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The discovery of long noncoding RNAs (lncRNAs) has
increased our understanding of the development and progres-
sion of many cancers, but their contributions to non-small cell
lung cancer (NSCLC) remain poorly understood. Here, we pro-
filed lncRNA expression in NSCLC and investigated in
detail the molecular function of one upregulated lncRNA,
LINC01234. LINC01234 was overexpressed in NSCLC
compared with normal lung tissue and correlated positively
with poor prognosis. Downregulation of LINC01234 impaired
cell proliferation in vitro and tumor growth in vivo. RNA pull-
down/mass spectrometry experiments showed that LINC01234
interacted with the RNA-binding protein heterogeneous nu-
clear ribonucleoprotein A2/B1 (HNRNPA2B1), which, in
turn, led to the recruitment of DiGeorge syndrome critical re-
gion gene 8 (DGCR8), a subunit of the microRNA (miRNA)
microprocessor complex. Accordingly, depletion of either
LINC01234 or HNRNPA2B1 reduced the processing of several
miRNA precursors, including primary microRNA (pri-miR)-
106b. miR-106b-5p enhanced NSCLC cell growth by downre-
gulating cryptochrome 2 (CRY2), thereby increasing c-Myc
expression. Finally, we found that activated c-Myc binds to
the LINC01234 promoter to increase its transcription, creating
a c-Myc–LINC01234–HNRNPA2B1–miR-106b-5p–CRY2–c-
Myc positive-feedback loop. We identified numerous lncRNAs
with dysregulated expression in NSCLC and demonstrated a
novel oncogenic axis involving LINC01234, HNRNPA2B1,
miR-106b-5p, CRY2, and c-Myc. Components of this axis
may be potential novel targets for NSCLC.

INTRODUCTION
Lung cancer is the leading cause of cancer-related death worldwide.1

About 80%of all lung cancer diagnoses are non-small cell lung cancers
(NSCLCs), the major subtypes being lung adenocarcinoma and lung
squamous cell carcinoma. Despite rapid advances in diagnostic tech-
niques, molecular-targeted drugs, and immune-checkpoint therapies,
the 5-year overall survival (OS) of NSCLC patients remains less than
15%. Several genetic alterations have been reported to be “drivers” of
NSCLC tumorigenesis, including mutations in epidermal growth fac-
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tor receptor and KRAS genes, amplification of mesenchymal–
epidermal transition-related genes, and fusion between the echino-
derm microtubule protein-like 4 and anaplastic lymphoma kinase
genes. Nevertheless, themechanisms underlyingNSCLCpathogenesis
are not well understood.2–5 There is thus a clear need to identify novel
driver genes and to explore theirmechanisms of actionwith the goal of
improving the diagnosis and treatment of NSCLC patients.

Advanced whole-genome sequencing techniques, in combination
with reference gene annotation databases, such as GENCODE, have
revealed that the human genome encodes a large number of noncod-
ing RNAs, including microRNAs (miRNAs), pseudogenes, and long
noncoding RNAs (lncRNAs).6–8 lncRNAs are widely expressed in tis-
sues and cells and participate in diverse cellular biological processes,
such as X chromosome imprinting, immune response regulation, and
cell metabolism, differentiation, and proliferation.9–13 Importantly,
studies using high-throughput sequencing and microarray analyses
have shown that thousands of lncRNAs are differentially expressed
in human cancers,14 where they contribute to tumorigenesis through
numerous mechanisms, including recruiting histone modification en-
zymes that repress or activate gene transcription,15,16 acting as
competing endogenous RNAs or sponges to inhibit miRNA activity,17

regulating mRNA stability via interaction with RNA-binding pro-
teins, such as STAU1, UPF1, and hnRNPL,10,18,19 and paradoxically
encoding small active peptides.20 Our previous studies revealed that
overexpression of the lncRNA HOX transcript antisense RNA (HO-
TAIR) promotes gastric cell proliferation by sponging microRNA
(miR)-331-3p,21 and we also showed that transcription of the anti-
sense lncRNA HOXA11-AS by transcription factor E2F1 facilitates
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gastric cancer cell growth andmetastasis by acting as a scaffold for the
chromatin-modifying factors PRC2, LSD1, and DNMT1 and
reducing the transcription of PRSS8.22 In colorectal cancer, the
c-Myc-regulated lncRNAsMYCLo-1 andMYCLo-2 regulate cell pro-
liferation and progression of the cell cycle by interacting with RNA-
binding proteins, such as HuR and hnRNPK and regulating expres-
sion of the c-Myc target genes CDKN1A (p21) and CDKN2B.23

Recent work has characterized the functional roles and underlying
mechanisms of action of several lncRNAs in NSCLC. For instance,
elevated LINC00963 expression promotes NSCLC cell migration and
invasion in vitro and enhances lung metastasis in vivo by interacting
with and preventing the ubiquitination of phosphoglycerate kinase 1,
which leads to activation of the AKT/mammalian target of rapamycin
(mTOR) signaling pathway.24 Sustained LINC00473 expression is
essential for the growth and survival of LKB1-inactivated NSCLC cells
through its interaction with NONO, which facilitates cyclic AMP
response element-binding protein (CREB)-regulated transcription co-
activator (CRTC)/CREB-mediated transcription.25 We previously
showed that SNHG20 promotes NSCLC cell proliferation and migra-
tion via epigenetic silencing of the cell-cycle regulatory protein p21,11

whereas LINC00152 promotes lung adenocarcinoma cell proliferation
by interactingwith EZH2 and repressing expression of interleukin 24.26

In the present study, we performed comprehensive lncRNA profiling
of NSCLC using publicly available datasets and identified numerous
novel NSCLC-associated lncRNAs. One of these, LINC01234, was
investigated in more depth to identify the molecular mechanisms un-
derlying its dysregulation and function in NSCLC tumorigenesis.

RESULTS
LINC01234 Is Highly Expressed in NSCLC and Correlates with

Poor Prognosis

To identify differentially expressed lncRNAs in NSCLC, we down-
loaded and analyzed lung adenocarcinoma and lung squamous cell
carcinoma RNA sequencing (RNA-seq) datasets from The Cancer
Genome Atlas (TCGA) and microarray gene-profile datasets from
GEO: GSE31210 and GSE18842 (Figures 1A and 1B). We identified
46 and 23 lncRNAs that were significantly downregulated and upre-
gulated, respectively, in all four datasets (Figure 1C). The upregulated
lncRNAs were analyzed further because they are likely to be of greater
utility as diagnostic and prognostic markers. Among the 23 lncRNAs,
LINC01234 was the most differentially upregulated, and TCGA pan-
cancer analysis revealed that LINC01234 was also overexpressed in
many other types of cancers (colon adenocarcinoma, esophageal car-
cinoma, glioblastoma multiforme, kidney chromophobe, kidney clear
cell renal carcinoma, papillary renal cell carcinoma, hepatocellular
carcinoma, prostate adenocarcinoma, thyroid carcinoma, and uterine
corpus endometrial carcinoma) (Figures 1D and S1A). To validate
these results, we performed fluorescence in situ hybridization
(FISH) assays and confirmed the aberrant overexpression of
LINC01234 in NSCLC tumors compared with adjacent normal tis-
sues (Figure 1E). Similarly, quantitative reverse transcriptase PCR
(qRT-PCR) analysis of 95 paired sets of NSCLC and normal tissues
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demonstrated that LINC01234 was significantly upregulated (fold
change > 1; p < 0.01) in 78% (74/95) of cancerous tissues compared
with normal tissues. Analysis of LINC01234 expression in the NSCLC
cell lines gave similar results (Figure 1F).

