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Long noncoding RNAs (IncRNAs) have emerged as important
regulators in a variety of human diseases, including cancers.
However, the biological function of these molecules and the
mechanisms responsible for their alteration in gastric cancer
(GC) are not fully understood. In this study, we found that
IncRNA LINCO00673 is significantly upregulated in gastric can-
cer. Knockdown of LINC00673 inhibited cell proliferation and
invasion and induced cell apoptosis, whereas LINC00673 over-
expression had the opposite effect. Online transcription factor
binding site prediction analysis showed that there are SP1 bind-
ing sites in the LINC00673 promoter region. Next, luciferase
reporter and chromatin immunoprecipitation (ChIP) assays
provided evidence that SP1 could bind directly to the
LINCO00673 promoter region and activate its transcription.
Moreover, mechanistic investigation showed that CADM4,
KLF2, and LATS2 might be the underlying targets of
LINCO00673 in GC cells, and RNA immunoprecipitation,
RNA pull-down, and ChIP assays showed that LINC00673
can interact with EZH2 and LSD1, thereby repressing KLF2
and LATS2 expression. Taken together, these findings show
that SP1-activated LINC00673 exerts an oncogenic function
that promotes GC development and progression, at least in
part, by functioning as a scaffold for LSD1 and EZH?2 and re-
pressing KLF2 and LATS2 expression.

INTRODUCTION

Gastric cancer (GC) is the most common gastrointestinal malignancy
and is the second leading cause of cancer-related deaths worldwide."”
Although improvements in surgical techniques and chemotherapy
have been made, the 5-year overall survival rate for patients with
GC remains unsatisfactory.”* In common with other cancers, GC
tumorigenesis is a multistep process involving diverse genetic and
epigenetic alterations and environmental factors.” However, the mo-
lecular mechanisms underlying GC carcinogenesis and progression
are poorly understood. Recently, a number of studies have high-
lighted the critical roles played by long noncoding RNAs (IncRNAs)
in the pathogenesis of several types of human cancer,”” but little is
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known about the regulators that contribute to the alteration of these
molecules and their involvement in GC.

Over the past decade, accumulating evidence from human genome
sequencing, the Encyclopedia of DNA Elements (ENCODE) project,
and GENCODE annotation®” has revealed that less than 3% of the
human genome constitutes protein coding genes, while the majority
of the genome transcribes vast numbers of noncoding RNAs.
IncRNAs are new regulatory RNA members with lengths greater
than 200 nucleotides and no protein coding capacities.'’ Recent
studies have revealed that IncRNAs participate in a wide range of bio-
logical processes, and alterations to them have been found to be
involved in a variety of human diseases.'””'* Furthermore, more
and more cancer-associated IncRNAs have been characterized, and
their functional roles and underlying mechanisms involved in tumor-
igenesis and cancer progression have been demonstrated.''* In the
case of GC, microarray and The Cancer Genome Atlas (TCGA)
sequencing analyses have revealed that sets of IncRNAs are expressed
differently in GC tumor tissues compared with normal tissues. Our
previous studies have shown that overexpressed IncRNAs HO-
TAIR,'>'® HOXA-AS2,'” and ZFAS1'® exhibit oncogenic functions
in GC, while MEG3'® and GAS5* act as tumor suppressors.

LINCO00673 is an intergenic IncRNA located on 17q25.1, and a single
nucleotide polymorphism (rs7214041) in this region was shown to be
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Figure 1. LINC00673 Is Highly Expressed in GC Tissues and Cells
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(A) Data mining of LINC00673 for the GC tissue microarray gene profiling results (GSE37023 and GSE65801). (B) gRT-PCR analysis of LINCO0673 expression in 73 paired
GC tissues and their adjacent non-tumor tissues. LINCO0673 levels were normalized to GAPDH expression. (C) gRT-PCR analysis of LINC00673 expression in cell lines
BGC823, SGC7901, MGC803, AGS, and GSE1. LINC00673 levels were normalized to that of the GAPDH expression level. (D) Patients with GC were divided into two groups
according to their LINCO0673 expression profiles. A 2-fold change was used as the cutoff value. (E) Kaplan-Meier overall survival and disease-free survival analysis of the
association between LINC00673 expression and GC patient survival ability. The mean values and SEs were calculated from triplicates of a representative experiment. **p <

0.01. N.S., not significant; OS, overall survival; PFS, progression-free survival.

significantly associated with pancreatic cancer risk.”' Additionally,
Zheng et al.”” reported that LINC00673 could reinforce the interac-
tion of PTPN11 with PRPF19 and promote PTPN11 degradation, re-
sulting in diminished Src kinase-extracellular signal-regulated kinase
(SRC-ERK) oncogenic signaling and enhanced activation of the
STATI1-dependent antitumor response. A G > A change in exon 4
of LINC00673 (rs11655237) creates a binding site for miR-1231
and diminishes the effect of LINC00673, thereby conferring suscepti-
bility to tumorigenesis. Conversely, Shi et al.” found that LINC00673
is significantly upregulated in non-small cell lung cancer (NSCLC)
and exerts its oncogenic function by promoting cell growth. However,
the expression pattern, function role, and underlying mechanism of
LINCO00673-related tumorigenesis in GC are unknown.

In this study, we investigated the expression profile, functional role,
and underlying targets of LINC00673 in GC. We first determined
that LINC00673 expression was significantly upregulated in GC
tissues. Knockdown of LINC00673 suppressed cell growth and inva-
sion, implying that LINC00673 might be an oncogenic IncRNA
involved in GC development and progression. Furthermore, we
found that transcription factor (TF) SP1 could activate LINC00673
transcription in GC cells. More importantly, LINC00673 can directly
bind to LSD1 and EZH2, and may function as a scaffold for them,
thereby repressing the underlying KLF2 target and LATS2
expression.

