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Novel cytoplasmic IncRNA IKBKBAS promotes lung
adenocarcinoma metastasis by upregulating IKKp and
consequential activation of NF-kB signaling pathway
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NF-kB signaling pathway is a critical link between inflammation and cancer. Emerging evidence suggested that long non-coding
RNAs (IncRNAs) were involved in dysregulation of NF-kB. Herein, we reported a novel IncRNA IKBKBAS that activated NF-kB in lung
adenocarcinoma (LUAD) by upregulating IKKB3, a key member of NF-kB signaling pathway, thereby promoting the metastasis of
LUAD both in vitro and in vivo. The upregulated IKBKBAS functioned as a competing endogenous RNA (ceRNA) via competing with
IKKB mRNA for binding miR-4741, consequently leading to upregulation and activation of IKK@, and ultimately activation of NF-kB.
The abnormally elevated IKBKBAS in LUAD was mainly resulted from the extremely decrease of miR-512-5p that targeting IKBKBAS.
Furthermore, we identified a positive feedback loop between NF-kB and IKBKBAS, in which NF-kB activation induced by
overexpression of IKBKBAS could promote the transcription of IKBKBAS by binding the kB sites within IKBKBAS promoter. Our
studies revealed that IKBKBAS was involved in the activation of NF-kB signaling by upregulating the expression of IKKB, which made

it serve as a potential novel target for therapies to LUAD.
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INTRODUCTION

Non-small cell lung cancer (NSCLC) accounts for about 85% of all
lung cancers. Among the NSCLC types, lung adenocarcinoma
(LUAD) is the most common subtype [1]. LUAD is a highly
heterogeneous tumor because its development is a complex
process involving multi-factors. Accumulating evidence suggests
that the proliferation and metastasis of LUAD cells depend on
abnormal activation of multiple signaling pathways such as EGFR/
MAPK, PI3/Akt, and NF-kB, etc. [2-6].

NF-kB is the key transcription factor involving in the inflamma-
tory pathway, which makes it regarded as a key bridge connecting
inflammation and tumor [7-9]. There are considerable studies
indicating that NF-kB is constitutively activated in LUAD at an early
stage and significantly associated with disease progression and
poor prognosis of LUAD patients [9-11]. Thus, it is assumed that
blockage of NF-kB will increase the efficacy of anticancer
therapies. Indeed, targeted inhibition of NF-kB signaling with
various approaches has been shown to augment the efficacy of
chemotherapy and radiotherapy in killing LUAD cells both in vitro
and in vivo [8, 12]. The canonical (classical) pathway activating NF-
KB is TNF-a/IL-1B/LPS — TNFR1 — IKK complex—IkB — NF-kB (p65/
p50 heterodimer). At present, the main strategies for the targeted
intervention of classical NF-kB signaling pathway are [1] inhibiting
the activity of NF-kB; [2] inhibiting the phosphorylation of IkBa

and avoiding its ubiquitination degradation; [3] inhibiting DNA
binding activity of NF-kB. Among these targets, IKKB, one catalytic
subunit of the IKK complex, is considered to be one of the most
potent and selective drug targets, because phosphorylation of IkB
by activated IKKp is a prerequisite for ubiquitination degradation
of IkBa and releasing of NF-kB into nuclear [6, 13, 14].

However, the underlying mechanisms for abnormal activation
of NF-kB in LUAD are not completely understood. Growing
evidence suggests that IncRNAs also participate in the dysregula-
tion of NF-kB signaling. Krawczyk et al. identified IncRNA PACER
promoting the transcription of COX2 gene by directly replacing
p50/p50 dimer with activated p50/p65 dimer on the COX2 gene
promoter [15]. Liu et al. found IncRNA NKILA binds to p65/IkBa to
inhibit the phosphorylation of IkBa and p65 activation [16]. Zhang
et al. found IncRNA BANCR was increased in gastric cancer and
could inhibit apoptosis by inhibiting p50 expression [17]. These
studies highlighted that IncRNAs play important roles in over-
activation of NF-kB signaling pathway in tumors. Although IKKp is
a key link in the activation of the canonical NF-kB signaling
pathway, the regulatory effect of IncRNA on its expression or
activity remains rescue. In this study, we screened a novel IncRNA
IKBKBAS in LUAD tissues and investigated the role of IKBKBAS in
LUAD development. Ultimately, we studied the mechanism of
how IKBKBAS regulates IKKB and consequentially activates NF-kB.
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Fig. 1 IKBKBAS is upregulated both in LUAD tissues and cells along with the upregulation of IKKB and activation of NF-kB. A Validation
and correlation of the IKBKBAS and IKKB expression in LUAD specimens compared to their adjacent normal tissues by gRT-PCR analysis.
B Partial results of western blotting on IKKp expression in LUAD tissues compared to their adjacent normal tissues. C Basal expression of
IKBKBAS and IKKf in LUAD cell lines A549, H1299, H1650, HCC827, and normal cell lines BEAS-2B examined by qRT-PCR analysis. D Basal
expression of IKBKBAS in LUAD cell lines A549, H1299, H1650, HCC827, and normal cell lineBEAS-2B examined by northern blotting. E Basal
expression of IKKB in LUAD cell lines A549, H1299, H1650, HCC827, and normal cell line BEAS-2B examined by western blotting. F Basal NF-xB
activity in LUAD cell lines A549, H1299, H1650, HCC827, and normal cell line BEAS-2B showed by EMSA. G Luciferase reporter assay performed
in LUAD cell lines A549, H1299, H1650, HCC827, and normal cell line BEAS-2B. Data show mean +S.E.M., n > 3, *P < 0.05, **P < 0.01, ***P < 0.01.

RESULTS
A novel IncRNA IKBKBAS is upregulated in LUAD, along with
the upregulation of IKKB and activation of NF-kB
LncRNA array was used to identify differential expression profiles of
IncRNA and mRNA between 3 pairs of LUAD tissues in stage | and
corresponding adjacent normal tissues. 1240 IncRNAs and 1066
mRNAs were significantly dysregulated (fold change =2.0, p < 0.05)
(Figs. S1A, S1B). Interestingly, we found that the RP11-231D20.2
was upregulated with a 3.88-fold (Supplementary Table 1). RP11-
231D20.2 locates in the antisense strand of IKBKB gene promoter,
and the microarray data suggested that the aberrant upregulation
of RP11-231D20.2 was along with the 2.21-fold increased expres-
sion of IKKB mRNA (produced by IKBKB gene) (Supplementary
Table 2) as well as the activation of NF-kB signaling pathway (Fig.
S10). Hence, we named the RP11-231D20.2 as IKBKBAS. And we
identified that IKBKBAS was a 661 nucleotides transcript with poly
(A) tail (Fig. S1D) that is identical to LOC101929897 (NR_125823.1,
validated) in GeneBank (Fig. STE). Typical protein-coding ORFs
longer than 300 nt did not exist in IKBKBAS according to RegRNA
2.0 (http://regrna2.mbc.nctu.edu.tw/index.html) analysis (Fig. S1F).

