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1 | INTRODUCTION

Lung cancer is a leading cause of cancer-related mortality world-
wide.? Non-small cell lung cancer (NSCLC), which includes several

Abstract

Long noncoding RNAs (IncRNAs) are involved in the pathology of various tumours,
including non-small cell lung cancer (NSCLC). However, the underlying molecular
mechanisms of their specific association with NSCLC have not been fully elucidated.
Here, we report that a cytoplasmic IncRNA, DUXAP9-206 is overexpressed in
NSCLC cells and closely related to NSCLC clinical features and poor patient survival.
We reveal that DUXAP9-206 induced NSCLC cell proliferation and metastasis by
directly interacting with Cbl-b, an E3 ubiquitin ligase, and reducing the degradation
of epidermal growth factor receptor (EGFR) and thereby augmenting EGFR signaling
in NSCLC. Notably, correlations between DUXAP9-206 and activated EGFR signal-
ing were also validated in NSCLC patient specimens. Collectively, our findings reveal
the novel molecular mechanisms of DUXAP9-206 in mediating the progression of
NSCLC and DUXAP9-206 may serve as a potential target for NSCLC therapy.
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histological subtypes, such as lung adenocarcinoma, lung squamous
cell carcinoma, large-cell lung carcinoma and several other histologic
types accounts for over 85% of all lung cancer cases.? Although sig-
nificant progress has been made in current therapeutic strategies,
the overall 5-year survival rate is still only 15% with all stages and
subtypes combined and the prognosis for majority of the patients
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remains poor.® Thus, exploration of the molecular mechanisms and
molecules involved in the development and progression of NSCLC
may provide valuable therapeutic targets for these diseases.

It has been shown that protein-coding genes occupy only a
small proportion (1%-2%) of the human genome. The rest are non-
protein-coding transcripts including small noncoding RNAs and long
noncoding RNAs (IncRNAs).* LncRNAs have gradually been shown
to be pivotal molecules that affect cancer development and pro-
gression.’ The length of IncRNAs is longer than 200 nucleotides
(nt), yet this class of RNA has limited coding potential.® LncRNAs
function in a wide range of biological processes and can regulate
gene expression through diverse mechanisms.” It has been sug-
gested that cytoplasmic IncRNAs are important molecules in regu-
lating cancer intracellular signaling pathways® For example, the
IncRNA MAYA modulates the methylation status of MST1 leading
to bone metastasis.” The INcRNA IncAKHE enhances cell growth
and migration in hepatocellular carcinoma via activation of
NOTCH2 signaling.X®

Epidermal growth factor receptor (EGFR), a transmembrane gly-
coprotein with tyrosine kinase activity is often aberrantly activated
by mutation or overexpression in many human cancers.** Over 60%
of the NSCLC cases show EGFR overexpression, which is associated
with poor prognosis of NSCLC.122 Ligand-activated EGFR leads to
stimulation of intracellular cascades, such as the RAS/RAF/ERK and
PISK/AKT signaling pathways. Abnormally activated EGFR drives the
malignant phenotype including cell proliferation, survival, invasion
and migration.*® Although several IncRNAs have been reported to
modulate tumour proliferation, apoptosis or metastasis, the specific
mechanisms of IncRNA involvement in EGFR signaling pathway-
mediated tumour progression of NSCLC are unclear. Here, we found
that a cytoplasmic INcRNA, DUXAP9-206 is overexpressed in NSCLC
cells and closely related to NSCLC clinical features and poor patient
survival. Furthermore, we demonstrated that DUXAP9-206 induced
NSCLC cell proliferation and metastasis by directly interacting with
Cbl-b, an E3 ubiquitin ligase and reducing the degradation of EGFR,
thus activating the EGFR signaling pathway. Overall, our findings
reveal the novel molecular mechanisms of DUXAP9-206 in mediating
the progression of NSCLC and DUXAP9-206 may serve as a poten-
tial target for NSCLC therapy.

