.9) 15 (62.5)
Male 32 (57.1) 15 (46.9)
Degree of 0.0674
differentiation
Well and moderately 31 (55.4) 20 (64.5)
Poorly 25 (44.6) 10 (40.0)
Lymph node metastasis 0.0451*
Yes 23 (41.1) 16 (69.6)
No 33 (58.9) 14 (42.4)

*P < 0.05 calculated with Pearson chi? test.

RESULTS

High levels of miR-148a-3p indicate better prognosis of patients
with LUAD

miRNA expression profiling was performed for tumor samples and
matched adjacent lung samples using a microRNA microarray
assay. As shown in Fig. 1a, miR-148a-3p levels were lower in LUAD
tissues than in the surrounding normal lung tissues. We used
reverse transcription-quantitative polymerase chain reaction (RT-
gPCR) to determine miR-148a-3p levels in lung cancer and paired
normal samples. The results indicated a significant downregula-
tion of miR-148a-3p in the tumor samples, but not in the matched
adjacent lung samples (Fig. 1b). The miR-148a-3p levels were also
analyzed in various LUAD (A549, NCI-H1299, and NCI-H460) and
non-tumorigenic lung (BEAS-2B) cell lines. As predicted, miR-148a-
3p levels were significantly decreased in lung cancer cells than in
BEAS-2B cells (Fig. 1c). The Cancer Genome Atlas cohort database
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(Oncolnc, http://www.oncolnc.org) was used to determine the
correlation between miR-148a-3p levels and the overall survival
time of patients with lung cancer. According to the results, lower
miR-148a-3p levels were related to a dramatically worse overall
survival rate in patients with lung cancer (Fig. 1d).

DNA methylation epigenetically regulates miR-148a-3p expression
Since epigenetic silencing may contribute to the inactivation of
tumor suppressors, the correlation between miR-148a-3p methy-
lation and clinical features of LUAD was further explored. From
clinical samples of 56 cases patients, we identified that DNA
methylation in the miR-148a-3p promoter region occurred
frequently in the tumor tissues (30/56), while the adjacent normal
tissues were all unmethylated (0/56). Based on the methylation
status of the miR-148a-3p promoter, we further divided the 56
clinical cases into two groups: high-methylation (30/56, 53.6%)
and low-methylation (26/56, 46.4%) groups. miR-148a-3p expres-
sion levels were significantly upregulated in the low-methylation
group of patients with LUAD (Fig. 2a). According to the
clinicopathologic characteristics of 56 patients with LUAD, lymph
node metastasis was observed in 23 patients, but not in others.
The promoter methylation rates of miR-148a-3p in the lymph
node metastasis and no lymph node metastasis subgroups were
69.6% and 42.4%, respectively, indicating an obvious difference
(P=0.0451). Meanwhile, methylation of the miR-148a-3p promo-
ter was not significantly correlated with age, sex, or pathological
differentiation (Table 3). Consequently, the level of miR-148a-3p
methylation was strongly related to lymph node metastasis.

High methylation levels of miR-148a-3p were further confirmed
in LUAD cell lines, such as A549, NCI-H1299, and NCI-H460 cells,
while miR-148a-3p found to be unmethylated in BEAS-2B cells
(Fig. 2b). Interestingly, miR-148a-3p levels were dramatically
increased after treatment with 5-Azacytidine (5-Aza) in LUAD
cells, but remained unchanged in BEAS-2B cells (Fig. 2c).
Compared with BEAS-2B cells, the mRNA levels of DNA
methyltransferase 1 (DNMTT1) were elevated in LUAD cells (Fig. 2d).
Consistently, knockdown of DNMTI by siRNA increased the
expressions of miR-148a-3p in LUAD cell lines (Supplementary
Fig. S1). This suggests that epigenetic regulators, such as DNMT1,
can affect miR-148a-3p levels, and that methylation of the miR-
148a-3p gene promoter might be an important factor in the
progression of LUAD.

SPRINGER NATURE
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Fig. 3 miR-148a-3p regulates MAP3K9 expression in LUAD. a The target genes of miR-148a-3p. b Putative miR-148a-3p binding sequence
in 3'-UTR of MAP3K9 and its mutant used in the luciferase reporter assay that performed in A549 and NCI-H1299 cells (n = 3). The mRNA (c)
and protein (d) levels of MAP3K9 were measured in miR-148a-3p mimic-transfected A549 and NCI-H1299 cells, respectively (n =3). e The
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MAP3K9 in LUAD tissues (n = 56). g MAP3K9 protein levels in A549 and NCI-H1299 cells treated with 5-Aza, respectively. *P < 0.05, **P < 0.01

and ***P < 0.001.