Then, we validated the expression levels of IKBKBAS and IKKp in
29 paired LUAD samples with adjacent normal tissues. The results
showed that IKBKBAS and IKK( were both significantly increased
in tumor group. The expression of IKBKBAS and IKKB was
positively correlated (Fig. 1A). The protein expression of IKKB
was also increased in tumor tissue (Fig. 1B). Otherwise, the
IKBKBAS and IKK( expression level was significantly increased in
LUAD cell lines compared with those in normal cell lines BEAS-2B
(Fig. 1C-E). Extremely high level of IKBKBAS and IKKB was
detected in HCC827, whereas relatively low level presented in
A549 cells, thereby we chose these two LUAD cell lines for the
following study.

Considering IKKB is essential for NF-kB activation [18, 19], we
further investigated the basal NF-kB activity in the above 4 LUAD
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cell lines and BEAS-2B cells. The results of EMSA also displayed
that NF-kB activity was significantly higher in the 4 kinds of LUAD
cell lines compared with that in BEAS-2B cells. The upregulating
tendency is correspondence with the expression level of IKBKBAS
and IKKB (Fig. 1F). Consistently, dual-luciferase activity assay
results also showed similar increasing tendency of NF-kB activity
in A549, H1299, H1650, and HCC827 cells compared with that in
normal cells BEAS-2B (Fig. 1G), conforming a positive correlation
between IKBKBAS expression and NF-kB activity.

IKBKBAS promotes LUAD proliferation and metastasis

The results of MTT, EdU assays, and plate colony formation assay
indicated that ectopic IKBKBAS expression increased proliferation
of A549 cells. Conversely, knockdown of IKBKBAS reduced the
proliferation of HCC827 cells (Fig. 2A-C). Furthermore, transwell
assays demonstrated that IKBKBAS overexpression promoted
invasion and metastasis capability of A549 cells, whereas IKBKBAS
knockdown inhibited invasion and metastasis capability of
HCC827 cells (Fig. 2D). The similar results were shown on
H1299 cells (Fig. S2). In addition, tail vein metastasis showed
that IKBKBAS could promote lung cancer metastasis (Fig. 2E, F).
Collectively, these in vitro and in vivo results highlighted the
functional significance of IKBKBAS-promoted malignant progres-
sion of LUAD.

IKBKBAS is a positive regulator of NF-kB signaling pathway

As shown in Fig. 3A-D, ectopic expression of IKBKBAS in A549
cells significantly increased the IKKB expression at both mRNA
and protein level as well as phosphorylation of IKK( (p-IKKB) and
IkBa (p-IkBa). On the contrary, IKBKBAS knockdown in HCC827
cells led to decrease in the level of IKKB expression as well as IKKf
and IkBa phosphorylation. Meanwhile, the results of EMSA also
showed ectopic expression of IKBKBAS in A549 cells significantly
enhanced NF-kB activity, whereas IKBKBAS knockdown in HCC827
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Fig.2 IKBKBAS promoted LUAD cells proliferation and metastasis in vitro and in vivo. Overexpression of ectopic IKBKBAS in A549 cells and
knockdown of IKBKBAS in HCC827 cells were carried out for MTT assays (A), EAU assays (B), plate colony formation assays (C), transwell assays
(D). A, B The effect of IKBKBAS on LUAD cell proliferation was evaluated by MTT assays and EdU assays. C The effect of IKBKBAS on colonizing
ability was determined by plate colony formation assays. D The effect of IKBKBAS on invasion and migration ability was evaluated by transwell
assays. E Luminal imaging of tumors in nude mice at 44 day following tail vein injection of IKBKBAS/IKBKBAS-AS and luciferase- expressing
A549 cells were detected via a novel in vivo |mag|ng system following luciferin injection. The red circle indicated the photon intensity in the
mouse (x10% mean + SD, n = 10). F Luminal imaging for Iung metastasis of A549 xenografts stably expressing IKBKBAS or IKBKBAS-AS. The red
circle indicates the photon intensity in the mouse (x10°, mean + SD, n = 10). Data show mean +SD, n > 3, *P < 0.05, **P < 0.01, ***P < 0.001.
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IKBKBAS were assayed by qRT-PCR. B Western blot analysis for the expression of IKKB, p-IKKp, IkBa, and p-lkBa in A549 cells with ectopic
expression of IKBKBAS. C The relative expression of IKKp in HCC827 cells with knockdown of IKBKBAS assayed by qRT-PCR. D Western blot
analysis for the expression of IKKp, p-IKKB, IkBa, and p-IkBa in HCC827 cells with knockdown of IKBKBAS. E Activity of NF-kB in A549 cells with
ectopic expression of IKBKBAS and activity of NF-kB in HCC827 cells with knockdown of IKBKBAS were detected by EMSA. F The relative
expression of target genes of NF-kB were assayed by gRT-PCR in A549 cells, including IL-1a/6/8, MMP9/2, c-myc, CCL20. The A549 cells were
treated with ectopic expression of IKBKBAS, and with treatment of NF-kB inhibitor PDTC and IKKp inhibitor TPCA-1, respectively. G MTT assay
showing the effect of IKBKBAS on cell proliferation in A549 cells with PDTC or TPCA-1 treatment. H Plate colony formation assays showing the
effect of IKBKBAS on colonizing ability in A549 cells with PDTC or TPCA-1 treatment. | Transwell assays exhibited the effect of IKBKBAS on
invasion and migration ability in A549 cells with PDTC or TPCA-1 treatment.Data show mean £ SD, n > 3, *P < 0.05, **P < 0.01, ***P < 0.001. si-1:
si-288; si-2: si-449; si3: si-288+-si-449.
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Fig. 4 Cytoplasmic IKBKBAS upregulates IKKB at post-transcriptional level. A Confocal FISH images showing cytoplasmic localization of
IKBKBAS in A549, H1299, and HCC827 cells, respectively. The nuclei were stained with DAPI, U6 snRNA, and 18S rRNA was used as a nuclei and
cytoplasmic marker, respectively. IKBKBAS-AS were used as negative control. Scale bar: 10 um. B Cell nuclear/cytoplasmic fractionation and
gRT-PCR assay showing the cellular distribution of IKBKBAS in A549, H1299, and HCC827 cells, respectively. U6 and GAPDH were used as
separation quality standards and endogenous controls. C The kinetics of IKKB mRNA in A549, H1299, and HCC827 cells treated with Act-D
were assayed by qRT-PCR, respectively. D The kinetics of IKKB mRNA in A549 cells with ectopic IKBKBAS expression and Act-D treatment were
assayed by qRT-PCR. E Luciferase reporter assay showing the effect of IKBKBAS on promoter activity of IKBKB gene in A549 cells with ectopic
expression of IKBKBAS. F Luciferase reporter assay showing the effect of IKBKBAS on promoter activity of IKBKB gene in HCC827 cells with

knockdown of IKBKBAS expression.

cells led to reduced NF-kB activity (Fig. 3E). The above
experiments were also performed in H1299 cells and presented
similar tendency (Fig. S3). The functional positive regulator of
IKBKBAS on NF-kB signaling was further illustrated by rescue
experiments. IKBKBAS overexpression in A549 cells resulted in
correspondingly upregulation or downregulation of NF-kB target
genes, including IL-1a/6/8, MMP9/2, c-myc, CCL20, respectively.
Expectedly, all these regulation effects were attenuated by
treatment with NF-kB inhibitor PDTC or IKKB inhibitor TPCA-1
(Fig. 3F). Moreover, as shown in Fig. 3G-I, enhanced proliferation,
invasion, and metastasis abilities of A549 cells caused by IKBKBAS
overexpression were attenuated by PDTC or TPCA-1 treatment.
Collectively, the results above suggested that the carcinogenesis
role of IKBKBAS in LUAD cells was mediated, at least in part, by
activating NF-xB signaling.

