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MicroRNA-3613-5p Promotes Lung
Adenocarcinoma Cell Proliferation through
a RELA and AKT/MAPK Positive Feedback Loop
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Aberrant activation of nuclear factor kB (NF-kB)/RELA is often
found in lung adenocarcinoma (LUAD). In this study, we deter-
mined that microRNA-3613-5p (miR-3613-5p) plays a crucial
role in RELA-mediated post-transcriptional regulation of
LUAD cell proliferation. Expression of miR-3613-5p in clinical
LUAD specimens is associated with poor prognosis in LUAD.
Upregulation ofmiR-3613-5p promotes LUAD cell proliferation
in vitro and in vivo. Our results suggested a mechanism whereby
miR-3613-5p expression is induced by RELA through its direct
interaction with JUN, thereby stimulating the AKT/mitogen-
activated protein kinase (MAPK) pathway by directly targeting
NR5A2. In addition, we also found that phosphorylation of
AKT1 and MAPK3/1 co-transactivates RELA, thus constituting
a RELA/JUN/miR-3613-5p/NR5A2/AKT1/MAPK3/1 positive
feedback loop, leading to persistent NF-kB activation. Our find-
ings also revealed that miR-3613-5p plays an oncogenic role in
LUAD by promoting cell proliferation and acting as a key regu-
lator of the positive feedback loop underlying the link between
the NF-kB/RELA and AKT/MAPK pathways.
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INTRODUCTION
Lung cancers, most of which are classified as non-small-cell lung can-
cer (NSCLC), have been the leading cause of cancer incidence and
deaths worldwide according to the latest statistics.1 Despite the
outstanding advances in novel therapeutic approaches and drug
development, the clinical prognosis for patients with lung cancer re-
mains poor, and their 5-year overall survival rate is a disappointing
15%.2–4 Among NSCLCs, lung adenocarcinoma (LUAD) is one of
the important histological subtypes with high incidence and mortal-
ity.5–7 In early-stage LUAD patients, tumor size and lymph node
metastasis are considered to be major factors in the development of
treatment strategies, as well as prognostic factors.8,9 However, the
diagnosis and treatment of LUAD patients are frequently delayed
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due to lack of specific early symptoms. Accordingly, it is essential
and urgent to further elucidate the molecular mechanisms involved
in LUAD progression to identify more effective diagnostic bio-
markers and precise therapeutic targets.

Nuclear factor kB (NF-kB) is a ubiquitously expressed transcription
factor involved in the regulation of multiple biological progresses.10,11

Aberrant or uncontrolled activation of NF-kB is critical in most of
lung cancer initiation and progression.12–14 NF-kB induces the
expression of various proteins that are involved in inflammation
and carcinogenesis, such as FAS, cyclins, interleukin (IL)-2, tumor
necrosis factor (TNF), CXCL1, and matrix metallopeptidases
(MMPs), which promote lung tumor cell survival and proliferation,
inflammatory response, anti-apoptosis, angiogenesis, invasion, and
metastasis.15–17 Activation of the canonical (or classical) NF-kB
pathway leads to the heterodimerization of the RELA (also known
as p65) subunit with the p50 subunit and its translocation to the nu-
cleus, where it regulates the transcription of target genes.15 The persis-
tent activation of NF-kB (especially RELA) in lung tumorigenesis has
been reported.18,19 However, RELA as a direct therapeutic target for
lung cancer remains a challenge, since it regulates a plethora of genes
The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Clinicopathological Features of miR-3613-5p Expression

(A) The portion of the differentially expressed miRNAs in RELA-overexpressing A549 cells and its fold change. Red frame, miR-3613-5p. (B) Quantitative real-time PCR

analysis of miR-3613-5p expression in A549 and H1299 cells after treatment with negative control (NC) or RELA plasmid, normalized to U6. Mean ± SD. **p < 0.01, ***p <

0.001, by Student’s t test. (C) miR-3613-5p expression was detected by quantitative real-time PCR in normal lung samples and LUAD samples, normalized to U6. Mean ±

SD. ***p < 0.001, by Student’s t test. (D) miR-3613-5p expression in LUAD TMA. (a) Weak expression of miR-3613-5p in normal lung samples; (b) strong expression of miR-

3613-5p in normal lung samples; (c) weak expression of miR-3613-5p in LUAD samples; and (d) strong expression of miR-3613-5p in LUAD samples (original magnification,

�200). Scale bars, 20 mm. (E) Kaplan-Meier survival analysis of overall survival of 92 LUAD patients based on miR-3613-5p expression. The log-rank test was used to

calculate p values.
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related to fundamental physiological processes. Consequently, it is
necessary to elucidate the underlyingmechanisms of RELA post-tran-
scriptional regulation involved in lung cancer progression.

MicroRNAs (miRNAs) are endogenous small 19- to 25-nt-long non-
coding RNAs, which post-transcriptionally regulate the expression of
target mRNAs by imperfectly binding to their 30 untranslated regions
(UTRs), ultimately leading to translational repression or degradation.
miRNAs play important regulatory roles in cellular processes,
including cell growth, migration, and invasion,20–22 along with che-
moresistance.23–25 Indeed, accumulating evidence demonstrates
that miRNA dysregulation is implicated in many human malig-
nancies, including LUAD.26,27

Mature miR-3613-3p and miR-3613-5p are encoded by a common
primary gene. miR-3613-3p is also designated as miR-3613 in the
miRBase database. In a small number of studies, miR-3613-3p was re-
ported to function as an oncogene or tumor suppressor in various
cancers. In particular, miR-3613-3p is reported to participate in neu-
roblastoma pathogenesis and differentiation of neuronal cells.28

Additionally, miR-3613-3p also acts as an oncogene by inhibiting
the expression of RB1, thereby promoting retinoblastoma progres-
sion.29 Conversely, EGFR pathway genes are upregulated by suppres-
sion of miR-3613-3p expression during the epithelial-mesenchymal
transition (EMT) process in LUAD.30 However, the role of miR-
3613-5p and its molecular mechanisms underlying the progression
of LUAD remain entirely unclear.
Therefore, this study is aimed to explore the relationship between the
expression of RELA and miR-3613-5p, clinical correlation, and dys-
regulated mechanism in LUAD progression. Overall, our results pro-
vide a mechanism by which miR-3613-5p plays an oncogenic role in
promoting LUAD cell proliferation.

