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Plasmacytoma variant translocation 1 stabilized by EIF4A3 promoted malignant
biological behaviors of lung adenocarcinoma by generating circular RNA LMNB2
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ABSTRACT

Increasing evidence suggests that plasmacytoma variant translocation 1 (PVT1) plays a vital role in
the development of multiple tumors including lung adenocarcinoma (LUAD). Eukaryotic initiation
factor 4A-3 (EIF4A3) is considered a key factor in human cancers. However, the role and potential
mechanism of PVT1 combined with EIF4A3 in LUAD remain unclear. This study investigated the
effects and regulatory mechanisms of PVT1, EIF4A3, and circLMNB2 on the growth, migration,
invasion, and epithelial-mesenchymal transition (EMT) of LUAD cells (H1299 and HCC827 cells) The
expression level, diagnostic value and prognostic significance of PVT1, EIF4A3, and circLMNB2
were assessed, and enrichment analysis was performed using R package. Rescue experiments and
a xenograft model were used to validate the PVT1/EIF4A3/circLMNB2 axis in LUAD. PVT1 and
EIF4A3 were upregulated and indicated poor prognosis in LUAD. Knockdown of PVT1 and EIF4A3
suppressed LUAD cell proliferation, migration, invasion, and EMT. Mechanistically, PVT1 was
stabilized by EIF4A3. PVT1 could recruit EIF4A3 to promote circLMNB2 expression. Rescue experi-
ments indicated that circLMNB2 overexpression could reverse the reduced behavior caused by
PVT1 or EIF4A3 knockdown. Enrichment analysis showed that PVT1/EIF4A3/circLMNB2 may reg-
ulate LUAD development by participating in ribosome biogenesis and spliceosome formation. Our
findings demonstrate that PVT1/EIF4A3/circLMNB2 enhances the malignant behaviors of LUAD
cells, providing a novel perspective for the clinical treatment of LUAD.
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Highlights

e PVTI1 and EIF4A3 were upregulated and had
prognostic significance in LUAD.

e PVT1 and EIF4A3 knockdown suppressed
LUAD cell proliferation, migration, invasion,
and EMT.

e PVT1 could be stabilized by EIF4A3.

e PVT1 could recruit EIF4A3 to promote
circLMNB2 expression in LUAD.

® CircLMNB2 overexpression could reverse the
reduced behavior by PVT1 or EIF4A3
knockdown.

Introduction

Lung cancer is one of the most common malignant
tumors worldwide, with lung adenocarcinoma
(LUAD) accounting for the most dominant subtype
[1,2]. Although advancements in gene detection and
targeted therapies have improved the quality of life
of patients with cancer and 5-year overall survival
rate, the treatment and prognosis of lung cancer
remain unsatisfactory [3-5]. Thus, it is necessary to
investigate more effective biomarkers and underly-
ing mechanisms to improve the diagnostic accuracy,
clinical efficiency and prognosis of LUAD.

Long noncoding RNAs (IncRNAs) play key roles
in various tumors [6-9]. For instance, dysregulation
of plasmacytoma variant translocation 1 (PVT1) is
associated with multiple malignant cancers [10]. In
gastric cancer, PVT1 mediates angiogenesis by acti-
vating the signal transducer and activator of tran-
scription 3/ vascular endothelial growth factor A axis
[11]. PVT1 promotes colorectal cancer progression
by enhancing myc expression [12]. Recent studies
have shown that PVT1 plays an oncogenic role in
lung cancer [13-15], suggesting that PVT1 is vital in
lung cancer development. Thus, conducting an in-
depth study on the mechanisms of PVT1 to promote
its clinical application in the diagnosis and prognosis
of lung cancer is worthwhile.

RNA-binding proteins (RBPs) are a special set
of proteins which can modify RNA processing,
influence RNA localization and transport, or reg-
ulate RNA stability [16,17]. Eukaryotic translation