Cell Death and Disease (2021)12:1004

Cytoplasmic IKBKBAS upregulates IKKB at post-transcriptional
level

Given the critical role of IKBKBAS in NF-kB signaling activation, we
then sought to explore the underlying molecular mechanism by
which IKBKBAS upregulated IKK(B. We first used confocal micro-
scopy for RNA FISH to verify the subcellular location of IKBKBAS
and found it located primarily in the cytoplasm (Fig. 4A). The
cytoplasmic IKBKBAS was further confirmed by nuclear/cytoplasm
fractionation (Fig. 4B and Fig. S4). To investigate the underlying
mechanism of IKBKBAS upregulating IKKB, we then examined the
half-life of IKKB mRNA in LUAD cells. The results indicated that
half-life of IKKB mRNA in A549, H1299, and HCC827 was about 3.4,
8.0, 104 h (Fig. 4Q), respectively, presenting positive correlation
with IKKB expression level of each cell. Moreover, ectopic
expression of IKBKBAS extended half-life of IKKB mRNA from 3.4

SPRINGER NATURE
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western blot. E Schematic representation of the predicted MREs for miR-4741 on IKBKBAS or IKKB 3’UTR, and the site mutagenesis design for
the luciferase reporter. F Luciferase reporter assay confirmed the interaction between miR-4741 and IKBKBAS or IKKp 3'UTR in A549 and
HCC827 cells. A549 and HCC827 cells were co-transfected with miR-4741 mimic or miR-4741 inhibitor and pMIR-IKBKBAS-wt/mut or pMIR-
IKKB-3’UTR-wt/mut plasmids. miR-NC mimics or miR-NC inhibitor were also transfected as control. Transfected cells were harvested after 48 h
and subjected to luciferase activity assay. G The association among IKBKBAS, miR-4741, IKKB 3’UTR, and AGO2 was ascertained by RNA pull-
down assay using A549 cell lysates. Left: Detection of miR-4741 by qRT-PCR in the sample pulled down using biotinylated IKBKBAS and
IKBKBAS-AS (negative control) probes; middle: Detection of miR-4741 by qRT-PCR in the sample pulled down using biotinylated IKKp 3'UTR
and IKKB 3'UTR-AS (negative control) probes; right: Detection of AGO2 by western blot in the sample pulled down using biotinylated IKBKBAS
and IKBKBAS-AS (negative control) probes. H The association between IKBKBAS and Ago2 was ascertained by RIP assay using A549 cell lysates
with an AGO2 antibody. The anti-SNRNP70 and IgG were used as positive and negative control, respectively. Left: gRT-PCR result;
right: RT-PCR result (lane M: marker; lanes 2-4: IKBKBAS fragment, 208 bp; lane 1, 5: UT snRNA,118 bp). Data show mean +S.EM., n>3,
*P < 0.05, **P < 0.01, ***P < 0.001.
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to 9.4 h in A549 cells (Fig. 4D). Furthermore, the results of dual-
luciferase activity assay indicated that neither IKBKBAS over-
expression nor IKBKBAS silencing exerted influence on promoter
activity of IKBKB gene (IKKB) (Fig. 4E, F), suggesting that IKBKBAS
upregulates IKKB via stabilizing the IKKB mRNA. Based on the
results above, we surmised that IKBKBAS may be a ceRNA for
IKKB mRNA.

IKBKBAS competes for binding of miR-4741 with IKKB mRNA
To screen miRNAs targeting both IKBKBAS and IKKB mRNA, we
searched potential miRNA response elements presented in
IKBKBAS and IKKB 3’UTR using RegRNA2.0, TargetScanHuman
7.1 (http://www.targetscan.org/vert_71/), and miRBD (http://
mirdb.org/), respectively. The overlap of screening results
revealed that miR-4741 maybe could target both IKBKBAS and
IKKB mRNA (Fig. 5A). Thereafter, we performed gRT-PCR to
compare the expression levels of miR-4741, IKBKBAS, and IKKf
between A549 cells and HCC827 cells. Compared to the
significant high expression level of IKBKBAS and IKKB in
HCC827, miR-4741 level was downregulated expression between
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these two cell lines (Fig. 5B). This result suggested that increased
IKBKBAS sponged more miR-4741 and thus resulted in upregula-
tion of IKKB. Further, the results of qRT-PCR and western blot
indicated that miR-4741 silencing in A549 cells significantly
increased the expression of IKBKBAS and IKK(B, whereas over-
expression of miR-4741 in HCC827 cells decreased the expression
of them (Fig. 5C, D). Meanwhile, the reporter gene assays
displayed that overexpression of miR-4741 significantly repressed
the luciferase activity of the luciferase fused to IKBKBAS (luc-
IKBKBAS) or IKKB-3’ UTR (luc-IKKB-3’ UTR) in both A549 and
HCC827 cells. However, miR-4741 silencing resulted in upregula-
tion of luciferase activity, suggesting the binding of miR-4741 to
both IKBKBAS and IKK(B-3" UTR (Fig. 5E, F). Moreover, IncRNA pull-
down assays and gRT-PCR were conducted to verify the direct
interaction between miR-4741 and IKBKBAS or between miR-4741
and IKKB 3’ UTR. In parallel, the RNA-protein complexes were
subjected to western blot with Anti-Ago2. The result confirmed
that the IKBKBAS was involved in the formation of RNA-induced
silencing complex (RISC) (Fig. 5G). To further confirm the
involvement of IKBKBAS in RISC, we performed RIP, and found
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Fig. 7 Reciprocal positive regulation between IKBKBAS and NF-kB. A Schematic representation of the predicted binding sites for NF-kB on
IKBKBAS promoter for ChIP assay. B Luciferase reporter assay showing the relative promoter activity of IKBKBAS in A549 cells treated with
TNFa 40 ng/ml for 12, 24 h, respectively. C The expression of IKBKBAS in A549 cells treated with TNFa 40 ng/ml for 12, 24, 48 h was detected by
qRT-PCR, respectively. D Expression of IKBKBAS detected in A549 cells and HCC827 cells with treatment of PDTC (10, 20, 40 pM) for 60 min,
120 min by gRT-PCR. E The interaction between p65 and two kB sites on IKBKBAS promoter were assayed by ChIP experiments. The anti-p65
or IgG antibody (negative control) or anti-RNA pol Il (positive control) in A549 cells and HCC827 cells treated with TNFa (40 ng/ml) for 12 h
were performed. Left: the RT-PCR results (lane M: marker; lanes 1-3 & 5-7: IKBKBAS promoter DNA fragment containing 2 kB sites, 161 bp; lane
4: GAPDH promoter DNA fragment: 166 bp); right: qRT-PCR results. Y axis represents the % input of the promoter fragments captured by the
two different antibodies. Data show mean £ S.E.M., n >3, *P < 0.05, **P < 0.01, ***P < 0.001.

robust enrichment of IKBKBAS in the anti-Ago2 antibody-
interacting RNA fraction compared to IgG control (Fig. 5H).