RESULTS

LINCO00673 Is Upregulated in GC and Is Associated with Poor
Prognosis

An analysis of GC tissue gene profiling data (GSE65801** and
GSE37023”°) showed that among 32 paired GC tumor and adjacent
non-tumor tissues and 29 tumor and 36 adjacent non-tumor tissues,
LINCO00673 was expressed more highly in the tumor tissues (Fig-
ure 1A). To further validate this result, we investigated LINC00673
expression in a cohort of 73 paired GC tumors and adjacent non-tu-
mor tissues using qRT-PCR. The results showed that LINC00673
expression was significantly higher in the tumor tissues (Figure 1B).
Next, we examined LINC00673 levels in GC cell lines (BGC823,
SGC7901, MGC803, and AGS) and GES1 using qRT-PCR. Compared
with the GES1 cells, LINC00673 was present at higher levels in GC
cells (Figure 1C). Collectively, these results show that LINC00673 is
upregulated in GC tissues and cells. To further explore the relation-
ship between LINC00673 expression and clinicopathology in patients
with GC, patients were divided into two groups: the high LINC00673
expression group (n = 30, fold-change >2) and the low LINC00673
expression group (n = 40, fold-change <2) (Figure 1D). Statistical
analysis revealed that higher LINC00673 levels were correlated with
tumor size (p = 0.019), advanced pathological stage (p = 0.024),
and lymph node metastasis (p = 0.045). However, LINC00673 expres-
sion was not associated with other factors including gender (p =
0.474) and age (p = 0.352) in GC (Table S1).
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Figure 2. SP1 Activates LINC00673 Expression in GC Cells

(A) SP1 binding site prediction in the LINCO0673 promoter region using JASPAR. (B) gRT-PCR analysis of LINC00673, TINCR, HOXA-AS2, and SP1 expression in BGC823
and AGS cells after transfection with SP1 siRNA or the negative control. (C) ChIP-gPCR analysis of SP1 occupancy in the LINC0O0673 promoter in BGC823 and AGS cells.

DHFR was used as a positive control and IgG as a negative control. The mean values and

SEs were calculated from triplicates of a representative experiment. (D) Construction

of the luciferase reporter vector pGL3F (containing all SP1 binding sites), pGL3P1 (containing -1,333 and -1,208 binding sites), and pGL3P2 (containing -81 of 87 and -62 of
76 binding sites). (E) Luciferase assays of the cells indicated that were transfected with pGL3F, pGL3P1, or pGL3P2 vectors, the SP1 vector, or an empty vector. The mean
values and SEs were calculated from triplicates of a representative experiment. *p < 0.05, *p < 0.01.

Next, we used a Kaplan-Meier survival analysis to examine the corre-
lation between LINC00673 expression and the prognosis of patients
with GC. The results showed that patients with higher LINC00673
levels had shorter overall survival and progression-free survival times
than those with lower LINC00673 levels (Figure 1E). These findings
suggest that upregulated LINC00673 may have an oncogenic function
in GC. Moreover, univariate and multivariate Cox regression analyses
showed that LINC0067 expression (p = 0.024) and lymph node
metastasis (p = 0.047) were independent prognostic factors for pa-
tients with GC (Table S2).

SP1 Activates LINC00673 Transcription

Although a lot of IncRNA dysregulation has been reported in cancers,
the regulators involved in misregulation of these molecules are not
properly understood. Using the JASPAR online database, we selected
transcription factor SP1, which is predicted to be bound to the
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LINCO00673 promoter region with high scores, for analysis. The pre-
dicted binding sites of SP1 in the LINC00673 promoter sequence are
illustrated in Figure 2A. We then transfected BGC823 and AGS cells
with SP1 small interfering RNAs (siRNAs), and the qRT-PCR results
showed that LINC00673 expression as well as TINCR (a known SP1
target IncRNA in GC) were downregulated after knockdown of SP1,
while HOX-AS2 (without the SP1 binding site in the promoter)
expression experienced no change in the SP1 knockdown cells (Fig-
ure 2B). Moreover, we designed two primers that covered the SP1
binding sites and performed chromatin immunoprecipitation
(ChIP) assays to validate whether SP1 could bind to these sites. The
ChIP results showed that SP1 could bind to both sites, and DHFR,
a known SPI1 target, was used as a positive control (Figure 2C).
Next, we constructed the following three luciferase reporter plasmids:
pGL3-F (containing all SP1 binding sites), pGL3-P1 (containing
—1,333 and —1,208 sites) and pGL3-P2 (containing —81 and —76
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Figure 3. LINC00673 Knockdown Inhibits GC Cell Growth and Induces Apoptosis In Vitro and In Vivo

(A) Growth curves for BGC823 and AGS cells after transfection with LINC0O0673 siRNA or the negative control were determined by MTT assays. (B) BGC823 and AGS cell
apoptosis after transfection with LINCO0673 siRNA or the negative control was evaluated by TUNEL staining assays. Dead cells were labeled with TUNEL (green); nuclear
fractions were labeled with DAPI (blue). (C) BGC823 and AGS cell apoptosis after transfection with LINC00673 siRNA or the negative control was evaluated by flow cytometry
by measuring the percentage of Annexin V-stained cells. (D) AGS cells stably expressing LINCO0673 shRNA or the negative control were used for in vivo tumorigenesis.
Tumor growth curves after subcutaneous injection of AGS cells containing a stable knockdown of LINCO0673 or the negative control are shown. The tumor volumes were
measured every 3 days after inoculation. (E) Tumor weights are represented. (F) Ki67 protein levels and apoptotic cells in tumor tissues from sh-LINCO0673 or negative control
transfected AGS cells were determined by immunohistochemistry and TUNEL staining. The mean values and SEs were calculated from triplicates of a representative

experiment. *p < 0.05, *p < 0.01.

sites) (Figure 2D). Dual luciferase reporter assays showed that SP1
could bind to both the E1/2 and E3/4 elements and activate luciferase,
and the luciferase reporter containing both E1/2 and E3/4 had higher
luciferase activity than that containing only E1/2 or E3/4 (Figure 2E).
These findings indicate that some TFs can contribute to human can-
cer development and progression not only through affecting protein
coding genes expression but also via regulating noncoding genes such
as IncRNAs transcription.

