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It is well recognized that metastasis can occur early in the course
of lung adenocarcinoma (LAD) development, and yet the molec-
ular mechanisms driving this capability of rapid metastasis remain
incompletely understood. Here we reported that a long noncoding
RNA, LINC00673, was up-regulated in LAD cells. Of note, we first
found that LINC00673-v4 was the most abundant transcript of
LINC00673 in LAD cells and its expression was associated with
adverse clinical outcome of LAD. In vitro and in vivo experiments
demonstrated that LINC00673-v4 enhanced invasiveness, migra-
tion, and metastasis of LAD cells. Mechanistically, LINC00673-v4
augmented the interaction between DDX3 and CK1¢ and thus the
phosphorylation of dishevelled, which subsequently activated
WNT/B-catenin signaling and consequently caused aggressiveness
of LAD. Antagonizing LINC00673-v4 suppressed LAD metastasis in
vivo. Together, our data suggest that LINCO0673-v4 is a driver
molecule for metastasis via constitutively activating WNT/p-cate-
nin signaling in LAD and may represent a potential therapeutic
target against the metastasis of LAD.
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Lung cancer is the most common type of cancer and a leading
cause of deaths from cancer worldwide (1). Nonsmall cell
lung cancer (NSCLC), which can be further subtyped into lung
adenocarcinoma (LAD), lung squamous cell carcinoma (LSCC),
large cell carcinoma (LCC), and other relatively less frequently
diagnosed histological types, accounts for ~85% of all lung cancer
cases (2). Of note, LAD constitutes ~50% of NSCLC cases and has
become the most predominant histological subtype of lung cancer
(3). Although currently available therapeutic strategies, including
surgery, chemotherapy, radiotherapy, and targeting therapies, have
achieved remarkable improvements in the past decades, the overall
prognosis for NSCLC remains poor, with the 5-y survival rate being
lower than 21% with all clinical stages combined, partly due to its
usually aggressive clinical course presented (4, 5). Due to early local
invasiveness and metastasis, LAD can spread to lymph nodes
(LNs), contralateral lung, and distant organs such as bones and
brain (6). Obviously, unidentified molecular events, and unknown
molecules that mediate these events, might play pivotal roles in the
development and progression of LAD aggressiveness. Efforts in
addressing these issues would facilitate establishment of new ef-
fective therapeutic targets or prognostic biomarkers.

The WNT/B-catenin signaling is key to cancer development
and progression and represents one of the best recognized cas-
cades modulating tumor invasion and metastasis (7, 8). Accu-
mulating evidence has implicated that constitutive activation of
WNT/B-catenin signaling plays a pivotal role in LAD develop-
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ment and progression (9, 10). Moreover, clinically WNT/B-catenin
pathway activation predicts increased risk of tumor recurrence in
NSCLC patients (11). Of note, previous study by Nguyen et al.
demonstrated that activation of WNT/B-catenin signaling corre-
lated with a lower rate of metastasis-free survival of LAD patients,
and that WNT/T cell factor (TCF) signaling mediated the meta-
static capacity of LAD (12), further supporting a possible biological
as well as clinical significance of WNT/B-catenin signaling in LAD.

It has been widely acknowledged that activation of WNT/
B-catenin signaling is under sophisticated regulation (13). In the
absence of WNT ligand stimulation, pB-catenin is constitutively
phosphorylated via interaction with glycogen synthase kinase
(GSK-3) in a destruction complex composed of scaffold proteins
Axin and adenomatous polyposis coli (APC), leading to ubiquitin-
mediated degradation of p-catenin and an inactivated state of the
signaling (14, 15). When a Wnt ligand binds the frizzled (FZD)
receptor and coreceptors low-density lipoprotein receptor-related
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protein 5 or 6 (LPRS or LPR6), the canonical WNT/B-catenin
signaling is initiated, leading to phosphorylation of LPR5/6, which
then recruits Axin and dishevelled (Dvl) to the plasma membrane,
subsequently disrupting p-catenin destruction complex. Desta-
bilization of the destruction complex prevents phosphorylation-
dependent polyubiquitination and degradation of the p-catenin
(16, 17). As a result, B-catenin translocates into the nucleus and
induces transcription of downstream genes via interacting with
members of the lymphoid enhancer-binding factor (LEF)/TCF
family of transcription factors (18). In a subset of cancers, in-
cluding colorectal cancer, activation of WNT/p-catenin signaling
by stabilization of p-catenin is commonly caused by activating
mutation in p-catenin or inactivating mutations of the APC (19).
However, LAD rarely harbors somatic mutations that constitu-
tively activate WNT/B-catenin signaling, suggesting that other
mechanisms must be involved in promoting the hyperactivation
of WNT/p-catenin signaling in this cancer type (20, 21).