RESULTS
Overexpression of RELA Positively Modulates miR-3613-5p

Transcription In Vitro

Analysis of cell proliferation by a 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay and cell cycle progression
by an ethynyl deoxyuridine (EdU) incorporation assay revealed that
RELA overexpression in A549 and H1299 cells significantly pro-
moted cell proliferation (Figure S1A) and G1 to S cell cycle phase tran-
sition (Figure S1B), respectively. The evaluation of the effect of RELA
overexpression on the expression of miRNAs in human LUAD A549
cells by miRNA sequencing (miRNA-seq) analysis identified 12
markedly increased miRNAs, which included miR-3613-5p, miR-
1277-5p, miR-5010-3p, and miR-34b-5p (Figure 1A). Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) enrichment analysis revealed
that the target genes of differentially expressed miRNAs were related
to the mitogen-activated protein kinase (MAPK) signaling pathway
(Figure S1C). Consistent with the results of the miRNA sequencing
analysis, miR-3613-5p was confirmed as a positive regulator of
RELA by quantitative real-time PCR analysis in A549 andH1299 cells
transfected with a negative control (NC) vector or the RELA plasmid
(Figure 1B).
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Table 1. The Expression ofmiR-3613-5p in LUADCompared toNormal Lung

Tissues

Group Cases (n)

miR-3613-5p Expression (%)

p ValueLow Expression High Expression

Cancer 92 31 (33.7) 61 (66.3)
0.005

Normal 88 48 (54.5) 40 (45.5)

A c2 test was applied to access the expression of miR-3613-5p in LUAD samples and
normal lung samples. LUAD, lung adenocarcinoma.

Table 2. Correlation between the Clinicopathologic Characteristics and

Expression of miR-3613-5p in LUAD

Characteristics Cases (n)

miR-3613-5p Expression (%)

p ValueHigh Expression Low Expression

Age

<55 21 11 (52.4) 10 (47.6)
0.017

R55 71 56 (78.9) 15 (21.1)

Type

LUAD 86 57 (66.3) 29 (33.7)
0.985

Other 6 4 (66.7) 2 (33.3)

Sex

Male 51 32 (62.7) 19 (37.3)
0.421

Female 41 29 (70.7) 12 (29.3)

Clinicopathologic Stage

I 1 0 1 (100)

0.362II 56 38 (67.9) 18 (32.1)

III 35 23 (65.7) 12 (34.3)

TNM classification

T

T1 28 11 (39.3) 17 (60.7)

0.003
T2 42 32 (76.2) 10 (23.8)

T3 14 12 (85.7) 2 (14.3)

T4 8 6 (75) 2 (25)

N

N0 48 30 (62.5) 18 (37.5)

0.591
N1 25 17 (68) 8 (32)

N2 16 11 (68.8) 5 (31.2)

N3 3 3 (100) 0

M

M0 90 59 (65.6) 31 (34.4)
0.308

M1 2 2 (100) 0

Clinical stage

I 39 23 (59) 16 (41)

0.443
II 24 16 (66.7) 8 (33.3)

III 27 20 (74.1) 7 (25.9)

IV 2 2 (100) 0

A c2 test was applied to access the associations between miR-3613-5p expression and
the clinicopathological parameters. LUAD, lung adenocarcinoma; TNM, tumor, node,
and metastasis.
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Clinicopathological Features of miR-3613-5p Expression

High miR-3613-5p expression was detected in primary fresh LUAD
samples by quantitative real-time PCR analysis (Figure 1C) as well
as in the LUAD tissue microarray (TMA) by in situ hybridization as-
says (Figure 1D; Table 1). Clinical features associated with miR-3613-
5p are summarized in Table 2. High levels of miR-3613-5p were posi-
tively correlated with the age of the patient (c2 test, p = 0.017) and
tumor size (T classification) (c2 test, p = 0.003), but not other clinical
factors. Additionally, Kaplan-Meier survival analysis demonstrated
that patients with high expression of miR-3613-5p had poorer overall
survival rates (Figure 1E).

Upregulation of miR-3613-5p Promotes LUAD Cell Proliferation

The analysis of the biological effects of miR-3613-5p on LUAD cells
(A549 and H1299) separately transfected with mimics, inhibitor, pre-
cursor (hsa-miR-3613-5p) lentivirus particles, and their negative con-
trols by the MTT assay (Figure S2A), EdU incorporation assay (Fig-
ure S2B), and the colony formation assay (Figure S2C) revealed that
miR-3613-5p overexpression markedly promotes cell growth and G1-
to-S cell cycle transition in A549 and H1299 cells in vitro. Conversely,
the miR-3613-5p inhibitor clearly decreased cell viability and delayed
G1-to-S cell cycle transition in A549 and H1299 cells (Figures S2D
and S2E).

In vivo tumorigenesis assay after subcutaneously injecting LV-miR-
3613-5p-enhanced green fluorescent protein (eGFP) A549 and
H1299 cells or control cells (Figures S2F and S2G) into nude mice
showed clearly increased xenograft growth in the miR-3613-5p overex-
pression group relative to the control group (Figures 2A and 2B).
Immunohistochemistry (IHC) analysis confirmed that these tumor tis-
sues also expressed higher levels of proliferating cell nuclear antigen
(PCNA) and Ki-67 compared with control tissues (Figure 2C), suggest-
ing thatmiR-3613-5p significantly promotes LUADcell growth in vivo.