Knockdown of LINC00673 Inhibits Cell Growth and Induces
Apoptosis In Vitro and In Vivo

To determine the biological functions of LINC00673 in GC cells,
LINCO00673 expression was knocked down in BGC823 and AGS cells
by transfection with siRNA or short hairpin RNA (shRNA) vector
and was overexpressed by transfection with an LINC00673 overex-
pression vector (Figures S1A and S1B). To assess the role of
LINC00673 in the GC cell phenotype, we performed loss-of-function

and gain-of-function assays. The MTT assays showed that the
growth of BGC823 and AGS cells transfected with si-LINC00673
was inhibited compared with the control cells, while LINC00673
overexpression promoted BGC823 and AGS cell proliferation (Fig-
ure 3A). EdU staining assays also showed that decreased
LINC00673 expression inhibited BGC823 and AGS cell proliferation
(Figure SIC). Moreover, colony formation analysis showed that
LINC00673 knockdown significantly impaired the colony formation
capacity of the GC cells, while LINC00673 overexpression increased
BGC823 and AGS cell colony formation (Figure S2). Because the
above results indicate that LINC00673 exerts an oncogenic effect
in GC cells, we then investigated whether LINC00673 is involved
in regulating cell apoptosis using flow cytometry and terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
staining analyses. Compared with the control cells, knockdown of
LINCO00673 significantly increased the GC cell apoptotic rate (Fig-
ures 3B and 3C).
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We next injected the LINC00673 stable knockdown of AGS cells or
control cells into nude mice to determine whether LINC00673 could
influence GC cell tumorigenesis in vivo. The results showed that tu-
mors grown from LINC00673 stable knockdown cells were smaller
than tumors grown from the control cells (Figure 3D). The tumor
weight of the sh-LINC00673 group was also significantly lower
than that of the control group (Figure 3E). qRT-PCR assays deter-
mined that the LINC00673 expression levels were downregulated in
tumor tissues collected from the sh-LINC00673 group compared
with the controls (Figure S3A). Finally, immunohistochemistry anal-
ysis confirmed that the tumors formed from AGS/sh-LINC00673
cells displayed lower Ki-67 staining and higher TUNEL staining sig-
nals than those formed from the control cells (Figure 3F).

Effect of LINC00673 on Cell Migration, Invasion, and Metastasis
in GC

To evaluate whether LINC00673 contributes to the progression of
GC, we examined the effect of LINC00673 on the migration and inva-
sive behavior of BGC823 and AGS cells. Using a transwell assay, we
found that the migration and invasive ability of the GC cells was
dramatically impaired following siRNA-mediated downregulation
of LINC00673 (Figures 4A-4C). Conversely, LINC00673 overexpres-
sion increased the migration and invasive ability of the GC cells (Fig-
ures 4D and 4E). Taken together, these data suggest that LINC00673
plays critical roles in GC progression.

To validate the in vitro results, BGC823 cells stably transfected with
empty vector or sh-LINC00673 vector were injected into nude
mice. As shown in Figure 4F, downregulation of LINC00673 resulted
in a reduction in metastatic nodules on the mice lungs when
compared with those in the control group. Furthermore, this differ-
ence was confirmed following the H&E staining of lung sections (Fig-
ure 4G). These results indicate that LINC00673 is also involved in
human GC progression through affecting cancer cell invasion and
metastasis.

CADM4, LATS2, and KLF2 Are Key Downstream Targets of
LINC00673

To investigate the potential genes involved in LINC00673 function in
GC cells, we used an RNA-sequencing analysis. As shown in Fig-
ure 5A, the expression levels of many genes involved in cell prolifer-
ation and cell-cell junction regulation were differentially expressed in
the LINC00673 knockdown cells compared with the control. Next,
several genes that may contribute to GC development and progres-
sion were selected and their regulation was confirmed by qRT-PCR
assays (Figure 5B). Additionally, a correlation analysis showed that
LINCO00673 expression also negatively correlates with tumor suppres-
sor KLF2 and LATS2 expression in GC tissues (Figure 5C). Impor-
tantly, LATS2 and KLF2 expression increased in GC cells after
LINC00673 knockdown (Figure 5D). Therefore, we selected
CADM4, KLF2, and LATS2, which have been found to be involved
in cancer cell proliferation, apoptosis, and invasion, respectively, as
potential LINCO00673 targets. Thereafter, western blot analysis
showed that LINC00673 knockdown significantly upregulated
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CADM4, LATS2, and KLF2 protein levels in GC cells (Figures 5E
and 5F).

LINC00673 Represses LATS2 and KLF2 Expression by
Interacting with LSD1 and EZH2

Generally, IncRNAs regulate their target genes by interacting with
RNA binding proteins or acting as endogenous competing RNAs
for specific microRNAs (miRNAs). To investigate the molecular
mechanism underlying LINC00673-associated regulation of its
targets in GC cells, we first analyzed the distribution of LINC00673
in GC cells using fluorescence in situ hybridization (FISH) and
subcellular fractionation analyses. The results showed that
LINCO00673 is distributed in both the cytoplasm and nucleus, but
the ratio of LINC00673 in the nucleus is higher (Figures 6A and
6B). Then, we predicted the interaction probabilities between
LINC00673 and RNA binding proteins via RNA-protein interaction
prediction (http://pridb.gdcb.iastate.edu/RPISeq/), and we found
that LINC00673 potentially binds EZH2, LSD1, SUZ12, AGO2, and
STAUI (with RF or support vector machine [SVM] scores >0.5, Fig-
ure S3B). We next performed radioimmunoprecipitation assays and
confirmed that LINC00673 binds directly to EZH2, LSD1, DNMT],
and STAU1 in GC cells, while Ul binding with SNRNP70 and
HOTAIR binding with EZH2 and LSD1 were used as positive controls
(Figures 6C and S3C and S3D). Moreover, RNA pull-down assays
further confirmed that LINC00673 indeed binds with EZH2, LSD1,
and STAU1 in GC cells (Figure 6D). These data suggest that
LINCO00673 can epigenetically repress underlying target expression
at the transcriptional level.