Downregulation of miR-512-5p targeting IKBKBAS in LUAD
cells results in upregulation of IKBKBAS expression

To explore the causes of the high expression of IKBKBAS in LUAD
cells, we first measured the half-life of IKBKBAS in A549, H1299,
and HCCB827 cells, respectively. The half-life of IKBKBAS is much
longer in HCC827 cells (14.5 h) than that in A549 cells (6.6 h)
upon transcriptional inhibition by Act-D, while half-life of
IKBKBAS in H1299 (9.3 h) is between that in HCC827 and A549
(Fig. 6A). This result consisted with the expression level of
IKBKBAS and basal activity of NF-kB among the three cell lines,
suggesting that the abnormal upregulation of IKBKBAS may take
place at the post-transcriptional level. Thereby, we detected
miRNAs only targeting to IKBKBAS but not IKKB in A549 cells and
HCC827 cells. gRT-PCR analysis indicated that the expression of
miR-512-5p and miR-486-3p was dramatically decreased in
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HCC827 cells compared to that in A549 cells (Fig. S5A). It is
reported that miR-512-5p is a tumor suppressor and significantly
downregulated in NSCLC patient tumor samples compared to
that in paired normal lung tissues [20, 21]. Also, we found that
miR-512-5p was much more highly expressed in A549 than that
in HCC827 cells (Fig. 6B). Then gain/loss of function analysis
showed that knockdown of miR-512-5p downregulated the miR-
4741 in A549 cells, while upregulating IKBKBAS and IKKf
expression in A549 and H1299 cells. In parallel, overexpression
of miR-512-5p in HCC827 cells upregulated the miR-4741, but
decreased IKBKBAS and IKKpB (Fig. 6C, D; Fig. S5C, D). However,
the knockdown or overexpression of miR-486-3p almost had
little effect on expression of IKBKBAS, or IKKB (Fig. S5B). To verify
whether the upregulation of IKBKBAS in LUAD cells resulted from
the significant downregulation of miR-512-5p, we performed the
dual-luciferase activity analysis and miRNApull-down assays.
Both the results displayed the direct interaction between miR-
512-5p and IKBKBAS (Fig. 6E-G).
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Reciprocal positive regulation is existed between IKBKBAS
and NF-kB

By analyzing the sequence across IKBKBAS promoter using
TRANSFEC4.0  (http://gene-regulation.com/pub/databases.html),
two potential kB enhancer elements were found (Fig. 7A).
Furthermore, results of dual-luciferase activity assay displayed
that TNF-a treatment significantly enhanced the promoter activity
of IKBKBAS in A549 cells (Fig. 7B). Hence, we suspected that NF-kB
also is implicated in the regulation of IKBKBAS expression. To
prove this hypothesis, we detected IKBKBAS expression level after
activating NF-kB by TNF-a or inhibiting NF-kB activity by PDTC.
gRT-PCR analysis showed that the expression of IKBKBAS was
increased when cells were treated with TNF-a while decreased
when treated with PDTC (Fig. 7C, D). To confirm these results, we
designed primers to amplify 161 bp segments spanning both
predicted kB binding sites and performed ChIP assays to examine
whether NF-kB can directly bind to the two sites on IKBKBAS
promoter. The results showed that p65 was recruited to kB sites
with or without TNF-a treatment, whereas occupancy of the kB
sites was markedly increased upon TNFa stimulation for 12 h (Fig.
7E). These observations suggest that IKBKBAS is a potent NF-kB
transcriptional target, and there is a positive feedback loop
existing between IKBKBAS expression and NF-kB activating.

DISCUSSION

Deregulated activation of NF-kB is widespread in human cancers
include LUAD [22]. Considering that there are few mutations
affecting the functions of NF-kB and its regulatory IkB subunits,
the abnormally high activity of NF-kB is largely due to regulatory
network dysfunction of its own signaling pathway [23, 24]. The
regulation of NF-kB signaling pathway by miRNAs and proteins
has been extensively studied [25, 26]. During last 5 years,
increasing evidence indicated that NF-kB signaling was also
regulated directly or indirectly by IncRNAs, including NKILA,
HOTAIR, MALAT1, BANCR, GAS5, HOXA-AS2, FAM3D-AS1, TP73-
AS1, and Inc-DILC, etc. [17, 16, 27-34,]. Therefore, NF-kB signaling
regulation is based on a complex network consisted of numerous
proteins and non-coding RNAs via intermolecular interaction. It is
a reasonable to infer that there may be other IncRNAs involved in
this regulation network for NF-kB signaling.

Our results showed that a novel IncRNA, IKBKBAS, was
upregulated along with IKKB upregulation as well as NF-«kB
signaling enhancing in LUAD. IKBKBAS locates in the antisense
strand of IKBKB promoter region, which belongs to antisense
IncRNAs subclass as well as so-called natural antisense RNA
transcripts (NAT) [35, 36]. NATs carry out a wide variety of
biological roles that are important for the normal functioning of
living cells mainly by affecting the expression of its sense partner,
and their dysfunctions can lead to the development of diseases
including cancer [36-39]. Therefore, we inferred that IKBKBAS
positively regulates the expression of IKKB and thus plays an
important regulatory role in NF-kB signaling. To verify this
assumption, we performed gain-of-function and loss-of-function
analysis in LUAD cells. The results of a following serious of
functional assays indicated that IKBKBAS promotes LUAD cells
proliferation, invasion and metastasis in vitro. Furthermore, tail
vein metastasis assay with nude mice demonstrated that IKBKBAS
increases metastasis activity of LUAD cell in vivo. Collectively,
IKBKBAS may function as an oncogenic IncRNA in LUAD. The
oncogenic function of IKBKBAS is mediated by activating NF-kB
signaling pathway via upregulating IKKf{.

The majority of NATs modulate expression of their sense
partners by diverse transcriptional and post-transcriptional
regulatory mechanisms [38]. IKBKBAS is possible a cytoplasmic
IncRNA because it has a poly(A) tail which is essential for nuclear
export and cytoplasmic function [40-42]. This was demonstrated
by RNA FISH, subcellular fractionation assay, and gqRT-PCR. Further,
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we observed that the half-life of IKKB mRNA in A549, H1299, and
HCC827 cells increased, consistent with their increased IKBKBAS
expression level. Moreover, overexpressed IKBKBAS in A549 cells
can extend the half-life of IKKB mRNA, but has no significant effect
on promoter activity of IKBKB gene, suggesting that it upregulates
IKKB at the post-transcriptional level. There may be two possible
molecular mechanisms: IKBKBAS either work through direct
RNA-RNA interactions to form duplex RNA masking MREs on
the target RNA, or function as a miRNA sponge [38, 43]. Since the
IKBKBAS gene locates in the antisense strand of promoter region
of IKBKB, it has no complementary overlap with the mature IKK3
mRNA. We inferred that IKBKBAS functions as miRNA sponge for
IKKB mRNA. Through bioinformatics analysis and gain or loss of
function assays, we found that the abnormally overexpressed
IKBKBAS, as a molecular sponge, enhances the stability of IKKB
mRNA by competing with IKKB to bind to miR-4741, resulting in
enrichment of IKKB and consequently activation of IKKB via trans
auto-phosphorylation [44] in LUAD, finally activating NF-kB.

