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Background: Our recent study found that QKI-5 regulated miRNA, miR-196b-5p, promotes non-small cell lung 
cancer (NSCLC) progression by directly targeting GATA6, TSPAN12 and FAS. However, the biological functions 
of miR-196b-5p in NSCLC progression and metastasis still remain elusive. 
Methods: Cell proliferation, migration, colony formation, cell cycle assays were used to investigate cellular 
phenotypic changes. Quantitative real-time PCR (qRT-PCR) and western blot analyses were used to measure 
expressions of relative gene and protein. Interaction between QKI-5 and miR-196b-5p was determined by RNA 
immunoprecipitation (RIP) assay. Luciferase reporter assay was used to determine direct binding between miR- 
196b-5p and NFKBIA 3′-UTR. ELISA assay was used to measure secreted IL6 proteins. Mice xenograft model was 
used to assess the functions of NFKBIA on in vivo tumor growth. 
Results: We demonstrated that the miR-196b-5p facilitates lung cancer cell proliferation, migration, colony 
formation, and cell cycle by directly targeting NFKBIA, a negative regulator of NFκB signaling. Knocking down 
NFKBIA increases IL6 mediated phosphorylation of signal transducer and activator of transcription 3 (STAT3) to 
promote lung cancer cell growth by activating NFκB signaling. The expression of NFKBIA was significantly 
downregulated in NSCLC tissue samples, and was negatively correlated with the expression miR-196b-5p. In 
addition, we found that downregulated QKI-5 expression was associated with the elevated miR-224 expression in 
NSCLC. 
Conclusions: Our findings indicated that the miR-224/QKI-5/miR-196b-5p/NFKBIA signaling pathway might play 
important functions in the progression of NSCLC, and suggested that targeting this pathway might be an effective 
therapeutic strategy in treating NSCLC.   

Introduction 

Lung cancer is a leading cause of cancer related death worldwide. 
NSCLC is a major lung cancer type, and accounts for approximately 
80%− 85% of all lung cancer cases [1,2]. Despite recent advancements 
in molecular targeted therapies and immunotherapies targeting the 
disease, the 5-year survival rate is very poor [3]. Thus, identifying novel 
molecular targets is urgently required for NSCLC. 

MiRNAs are small non-coding RNAs implicated in cancer progression 
and metastasis [4]. They function by negatively regulating target mRNA 
stability and/or suppressing mRNA translational processes by targeting 
complementary sequences in the 3′-untranslated regions (UTRs) of 
target genes [5]. Several studies reported miRNAs are widely involved in 
NSCLC progression and metastasis. In late stage disease, elevated 
miR-21 expression was frequently observed and associated with 
metastasis, and promoted cell proliferation and invasion by inhibiting 
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the tumor suppressor PTEN in NSCLC [6,7]. Additionally, miR-19b 
facilitated NSCLC tumor growth by targeting PPP2R5E and BCL2L11 
[8], while miR-200 sensitized the KRAS mutant NSCLC cells to the MEK 
inhibitor by suppressing ZEB1 [9] and inhibiting lung cancer cell inva
sion and metastasis by targeting the epithelial-mesenchymal transition 
(EMT) inducer, Foxf2 [10]. MiR-34a is a proapoptotic transcriptional 
target of p53 and directly targeted and inhibited PDL1 expression in 
NSCLC cells. The treatment of a syngeneic lung cancer mouse model 
with MRX34, a liposomal formulation complexed with miR-34a mimics, 
alone or in combination with radiotherapy inhibited PDL1 expression in 
tumors and antagonized T-cell exhaustion [11]. A phase 1 clinical study 
of MRX34 validated its manageable toxicity and the dose-dependent 
suppression of related target genes in advanced solid tumors, 
including lung cancer, suggesting that targeting miRNAs could be a 
promising therapeutic anti-cancer strategy [12]. 

NF-κB signaling has critical functions during cell apoptosis and 
proliferation. NF-κB inhibits cell apoptosis by inducing anti-apoptotic 
factors, including cellular inhibitors of apoptosis (cIAPs), FADD (FAS 
associated death domain)-like IL-1β-converting enzyme (FLICE) inhibi
tory protein (c-FLIP), and BCL2 proteins [13]. In addition, NF-κB facil
itates cell cycle progression by transcriptionally regulating genes 
involved in cell cycle machinery, including cyclin D1, D2, D3 and E [14]. 
NFKBIA (IkBα) is a member of the inhibitors of NF-kB (IkBs) (IkBα, IkBβ, 
IkBε and Bcl-3) that interacts with RDH domains in NF-κB proteins and 
inactivates NF-κB signaling [15]. Defective NFKBIA is frequently 
observed in several solid tumors including breast, colon, ovarian, 
pancreatic, bladder, and prostate cancer [16]. NFKBIA inhibits NF-κB 
signaling by competitively binding to the nuclear localization signals 
(NLS) in NF-κB protein, and retaining it in an inactive state in the 
cytoplasm [17]. 

Recently, we reported that the RNA binding protein, QKI-5, was 
down-regulated in NSCLC tissue and exerted tumor suppressive func
tions by negatively regulating miR-196b-5p. Up-regulated miR-196b-5p 
promoted NSCLC progression and metastasis by inhibiting the tumor 
suppressor, GATA6, TSPAN12, and FAS [18,19]. However, the under
lying molecular mechanisms of miR-196b-5p in NSCLC remain elusive. 