To determine whether proteins interacting with LINC00673 are
involved in regulating CADM4, LATS2, and KLF2, we treated
BGC823 and AGS cells with EZH2 and LSD1 siRNAs. The results
showed that knockdown of EZH2 and LSDI both increased
LATS2 and KLF2 expression, while knockdown of EZH2 and
LSD1 had no effect on CADM4 expression in BGC823 and AGS cells
(Figures 6E and 6F). We next performed chromatin immunoprecip-
itation assays and found that EZH2 and LSD1 could directly bind to
the promoter regions of LATS2 and KLF2 and induce H3K27
trimethylation or H3K4 demethylation (Figures 6G and S4A).
Importantly, LINC00673 knockdown decreased their binding ability
and induced modification (Figure 6H). The above results indicate
that LINC00673 regulates its underlying targets in GC cells mainly
through recruiting RNA binding proteins such as EZH2 and LSD1
to the promoter regions of targets and inducing histone
modification.

LINC00673 Oncogenic Function Is Partly Dependent on
Repressing LATS2 and KLF2 Expression

To further determine whether LATS2 and KLF2 function as tumor
suppressors in GC, we first detected their expression levels in normal
and tumor tissues. The results showed that LATS2 and KLF2 expres-
sion are both downregulated in tumor tissues (Figure S4B). Then, we
performed gain-of-function assays by transfection with LATS2 and
KLF2 vectors in AGS and BGC823 cells. Using an MTT assay, we
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Figure 4. LINC00673 Promotes Cell Migration and Invasion In Vitro

(A-C) The migration and invasive ability after knockdown of LINCO0673 in BGC823 and AGS cells was assessed using transwell assays. (D and E) The migration and invasive
ability after upregulation of LINCO0673 in BGC823 and AGS cells was assessed using transwell assays. The mean values and SEs were calculated from triplicates of a
representative experiment. (F) An experimental metastasis animal model was performed by injecting LINCO0673 stable knockdown BGC823 cells into the tail vein of nude
mice. (Left) Lungs from each group are shown. (Right) The number of tumor nodules on lung surfaces from two groups are shown. (G) Visualization of the H&E-stained lung
sections. The mean values and SEs were calculated from triplicates of a representative experiment. *p < 0.05, *p < 0.01.
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Figure 5. CADM4, KLF2, and LATS2 Are Underlying Targets of LINC00673

LATS2
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(A) Hierarchically clustered heatmap of upregulated and downregulated genes in AGS cells after transfection with LINC00673 or NC siRNAs. (B) gRT-PCR analysis of S100,
E2F2, GADD45GIP1, KIF14, INHBE, CRIP2, CLDN6, EMP3, and CADM4 expression in AGS and BGC823 cells after transfection with LINCO0673 or NC siRNA. (C) As-
sociation analysis of the relationship between LINCO0673 and KLF2 expression levels, and LINCO0673 and LATS2 expression levels, in 20 paired GC tissues. (D) gRT-PCR
analysis of LATS2 and KLF2 expression in AGS and BGC823 cells after transfection with LINCO0673 or NC siRNA. (E and F) CADM4, KLF2, and LATS2 protein levels were
detected in AGS and BGC823 cells after transfection with LINCO0673 siRNAs or negative control by western blotting. The mean values and SEs were calculated from

triplicates of a representative experiment. *p < 0.05, “*p < 0.01.

invasion, we performed rescue experiments. AGS cells were co-trans-
fected with LINC00673, LATS2, or KLF2 siRNAs (Figure 7E). MTT
and transwell assays showed that knockdown of LATS2 and KLF2
partly rescued the LINC00673 downregulation-induced cell growth
arrest and invasion decrease in AGS cells (Figures 7F and 7G).

Collectively, these results demonstrate that LINC00673 overexpres-
sion plays an important role in human gastric cancer development
and progression through promotion of GC cell proliferation and in-
vasion, which partly depends on regulation of LATS2 and KLF2
expression via interacting with EZH2 and LSD1. Additionally,
LINCO00673 overexpression in human GC cells is partly due to tran-
scription factor SP1 binding to its promoter region and promoting the
transcription (Figure 8).
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DISCUSSION

IncRNAs have emerged as critical players in tumorigenesis and can-
cer progression processes; however, the potential function(s) and
mechanistic details for most IncRNAs in human GC still remain
unclear. Here, we found that LINC00673 is significantly upregu-
lated in GC tissues and cells. Increased LINC00673 expression is
associated with a poor prognosis in patients with GC and shorter
overall and progression-free survival times. Using loss-of-function
and gain-of-function assays, we showed that the IncRNA,
LINC00673, plays a critical role in GC cell proliferation and inva-
sion. Knockdown of LINCO00673 significantly decreased GC cell
growth, induced apoptosis, and inhibited migration and invasion,
whereas overexpression of LINC00673 had the opposite effects.
These findings suggest that LINC00673 functions as an oncogene
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Figure 6. LINC00673 Suppresses LATS2 and KLF2 Transcription by Binding to EZH2 and LSD1