Long noncoding RNAs (IncRNAs), a class of endogenous
cellular RNAs longer than 200 nucleotides in size, lacking coding
potential, play essential roles in many fundamental biological
processes and human diseases (22-24). LncRNAs have emerged
as new key players in cancer development and progression (23, 25),
and studies have revealed that IncRNAs can regulate a variety of
cancer-related signaling networks through their interaction proteins
(23, 25). For example, IncRNA HULC directly binds the Y-box
protein-1 (YB-1) and accelerates its phosphorylation via extracel-
lular signal-regulated kinase (ERK), promoting the translation of
silenced oncogenic mRNAs in hepatocellular cancer (26). Here we
report that a IncRNA in LAD, LINC00673-v4, is highly prognostic
for LAD and critical for WNT/p-catenin signaling activation. We
show that LINC00673-v4 specifically binds DEAD box RNA heli-
case DDX3 and casein kinase 1le (CKle), resulting in phosphory-
lation of Dvl and enhanced activation of WNT/B-catenin signaling.
As a consequence, LINC00673-v4 promotes the aggressiveness
of LAD.

Results

LINC00673-v4 Expression Is Up-Regulated in LAD and Correlates with
Lymph Node Metastasis and Poor Prognosis. Given the important
roles of WNT/B-catenin signaling in LAD, we began our study by
examining the possibility that IncRNA might be involved in the
activation of WNT/B-catenin signaling in LAD. Using the Top/
Fop flash luciferase assay, we assessed the effects of 10 of the
most highly expressed IncRNA transcripts in LAD, as deter-
mined by integrated analysis of transcriptome sequencing data
deposited at The Cancer Genome Atlas (TCGA) by Cabanski
et al. (27), on WNT/B-catenin signaling. As shown in SI Appen-
dix, Fig. S1, silencing ENST00000457958.6 led to significant
suppression of the TCF/LEF activities in LAD cells while an-
other 9 assessed IncRNAs showed no significant, or only weak
effects, suggesting that ENST00000457958.6 might represent a
main IncRNA player in the activation of WNT/p-catenin sig-
naling in LAD.

Against the backdrop that our aforementioned data suggested a
role of ENST00000457958.6 in WNT/B-catenin signaling, we per-
formed the rapid amplification of cDNA ends (RACE) experiment
and identified the 2,160 nt full-length ENST00000457958.6, as
shown in SI Appendix, Fig. S2 B-D, further confirmed by Northern
blotting analysis (SI Appendix, Fig. S2E). Of note, 100% identical
sequence was released in the National Center for Biotechnology
Information (NCBI) recently (LINC00673 transcript variant 4,
NR_152515.1, https://www.ncbi.nlm.nih.gov/nuccore/NR_152515.1).
Thus, we designated the transcript as LINC00673-v4. Human
LINCO00673 is located on chromosome 17 and includes five
transcripts as shown in the NCBI (https://www.ncbi.nlm.nih.gov/
gene/100499467). LINC00673-v4, one of the isoforms of
LINC00673, contains three exons and is highly conservative
across mammals (S Appendix, Fig. S24). Moreover, like most
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intergenic IncRNAs, LINC00673-v4 possesses a polyA tail and
5’ cap structure (SI Appendix, Fig. S2 D and F). Using RNA
fluorescence in situ hybridization and cellular fractionation as-
says, LINC00673-v4 is found in the cytoplasm of LAD cells (Fig.
14 and SI Appendix, Fig. S2G). Analysis on the coding potential
strongly indicated that LINC00673-v4 might lack protein-coding
capacity (Fig. 1B and SI Appendix, Fig. S2H).

We next employed The Atlas of Noncoding RNAs in Cancer
(TANRIC) to investigate the expression of LINC00673 in LAD
patients. As shown in SI Appendix, Fig. S3A4, the level of
LINC00673 in LAD was significantly elevated compared with
that in the adjacent noncancerous tissues. The up-regulation of
LINCO00673 was also confirmed in our 119 cases of archived LAD
tissue specimens using in situ hybridization (ISH) assay (SI Ap-
pendix, Fig. S3B). As data in the TANRIC dataset and ISH assay do
not distinguish LINC00673 isoforms, we designed PCR primers (S
Appendix, Fig. S44) to specifically detect only LINC00673-v4 in
LAD cell lines, 15 paired tumor tissues and the adjacent benign
lung tissues, and 119 cases of archived LAD tissues. We found that
the expression of LINC00673-v4 was markedly up-regulated in
LAD cell lines and tumor tissues (Fig. 1 C-E). Next, we investi-
gated the abundance of transcript variants of LINC00673 in PC9,
HCC827, and H2030 cell lines through qPCR using variant-specific
primers against each transcript (SI Appendix, Fig. S44). Our results
showed that LINC00673-v4 was the most abundant transcript
(SI Appendix, Fig. S4B) in the tested cells. The abundance of
LINC00673-v4 was also validated in five cases of clinical LAD
specimens (SI Appendix, Fig. S4C). These data together dem-
onstrated a significant up-regulation of LINC00673-v4 in LAD,
warranting further investigation on whether the up-regulated
LINC00673-v4 plays a role in the development and progression
of LAD.