2 | MATERIALS AND METHODS

2.1 | Cell culture

NSCLC cell lines including 95D, A549, Calu-1, H1299, H1650, NCI-
H1703, NCI-H1975, NCI-H2009, NCI-H2030, NCI-H460, HCC827,
PC9 and SK-MES-1 were purchased from ATCC and maintained in
Dulbecco's modified Eagle's medium (DMEM) supplemented with
10% fetal bovine serum (Corning, Corning, NY, USA). The BEAS-2B
immortalized human bronchial epithelial cell line was purchased
from the Shanghai Institutes of Biological Sciences (Shanghai,
China) and of the

manufacturer.

cultured according to the instructions
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2.2 | Tissue specimens

A total of 216 paraffin-embedded NSCLC specimens, were clinically
and histopathologically diagnosed at the Sun Yat-sen University Can-
cer Center. These specimens are defined as the SYSUCC cohort.
NSCLC tissue and paired adjacent non-cancerous lung tissue speci-
mens were stored frozen in liquid nitrogen until further use. Adjacent
non-tumour tissue specimens were taken a standard distance (3 cm)
from the margin of resected tissues of patients with NSCLC who
underwent surgical lung resection and confirmed by pathological diag-
nosis. For the use of these clinical materials for research purposes,
prior patient consents and approval from the Institutional Research
Ethics Committee of the Sun Yat-sen University were obtained. Clini-
cal information of the samples is described in detail in Table S1.

2.3 | Plasmids and generation of stable cell lines

Full-length DUXAP9-206 was synthesized by Genewiz (Suzhou,
China) and was inserted into the pSin-EF2-puro retroviral vector
(Addgene, Cambridge, MA, USA). DUXAP9-206 specific short hairpin
RNA (shRNA) oligonucleotides were annealed and then ligated into
the pSuper-retro-puro plasmid to generate pSuper-DUXAP9-206-
RNAi#1 and pSuper-DUXAP9-206-RNAi#2. pCMV6-Entry-EGFR and
pCMVé6-Entry-Cbl-b  were purchased from Origene Technologies
(Rockville, MD, USA). Co-transfection with the packaging plasmid in
293FT cells was performed with a standard calcium phosphate trans-
fection method as previously described.!* Briefly, the cells were
transfected for 24 hours and supernatants were collected and incu-
bated with the indicated cells with polybrene (2.5 pg/mL). Positive

cells were selected with puromycin (1.5 pg/mL) for 10 days.

2.4 | Small interfering RNAs

All siRNAs were synthesized by RiboBio (Guangzhou, China) and
used at a final concentration of 100 nmol/L. The sequences of the

siRNAs are summarized in Table S3.

2.5 | 5’and 3’ rapid amplification of cDNA ends PCR

Total RNA extracted from human A549 and H1703 cells was sub-
jected rapid amplification of cDNA ends polymerase chain reaction
(RACE PCR) (Ambion, Austin, TX, USA) according to the manufac-
turer's specifications. Gene-specific primers used for the PCR of
RACE analysis are listed in Table S4.

2.6 | Cell nucleus/cytoplasm fraction isolation

Cell nucleus/cytoplasm fraction isolation was performed using Nuclear
and Cytoplasmic Extraction Kit (Ambion). In brief, cells were washed
with ice-cold PBS two times and then ice-cold CERI, CERII and NER
reagents were added sequentially. After vortex and short centrifuga-
tion, the supernatant was collected as cytoplasmic fraction and the

remainder with additional washing was considered as nuclear pellets.
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2.7 | Western blotting analysis

Western blotting analysis was performed according to a previously
described standard method®® using the antibodies anti-Cbl-b
(ab93205, 1:500; Abcam, Cambridge, MA, USA), anti-EGFR (ab52894,
1:1000; Abcam), anti-Flag (F2555, 1:2000; Sigma, St Louis, MO, USA),
anti-ubiquitin (ab7780, 1:1000; Abcam), anti-p-AKT (ab81283, 1:500;
Abcam), anti-AKT (ab8805, 1:1000; Abcam), anti-p-ERK (4370, 1:500;
Cell Signaling, Danvers, MA, USA) and anti-ERK (4695, 1:1000; Cell
Signaling). The blotted membranes were stripped and re-blotted with
anti-actin (ab8227, 1:2000; Abcam) as a loading control.

2.8 | RNA extraction and quantitative reverse
transcription-PCR

Total RNA of cultured cells or clinical NSCLC specimens was
extracted using TRIzol (Invitrogen, San Diego, CA) according to the
manufacturer's instructions. We first measured the quantity of
mRNA as described previously.'® First-strand cDNA was generated
by MMLV transcriptase (Promega, Madison, WI). Quantitative
reverse transcription (qRT)-PCR was performed on a CFX96 gRT-
PCR detection system (Bio-Rad, Richmond, CA, USA). The sequences

of the primers are listed in Table S5.