In the present study, we found that NFKBIA, a negative regulator of 
NF-κB, is a direct target of miR-196b-5p. The expression of NFKBIA was 
down-regulated in NSCLC and anti-correlated with miR-196b-5p 
expression. Knocking down NFKBIA promoted lung cancer cell growth 
via NF-κB/IL-6-mediated STAT3 activation. We also demonstrated that 
the miR-224 inhibited QKI-5 expression in NSCLC. Therefore, our in
sights on the miR-224/QKI-5/miR-196b/NFKBIA axis could provide 
better therapeutic strategies for NSCLC. 

Materials and methods 

Cell culture and reagents 

Pre-miR-196b precursor (PM12946), pre-miR-224 precursor 
(PM15149) and pre-miR negative control#1 (AM17110) were pur
chased from ThermoFisher. The miR-196b inhibitor and negative con
trol were purchased from GenePharma (Shanghai, China). pLightSwtich 
empty, NFKBIA-3′UTR vectors were ordered from Active Motif. Muta
tions were generated by using the QuickChange II XL Site-Directed 
Mutagenesis Kit (Stratagene). siRNA negative control (SIC001), siQKI- 
5 (SASI_Hs01_00227029), shRNA control (SHC001), shNFKBIA 
(TRCN0000355914) were purchased from Sigma. The human lung 
cancer cell lines (A549 and H1299) were purchased from the American 
Type Culture Collection (ATCC) and were cultured in RPMI-1640 me
dium (Gibco, Eggenstein, Germany) supplemented with 10% heat- 
inactivated fetal bovine serum (Gibco) and 100 U/mL penicillin- 
streptomycin (Gibco, Carlsbad, CA, USA). 293T cells were cultured in 
DMEM medium supplemented with 10% FBS and 100 U/mL penicillin- 
streptomycin. All the cells were cultured in a humidified incubator with 
5% CO2 at 37 ◦C. Cell Cycle Regulation Antibody Sampler Kit (9932T), 

antibodies against pSTAT3 (9145S), STAT3 (12640S), NFKBIA (4814), 
GAPDH (5174S), HRP-conjugated secondary antibodies (7074) were 
purchased from Cell Signaling Technology (Danvers, USA). Antibody 
against Lamin B1 (12,987–1-AP) was obtained from proteintech 
(Wuhan, China). Anti-p65 (sc-9008) was purchased from Santa Cruz 
Biotechnology (Santa Cruz, USA). Antibodies against Ki67 (ab16667), 
CD31 (ab28364), and QKI-5 (ab232502) were purchased from Abcam 
(Cambridge, USA). Rabbit secondary antibody conjugated with horse
radish peroxidase (ready to use, PV-6001) was purchased from ZSGB- 
BIO (Beijing, China). Human IL-6 Uncoated ELISA Kit (88–7066) was 
obtained from Invitrogen (Invitrogen, USA). 3-(4, 5-dimethyl thiazol-2- 
yl)− 2, 5-diphenyl tetrazolium bromide (MTT) was manufactured from 
Solarbio (Beijing, China). 

Gene knockdown 

The pre-miR-196b precursor, pre-miR-224 precursor, pre-miR 
negative control, siRNA control and siQKI-5 were transfected into the 
lung cancer cells by Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) 
reagents according to the manufacturer’s instructions. The transfection 
of shRNAs against NFKBIA and control vector were performed with 
Lipofectamine 3000 regents according to the manufacturer’s in
structions. The successfully transfected cells were selected with 2 μg/mL 
puromycin (Invitrogen, USA) for 7–10 days and continued to culture in 
RPMI-1640 medium containing with 10% FBS and 2 μg/mL puromycin. 

Quantitative real-time PCR (qRT-PCR) 

We extracted total RNAs from cells by using TRIzol Reagent (Invi
trogen, Carlsbad, CA, USA) according to the manufacturer’s instruction. 
PrimeScriptTM RT Master Mix (Perfect Real Time, RR036A, TaKaRa) 
was used to reverse transcript total RNA (2 μg) to cDNA. QRT-PCR was 
conducted by using TB Green Fast qPCR mix (TaKaRa, Japan) according 
to the manufacturer’s instruction. The thermocycling conditions were as 
follows: initial denaturation at 95 ◦C for 30 s; followed by 40 cycles of 
denaturing at 95 ◦C for 5 s, annealing and extension at 60 ◦C for 34 s. All 
reactions were conducted in triplicates. The relative gene expression 
was calculated by using 2− ΔΔCt method. Human GAPDH gene was used 
as an endogenous control to normalize the data. RT-PCR primers for IL- 
6, NFKBIA and GAPDH are shown in Table S1. 

Cell proliferation assay 

The cell growth rate was determined by MTT assay. Cells at a density 
of 2–3 × 103 per well were added to 48-well plates in sixtuplicate and 
cultured in RPMI-1640 medium with 10% FBS. Following incubation for 
4–5 days, 30 μL of fresh 0.5 mg/mL MTT reagent was added to each well 
and incubated for another 3–4 h. After incubation, 300 μL of DMSO was 
added to dissolve the formazan product and absorbance at 490 nm was 
then measured with SpectraMax iD3 (MD, USA). 