Intriguingly, LINC00673-v4 is located within a chromosomal
region that has been found to be commonly amplified in NSCLC,
as shown by a previous study examining somatic copy number
alterations (SCNAs) with high resolution using the Affymetrix
250K Sty I array (28) (SI Appendix, Table S1). In this current
study, we verified the amplification of the LINC00673 gene in
the TCGA dataset, and we found that the RNA expression level
of LINC00673 positively correlated with its amplification status
(SI Appendix, Fig. S3C). When further analyzing LINC00673 copy
number variations in our collected patient samples (n = 119), in-
creased copy numbers of LINC00673 were detected in 24 spec-
imens (20.1%). In addition, the association of LINC00673-v4
expression level with its copy number was also confirmed in
both LAD cell lines and LAD clinical tissues (SI Appendix, Fig.
S3 D and E), together supporting the notion that gene amplifi-
cation contributes to up-regulation of LINC00673-v4, at least in
a certain fraction of cases.

To further understand the clinical significance of increased
expression and copy number of the LINC00673 gene in LAD,
correlation study was performed, and we found that LINC00673-v4
overexpression, and LINC00673 gene amplification as well,
correlated with LN metastasis and patient prognosis (Fig. 1F and
SI Appendix, Fig. S3F and Tables S2-S4; the cutoff value for
distinguishing high versus low expression was selected using re-
ceiver operating characteristic [ROC] curve analysis). Consis-
tently, the same correlations were found in the analysis of the
TANRIC data (SI Appendix, Fig. S3G and Tables S5 and S6;
determination of the cutoff value for predicting survival was
performed using X-tile bioinformatics software).

LINC00673-v4 Promotes LAD Cell Invasion, Migration, and Metastasis.
The strong association of LINC00673-v4 expression with LN
metastasis and poor prognosis in LAD prompted us to in-
vestigate whether LINC00673-v4 promotes LAD cell invasion
and migration. To this end, LAD cell lines (PC9, HCCS827, and
NCI-H2030 cell lines expressing intermediate LINC00673-v4
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Fig. 1. LINC00673-v4 is highly expressed in LAD with prognostic value. (A) The levels of U6 (nuclear control), ACTB (cytoplasmic control), as well as LINC00673-v4

were analyzed by qRT-PCR in nuclear and cytoplasmic fractions (each bar represents the mean + SD derived from three independent experiments). (B) PhyloCSF
analysis was performed to assess the maximum cerebrospinal fluid (CSF) scores of LINC00673-v4 and other known coding and noncoding RNAs. (C) The expression
of LINC00673-v4 is elevated in LAD cell lines compared with primary normal lung epithelial cells (each bar represents the mean + SD derived from three ex-
periments, one-way ANOVA followed by Dunnett's multiple comparison test. *P < 0.05, ***P < 0.001). (D) Analyses of LINC00673-v4 levels in LAD and adjacent
nontumorous lung tissues by qRT-PCR (each bar represents the mean + SD derived from three independent experiments, two-tailed Student’s t test. **P < 0.01,
**%P < 0.001). (E) Analyses of LINC0O0673-v4 expression in Sun Yat-sen University Cancer Center (SYSUCC) LAD cohorts and normal lung tissues using qRT-PCR (two-

tailed Student’s t test. ***P < 0.001). (F) Kaplan—Meier survival analysis of overall survival in SYSUCC LAD cohorts based on LINC00673-v4 expression.

levels) with LINC00673-v4 stably overexpressed were constructed
(SI Appendix, Fig. S54). When tested for their invasiveness and
migration, our results showed that ectopic overexpression of
LINCO00673-v4 in PC9, HCC827, and NCI-H2030 cells signifi-
cantly increased the invasive and migratory capabilities of LAD
cells as exhibited by Matrigel-coated or uncoated Transwell as-
says (Fig. 2 A and B and SI Appendix, Fig. S5B). Wound healing
experiments showed that migration of LINC00673-v4-transduced
cells was markedly enhanced compared with that of the vector-
control cells (Fig. 2 C and D and SI Appendix, Fig. S5 C and D).
In contrast, depletion of LINC00673-v4 (SI Appendix, Fig. S54)
inhibited cellular invasiveness and migration (Fig. 2E and S/
Appendix, Fig. S5B). Moreover, knocking down LINC00673-v4
suppressed the wound healing capability of LAD cells (Fig. 2F
and SI Appendix, Fig. S5 C and D).

Further, the function of LINC00673-v4 was examined in vivo
using experimental models of lung cancer metastasis in nude
mice, with which PC9-pSin-Vector, PC9-LINC00673-v4, PC9-
pSuper-Vector and PC9-LINC00673-v4—sh1 cells were injected
into the lateral tail vein. As shown in Fig. 3 A and B and SI
Appendix, Fig. S6A4, LINC00673-v4—transduced PC9 cells showed
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significantly more pulmonary colonization than the vector-
control cells, which was further confirmed by H&E staining
(Fig. 3C). In contrast, the lung seeding activity of PC9 cells was
significantly suppressed when LINC00673-v4 was depleted (Fig.
3 A-C and SI Appendix, Fig. S64). Moreover, to further confirm
the function of LINC00673-v4 in LAD metastasis, the intracardial
injection metastatic model was employed. Specifically, geneti-
cally engineered cells were injected intracardially, and metastasis
was determined by bioluminescence. As shown in Fig. 3D, the
level of tumor burden was significantly increased in mice in-
oculated with LINC00673-v4—transduced PC9 cells, but was de-
creased for LINC00673-v4-silenced PC9 cells. Bone and brain
metastases were revealed by histological analyses (Fig. 3 E-G
and SI Appendix, Fig. S6 B and C). To test the efficacy of
employing LINC00673-v4 antagonizing therapy in LAD, we also
utilized an antisense LNA GampeRs for LINC00673-v4 to treat
LAD metastatic models by directly i.v. injecting it into the lateral
tail vein of the nude mice. The LINC00673-v4 antisense LNA
GapmeRs-treated groups showed a significant reduction of
metastatic burden compared with the antisense LNA GapmeRs
negative control-treated group (Fig. 3H and SI Appendix, Fig.
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S6D). This result indicates that LINC00673-v4 GapmeRs rep-
resents a potential therapeutic approach for LAD metastasis.
Taken together, our data indicate that LINC00673-v4 is a strong
promoter molecule for LAD cell invasion, migration, and
metastasis.