2.9 | Co-immunoprecipitation

The indicated cells were collected and lysed with cell lysis buffer
(25 mmol/L HEPES, 150 mmol/L NaCl, 1 mmol/L EDTA, 1% NP-40,
2% glycerol, 0.2% cocktail, pH 7.4) supplemented with protease inhi-
bitor cocktail (Promega) and then, the lysate was incubated with
magnetic beads coated with EGFR antibodies or anti-mouse
immunoglobulin G (IgG) agarose beads (Sigma) that were washed six
times in buffer containing 20 mmol/L HEPES, 300 mmol/L NaCl,
1 mmol/L EDTA, 0.1% NP-40 and 0.1% glycerol, pH 7.4. Western
blotting analysis was used to detect both the input and co-immuno-

precipitation (Co-IP) protein lysis.

2.10 | RNA immunoprecipitation

RNA immunoprecipitation (RIP) was performed using a Magna RIP
RNA-Binding Protein Immunoprecipitation Kit (Millipore, Billerica,
MA, USA) according to the manufacturer's instructions. The indicated
cells were lysed in the provided buffer and immunoprecipitated with
the indicated antibody or control 1gG (Abcam). Extracted RNA was
then subjected to gRT-PCR analysis.

2.11 | RNA pull-down assay

A T7 High Yield RNA Synthesis Kit (Ambion) was used to obtain
in vitro transcribed RNA according to the manufacturer's instruc-
tions. The transcribed RNA was labelled using a 3’ End Biotinylation
Kit (Thermo) and the protein that interacted with the RNA was
enriched with an RNA-Protein Pull-Down kit (Thermo) according to

the manufacturer's instructions. In brief, biotinylated labelled RNA
was incubated with washed streptavidin beads at 4°C. Then, cell
lysate was added to the binding reaction and further incubated over-
night. Retrieved proteins were detected by Western blotting analysis

or mass spectrometry (MS) identification.

2.12 | Wound healing and transwell assays

For wound healing assays, the indicated cells were plated in 6-well
plates and then, streaks were created with a pipette tip. After
scratching, wells were gently washed with PBS twice and incubated
in DMEM supplemented with 1% FBS. Progression of migration was
observed and photographed at 24 hours after wounding.

Cell invasion and migration assays were performed using a 24-
well Transwell chamber (8 pm; Corning) with or without coated
Matrigel (BD Biosciences). The upper chamber of the Transwell
device was filled with serum-free DMEM and the lower chamber of
the Transwell device was filled with DMEM supplemented with 10%
FBS. After incubation for 24 hours, cells invading the bottom side of
the inserts were fixed with methanol stained with 0.1% crystal violet
(Sigma), photographed and quantified under a microscope (Carl Zeiss,
Oberkochen, Germany) by counting them in 5 random fields.

2.13 | Cell proliferation assay

For colony formation assays, the indicated cells were plated in six-
well plates (5 x 102 cells) and cultured for 10 days. Then, the cells
were fixed with 4% formaldehyde for 15 minutes and stained with
0.1% crystal violet for 10 minutes.

For 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT) assays, a total of 1 x 10° cells were seeded in 96-well
plates, stained with 100 mL of sterile MTT dye (0.5 mg/mL, Sigma)
for 4 hours at 37°C, followed by removal of the culture medium
with addition of 150 mL of dimethyl sulfoxide (Sigma). The samples
were shaken at room temperature for 10 minutes and then, the
absorbance of the stained cells was measured at 570 nm, with

655 nm as the reference wavelength.

2.14 | Tumour xenografts and metastasis models

All experimental procedures were approved by the Institutional Ani-
mal Care and Use Committee of Sun Yat-sen University. For tumour
growth assays, cells (3 x 10%) were injected into the inguinal folds of
the BALB/c nude mice (6-7 weeks of age, 17-20 g, female). After
35 days, the animals were killed and tumours were removed,
weighed and sectioned. For metastasis assays, cells (1 x 10%) were
injected into the tail vein of age-matched BALB/c nude mice. Biolu-
minescent imaging was performed using the Xenogen IVIS Spectrum
Imaging System (Caliper Life Sciences, Hopkinton, MA, USA) with
administration of D-luciferin (150 mg/kg i.v.) and anaesthesia by
isoflurane. Sixty days after tumour implantation, the mice were killed
and the lungs were collected to count surface metastases. Extracted

lungs were fixed in formalin and embedded in paraffin using a
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conventional method for further histological hematoxylin and eosin
(H&E) staining.