Next, we explored the relationship between LINC01234 expression and
clinicopathological features of patients withNSCLC by assigning the 95
specimens to high (n = 50, fold change > 2.5) and low (n = 45, fold
change < 2.5) LINC01234 expression groups (Figure 1F). Kaplan–
Meier survival analysis showed that the 3-year overall survival and pro-
gression-free survival (PFS) rates were lower for patients with high
versus low LINC01234-expressing tumors (Figure 1G). High
LINC01234 expression also significantly correlated with larger tumor
size (p = 0.007), TNM stage (p = 0.003), and lymph node metastasis
(p = 0.005) in NSCLC patients but not with other factors, including
sex and age (Table S1). Univariate Cox regression analysis identified
histologic grade, tumor size, lymphatic metastasis, TNM stage, and
LINC01234 expression level as significantprognostic factors.Histologic
grade, lymphaticmetastasis, and LINC01234 expression level remained
independent prognostic factors in multivariate analysis (Table S2).

LINC01234 Promotes NSCLC Cell Proliferation and Inhibits Cell

Apoptosis In Vitro and In Vivo

To explore the biological functions of LINC01234 inNSCLC, we trans-
fected A549 and SPC-A1 cells with small interfering (si)-LINC01234, a
nontargeting control siRNA (si-NC), a LINC01234 overexpression
vector, or an empty vector (Figure 2A). MTT, 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) proliferation assays
showed that downregulation of LINC01234 significantly inhibited
NSCLC cell proliferation compared with the control cells, and
conversely, LINC01234 overexpression promoted cell proliferation
(Figures 2B and 2C). Similarly, colony-forming assays showed that
the clonogenic survival potential was significantly decreased or
increased by knockdown or overexpression of LINC01234, respectively
(Figures 2D and S1B). Similar results were obtained when cell prolifer-
ation was measured with 5-ethynyl-20-deoxyuridine (EdU) assays
(Figures S1C and S1D). The block in cell proliferation induced by si-
LINC01234 expression was accompanied by arrest of the cells in the
G1 to G0 phase of the cell-cycle (Figures 2E and S1E) and elevated
levels of apoptosis, as measured using TUNEL staining or flow cytom-
etry assays (Figures 2F and S1F). Accordingly, A549 and SPC-A1 cells
depleted of LINC01234 expressed significantly higher levels of
apoptosis-related proteins, including cleaved poly (ADP-ribose) poly-
merase (PARP) and cleaved caspase-3, and markedly decreased levels
of G1/S-phase checkpoint proteins, such as cyclin D3, cyclin D1, and
cyclin-dependent kinase 2 (CDK2) (Figure 2G). These data established
that LINC01234 plays a crucial role in controlling NSCLC cell prolif-
eration, cell-cycle progression, and apoptosis. To validate these find-
ings in vivo, we employed a mouse xenograft model. A549 cells stably
expressing control or LINC01234-specific short hairpin RNAs
(shRNAs) were injected subcutaneously into athymic nude mice,
and tumor growth was monitored for 18 days. Indeed, tumors derived
from sh-LINC01234 cells were smaller than those derived from sh-NC
control cells (Figures 2H and 2I). LINC01234 expression was



Figure 1. LINC01234 Is Highly Expressed in NSCLC and Correlated with Poor Prognosis

(A and B) Data mining of altered lncRNA expression in (A) TCGA dataset (LUAD and LUSC) and (B) two microarray gene profiles (GEO: GSE31210 and GSE18842). (C) Venn

diagrams showing lncRNAs commonly upregulated and downregulated in all three datasets. (D) Data mining of the fold change of LINC01234 in TCGA and microarray

datasets. (E) In situ hybridization shows the expression of LINC01234 in NSCLC tissues and adjacent nontumor tissues. (F) qRT-PCR analysis of LINC01234 expression in 95

pairs of NSCLC tissues and adjacent nontumor lung tissues, 16HBE cells, and NSCLC cell lines. (G) Kaplan–Meier survival analysis of the association between LINC01234

expression level and NSCLC patient overall survival and disease-free survival. *p < 0.05, **p < 0.01.
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confirmed to be suppressed in the excised tumors by qPCR analysis
(Figure S1G). Compared with the control tumors, sh-LINC01234-
derived tumors expressed lower levels of the proliferation marker Ki-
67 and contained more apoptotic cells, as assessed by immunohisto-
chemical (IHC) and TUNEL staining, respectively (Figure 2J).

LINC01234 Interacts with HNRNPA2B1 in NSCLC Cells

To better understand the underlying mechanism of action of
LINC01234, we examined its distribution and protein interactions
in NSCLC cells. LINC01234 RNA was located in both the nucleus
and cytoplasm, as determined by FISH analysis (Figure 3A). RNA
pull-down assays combined with mass spectrometry identified
HNRNPA2B1 proteins in NSCLC cell lysates that bound to bio-
tinylated LINC01234 RNA but not to the antisense RNA (Figure 3B;
Table S5). Gene Ontology (GO) and pathway analysis revealed that
the LINC01234-interacting proteins were particularly enriched in
mRNAmetabolic, RNA splicing, and RNA processing pathways (Fig-
ure 3C). One of these, heterogeneous nuclear ribonucleoprotein A2/
B1 (HNRNPA2B1), is reportedly involved in the development of
diverse carcinomas via regulation of pre-mRNA processing and
miRNA maturation. We confirmed the specific association between
LINC01234 and HNRNPA2B1 in RNA pull-down assays, which
Molecular Therapy Vol. 28 No 6 June 2020 1481
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Figure 2. Downregulation of LINC01234 Inhibits NSCLC Cell Growth and Induces Apoptosis In Vitro and In Vivo

(A) qRT-PCR analysis of LINC01234 expression in NSCLC cells overexpressing or depleted of LINC01234. (B and C) Growth curves show the proliferation ability of

LINC01234-depleted (B) or -overexpressing (C) A549 and SPC-A1 cells. (D) Colony formation assays were used to evaluate the colony formation capacity of LINC01234-

depleted A549 and SPC-A1 cells. (E and F) Fluorescence-activated cell sorting (FACS) analysis of the effect of LINC01234 downregulation on cell-cycle progression (E) and

apoptosis (F). (G) Western blot analysis of apoptosis- and cell-cycle-related proteins in A549 and SPC-A1 transfected with control or LINC01234-specific siRNA. (H)

Representative images of mice-bearing tumors derived from cells expressing empty vector or sh-LINC01234 and tumor volume versus time-growth curves. (I) Tumor weights

from two groups are represented. (J) Representative images of tumor samples derived from cells expressing empty vector or sh-LINC01234 subjected to H&E staining, Ki-67

immunostaining, and TUNEL staining. *p < 0.05, **p < 0.01.
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showed that HNRNPA2B1 bound to biotinylated LINC01234 RNA
and not with the biotinylated negative control or antisense RNAs
(Figure 3D). Similar experiments performed with truncated
LINC01234 sequences (1–500, 1–1,000, 1–1500, and 1–2,088 nucleo-
tides) showed that the main HNRNPA2B1-binding site in NSCLC
cells was located in the 1,000–1,500 sequence of LINC01234 (Fig-
ure 3E). Conversely, LINC01234 was identified in HNRNPA2B1 im-
munoprecipitates from A549 and SPC-A1 cells using RNA immuno-
precipitation (RIP) assays. LNMAT2 was used as a positive control in
1482 Molecular Therapy Vol. 28 No 6 June 2020
RIP assays, as it was found to be interacted with HNRNPA2B127

(Figure 3F). The interaction of LINC01234 and HNRNPA2B1
was reduced by LINC01234 silencing, as expected (Figure 3G).
Collectively, these results suggested that LINC01234 forms a
complex with HNRNPA2B1 that may regulate downstream target
expression.