Colony formation assay 

A thousand cells were plated into each well in 6-well plate in trip
licate with RPMI-1640 medium containing 10% FBS. The cells were 
cultured in an incubator (37 ◦C, 5% CO2) for 7–10 days. The visible 
colonies were washed with phosphate-buffered saline (PBS), fixed with 
pre-cooled 4% paraformaldehyde for 10 min and then washed with PBS 
again. Finally, the colonies were stained with 0.5% crystal violet solu
tion for 10 min, and washed with PBS for 3–5 times. Colony area was 
calculated by Image J software. 

Wound healing assay 

Cells at a density of 3–5 × 105 per well were seeded into 6-well plates 
and allowed to attain confluent monolayers. The cells were then 
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cultured in RPMI-1640 medium with 2% FBS for 12 h. Draw a line or a 
shape of “ # ” at the center of each well using a 10 μL pipette tip to create 
the wound area. The cells were washed with PBS twice to remove the 
deciduous cells. The cells were incubated for 48 h with RPMI-1640 
medium supplemented with 2% FBS. When the cell wound almost 
healed, pictures (× 100) were taken and evaluating the effects of 
NFKBIA knockdown on cell migration. 

Cell cycle analysis 

The collected cells were fixed with 75% ethanol at − 20 ◦C for 6 h or 
overnight, and then washed with pre-cooled PBS twice. The cells were 
stained with PI/Rnase Staining Buffer (BD Biosciences) and incubated at 
37 ◦C for 10 min. Finally, the cell cycle was analyzed by FACS Calibur 
Flow Cytometer (BD Biosciences). The data was processed by FlowJo 10 
software. 

Western blotting analysis 

The cells were lysed with RIPA buffer (Boster, China) containing 
protease/phosphatase inhibitor Cocktail (Boster, China). Total proteins 
from cultured cells were isolated and the concentrations were measured 
by the Bradford protein assay kit (Bio-Rad, Hercules, CA). After 10–12% 
SDS-PAGE, the proteins were electrotransferred to PVDF membrane 
(Bio-Rad). Then, membranes were blocked with 5% Nonfat Milk in Tris 
Buffered Saline (TBS) with 1‰Tween 20 (1 × TBST) for 90 min at room 
temperature. Next, the membranes were incubated with primary anti
body in TBST overnight at 4 ◦C, followed by incubation with appropriate 
horseradish peroxidase (HRP)-conjugated secondary antibody (x 4000) 
for 1 h at room temperature. Specific proteins were detected with EZ- 
ECL Kit (Biological Industries). Primary antibodies from Cell Signaling 
Technology, Proteintech (Anti-Lamin B1) and abcam (Anti-QKI-5) were 
diluted 1000 times. Primary antibody from Santa Cruz Biotechnology 
(Anti-p65) was diluted 500 times. 

Cytosol and nuclear protein extraction 

The cells with 90% confluence in the dish were collected by using 
Nuclear and Cytoplasmic Protein Extraction Kit (Sangon Biotech, Shang 
hai) according to the manufacturer’s instruction. The target protein 
expressions in cytoplasmic and nucleus were detected by Western Blot 
analysis. Lamin B1 was used as an internal control of nuclear protein, 
and GAPDH was used as an internal control of cytoplasmic protein. 

Luciferase reporter assay 

To determine whether miR-196b directly targets the 3′UTRs of 
NFKBIA, 5 × 104 293T cells were seeded in 24-well plates. Next day, 
miR-196b mimic (Thermo Scientific) plus empty 3′UTR vector or 3′UTR 
vectors containing WT or mut-3′UTR were transfected into the 293T 
cells. After 36 h, the cells were lysed and luciferase activity was 
measured by using Dual Luciferase Assay (Promega) according to the 
manufacturer’s instructions. 

RNA-binding protein immunoprecipitation (RIP) assay 

To investigate the interaction between QKI-5 and miR-196b-5p in 
lung cancer cells, RIP assay was conducted by using Magna RIP kit 
(Millipore) according to the manufacturer’s instructions. In brief, the 
QKI-5 knockdown H1299 cells and control cells were scraped off with 
pre-cooled PBS and collected into a centrifuge tube. The supernatant 
was removed after centrifugation, and the cells were re-suspended by 
adding a cell-isometric RIP lysis buffer (Millipore) containing proteases 
and RNase inhibitors. Protein A/G Magnetic Beads were incubated 
overnight with 5 μg of rabbit monoclonal anti-QKI5 antibody. Normal 
rabbit IgG (Millipore) was used as negative control. The cell lysates were 

added to antibody-bead complexes and incubated overnight. The im
mune complexes and input were washed, eluted and treated with 150 μL 
proteinase K and digested at 55 ◦C for 30 min. Immunoprecipitated RNA 
was extracted with phenol/chloroform and purified with ethanol pre
cipitation. Finally, RNAs were subjected to qRT-PCR using specific 
Taqman probes. 

ELISA assay 

The cells were cultured in 6-well plates at a density of 3–5 × 105 

cells/well overnight. The cells were washed with PBS and incubated in 
FBS free medium for 48 h. After 48 h, the supernatants were collected for 
enzyme-linked immunosorbent assay (ELISA). The secretion level of IL-6 
in supernatant was measured according to the manufacturer’s 
instructions. 