Subsequently, we explored the mechanism underlying abnor-
mal upregulation of IKBKBAS in LUAD. We found that miR-512-5p
was significantly decreased in both HCC827 cells and H1299 cells
compared to A549 cells, consistent with observation by other
researchers [20, 45], but negatively correlated with the expression
level of IKBKBAS. In addition, all the data suggest miR-512-5p
downregulates IKBKBAS, which further increase the expression of
IKKB by competitively binding to the miR-4741. The miR-512-5p is
a known tumor suppressor miRNA and is observed downregulated
in a variety of human carcinomas including LUAD [20, 21, 45-49].
For instance, Chu et al. reported that miR-512-5p promoted
apoptosis, and inhibited glycolysis in LUAD cells by targeting p21
[20]. And Wang et al. also found miR-512-5p attenuating A549
cells migration by targeting beta-catenin [45]. Taken together with
our results, the inhibition of migration by miR-512-5p might be at
least partly mediated through indirectly activating NF-kB signaling
by targeting IKBKBAS. Several studies reported that downregula-
tion of miR-512-5p in cancers was most largely due to
hypermethylation of CpG islands in promoter region of miR-512
[21, 48, 501.

The data accumulated so far implicated that, regulators like
protein, miRNA, and IncRNA for NF-kB signaling can also be
induced by NF-kB inducing stimuli and thus are involved in the
feedback regulation [51]. Similarly, we found that IKBKBAS
promoter also contains two kB elements by software scanning.
As expected, TNFa stimulation can increase the transcriptional
activity of IKBKBAS, while treatment with the p65 inhibitor PDTC,
has an opposite effect. Furthermore, ChIP assay demonstrated that
p65 directly bound the two kB sites within promoter of IKBKBAS.
Thus, there was a positive feedback loop between activating NF-
kB and IKBKBAS expression.

In conclusion, we identified a novel IncRNA IKBKBAS localized in
the opposite DNA strand in the promoter of IKBKB. IKBKBAS
functions as ceRNA by competing with IKKB mRNA for sponging
miR-4741, leading to upregulation and activation of IKKB, and finally
resulting in the activation of NF-kB signaling pathway. The abnormal
upregulation of IKBKBAS in LUAD cells is due to the repressed
expression of miR-512-5p caused by its promoter methylation.
Furthermore, the activated NF-kB binds to the kB sites within
promoter of IKBKBAS resulting in transcriptional activating of
IKBKBAS, forming a positive feedback loop between IKBKBAS and
NF-kB. These findings verified the importance of IKBKBAS in
promoting LUAD development and progression, and IKBKBAS may
be a promising molecular target for the treatment of LUAD.

MATERIALS AND METHODS

Reagents

Recombinant human TNF-a (210-TA/CF) was purchased from R&D Systems
(Minneapolis, MN, USA). Ammonium pyrrolidinedithiocarbamate (PDTC)
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were purchased from Abcam (Cambridge, UK). TPCA-1 (GW683965) was
purchased from Selleck (Shanghai, China). Lipofectamine3000, Bio-16-UTP,
Streptavidin agarose beads, and TRIzol reagent were purchased from
Thermo Fisher Scientific Life Sciences (Waltham, MA, USA). Actinomycin D
(Act D) was purchased from Sigma-Aldrich (St Louis, MO, USA). Protease
Inhibitor Cocktail tablets were purchased from Roche (Basel, Switzerland).
Phosphatase inhibitor was purchased from Solarbio Science & Technology
Co. (Beijing, China). The fluorescence-labeled probes for IncRNA fluores-
cence in situ hybridization (FISH) assays, miRNA mimics/inhibitors and
miRNA primers were obtained from RiboBio Co. Ltd (Guangzhou, China).

Tissue specimens

A total of 29 pairs of fresh LUAD and adjacent normal tissue specimens
were obtained from Qilu Hospital of Shandong University (Jinan, China). All
patients were treatment naive before surgery. Our study was approved by
the Institute’s Research Ethics Committee of Qilu Hospital Shandong
University (KYLL-2017(KS)-118) and conducted in accordance with ethical
guidelines of the World Medical Association Declaration of Helsinki.
Informed consent was written by all patients prior to this study.

Plasmid construction and establishment of stable cell lines
The IKBKBAS expression plasmid and its control, pcDNA3.1(+)-IKBKBAS
and pcDNA3.1(+)-IKBKBAS-AS (antisense chain of IKBKBAS), were pro-
duced by inserting IKBKBAS cDNA into pcDNA3.1(+) plasmid bidirection-
ally as well as pcDNA3.1(+)-IKKB 3'UTR and pcDNA3.1(+)-IKKB 3'UTR-AS.
The luciferase reporter gene plasmids, pGL4.10-pIKBKB and pGL4.10-
pIKBKBAS, were constructed by amplifying IKBKB promoter DNA (1155 bp;
—750/+405) and IKBKBAS promoter DNA (440 bp; —418/4-22) using the
Prime STAR HS DNA Polymerase (Takara, Tokyo, Japan), then inserting into
pGL4.10 [luc2] Vector, respectively. In addition, fragments containing the
binding sites (wild type or mutant) for miR-4741 in IKBKBAS and IKKp 3’
UTR, or miR-512-5p in IKBKBAS were synthesized by Biosune Biotechnol-
ogy CO. Ltd (Shanghai, China) and subcloned into the pMIR-Report
Luciferase Vector to generate pMIR-IKBKBAS wt/mut (4741), pMIR-IKBKBAS
wt/mut (512), and pMIR-IKKB 3’UTR wt/mut, respectively.

Cell culture and transfection

Human lung normal epithelial cell line BEAS-2B, LUAD cell lines A549,
HCC827, H1299, and NCI-H1650 were provided by Cell Bank (CAS). All the
cells were cultured with appropriate media and supplemented with 10%
fetal bovine serum (BI, Israel). All cells were maintained in a humidified 5%
CO, atmosphere at 37 °C. Cells were transiently transfected with miRNA
mimics/inhibitor, siRNA (GenePharma, Shanghai, China), plasmids and the
corresponding control using Lipofectamine3000 following the manufac-
turer's recommendations. Transfection efficiency was confirmed by gRT-
PCR as well as western blotting assays. Sequences or ID numbers of miRNA
mimics/inhibitor and siRNAs used in this study were given in Supplemen-
tary Table 3.

RNA extraction and quantitative real-time PCR (qRT-PCR)
RNA extraction and qRT-PCR were performed according to the manufac-
turer's instructions. TRIzol reagent was applied for total RNA extraction.
First-strand cDNA was synthesized using RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific). gRT-PCR analysis was performed
using SYBR’Premix Ex Taq™ (Takara) with Bio-Rad CFX96 Touch Real-time
PCR Detection System (Bio-Rad, Berkeley, CA, USA). For detecting miRNA
expression, reverse transcription and qPCR assays were performed using
Bulge-Loop miRNA qRT-PCR Starter Kit with Bulge-Loop™ miRNA Primer
Set (RiboBio) according to the manufacturer’s instructions. B-actin and U6
were used as an endogenous control for mRNA and miRNA, respectively.
Sequences of primers used were given in Supplementary Table 3.