RELA Positively Regulates the AKT/MAPK Pathway via miR-

3613-5p

Western blot analysis of the major mediators of AKT/MAPK signaling
inmiR-3613-5p-overexpressingA549andH1299 cells revealedupregu-
lated levels of phosphorylated (p-)AKT1, p-MAPK3/1, and CCND1
and downregulated levels of CDKN1B and CDKN1A (Figure 2D). In
contrast, p-AKT1, p-MAPK3/1, and CCND1 expression was downre-
gulated, and CDKN1B and CDKN1A expression was upregulated (Fig-
ure 2E), in LUAD cells treated with the miR-3613-5p inhibitor. These
574 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
findings suggest the likely involvement of these proteins in the molecu-
lar mechanism by which miR-3613-5p positively regulates LUAD cell
proliferation through activation of the AKT/MAPK signaling pathway.

In addition, we also found, in rescue experiments, that transient
expression of the miR-3613-5p inhibitor in RELA proliferation-pro-
moted A549 and H1299 cells remarkably restored the suppression of
cell growth (Figure S2H) and G1-to-S cell cycle transition (Figure S2I).
The western blot analysis results showed that the miR-3613-5p



Figure 2. miR-3613-5p Promotes LUAD Cell Proliferation In Vitro and In Vivo by Activating the AKT/MAPK Pathway

(A) LV-miR-3613-5pmarkedly increased xenograft growth (n = 5/group). (B) The tumor volume was periodically measured for each mouse. Mean ± SD, *p < 0.05, **p < 0.01,

***p < 0.001, Student’s t test, one-way ANOVA, and Dunnett’s multiple comparison test. (C) Representative H&E staining as well as IHC staining of Ki-67 and PCNA of

xenografts in groups indicated in (A) (original magnification,�200). Scale bars, 20 mm. (D) Western blot assay was used to analyze the expression of AKT1, p-AKT1, MAPK3/

1, p-MAPK3/1, CCND1, CDKN1B, and CDKN1A in the AKT/MAPK pathway after treatment with miR-3613-5p mimics in LUAD cells. GAPDH was used as a NC. (E) The

expression of relevant proteins in the AKT/MAPK pathway was measured by western blot experiments after transfection with miR-3613-5p inhibitor, as shown. GAPDH

served as a NC. (F) The downregulation of p-AKT1, p-MAPK3/1, and CCND1 and upregulation of CDKN1B and CDKN1A were detected by western blot assay after

administration of miR-3613-5p inhibitor in RELA-overexpressing LUAD cells.
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inhibitor prevented the RELA-mediated upregulation of p-AKT1, p-
MAPK3/1, and CCND1, as well as downregulation of CDKN1B and
CDKN1A (Figure 2F). These findings reveal that miR-3613-5p is
essential to RELA-mediated promotion of LUAD cell proliferation
and upregulates the AKT/MAPK signaling pathway.
miR-3613-5p Directly Targets NR5A2 to Promote Cell

Proliferation by Activating the AKT/MAPK Pathway

NR5A2 was predicted to be a direct target gene of miR-3613-5p by the
TargetScan and miRPathDB algorithms. The predicted binding site
was among the miR-3613-5p seed sequence and NR5A2 30 UTR region
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 575
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Figure 3. miR-3613-5p Directly Targets NR5A2 to Activate the AKT/MAPK Pathway

(A) NR5A2 protein levels in miR-3613-5p-overexpressing or miR-3613-5p-suppressing LUAD cells by western blot analysis; b-tubulin served as a NC. (B) IHC staining of

NR5A2 in xenografts derived from miR-3613-5p or NC-transfected LUAD cells. Scale bars, 20 mm. (C) miR-3613-5p directly targets NR5A2 as confirmed by a luciferase

reporter assay. Mean ± SD. ***p < 0.001, one-way ANOVA and Dunnett’s multiple comparison test. (D) Western blot analyzed the expression of AKT1, p-AKT1, MAPK3/1, p-

MAPK3/1, CCND1, CDKN1B, and CDKN1A in LUAD cells following NR5A2 siRNA transfection. GAPDH was used as a NC. (E and F) MTT assay (E) and EdU incorporation

assay (F) in NR5A2-overexpressing LUAD cells treated with miR-3613-5p mimics. Mean ± SD. ***p < 0.001, by Student’s t test, one-way ANOVA. (G) Downregulation of

NR5A2 expression in NR5A2-overexpressing LUAD cells was detected by western blot after transfection with miR-3613-5p mimics. GAPDH served as a NC.
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(Figure S3A). The UALCAN software (http://ualcan.path.uab.edu/
index.html) analysis reported that NR5A2 is lowly expressed in pri-
mary LUAD tumor compared with normal lung tissue (Figure S3B).
Furthermore, LUAD patients with low expression of NR5A2 had
poorer overall survival rates (Figure S3C) by analysis of the Kaplan-Me-
ier plotter datasets (http://kmplot.com/analysis/). These findings indi-
cated that low expression of NR5A2 is correlated with LUAD progres-
576 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
sion. In addition, overexpression of miR-3613-5p downregulated
NR5A2 protein levels in A549 and H1299 cells (Figure 3A), whereas
the opposite result was obtained by suppressing miR-3613-5p expres-
sion with an inhibitor. Also, IHC analysis revealed that the expression
of NR5A2 was significantly downregulated in xenografts generated
from A549 and H1299 cells overexpressing miR-3613-5p (Figure 3B).
The results of the luciferase reporter assay (Figure 3C) revealed that the
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Figure 4. RELA Directly Interacts with and Upregulates JUN expression, Which Activates miR-3613-5p Transcription by Binding to Its Promoter Region