In vivo xenograft model 

Five-week-old athymic BALB/c nu/nu female mice (15–17 g, n = 10) 
were obtained from Vital River Laboratories (Beijing, China). All the 
procedures on animals according to the Institutional Animal Care and 
Use Committee (IACUC) guidelines of Wenzhou Medical University 
(wydw2020–0347). Stable NFKBIA knockdown H1299 cells (H1299/ 
shNFKBIA) and control H1299 cells (H1299/shCont) were harvested 
with 0.25% EDTA-trypsin, washed with PBS, and resuspended in 
Matrigel/RPMI-1640 medium (1:1). The cells were subcutaneously 
injected into the flanks of nude mice at a concentration of 5 × 106 cells 
per 100 μL. The mice were sacrificed according to the animal welfare 
operation requirements, and tumor tissues were excised and weighed for 
further experiments. In addition, tumor volume was determined by 
measuring length (L) and width (W), and calculating volume 
(V=0.5×L×W2) at the specified time points. 

Immunohistochemistry staining 

The harvested tumor tissues were fixed in 10% formalin, treated and 
embedded in paraffin as blocks for storage. Tissue sections were incu
bated with primary antibody against Ki67 (1: 100) or CD31 (1: 200) at 
4 ◦C overnight and then incubated with secondary antibody at room 
temperature for 1 hour. After washing the slides, 3, 3′-diaminobenzidine 
(DAB) was used for color rendering. 

Patient samples 

NSCLC tissues samples and corresponding normal adjacent tissues 
(NATs) (30 patients with NSCLC) were obtained from Zhoushan Hospital 
of Wenzhou Medical University between 2018 and 2019. NSCLC tissues 
and NATs from patients were immediately placed in liquid nitrogen 
within 2 h of surgical resection and then stored at − 80 ◦C until further 
analysis. This study was approved by the Institutional Research Human 
Ethical Committee of the Wenzhou Medical University (2,018,029) for 
the use of clinical biopsy specimens. The clinicopathological charac
teristics of the patients were shown in Table S2. 

TCGA dataset 

We downloaded log-2 transformed level 3 data of miRNA-seq and 
RNA-seq from TCGA database on July 31, 2013. Differences in expres
sion levels of NFKBIA between NSCLC tissues and NATs were calculated 
by Welch t-test. Correlation between miR-196b-5p expression and 
NFKBIA expression in lung adenocarcinoma (LUAD) and lung squamous 
cell carcinoma (LUSC) was calculated by pearson correlation analysis. 

Statistical analysis 

GraphPad Prism 7.0 (GraphPad Software, CA, USA) was used to 
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perform all statistical analysis. Data are represented as means ± SD, and 
statistical significance was calculated with unpaired t-test unless indi
cated otherwise. p < 0.05 was considered as statistically significant. 
Correlation between miRNA and its target gene was calculated by 
Pearson correlation analysis. 

Results 

NFKBIA is a direct target of miR-196b-5p 

We recently showed that the tumor suppressor, QKI-5 bound to and 
negatively regulated miR-196b-5p expression in NSCLC. miR-196b-5p 
exerted its oncogenic function by directly targeting GATA6, TSPAN12 
and FAS [18,19]. Using a RIP assay, we further validated that 
miR-196b-5p was enriched in RIP samples using the QKI-5 antibody 
compared with those in RIP samples using the IgG in lung cancer cells. 
Of note, miR-196b-5p expression was markedly reduced in QKI-5 
knockdown RIP samples when compared with control RIP samples 
(Fig. 1A and 1B), suggesting binding between QKI-5 and miR-196b-5p in 
NSCLC cells. The QKI-5 siRNA used in this study has been proven 
showing stronger knockdown effect than another siRNA in our previous 
study [19]. To further investigate the oncogenic functions of 
miR-196b-5p in NSCLC, we performed Pearson correlation analyses 
using the TCGA LUAD data set (n = 487) for previously reported 43 
putative miR-196b-5p target genes [19]. Of these, 9 target genes showed 
significant negative correlation with miR-196b-5p, including NFKBIA, 
GATA6, TSPAN12 and FAS (Table 1). Since NFKBIA was a negative 
regulator of NF-κB and a novel potential target of miR-196b-5p, we 
selected NFKBIA for further analysis. Bioinformatics showed the 3′UTR 
of NFKBIA had a well conserved binding site for miR-196b-5p (Fig. 1C). 
To analyze this, we mutated the 3′UTR of NFKBIA at miR-196b-5p 
binding sites using the QuickChange Mutagenesis kit. Luciferase re
porter assays showed that the miR-196b-5p significantly inhibited the 
luciferase activity of 3′UTR of NFKBIA in 293T cells when compared 
with empty vector. Co-transfection of miR-196b-5p with a mutated 
3′UTR significantly attenuated the inhibition of luciferase activity on the 
wild type NFKBIA 3′UTR (Fig. 1D), suggesting specific binding between 
miR-196b-5p and NFKBIA 3′UTR. In addition, miR-196b-5p over
expression (Fig. 2A and 2B) significantly reduced both NFKBIA mRNA 
and protein levels in H1299 and A549 cells (Fig. 2C–2E). Conversely, 
knocking down miR-196b-5p partly but consistently increased both 
NFKBIA mRNA and protein levels (Fig. 2F-2H), indicating that NFKBIA 
might be a direct target of miR-196b-5p. 