LINC00673-v4 Activates WNT/B-Catenin Signaling. To further eluci-
date the role of LINC00673-v4 in WNT/B-catenin signaling, Top/
Fop flash luciferase assays were performed in LINC00673-v4—
overexpressing and —silenced LAD cells, respectively. As shown in
Fig. 44 and SI Appendix, Fig. S7A, the TCF/LEF activity was sig-
nificantly increased in cells overexpressing LINC00673-v4 and sig-
nificantly decreased in cells with LINC00673-v4 silenced. Moreover,
subcellular fractionation assays and immunofluorescent staining
demonstrated that overexpression of LINC00673-v4 promoted
the nuclear accumulation of p-catenin, whereas knockdown
of LINC00673-v4 inhibited p-catenin nuclear accumulation (Fig. 4B
and SI Appendix, Figs. S7B and S8). Next, we examined the effects of
LINCO00673-v4 on the expression of invasion-related genes down-
stream of the WNT/B-catenin signaling. As shown in Fig. 4C and S/
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Fig. 2. LINCO00673-v4 regulates LAD cell invasion
and migration in vitro. (A) Representative micro-
graphs of indicated invading or migrating cells an-
alyzed by Matrigel-coated or noncoated Transwell
assays, respectively. (B) Quantification of indicated
invading or migrating cells analyzed by Matrigel-
coated or noncoated Transwell assays, respectively
(each bar represents the mean + SD derived from
three independent experiments, two-tailed Stu-
dent’s t test. **P < 0.01). (C) Representative micro-
graphs of wound healing assay of indicated cells.
Wound closures were photographed at indicated time
after wounding. (D) Quantification of wound closures
of the indicated cells (each bar represents the mean +
SD derived from three independent experiments, two-
tailed Student’s t test. ***P < 0.001). (E) Depletion of
LINC00673-v4 inhibited invasion and migration of in-
dicated cells (each bar represents the mean + SD de-
rived from three experiments, one-way ANOVA
followed by Dunnett's multiple comparison test.
***P < 0.001). (F) Knocking down LINC00673-
v4 suppressed wound healing compared with the
vector-control cells (each bar represents the mean +
SD derived from three experiments, one-way ANOVA
followed by Dunnett's multiple comparison test.
***P < 0.001).

HCC827

Appendix, Fig. STC, the expression levels of VEGF, HOXB9, Twist,
and MMPY, were significantly up-regulated in cells overexpressing
LINCO00673-v4 but decreased in cells with LINC00673-v4 depleted.

We next investigated whether WNT/B-catenin activation plays
a role in mediating LINC00673-v4—induced cellular invasion.
First, we examined the effect of inhibiting WNT/B-catenin signaling,
via depleting TCF4 or LEF1, on the invasion of LINC00673-v4—
transduced PC9, HCCS827, and H2030 cell lines. As indicated in
Fig. 4D and SI Appendix, Fig. S7 D-F, LINC00673-v4-induced cell
invasion was abrogated when TCF4 or LEF1 was silenced. We also
assessed the effect of knocking down TCF4 or LEF1 on control
vector-transduced cells. TCF4 or LEF1 knockdown resulted in
a reduction in cell invasion, but not as significantly as in the
LINCO00673-v4—overexpressing LAD cells (Fig. 4D and SI Appendix,
Fig. S7 D-F). Second, ectopic overexpression of TCF4 or LEF1 in
LINC00673-v4—silenced PC9, HCC827, and H2030 cells rescued
the ability of LAD cells to invade (Fig. 4E and SI Appendix, Fig.
S7 D, G, and H). We also found that overexpression of TCF4 or
LEF1 in empty vector-transfected LAD cells increased the
invasiveness of the LAD cells, and these effects could be further
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LINC00673-v4 promotes LAD cell metastasis in vivo. (A) Indicated cells were injected by tail vein into BALB/c nude mice for observation of lung

metastases. Representative bioluminescence images are shown. (B) At the end of the experiments, mice were anesthetized and lung tissue specimens were
collected, and the representative bright-field imaging of the lungs are shown. (C) Metastatic lesions in mice were confirmed by H&E staining. Arrows indicate
metastatic nodules. (D) Genetically engineered cells were injected intracardially, representative bioluminescence images are shown. (E and F) Metastatic bone
(E) and brain (F) lesions in mice were confirmed by H&E staining. (G) The number of mice in which the metastatic lesions were detected is summarized. (H)
Antagonizing LINC00673-v4 suppressed LAD metastasis in vivo. Representative bioluminescence images are shown.