A recent study demonstrated that HNRNPA2B1 can interact with
DiGeorge syndrome critical region gene 8 (DGCR8), a component



Figure 3. LINC01234 Interacts with RNA-Binding Proteins HNRNPA2B1 and Forms a Complex with DGCR8 in NSCLC Cells

(A) FISH analysis of the subcellular localization of LINC01234 in A549 and SPC-A1 cells. (B) Representative silver-staining image shows the LINC01234 RNA- and anti-sense

RNA-precipitated proteins by RNA pull-down assay. (C) GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of LINC01234-interacted proteins

enriched the cellular process and pathways. (D) The anti-HNRNPA2B1 western blot image shows HNRNPA2B1 binding to desthiobiotinylated LINC01234 in A549 cells. (E)

Schematic representation of the full-length LINC01234 and its truncations. The anti-HNRNPA2B1western blot image showsHNRNPA2B1 binding to desthiobiotinylated full-

length and different truncations of LINC01234 in A549 cells. (F) RIP assays showing LINC01234 and LNMAT2 coimmunoprecipitation (coIP) with HNRNPA2B1 from A549

and SPC-A1 cells. (G) RIP assays showing LINC01234 coimmunoprecipitation with HNRNPA2B1 in LINC01234 or control siRNA-transfected A549 and SPC-A1 cells. (H)

CoIP assays show the interaction between HNRNPA2B1 and DGCR8 in A549 and SPC-A1 cells. **p < 0.01.
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of the primary (pri)-miRNA microprocessor, and regulate miRNA
expression.28 To examine this inNSCLC cells, we performed reciprocal
immunoprecipitation of endogenous DGCR8 and HNRNPA2B1 and
analyzed the coprecipitated proteins by western blotting. This analysis
revealed that the two proteins did indeed interact in NSCLC cells, and
importantly, binding was abolished by expression of si-LINC01234
(Figure 3H). These data point to a role for LINC01234 in pri-miRNA
processing via complex formation with HNRNPA2B1 and DGCR8.

LINC01234 and HNRNPA2B1 Facilitate pri-miRNA Processing

To determine whether LINC01234 affects pri-miRNA processing in
an HNRNPA2B1-dependent manner, we performed global miRNA
profiling of A549 cells depleted of LINC01234 and/or HNRNPA2B1.
Expression of a large number of miRNAs was reduced in cells with
knockdown of either LINC01234 or HNRNPA2B1 (Figures 4A and
S2A), of which 38 miRNAs were downregulated in both
LINC01234- and HNRNPA2B1-depleted cells (Figure 4B).
We validated these findings by qPCR analysis of the primary and
mature forms of the five most downregulated miRNAs—miR-106b-
5p, miR-17-5p, miR-362-5p, miR-374-3p, and miR-425-3p—in
LINC01234- and HNRNPA2B1-depleted A549 and SPC-A1 cells.
The results showed that levels of the mature miRNAs were decreased
by LINC01234 or HNRNPA2B1 knockdown, whereas levels of their
pri-miRNAs were increased (Figures 4C, S2B, and S2C), indicative of
a block in processing. The most striking changes occurred for pri-
miR-106b and miR-106b-5p, and we therefore asked whether
HNRNPA2B1 and DGCR8 interacted with miR-106b in NSCLC cells.
We found that pri-miR-106b was enriched in anti-HNRNPA2B1 and
anti-DGCR8 immunoprecipitates of NSCLC cell lysates (Figures 4D
and S2D), and the associations were reduced by LINC01234 knock-
down (Figures 4E and S2E). Taken together, these data suggest that
HNRNPA2B1 and DGCR8 could interact with pri-miR-106b, and
LINC01234 promoted its maturation to miR-106b-5p with the help
of HNRNPA2B1 and DGCR8.
Molecular Therapy Vol. 28 No 6 June 2020 1483
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Figure 4. LINC01234/HNRNPA2B1 Complex Regulates miR-106b-5p Maturation

(A) Heatmaps were drawn to show the differentially expressed miRNAs in LINC01234- or HNRNPA2B1-depleted cells. (B) Venn diagram shows the overlap between

LINC01234-regulated miRNAs and HNRNPA2B1-affected miRNAs. (C) qPCR analyses show the changes of pri- and mature miR-106b, miR-17, and miR-362 expression

levels after transfection with LINC01234 or HNRNPA2B1 siRNA. (D) Immunoprecipitation of HNRNPA2B1 and qPCR analysis of associated pri-miR-106b. (E) Immuno-

precipitation of HNRNPA2B1 and qPCR analysis of associated pri-miR-106b after transfection with LINC01234 siRNA. *p < 0.05, **p < 0.01.
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LINC01234, HNRNPA2B1, and miR-106b-5p Promote

Tumorigenic Behaviors in NSCLC Cells

IHC analysis of HNRNPA2B1 protein expression in NSCLC and
adjacent normal lung tissues indicated that the protein was aberrantly
upregulated in the tumor tissues (Figure 5A), consistent with the up-
regulation of LINC01234. To investigate the biological roles and
interdependence of LINC01234, HNRNPA2B1, and miR-106b-5p
in NSCLC cells, we analyzed the effects of their modulation on cell
proliferation, apoptosis, and cell-cycle progression. qRT-PCR anal-
ysis of cells expressing si-HNRNPA2B1 confirmed that HNRNPA2B1
mRNA levels were specifically reduced by �80% compared with si-
NC-expressing cells (Figure S3A). HNRNPA2B1 knockdown signifi-
cantly inhibited the proliferation of A549 and SPC-A1 cells, as as-
sessed by MTT and colony-forming assays (Figures 5B and 5C),
and additionally induced cell-cycle arrest in G0/G1 and increased
cell apoptosis (Figures 5D and 5E and S3B) compared with control
cells. Consistent with the LINC01234 findings, HNRNPA2B1 sup-
ports the growth of NSCLC cells.