2.15 | In situ hybridization and
immunohistochemistry

Formalin-fixed, paraffin-embedded NSCLC samples were fixed in 4%
paraformaldehyde and incubated with proteinase K for 20 minutes
at 37°C. After they were dewaxed and rehydrated, the samples were
hybridized with 40 nmol/L digoxin-labelled DUXAP9-206 probe (Exi-
gon, for sequence, see Table S6) at 55°C overnight. The slides were
then washed with SSC buffer and incubated with anti-digoxin mono-
clonal antibody (Roche) for 1 hour at room temperature followed by
staining with Nuclear Fast Red solution.

Immunohistochemistry assays were performed and quantified as
previously described!” using the following primary antibodies: anti-
EGFR (1:100; Abcam), anti-p-AKT (1:50; Abcam) and anti-p-ERK
(1:50; Abcam). The staining scores were evaluated by both the stain-
ing intensity and proportion of positively stained tumour cells.
Scores representing the proportion of positively stained tumour cells
were as follows: 0, no positive cells; 1, <10%; 2, 10%-50%; and 3,
>50%. The staining intensity was determined as follows: (no stain-
ing), 1 (week staining), 2 (moderate staining) and 3 (strong staining).
The staining index (SI) was calculated as the product of staining
intensity x proportion of positively stained cells resulting in scores
of 0, 1, 2, 3,4, 6 or 9. An Sl score of 3 was used as a cut-off value
based on heterogeneity measurement using the log-rank test with
respect to overall survival for the expression of DUXAP9-206 or the

protein of interest.

2.16 | Statistical analysis

All statistical analyses were carried out using the SPSS 20.0 statisti-
cal software package. Survival curves were analysed by the Kaplan-
Meier method and a log-rank test was used to assess significance.
The correlation between the expression levels of DUXAP9-206 and
clinical parameters of patients was assayed by a chi-squared test.
Student's t test was used to compare between groups. In all cases,
error bars represent the mean + SD derived from three indepen-

dent experiments. P values <0.05 were considered statistically

significant.
3 | RESULTS
3.1 | DUXAP9-206 is up-regulated in NSCLC and

correlates with patients’ survival

To explore the functional and clinical relevance of DUXAP9-206 in
NSCLC, we initially analysed the expression levels of DUXAP9-206.
In situ hybridization (ISH) analysis using a specific probe revealed
that the expression levels of DUXAP9-206 were significantly ele-
vated in NSCLC tumour tissues compared with paired adjacent non-
tumour tissues (Figure 1A). The level of DUXAP9-206 in NSCLC

tissues was further verified by gqRT-PCR assays with specific primer
(Figure 1B). Consistently, DUXAP9-206 was highly expressed in
NSCLC cell lines compared with normal lung epithelial cells (BEAS-
2B) (Figure 1C). Moreover, in a set of 216 NSCLC patients in the
Sun Yat-sen University Cancer Center (SYSUCC) cohort (Table S1)
for whom overall survival data were available, patients with high
DUXAP9-206 expression (SI >3) had shorter overall survival times
than those with low DUXAP9-206 (S| <3) expression suggesting that
DUXAP9-206 level might be indicative of the prognosis of NSCLC
(Figure 1D-F). Moreover, early-stage (stages | and Il together) and
late-stage (stages Ill and IV together) patients with high DUXAP9-
206 level had shorter survival times than those with low DUXAP9-
206 expression implying that DUXAP9-206 level might be indicative
of the prognosis of NSCLC patients at various clinical stages. Fur-
thermore, through analysis of the correlation between DUXAP9-206
level and clinicopathologic features of NSCLC patients from the
SYSUCC cohort, we found that DUXAP9-206 expression was signifi-
cantly associated with T classification, LN metastasis and clinical
stage demonstrating its relationship to tumour
(Table S2).