Western blot analysis and antibodies

Tissues or cells were lysed in RIPA buffer (Thermo Fisher Scientific)
supplemented with protease and phosphatase inhibitors. The detailed
steps are similar to a previous study [52]. Antibodies used in this study
include anti-IKKB, anti-P-IKKB, anti-lkBa, anti-P-IkBa, anti-GAPDH, anti-
B-actin, anti-H3, and others. More information about antibodies were listed
in Supplementary Table 3.
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Northern blotting

Total RNA was isolated from BEAS-2B and LUAD cells using RNeasy® Mini
Handbook (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. 3’-end-DIG-labeled IKBKBAS and (-actin probes were synthe-
sized by Sangon Biotech (Shanghai, China). The detailed steps are similar
to a previous study [53]. The sequences of DIG-labeled IKBKBAS and {-actin
probes are listed in Supplementary Table 3.

Dual-luciferase assay

Dual-luciferase assay was performed as previously described [54]. Briefly,
cells transfected with indicated plasmids or miRNA mimics/inhibitor were
harvested and subjected to luciferase reporter assay using the Dual
Luciferase Assay Reporter System according to the manufacturer's
instructions (Promega, Madison, WI, USA).

Electrophoretic mobility shift assays (EMSA)

EMSA was performed using the DIG Gel Shift Kit, 2nd Generation (Sigma-
Aldrich), and according to the methods described in our previous study
[55]. Nuclear protein was extracted from BEAS-2B and LUAD cells by
Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime). NF-kB probes
was synthesized by Sangon Biotech. The sequences of EMSA DNA probes
are listed in Supplementary Table 3.

MTT assays

Cells were transfected for 24 h and then were seeded in a 96-well plate in a
density of 5x 10® cells/well. 24, 48, 72, and 96 h later, the cells were co-
incubated with 10l 5mg/ml MTT solution (Sigma-Aldrich) for 4h.
Thereafter, 100 ul DMSO was added to dissolve the formazan crystal after
removing supernatant. The cell viability was then detected by reading the
As7o value normalizing to non-treated cells. All assays were performed in
triplicate.

Transwell migration and invasion assays

Cells were seeded into Transwell migration chambers with a pore size of
8 um (Corning, New York, NY, USA). The upper chamber was either left
uncoated for the migration assay or precoated with 50 pl of 1:8 diluted
Matrigel (Corning) for the invasion assay. All these experiments were
performed in triplicate.

Plate colony formation assays

Plate colony formation assays were performed in six-well culture plates.
Treated cells were seeded at a density of 4 x 10%/well. The cells were
incubated at 37°C for 2 weeks and then washed three times with PBS
before fixing and staining with Giemsa Stain Solution. The number of
colonies containing =50 cells was counted using a microscope.

EdU assays
Cell proliferation was determined using the Cell Light™ EdU Apollo567 In
Vitro Kit (RiboBio) following the manufacturer’s instructions.

Tail vein metastasis assays

Male BALB/c nude mice (5 weeks, 18-20 g) were obtained from Shanghai
Lingchang Biological Technology Co., Ltd (Shanghai, China). Twenty mice
were randomly assigned to two groups (10 mice/group). To generate
organ metastases, a total of 2 x 10° A549"U<KBKBAS . A54gIUE-IKBKNAS-AS (||
suspended in 100 pl serum-free medium were injected intravenously into
mice through tail vein. After intraperitoneal injection of D-Luciferin (15 mg/
mL) at 8, 14, 23, 30, 37, and 44 days, metastasis effect of IKBKBAS on cells
was assessed by dynamically detecting luciferase-mediated biolumines-
cence signals using a small animal in vivo imaging system (Perkin Elmer,
Waltham, MA, USA). At 44 day, mice were sacrificed, and the lungs were
isolated for examination of bioluminescence signals.

RNA stability assays

LUAD cells were plated into 35 mm dish, treated with 5 ug/ml Act D for
0-24 h, respectively. The total RNAs were then extracted by TRIzol at
indicated time points and analyzed by qRT-PCR.

Cell Death and Disease (2021)12:1004



IncRNA fluorescence in situ hybridization (FISH)

The RNA FISH assay was performed in cells with the FISH Kit (RiboBio)
according to the manufacturer’s protocol. All detailed information for
probes were listed in Supplementary Table 3.

Subcellular fractionation

The separation of the nuclear and cytosolic fractions was performed with a
PARIS™ Kit (Thermo Fisher Scientific) following the manufacturer's
instructions. U6 were used as endogenous controls for the nucleus,
whereas GAPDH for the cytoplasm. The sequence of primers used for PCR
are listed in Supplementary Table 3. Cytoplasmic GAPDH and nuclear H3
were also detected by western blot as quality control.

RNA pull-down assay

pcDNA3.1(+)-IKBKBAS, pcDNA3.1(+)-IKBKBAS-AS, pcDNA3.1(+)-IKKB 3’
UTR, and pcDNA3.1(+)-IKKB 3'UTR-AS were linearized with the correspond-
ing restriction enzymes that were used to clone the cDNAs at the 3’ end to
prepare the template DNAs for in vitro transcription. The detailed steps are
similar to a previous study [56].

RNA-binding protein immunoprecipitation (RIP)

The RIP assays were performed using EZ-Magna RIP™ RNA-Binding Protein
Immunoprecipitation Kits (Millipore) according to the manufacturer’s
instructions. The gene-specific primers for IKBKBAS were listed in
Supplementary Table 3.

Chromatin immunoprecipitation (ChiIP)

A549 and HCC827 cells were treated with 40 ng/ml TNF-a (Peprotech, New
Jersey, USA) for 12 h. The ChIP assay was carried out using EZ-Magna ChlIP
A/G (Millipore) with anti-p65 antibody. Normal mouse IgG and anti-RNA
Polymerase Il was used as negative control and positive control,
respectively. The target DNA fragments were detected by qPCR. The PCR
products were also displayed by agarose gel electrophoresis. The primers
used to detect target DNA fragments as well as antibody were listed in
Supplementary Table 3.

Statistical analysis

All data were statistically analyzed using GraphPad Prism 7 software (San
Diego, CA, USA). Analysis of the differences between the two groups was
determined by Student’s t-test. The correlation between IKBKBAS levels
and IKKB was assessed using Spearman'’s correlation coefficient. A p value
of <0.05 was considered statistically significant.

DATA AVAILABILITY
The datasets generated and/or analyzed during the current study are available from
the corresponding author on reasonable request.

REFERENCES

1. Castillo J, Stueve TR, Marconett CN. Intersecting transcriptomic profiling tech-
nologies and long non-coding RNA function in lung adenocarcinoma: discovery,
mechanisms, and therapeutic applications. Oncotarget. 2017;8:81538-57.

2. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;100:57-70.

3. Ciuffreda L, Incani UC, Steelman LS, Abrams SL, Falcone |, Curatolo AD, et al.
Signaling intermediates (MAPK and PI3K) as therapeutic targets in NSCLC. Curr
Pharm Des. 2014;20:3944-57.

4. Akgun S, Kucuksayan H, Ozes ON, Can O, Alikanoglu AS, Yildiz M, et al. NF-
kappaB-induced upregulation of miR-548as-3p increases invasion of NSCLC by
targeting PTEN. Anticancer Agents Med Chem. 2019;19:1058-68.

5. Ahmad A, Biersack B, Li Y, Kong D, Bao B, Schobert R, et al. Targeted regulation of
PI3K/Akt/mTOR/NF-kappaB signaling by indole compounds and their derivatives:
mechanistic details and biological implications for cancer therapy. Anticancer
Agents Med Chem. 2013;13:1002-13.