NFKBIA expression was down-regulated in NSCLC 

We analyzed NFKBIA expression in NSCLC using TCGA LUAD (515 
LUAD patients and 59 matched NATs) and LUSC dataset (502 LUSC 
patients and 51 matched NATs). The results showed that NFKBIA 
expression was significantly down-regulated in both LUAD (p = 4.41e- 
12) and LUSC (p <2.2e-16) (Fig. 3A and 3B). We further analyzed 
NFKBIA expression in 30 NSCLC tissues and 30 NATs from Zhoushan 
Hospital of Wenzhou Medical University. Consistent with TCGA dataset, 
NFKBIA expression was significantly downregulated in NSCLC tissues 
compared with those in NATs (p = 3.96e-07) (Fig. 3C). To investigate 
whether down-regulated NFKBIA expression was associated with up- 
regulated miR-196b-5p expression in NSCLC tissues, we conducted 
Pearson correlation analyses using TCGA LUAD (n = 487) and LUSC (n 
= 235) samples with miR-196b-5p and NFKBIA expression data. A sig
nificant negative correlation between miR-196b-5p and NFKBIA was 
observed in both LUAD (R=− 0.16, p = 0.004) and LUSC (R=− 0.5, p =
2.8e-16), suggesting that reduced expression of NFKBIA might be related 
to the upregulated expression of miR-196b-5p in NSCLC (Fig. 3D and 
3E). Our recent study found that the QKI-5 expression was negatively 
correlated with the miR-196b-5p expression in NSCLC and up-regulated 
miR-196b-5p promoted the cell cycle in NSCLC cells [19]. As our results 

showed a significant negative correlation between miR-196b-5p and 
NFKBIA in NSCLC, we further investigated the correlation between 
QKI-5 and NFKBIA. As expected, Pearson correlation analyses using the 
TCGA NSCLC dataset from the GEPIA website showed QKI-5 was posi
tively associated with NFKBIA (R = 0.36, p<2.2e-16) (Fig. 3F), indi
cating that QKI-5 mediated up-regulation of miR-196b-5p is closely 
involved with NFKBIA down-regulation in NSCLC. Also, GEPIA TCGA 
NSCLC dataset showed the cell cycle related genes, CDK4 was 
up-regulated, while CDKN1A (p21) was significantly down-regulated in 
NSCLC tissues (Fig. S1A and 1B). Moreover, Pearson correlation ana
lyses showed NFKBIA was negatively associated with CDK4, whereas 
positively associated with CDKN1A in NSCLC (Fig. S2A and 2B), sug
gesting the critical functions of NFKBIA in cell cycle progression. 

Knockdown of NFKBIA facilitated lung cancer cell proliferation, 
migration, colony formation and cell cycle 

To investigate the biological functions of NFKBIA on lung cancer 
cells, we established stable NFKBIA knockdown H1299 and A549 cells 
by shRNA technique. Western blot and qRT-PCR analyses were con
ducted to measure the NFKBIA protein (Fig. 4A) and mRNA (Fig. 4B) 
expressions after knockdown. Knocking down NFKBIA significantly 
enhanced cell proliferative (Fig. 4C), migratory (Fig. 4D), and colony 
forming ability (Fig. 4E and 4F) of both H1299 and A549 cells. Cell cycle 
analysis showed that knocking down NFKBIA facilitated transition of G1 
to S phase cell cycle in both H1299 (Fig. 5A and 5B) and A549 cells 
(Fig. 5C and 5D). Furthermore, knocking down NFKBIA in H1299 and 
A549 cells consistently changed cell cycle G1 phase related proteins, 
including cyclin D1, CDK4, CDK6, CDK inhibitor 1A (P21) and 2C (P18) 
(Fig. 5E). These results indicated that accelerated cell cycle by NFKBIA 
knockdown might be responsible to the increased lung cancer cell pro
liferative and colony forming ability. 

Knockdown of NFKBIA promoted tumor growth in vivo 

We showed that NFKBIA was implicated in lung cancer cell growth in 
vitro. To further understand the functions of NFKBIA in tumor growth in 
vivo, the stable NFKBIA knockdown H1299/shNFKBIA cells and control 
cells were subcutaneously injected into the flanks of nude mice. 
Knocking down NFKBIA significantly increased tumor weight and vol
ume in vivo compared with that in control cells (Fig. 6A–6C). We 
confirmed that down-regulated NFKBIA mRNA expression in tumor 
tissues from H1299/shNFKBIA injected mice compared with those in 
tumor tissues from control cells injected mice (Fig. 6D). Immunohisto
chemical analyses showed that immunoreactivities for both Ki67 and 
CD31 were significantly increased in the tumor tissues derived from 
H1299/shNFKBIA injected mice (Fig. 6E and 6F), suggesting that down- 
regulated NFKBIA promoted lung cancer cell proliferation and angio
genesis in vivo. 