Mutations in the K-Ras oncogene and p53 tumor suppressor
gene are among the most common genetic alterations in lung
cancer that have great clinical significance with both predictive
and prognostic values. Both A549 and H460 cells contained K-Ras
mutations, whereas H1299 cells harbored wild-type K-Ras. Mean-
while, A549 and H460 cells express wild-type p53, while H1299
cells were p53-deficient. Therefore, A459 and H1299 cells were
selected as two types of LUAD cellular models based on genetic
diversity and were used in the rest of the experiments.

miR-148a-3p targets MAP3K9

The mirDB database (http://www.mirdb.org/) was used to search for
the target genes of miR-148a-3p, and MAP3K9 was identified
(Fig. 3a). To validate the interaction between MAP3K9 and miR-
148a-3p in LUAD cells, a luciferase reporter assay was performed.
The putative wild-type and mutated 3’-UTR of the MAP3K9 gene

SPRINGER NATURE

were inserted into the luciferase reporter vector, followed by
transfection of miR-148a-3p mimic into these reporter vectors. In
A549 and NCI-H1229 cells transfected with the MAP3K9 3’-UTR wild-
type construct, which contained the miR-148a-3p-binding site, the
luciferase reporter activity was significantly decreased compared to
the control mimic groups (Fig. 3b). In contrast, miR-148a-3p
overexpression did not affect the luciferase activity of the mutant
reporter vector (Fig. 3b). Our results also demonstrated that MAP3K9
mRNA levels were significantly downregulated after A549 and NCI-
H1299 cells were treated with the miR-148a-3p mimic (Fig. 3c).
Conversely, MAP3K9 mRNA levels were significantly upregulated
after A549 and NCI-H1299 cells were treated with the miR-148a-3p
inhibitor (Supplementary Fig. S2). Moreover, the protein levels of
MAP3K9 in LUAD cells (A549 and NCI-H1299 cells) were also notably
downregulated by transfection with the miR-148a-3p mimic
(Fig. 3d). These results indicated that miR-148a-3p decreased

Acta Pharmacologica Sinica (2022) 43:2946 - 2955
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MAP3K9 expression levels in NSCLC cells by binding to the 3’-UTR of
MAP3K9 mRNA. Consistent with the cellular tests, we found that the
MRNA levels of MAP3K9 in the tumor tissues were also significantly
upregulated compared to those in the matched normal tissues
(Fig. 3e). Furthermore, patients with high MAP3K9 levels exhibited
low miR-148a-3p levels. Pearson correlation analysis also demon-
strated a clear negative relationship between miR-148a-3p levels
and MAP3K9 mRNA levels (©=0.1145 P=0.0014) (Fig. 3f). In
addition, treatment with 5-Aza inhibited MAP3K9 expression in lung
cancer cells (Fig. 3g). Consistently, knockdown of DNMTT by siRNA
suppressed the mRNA and protein expression levels of MAP3K9 in
A549 and H1299 cells (Supplementary Fig. S3). Taken together,
these results support that miR-148-3p suppresses MAP3K9 expres-
sion in LUAD by binding to its 3'-UTR and downregulation of miR-
148a-3p by DNMTT1 via DNA methylation might contribute to the
metastasis of LUAD through MAP3K9.

miR-148a-3p mimic or si-MAP3K9 inhibits the proliferation,
migration, invasion, and epithelial-mesenchymal transition (EMT)
of lung cancer cells

We determined the role of miR-148a-3p mimic or si-MAP3K9 in the
growth of A549 and NCI-H1299 cells. First, cell proliferation was
inhibited effectively in a time-dependent manner after treatment
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with miR-148a-3p mimic or si-MAP3K9 (Fig. 4a and b). Moreover,
the number of cell colonies in miR-148a-3p overexpression or
MAP3K9 knockdown groups was significantly lower than that in
the control groups (Fig. 4c).

Subsequently, we evaluated the function of miR-148a-3p and
MAP3K?9 in the migration and invasion of LUAD cells. In contrast to
the control groups, miR-148a-3p mimic or si-MAP3K9 significantly
inhibited the cell invasion and migration (Fig. 5a and b).