initiation factor 4A3 (EIF4A3) is a putative RNA
helicase and belongs to the DEAD box protein
family. It is reported that EIF4A3 plays crucial
roles in nonsense-mediated decay, RNA splicing,
and RNA trafficking [18,19]. A study showed that
EIF4A3 could regulate the TFEB-mediated tran-
scriptional response via GSK3B to control autop-
hagy [20]. One research revealed that IncRNA
CASCI11 could promote HCC progression through
EIF4A3-mediated E2F1 activation [21]. Another
report showed that EIF4A3 could facilitate glio-
blastoma tumorigenesis by stabilizing LINC00680
and TTN-AS1 [22]. This study predicted that
EIF4A3 is the most likely RBPs for PVT1 accord-
ing to the UALCAN and ENCORI databases.
Nevertheless, the regulatory mechanisms between
EIF4A3 and PVT1 on the malignant biological
behaviors of LUAD have not been elaborated.
Circular RNAs (circRNAs) are characterized by
their covalent closed-loop structure and absence of 5’
end caps and 3’ poly (A) tail [23-25]. Considering
that their stability is not affected by RNA exonu-
cleases, currently, their role in tumorigenesis has
attracted increasing attention [26]. For instance, the
circRNA WHSCI was reported to promote endome-
trial cancer development by regulating the miR-646/
NPM1 pathway [27]. Circular RNA hsa_circ_001783
was identified by sponging miR-200c-3p expression
to regulate breast cancer progression [28]. Circ-
BNIP3 can aggravate hypoxia-induced injury in
H9c2 cells by targeting miR-27a-3p/BNIP3 [29].
Hsa_circ_0048409 (termed circLMNB2 in the
remainder of this article) was a newly identified
circRNA in our study. However, its role in LUAD
has not yet been reported. In addition, it has been
reported that circRNAs are generated by a non-
canonical alternative splicing, and RBPs are impor-
tant for the generation of circRNAs [30]. In this
study, whether EIF4A3 was involved in the biogen-
esis of circRNAs in LUAD remains to be explored.
This study aimed to investigate the regulatory
mechanisms of PVT1 and EIF4A3 in LUAD cells.
This study found that PVT1 and EIF4A3 were
upregulated in LUAD and had diagnostic and
prognostic values for LUAD. PVT1 could be sta-
bilized by EIF4A3. PVT1 and EIF4A3 could pro-
mote the malignant behavior of LUAD in vitro and



in vivo. Moreover, PVT1 could recruit EIF4A3 to
regulate circLMNB2 biogenesis. Our findings
reveal a novel regulatory mechanism of PVT1/
EIF4A3/circLMNB2 in LUAD and provide
a novel perspective on the potential use of PVT1
in LUAD clinical treatment.

Materials and methods
Data analysis

Expression profiles of EIF4A3, PVTI, and
circLMNB2 in The Cancer Genome Atlas
(TCGA, https://genome-cancer.ucsc.edu/)-Lung
Adenocarcinoma (LUAD) dataset were analyzed
using R software (version 3.6.3) ggplot2 package
(version 3.3.3). The diagnostic values of PVTI,
EIF4A3, and circLMNB2 in LUAD were analyzed
using the pROC package (1.17.0.1). The overall
survival (OS) of PVT1 in LUAD was analyzed
using the Kaplan-Meier plotter (https://kmplot.
com/analysis/index.php?p=service&cancer=lung)

[31]. The OS of EIF4A3 and circLMNB2 was ana-
lyzed using the survminer package (version 0.4.9).
The correlation between EIF4A3 and PVTI1 was
analyzed using ggplot2 (version 3.3.3). The immu-
nohistochemical images of EIF4A3 in LUAD
tumor and normal tissues were obtained from
the Human Protein Atlas (https://www.proteina
tlas.org/). A Venn diagram was constructed using
ggplot2 (version 3.3.3). The RNA-binding proteins
(RBPs) of circLMNB2 were predicted by ENCORI
(https://starbase.sysu.edu.cn/index.php) [32] and

Table 1. Clinical features of patients with lung adenocarcinoma
(n = 32).

Variable Numbers
Age

<65 12
> 65 20
Gender

Female 11
Male 21
Smoking

Smoking 19
Non-smoking 13
Tumor size

<3 cm 17
>3 15
TNM stage

-l 17
lla 15
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the Cancer-Specific CircRNA Database (CSCD,
http://gb.whu.edu.cn/CSCDY/).

Clinical samples

Thirty-two paired LUAD tumor samples were
obtained from the First Affiliated Hospital of
Fujian Medical University from January 2019 to
December 2020. Written informed consent was
obtained from all patients involved. This study
was approved by the First Affiliated Hospital of
Fujian Medical University (MRCTA, ECFAH of
FMU [2020]322). Patients’ clinical features are
shown in Table 1.