The full-length sequence of IncRNA DUXAP9-206 was obtained
by RACE PCR. The results showed that DUXAP9-206, located on
human chromosome 14 (Chromosome 14: 19 062 316-19 115 270)
(http://www.ensembl.org/index.html), is composed of 1426 nucleo-
tides (Figure S1A-C). Similar to the structure of mRNA, DUXAP9-
206 possesses a 5'-terminal cap and a 3’-terminal poly (A) structure

progression

(Figure S1D,E). Analysis of the sequences by coding potential calcu-
lator software indicated that DUXAP9-206 failed to encode a pro-
tein and has no conserved domain (Figure S1F). Moreover, a codon
substitution frequency (CSF) analysis using PhyloCSF, an algorithm
based on evolutionary signatures, showed that DUXAP9-206 had a
low CSF score (13.21) compared with other well-characterized
INcRNAs (eg SAMMSON: 25.54; and HOTAIR: 17.54) and coding
RNAs (eg ERBB2: 501.53 a; and JUND: 304.00), which further indi-
cated that DUXAP9-206 lacks protein-coding potential (Figure 1G).
Using RT-PCR of nuclear and cytoplasmic fractions, we found that
DUXAP9-206 was mainly located in the cytoplasm of NSCLC cells
(Figure 1H).

3.2 | DUXAP9-206 promotes a proliferative and
prometastatic phenotype

To further understand the biological effect of DUXAP9-206 deregu-
lation in vitro, we established NSCLC cell lines (A549 and H1703)
with stable overexpression or knockdown of DUXAP9-206 (Fig-
ure S2AB). The results of wound healing assays showed that
DUXAP9-206 overexpression increased the migratory speed and that
depletion of DUXAP9-206 decreased the cell migration in both
A549 and H1703 cells (Figure 2A and Figure S3A). Moreover,
DUXAP9-206 overexpression significantly enhanced the invasiveness
and migration of the A549 and H1703 cells with Matrigel-coated or
uncoated Transwell assays, whereas inhibition of DUXAP9-206
markedly weakened the cellular invasive and migratory capabilities
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FIGURE 1 DUXAP9-206 is highly expressed in NSCLC and correlated with poor prognosis. (A) DUXAP9-206 is up-regulated in NSCLC
tumour specimens as detected by ISH assays. (B) Relative expression of DUXAP9-206 in NSCLC tumour tissues and corresponding adjacent
non-tumourous lung tissues by gRT-PCR. *P < 0.05. (C) Analysis of DUXAP9-206 expression in NSCLC cell lines and the immortalized human
bronchial epithelial cell line BEAS-2B. *P < 0.05. (D-F) Kaplan-Meier survival analysis of the correlation between the DUXAP9-206 expression
and overall survival in SYSUCC NSCLC cohorts (D-F). (G) The maximum CSF scores of DUXAP9-206 and other known coding and noncoding
RNAs (served as control) were assessed by PhyloCSF analysis. (H) gRT-PCR analysis of DUXAP9-206 and other known nuclear or cytoplasmic
RNA molecules (served as positive controls) in nuclear and cytoplasmic fractions

(Figure 2B,C and Figure S3B,C). Furthermore, our results showed
that overexpression of DUXAP9-206 remarkably increased the cell
growth rate and colony formation abilities, whereas knockdown of
DUXAP9-206 impaired these abilities in both A549 and H1703 cells
(Figure 2D,E and Figure S3D,E). Collectively, our data suggest that
DUXAP9-206 greatly contributes to the proliferation, invasion and

migration of NSCLC cells in vitro.

3.3 | DUXAP9-206 enhances metastasis and
proliferation

Given that DUXAP9-206 was associated with T classification, LN
metastasis and poor prognosis of NSCLC, we further examined
whether DUXAP9-206 played a role in NSCLC proliferation and

metastasis. For this purpose, we first used A549 cell lines to establish
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FIGURE 2 DUXAP9-206 promotes NSCLC cell proliferation and invasion in vitro. (A) Representative micrographs of wound closures at O
and 24 h after wounding. (B) The indicated invading or migrating cells analysed by Matrigel-coated or noncoated Transwell assays respectively.
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cells with stable overexpression or knockdown of DUXAP9-206