Because LINC01234–HNRNPA2B1 interactions increase miR-106b
processing, we examined whether a miR-106b-5p inhibitor would
recapitulate and a miR-106b-5p mimic would rescue the effects of
1484 Molecular Therapy Vol. 28 No 6 June 2020
LINC01234 and HNRNPA2B1 knockdown in NSCLC cells. First,
we detected the efficiency of knockdown and overexpression of
miR-106b-5p (Figure S3C). Indeed, transfection of A549 and SPC-
A1 cells with a miR-106b-5p inhibitor reduced cell proliferation (Fig-
ures 5F and 5G), induced cell-cycle arrest in G0/G1, and increased
apoptosis (Figures 5H and 5I and S3D) compared with cells trans-
fected with a control sequence. Notably, cotransfection of a miR-
106b-5p mimic into A549 cells partially rescued the effects of
LINC01234 knockdown (Figures 5J and 5K), suggesting that the pro-
proliferative effects of LINC01234 are mediated, at least in part, via
upregulation of miR-106b-5p.

Cryptochrome 2 (CRY2) Is a Target of miR-106b-5p and

LINC01234/HNRNPA2B1

Next, we sought to identify the downstream target genes regulated by
LINC01234–HNRNPA2B1–miR-106b-5p that might mediate their
effects in NSCLC. To this end, we performed unbiased RNA-seq of
A549 cells expressing si-LINC01234 or si-NC and analyzed the differ-
entially expressed mRNAs (Figure 6A). Gene-set enrichment analysis
revealed that LINC01234 silencing affected the expression of genes
enriched in pathways associated with cell-cycle arrest and apoptosis
(Figure S3E). To identify miR-106b-5p- and LINC01234-coregulated



Figure 5. HNRNPA2B1 and miR-106b-5p Exert Oncogenic Roles in NSCLC Cells

(A) IHC staining detection of HNRNPA2B1 in NSCLC tumor and normal tissues. (B) Growth curves show the proliferation ability of HNRNPA2B1-depleted A549 and SPC-A1

cells. (C) Colony formation assays were used to evaluate the colony formation capacity of HNRNPA2B1-depleted A549 and SPC-A1 cells. (D and E) FACS analysis of the

effect of HNRNPA2B1 downregulation on cell-cycle progression (D) and apoptosis (E). (F) Growth curves show the proliferation ability of miR-106b-5p inhibitor-treated A549

and SPC-A1 cells. (G) Colony formation assays were used to evaluate the colony formation capacity of miR-106b-5p inhibitor-treated A549 and SPC-A1 cells. (H and I) FACS

analysis of the effect of miR-106b-5p inhibitor treatment on cell-cycle progression (H) and apoptosis (I). (J) Growth curves show the proliferation ability of the LINC01234

siRNA andmiR-106b-5pmimic-cotransfected A549 cell. (K) Colony formation assays were used to evaluate the colony formation capacity of the LINC01234 siRNA andmiR-

106b-5p mimic-cotransfected A549 cell. *p < 0.05, **p < 0.01.
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targets, we performed an integrative analysis of the miRDB database
and the gene-expression profiles. We found that of the 997 genes that
were significantly upregulated (log2 fold change > 1.1 and p < 0.05) by
LINC01234 silencing, 16 were predicted target genes of miR-106b-5p
(Figure 6A; Table S6). One of these, the circadian clock protein CRY2,
is of particular interest because of its remarkable expression fold
change upon LINC01234 knockdown (Figure S3F) and its vital role
in tumor suppression. Thus, we selected it for further analysis. To
verify that CRY2 expression is indeed regulated through
LINC01234 and miR-106b-5p, we performed luciferase reporter as-
says. HEK293T cells were transfected with a luciferase vector under
the control of the wild-type (WT) 30 untranslated region (UTR) of
CRY2 (WT-CRY2) or one carrying mutations in the putative miR-
106b-5p-binding sites (mut-CRY2) and then cotransfected with
either a control sequence or miR-106b-5p mimic. We found that
miR-106b-5p significantly decreased luciferase activity driven by
WT-CRY2 but not by mut-CRY2 (Figures 6B and S3G), indicating
that CRY2 expression is regulated by miR-106b-5p. Consistent
with this, qRT-PCR and western blot analysis indicated that
CRY2 mRNA and protein levels were reduced or elevated after trans-
fection with a miR-106b-5p mimic or inhibitor, respectively
(Figure 6C).

Given that expression of LINC01234 and miR-106b-5p is positively
associated in NSCLC cells, we predicted that LINC01234 knockdown
may recapitulate the effects of miR-106b-5p on CRY2 expression.
Indeed, si-LINC01234 expression significantly increased CRY2
mRNA and protein levels in A549 and SPC-A1 cells (Figure 6D),
and these effects were reversed by coexpression of the miR-106b-5p
mimic (Figure 6E). Furthermore, overexpression of CRY2 reversed
Molecular Therapy Vol. 28 No 6 June 2020 1485
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Figure 6. CRY2 Is a Key Target of miR-106b-5p in NSCLC Cells

(A) Hierarchically clustered heatmap of upregulated and downregulated genes in LINC01234-depleted A549 cells. Venn diagram shows the overlap between predicted miR-

106b-5p targets by the miRDB database and LINC01234 depletion upregulated genes. (B) Luciferase activities were measured in NSCLC cells cotransfected with the

luciferase reporter containing CRY2 wild-type or mutant and the mimics of miR-106b-5p. (C and D) qPCR and western blot analysis of CRY2 mRNA and protein expression

after transfection with miR-106b-5p mimics or inhibitors (C) and LINC01234 siRNA (D). (E) qPCR and western blot analysis of CRY2 mRNA and protein expression after

cotransfection with LINC01234 siRNA and miR-106b-5p mimics. (F) Growth curves show the proliferation ability of miR-106b-5p mimics and the CRY2 overexpression

vector cotransfected cell. (G) Colony formation assays were used to evaluate the colony formation capacity of miR-106b-5p mimics and the CRY2 overexpression vector

cotransfected cell. (H) qPCR and western blot analysis of CRY2 mRNA and protein expression after cotransfection with miR-106b-5p mimics and the CRY2 overexpression

vector. (I) The scatterplot images show the correlation between miR-106b-5p and CRY2 in TCGA dataset.*p < 0.05, **p < 0.01.

Molecular Therapy
the proproliferative effects of the miR-106b-5pmimic (Figures 6F and
6G), confirming that the LINC01234–HNRNPA2B1–miR-106b-5p
axis negatively regulates CRY2 expression and function in NSCLC
cells. The downregulation of CRY2 mRNA and protein induced by
miR-106b-5p overexpression was also partly rescued by cotransfec-
tion with a CRY2 vector (Figure 6H). Finally, we analyzed the lung
adenocarcinoma and lung squamous cell carcinoma TCGA datasets
and identified a significant negative correlation between the expres-
sion levels of miR-106b-5p and CRY2 mRNA29 (Figure 6I). Collec-
tively, these data indicate that CRY2 is a target gene of miR-106b-
5p, and its expression in NSCLC cells is coregulated by LINC01234
and miR-106b-5p.
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CRY2 Acts as a Tumor Suppressor in NSCLC Cells

To verify the potential role of CRY2 as a tumor suppressor, we exam-
ined its expression and function in NSCLC tissues and cells. IHC anal-
ysis and TCGA analysis showed that tumor tissues expressed lower
CRY2 levels compared with normal lung tissues29 (Figures 7A and
S4A). As expected, transfection of A549 and SPC-A1 cells with a
CRY2 overexpression vector (Figure S4B) significantly inhibited cell
proliferation (Figures 7B and 7C), which contrasts with the effects of
LINC01234/miR-106b-5p overexpression. To determine whether
manipulation of CRY2 levels could reverse the effects of LINC01234,
we cotransfected NSCLC cells with CRY2 and LINC01234 overexpres-
sion or siRNA vectors. We found that CRY2 partially reversed the