Cell culture

Human non-small cell lung cancer (NSCLC) cell
lines H1299 and HCCB827 were purchased from
Procell Life  Science&Technology  Co.Ltd.
(Wuhan, China) and cultured in Roswell Park
Memorial Institute-1640 (RPMI-1640) medium
(Gibco, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco) and
1% penicillin-streptomycin (Invitrogen, Carlsbad,
CA, USA). Cells were maintained at 37°C with 5%
CO,.

Cell transfection

H1299 and HCC827 cells (5 x 10° cells/well) were
seeded in 6-well plates. EIF4A3/PVT1/circLMNB2
short hairpin RNAs (shRNAs) and scramble
shRNA (2 pg/well) were transfected into H1299
or HCC827 cells using Lipofectamine® 2000
(Invitrogen, Carlsbad, CA, USA). Cells were har-
vested 48 h post-transfection for subsequent
experiments. Stable cells expressing sh-PVT1, sh-
EIF4A3, or their corresponding controls were
selected by adding puromycin (500 pg/ml). The
sequences were listed in Supplementary Table 1.

RNA extraction and reverse
transcription-quantitative polymerase chain
reaction

RNA was isolated from tissues or cells using
TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). The extracted RNA
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(approximately 200 ng) was reverse-transcribed
into ¢cDNA wusing the EasyScript® First-Strand
cDNA  Synthesis SuperMix kit (Transgen
Biotechnology Co., Ltd, Beijing, China) according
to the manufacturer’s protocols. Quantitative poly-
merase chain reaction (qQPCR) analysis was per-
formed wusing the TransStart® Green qPCR
SuperMix (Transgen, Beijing). The thermocycling
conditions were as follows. 94°C for 5 min, fol-
lowed by 40 cycles at 94°C for 10s, 58°C for 40s,
and 72°C for 10s. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal
control. Relative gene expression was calculated
using the 27224 method [33]. The sequences of
the PCR primers are listed in Supplementary
Table 1.

Nuclear-cytoplasmic fractionation

The nucleus and cytoplasm of RNAs from H1299
or HCC827 cells were analyzed using the Nuclear/
Cytosol Fractionation Kit (BioVision. Inc.) accord-
ing to the manufacturer’s instructions [34].

Actinomycin D treatment

For new RNA synthesis inhibition, H1299 or
HCC827 cells were treated with 100 ng/ml actino-
mycin D (Cell Signaling Technology, Beverly, MA,
USA) for 2, 4, and 6 h.

RNA pull-down

In brief, PVT1 transcripts were transcribed using T7
RNA polymerase (Ambion Life), then using the
RNeasy Plus Mini Kit (QIAGEN) and treated with
DNase I (QIAGEN) [35]. Biotin-labeled wild-type
PVTI and antisense RNA were transcribed in vitro
using T7 RNA polymerase (Ambion Life) and Biotin
RNA Labeling Mix (Ambion Life) with RNase-free
DNase I (QIAGEN) treatment. Subsequently, RNAs
were purified using the RNeasy Plus Mini Kit
(QIAGEN). H1299 or HCCB827 cell lysates were
incubated with biotinylated RNAs and streptavidin
agarose beads (Invitrogen Life Technologies) at
room temperature. After incubation for 2 h, the
eluted proteins were detected by western blotting.

RNA immunoprecipitation

RNA immunoprecipitation (RIP) was performed
using the Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore, MA, USA)
[36]. The anti-EIF4A3 antibody (1:20, ab180573,
Abcam, Cambridge, UK) was used for RIP. Cell
lysates were incubated with EIF4A3 or IgG antibodies
with A/G magnetic beads (Thermo Fisher Scientific)
for 4 h at 4°C. qPCR analysis was performed to
measure the enrichment of PVTI and circLMNB2
in H1299 or HCC827 cells in different transfection
groups.

Western blotting

Proteins were extracted from H1299 and HCC827
cells using RIPA lysis buffer, and the extracted pro-
teins were quantified using the BCA protein assay
kit (Beyotime). Proteins (40 pg) were separated by
10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to
polyvinylidene difluoride (PVDF, EMD Millipore)
membranes. The membranes were blocked with 5%
nonfat milk at 4°C for 1 h. Subsequently, the mem-
branes were incubated with primary antibodies
against EIF4A3 (ab180573, 1:1000), vimentin
(ab92547, 1:1000), N-cadherin (ab76011, 1:5000),
E-cadherin (ab40772, 1:10000), and GAPDH
(ab8245, 1:2000) at 4°C overnight. The next day,
the membranes were incubated with horseradish
peroxidase-conjugated ~ secondary  antibodies
(ab6789, 1:2000; ab6721, 1:2000) at room tempera-
ture for 1 h. The blots were detected using an
enhanced  chemiluminescence kit  (Pierce,
Rockford, IL, USA).