(A) FISH analysis of the location of LINC0O0673 (green) in the cytoplasm and nuclear fractions (blue) of BGC823 and SGC7901 cells. (B) gRT-PCR detection of the percentage
of LINC00672, U1, and GAPDH in the cytoplasm and nuclear fractions of BGC823 and AGS cells. GAPDH and U1 were used as cytoplasmic and nuclear localization
markers, respectively. (C) LINC00673 RNA levels in immunoprecipitates were determined by gRT-PCR. LINC00673 RNA expression levels are presented as fold enrichment
values relative to IgG immunoprecipitates. (D) HUR, EZH2, LSD1, and STAU1 protein levels in immunoprecipitates with LINCO0673 RNA were evaluated by western blots.
Androgen receptor (AR) RNA was used as a positive control for HuR protein. The expression levels of HUR, EZH2 and LSD1 proteins are shown. (E) gRT-PCR analysis of
CAMD4, LATS2, KLF2, and EZH2 expression in BGC823 and AGS cells after transfection with EZH2 or NC siRNA. (F) gRT-PCR analysis of CAMD4, LATS2, KLF2, and LSD1
expression in BGC823 and AGS cells after transfection with LSD1 or NC siRNA. (G) ChIP-gPCR analysis of EZH2, H3K27me3, LSD1, and H3K4me2 occupancy in the KLF2
promoter in BGC823 and AGS cells after transfection with LINCO0673 or NC siRNA, with IgG used as a negative control. (H) ChIP-gPCR analysis of EZH2, H3K27me3, LSD1,
and H3K4me2 occupancy in the LATS2 promoter in BGC823 and AGS cells after transfection with LINC00673 or NC siRNA, with IgG used as a negative control. The mean
values and SEs were calculated from triplicates of a representative experiment. *p < 0.05, **p < 0.01.

in GC, and its overexpression contributes to GC tumorigenesis and
progression.

A recent genome-wide association study analyzing 7,956 newly gen-
otyped PanC4 individuals revealed that LINC00673 loci (17925,
1rs7214041) are significantly associated with pancreatic cancer
risk.?! In contrast with our observations, Zheng et al.?? found that
LINCO00673 acts as a potential tumor suppressor by reinforcing the
interaction of PTPN11 with PRPFI in pancreatic cancer (PDC),
which suggests that LINC00673 may exert an oncogene or tumor sup-
pressor function depending on the tissue-specific expression pattern
and circumstances. However, the regulators responsible for IncRNA
deregulation in different cancers are still not thoroughly elucidated.
Recently, accumulating evidence has shown that IncRNA expression

can be regulated in a manner similar to protein coding genes. For
instance, our previous studies indicate that epigenetic regulation
modulates the expression of IncRNA SPRY4-IT1 and MEG3 through
promoter-associated histone and DNA methylation in NSCLC,***’
and transcription factor E2F1 activates ANRIL expression in GC.**
In the current study, we found that LINC00673 expression could be
activated by transcription factor SP1 through binding to its promoter
region. These data indicate that the unique IncRNA expression
pattern found in different cancers may be related to the regulation
of different regulators.

There is evidence to show that IncRNAs regulate target expression

through distinct mechanisms in different cancer cells. Applying
RNA immunoprecipitation (RIP) and RNA pull-down analysis, we
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Figure 7. LINC00673 Exhibits Oncogenic Properties Partly Dependent on LATS2 and KLF2 Silencing

(A and B) Western blot detection of LATS2 and KLF2 protein levels in BGC823 and AGS cells after transfection with LATS2 or KLF2 vectors. (C) AGS and BGC823 cell growth
curves after transfection with LATS2, KLF, or empty vector were determined by MTT assays. Values represent the mean + SE of three independent experiments. (D) The
effect of LATS2 and KLF2 overexpression on the invasion of AGS and BGC823 cells was assessed using transwell assays. (E) Western blot detection of the LATS2 and KLF2
protein levels in AGS cells after co-transfection with LINC00673, LATS2, KLF2, or NC siRNAs. (F) Growth curves for AGS cells after co-transfection with LINC00673, LATS2,
KLF2, or NC siRNAs were determined by MTT assays. Values represent the mean + SE of three independent experiments. (G) The invasive abilities of AGS cells after
co-transfection with LINCO0673, LATS2, KLF2, or NC siRNAs were determined by transwell assays. The mean values and SEs were calculated from triplicates of a
representative experiment. *p < 0.05, **p < 0.01.

showed that LINC00673 could bind directly to several RNA binding ~ GC cells. However, knockdown of EZH2 or LSDI had no effect
proteins, including EZH2, SUZ12, LSD1, and STAUI. Further high- on the CADM4 expression level but increased LATS2 and KLF2
throughput RNA sequencing and correlation analysis showed that  expression levels in GC cells, suggesting that LINC00673 may regulate
CADM4, LATS2, and KLF2 may be novel targets of LINC00673 in ~ CADM4 through other mechanisms such as RNA decay, as

1022 Molecular Therapy Vol. 25 No 4 April 2017



www.moleculartherapy.org

Figure 8. Summary of the Regulation and

L O = Mechanism of LINC00673 in GC
SI! ) - .
—_—
- -—

/ Migration and Invasion
ogenesis and facilitate the development of

m QQ o IncRNA-directed diagnostics and therapeutics

O o against this disease.

/ /
TARAVAVAVAVAVAVAVAVAVAV.V.Y.YYY

\ LATSZ
/ LINC00673 (3

LINC00673
RIIOIV g
LINC00673 S @i JKLF2

J7 N AL\ L
|
LINC00673 (}

LINCO00673 can also interact with STAU1. Importantly, ChIP assays
determined that LINC00673 could simultaneously recruit EZH2 and
LSD1 to LATS2 and KLF2 promoter regions, respectively, and repress
their transcription. KLF2 is a Kruppel-like factor (KLF) family mem-
ber, and these members contain Cys2/His2 zinc-finger domains and
act as transcriptional repressors or activators to regulate multiple
gene transcription.””*" Several studies have shown that KLF2 expres-
sion is diminished in multiple cancers and exhibits tumor-suppressor
features for its inhibitory effect on cell proliferation and induction of
cell apoptosis.”’’** The tumor suppressor LATS2, which encodes a
serine/threonine protein kinase, is a core member of the Hippo
pathway that controls progenitor cell proliferation and survival, as
well as tissue growth through silencing the transcriptional coactivators,
YAP and TAZ.”> Accumulating evidence shows that LATS2 expres-
sion is downregulated in many cancers.”**> For example, LATS2
expression is frequently downregulated in breast cancer, which results
in shifting p53’s conformation and transcriptional output and endow-
ing p53 with the ability to promote cell migration.”® Herein, we also
found that KLF2 and LATS2 are downregulated in GC, and their
overexpression impaired cell growth and invasion. Interestingly,
rescue experiments determined that LINC00673’s oncogenic function
partly depends on repressing KLF2 and LATS2 expression.