Knockdown of NFKBIA promoted pSTAT3 expression by activating NF-κB 
signaling 

We showed that miR-196b directly targeted NFKBIA and the 
expression of NFKBIA was significantly down-regulated in NSCLC. 
NFKBIA, also known as IκBα, is a member of IkBs that negatively reg
ulates NF-κB signaling [15]. Thus, we examined whether p65, a member 
of NF-kB family, was activated after knocking down NFKBIA. NFKBIA 
was enriched in the cytoplasm and its expression was markedly reduced 
in NSCLC cells after knocking down NFKBIA. As expected, knockdown of 
NFKBIA promoted nuclear translocation of p65 in both H1299 and A549 
cells compared with those in control cells (Fig. 7A and 7B). Accumu
lating evidences have suggested that p65 stimulates IL-6 mRNA 
expression by binding to its promoter region [20,21]. IL-6 is a 
pro-inflammatory cytokine and reportedly promotes various cancer 
progression by activating JAK2/STAT3 pathway [22]. Therefore, we 
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Fig. 1. NFKBIA is a direct target of miR-196b-5p. (A) Western blot analysis of QKI-5 in QKI-5 knockdown H1299 cells and control cells. GAPDH was used as an 
internal control. (B) Lysates from QKI-5 knockdown H1299 cells or control cells were subjected to RIP analysis. The cell extracts were subjected to immunopre
cipitation with IgG or anti-QKI5 antibody. Pull-down RNA was analyzed by qRT-PCR using specific probe for miR-196b. Data are presented as mean ± SD as 
determined by triple assays. (C) Schematic diagram showing matched sequences between the seed sequence of miR-196b-5p and 3′UTRs of NFKBIA. The arrows 
indicate the mutagenesis nucleotides. (D) Luciferase reporter constructs containing wild-type, mutated form of NFKBIA 3′UTR, or empty vector were co-transfected 
with pre-miR-196b precursor into the 293T cells. Data are presented as mean ± SD as determined by triple assays. The p-values were calculated by one-way ANOVA 
with Tukey’s multiple comparisons test. WT, wild-type; Mut, mutated form. 
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investigated the expression of phosphorylated STAT3 (pSTAT3) in 
NFKBIA knockdown lung cancer cells. As shown in Fig. 7C and 7D, 
knocking down NFKBIA markedly increased the expression of pSTAT3. 
Next, we evaluated IL-6 mRNA and protein levels after knocking down 
NFKBIA. Knocking down NFKBIA markedly increased the expression of 
IL-6 mRNA and secreted protein levels in both H1299 (Fig. 7E and 7F) 
and A549 (Fig. 7G and 7H) cells. These results suggested that NFKBIA 
mediated activation of NF-κB increased pSTAT3 expression by promot
ing IL-6 secretion, resulted in facilitating lung cancer cell growth. 

miR-224 down-regulated QKI-5 expression 

Our previous research showed that miR-224 was significantly up- 
regulated in NSCLC, and exerted oncogenic functions in NSCLC [23, 
24]. Conversely, QKI-5 expression was down-regulated in NSCLC, and 
inhibited tumor progression in NSCLC [19]. Bioinformatics showed that 
the four of seven available miRNA target prediction websites predicted 
miR-224 directly targeting QKI-5 (Table S3). To investigate whether 
miR-224 influences QKI-5 and NFKBIA expressions, we overexpressed 
miR-224 in lung cancer cells (Fig. 8A). Overexpression of miR-224 partly 
reduced QKI-5 as well as NFKBIA protein expression levels in both 
H1299 and A549 cells (Fig. 8B and 8C). We further conducted Pearson 
correlation analysis to investigate the correlation between miR-224 and 
QKI-5 in NSCLC tissues. As expected, miR-224 was significantly 
anti-correlated with QKI-5 in NSCLC patient samples (correlation coef
ficient = − 0.26, P = 4.28E-05, Fig. 8D), suggesting that up-regulated 
miR-224 reduced NFKBIA expression partly by targeting QKI-5 in 
NSCLC. 

Discussion 

Aberrant miRNA expression is frequently observed in NSCLC and is 
closely associated with disease progression and metastasis by regulating 
target gene expression [25]. MiR-196b functions are controversial in 
cancer. High expression is correlated with tumor size, 
tumor-node-metastasis stage, lymph node metastasis, and poor hepato
cellular carcinoma prognosis by targeting SOCS2 [26]. In gastric cancer, 
miR-196b-5p expression is up-regulated, whereas its target gene, AQP4 
is downregulated, suggesting disease promotion by directly targeting 
AQP4 [27]. Conversely, down-regulated miR-196b-5p is associated with 
metastases and poor outcomes in patients with colorectal cancer by 
influencing the expression of its target genes, HOXB7 and GALNT5 [28]. 
Our recent studies showed miR-196b-5p exerted oncogenic functions by 
directly targeting GATA6, TSPAN12, and FAS in NSCLC [18,19]. In the 
current study, we identified a novel direct target of miR-196b-5p, 
NFKBIA whose expression was negatively correlated with 
miR-196b-5p expression and was markedly downregulated in NSCLC 
tissues. Knocking down NFKBIA promoted cell proliferation, migration, 
colony formation, and cell cycle progression by activating NF-κB-me
diated STAT3 signaling. We also showed that QKI-5 bound to and 

anti-correlated with miR-196b-5p in NSCLC. Additionally, we found that 
onco-miRNA, miR-224 negatively regulated QKI-5 expression, suggest
ing elevated miR-224 is closely associated with the down-regulated 
QKI-5 expression in NSCLC (Fig. 8E). 