Nascent RNA capture assay

Nascent RNAs were isolated using the Click-iT
Nascent RNA Capture Kit (Invitrogen, Cat #
C10365) according to the manufacturer’s protocol
[37]. Briefly, H1299 or HCC827 cells were incu-
bated with 0.2 mM 5-ethynyl uridine (EU), subse-
quently, the total RNAs were extracted. The EU-
labeled RNA was used for biotinylation in a Click-
iT reaction buffer. The biotinylated RNA was col-
lected using streptavidin magnetic beads.



Cell counting Kit-8

Cell viability was assessed using Cell Counting Kit-8
(CCK-8, Beyotime, Shanghai, China). H1299 or
HCCB827 cells (density, 6 x 10° cells/well) were seeded
in 96-well plates. After transfection for 24, 48 or 72 h,
cells were incubated with 10 pl CCK-8 solution at
37°C for 2 h. Absorbance was measured at 450 nm
using a microplate reader (Bio-Rad
Laboratories, Inc.).

Transwell assays

For cell migration analysis, cells were seeded at
a density of 5 x 10* cells/well in the upper chamber
with serum-free medium. Medium containing 10%
FBS was added to the lower chamber. After incuba-
tion for 24 h, the cells on the bottom membrane
were fixed with 4% paraformaldehyde at room tem-
perature for 10 min and stained with 0.4% crystal
violet solution. Cells were imaged using
a microscopy (Nikon). The number of migratory
tumor cells was counted in five randomly selected
fields. For cell invasion analysis, the upper chamber
was coated with Matrigel matrix (BD Biosciences)
[38]. Cells were seeded at a density of 5 x 10* cells/
well in the upper chamber with serum-free med-
ium. A medium containing 15% FBS was added to
the lower chamber. After incubation for 24 h, the
cells on the bottom surface were fixed with 4%
paraformaldehyde at room temperature for 10 min
and stained with 0.4% crystal violet solution. Cells
were imaged using a microscopy (Nikon). Invasive
tumor cells were counted in five randomly selected
fields.

Xenograft tumor model

Animal experiments were conducted at Beijing
Viewsolid Biotech Co., Ltd. Four-week-old
female BALB/c nude mice were purchased from
Sibf Biotechnology Co., Ltd (Beijing). The mice
were maintained under the specific pathogen-
free conditions. Stable PVT1 or EIF4A3 knock-
down HI1299 cells (2.5 x 10°) were subcuta-
neously injected into the mice. Tumor size was
measured every 7 days. The mice were sacrificed
after 28 days. Tumor volume was calculated
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using the following formula (length x width?/
2) [39].

Statistical analyses

Statistical ~analyses were performed using
GraphPad Prism V8 software. Data are presented
as the mean + standard deviation (SD). The
Wilcoxon signed rank test or Student’s paired
t-test was used for the analysis of clinical samples.
Unpaired Student’s t-test was used for compari-
sons between cell groups. The correlation between
EIF4A3 and PVTI1 was analyzed using Pearson’s
correlation coefficient. One-way analysis of var-
iance was wused for multiple comparisons.
Statistical significance was set at P < 0.05.

Results

The aim of this study is to investigate the role and
underlying mechanism of IncRNA PVT1 and
EIF4A3 in regulating the tumor behavior of
LUAD cells. We first analyzed the expression of
IncRNA PVT1 between LUAD tumor tissues and
their adjacent normal tissues, and identified the
most possible interacting RBP EIF4A3. LncRNA
PVT1 and EIF4A3 were both significantly upregu-
lated in LUAD tumor tissues, which were asso-
ciated with poorer overall survival of LUAD
patients. Loss-of-function experiments showed
the tumor-promoting role of IncRNA PVTI1 and
EIF4A3 in LUAD cells including cell proliferation,
cell migration, cell invasion and EMT. Moreover,
PVT1 could be stabilized by EIF4A3. CircLMNB2
was identified to be the target of PVT1. PVT1
could recruit EIF4A3 to promote circLMNB2
expression in LUAD cells. In conclusion, these
results demonstrate that IncRNA PVT1/EIF4A3/
circLMNB?2 axis plays an oncogenic role in regu-
lating the malignant behavior of LUAD cells.