enhanced in LINC00673-v4-silenced LAD cells (Fig. 4E and SI
Appendix, Fig. S7 D, G, and H). Third, when we sought to further
determine whether activated WNT/p-catenin signaling plays a role
in LINC00673-v4—-mediated prometastatic effects in a mouse model
by employing a WNT/B-catenin signaling inhibitor, our in vivo ex-
periments showed that the lung seeding activity of PC9-vector cells
was suppressed by ICG-001 treatment, a Wnt signaling inhibitor,
but the suppressive effect of ICG-001 on the lung seeding activity of
PC9-vector cells is less potent than that on LINC00673-v4—
overexpressing PC9 cells (Fig. 4F). Taken together, our results
suggest that the activity of WNT/B-catenin signaling can be
promoted by LINC00673-v4, which consequently augments in-
vasion and metastasis of LAD cells.

LINC00673-v4 Interacts with DDX3 and CK1z. Previous studies have
extensively shown that many IncRNAs exert their biological
functions through physically interacting with protein molecules.
To investigate the molecular mechanism underlying the role of
LINC00673-v4 in modulating WNT/p-catenin signaling, we be-
gan our study by identifying intracellular binding proteins of
LINCO00673-v4. For this purpose, biotinylated LINC00673-v4, or
its antisense RNA, was incubated with PC9 cell lysates, followed
by a pull-down experiment. Several differentially displayed pro-
tein bands (bands 1-4 numerically labeled on the gel, arrowed in
Fig. 54) on the silver-stained polyacrylamide gel were identified.
These differential bands in the gel were cut in slices and sub-

Guan et al.

jected to mass spectrometry (MS) analysis. After MS analysis of
each band, a number of putative interacting proteins (unique
peptides >2) in each band were identified (SI Appendix, Tables
S7-S10). We noted that CKle, the top-ranked LINC00673-v4—
interacting protein in band 4, has been suggested to play an
important role in WNT/B-catenin signaling (SI Appendix, Fig.
S9 and Table S10). To validate that LINC00673-v4 interacts with
CKle, we performed RNA pull-down and immunoblotting using
a CKle antibody, and the results showed that CK1e was detected
in the LINC00673-v4 protein complex but not in the control
sample (Fig. 5B and SI Appendix, Fig. S104). Moreover, the
direct interaction was further verified by RNA immunoprecipi-
tation (RIP) assay after UV cross-link (Fig. 5C and SI Appendix,
Fig. S10B). Several other putative proteins with high peptide
counts were also found in band 4, including amylase alpha 1A
(AMY1A) that is involved in the glycosaminoglycan metabolism
pathway, and ribosomal protein L4 (RPL4), a component of the
60S ribosome. It is of note that DDX3 interacts with CKle and
stimulates its kinase activity, which promotes the phosphoryla-
tion of the Dvl and activation of WNT/B-catenin signaling (29,
30). Intriguingly, we found that DDX3 was among the putative
LINCO00673-v4-interacting proteins of band 1 (SI Appendix, Fig.
S9 and Table S7). RNA pull-down followed by immunoblotting
and RIP assay after UV cross-link were performed, and the re-
sults showed that LINC00673-v4 also directly interacted with
DDX3 (Fig. 5 B and C and SI Appendix, Fig. S10 A and B).
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Consistent with the above results derived from the LAD cell
lines, LINC00673-v4 was shown to interact with both DDX3 and
CKle and activate WNT/B-catenin signaling in patient-derived
primary LAD cells (SI Appendix, Fig. S11 A-D). In addition, we
found several energy metabolism-related proteins in bands 2 and
3 with high peptide counts, including methylcrotonoyl-CoA car-
boxylase 2 (MCCC2), pyruvate kinase M1/2 (PKM), ATP synthase
F1 subunit beta (ATP5B), glutamate dehydrogenase 1 (GLUD1),
and ATP synthase F1 subunit alpha (ATP5A1) (SI Appendix,
Tables S8 and S9). The interaction between these factors and
LINC00673-v4 needs to be further validated.

To investigate whether LINC00673-v4 is not nonspecifically
binding to just any RNA binding protein (RBP), we next in-
vestigated the interaction between LINC00673-v4 and an RBP
(HuR) by RNA pull-down followed by immunoblotting assay and
RIP assay after UV cross-link. Our results showed that HuR did
not specifically interact with LINC00673-v4 (Fig. 5 B and C and
SI Appendix, Figs. S10 A and B and S11 C and D).