labeled with firefly luciferase for injection of nude mice. As shown by

luciferase live-cell imaging and picric acid staining of metastatic

lesions, mice bearing A549/DUXAP9-206 cells enhanced pulmonary

colonization. In contrast, DUXAP9-206-silenced cells inhibited pul-

monary colonization (Figure 3A-C). In addition, the results of survival
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FIGURE 3 DUXAP9-206 enhances proliferation and metastasis of NSCLC in vivo. (A) Representative bioluminescence images of lung
metastases in the mice that received tail vein injections of the indicated cells. Quantification of bioluminescent signal. *P < 0.05. (B)
Representative bright-field images of the lungs. After 8 weeks, mice were anaesthetized and lung tissue specimens were collected. (C)
Statistical results for number of visible surface metastatic lesions in mice (n = 5 per group) receiving injection of the indicated cells by tail vein.
*P < 0.05. (D) On day 35, mice were anaesthetized and tumours were collected. Representative bright-field images of the tumours are shown.
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When the mice were anaesthetized, the tumours were removed and weighed. *P < 0.05

analysis indicate that higher levels of DUXAP9-206 expression are cor-
related with shorter survival time, while lower levels of DUXAP9-206
expression show the opposite results (Figure S4).

Next, we assessed the effects of DUXAP9-206 on cell prolifer-
ation. Using an experimental mouse xenograft model, we found
that DUXAP9-206-transduced cells showed faster tumour growth
rates than vector-control cells. Conversely, silencing of DUXAP9-
206 significantly suppressed tumour growth rates (Figure 3D-F).

Taken together, these data strongly suggest that DUXAP9-206

may act as a driver molecule to promote NSCLC metastasis and
proliferation.

3.4 | DUXAP9-206 directly interacts with Cbl-b in
the cytoplasm

We next sought to explore the possible mechanism underlying the
role of DUXAP9-206 in regulating NSCLC progression in cytoplasmic
processes. Previous studies have extensively shown that many
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IncRNAs may function by physically interacting with protein mole-
cules and influencing cancer aggressiveness.? To identify DUXAP9-
206-associated proteins, we performed an RNA pull-down assay fol-
lowed by MS analysis. In our study, DUXAP9-206 has been demon-
strated to be mainly located in the cytoplasm of NSCLC cells
(Figure 1H), which indicates that DUXAP9-206 may function by
interacting with other proteins mainly in cytoplasm. As a result, ten
proteins identified from the results of MS analysis, with the highest
abundance, located in the cytoplasm and involved in regulating
tumour growth and metastasis were first analysed. These proteins
included the serine/threonine-protein kinase ULK2, stratifin (SFN), C-
X-C chemokine receptor type 4 (CXCR4), sterile alpha motif domain-
containing protein 9 (SAMDS9), tyrosine-protein kinase (STYK1), tyro-
sine-protein kinase Srms (SRMS), regulatory-associated protein of
mTOR (RPTOR), E3 ubiquitin-protein ligase (Cbl-b), T-complex pro-
tein 1 subunit epsilon (CCT5) and serine/threonine-protein kinase
ULK4 (Figure S5). Using RNA-Protein interaction prediction and RNA
pull-down analysis, we found that only Cbl-b specifically associated
with DUXAP9-206 in the cytoplasm (Figure 4A-C and Figure S6). In
vitro RNA pull-down with recombinant proteins of Cbl-b revealed
that DUXAP9-206 indeed directly binds with Cbl-b (Figure 4D). RNA
(RIP) assays also showed enrichment of
DUXAP9-206 in complexes precipitated with antibody against Cbl-b-
Flag compared with control 1gG (Figure 4E). Thus, these results
demonstrated that DUXAP9-206 directly interacts with Cbl-b in the
cytoplasm.

immunoprecipitation

3.5 | DUXAP9-206 binds with Cbl-b to prevent
degradation of EGFR

Cbl-b, a member of the Cbl protein family, functions as an E3 ubiqui-
tin-protein ligase, which binds with activated tyrosine kinases, such
as the EGFR, for lysosomal degradation leading to cellular responses
including cell proliferation, motility/migration and invasion.*®*” Com-
bining the above results, it implicates a possibility that DUXAP9-206
may promote NSCLC progression by directly binding with Cbl-b to
reduce the degradation of EGFR. To test this, we performed Co-IP
assays in cells with stable overexpression or knockdown of
DUXAP9-206 pretreated with the lysosome inhibitor chloroquine
followed by EGF (100 ng/mL) treatment for 30 minutes. As shown in
Figure 5A, overexpression of DUXAP9-206 reduced the binding of
Cbl-b to EGFR and consequently reduced the ubiquitination of
EGFR. However, knockdown of DUXAP9-206 expression increased
the association of Cbl-b with EGFR and ubiquitination of EGFR (Fig-
ure 5A). These results indicated that DUXAP9-206 inhibits the inter-
action between Cbl-b and EGFR, then prevents the ubiquitination of
EGFR.