To further show the reversal of EMT in LUAD cells, we
observed the morphology of A549 and NCI-H1299 cells using
confocal microscopy. The typical morphology consisting of
filopodial structures and prominent lamellipodia was observed
in the untreated cells. Importantly, filopodium formation and
impaired F-actin polymerization were observed in LUAD cells
after transfection with the miR-148a-3p mimic or si-MAP3K9
(Fig. 5¢). We further tested the role of MAP3K9 in miR-148a-3p-
induced EMT phenotypes. Treatment with the miR-148a-3p
mimic or si-MAP3K9 inhibited the expression levels of EMT
markers, including N-cadherin, vimentin, and Snail, and
consistently increased E-cadherin levels in LUAD (A549 and
NCI-H1299) cells (Fig. 5d). Based on the above results, we
concluded that miR-148a-3p regulated the cell proliferation and
metastasis by targeting MAP3K9.
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Tumor growth is inhibited by miR-148a-3p in vivo
To explore the function of miR-148a-3p in tumorigenesis in vivo,
the anti-tumor effect of miR-148a-3p was tested using NCI-H1299
and NCI-H1299™M"148a3P yymor-bearing mice. Entranster reagent,
a nano-polymer transfection reagent that can encapsulate nucleic
acids into nanoparticles, was employed to encapsulate miR-148a-
3p for in vivo delivery with high efficiency and low toxicity. The
relative tumor volumes of the encapsulated miR-148a-3p and NCI-
H1299™MR14823p  groups were approximately threefold smaller
than that of the saline + NCI-H1299 group (Fig. 6a and b).
Consistently, the tumor weights were significantly reduced in the
encapsulated miR-148a-3p + NCI-H1299 and NCI-H1299miR-148a-3p
groups (Fig. 6¢). The free, encapsulated, or overexpression miR-
148a-3p stable cells showed no toxic effects, as they had no
influence on the body weights of the mice compared to the
saline-treated group (Fig. 6d). Moreover, the apoptosis rate of the
tumor tissues was evaluated using TUNEL staining. Our results
revealed that encapsulated or overexpression miR-148a-3p stable
cells had a higher rate of apoptosis than the saline and free miR-
148a-3p groups (Fig. 6e). Meanwhile, RT-qPCR results indicated
that encapsulated miR-148a-3p significantly inhibited MAP3K9
expression and upregulated miR-148a-3p levels (Fig. 6f and g).
Similar results were observed in the stable cells overexpressing
miR-148a-3p. Western blotting results also demonstrated that
MAP3K9 protein levels were downregulated in the encapsulated
miR-148a-3p and NCI-H1299™R148230 groups (Fig. 6h).

The structure of the tumor tissues was analyzed using H&E
staining. In the saline-treated group, regular shapes and complete
structures without necrotic areas were observed in the solid tumor
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sections. In contrast, in the encapsulated miR-148a-3p and NCI-
H1299™R14833P 4o ps, an increase in the necrotic area in the cell
architecture was observed (Supplementary Fig. S4). Histological
characterization of the isolated organs was performed to assess
their toxicity. No noticeable signs of damage were observed in the
lungs, spleen, kidneys, heart, and liver, suggesting that free miR-
148a-3p, encapsulated miR-148a-3p, or overexpression miR-148a-
3p stable cells showed no significant toxicity in mice (Supple-
mentary Fig. S4). These data indicate that upregulation of miR-
148a-3p inhibits lung cancer cell growth in vivo.

DISCUSSION
Abnormal miRNA expression has been observed in various cancers
and is known to contribute to tumorigenesis and disease
progression. miR-148a-3p has been identified as a tumor
suppressor in various types of human malignant cancers, such
as NSCLC and colorectal, gastric, ovarian, and breast cancers
[8, 19-25]. In our microarray assay, miR-148a-3p was one of the
most downregulated miRNAs among the differentially regulated
miRNAs in LUAD tissues. We further confirmed the downregula-
tion of miR-148a-3p in 56 sets of LUAD tumor tissues and in lung
cancer cells (A549, NCI-H1299, and NCI-H460). We found that low
expression of miR-148a-3p was associated with worse overall
survival of patients with LUAD, indicating that it may be a
prognostic factor for LUAD.

DNA methylation is one of the most important epigenetic
modifications necessary for cellular functions [18]. Aberrant
promoter methylation may lead to tumorigenesis [26]. Some
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miRNAs are tumor suppressors, but are usually silenced due to
DNA hypermethylation of their promoters in cancer cells and
tissues [27]. In our study, we found that the methylation levels of
the miR-148a-3p promoter were notably increased in lung cancer
cells and tissues; however, treatment with 5-Aza restored the miR-
148a-3p expression. These results suggest that promoter hyper-
methylation represses miR-148a-3p. Our results confirmed that the
methylation and subsequent downregulation of miR-148a-3p
have an impact on lung tumorigenesis.

Aberrant expression of DNMTs is closely associated with various
types of cancer, as it leads to the silencing of certain tumor
suppressor genes [28, 29]. Previous studies reported that DNMT1
contributes to the hypermethylation of the miR-148a-3p promo-
ter. Conversely, miR-148a-3p suppresses DNMT1 expression by
binding to the 3’-UTR of DNMTT mRNA [30, 31]. In the present
study, the expression levels of DNMTI were found to be
significantly upregulated in LUAD cells, which could be a possible
reason for the epigenetic inactivation of miR-148a-3p. Consis-
tently, inhibition of DNMT1 by 5-Aza or siRNA decreased the CpG
island methylation levels in the miR-148a-3p promoter, thereby
increasing the miR-148a-3p levels. On the other hand, hyper-
methylation of miR-148a-3p in LUAD cancer could lead to
increased expression of DNMT1, suggesting a mutual negative
feedback loop between DNMTT and miR-148a-3p.