In summary, our study showed for the first time that IncRNA
LINC0673 expression is upregulated in GC tissues, is associated
with poor prognosis, and may be a negative prognostic factor for
patients with GC. Its effects on GC cell proliferation and invasion
indicate that it exhibits oncogenic properties in GC tumorigenesis
and progression. Transcription factor SP1 binds directly to the
LINC00673 promoter transcription,
LINCO00673 exerts its oncogenic effects partially through epigenetic
silencing of LATS2 and KLF2 expression via acting as a scaffold for
EZH2 and LSD1. Our findings further the understanding of GC path-

and activates its while

/ Proliferation

MATERIALS AND METHODS
Microarray Data Analysis
Three human microarray datasets, including
GSE65801 and GSE37023, were obtained from
the public GEO database (http://www.ncbi.
nlm.nih.gov/geo) and normalized using the
After the probe
sequences were downloaded from GEO or mi-
croarray manufacturers, blast+2.2.30 was used
to re-annotate the probes according to the
GENCODE Release 21 sequence database for
IncRNA. For RNA sequencing, total RNA
from AGS cells was used for sequencing on a HiSeq 2000 system
(Ilumina). Cuffdiff was used to compare the log ratio of FPKM in
two conditions [i.e., log(FPKMa/FPKMb)] in the following test statis-
tic, which is approximately normally distributed. A corresponding p
value and an FDR-adjusted p value were also calculated.

robust multichip average.

Clinical Specimens and Cell Lines

GC specimens and their corresponding adjacent noncancerous tis-
sues were obtained from the Second Affiliated Hospital of Nanjing
Medical University between 2010 and 2011 with informed consent.
The patients were diagnosed with GC based on histopathological
evaluation, and no local or systemic treatment was conducted before
surgery. The protocols used in the study were approved by the
Research Ethics Committee of Nanjing Medical University.
BGC823,SGC7901, MGC803, and AGS cell lines and a normal gastric
epithelium cell line (GES-1) were purchased from the Shanghai Cell
Bank of the Chinese Academy of Sciences. BGC823 and MGC803
cells were cultured in RPMI 1640 (Invitrogen); GES1, SGC7901,
and AGS were cultured in DMEM with 10% fetal bovine serum
(Invitrogen). All cell lines were characterized by DNA fingerprinting
using short tandem repeat markers from the Shanghai Cell Bank.

RNA Extraction and qRT-PCR Assays

Total RNA from specimens and cells was isolated with TRIzol re-
agent (Invitrogen) according to the manufacturer’s instructions.
RNA (1 pg) was reverse transcribed in a final volume of 20 pL un-
der the standard conditions used for the PrimeScript RT reagent kit
(Takara). SYBR Premix Ex Taq (Takara) was used for the real-time
qPCR assays, which were performed on an Applied Biosystems
7500 Real-Time PCR System. The primers sequences used are
shown in Table S1. qQRT-PCR results were analyzed and expressed
relative to the threshold cycle (CT) values and then converted to
fold changes.
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Cell Transfection

Human LINC00673 ¢cDNA and short hairpin RNA directed against
LINCO00673 were inserted into the vector. Plasmid vectors
(pCDNA-LINC00673, sh-LINC00673, and empty vectors) for
transfection were prepared using DNA Miniprep or Midiprep Kkits
(QIAGEN) and then transfected into cells. si-LINC00673, si-SP1,
si-EZH2, si-LSD1, or negative control siRNAs were used to knock-
down expression, and all siRNA and shRNA sequences are shown
in Table S1. GC cells were grown in six-well plates and transfected
by Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. At 48 hr post-transfection, cells were harvested for qRT-
PCR or western blot analyses.

Cell Proliferation Assays

Cell proliferation ability was examined using Cell Proliferation Re-
agent Kit I (MTT; Roche Applied Science) and an EdU assay kit
(Life Technologies). Colony formation assays were performed to
monitor the cloning capabilities of the GC cells.

Cell Apoptosis Assays

BGC-823 and AGS cells transfected with si-LINC00673 or small
interfering RNA negative control (si-NC) were harvested 48 hr after
transfection by trypsinization. After double staining with fluorescein
isothiocyanate (FITC)-Annexin V and propidium iodide, the cells
were analyzed by flow cytometry (FACScan; BD Biosciences) equip-
ped with CellQuest software (BD Biosciences).

In Vivo Tumor Formation Assay

Four-week-old female athymic BALB/c nude mice were maintained
under specific pathogen-free conditions and manipulated according
to the protocols approved by the Shanghai Medical Experimental
Animal Care Commission. sh-LINC00673 or empty vector stably
transfected AGS cells were harvested. For the tumor formation assay,
107 cells were injected subcutaneously into one side of each mouse.
Tumor growth was examined every 3 days, and tumor volumes
were calculated using the following equation: V.= 0.5 x D x d2 (V,
volume; D, longitudinal diameter; and d, latitudinal diameter). This
study was carried out in strict accordance with the recommendations
in the NIH Guide for the Care and Use of Laboratory Animals. The
protocol was approved by the Committee on the Ethics of Animal Ex-
periments of Nanjing Medical University.