(A) Schematic diagram of the promoter regions of miR-3613-5p with two putative JUN-binding sites (P1 and P2). (B) PCR gel exhibiting amplification of JUN-binding sites P1

and P2 after ChIP using antibody against JUN. IgG antibody served as a NC. (C) EMSA of JUN binding to the miR-3613-5p promoter in LUAD cells. The biotin-labeled wild-

type probe was incubated without (lanes 1 and 6) or with (lanes 4 and 9) cell nuclear extract in the absence or presence of unlabeled probe (lanes 2, 3, 7, and 8). Unlabeled

JUN wild-type probe (lanes 2 and 7) and JUNmutant probe (lanes 3 and 8) were used to compete with JUN binding, each at 100-fold excess. A supershift assay (lanes 5 and

10) was performed using an anti-JUN antibody. (D) Western blot analysis showing interaction between RELA and JUN in endogenous (A549 andH1299 cells) and exogenous

(HEK293T cells) coIP assays. IgG antibody was used as a NC. (E) Nucleus colocalization of RELA protein and JUN protein in LUAD cells by immunofluorescence analysis

(original magnification,�400). RELA protein labeled with DyLight 594 (red fluorescence). JUN protein labeled with DyLight 488 (green fluorescence). Nuclear protein labeled

with DAPI (blue fluorescence). (F) Upregulation of JUN expression in RELA-overexpressing LUAD cells was detected by western blot; b-tubulin served as a NC. (G) The

expression of JUN, NR5A2, AKT1, p-AKT1, MAPK3/1, p-MAPK3/1, CCND1, CDKN1B, and CDKN1A in LUAD cells after RELA plasmid and JUN siRNA co-treatment by

western blot. GAPDH was used as a NC.
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luciferase activity of wild-type NR5A2 30 UTR was downregulated by
miR-3613-5p mimics compared to the negative group (***p < 0.001),
but it was upregulated by the miR-3613-5p inhibitor (***p < 0.001).
Taken together, these findings indicate that miR-3613-5p promotes
LUAD progression through direct suppression of NR5A2 expression.

Transient expression of NR5A2 small interfering RNA (siRNA) in
A549 and H1299 cells resulted in increased protein levels of p-
AKT1, p-MAPK3/1, and CCND1 and decreased levels of NR5A2,
CDKN1B, and CDKN1A by western blot analysis (Figure 3D).
Additionally, the analysis of cell proliferation and cell cycle progres-
sion by the MTT assay (Figure 3E) and EdU incorporation assay
(Figure 3F) demonstrated that the transient expression of miR-
3613-5p in LUAD cells overexpressing NR5A2 enhanced cell prolif-
eration. Also, the level of NR5A2 was reduced in the same rescue
experiment (Figure 3G). These results suggest that NR5A2
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 577
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overexpression can reverse the promotion of LUAD cell prolifera-
tion by miR-3613-5p.
JUN Activates miR-3613-5p Transcription by Binding to Its

Promoter Region

The regulatory mechanisms of miR-3613-5p were investigated at the
transcriptional level by various approaches. The ALGGEN (http://
alggen.lsi.upc.es) and JASPAR (http://jaspar.genereg.net) bioinfor-
matics software predicted that a 2-kb region upstream of the tran-
scription initiation site of miR-3613-5p contains two putative JUN-
binding sites (Figure 4A), referred to as P1 (�752 to �764) and P2
(�815 to �821). The analysis of the role of JUN in the regulation
of miR-3613-5p expression by quantitative real-time PCR showed
that miR-3613-5p expression was significantly increased in JUN-
overexpressing A549 and H1299 cells (Figure S4A), indicating that
JUN is an upstream regulator of miR-3613-5p expression.

Additionally, chromatin immunoprecipitation (ChIP) analysis
confirmed that JUN can bind to the promoter region of miR-3613-
5p in LUAD cells. In particular, compared with the negative control
(immunoglobulin G [IgG]), positive results (Figure 4B) indicated the
presence of JUN in products from the ChIP assays, detected with the
JUN antibody by DNA electrophoresis assays. The analysis of the
functionality of the JUN-binding sites P1 and P2 by an electropho-
retic mobility shift assay (EMSA), as shown in Figure 4C, detected
shifted bands when the LUAD cell nuclear extracts were incubated
with the biotin-labeled probe (lanes 4 and 9), but not with the unla-
beled JUNwild-type competitor (lanes 2 and 7). Shifted bands did not
disappear in the presence of mutated P1 or P2 competitors (lane 3 and
8), whereas supershifted bands appeared in the presence of the JUN
antibody (lanes 5 and 10). Collectively, these results revealed that
JUN binds directly to the promoter sequence of miR-3613-5p and
regulates its expression.
RELA Directly Interacts with JUN and Stimulates Its Expression

The evaluation of the interaction between RELA and JUN through the
analysis of the STRING (https://string-db.org/) and BioGRID
(https://thebiogrid.org/) databases predicted that RELA interacts
with JUN in the same interaction network (Figures S4B and S4C).
We also confirmed that RELA and JUN interact in A549, H1299,
and HEK293T cells by exogenous and endogenous coimmunopreci-
pitation (coIP) assays (Figure 4D). Immunofluorescence analysis
demonstrated that RELA and JUN colocalize in the nucleus (Fig-
ure 4E). Taken together, these data indicated that RELA directly in-
teracts with JUN in LUAD cells.