Figure 7. CRY2 Exerts Tumor-Suppressor Functions via Repressing c-Myc Expression in NSCLC Cells

(A) IHC staining detection of CRY2 in NSCLC tumor and normal tissues. (B) Growth curves show the proliferation ability of the CRY2 overexpression vector or empty vector-

transfected cell. (C) Colony formation assays were used to evaluate the colony formation capacity of the CRY2 overexpression vector or empty vector transfected cell. (D)

Growth curves show the proliferation ability of CRY2- and LINC01234-overexpressing or -depleted cells. (E) Colony formation assays were used to evaluate the colony

formation capacity of CRY2 and LINC01234-overexpressing or -depleted cells. (F) Western blot analysis of c-Myc and CRY2 levels in NSCLC cells overexpressing CRY2. (G)

Western blot analysis of c-Myc and CRY2 expression in NSCLC cells with knockdown or overexpression of CRY2 and LINC01234. (H) Kaplan–Meier survival analysis of the

association between CRY2 expression level and NSCLC patient overall survival survival. *p < 0.05, **p < 0.01.
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proproliferative effects of LINC01234 overexpression, and conversely,
expression of si-CRY2 largely rescued the growth inhibition induced
by LINC01234 knockdown (Figures 7D and 7E).

A recent study reported that CRY2 promotes c-Myc degradation, and
accordingly, CRY2 depletion stabilizes c-Myc protein levels.30

Consistent with this, we found that CRY2 overexpression and
LINC01234 knockdown decreased c-Myc protein levels in NSCLC
cells, whereas LINC01234 overexpression increased c-Myc levels.
Moreover, this was partially reduced by coexpression of CRY2 (Fig-
ures 7F and 7G). Finally, Kaplan–Meier analysis of NSCLC patient
datasets from TCGA, GEO, and the European Genome Archive using
Kaplan–Meier (KM) plotter indicated that low tumor expression of
CRY2 was associated with poorer prognosis31 (Figure 7H). Thus,
LINC01234 and miR-106b-5p positively regulate c-Myc expression
and promote NSCLC growth via negative regulation of CRY2 levels.
Molecular Therapy Vol. 28 No 6 June 2020 1487

http://www.moleculartherapy.org


Figure 8. c-Myc Promotes LINC01234 Transcription in NSCLC Cells

(A) Prediction of c-Myc-binding sites in the promoter region of LINC01234 by JASPAR. (B) Gene set enrichment analysis (GSEA) analysis shows the enrichment of

LINC01234-regulated genes in the c-Myc target list. (C) Correlation between c-Myc and LINC01234 expression in the GEO: GSE18842 dataset. (D) qRT-PCR analysis of

LINC01234 expression in A549, SPC-A1, and HEK293T cells transfected with a c-Myc-overexpression vector or siRNA. (E) ChIP-qPCR analysis of c-Myc occupancy of the

LINC01234 promoter in A549 and SPC-A1 cells. H19 was used as a positive control and IgG as a negative control. (F) Dual-Luciferase reporter assays of c-Myc binding to the

LINC01234 promoter region. (G) Proposed model illustrated the modulatory role of c-Myc-activated LINC01234 acting as an oncogenic lncRNA that interacts with

HNRNPA2B1 and regulates miR-106b biogenesis. *p < 0.05, **p < 0.01.
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c-Myc Activates LINC01234 Transcription, Creating a c-Myc–

LINC01234–CRY2 Positive-Feedback Loop in NSCLC Cells

Increasing evidence suggests that oncogenic transcription factors,
such as E2F1 and c-Myc, play a role in the aberrant expression of
lncRNAs in human cancers. Having demonstrated a relationship be-
tween LINC01234–miR-106b-5p–CRY2 and c-Myc in NSCLC cells,
we next asked whether c-Myc or other transcription factors might
contribute to the LINC01234 dysregulated expression observed in
NSCLC.With the use of JASPAR, the online database of transcription
factor-binding profiles, we found that the LINC01234 promoter re-
gion contained several potential binding sites for transcription fac-
tors, including c-Myc (Figure 8A). Moreover, gene-set enrichment
analysis of the RNA-seq data indicated that c-Myc-regulated genes
were enriched among those differentially regulated by LINC01234
expression in NSCLC (Figure 8B). Consistent with this, we observed
a significantly positive correlation between LINC01234 and c-Myc
1488 Molecular Therapy Vol. 28 No 6 June 2020
expression in the GEO: GSE18842 lung cancer dataset (Figure 8C).
These findings suggested that c-Myc might be an upstream regulator
of LINC01234.

To test this hypothesis, we overexpressed or silenced c-Myc in A549
and SPC-A1 cells and analyzed LINC01234 expression (Figures S4B–
S4D). We found that c-Myc overexpression or knockdown increased
or decreased, respectively, LINC01234 expression (Figure 8D). To
determine whether c-Myc regulates LINC01234 expression, we per-
formed chromatin immunoprecipitation (ChIP) and luciferase re-
porter assays. We found that LINC01234 promoter sequences were
indeed enriched in anti-c-Myc immunoprecipitates compared with
control immunoglobulin G (IgG) immunoprecipitates of NSCLC
cell lysates (Figure 8E), and luciferase reporter assays identified the
E2 (�373 to �362) and E3 (�40 to �29) regions of the
LINC01234 promoter as specific c-Myc-binding sites (Figure 8F).
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Finally, we examined the relationship between c-Myc expression in
NSCLC tumors and patient prognosis, and we found that overall sur-
vival rates were lower for patients with c-Myc-overexpressing tumors
(Figure S4E). Additionally, we also determined a negative correlation
between c-Myc and CRY2 and another negative correlation between
LINC01234 and CRY2 in TCGA data (Figure S4F). Collectively, these
results demonstrate that the expression and activity of the
LINC01234–HNRNPA2B1–miR-106b-5p–CRY2–c-Myc pathway
play a role in NSCLC development and progression (Figure 8G).

DISCUSSION
Multiple factors are involved in tumorigenesis, and numerous recent
studies have implicated lncRNAs as critical regulators of this pro-
cess. In the present study, we identified thousands of differentially
expressed lncRNAs in human NSCLC compared with normal
lung tissue. In addition to the known lncRNAs MALAT1,
LINC00673, and ANRIL,32–34 we identified many new NSCLC-asso-
ciated lncRNAs, including LINC01234. Importantly, high tumor
expression of LINC01234 was significantly associated with poorer
prognosis and shorter survival time in NSCLC patients. In addition,
modulation of LINC01234 expression revealed its oncogenic activity
through promotion of cell growth and inhibition of apoptosis, sup-
porting a potential role for LINC01234 dysregulation in NSCLC
pathogenesis. Finally, complementary in vivo studies using a mouse
xenograft model confirmed the role played by LINC01234 in tumor
growth.