RIP

RIP was used to investigate whether LINC00673 could interact or
bind to potential binding proteins (e.g., EZH2, SUZ12, LSD1, and
STAU1, among others) in GC cells. We used an EZMagna RIP
kit (Millipore) to investigate this, following the manufacturer’s pro-
tocol. BGC-823 and AGS cells were lysed in complete RIP lysis
buffer, and the extract was incubated with magnetic beads conju-
gated with antibodies that recognized EZH2, SUZ12, and LSD1
(and others) or control immunoglobulin G (IgG) (Millipore) for
6 hr at 4°C. Next, the beads were washed and incubated with Pro-
teinase K to remove the proteins. Finally, purified RNA was sub-
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jected to qRT-PCR analysis to show the presence of LINC00673 us-
ing specific primers.

RNA Pull-Down Assays

LINCO00673 transcripts were transcribed using T7 RNA polymerase
(Ambion Life) in vitro, then by using the RNeasy Plus Mini Kit
(QIAGEN) and treated with DNase I (QIAGEN). Purified RNAs
were biotin-labeled using Biotin RNA Labeling Mix (Ambion Life).
The positive control, negative control, and biotinylated RNAs were
mixed and incubated with AGS cell lysates. Then, magnetic beads
were added to each binding reaction, and the mixtures were incubated
at room temperature. Finally, the beads were washed, and the eluted
proteins were detected by western blot analysis.

Luciferase Reporter Assays

The SP1 binding motif in the promoter region of LINC00673 was
identified by JASPAR (http://jaspar.genereg.net/). The different
fragment sequences were synthesized and then inserted into a
pGL3-basic vector (Promega). All vectors were verified by
sequencing, and their luciferase activities were assessed using the
Dual Luciferase Assay Kit (Promega), according to the manufac-
turer’s instructions.

ChIP Assays

BGC-823 and AGS cells were treated with formaldehyde and incu-
bated for 10 min to generate DNA-protein cross-links. Cell lysates
were then sonicated to generate chromatin fragments of 200-
300 bp, and the lysates were immunoprecipitated with EZH?2,
LSD1, and H3K27me and an H3K4me2-specific antibody (Millipore),
or IgG as the control. The precipitated chromatin DNA was recovered
and analyzed by qRT-PCR.

Fluorescence In Situ Hybridization and Subcellular Fractionation
BGC823 and AGS cells were fixed in 4% formaldehyde for 15 min and
then washed with PBS. The fixed cells were treated with pepsin (1% in
10 mM HCI) and dehydrated through 70%, 90%, and 100% ethanol.
The air-dried cells were incubated further with 40 nM of the FISH
probe in hybridization buffer (100 mg/mL dextran sulfate, 10% form-
amide in 2x saline sodium citrate [SSC]) at 80°C for 2 min. Hybrid-
ization was performed at 55°C for 2 hr, and the slide was washed and
dehydrated. Finally, the air-dried slide was mounted with Prolong
Gold Antifade Reagent with 4’,6-diamidino-2-phenylindole (DAPI)
for detection. RNA FISH probes were designed and synthesized by
Bogu. Nuclear and cytosolic fraction separation was performed using
a PARIS kit (Life Technologies), according to the manufacturer’s
instructions.

Western Blotting and Antibodies

BGCB823 and AGS cells were lysed with RIPA extraction reagent (Be-
yotime) supplemented with a protease inhibitor cocktail (Roche).
Proteins (40 ng) were separated by 10% SDS-PAGE, transferred to
0.22 pm polyvinylidene fluoride membranes (Millipore), and then
incubated with CADM4, LATS2, KLF2, or glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) (Abcam) antibodies. Enhanced
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chemiluminescence (ECL) chromogenic substrate was used for
protein visualization, and the proteins were quantified by densitom-
etry (Quantity One software; Bio-Rad). All antibodies are listed in
Table S1.

Statistical Analysis

The Student’s t test (two-tailed), one-way analysis of variance, and the
Mann-Whitney U test were conducted to analyze the in vitro and
in vivo data by SPSS 17.0 software (IBM). P values less than 0.05
were considered significant.
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Supplementary Tablel. Primers, siRNAs and shRNAs sequence

Primers for qPCR

GAPDH F GGGAGCCAAAAGGGTCAT
GAPDH R GAGTCCTTCCACGATACCAA
LINCO00673 F TACCACACCCTTTCTTGCCC
LINC00673 R ACACTGGCCTCTTTACACGG
LINCO00673 P1 F CATAGCCTGGGACTTGAA
LINC00673 P1 R CATGAGAATCGCTTGGAC
LINC00673 P2 F GGAATGCCCTGTCTATCT
LINC00673 P2 R GGCATGAGAATCGCTTGG
CADM4 F CTAGTGGGCATGGTCTGGTG
CADM4 R TCCCTGTTCATCCAAGCCAC
CLDN6 F CATGCCATCATCCGGGACTT
CLDN6 R GCAGGGGCAGATGTTGAGTA
EMP3 F TCTACACCATGCGACGAGGA
EMP3 R GGGCGAAGCAGTATCCGAAG
GADDA45GIP1 F GTGGTCCCCGGTTCGTTATG
GADD45GIP1 R CAGTATCCAGTCCCGCCATC
INHBE F TCTTGGACACAGCAGGACAC
INHBE R CAGTATCCAGTCCCGCCATC
KIF14 F CGGGATTGACGGCAGTAAGA
KIF14 R ACTGGGTGTGCATTCCTCTG
S100P F AGTTCATCGTGTTCGTGGCT
S100P R CACTTTTGGGAAGCCTGGGA
E2F2 F CCAGCGCATCGCGTCTC