To identify the intramolecular regions of LINC00673-v4
interacting with the two proteins involved in the interaction, eight
fragments of LINC00673-v4 (1-1,728 nt, 1-1,296 nt, 1-864 nt,
1-432 nt, 1,729-2,189 nt, 1,297-2,189 nt, 865-2,189 nt, and 433-

14024 | www.pnas.org/cgi/doi/10.1073/pnas.1900997116

2,189 nt) were in vitro transcribed and biotinylated and used in pull-
down assays with total protein extracts from PCO cells. As shown in
Fig. 5D, we found that segment 1,729-2,160 nt of LINC00673-v4
interacted with DDX3, while segment 1-432 nt of LINC00673-v4
interacted with CKle. Moreover, RNA folding analysis predicted
that these two binding fragments contained stable stem-loop
structures (SI Appendix, Fig. S11E), further underscoring the
aforementioned deduced LINCO00673-v4 regions interacting with
DDX3 and CKle. In addition, our protein domain mapping ex-
periment showed that the helicase ATP binding domain of DDX3
and the protein kinase domain of CKle interacted with LINC00673-
v4 (SI Appendix, Fig. S12 A and B). Taken together, these data
suggest that LINC00673-v4 is a direct interactive binding partner of
both DDX3 and CKle.

LINC00673-v4 Functions as a Modular Scaffold in the WNT/p-Catenin
Signaling Pathway. To further understand whether the binding of
LINC00673-v4 with both DDX3 and CKle strengthens the in-
teraction between DDX3 and CKle, we performed coimmuno-
precipitation (co-IP) experiments and found that DDX3 and
CKle could reciprocally interact with each other and that over-
expression of LINC00673-v4 enhanced the interaction of DDX3
and CKlg, whereas LINC00673-v4 knockdown attenuated this

Guan et al.
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LINC00673-v4 directly interacts with both DDX3 and CK1e. (A) Imaging of RNA pull-down experiment followed by silver staining. (B) WB validation of

proteins pulled down with LINC00673-v4. (C) RIP assays after UV cross-link were performed to verify the interaction of LINC00673-v4 with DDX3 and CK1g
(each bar represents the mean + SD derived from three experiments, one-way ANOVA followed by Dunnett’s multiple comparison test. ***P < 0.001). (D) WB
analysis of DDX3 and CK1e pulled down by full-length or truncated LINC00673-v4.

interaction in LAD cell lines and patient-derived LAD cells (Fig.
64 and SI Appendix, Figs. S10C and S11F), indicating that
LINC00673-v4 level indeed augments the association between
DDX3 and CKle. Moreover, immunofluorescence staining and
in situ proximity ligation assay (PLA) also showed that interaction
between DDX3 and CKle could be enhanced by LINC00673-v4
overexpression but was inhibited when LINC00673-v4 was depleted
(ST Appendix, Fig. S13). These together suggest that LINC00673-v4
directly binds both DDX3 and CKle and strengthens their
interaction.

As it has been demonstrated that binding between DDX3 and
CKle induces phosphorylation of Dvl and thereby enhances
nuclear accumulation of p-catenin and activation of WNT/
B-catenin signaling (29), we next sought to determine whether
LINC00673-v4 interaction with both DDX3 and CKle is re-
quired for activation of WNT/p-catenin signaling and conse-
quently, for the aggressiveness of LAD. To this end, we knocked
down DDX3 or CKle in LINC00673-v4—overexpressing LAD
cells and found that LINC00673-v4-induced WNT/B-catenin
activation and increase of invasive potential in LAD cells could
be inhibited by silencing DDX3 or CKle (Fig. 6 B-D and SI
Appendix, Fig. S10 D-H). We also investigated the effect of
knocking down DDX3 or CKle on control vector-transduced
cells. DDX3 or CKle knockdown led to a reduction in WNT/
B-catenin activation and cell invasion on control vector-
transduced cells, but not as significantly as in the LINC00673-
vd—overexpressing LAD cells (Fig. 6 B-D and SI Appendix, Fig.
S10 D-H). We also observed that the phosphorylation of Dvl was
increased in LINC00673-v4—overexpressing LAD cells, whereas
silencing LINC00673-v4 expression decreased Dvl phosphorylation
(Fig. 6F). Taken together, these data indicate that LINC00673-v4
may indeed act as a modular scaffold for the DDX3 and CKle
complex to activate WNT/B-catenin signaling.

LINC00673-v4 Is Clinically Associated with WNT/B-Catenin Signaling in
LAD. To further investigate whether the above findings were
clinically relevant, we employed LAD clinical specimens to examine
the expression of LINC00673-v4 and its correlation with hallmarks
of WNT/B-catenin activation. As shown in Fig. 74, positive corre-
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lations between LINC00673-v4 level and expression of nuclear
B-catenin (r = 0.238, P = 0.009), Twist (r = 0.205, P = 0.025),
HOXB9 (r = 0.197, P = 0.032), MMP9 (r = 0.191, P = 0.038), and
VEGEF (r = 0.202, P = 0.028) were found in LAD specimens (S/
Appendix, Table S11). Additionally, we analyzed the data of the
LAD patient cohort collected in the TANRIC database; as shown
in Fig. 7B, high LINC00673 expression positively correlated with the
levels of Twist, HOXB9, MMP9, and VEGF in LAD specimens, and
vice versa, suggesting that in LAD patients, LINC00673-v4 clinically
contributes to activation of the WNT/B-catenin signaling pathway,
resulting in increased expression of nuclear p-catenin, VEGF, Twist,
HOXBY, and MMP9.