We next investigated whether DUXAP9-206 activated EGFR sig-
naling. The results of Western blotting analysis showed that stable
overexpression of DUXAP9-206 increased the expression level of
EGFR and downstream ERK/Akt activation, while knockdown of
DUXAP9-206 showed the opposite results (Figure 5B). Moreover,
knockdown of Cbl-b expression reversed the effects caused by
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DUXAP9-206 overexpression (Figure S7A). To further verify the role
of EGFR signaling in DUXAP9-206-induced cell invasion and prolifer-
ation, we analysed the impact by blocking EGFR signaling in
DUXAP9-206-overexpressing cells. As shown in Figure 5C,D, overex-
pression of DUXAP9-206 failed to rescue the invasive potential and
colony formation capabilities in EGFR-inhibition cells indicating that
DUXAP9-206 may exert biological effects through EGFR signaling.
The inhibition of EGFR expression was confirmed by western blot-

ting analysis (Figure S7B).

3.6 | Clinical association of DUXAP9-206 with
EGFR signaling in NSCLC

To further investigate the clinical relevance of the above findings in
NSCLC, we divided the expression of DUXAP9-206 into high and
low subgroups in 216 human NSCLC clinical specimens. As shown in
Figure 6A,B, 64.7% (66 cases), 61.8% (63 cases), 55.9% (57 cases)
and 57.8% (59 cases) of the samples with low DUXAP9-206 expres-
sion (102 cases) exhibited low levels of p-EGFR, EGFR, p-AKT and p-
ERK respectively, whereas 69.3% (79 cases), 71.9% (82 cases),
57.9% (66 cases) and 62.3% (71 cases) of the samples with high
DUXAP9-206 expression (114 cases) showed high expression of p-
EGFR, EGFR, p-AKT and p-ERK respectively (P < 0.05). Collectedly,
our data demonstrated that the expression of DUXAP9-206 in
NSCLC was positively associated with the expression of EGFR, p-
AKT and p-ERK.

4 | DISCUSSION

In the present study, we showed that IncRNA DUXAP9-206 is signif-
icantly overexpressed in and highly related to clinical features and
prognosis of NSCLC patients. LncRNA DUXAP9-206 contributes to
the proliferation and metastasis of NSCLC by binding with Cbl-b to
prevent the degradation of EGFR and thus ensures the activation of
EGFR signaling (Figure 7).

Previous studies indicated that the progression of NSCLC is a
complex and multifactorial event with multiple genetic changes.
Identifying genes that contribute to the development of effective
approaches to diagnose and treat NSCLC would be of great signifi-
cance. In the present study, our results for the first time demon-
strated that the IncRNA DUXAP9-206, which is closely correlated
with clinical NSCLC patient outcomes is a vitally important IncRNA
that promoted the progression in NSCLC. Through RNA pull-down
and RIP assays, we found that DUXAP9-206 directly interacted
with Cbl-b, an E3 ubiquitin ligase decreased the degradation of
EGFR and thereby activated the EGFR signaling pathway. This
conclusion is further supported by three lines of experimental
evidence: first, DUXAP9-206 directly binds with Cbl-b. Second, the
association of DUXAP9-206 and Cbl-b was indeed promoted in
DUXAP9-206-overexpressing cells and abrogated in cells with
DUXAP9-206 knockdown. Third, overexpressing DUXAP9-206
decreased the degradation of EGFR and increased the activation of

EGFR signaling, whereas silencing of DUXAP9-206 reversed these
effects.