Plasmacytoma variant translocation 1 (PVT1)
and eukaryotic initiation factor 4A-3 (EIF4A3)
were upregulated and had a prognostic value in
lung adenocarcinoma (LUAD)

PVT1 has been reported to act as an ‘oncogene’ in
LUAD. This study first analyzed the expression
pattern of PVT1 in 57 paired LUAD tumor
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Figure 1. PVT1 and EIF4A3 were upregulated in LUAD. (a) The relative expression of PVT1 was analyzed in paired LUAD tumor
samples (n = 57). *** p < 0.001. (b) The relative expression of PVT1 was analyzed in collected LUAD tumor samples (n = 32). **
p < 0.01. (c) The diagnostic value of PVT1 for LUAD was shown by ROC curve (AUC = 0.974, Cl = 0.961-0.987). (d) The overall survival
of lung cancer patients with PVT1 expression was analyzed by Kaplan-Meier plotter. (e) The intersection of PVT1 RNA-binding
proteins predicted by ENCORI and associated proteins by UALCAN. (f) The correlation between PVT1 and EIF4A3 was analyzed by
Pearson analysis. r = 0.337, P < 0.001. (g) The relative expression of EIF4A3 was analyzed in paired LUAD tumor samples (n = 57). ***



samples using the TCGA-LUAD dataset and
observed that PVT1 was upregulated in LUAD
tumor tissues compared to that in normal tissues
(Figure 1(a)). Next, this study validated that PVT1
was highly expressed in LUAD tumor tissues
(n = 32) using qRT-PCR (Figure 1(b)).
Diagnostic value prediction results showed that
PVT1 could predict lung cancer with high accu-
racy (Figure 1(c), area under the curve
[AUC] = 0.974, confidence interval [CI] = 0.961-
0.987). Survival analysis showed that high PVT1
expression was associated with a poor prognosis in
patients with NSCLC (Figure 1(d)). We predicted
PVT1 RNA-binding and associated proteins using
ENCORI (https://starbase.sysu.edu.cn/index.php)
and UALCAN (http://ualcan.path.uab.edu/). The
intersections were DGCRS, DHX9 and EIF4A3
(Figure 1(e)). A positive correlation was confirmed
between PVT1 and EIF4A3 expressions in LUAD
(Figure 1(f), r=0.337, P < 0.001). Consistently,
EIF4A3 expression was also higher in LUAD
tumor tissues than in normal tissues (n = 57)
(Figure 1(g,h)). EIF4A3 was highly expressed in
random tumor tissues (Figure 1(i)). Moreover,
EIF4A3 had a certain accuracy in the diagnosis of
LUAD and a prognostic value for LUAD (Figure 1
(j.k)). Taken together, our data revealed that high
PVT1 and EIF4A3 expressions were associated
with poor prognosis in patients with LUAD and
might play a key role in LUAD tumorigenesis.

PVT1 and EIF4A3 served as oncogenes in LUAD

To investigate the biological role of PVT1 and EIF4A3
in LUAD, we performed loss-of-function assay in
H1299 and HCC827 LUAD cells by knocking down
PVTI1 and EIF4A3. qPCR results showed that PVT1
shRNA #2 and EIF4A3 shRNA #1 were the most
efficient shRNAs (Supplementary Figure 1A and
1B). EIF4A3 was significantly downregulated in sh-
EIF4A3 cells but not in sh-PVT1 cells (Figure 2(a)).
We constructed stable cell lines sh-PVT1, sh-EIF4A3,
sh-PVT1 and sh-EIF4A3. Compared to sh-NC cells,
knockdown of PVT1 or EIF4A3 could repress cell
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migration, invasion, proliferation, and epithelial-
mesenchymal transition (EMT) (Figure 2(b-e)). Co-
knockdown of PVT1 and EIF4A3 could reinforce the
inhibitory effects by PVT1 knockdown or EIF4A3
knockdown alone. These data suggest that PVT1
and EIF4A3 can accelerate LUAD cell growth, migra-
tion, invasion and EMT in vitro.