Discussion

Our current study reports a prometastatic mechanism of LAD
mediated by a IncRNA, LINC00673-v4, as evidenced by sev-
eral lines of findings, including the identified up-regulation of
LINCO00673-v4 in LAD and its close correlation with the pro-
gression of LAD as well as clinical patient outcomes, in addition
to the data from our mechanistic studies. At the molecular level,
our study uncovers that LINC00673-v4 promotes cancer cell in-
vasion, migration, and metastasis by serving as a scaffold molecule
to overactivate WNT/B-catenin signaling.

Local invasion and distant metastasis are complex, multistep
processes (31). Current understanding of how LAD cells invade
neighboring tissue and disseminate to distant sites remains in-
complete, and molecular targets for effective antimetastatic
therapies are yet to be identified. Of particular note, activation
of the WNT/pB-catenin signaling pathway plays a vital role in the
distant metastasis during LAD progression (12). Our present
study demonstrates that LINC00673-v4 is an essential RNA
regulator of WNT/B-catenin signaling. Our further in-depth
analyses using mass spectrometry, RNA pull-down, and RIP
assays have strongly suggested that LINCO00673-v4 acts as a
modular scaffold to directly interact with DDX3 and CKle,
important modulators in WNT/B-catenin signaling activation.
This notion is supported by several lines of experimental evi-
dence. First, biochemical evidence revealed that LINC00673-
v4 directly binds with CKle at its 5’ region and with DDX3 at
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control PC9 and HCC827 cells. (C) Luciferase analysis of TCF/LEF transcriptional activity in indicated cells (each bar represents the mean + SD derived from
three experiments, one-way ANOVA followed by Dunnett’s multiple comparison test. **P < 0.01, ***P < 0.001). (D) Quantification of invading cells by
Transwell invasion assay in LINC00673-v4—overexpressing and vector-control cells with depletion of DDX3 (each bar represents the mean + SD derived from
three experiments, one-way ANOVA followed by Dunnett’s multiple comparison test. **P < 0.01, ***P < 0.001). (E) The expression levels of p-DvI2 and total

DvI2 were detected in indicated cells.

its 3’ region. Second, the interaction between the DDX3 and
CKle can indeed be promoted in LINC00673-v4—overexpressing
cells and abrogated in cells with LINC00673-v4 depleted. Third,
overexpression of LINC00673-v4 enhances the DDX3/CKle
complex-induced Dvl phosphorylation and subsequent activation
of WNT/p-catenin signaling, whereas silencing LINC00673-v4
inhibits these effects. Taken together, our data reported here
reveal a IncRNA-based regulatory modality of the prometastatic
WNT/B-catenin signaling.

It has been well documented that DDX3 interacts with CKle
to enhance its kinase activity, leading to phosphorylation of Dvl
and activation of WNT/B-catenin signaling in mammalian cells
and malignant tumor cells (29, 32). During the activation of
canonical Wnt signaling, secreted Wnt ligand-bound receptors
recruit Dvl to the plasma membrane where they are activated.
Phosphorylation of Dvl by CKle inactivates the destruction
complex and results in stabilization and nucleus translocation of
p-catenin (33). Notably, the oncogenic roles of DDX3 in various
types of cancers, including NSCLC, have been demonstrated
(34). Bol et al. found that DDX3 is overexpressed in NSCLC and
associated with a poor clinical outcome (35). Moreover, DDX3
promotes cellular stemness and epithelial-mesenchymal transi-
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tion and inhibits the sensitivity to EGFR-TKI in NSCLC cells
(36). Our study extends the current understanding of the onco-
genic roles of DDX3 and identifies a model that LINC00673-v4
scaffolds DDX3 and CKle to form a complex, which contributes
to Dvl phosphorylation and subsequent activation of WNT/
fB-catenin signaling in LAD, highlighting an important IncRNA-
protein kinase module that regulates p-catenin stabilization and
aggressiveness of LAD.

It is particularly noteworthy that inhibition of DDX3 by RK-
33, a small molecule inhibitor designed to bind the ATP binding
site of DDX3 and thereby to abrogate its activity, suppresses
Whnt signaling and the malignant phenotype in several types of
cancers (37, 38). For instance, RK-33 in combination with ra-
diation led to tumor regression in mouse models of lung cancer,
indicating a potential therapeutic benefit of inhibiting DDX3 for
cancers (35). However, whether such a treatment strategy can be
challenged by drug resistance, which is commonly seen in most
targeting therapies as well as chemotherapies, remains unknown.
Interestingly, sensitivity of cancer cells to RK-33 inhibition of
DDX3 appears to be associated with specific genetic alterations.
In colorectal cancer cells, the highest RK-33 sensitivity was found in
cancer cells with wild-type APC and a mutation in CTNNB1 (38).
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LINC00673-v4 positively correlates with activation of Wnt/B-catenin signaling in clinical specimens. (A) Expression of LINC00673-v4 is associated with

B-catenin localization and expression levels of MMP9, Twist, VEGF, and HOXB9. Two representative cases are shown (magnification 400x). (B) The association
of LINC00673 and Twist, HOXB9, MMP9, as well as VEGF in 488 cases of LAD specimens was analyzed using TANRIC datasets (correlation was assessed using

Spearman’s correlation coefficient).