Moreover, we first investigated the correlation between miR-
148a-3p expression and its methylation status in clinical lung
cancer tissues. Interestingly, we found a significant reverse
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correlation between methylation and the expression levels of
miR-148a-3p, confirming that miR-148a-3p was downregulated in
LUAD due to promoter hypermethylation. Metastasis is the
foremost cause of cancer morbidity and mortality, and is
responsible for ~90% of cancer-related deaths [32]. Tumor nodes
and infiltration of malignant cells are the main characteristics of
tumor invasion and metastasis. In the metastatic group, the levels
of miR-148a-3p were significantly lower than those in the non-
metastatic group. Moreover, the results of statistical tests
demonstrated that the promoter methylation rates of miR-148a-
3p in the lymph node metastasis and no lymph node metastasis
subgroups reached a statistically significant difference. These
results indicate a significant association between miR-148a-3p
methylation and the status of tumor metastasis, including tumor
cell infiltration and number of tumor nodes. The promoter
methylation-associated downregulation of miR-148a-3p contrib-
uted to the metastasis of lung cancer, highlighting that either the
expression or methylation status of miR-148a-3p might act as
prognostic/predictive markers in LUAD.

MAP3K9 mutations have been observed in various types of
human malignant cancers, including metastatic melanoma [33],
lung cancer [34], salivary gland malignancy [35], and colon cancer
[36]. MAP3K9 is an oncogene regulated by miR-7 that suppresses
the progression of pancreatic cancer [37]. It is also the target gene
of miR-148a in the development of squamous cell carcinoma
[38, 39]. Consistent with previous reports, we confirmed MAP3K9
as a direct target of miR-148a-3p and found a negative correlation
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Fig.7 The regulatory model of miR-148a-3p/MAP3K9 axis in LUAD progression. The miR-148a-3p promoter was hypermethylated in LUAD,
which silenced miR-148a-3p expression and upregulated MAP3K9 in LUAD, thus promoting tumorigenesis and progression.

between miR-148a-3p and MAP3K9 mRNA levels in patients with
LUAD. Our present study revealed that miR-148a-3p targeted
MAP3K9 directly, and downregulation of miR-148a-3p resulted in
MAP3K9 upregulation. To clarify the role of MAP3K9 in LUAD, its
expression levels were measured in clinical tissues and lung
cancer cells. We observed higher MAP3K9 levels in LUAD tumor
tissues than in normal tissues. Moreover, treatment with 5-Aza or
si-DNMT1 inhibited MAP3K9 expression. In vitro results showed
that miR-148a-3p overexpression or silencing of MAP3K9 inhibited
tumor growth and metastasis by regulating the cell proliferation,
colony formation, migration, and invasion. Our findings indicate
that DNA methylation-associated downregulation of miR-148a-3p
could contribute to the metastasis of LUAD by targeting MAP3K9.

EMT is involved in tumor development and promotes cell
proliferation, invasion, and metastasis [40]. EMT is accompanied by
changes in epithelial markers, such as E-cadherin, N-cadherin,
vimentin, and Snail [41-43]. miR-148a-3p overexpression or
silencing of MAP3K9 upregulated the E-cadherin protein levels
and inhibited N-cadherin, vimentin, and Snail levels. During EMT
progression, the migratory and invasive properties are partially
induced by reorganization of the actin cytoskeleton [44, 45]. We
found that miR-148a-3p overexpression or MAP3K9 knockdown
inhibited the formation of invadopodia and reorganization of the
cytoskeleton. Therefore, we hypothesized that the miR-148a-3p/
MAP3K9 axis regulates EMT, at least partially, by regulating
cytoskeleton reorganization.

Consistently, in vivo models indicated that tumor growth was
significantly inhibited by the upregulation of miR-148a-3p and
downregulation of MAP3K9 in the encapsulated miR-148a-3p and
NCI-H1299™MR14823P groyps. These results suggest that miR-148a-
3p contributes to the inhibition of tumor growth via MAP3K9
in LUAD.

In summary, our present study revealed that miR-148a-3p
inhibited tumor growth by silencing MAP3K9 expression in lung
cancer and its expression was restored by promoter demethyla-
tion, indicating that the miR-148a-3p/MAP3K9 axis may act as an
effective therapeutic target for lung cancer treatment (Fig. 7).
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