NF-κB signaling is constitutively activated in many cancer cells and 
causes abnormal cell growth and apoptosis evasion [29]. Under normal 
conditions, NF-κB remains inactive in the cytoplasm by IkB proteins, 
including NFKBIA. In response to external stimulation (viral and 
proinflammatory cytokines), activated IkB kinases (IKKs) phosphorylate 
IkBs, cause the ubiquitin-dependent degradation of IkBs, and facilitate 
the nuclear translocation of liberated NF-κB dimers [15,30]. In NSCLC, 
activated NF-κB signaling is closely associated with cell proliferation, 
apoptosis, angiogenesis, EMT, inflammation, and metastasis [31,32]. 
Activation of oncogenic K-rasG12D and the concomitant loss of p53 in a 
genetically engineered mouse model enhanced p65 nuclear trans
location. Furthermore, the IkB-mediated suppression of NF-κB signaling 
reduced tumor development in a mouse model [33]. Here, we provided 
evidence showing that not only IKKs mediated IkBα phosphorylation, 
but also miR-196b-5p-mediated down-regulation of NFKBIA activated 
NF-κB signaling in NSCLC. 

Activated NF-κB signaling promotes IL-6 secretion in the tumor 
microenvironment [34,35]. We recently showed that p65 over
expression increased IL-6 mRNA expression and protein secretion, 
which subsequently activated STAT3 signaling and enhanced lung 
cancer cell growth rates [18]. As expected, NFKBIA knockdown in 
NSCLC cells caused p65 nuclear translocation, suggesting activated 
NF-κB signaling in NSCLC. Further analyses showed NFKBIA knockdown 
increased pSTAT3 expression in NSCLC cells. To demonstrate IL-6 was a 
critical player in NFKBIA-mediated STAT3 activation, we investigated 
IL-6 expression levels after knocking down NFKBIA. NFKBIA knockdown 
in NSCLC cells increased both IL-6 mRNA expression and protein 
secretion, suggesting that NF-κB activation by NFKBIA inhibition 
increased pSTAT3 expression by enhancing IL-6 secretion. 

Recently, several studies reported that some miRNAs directly tar
geted QKI-5 during cancer progression. MiR-221 overexpression 
enhanced tumorigenic capacity in colorectal carcinoma patient-derived 
xenografts cells in vivo by targeting QKI-5 [36]. Additionally, miR-200c 
regulated EMT-associated alternative splicing changes by targeting 
QKI-5, and this splicing signature was broadly conserved across many 
epithelial-derived cancer types [37]. He et al. reported that miR-143–3p 
suppressed cell proliferation and EMT by targeting QKI-5 in esophageal 
squamous cell carcinoma. However, the link between miR-224 and 
QKI-5 in cancer remains unclear. In the present study, miR-224 mark
edly down-regulated QKI-5 expression in NSCLC cells, and was 
anti-correlated with QKI-5 expression in tissues, suggesting 
down-regulated QKI-5 may be partly due to increased miR-224 expres
sion in NSCLC. 

Conclusions 

In summary, we identified a novel target of miR-196b-5p, NFKBIA. 
MiR-196b-5p-mediated down-regulation of NFKBIA partly contributed 
to the NF-kB/IL-6 axis-mediated activation of STAT3 signaling. Also, 
miR-224 directly targeted QKI-5 in NSCLC. Therefore, targeting the 
miR-224/QKI-5/miR-196b-5p/NFKBIA pathway could be an effective 
therapeutic strategy for some NSCLC cases. 
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Table 1 
Correlation analyses between miR-196b-5p and its target genes.  

Target genes Correlation coefficient P-value 

AQP4 − 0.31 1.75E-12 
ZC3H6 − 0.28 3.70E-10 
CCDC47 − 0.21 3.68E-06 
GATA6 − 0.20 7.67E-06 
TMEM161B − 0.17 1.37E-04 
NFKBIA − 0.16 4.20E-04 
SORCS1 − 0.16 2.20E-03 
TSPAN12 − 0.15 7.69E-04 
ZNF24 − 0.13 4.20E-03 
FAS − 0.14 2.50E-03 

Table 1. Correlation between miR-196b-5p and its predicted target genes 
(http://mirwalk.umm.uni-heidelberg.de/) in TCGA lung ADC data set (n = 487). 
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Fig. 2. Overexpression of miR-196b-5p downregulates the expression of NFKBIA. (A, B) qRT-PCR measures miR-196b-5p expression after overexpressing pre-miR- 
196b precursor in H1299 (A) and A549 (B) lung cancer cells. (C, D) qRT-PCR measures NFKBIA mRNA expression levels in H1299 (C) and A549 (D) lung cancer cells 
transfected with pre-miR-196b or control. (E) Western blot analyses measure NFKBIA protein levels in lung cancer cells (H1299 and A549) transfected with pre-miR- 
196b or control. (F, G) After transfection of anti-miR-196b, NFKBIA mRNA expression was measured by qRT-PCR in H1299 (F) and A549 (G) lung cancer cells. (H) 
After transfection of anti-miR-196b, NFKBIA protein expression was evaluated by western blot analyses. Data are presented as mean ± SD and p-values were 
calculated by unpaired t-test. 