Given the pivotal role of LINC00673-v4 in DDX3/CKle com-
plex and in the subsequent activation of WNT/B-catenin signal-
ing, it would be of great interest to further investigate whether
therapeutics targeting LINC00673-v4 may help overcome chemo
resistance to DDX3 inhibitor(s) across various oncogenotypes.
It is noteworthy that LINC00673 has been implicated in the
development and progression of NSCLC. Recently, LINC00673
has been shown to contribute to the bypass of Ras-induced
NSCLC cell senescence by inhibiting p53 translation (39). Shi
et al. demonstrated that the oncogenic role of LINC00673 in
NSCLC was attributable to its suppression of NCALD via
interacting with LSD1, a H3K4 histone demethylase (40). Fur-
thermore, LINC00673 could function as a ceRNA to sponge
miR-150-5p and thereby promote the proliferation and invasion
of NSCLC cells (41). Moreover, LINC00673 promoted the ag-
gressiveness of NSCLC cells via engaging in epigenetic gene si-
lencing of HOXS (42). Notably, these studies focused on
LINC00673-v3, which is the second abundant transcript in
LAD cells and specimens that we assessed. Here in our current
study, we identified that LINC00673-v4 was the most abundant
transcript in LAD and the importance of LINC00673-v4 in LAD
cell invasion and metastasis. Despite the similarity among the
sequences of LINC00673 transcripts, the difference between
them may allow formation of sequence-specific structures and
distinct structure-based interactions with proteins, DNAs, or RNAs.
Thus, it can be rationally speculated that different LINC00673
transcripts might play distinct roles in the development and pro-
gression of NSCLC biologically via different modes of action.
Interestingly, the locus of LINC00673 largely overlaps with the
locus of LINC00511. Based on the latest version of the Ensembl
genome browser (Ensembl genome browser 96, http://asia.ensembl.
org/index.html), 106 transcripts have been found to derive from
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LINC00511, including LINC00673-v1-5. Accumulating evidence
has revealed the role of LINC00511 in the development and
progression of cancers. For instance, LINC00511-213, one of the
LINCO00511 transcripts, was found to be up-regulated in NSCLC
and to promote cell proliferation and invasion via binding histone
methyltransferase enhancer of zeste homolog 2 (EZH2), acting as
a modular scaffold of EZH2/PRC2 complexes to regulate the
histone modification pattern on the p57 target gene (43). Due to
the complexity of this gene locus, further studies are required to
investigate the biological significance of this locus and its RNA
products in cancers.

Of note, it is not impossible that LINC00673-v4 exerts its
function via more than one mechanism or pathway. Also notably,
we found that the majority of proteins identified in bands 2 and
3 with high peptide counts, including MCCC2, PKM, ATPSB,
GLUD1, and ATP5A1, are involved in the processes of energy
metabolism. It is of interest to note that reprogrammed energy
metabolism plays important roles in cancer development and
progression (44, 45). Thus, whether the oncogenic role of
LINCO00673-v4 also requires additional mechanisms via inter-
acting these putative proteins remains to be clarified in future
studies.

Accumulating evidence has indicated that specific IncRNA
expression can correlate with clinical features in various types of
cancers, supporting the utility of IncRNA in diagnosis and
prognosis of the disease (46, 47). Here, we found that LINC00673-
v4 was significantly up-regulated in LAD tissues. In our studies, it is
noteworthy that the expression of LINC00673-v4 is closely associ-
ated with LN metastasis. It has been well recognized that pro-
gression of LAD can involve regional lymph nodes at early stages
and that the degree of locoregional lymph node involvement is
one of the crucial prognosis factors of the disease (48). Consistent
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with this notion, our results indicated that patients with high
LINCO00673-v4 had shorter survival time.

Given the clinical, functional, and mechanistic significance of
LINC00673-v4 in LAD, we conclude that LINC00673-v4 and its
regulatory role in WNT/B-catenin signaling is critical for the
aggressive behavior of LAD, and LINC00673-v4 may potentially
be an effective target for LAD therapy.

Materials and Methods

Cell Culture. LAD cell lines, including HCC827, NCI-H1650, A549, NCI-H596,
NCI-H1975, NCI-H1299, SK-LU-1, NCI-H358, NCI-H2009, HCC4006, and NCI-
H2030 were purchased from the American Type Culture Collection (ATCC;
Manassas, VA). PC9 were obtained from cell banks of the Shanghai Institutes
of Biological Sciences (Shanghai, China). Cells were maintained in DMEM
supplemented with 10% FBS (Corning, Corning, NY). All cell lines were au-
thenticated by short tandem repeat (STR) DNA profiling and verified to
be mycoplasma-free.

Bioinformatics Analysis. RNAseq data for IncRNA expression of 58 pairs of LAD
tissues versus paired adjacent noncancerous lung tissues and 488 cases of LAD
tissues were mined from TCGA (https://cancergenome.nih.gov/) using TANRIC
(https://ibl.mdanderson.org/tanric/_design/basic/index.html).

Statistical Analysis. All statistical analyses were performed using the SPSS
20.0 statistical software package. Survival curves were analyzed by the
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