Recent studies have shown that oncogenic transcription factors
contribute to lncRNA dysregulation in cancer cells. For example,
SP1 activates expression of the lncRNAs AGAP2-AS1 and TINCR
in gastric cancer cells,35,36 whereas E2F1 promotes ANRIL and
HOXA11-AS transcription in lung cancer and gastric cancer.22,34

In the present study, we verified that c-Myc binds to the promoter
and facilitates LINC01234 transcription. c-Myc is a known onco-
gene, is frequently amplified in human cancers, and regulates tran-
scription of genes involved in cell growth and cell-cycle progression.
Several additional c-Myc-regulated lncRNAs, such as MYCLo-1 and
MYCLo-2, have been shown to regulate colorectal cancer growth.23

In that study, lncRNAs bound to the RNA-binding proteins HuR
and hnRNPK to influence the expression of c-Myc target genes,
such as CDKN1A and CDKN2B.23 We found that LINC01234
affected the expression of not only CDKN1A but also P57, BTG2,
and CRY2 in NSCLC cells. Collectively, these findings indicate
that lncRNAs may be important mediators of c-Myc-induced
tumorigenesis.

Current evidence suggests that lncRNAs play a variety of roles in
tumorigenesis. Here, we established that LINC01234 binds to
HNRNPA2B1, which has known cancer-promoting functions in a va-
riety of tumors. For example, HNRNPA2B1 accelerates pre-mRNA
processing and interacts with and regulates the activity of mutant
KRASG12V and KRASG12D proteins.37 In addition, HNRNPA2B1
forms complexes with a number of lncRNAs to regulate gene expres-
sion.38,39 In this study, we demonstrated that the LINC01234–
HNRNPA2B1 complex recruits DGCR8 to promote processing of
pri-miRNAs, such as miR-106b-5p, miR-17-5p, and miR-362-5p, to
their mature forms. Accordingly, LINC01234 depletion decreased
mature miRNA levels and increased unprocessed primary miRNA
levels in the nucleus. Our findings are consistent with a previous study
showing that HNRNPA2B1 could regulate the alternative splicing of a
set of nuclear transcripts containing the pri-miRNAs.28 Our findings
demonstrate that LINC01234 complexes with HNRNPA2B1 and re-
cruits DGCR8 to facilitate miR-106b-5p maturation in NSCLC cells.

miR-106b is highly expressed in and contributes to the development
and progression of multiple cancers. Li et al.40 reported that overex-
pressed miR-106b-5p facilitated glioma cell proliferation via repres-
sion of retinoblastoma-like 1 (RBL1), RBL2, and caspase-8 transla-
tion. In breast cancer, high miR-106b-5p expression promotes cell
invasion and proliferation through suppression of phosphatase
and tensin homolog (PTEN) and activation of phosphoinositide
3-kinase/AKT signaling.40 A recent study also demonstrated that
miR-106b-5p is upregulated in NSCLC,41 although that study did
not investigate its function or regulation of downstream target
genes. Here, we showed that miR-106b-5p promotes proliferation
and inhibits apoptosis of NSCLC cells via repression of CRY2.
Growing evidence supports an import role for circadian clock pro-
teins, such as CRY1 and CRY2, in the development of malignant tu-
mors. CRY2 is a component of the FBXL3-containing E3 ligase,
which ubiquitinates and promotes the degradation of threonine
58-phosphorylated c-Myc.30 We found that reduced expression of
CRY2 is associated with shorter survival of NSCLC patients. Consis-
tent with this, the oncogenic function of LINC01234 and miR-106b-
5p was at least partly dependent on downregulation of CRY2. CRY2
overexpression promoted c-Myc degradation, suggesting the exis-
tence a c-Myc–LINC01234–miR-106b-5p–CRY2 feedback loop
that may play an essential role in NSCLC development.

In summary, the present study identifies a novel c-Myc-activated
lncRNA, LINC01234, which is dysregulated in human NSCLC and
associated with poor prognosis. LINC01234 promotes cell growth
and inhibits apoptosis via interaction with HNRNPA2B1 and recruit-
ment of DGCR8 to induce pri-miR-106b processing. These observa-
tions advance our understanding of lncRNA–miRNA–mRNA net-
works in NSCLC and suggest that LINC01234 may have utility as a
diagnostic marker and/or therapeutic target for NSCLC and poten-
tially other malignancies.

MATERIALS AND METHODS
Microarray and TCGA Dataset Analysis

We obtained raw microarray data (CEL files) from GEO: GSE18842
and GSE31210 datasets, which are paired normal and NSCLC tissues
sequenced on the Affymetrix Human Genome U133 Plus 2.0 Array
platform. For lncRNA analysis, all probes were reannotated using
the GENCODE Release 22 lncRNA annotation file. For analysis of
TCGA data, the expression levels of all lncRNAs were calculated
from aligned BAM files by using RNA-SeqQC software. GEO and
TCGA analyses were summarized in Table S3.
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NSCLC Specimen and Cell Lines

A cohort of 95 paired NSCLC specimens and adjacent nontumor tis-
sues was obtained from 95 NSCLC patients at the First Affiliated Hos-
pital of Nanjing Medical University and Second Affiliated Hospital of
Nanjing Medical University between 2013 and 2015. They did not
receive radiotherapy, chemotherapy, or molecular target therapy
prior to surgical treatment. These specimens were immediately
snap frozen and stored in liquid nitrogen until required. The clinico-
pathological features of all patients are summarized in Table S1. This
study was approved by the Research Ethics Committee of Nanjing
Medical University, and informed consent was obtained from all
patients.

Five lung adenocarcinoma cell lines (A549, SPC-A1, PC9, H1299, and
H1975), two lung squamous carcinoma cell lines (H226 and H1703),
and a normal human bronchial epithelial cell line (16HBE) were ob-
tained from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). H1299, A549, H1703, H1975, and H226 cells
were maintained in Roswell Park Memorial Institute (RPMI) 1640
basic medium with 10% fetal bovine serum, and SPC-A1, PC9, and
16HBE cells were cultured in Dulbecco’s modified Eagle medium
(DMEM), supplemented with 10% fetal bovine serum. All cells
were cultured in a humidified with 5% CO2 at 37�C.

RNA Extraction and qRT-PCR Assays

The TRIzol reagent (Invitrogen) was used to extract the total RNA
from NSCLC tissues and cells following the manufacturer’s protocol.
Next, 1 mg of extracted RNAs was reversely transcribed to cDNA us-
ing a PrimeScript RT Reagent Kit (TaKaRa), according to the manu-
facturer’s manual. A real-time PCR assay was performed using the
SYBR Premix Ex Taq (TaKaRa) on an Applied Biosystems (ABI)
7500 System. Housekeeping gene glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was used as internal control, and RNU 6 (RNA,
U6 small nuclear 1) was chosen as the internal control for miRNA
quantitation. To measure expression of LINC01234 and other genes,
specific primers listed in Table S4 were used. pri-miRNAs andmature
miRNAs were quantified by TaqMan assays (ABI). The qRT-PCR
data were analyzed relative to threshold cycle (CT) values and then
converted to fold changes.