In further research, western blot analysis found increased JUN
expression in RELA-overexpressing A549 and H1299 cells (Fig-
ure 4F), indicating that RELA upregulates JUN expression. Rescue ex-
periments results (Figure 4G) confirmed the downregulation of JUN,
p-AKT1, p-MAPK3/1, and CCND1 and upregulation of NR5A2,
CDKN1B, and CDKN1A in LUAD cells after co-transfection with
RELA plasmid and siRNA JUN. These findings suggested that
578 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
RELA promotes LUAD cell proliferation by stimulating JUN
expression.
RELA Is Co-transactivated by Phosphorylation of AKT1 and

MAPK3/1, Constituting a Positive Feedback Loop

The results (Figure 5A) of the quantitative real-time PCR analysis of
RELA-overexpressing A549 and H1299 cells, treated with the specific
AKT1 inhibitorMK-2206 2HCl andMAPK3/1 inhibitor SCH772984,
demonstrated that both inhibitors significantly decreased miR-3613-
5p expression, especially in co-treated cells, compared with similar
cells without inhibitor treatment. Furthermore, western blot analysis
also showed that the miR-3613-5p inhibitor and combination of MK-
2206 2HCl and SCH772984 notably reversed the expression of p-
AKT1 or p-MAPK3/1, RELA, and JUN (Figure 5B).
DISCUSSION
This study aimed to investigate the function of miR-3613-5p in
LUAD carcinogenesis and identify the signaling pathway mediating
the cell proliferation-promoting effect of miR-3613-5p on LUAD
cells. Our results demonstrated that miR-3613-5p promotes LUAD
cells proliferation via a RELA/JUN/NR5A2/AKT/MAPK positive
feedback loop. In addition, blockade of this feedback loop by miR-
3613-5p inhibitor reverses the proliferation of LUAD cells.

The 5-year survival rate of NSCLC (mostly LUAD) patients who un-
dergo surgical resection after being diagnosed with early stage can
surpass 53%.31 Thus, patients’ overall survival could be improved
by detection and therapy for LUAD as early as possible. In the early
stage of lung carcinogenesis, uncontrolled cell proliferation is a major
feature. Aberrant activation of NF-kB/RELA and dysregulation of
miRNAs are correlated with cell proliferation in NSCLC. Subsequent
studies reported that miRNAs influence cell proliferation in NSCLC
by degrading RELA or inhibiting its expression. For instance, miR-
506 inhibits RELA expression to selectively eliminate lung cancer cells
by generating active oxygen and p53 activation.32 In KRAS-mutated
NSCLC, miR-124 disrupts autophagy and reduces cell viability by
suppressing RELA expression.33 Although many studies have focused
on the mechanism by which miRNAs regulate RELA, very little is
known about the mechanism by which RELA modulates miRNAs
at the post-transcriptional level.

In this study, miR-3613-5p, which was screened by miRNA
sequencing and verified by quantitative real-time PCR analysis of
RELA-overexpressing LUAD cells, was upregulated by RELA
in vitro. High miR-3613-5p expression was detected in primary fresh
LUAD specimens by quantitative real-time PCR analysis. In LUAD
TMAs, in situ hybridization analysis showed that miR-3613-5p levels
were significantly increased in LUAD tissue samples compared with
adjacent normal lung tissue samples. We also found that high expres-
sion of miR-3613-5p was positively correlated with the age of the pa-
tient and tumor size in accordance with the analysis of the LUAD
TMA data. In addition, patients with a high level of miR-3613-5p
had poorer overall survival compared to patients with a low level.

http://alggen.lsi.upc.es
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https://string-db.org/
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Figure 5. RELA Is Co-transactivated by Phosphorylation of AKT1 and MAPK3/1

(A) Quantitative real-time PCR analysis showed that miR-3613-5p upregulation was abrogated by treatment with MK-2206 2HCl, SCH772984, or MK-2206 2HCl and

SCH772984 in RELA-overexpressing LUAD cells, normalized to U6. Mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, by Student’s t test. (B) Western blot analysis dem-

onstrates the downregulation of p-AKT1, p-MAPK3/1, RELA, and JUN in RELA-overexpressing LUAD cells after MK-2206 2HCl, SCH772984, a combination of MK-2206

2HCl and SCH772984, or miR-3613-5p inhibitor treatment. GAPDH served as a NC.
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These results indicate that miR-3613-5p acts as an oncogene in
LUAD and is associated with the progression of LUAD.

In this study, miR-3613-5p was first clearly shown to promote LUAD
cell proliferation in vitro and xenograft tumor growth in vivo. The
crosstalk of NF-kB/RELA with other transcription factors and
signaling proteins creates a complex functional network between
the tumor and its microenvironment.34,35 Cell proliferation is driven
by interdependent complicated signal transduction networks. The
MAPK/extracellular signal-regulated kinase (ERK) and phosphatidy-
linositol 3-kinase (PI3K)/AKT signaling pathways are two of the ma-
jor cell proliferation pathways.36,37 The analysis of the molecular
mechanism in this study showed that miR-3613-5p promotes
LUAD cell proliferation through stimulation of the AKT/MAPK
pathway and cell cycle G1-to-S transition. The KEGG pathway
enrichment analysis predicted that the target genes of differentially
expressed miRNAs were associated with MAPK signaling pathways,
which is also verified by the experimental results of this study.

