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Downregulation of LINC01021 by curcumin analog 
Da0324 inhibits gastric cancer progression  
through activation of P53
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Abstract: Curcumin is a safe, cost-effective natural agent with multiple targets that displays therapeutic potential 
in cancer. Recently, we reported a novel curcumin analog, Da0324, which exhibited significantly improved stability 
and anti-cancer activity. However, the molecular mechanism underlying the anti-cancer activity of Da0324 remains 
largely unknown. Long non-coding RNAs have been shown to play important roles in cancer development and pro-
gression and may be potential targets for cancer therapy. Here, we showed that Da0324 treatment down-regulated 
the expression of LINC01021 in gastric cancer cells. Da0324 treatment or knockdown of LINC01021 by antisense 
oligos significantly inhibited gastric cancer cell growth, and also up-regulated P53 expression and down-regulated 
Bcl-2 expression in vitro and in vivo. Furthermore, Da0324 treatment or knockdown of LINC01021 in gastric cancer 
cells suppressed cell migration, invasion and epithelial-mesenchymal transition (EMT), as well as induced apoptosis 
and autophagy. In addition, overexpression of LINC01021 promoted growth and EMT, inhibited P53 expression and 
increased Bcl-2 expression in gastric cancer cells. Finally, overexpression of LINC01021 reversed the anti-cancer 
effect of Da0324. Our findings indicate a novel anti-cancer mechanism for Da0324, and that LINC01021 might be 
a potential therapeutic target for the treatment of gastric cancer.
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Introduction

Gastric cancer (GC) is one of the most common 
malignant tumors in the world and has high 
mortality [1, 2]. As methods of GC prevention 
and treatment have developed, the incidence 
of GC has been reduced, but it still remains one 
of the leading causes of cancer-related mortal-
ity in Asia [3]. One of the main treatments for 
GC is surgery, but most patients with early GC 
have a low rate of radical resection and a high 
recurrence rate [4]. Another major treatment 
option is chemotherapy, but its long-term appli-
cation is likely to produce body resistance [5, 
6]. Therefore, there is an urgent need to devel-
op new therapeutic targets and drugs for GC.

Long non-coding RNAs (lncRNAs) are defined 
as RNAs greater than 200 bases in length that 
have no obvious coding ability [7]. Recent anal-

yses indicate that the human genome encodes 
approximately 32,000 lncRNAs, and that these 
play critical roles in various cellular and physio-
logical functions [8]. LncRNAs affect gene regu-
lation through a variety of mechanisms, but 
their main function is realized through interac-
tion with RNA, DNA or protein [9]. Cytoplasmic 
lncRNAs bind to and regulate proteins or RNAs, 
some have been proposed to act as “miRNA 
sponges”, adsorbing and inactivating specific 
miRNAs, while others can work as scaffolds, 
combining with proteins to form complexes [9, 
10]. Nuclear-retained lncRNAs cooperate with 
proteins for the cis- or trans-regulation of chro-
matin status, which also directs proteins to spe-
cific genomic regions [11, 12]. Accordingly, 
lncRNAs regulate a variety of cellular functions, 
including chromatin remodeling, transcription, 
mRNA precursor splicing, and RNA stability [10, 
13, 14]. Accumulating evidence demonstrated 
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that dysregulation of lncRNAs occurs in a vari-
ety of human cancers, and lncRNAs have been 
found to participate in GC development and 
progression [15]. Ultimately, lncRNAs have 
been revealed as a novel, potential therapeutic 
target for the treatment of cancer [16].

Since the application of chemotherapy to can-
cer treatment, natural compounds have be- 
come an important class of anti-tumor drugs 
[17]. Curcumin is an ancient spice and herb 
that is extracted from the roots of turmeric 
plants, part of the ginger’s family [18]. Curcumin 
has been received attention for its many bio-
logical activities, such as anti-inflammatory 
[19, 20], antioxidant [21, 22] and anti-tumor 
[21, 23], which are realized either alone or in 
combination with drugs [24]. Unfortunately, the 
therapeutic potential of curcumin is limited by 
its low bioavailability, chemical instability and 
rapid metabolism [25]. A potentially effective 
strategy for solving these difficulties in the 
application of curcumin is to design a structural 
analog with superior pharmacokinetic and bio-
logical properties. In our previous study, we dis-
covered a promising curcumin analog named 
Da0324, which displayed target selectivity for 
GC cells with improved stability and inhibited 
NF-ΚB activation in GC cells [26]. However, the 
molecular mechanisms underlying the anti-
cancer activities of Da0324 are still not fully 
understood. In the present study, we report 
that Da0324 exerts anti-tumor activities aga- 
inst GC through downregulation of LINC01021. 
This finding provides an important direction for 
the development of clinical anticancer drugs 
and targeted therapies.