6. Takahashi H, Ogata H, Nishigaki R, Broide DH, Karin M. Tobacco smoke promotes
lung tumorigenesis by triggering IKKbeta- and JNK1-dependent inflammation.
Cancer Cell. 2010;17:89-97.

7. Ruland J. Return to homeostasis: downregulation of NF-kappaB responses. Nat
Immunol. 2011;12:709-14.

8. Chaturvedi MM, Sung B, Yadav VR, Kannappan R, Aggarwal BB. NF-kappaB
addiction and its role in cancer: ‘one size does not fit all. Oncogene.
2011;30:1615-30.

Cell Death and Disease (2021)12:1004

Y. Xing et al.

9. Karin M, Greten FR. NF-kappaB: linking inflammation and immunity to cancer
development and progression. Nat Rev Immunol. 2005;5:749-59.

10. Jin X, Wang Z, Qiu L, Zhang D, Guo Z, Gao Z, et al. Potential biomarkers involving
IKK/RelA signal in early stage non-small cell lung cancer. Cancer Sci.
2008;99:582-9.

11. Tsurutani J, Castillo SS, Brognard J, Granville CA, Zhang C, Gills JJ, et al. Tobacco
components stimulate Akt-dependent proliferation and NFkappaB-dependent
survival in lung cancer cells. Carcinogenesis. 2005;26:1182-95.

12. Shen HM, Tergaonkar V. NFkappaB signaling in carcinogenesis and as a potential
molecular target for cancer therapy. Apoptosis. 2009;14:348-63.

13. Chen W, Li Z, Bai L, Lin Y. NF-kappaB in lung cancer, a carcinogenesis mediator
and a prevention and therapy target. Front Biosci. 2011;16:1172-85.

14. Chen W, Wang X, Bai L, Liang X, Zhuang J, Lin Y. Blockage of NF-kappaB by
IKKbeta- or RelA-siRNA rather than the NF-kappaB super-suppressor IkappaBal-
pha mutant potentiates adriamycin-induced cytotoxicity in lung cancer cells. J
Cell Biochem. 2008;105:554-61.

15. Krawczyk M, Emerson BM. p50-associated COX-2 extragenic RNA (PACER) acti-
vates COX-2 gene expression by occluding repressive NF-kappaB complexes.
Elife. 2014;3:e01776.

16. Liu B, Sun L, Liu Q, Gong C, Yao Y, Lv X, et al. A cytoplasmic NF-kappaB interacting
long noncoding RNA blocks lkappaB phosphorylation and suppresses breast
cancer metastasis. Cancer Cell. 2015;27:370-81.

17. Zhang ZX, Liu ZQ, Jiang B, Lu XY, Ning XF, Yuan CT, et al. BRAF activated non-
coding RNA (BANCR) promoting gastric cancer cells proliferation via regulation of
NF-kappaB1. Biochem Biophys Res Commun. 2015;465:225-31.

18. Shaffer R, DeMaria AM, Kagermazova L, Liu Y, Babaei M, Caban-Penix S, et al. A
central region of NF-kappaB essential modulator is required for IKKbeta-induced
conformational change and for signal propagation. Biochemistry.
2019;58:2906-20.

19. Fang R, Wang C, Jiang Q, Lv M, Gao P, Yu X, et al. NEMO-IKKbeta are essential for
IRF3 and NF-kappaB activation in the cGAS-STING pathway. J Immunol.
2017;199:3222-33.

20. Chu K, Gao G, Yang X, Ren S, Li Y, Wu H, et al. MiR-512-5p induces apoptosis and
inhibits glycolysis by targeting p21 in non-small cell lung cancer cells. Int J Oncol.
2016;48:577-86.

21. Adi Harel S, Bossel Ben-Moshe N, Aylon Y, Bublik DR, Moskovits N, Toperoff G,
et al. Reactivation of epigenetically silenced miR-512 and miR-373 sensitizes lung
cancer cells to cisplatin and restricts tumor growth. Cell Death Differ.
2015;22:1328-40.

22. Shostak K, Chariot A. EGFR and NF-kappaB: partners in cancer. Trends Mol Med.
2015;21:385-93.

23. Hoesel B, Schmid JA. The complexity of NF-kappaB signaling in inflammation and
cancer. Mol Cancer. 2013;12:86.

24. Hacker H, Karin M. Regulation and function of IKK and IKK-related kinases. Sci
STKE. 2006;2006:re13.

25. Markopoulos GS, Roupakia E, Tokamani M, Alabasi G, Sandaltzopoulos R, Marcu
KB, et al. Roles of NF-kappaB signaling in the regulation of miRNAs impacting on
inflammation in cancer. Biomedicines. 2018;6:40.

26. Brasier AR. The NF-kappaB regulatory network.
2006;6:111-30.

27. Ozes AR, Miller DF, Ozes ON, Fang F, Liu Y, Matei D, et al. NF-kappaB-HOTAIR axis
links DNA damage response, chemoresistance and cellular senescence in ovarian
cancer. Oncogene. 2016;35:5350-61.

28. Meng Y, Yu F. Long noncoding RNA FAM3D-AS1 inhibits development of col-
orectal cancer through NF-kappaB signaling pathway. Biosci Rep.2019;39:
BSR20190724.

29. LiY, LiY,Huang S, He K, Zhao M, Lin H, et al. Long non-coding RNA growth arrest
specific transcript 5 acts as a tumour suppressor in colorectal cancer by inhibiting
interleukin-10 and vascular endothelial growth factor expression. Oncotarget.
2017;8:13690-702.

30. Li X, Zhu M, Brasier AR, Kudlicki AS. Inferring genome-wide functional modulatory
network: a case study on NF-kappaB/RelA transcription factor. J Comput Biol.
2015;22:300-12.

31. Li S, Huang Y, Huang Y, Fu Y, Tang D, Kang R, et al. The long non-coding RNA
TP73-AS1T modulates HCC cell proliferation through miR-200a-dependent
HMGB1/RAGE regulation. J Exp Clin Cancer Res. 2017;36:51.

32. Fang Y, Wang J, Wu F, Song Y, Zhao S, Zhang Q. Long non-coding RNA HOXA-AS2
promotes proliferation and invasion of breast cancer by acting as a miR-520c-3p
sponge. Oncotarget. 2017;8:46090-103.

33. Wang X, Sun W, Shen W, Xia M, Chen C, Xiang D, et al. Long non-coding RNA
DILC regulates liver cancer stem cells via IL-6/STAT3 axis. J Hepatol.
2016;64:1283-94.

34. Li MM, Dong CX, Sun B, Lei HZ, Wang YL, Gong YB, et al. LncRNA-MALAT1
promotes tumorogenesis of infantile hemangioma by competitively binding miR-
424 to stimulate MEKK3/NF-kappaB pathway. Life Sci. 2019;239:116946.

Cardiovasc  Toxicol.

SPRINGER NATURE

11



Y. Xing et al.

12

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

Kopp F, Mendell JT. Functional classification and experimental dissection of long
noncoding RNAs. Cell. 2018;172:393-407.

Khorkova O, Myers AJ, Hsiao J, Wahlestedt C. Natural antisense transcripts. Hum
Mol Genet. 2014;23:R54-63.

Faghihi MA, Kocerha J, Modarresi F, Engstrom PG, Chalk AM, Brothers SP, et al.
RNAI screen indicates widespread biological function for human natural anti-
sense transcripts. PLoS ONE. 2010;5:e13177.