PVT1 was stabilized by EIF4A3 in LUAD

RIP assays were performed to verify the regulatory
patterns of PVT1 and EIF4A3 in patients with
LUAD. The results showed that PVT1 was more
enriched in the anti-EIF4A3 complex compared to
that in the anti-IgG complex (Figure 3(a)). The RNA
pull-down assay showed that EIF4A3 could bind to
PVT1I but not to mutant PVT1 (Figure 3(b)). PVT1
was downregulated in sh-EIF4A3 cells (Figure 3(c)),
whereas, no significant difference was observed at
nascent RNA of PVT1 between sh-EIF4A3 and sh-
NC cells (Figure 3(d)). Furthermore, the half-life of
PVT1 was reduced when EIF4A3 was knocked down
(Figure 3(e,f)). These data suggest that PVT1 is sta-
bilized by EIF4A3 in LUAD.

PVT1 recruited EIF4A3 to enhance circLMNB2
expression

LncRNAs can be considered a scaffold for the inter-
action between RBPs and target mRNAs. PVT1 was
mainly localized in the nucleus (Figure 4(a)). PVT1
could bind to LMNB2 using ENCORI (https://star
base.sysu.edu.cn/index.php). Moreover, circLMNB2
was predicted to combine with EIF4A3 using
ENCORI and CSCD (Figure 4(b)). gPCR analysis
showed that circLMNB2 was downregulated when
PVT1 was knocked down (Figure 4(c)). The binding
motifs between EIF4A3 and LMNB2 are shown in
Figure 4(d). These data suggest that PVT1 might
recruit EIF4A3 to regulate circLMNB2 expression.
The RIP assay was performed to verify that EIF4A3
could interact with circLMNB2 as well as PVTI
(Figure 4(e)). EIF4A3 knockdown could reduce
circLMNB2 expression (Figure 4(f)). However,

p < 0.001. (h) The representative images of EIF4A3 expressing in lung cancer was obtained from human protein atlas. (i) The protein
level of EIF4A3 was detected randomly in collected samples by western blot. (j) The diagnostic value of EIF4A3 for LUAD was
analyzed using ROC curve (AUC = 0.832, Cl = 0.788-0.876). (k) The overall survival analysis of lung cancer patients with EIF4A3

expression.
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circLMNB2 knockdown had no effect on the RNA
and protein levels of EIF4A3 (Figure 4(g,h)). In addi-
tion, the interaction between EIF4A3 and circLMNB2
was obviously decreased when PVT1 was knocked
down (Figure 4(i)). These results validate that PVT1
recruits EIF4A3 to promote circLMNB2 expression.

circLMNB2 promoted cell proliferation,
migration, and invasion in LUAD cells

CircLMNB2 expression was upregulated in paired
LUAD tumor samples (n = 57, Figure 5(a)). The
receiver operating characteristic (ROC) curve revealed
that circLMNB2 had a certain accuracy for LUAD

diagnosis (Figure 5(b)). OS analysis showed that high
circLMNB2 expression was associated with a shorter
survival time in patients with LUAD (Figure 5(c)).
These analyses indicate that circLMNB2 may play an
oncogenic role in LUAD. To verify the role of
circLMNB2 in LUAD, we performed a loss-of-
function assay using shRNAs. circLMNB2 shRNA
#1 had the highest efficiency but it had no effect on
LMNB2 expression and was used for subsequent
research (Supplementary Figure 1C-1D). Moreover,
circLMNB2 downregulation could suppress cell viabi-
lity, migration and invasion (Figure 5(d-g)). Taken
together, these data suggest that circLMNB2 may
play an oncogenic role in LUAD.
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Figure 5. circLMNB2 knockdown inhibited cell proliferation, migration and invasion in LUAD cells. (a) The relative expression of
CircLMNB2 was analyzed in paired LUAD tumor samples (n = 57). (b) The diagnostic value of circLMNB2 for LUAD was analyzed using
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p < 0.05, ** p < 0.01, *** p < 0.001. Scale bar,50 uM.
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CircLMNB2 overexpression could block the
reduced LUAD cells behavior induced by EIF4A3

or PVT1 knockdown

To further validate the functional role of PVTI1-

rescue experiments. CircLMNB2 overexpression
could reverse the reduced cell proliferation, migra-
tion, invasion and EMT resulting from PVT1 or
EIF4A3 knockdown (Figure 6(a-d)). These results
suggest that circLMNB2 is involved in PVT1/

EIF4A3-circLMNB2 in LUAD, we performed  EIF4A3 regulated malignant behavior of LUAD.
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Figure 6. CircLMNB2 overexpression could block the reduced LUAD cells behavior induced by EIF4A3 or PVT1 knockdown. H1299
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PVT1 and EIF4A3 promoted LUAD tumor growth
in vivo

To further validate the effects of PVT1 and
EIF4A3 on LUAD, we performed an in vivo
assay. As shown in Figure 7(a,b), PVT1 or
EIF4A3 knockdown slowed tumor growth com-
pared to the control. The co-silencing of PVT1
and EIF4A3 exacerbated these inhibitory effects.
Consistently, the expression of circLMNB2 was
downregulated upon PVT1 or EIF4A3 knockdown
(Figure 7(c)). These results demonstrate that PVT1
and EIF4A3 play oncogenic roles in LUAD.