Plasmid Construction and Cell Transfection

The full-length cDNA of human LINC01234 was synthesized; c-Myc
and CRY2 sequences were synthesized, according to their coding se-
quences. All sequences were cloned into the expression vector
pCDNA3.1 (Invitrogen). Control and LINC01234-targeting shRNAs
were purchased from Invitrogen and inserted into the pLKO.1 vector.
All final constructs were verified by sequencing. Plasmids were puri-
fied using DNA Midiprep Kits (QIAGEN, Valencia, CA, USA) and
transfected into NSCLC cells using the X-treme GENE HP DNA
transfection reagent (Roche, Basel, Switzerland). Three LINC01234-
targeting siRNAs obtained from Invitrogen and other gene-targeting
siRNAs, miRNA mimics, and miRNA inhibitors (GenePharma,
Shanghai, China) were transfected into NSCLC cells using RNAi-
MAX (Invitrogen), following the manufacturer’s manual. Nucleotide
1490 Molecular Therapy Vol. 28 No 6 June 2020
sequences for the siRNAs and shRNAs are listed in Table S4. Cells
were collected 48 h post-transfection and analyzed, as indicated for
the individual experiments.

Cell Proliferation and Flow Cytometric Assays

Cell Proliferation Reagent Kit I (MTT assay kit; Roche Applied Sci-
ence) and an EdU assay kit (Life Technologies, Carlsbad, CA, USA)
were used to measure cell proliferation following the manufacturers’
instructions. Colony-forming assays were independently performed
three time to examine NSCLC cell capacity for clonal growth. For
cell apoptosis analysis, cells were harvested at 48 h after transfection
using Accutase (Invitrogen). After that, cells were double stained with
propidium iodide (PI) and fluorescein isothiocyanate (FITC)-An-
nexin V and then analyzed on a flow cytometer (FACScan; BD Bio-
sciences). Cells were then classified into dead cells, viable cells, late
apoptotic cells, and early apoptotic cells, and the relative ratio of
apoptotic cells was calculated and compared with control cells. To
analyze cell-cycle progression, NSCLC cells were stained with PI
and then analyzed on a FACScan. The percentage of NSCLC cells
in G0/G1, S, and G2/M phases was calculated and compared.

In Vivo Tumor Formation Experiments

All protocols were approved by the Committee on the Ethics of An-
imal Experiments of the Nanjing Medical University and were strictly
carried out in accordance with the Guide for the Care and Use of Lab-
oratory Animals of the National Institutes of Health. For the tumor-
igenicity studies, control shRNA or sh-LINC01234 stably expressed
A549 cells (3 � 106) were injected subcutaneously into the ventral
side of male BALB/c nude mice (4 weeks old). Tumor dimensions
were examined every 3 days, and the volume was calculated as follows:
V (mm3) = 0.5 � D � d2 (where V is volume; D is longest diameter,
and d is diameter perpendicular to the longest diameter). Mice were
euthanized 15 days after the formation of tumor, and the tumors were
excised, weighed, and collected for further analysis. Sections of pri-
mary tumors were fixed and embedded for hematoxylin and eosin
(H&E) staining or IHC staining, as previously described.42

FISH

A549 and SPC-A1 cells were washed with phosphate-buffered saline
(PBS) and fixed with 4% formaldehyde for 15 min. Next, fixed cells
washed with PBS and incubated with pepsin (1% in 10 cmM HCl)
and subsequently dehydrated with 70%, 90%, and 100% ethanol.
Then, the 40 -nM LINC01234 FISH probe in hybridization buffer
(100 mg/mL dextran sulfate, 10% formamide in 2 � saline-sodium
citrate) was added into the air-dried cells and incubated at 80�C for
2 min, hybridized at 55�C for 2 h, washed with PBS, and dehydrated.
The slides were finally mounted with 40,6-diamidino-2-phenylindole
(DAPI) for detection of nuclei. The LINC01234 FISH probe was de-
signed and synthesized by Bogu (Shanghai, China), and the sequences
were listed in Table S4.

RNA Pull-Down Assays

LINC01234 or its antisense RNAs were transcribed in vitro from
pcDNA3.1-LINC01234 using T7 RNA polymerase (Ambion Life)
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and purified using a MEGAclear Kit (Ambion Life). One aliquot of
transcribed LINC01234 RNA was biotinylated with a Biotin RNA La-
beling Mix (Ambion Life). Then, biotinylated RNAs were incubated
with streptavidin-conjugated magnetic beads and cell lysates at
room temperature. The beads were then washed, and the eluted pro-
teins were examined by mass spectrometry and western blot analysis.

RIP

RIP assays were carried out using an EZ Magna RIP kit (Millipore),
following the manufacturer’s instructions. A549 and SPC-A1 cells
were lysed in complete cell lysis buffer, and the lysates were incubated
with magnetic beads conjugated with the HNRNPA2B1-specific anti-
body or control IgGs for 3–6 h at 4�C. The beads were washed with
wash buffer and incubated with proteinase K to degrade proteins,
and the purified RNA was eluted and analyzed for the presence of
LINC01234 by qRT-PCR. Details of the antibodies and primers are
given in Table S4.

Western Blot Analysis

A549 and SPC-A1 cells were lysed with RIPA (radioimmunoprecipi-
tation assay) Lysis and Extraction Buffer (Beyotime), supplemented
with protease inhibitor cocktail (Roche). Protein in cell lysis was sepa-
rated by 8% to 12% sodium dodecyl sulfate-polyacrylamide gel and
transferred to a 0.2-mm Immobilon-PSQ PVDF (polyvinylidene fluo-
ride) Membrane (Millipore). Membranes were incubated with
HNRNPA2B1 and other antibodies using standard methods.
Enhanced chemiluminescence (ECL) chromogenic substrate was
used to image the target protein bands, which was further quantified
according to densitometry (Quantity One software; Bio-Rad, Hercu-
les, CA, USA). Antibodies against cyclin D1, cyclin D3, CDK2 cas-
pase-3, cleaved caspase-3, PARP, and cleaved PARP (1:1,000) were
purchased from Cell Signaling Technology. Antibodies against
CRY2 (Abcam), c-Myc (Cell Signaling Technology), HNRNPA2B1,
and GAPDH (Proteintech) were used for western blot analysis.
GAPDH was probed as an internal control. Antibodies are listed in
Table S4.

Luciferase Reporter Assay

The JASPAR (http://jaspar.genereg.net/) software was used to predict
potential transcription factors binding the motif in the promoter re-
gion of LINC01234. The sequences of the LINC01234 promoter re-
gion containing the putative c-Myc-binding motif were synthesized,
cloned into the pGL3-Basic luciferase reporter vector (Promega),
and verified by Sanger sequencing. Vectors were transfected into hu-
man HEK293T cells for 48 h. Next, the luciferase activity was exam-
ined using a Dual-Luciferase kit (Promega), following the manufac-
turer’s manual. The data are presented as relative firefly luciferase
activity, which is normalized to Renilla luciferase activity. All exper-
iments were conducted in three independent replicates.