Wanowska E, Kubiak MR, Rosikiewicz W, Makalowska |, Szczesniak MW. Natural
antisense transcripts in diseases: from modes of action to targeted therapies.
Wiley Interdiscip Rev RNA. 2018;9:e1461.

Wight M, Werner A. The functions of natural antisense transcripts. Essays Bio-
chem. 2013;54:91-101.

Brodsky AS, Silver PA. Pre-mRNA processing factors are required for nuclear
export. RNA. 2000;6:1737-49.

Fuke H, Ohno M. Role of poly (A) tail as an identity element for mRNA nuclear
export. Nucleic Acids Res. 2008;36:1037-49.

Johnsson P, Ackley A, Vidarsdottir L, Lui WO, Corcoran M, Grander D, et al. A
pseudogene long-noncoding-RNA network regulates PTEN transcription and
translation in human cells. Nat Struct Mol Biol. 2013;20:440-6.

Rashid F, Shah A, Shan G. Long non-coding RNAs in the cytoplasm. Genomics
Proteom Bioinforma. 2016;14:73-80.

Polley S, Huang DB, Hauenstein AV, Fusco AJ, Zhong X, Vu D, et al. A structural
basis for lkappaB kinase 2 activation via oligomerization-dependent trans auto-
phosphorylation. PLoS Biol. 2013;11:e1001581.

Wang Z, Zhu X, Zhang T, Yao F. miR-512-5p suppresses the progression of non-
small cell lung cancer by targeting beta-catenin. Oncol Lett. 2020;19:415-23.
Kolacinska A, Morawiec J, Fendler W, Malachowska B, Morawiec Z, Szemraj J, et al.
Association of microRNAs and pathologic response to preoperative chemother-
apy in triple negative breast cancer: preliminary report. Mol Biol Rep.
2014;41:2851-7.

Li J, Lei H, Xu Y, Tao ZZ. miR-512-5p suppresses tumor growth by targeting hTERT
in telomerase positive head and neck squamous cell carcinoma in vitro and
in vivo. PLoS ONE. 2015;10:e0135265.

Dinami R, Buemi V, Sestito R, Zappone A, Ciani Y, Mano M, et al. Epigenetic
silencing of miR-296 and miR-512 ensures hTERT dependent apoptosis protec-
tion and telomere maintenance in basal-type breast cancer cells. Oncotarget.
2017;8:95674-91.

Zhu X, Gao G, Chu K, Yang X, Ren S, Li Y, et al. Inhibition of RAC1-GEF DOCK3 by
miR-512-3p contributes to suppression of metastasis in non-small cell lung
cancer. Int J Biochem Cell Biol. 2015;61:103-14.

Saito Y, Suzuki H, Tsugawa H, Nakagawa |, Matsuzaki J, Kanai Y, et al. Chromatin
remodeling at Alu repeats by epigenetic treatment activates silenced microRNA-
512-5p with downregulation of Mcl-1 in human gastric cancer cells. Oncogene.
2009;28:2738-44.

Gupta SC, Awasthee N, Rai V, Chava S, Gunda V, Challagundla KB. Long non-
coding RNAs and nuclear factor-kappaB crosstalk in cancer and other human
diseases. Biochim Biophys Acta Rev Cancer. 2019;1873:188316.

Pan W, Li W, Zhao J, Huang Z, Zhao J, Chen S, et al. IncRNA-PDPK2P promotes
hepatocellular carcinoma progression through the PDK1/AKT/Caspase 3 path-
way. Mol Oncol. 2019;13:2246-58.

Pereira Zambalde E, Bayraktar R, Schultz Jucoski T, Ivan C, Rodrigues AC, Mathias
C, et al. A novel IncRNA derived from an ultraconserved region: Inc-uc.147, a
potential biomarker in luminal A breast cancer. RNA Biol. 2021;13:1-14.

Zhang Y, Wang LN, Lin YN, Xing YX, Shi Y, Zhao J, et al. The novel long noncoding
RNA LOC283070 is involved in the transition of LNCaP cells into androgen-
independent cells via its interaction with PHB2. Asian J Androl. 2018;20:511-7.
Lin Y, Zhao J, Hu X, Wang L, Liang L, Chen W. Transcription factor CCAAT/
enhancer binding protein alpha up-regulates microRNA let-7a-1 in lung cancer
cells by direct binding. Cancer Cell Int. 2016;16:17.

SPRINGER NATURE

56. Liu X, Li L, Bai J, Li L, Fan J, Fu Z, et al. IncRNA PVT1 promotes progression of
colorectal cancer by sponging miR-152-3p and regulating E2F3/MAPK8 signaling.
Cancer Sci. 2021;21. Online ahead of print.

ACKNOWLEDGEMENTS

This work was supported by National Natural Science Foundation of China
[81972413], Natural Science Foundation of Shandong Province [ZR2018MHO025,
ZR2018MHO030], and Primary Research & Development Plan of Shandong Province
[2019GSF108076].

AUTHOR CONTRIBUTIONS

JZ, WC, and BH designed and supervised the study; YX, YL, YZ, and JL conducted
experiments or interpreted the data; YX, JH, and YT wrote the manuscript. All authors
reviewed and approved the manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL

All experimental procedures were approved by the Institute’s Research Ethics
Committee of Qilu Hospital Shandong University (KYLL-2017(KS)-118).

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-021-04304-4.

Correspondence and requests for materials should be addressed to Jian Zhao or
Weiwen Chen.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Cell Death and Disease (2021)12:1004


https://doi.org/10.1038/s41419-021-04304-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Novel cytoplasmic lncRNA IKBKBAS promotes lung adenocarcinoma metastasis by upregulating IKK&#x003B2; and consequential activation of NF-&#x003BA;B signaling pathway
	Introduction
	Results
	A novel lncRNA IKBKBAS is upregulated in LUAD, along with the upregulation of IKK&#x003B2; and activation of NF-&#x003BA;B
	IKBKBAS promotes LUAD proliferation and metastasis
	IKBKBAS is a positive regulator of NF-&#x003BA;B signaling pathway
	Cytoplasmic IKBKBAS upregulates IKK&#x003B2; at post-transcriptional level
	IKBKBAS competes for binding of miR-4741 with IKK&#x003B2; mRNA
	Downregulation of miR-512-5p targeting IKBKBAS in LUAD cells results in upregulation of IKBKBAS expression
	Reciprocal positive regulation is existed between IKBKBAS and NF-&#x003BA;B

	Discussion
	Materials and methods
	Reagents
	Tissue specimens
	Plasmid construction and establishment of stable cell lines
	Cell culture and transfection
	RNA extraction and quantitative real-time PCR (qRT-PCR)
	Western blot analysis and antibodies
	Northern blotting
	Dual-luciferase assay
	Electrophoretic mobility shift assays (EMSA)
	MTT assays
	Transwell migration and invasion assays
	Plate colony formation assays
	EdU assays
	Tail vein metastasis assays
	RNA stability assays
	lncRNA fluorescence in�situ hybridization (FISH)
	Subcellular fractionation
	RNA pull&#x02011;down assay
	RNA-binding protein immunoprecipitation (RIP)
	Chromatin immunoprecipitation (ChIP)
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval
	ADDITIONAL INFORMATION