It has been well documented that ubiquitination and lysosomal
degradation of EGFR requires direct binding with Cbl-b. EGFR is
activated by binding with the ligands EGF, TGFax or HB-EGF and
then, the EGFR-ligand complexes may be internalized from the
plasma membrane to the endosomes and ubiquitinated EGFR is effi-
ciently targeted to lysosomes for degradation.?®?* The recruitment
of an E3 ubiquitin ligase, Cbl-b, to activated EGFR is a key link that
promotes its ubiquitination.?22% Cbl-b, a member of the Cbl proteins,
which include c-Cbl, Cbl-b and Cbl-3 functions as a ubiquitin protein
ligase (E3) for activated tyrosine kinases, such as EGFR and targets
them for degradation.?*#?> Cbl-b-mediated EGFR degradation
requires direct binding to the activated EGFR.242® Finally, EGFR sig-
naling-regulated biological effects, such as tumourigenesis and
metastasis are attenuated via ubiquitination upon Cbl-b.2’ A previous
study by Vennin et al demonstrated that the IncRNA H19, a precur-
sor of miR-675, directly binds to c-Cbl and Cbl-b mRNA through
miR-675 and increases the stability of EGFR and c-Met in breast
cancer.?° Jiang et al demonstrated that the IncRNA Inc-EGFR specifi-
cally bound to EGFR and blocked its ubiquitination by c-Cbl, a mem-
ber of the Cbl family.* In the present study, we found that the
expression of Cbl-b did not change when DUXAP9-206 was overex-
pressed, but the interaction of DUXAP9-206 and Cbl-b was
increased leading to a decrease in the binding of Cbl-b to EGFR and
consequently reducing the degradation of EGFR. Of note, this is the
first report to identify an IncRNA that is directly involved in regulat-
ing the association of Cbl-b and EGFR, further enriching and improv-
ing the degradation mechanism of EGFR. According to previous
reports, Cbl proteins contain several highly conserved domains
including an N-terminal tyrosine kinase binding (TKB) domain and a
RING finger. Cbl-b-mediated EGFR degradation requires the binding
of the TKB domain to the activated EGFR.?? It is of interest to fur-
ther explore whether DUXAP9-206 also binds with the TKB domain
of Cbl-b, thus preventing the interaction of the TKB domain of Chl-b
with EGFR. In addition, previous studies have reported that Chl-b
can regulate a cohort of target genes involved in different signaling
pathways.323% Whether the oncogenic role of DUXAP9-206 also
requires additional mechanisms remains to be clarified in future stud-
ies. Furthermore, the clinical relevance of Cbl-b inhibitors currently
in development suggests that DUXAP9-206 may indeed be a bio-
marker for response in NSCLC. It is of interest to further explore the
role of these inhibitors in our presented models to determine if this
is true. Taken together, our findings may further expand our under-
standing of the degradation process of EGFR in NSCLC and lay the
foundation for identification of new therapeutic targets in the
future.

Majority of the NSCLC patients worldwide are EGFR wild
type.®* However, numerous receptor tyrosine kinase inhibitors tar-
get mutation-positive NSCLC®>3¢ and wild type EGFR patients lack
effective treatments that significantly improve their survival and
prognosis.’®3* In this study, DUXAP9-206 was found to inhibit the
degradation of EGFR in EGFR wild type NSCLC cells, such as A549
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FIGURE 6 Clinical relevance of DUXAP9-206 with EGFR, p-EGFR, p-AKT and p-ERK in clinical specimens. (A) ISH analysis of DUXAP9-206
and immunohistochemical analysis of p-EGFR, EGFR, p-AKT and p-ERK expression in NSCLC tumour specimens. Sections were H&E stained to
visualize the tumour structure and boundaries. Original magnification, x400. (B) DUXAP9-206 expression was positively associated with
expression levels of p-EGFR, EGFR, p-AKT and p-ERK in NSCLC specimens

FIGURE 7 Proposed functional action
of DUXAP9-206 in modulating NSCLC
proliferation and metastasis. LncRNA
DUXAP9-206 directly binds with Chl-b to
augment EGFR signaling and promotes
non-small cell lung cancer progression

Lysosome

and H1703, indicating that DUXAP9-206 may be a promising thera-
peutic target for EGFR wild type patients in NSCLC. To further vali-
date this result, we will collect wild type EGFR specimens from
patients with NSCLC to compare the expression of DUXAP9-206
with normal patient specimens, verify their relationship with rele-
vant signaling pathways and analyse the correlation with survival
and prognosis of patients. Whether this mechanism also plays an
important regulatory role in the EGFR mutant patients should be
investigated further.

In summary, our study indicates that DUXAP9-206 and its regu-
lated pathway is crucial for NSCLC and targeting DUXAP9-206 may
be pivotal in the diagnosis or treatment of NSCLC.
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