Statistical Analysis

SPSS 20.0 (IBM, Armonk, NY, USA) and GraphPad Prism 6.0 soft-
ware (GraphPad, La Jolla, CA, USA) were used to conduct all of
the statistical analyses. lncRNA expression levels in primary solid
tumors and normal solid tissue samples were compared using the
Mann-Whitney U test. For the remaining assays, c2 test, Wilcoxon’s
test, and paired two-tailed Student’s t test were used to assess the dif-
ferences between different groups as appropriate. ANOVAs were
used in those experiments with more than 3 groups. Multivariate
and univariate Cox proportional hazard modeling was used to eval-
uate the effects of different factors on NSCLC patients’ survival.
The Kaplan–Meier survival analysis was used to evaluate the OS
and PFS. A p value <0.05 was defined as statistically significant.
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Supplemental Figure Legends 

Figure S1. Relative LINC01234 expression levels in human cancers and NSCLC cells. (A) 

LINC01234 expression levels in various cancers (bladder urothelial carcinoma [BLCA], breast 

invasive carcinoma [BRCA], cervical squamous cell carcinoma and endocervical adenocarcinoma 

[CESC], cholangiocarcinoma [CHOL], colon adenocarcinoma [COAD], esophageal carcinoma 

[ESCA], glioblastoma multiforme [GBM], head and neck squamous cell carcinoma [HNSC], kidney 

chromophobe [KICH], kidney renal clear cell carcinoma [KIRC], kidney renal papillary cell 

carcinoma [KIRP], hepatocellular carcinoma [LIHC], lung adenocarcinoma [LUAD], lung 

squamous cell carcinoma [LUSC], pancreatic adenocarcinoma [PAAD], pheochromocytoma and 

paraganglioma [PCPG], prostate adenocarcinoma [PRAD], rectal adenocarcinoma [READ], 

stomach adenocarcinoma [STAD], thyroid carcinoma [THCA], and uterine corpus endometrioid 

carcinoma [UCEC]). (B) Colony formation assays were used to evaluate the colony formation 

capacity of LINC01234-overexpressing A549 and SPC-A1 cells. (C and D) EdU assays were used 

to evaluate the cells proliferation ability of A549 and SPC-A1 cells overexpressing or depleted of 

LINC01234. (E and F) Representative images of cell cycle progression, cell apoptosis evaluated 

by Flow Cytometry and TUNEL staining. (G) qRT-PCR analysis of relative expression of 

LINC01234 in xenograft tumors. *P < 0.05, **P < 0.01. 

Figure S2. Pri-miRNA and miRNA expression in NSCLC cells. (A) Volcano plot illustrating the 

differentially expressed miRNAs in LINC01234 or HNRNPA2B1 depleted cells. (fold change > 1.5, 

P-value < 0.05). (B) Pri-miRNA expression levels upon LINC01234 and HNRNPA2B1 depletion 

as measured by qRT-PCR. (C) Quantification of the expression levels of miRNAs when LINC01234 

and HNRNPA2B1 was depleted in NSCLC cells. (D) Immunoprecipitation of DGCR8 and qPCR 

analysis of associated pri-miR-106b. (E) Immunoprecipitation of DGCR8 and qPCR analysis of 

associated pri-miR-106b after transfection with LINC01234 siRNA. *P < 0.05, **P < 0.01. 

Figure S3. HNRNPA2B1 and miR-106b-5p exert oncogenic function in NSCLC cells. (A) qRT-

PCR analysis of HNRNPA2B1 mRNA levels after transfection with siRNA. (B) Flow cytometric 

cell cycle analysis of NSCLC cells transfected with HNRNPA2B1 siRNA. (C) Relative expression 

of miR-106b-5p in NSCLC cells transfected with miR-106b-5p mimics or inhibitors. (D) Cell cycle 

analysis of A549 and SPC-A1 cells transfected with control or miR-106b-5p inhibitors. (E) GSEA 

analysis showed the LINC01234 regulated genes enriched in cell cycle arrest and apoptosis 



signature. (F) The altered mRNA levels of genes were confirmed by qRT-PCR in knockdown 

LINC01234. (G) Predicted binding sites for miR-106b-5p in CRY2 mRNA 3’UTR. (H) Volcano 

plot illustrating the differentially expressed genes in LINC01234 depleted cells. (fold change > 2.0, 

P-value < 0.05). *P < 0.05, **P < 0.01. 

Figure S4. c-Myc is a downstream target of CRY2 and promotes LINC01234 transcription in 

NSCLC cells. (A) Expression levels of CRY2 in LUAD and LUSC from TCGA. (B) qRT-PCR 

analysis of CRY2 mRNA levels in A549 and SPC-A1 cells under overexpressing or depletion of 

CRY2. (C-D) qRT-PCR analysis of c-Myc mRNA levels and western blot analysis of c-Myc protein 

levels after knockdown or overexpression of c-Myc. (E) Kaplan–Meier survival analysis of the 

association between c-Myc expression level and NSCLC patient overall survival survival. (F) 

Negative correlation between the expression levels of c-Myc, LINC01234 and CRY2. *P < 0.05, 

**P < 0.01. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1. Correlation between LINC01234 expression and clinicopathological characteristics of 

NSCLC patients (n = 95) 

Characteristics LINC01234 P 

 Low no. cases (%) High no. case (%) Chi-squared test 

P-value 

Age (years) 

>65 21 28 0.363 

≤65 24 22  

Gender 

Male 27 29 0.843 

Female 18 21  

Smoking history 

Smokers 25 30 0.661 

Never smokers 20 20  

Histological subtype 

Squamous cell carcinoma 22 18 0.204 

Adenocarcinoma 23 32  

Histologic grade 

Well differentiated 20 18 0.668 

Moderately differentiated 13 14  

Poorly differentiated 10 13  

Undifferentiated 2 5  

Tumor size 

 ≤5cm 36 27 0.007** 

 >5cm 9 23  

Lymph node metastasis 

 Negative 31 20 0.005** 

 Positive 14 30  

T-Status    

T1 13 8 0.059 

T2 23 19  

T3 7 18  

T4 2 5  

N-Status    

N0 31 20 0.019* 

N1 10 22  

N2 4 8  

TNM Stage 

I 18 6  0.003** 

II 17 20  

III 10 24  

*P<0.05 was considered significant 

 



Table S2. Univariate and multivariate analysis of clinicopathological factors for over-survival in 

NSCLC patients ((n = 95)) 

Variables Univariate analysis Multivariate analysis 

 HR 95% CI p value HR 95% CI p value 

Age  

(≤65/>65) 

0.787 0.441-1.405 0.417    

Gender  

(Male/Female) 

1.457 0.815-2.606 0.204    

Smoking history 

(no vs yes) 

Histological subtype 

(LUAD /LUSC) 

1.550 

 

1.221 

0.873-2.751 

 

0.686-2.172 

0.135 

 

0.497 

   

Histologic grade  

(Well, mod / Poor, undi) 

2.400 1.731-3.328 <0.001* 1.983 1.386-2.838 <0.001* 

Tumor size  

(≤5/>5) 

2.308 1.294-4.115 0.005* 1.786 0.889-3.586 0.103 

Lymphatic metastasis  

(no vs yes) 

7.364 3.286-16.502 <0.001* 3.195 1.082-9.436 0.036* 

TNM stage  

(III vs I+II) 

3.904 2.2-6.925 <0.001* 1.461 0.661-3.227 0.348 

LINC01234 expression 

(high vs low) 

4.009 2.053-7.829 <0.001* 2.63 1.272-5.435 0.009* 

HR, hazard ratio; 95 % CI, 95 % confidence interval, * Overall P < 0.05. 
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