Pathways regulated by PVT1/EIF4A3/LMNB2 in
LUAD

To further explore the potential oncogenic roles of
PVT1/EIF4A3/circLMNB2 in LUAD, we analyzed
the positively related genes with PVT1, EIF4A3
and/or circLMNB2 by Gene Ontology (GO)-
Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis. The results showed that posi-
tively related genes were mainly involved in the

ribosome biogenesis. KEGG pathway analysis
revealed that the correlated genes were involved
in ribosome biogenesis in eukaryotes and spliceo-
some formation (Figure 8(b-d)). These results
demonstrate that the PVT1/EIF4A3/circLMNB2
axis might play an oncogenic role in LUAD by
participating in ribosome biogenesis and spliceo-
some formation.

Discussion

Lung cancer is one of the most common cancers
worldwide. Despite recent advancements in diagno-
sis, classification and treatment, the OS rate of lung
cancer remains low. Therefore, it is necessary to
improve our understanding of the molecular pathol-
ogy of lung cancer to better address these problems
and develop personalized target therapies. This study
uncovers an innovative mechanism of PVTI-
mediated LUAD progression. The highlights of this
study are as follows. First, PVT1 and EIF4A3 were
upregulated and had diagnostic and prognostic sig-
nificance in LUAD. Second, PVT1 stabilized by
EIF4A3 could mediate LUAD tumor behaviors
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Figure 8. Pathways regulated by PVT1/EIF4A3/LMNB2 in LUAD. (a) The intersection between PVT1-positive-related genes and EIF4A3-
positive-related genes in LUAD. (b) The bubble charts showed the enrichment results of the intersection genes of (A) in LUAD including
biological processes (BP), cellular components (CC), molecular functions (MF) and KEGG pathway analysis. (c) The intersection among
PVT1-positive-related genes, EIF4A3-positive-related genes and LMNB2-positive-related genes in LUAD. (d) The bubble charts showed the
enrichment results of the intersection genes of (C) in LUAD including BP, CC, MF and KEGG pathway analysis.

including cell proliferation, migration, invasion and
EMT. Third, EIF4A3 recruited by PVT1 could med-
iate circLMNB2 generation. Fourth, circLMNB2 was
a novel circRNA verified in our study, exerting an
oncogenic effect on LUAD.

LncRNAs participate in various biological pro-
cesses through chromatin, transcription or post-
transcriptional regulation. LncRNA PVT1 has
been involved in almost every type of cancer via
multiple regulatory mechanisms. The most com-
mon way is to sponge miRNAs to regulate their
target genes. For example, PVTI acts as a miR-
361-3p sponge to promote NSCLC [40]. PVTI
competitively binds to miRNA-424-5p to regulate
CARM1 in the radiosensitivity of NSCLC cells
[41]. PVTI1 can promote cell migration in gastric
cancer by functioning as a ceRNA of miR-30a [42].
Some studies have revealed that PVT1 participates

in cancer progression through genes or proteins.
PVT1 interacts with MYC to synergistically pro-
mote tumorigenesis [43]. PVT1 modulates hepato-
cellular carcinoma cell proliferation and apoptosis
by recruiting EZH2 [44]. In this study, EIF4A3 was
found to be a novel factor with PVT1 in LUAD.
PVT1 and EIF4A3 were upregulated in LUAD and
a positive association was confirmed using Pearson
analysis. RIP assay and RNA pull-down experi-
ments were performed to confirm the interaction
between PVT1 and EIF4A3. Moreover, the RNA
stability of PVT1 decreased when EIF4A3 was
knocked down. These results suggest that PVT1
interacts with EIF4A3 and is stabilized by EIF4A3,
both of which synergistically exert an oncogenic
effect on LUAD.

Previous studies have shown that some RBPs
participate in the biogenesis of circRNAs [45-47].