We found that NR5A2, a downstream target gene of miR-3613-5p, is
essential for mediating oncogenic signaling in LUAD cells in vitro and
LUAD carcinogenesis in vivo. To the best of our knowledge, this study
is the first to demonstrate the involvement of NR5A2 downregulation
in in vitro and in vivomodels of LUAD cell proliferation. NR5A2 is an
orphan nuclear receptor member of the NR5A (Ftz-F1) subfamily and
is expressed in endoderm-derived tissues, including the lung.38 It
plays important roles in various biological processes, such as
development, differentiation, cholesterol metabolism, and steroido-
genesis.39–42 Accumulating evidence has demonstrated that NR5A2
is implicated in the pathogenesis of various cancers, especially pancre-
atic cancer, breast cancer, gastric cancer, and intestinal cancer.43–46

To date, very few studies have been reported on the association be-
tween NR5A2 and LUAD. The Cancer Genome Atlas (TCGA)
(LUAD) database and IHC analysis showed that NR5A2 is downregu-
lated in LUAD and xenografts tumor tissues, and its low level is asso-
ciated with LUAD progression. Accordingly, we speculated that
NR5A2 acts as a tumor suppressor gene in LUAD. Our study demon-
strated that NR5A2 expression is directly suppressed by miR-3613-
5p, which leads to the promotion of the proliferation of LUAD cells
through activation of the AKT/MAPK signaling pathway. Future
research on NR5A2-mediated activation of the the AKT/MAPK
signaling pathway ought to fully clarify the mechanism underlying
the NR5A2 function in LUAD tumorigenesis.

The expression of miRNAs is modulated via the binding of transcrip-
tion factors to sites in sequences within the upstream promoter region
of miRNA genes.47 According to the prediction from bioinformatics
datasets and quantitative real-time PCR analysis, JUN might be
related with transcriptional upregulation of miR-3613-5p. As a
crucial transcription factor, JUN (an AP-1 family member) plays a
role in cell proliferation, metastasis, and drug resistance in a variety
of cancers by affecting the expression of miRNAs.48,49 Additional
experimental results proved that JUN can directly bind to the pro-
moter region of miR-3613-5p and stimulate its expression. RELA
can crosstalk with various transcription factors. Based on database
predictions and some reports,50,51 we hypothesized that RELA might
interact with JUN in LUAD cells. Further experiments revealed that
RELA directly interacts with JUN and promotes JUN-mediated acti-
vation of the AKT/MAPK signaling pathway. Several studies have re-
ported that the transactivation of NF-kB is involved in the AKT or
MAPK signaling pathway. Moreover, phosphorylation of AKT1 has
been shown to specifically activate NF-kB through degradation of
the NF-kB inhibitor IkB.52 In melanoma cells, the NF-kB-inducing
kinase induces NF-kB activation by increasing MAPK3/1 phosphor-
ylation and IkB kinase activity.53 In this study, experimental results
verified that the phosphorylation of AKT1 and MAPK3/1 also en-
hances the co-transactivation of RELA, constituting a RELA/JUN/
NR5A2/AKT/MAPK positive feedback loop. Also, the AKT1 inhibi-
tor or MAPK3/1 inhibitor impeded the activation of miR-3613-5p
and the positive feedback loop. In contrast, the miR-3613-5p inhibi-
tor or a combination of AKT1 andMAPK3/1 inhibitors is more effec-
tive in dual pathway blockade. Moreover, the level of suppression of
the miR-3613-5p inhibitor is close to that of the combination of
AKT1 and MAPK3/1 inhibitors.
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MATERIALS AND METHODS
Cell Culture

The human LUAD cell lines A549 and H1299 were obtained from
American Type Culture Collection (ATCC, Manassas, VA, USA)
and authenticated by short tandem repeat (STR) profiling. The
HEK293T cell line was acquired from the Integrated Hospital of
Traditional Chinese Medicine (TCM-Integrated Hospital) of South-
ern Medical University (Guangzhou, P.R. China). These cell lines
were analyzed for mycoplasma and were verified to be myco-
plasma-free. A549 and H1299 cells were cultured in RPMI 1640 me-
dium (Biological Industries, Bet Haemek, Israel) supplemented with
10% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO,
USA). HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Biological Industries) supplemented with 10%
FBS. All cells were incubated in a humidified incubator at 37�C
with 5% CO2. The AKT1 inhibitor MK-2206 2HCl and the
MAPK3/1 inhibitor SCH772984 were purchased from Selleck Chem-
icals (Houston, TX, USA). For inhibitor treatment, 5 mmol/L MK-
2206 2HCl and/or 5 mmol/L SCH772984, or dimethyl sulfoxide
(DMSO; Sigma-Aldrich) alone for control, were freshly added to
the cell culture every 24 h.
Clinical Sample Collection

A total of 26 fresh tissue samples of primary LUAD specimens and the
paired fresh normal tissue samples were collected from the TCM-In-
tegrated Hospital of Southern Medical University. Then, all of these
samples were immediately frozen and stored in liquid nitrogen for
subsequent RNA extraction. Informed consent was obtained from
all patients. Approval for the collection and use of human tissue for
research purposes was obtained from the Medical Ethics Committee
of the TCM-Integrated Hospital of Southern Medical University. A
TMA that included 92 paraffin-embedded primary LUAD specimens
and 88 adjacent normal lung specimens was purchased from Outdo
Biotech (Shanghai, P.R. China). Clinical and statistical data were ob-
tained from the patients’ medical records.
Cell Transfection

RELA and JUN plasmids were purchased from Vigene Biosciences
(Shandong, P.R. China). miR-3613-5p mimics and its inhibitor or
siRNA for NR5A2 and JUN were designed and synthesized by Ribo-
Bio (Guangzhou, P.R. China) (Table S1). Lentiviral particles contain-
ing the hsa-miR-3613-5p precursor and its flanking control sequence,
as well as the NR5A2 plasmid, were constructed by GeneChem
(Shanghai, P.R. China). For plasmid and oligonucleotide transfection,
A549 and H1299 cells were plated into 6- or 96-well plates (Corning,
Corning, NY, USA) and cultured for 24 h until they reached a conflu-
ence of 30%–50% and then transfected with Lipofectamine 2000 re-
agent (Invitrogen, Carlsbad, CA, USA) in Opti-MEM (Gibco/Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufac-
turers’ instructions. Cells were collected after 48–72 h for further ex-
periments. LUAD cells were infected with lentiviral vector with an
eGFP tag, and expression of miR-3613-5p was confirmed by quanti-
tative real-time PCR.
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RNA Preparation and Quantitative Real-Time PCR

Total RNA from the LUAD tissue samples and cell lines was extracted
using RNAiso Plus reagent (Takara Bio, Shiga, Japan). The extracted
RNA was reverse transcribed into cDNA. The mRNA and miRNA
expression levels were measured using the ChamQ Universal SYBR
qPCR master mix kit (Vazyme Biotech, Nanjing, P.R. China) with
specific primers (Table S2) according to the manufacturer’s protocols.
ARF5 and U6 were selected as internal controls for genes and miR-
NAs, respectively. Independent experiments were performed in
triplicate.