W. Zhu et al.                                                                                                                                                                                                                                     



Translational Oncology 37 (2023) 101755

8

Fig. 3. NFKBIA is down-regulated in NSCLC. (A, B) The NFKBIA expression data were obtained from TCGA RNA-seq dataset. NFKBIA expressions were analyzed in 
515 LUAD patients with 59 matched NAT samples (A) and 502 LUSC patients with 51 matched NAT samples (B). Welch t-test was conducted to calculate statistical 
significance. (C) Box plots showing the expression level of NFKBIA in 60 paired NSCLC tissues and their matched NATs. The RNA samples were extracted from 30 
NSCLC tissues and 30 corresponding NATs. The RNAs were subject to qRT-PCR with an NFKBIA probe and the expression was normalized by GAPDH. (D, E) miR- 
196b-5p expression from miR-seq data and NFKBIA expression from TCGA RNA-seq data were used to examine correlation between NFKBIA and miR-196b-5p 
expressions in LUAD dataset (n = 487) (D) and LUSC dataset (n = 235) (E). (F) Correlation between QKI and NFKBIA in TCGA NSCLC RNA-seq data from GEPIA 
website. LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; NAT, normal adjacent tissue. The p-values in (A-C) were calculated by unpaired t-test. 
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Fig. 4. Knocking down NFKBIA promotes lung cancer cell proliferation, migration and colony formation. (A, B) Western blot and qRT-PCR analyses of NFKBIA 
protein (A) and mRNA levels (B) in H1299 and A549 lung cancer cells transfected with shNFKBIA plasmids. GAPDH was used as an internal control. (C) Cell 
proliferation assay for NFKBIA knockdown H1299 and A549 lung cancer cells. The cell growth rates were measured by MTT assay. The values present mean ± SD as 
determined by sextuplet assays. (D) Representative pictures of wound healing assay for NFKBIA knockdown H1299 and A549 cells (× 100 magnification). (E, F) 
Colony formation assay for NFKBIA knockdown H1299 (E) and A549 (F) cells. Colony forming areas were measured by Image J software. The average values were 
derived from three random areas. Data are presented as mean ± SD and p-values were calculated by unpaired t-test. 

W. Zhu et al.                                                                                                                                                                                                                                     



Translational Oncology 37 (2023) 101755

10

Fig. 5. Knocking down NFKBIA promotes cell cycle in NSCLC cells. (A, B) Proportion of cells in G0/G1 phase (A) and each cell-cycle phase (B) in H1299/shNFKBIA 
and H1299/shCont cells were determined by flow cytometry analysis. (C, D) Proportion of cells in G0/G1 phase (C) and each cell-cycle phase (D) in A549/shNFKBIA 
and A549/shCont cells were determined by flow cytometry analysis. (E) Western blot analysis of cell cycle G1 phase-related proteins (Cyclin D1, CDK4, CDK6, p18 
and p21) in H1299/shNFKBIA, A549/shNFKBIA cells and corresponding control cells. GAPDH was used as an internal control. Data are presented as mean ± SD and 
p-values were calculated by unpaired t-test. 
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Fig. 6. Knocking down NFKBIA promotes tumor growth in vivo. (A-C) Effects of NFKBIA on tumor growth in mouse xenograft models. Representative photograph of 
tumors (A) and tumor weights (B) at day 33 after inoculation with either of the H1299/shNFKBIA or H1299/shCont cells. (C) Tumor growth in nude mice s.c. injected 
into flanks with H1299/shNFKBIA or H1299/shCont cells. Data are presented as mean ± SD (n = 6 per group). (D) NFKBIA mRNA expression in tumor tissues derived 
from H1299/shNFKBIA or H1299/shCont cells. The RNAs were extracted from tumor tissues and subject to qRT-PCR. The NFKBIA expression was normalized by 
GAPDH. (E, F) Ki67- (E) and CD31- (F) positive cells in tumors tissues derived from H1299/shNFKBIA or H1299/shCont cells. Paraffin sections of tumors developing 
in nude mice were stained with anti-Ki67 or anti-CD31 antibodies. The number of Ki67-positive tumor cells or CD31-positive microvessels in tumors that demon
strated the highest reactivities with antibodies were counted at × 400 or × 100, respectively, and presented as mean ± SD. The p-values were calculated by unpaired 
t-test. 
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Fig. 7. Knocking down NFKBIA increases pSTAT3 expression by activating NF-κB signaling. (A, B) Western blot analysis of p65 protein in NFKBIA knockdown H1299 
(A) and A549 (B) cells. Both nuclear and cytoplasm proteins were extracted and subjected to western blot analysis. Lamin B1 was used as a marker of nuclear protein, 
and GAPDH was used as a marker of cytoplasmic protein. (C, D) Western blot analysis to measure pSTAT3 and STAT3 protein expressions in H1299/shNFKBIA (C) 
and A549/shNFKBIA cells (D). GAPDH was used as an internal control. (E, F) qRT-PCR measures IL-6 mRNA expression (E) and ELISA analysis measures secreted IL-6 
protein levels (F) in NFKBIA knockdown H1299 cells. (G, H) qRT-PCR measures IL-6 mRNA expression (G) and ELISA analysis measures secreted IL-6 protein levels 
(H) in NFKBIA knockdownA549 cells. Data are presented as mean ± SD and p-values were calculated by unpaired t-test. 
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Fig. 8. Enhanced miR-224 is responsible for downregulated QKI-5 expression in NSCLC. (A) qRT-PCR measure miR-224 expression after overexpressing premiR-224 
in H1299 and A549 cells. (B, C) Western blot analyses measure QKI-5 (B) and NFKBIA (C) protein expressions in H1299 and A549 cells after transfection with 
premiR-224 or control. (D) QKI expression from TCGA RNA-seq data and miR-224 expression from TCGA miR-seq data were used to examine the correlation between 
QKI and miR-224 expressions in LUSC dataset (n = 235). (E) Schematic Figure of proposed miR-196b-5p mediated down-regulation of NFKBIA increases pSTAT3 
expression by activating NF-κB signaling. The p-values in (A) were calculated by unpaired t-test. 
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