For instance, EIF4A3 was reported to combine
with MMP9 mRNA to promote circMMP9 circu-
larization and expression in glioblastoma multi-
forme [48]. Quaking plays a key role in circRNA
biogenesis during human EMT [49]. Consistent
with previous findings, this study showed that
EIF4A3 could bind to LMNB2 pre-mRNA to pro-
mote circLMNB2 generation, which was recruited
by PVTI. In addition, bioinformatics analysis also
showed that PVT1 could bind to the promoter
region of LMNB2. Knockdown of PVT1 reduced
circLMNB2 expression, suggesting that PVT1 reg-
ulates LMNB2 transcription. However, further
detailed work is required to validate that EIF4A3
recruited by PVT1 regulates circLMNB2 biogen-
esis. Taken together, our results confirm our
hypothesis that PVT1 recruits EIF4A3 to promote
circLMNB2 biogenesis by binding to LMNB?2 pre-
mRNA. PVT1 regulates LMNB2 expression at the
transcriptional level. Our study enriches the
PVT1-involved LUAD regulatory network.

Increasing studies have shown that the role of
circRNAs in cancers has been a focus of studies
[50,51]. CircRNAs are involved in many biological
processes associated with multiple diseases and
cancers [52-54]. Nevertheless, the exact functions
and regulatory mechanisms of most circRNAs in
lung cancer remain largely unknown. In this study,
we identified a new circRNA, circLMNB2 in
LUAD. CircLMNB2 was highly expressed in
LUAD tissues compared to normal tissues, and
was associated with poor prognosis and higher
diagnostic efficiency of LUAD. Functionally,
circLMNB2 knockdown reduced cell proliferation,
migration and invasion. Overexpression of
circLMNB2 rescued the blocking effects of PVTI
or EIF4A3 knockdown. These results demonstrate
that circLMNB2 plays a critical role in promoting
the oncogenesis and progression of LUAD.

These findings revealed new PVT1 functions in
LUAD and extended the regulatory network of
IncRNAs/RBPs/circRNA in cancer growth and
development, thereby contributing to disease
understanding and etiology, which is beneficial
to the individualized treatment of cancer. On
the view of potential diagnostic values, if
a patient with pulmonary nodules is found to be
with high expression of these molecular markers
such as PVT1 and EIF4A3, he may be susceptible
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to lung cancer and could be better to do regular
checkup. On the view of potential prognostic
values, if PVT1, EIF4A3 or circLMNB2 were
detected highly expressed in one LUAD patient,
there is a very high probability that this patient
has a poor prognosis. It might make a better
therapeutic effect to use combined targeted
drugs such as some agents targeting PVT1 or
circLMNB2. Nowadays, treatments for lung can-
cer are available including thoracic surgery, radi-
cal radiotherapy, radiofrequency/microwave
ablation, chemotherapy, targeted therapy, and
immunologic therapy [55,56], the latter of which
are emerging technologies. The advantage is that
the targeted therapy is individually tailored to
each patient but inevitably leading to drug resis-
tance. It might be a good way to combine differ-
ent treatments to minimize this limitation.

There are some limitations in our study.
First, PVT1 and EIF4A3 could regulate
circLMNB2 biogenesis, however, the detailed
regulatory mechanism needs to be further
investigated. Second, the downstream signaling
pathways of PVT1/EIF4A3/circLMNB2-
mediated LUAD tumorigenesis were unclear.
Third, rescue experiments were validated
using an in vivo study. The mechanism of
circLMNB2 regulated LUAD development was
not investigated and thus will be investigated
in further studies.

Conclusions

In summary, our study demonstrates that PVT1
and EIF4A3 can facilitate LUAD progression
in vitro and in vivo. PVT1 and EIF4A3 have
diagnostic and prognostic values in LUAD.
Mechanistically, PVT1 and EIF4A3 can regulate
circLMNB2 biogenesis. PVT1 may be more
stable by binding to EIF4A3. EIF4A3 can be
recruited by PVTI to mediate circLMNB2 gen-
eration. Our data provide powerful evidence for
PVTI as a clinical target in lung cancer.

Abbreviation

PVT1 Plasmacytoma variant translocation
EIF4A3 Eukaryotic Initiation factor 4A-3
CircLMNB2 Circular RNA LMNB2
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LUAD Lung adenocarcinoma

EMT Epithelial-mesenchymal transition
ROC Receiver Operating Characteristic
CCK-8 Cell Counting Kit-8
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