E2F2 R TAGAGATCGCCGCTTGGAG
CRIP2 F GTGCGACAAGACCGTGTACT
CRIP2 R TCGCACTTGAGGCAGAACTT
KLF2 P26-155 F ACGGGCTTATTGAGGTTGG
KLF2 P26-155 R GCCTGGGTGACAGAGGAGAC
KLF2 F AGAGGGTCTCCCTCGATGAC
KLF2 R TCTCACAAGGCATCACAAGC
LATS2 F ACCCCAAAGTTCGGACCTTAT
LATS2 R CATTTGCCGGTTCACTTCTGC

siRNA sequence

si-LINCO00673 1#
si-LINCO00673 2#
si-SP1-1
si-SP1-2

CAGCCGGAUACAGAGUGAAUAGUUA
UGUGCCUUUGUACUCAGCAAUUCUU
CAGCGUUUCUGCAGCUACCUUGACU
GACAGGUCAGUUGGCAGACUCUACA



si-EZH2-1
si-EZH2-2
si-LSD1-1
si-LSD1-2
si-KLF2
si-LATS2
shRNA sequence

sh-LINC00673 1#

sh-LINC00673 2#

AAGACTCTGAATGCAGTTGCT
CGGCUUCCCAAUAACAGUATT
CAACCTCTCAGAAGATGAGTATTAT
CAAAGGAAACTATGTAGCTGATCTT
CCAAGAGTTCGCATCTGAA
CAGGTGGACTCACAATTCCAAATAT

CACCGCAGCCGGATACAGAGTGAATAGTTACGAATAACTAT
TCACTCTGTATCCGGCTG
CACCGTGTGCCTTTGTACTCAGCAATTCTTCGAAAAGAATTG
CTGAGTACAAAGGCACA




Supplementary Table 2. Correlation between LINC00673 expression and clinicopathological

characteristics of gastric cancer patients (n = 73)

Characteristics
Linc00673 Linc00673 High P
Low no. no. Chi-squared test
case(%) case(%) P-value
Age(years)
>65 18(24.7) 16(21.9)
0.352
<65 25(34.2) 14(19.2)
Gender
Male 23(31.5) 19(26.0)
0.474
Female 20(27.4) 11(15.1)
Histologic
Well 20(27.4) 4(5.8)
Moderately 15(20.5) 15(20.5) 0.026*
Poorly 7(9.6) 9(12.3)
Undifferentiated 1(1.4) 2(2.7)
TNM Stage
I 7(9.6) 0(0.0)
II 18(24.7 10(13.7
(247) (13.7) 0.024*
I 16(21.9) 14(19.2)
v 2(2.7) 6(8.2)
Tumor size
<Scm 28(38.4) 11(15.1)
0.019*
>5cm 15(20.5) 19(26.0)
Lymph node metastasis
Negati 19(26.0 6(8.2)
cEatve (26.0) ( 0.045*
Positive 24(32.9) 24(32.9)
Location
Distal 17(23.3) 14(19.2) 0.741
Middle 15(20.5) 8(11.0)
Proximal 11(15.1) 8(11.0)




Supplementary Table 3. Univariate and multivariate analysis of OS in gastric cancer patients (n=73)

Variables Univariate analysis Multivariate analysis
HR 95% CI p HR 95% CI p
value value
0.85 0.651
Age ) 0.435-1.683
0.83 0.591
Gender 6 0.436-1.605
) 1.23 0.372
Location 5 0.779-1.950
) 1.61 0.146
Tumor size g 0.846-3.095
) ) 1.74 1.39 0.903-2.15
Histologic 1.165-2.606 0.134
2 0.007* 5 6
1.69 1.21  0.725-2.04
TNM stage 1.087-2.643 0.458
5 0.020%* 7 3
Lymph node metastasis (No 3.76 2.55 1.014-6.44
1.539-9.217 0.047*
vs .Yes) 6 0.004* 6 4
LINC00673 expression (High vs. 4.01 <0.001 238 1.121-5.05
2.017-7.969 0.024*
Low) 0 * 1 6

HR, hazard ratio; 95 % CI, 95 % confidence interval, * Overall P < 0.05.
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Figure S1. (a) qRT-PCR analysis of LINC00673 expression in BGC823 and AGS cells after
transfection with si-DUXAP8 or sh-DUXAPS. (b) qRT-PCR analysis of LINC00673 expression in
BGC823 and AGS cells after transfection with the LINC00673 expression vector or an empty
vector. (¢) Cell proliferation of BGC823 and AGS was evaluated 48 h after transfection with
LINC00673 or NC siRNA using EdU-incorporation assays. Red: EdU staining of proliferating
cells; blue: DAPI staining of the cell nuclei. The mean values and standard errors were calculated

from triplicates of a representative experiment. ¥P<0.05, **P<0.01.
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with sh-LIN00673 or an empty vector. (b) Colony formation analysis of BGC823 and AGS cell
proliferation after transfection with the LINC0673 expression vector or an empty vector. The

mean values and standard errors were calculated from triplicates of a representative experiment.
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Supplementary Figure 3. (a) qRT-PCR analysis of LINC00673 expression in mouse tumor
tissues from sh-LINC00673 or the control group. (b) Prediction of the interaction probability

between LINC00673 at

and RNA binding proteins using the online database
http://pridb.gdcb.iastate.edu/RPISeq/. (¢) Ul RNA levels in SNRNP70 immunoprecipitates were
determined by qRT-PCR. The expression levels for Ul RNA are presented as fold enrichment
values relative to the IgG immunoprecipitates. (d) HOTAIR RNA levels in EZH2 and LSDI1
immunoprecipitates were determined by qRT-PCR. Expression levels for HOTAIR are presented
as fold enrichment values relative to the IgG immunoprecipitates. The mean values and standard

errors were calculated from triplicates of a representative experiment. **¥P<0.01.
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Supplementary Figure 4. (a) ChIP-qPCR analysis of EZH2 or LSD1 occupancy in the MYT-1
and PSA promoters in BGC823 and AGS cells, with IgG used as the negative control. (b)
gRT-PCR analysis of KLF2 and LATS2 expression in 20 paired GC tumor tissues and their
adjacent non-tumor tissues. The mean values and standard errors were calculated from triplicates

of a representative experiment. *P<0.05, **P<(.01.
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