High-Throughput miRNA Sequencing and Data Analysis

miRNA sequencing was carried out by Genesky Bio-Tech (Shanghai,
P.R. China). Total RNA was isolated and purified from RELA overex-
pressing or control A549 cells. At least 2 mg of qualified RNA samples
with a high integrity number (RIN R 7.0) was used for library con-
struction using the TruSeq small RNA sample library preparation
kit (Illumina, San Diego, CA, USA) and sequenced on an Illumina Hi-
Seq 2500 sequencing system (Illumina). The MiRDeep2 software was
used to analyze miRNAs and their expression data. Differential gene
expression analysis was estimated with the DESeq2 Bioconductor
software package. p < 0.05 and log2 fold change (FC) s 0 were
defined as the differential expression of miRNA between the two
groups, in which log2FC > 0 was labeled up and log2FC < 0 was labeled
down.

Cell Proliferation Assay

Cellular proliferation was measured using the MTT assay. For tran-
sient transfection, the LUAD cells transfected with RELA plasmid,
NR5A2 plasmid, miR-3613-5p mimics, and inhibitor were separately
cultured in 96-well plates at a density of 3,000 cells/well for 1–4 days.
A 20-mL aliquot of MTT solution (Sigma-Aldrich) was added to each
well and incubated at 37�C for 4 h. Crystals of MTT-formazan,
formed in viable cells, were dissolved in 150 mL of DMSO. Absor-
bance (optical density [OD]) was measured at 490 nm using a micro-
plate reader (BioTek Instruments, Winooski, VT, USA). All assays
included three biological replicates.

EdU Incorporation Assay

EdU incorporation was detected using the Cell-Light EdU Apollo 567
in vitro imaging kit (RioBio, Guangzhou, P.R. China) according to the
manufacturer’s instructions. LUAD cells were incubated with EdU for
2 h. Subsequently, cells were fixed with 4% paraformaldehyde,
permeabilized with 0.5% Triton X-100, and stained with 1� Apollo
fluorescent cocktail. Cell nuclei were stained with 40,6-diamidino-2-
phenylindole (DAPI; Beyotime, Shanghai, P.R. China). Images were
captured and the number of stained cells was counted in five random
fields under a fluorescence microscope (Olympus, Tokyo, Japan).
Each experiment was performed in triplicates.

Colony Formation Assay

LUAD cells were seeded into six-well plates at a density of 100 cells/
well and cultured with 5% CO2 at 37�C for 2 weeks. Cells were fixed
with 4% paraformaldehyde and stained with crystal violet solution.
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The colonies containing more than 50 cells were counted and imaged
under an inverted optical microscope (Olympus). All experiments
included three biological replicates.

In Situ Hybridization

The LUAD TMAs were deparaffinized in xylene, rehydrated with
gradient ethanol, and then treated with 0.1% hydrochloric acid
alcohol for 15 min. The TMA was incubated with diluted pepsin in
3% fresh citrate buffer at 37�C for 20 min and then washed with phos-
phate-buffered saline (PBS). In addition, hybridization with a digox-
igenin (DIG)-labeled locked nucleic acid (LNA) miRNA probe com-
plementary to hsa-miR-3613-5p (Biosense Bioscience, Guangzhou,
P.R. China) was performed for 22 h at 37�C after pre-hybridization
for 2 h at 37�C in pre-hybridization solution. The LUAD TMAs
were sequentially washed with 2� SSC for 5 min, 0.5� SSC for
15 min, and 0.2� SSC for 15 min at 37�C. After incubation with
and removal of the blocking solution, the TMA was incubated with
anti-DIG- biotinylated mouse antibody at 37�C for 1 h. Then, the
TMA was sequentially incubated with a streptavidin-biotin complex
(SABC) for 20 min and biotin-labeled peroxidase for 20 min at
37�C. Finally, hematoxylin was used for counterstaining of the nu-
cleus after staining with diaminobenzidine (DAB) reagent.

Tumorigenesis Experiments in Nude Mice

The animal studies were performed in strict accordance with proto-
cols approved by the Institutional Animal Care and Use Committee
of Southern Medical University (Guangzhou, P.R. China). Twenty fe-
male 4-week-old BALB/c athymic nude mice purchased from Gem-
Pharmatech (Nanjing, P.R. China) were housed in a specific path-
ogen-free (SPF) animal facility. To establish a xenograft model,
3.0 � 106 LUAD cells stably expressing miR-3613-5p and control
cells, which were suspended in 100 mL of PBS, were subcutaneously
injected into the symmetric hindlimb of the nude mice (n = 5 mice
per group). The tumors of the nude mice were measured every
5 days and tumor volumes were calculated by using the formula V
(mm3) = 0.5 � (length � width2). After 3 weeks, all nude mice
were sacrificed and tumor tissues were collected for further analysis.

IHC Analysis

The antigen retrieval from paraffin-embedded sections prepared from
tumorigenesis experiments was performed by deparaffinization, rehy-
dration, and boiling in amicrowave oven with citrated or EDTA buffer.
Hematoxylin and eosin (H&E) staining was performed using a stan-
dard protocol. IHC staining was performed using the SP-9000 SPlink
detection kit (ZSGB-Bio Technologies, Beijing, P.R. China) following
the manufacturer’s protocols. The primary antibodies used in the
IHC analysis were against mouse Ki-67, PCNA, and NR5A2.

Western Blot Analysis

Western blot analysis was performed according to a standard proced-
ure. Briefly, total protein was extracted from the cultured cells, sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and transferred to polyvinylidene fluoride (PVDF)
membranes. The membranes were washed and blocked before incuba-
tion with primary antibodies, which included anti-AKT1, anti-p-
AKT1, anti-MAPK3/1, anti-p-MAPK3/1, anti-CCND1, anti-
CDKN1A, anti-CDKN1B, anti-RELA, anti-JUN, and anti-NR52A.
Anti-glyderaldehyde-3-phosphate dehydrogenase (GAPDH) and
b-tubulin were used as negative controls. Then, the membranes were
incubated with horseradish peroxidase (HRP)-conjugated secondary
antibodies. The signal of the immobilized target proteins on the mem-
branes was developed by enhanced chemiluminescence (ECL) using
ECL reagent (Merck Millipore, Darmstadt, Germany). The images
were captured with a chemiluminescence imager (Sage Creation Sci-
ence, Beijing, P.R. China). The antibodies are described in Table S3.

Luciferase Reporter Assay

NR5A2 was predicted as a potential target gene of miR-3613-5p by
TargetScan (http://www.targetscan.org/vert_72/) and miRPathDB
(https://mpd.bioinf.uni-sb.de/overview.html) software. The sequence
of the 30 UTR of NR5A2 wild-type or mutant binding sites for miR-
3613-5p were synthesized and cloned into the psiCHECK-2 vector
plasmid (Promega, Madison, WI, USA). The psiCHECK-2 vector
plasmid, the wild-type or mutant plasmids, and miR-3613-5p mimics
or inhibitor were co-transfected into HEK293T cells using Hieff trans
liposomal transfection reagent (Yeasen Biotech, Shanghai, P.R.
China). The psiCHECK-2 vector and mimics or psiCHECK-2 vector
and inhibitor were used as negative controls. After 48 h in culture, the
firefly and Renilla luciferase activities were analyzed using the Dual-
Luciferase reporter assay system (Promega) in accordance with the
manufacturer’s protocols. Each assay was performed in triplicate.

ChIP Assay

The promoter region sequence of miR-3613-5p was searched in
the Ensembl database (http://www.ensembl.org/index.html). The
PROMO (http://alggen.lsi.upc.es/) and JASPAR (http://jaspar.
genereg.net/) bioinformatics tools predicted three putative JUN bind-
ing sites on the miR-3613-5p promoter region. The ChIP assay was
performed using the Pierce agarose ChIP kit (Thermo Fisher Scienti-
fic), according to the manufacturer’s protocols, using anti-JUN or IgG
antibody. The IgG antibody was used as a negative control. The JUN-
bound chromatin was specifically amplified by PCR and analyzed by
electrophoresis on agarose gels. The PCR-specific primers for each of
the three predicted sites are listed in Table S2.

EMSA

The EMSA kit (Biosense Bioscience) was used to detect the binding
activity between JUN and the promoter region of miR-3613-5p
following the manufacturer’s instructions. The miR-3613-5p spe-
cific probes for EMSA were designed and synthetized by Biosense
Bioscience. The binding assays were performed using a reaction
mixture system containing 1.5 mL of binding reaction reagent,
1 mL of poly(dI:dC), 5 mL of nuclear extracts, 5 mL of biotin-labeled
probes, and 100-fold specific oligonucleotide competitor (unlabeled
wild-type or mutant JUN probes) for 20 min at room temperature.
LUAD cells extracts without nucleoprotein were used as a negative
control. Anti-JUN antibody was used as supershift band control.
Before development and fixing in X-rays, the target bands were
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detected with the ECL Plus reagent. The sequences of the probes
used are listed in Table S2.

CoIP

STRING (https://string-db.org/) and BioGRID (https://thebiogrid.
org/) database analysis predicted the interaction between RELA and
JUN. CoIP was performed using protein A/G magnetic beads for IP
(Bimake, Houston, TX, USA) in accordance with the manufacturer’s
protocols. Briefly, total proteins were extracted from LUAD cells and
HEK293T cells overexpressing RELA and incubated with anti-JUN or
IgG antibodies overnight at 4�C. Beads were mixed with the com-
plexes and rotated for 30 min at room temperature. After washing
and resuspending in radioimmunoprecipitation assay (RIPA) buffer
and SDS loading buffer, beads were boiled for 10 min at 100�C.
CoIP samples were analyzed by western blotting. IgG antibody was
used as a negative control.

Immunofluorescence

LUAD cells were seeded into a 20-mm glass-bottom dish and incu-
bated overnight. Subsequently, LUAD cells were fixed with 4% para-
formaldehyde and permeabilized with 0.5% Triton X-100, prior to
blocking with normal goat serum. Before culturing with fluores-
cence-tagged secondary antibodies, LUAD cells were incubated
with anti-RELA and anti-JUN primary antibodies. Cell nuclei were
visualized using DAPI. Ultimately, images were acquired with an
LSM800 confocal microscope (Carl Zeiss, Jena, Germany).

Statistical Analysis

All statistical analyses were performed using the SPSS 20.0 software
(IBM, Armonk, NY, USA) and GraphPad Prism 6 (GraphPad, La
Jolla, CA, USA). The data in this study are expressed as the mean ±

SD. A Student’s t test, c2 test, or Fisher exact probability was used
to analyze the statistical differences. Spearman correlation analysis
was used for correlation analysis. Kaplan-Meier survival analysis
was compared by log-rank analysis. p values <0.05 were considered
to indicate a statistically significant difference.
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