Materials and methods

Cell lines and culture

The human GC cell line KATO III and the human 
normal gastric mucosa epithelial cell line GES-1 
were obtained from the Cell Bank of the Chinese 
Academy of Science (Shanghai, China). The cell 
lines BGC-823 and SGC-7901 were purchased 
from the China Center for Type Culture 
Collection (Wuhan, China). All cell lines were 
grown in RPMI-1640 medium (Thermo Fisher 
Scientific, Waltham, MA, USA) supplemented 
with 100 U/mL penicillin, 10 mg/L streptomy-
cin (Thermo Fisher Scientific), and 10% fetal 
bovine serum (FBS) (Sigma, Germany). All cells 

were cultured and maintained in a humidified 
incubator at 37°C under 5% CO2 atmosphere.

High-throughput sequencing of lncRNAs

A high-throughput sequencing assay was per-
formed to screen differentially expressed 
lncRNAs among total RNAs extracted from 
SGC7901 cells treated with either DMSO or 4 
μM Da0324 for 48 h in triplicate. In brief, total 
RNA was extracted using TRIzol® reagent 
(Thermo Fisher Scientific) and ribosomal RNA 
was depleted with the Epicentre Ribo-Zero Gold 
kit according to the manufacturer’s protocol 
(Illumina, San Diego, CA, USA). RNA fractions 
were fragmented into small pieces and then 
reverse-transcribed to create a complementary 
DNA (cDNA) library using the mRNA-Seq sam-
ple preparation kit (Illumina). Paired-end 
sequencing was performed using an Illumina 
HiSeq4000 sequencer (Illumina) by the service 
provider LianChuan Sciences (Hangzhou, 
China). Among differentially expressed lncRNAs, 
log2 (fold change) > 1 or log2 (fold change) < -1 
with P-value < 0.05 was considered statistically 
significant.

Analysis of data from The Cancer Genome 
Atlas (TCGA)

LncRNA expression data from of 375 GC tissue 
samples and 32 normal stomach tissue sam-
ples were collected from the TCGA stomach 
adenocarcinoma dataset (STAD) and the level 
of LINC01021 expression determined.

Cell transfection

Antisense oligos (ASOs) targeting LINC01021 
and siRNAs targeting P53, as well as corre-
sponding negative controls (NC), were synthe-
sized by RiboBio Biotech (Guangzhou, China). 
The oligo sequences were LINC01021-ASO-1: 
5’-CCT GCG CAT ATT TAA CTA TC-3’; LINC01021-
ASO-2: 5’-GTT CTT AAC CTG CGC ATA TT-3’; P53-
siRNA: 5’-GAC TCC AGT GGT AAT CTA C-3’. The 
plasmid pcDNA-P53 was used to overexpress 
P53 in BGC823 and SGC7901 cells. Cell trans-
fection was performed using Lipofectamine 
3000 (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. Full-length 
LINC01021 was amplified and cloned into the 
lentiviral vector plasmid pLVX-Puro (Clontech, 
Mountain View, CA, USA) between the EcoRI 
and BamHI restriction enzyme recognition 
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sites. Lentiviral particles were produced by co-
transfection of HEK293T cells with pLVX-
LINC01021, pMD2.G, pMDL-G/P-RRE and 
pRSV-REV [27].

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using TRIzol® reagent 
(Thermo Fisher Scientific). For detection of the 
subcellular distribution of LINC01021, cyto-
plasmic and nuclear RNA were isolated by 
PARIS™ Kit (Thermo Fisher Scientific). Total 
RNA was reverse transcribed to cDNA using the 
Revert Aid First-Strand cDNA Synthesis Kit 
(Thermo Fisher Scientific). For LINC01021, 
reverse transcription was performed with the 
lnRcute lncRNA First-Strand cDNA Synthesis 
Kit (Tiangen, China). Quantitative PCR was per-
formed on a CFX96 Real-time PCR system (Bio-
Rad, Berkeley, CA, USA) using SYBR Premix Ex 
Taq (Takara, Japan). The relative LINC01021 
expression was calculated by a 2-ΔΔCt method. 
U6 was used as an internal reference. The spe-
cific primer sequences are: LINC01021-forward: 
5’-GGA ACC CCT CTT GCT TTG CA-3’, LINC01021-
reverse: 5’-ACG GGC ACA TTG AAG GGT CA-3’; 
U6-forward: 5’-CGC TTC ACG AAT TTG CGT GTC 
AT-3’, U6-reverse: 5’-CGC TTC ACG AAT TTG CGT 
GTC AT-3’.

Western blot analysis

Proteins were extracted from GC cells or xeno-
graft tumor tissues using radioimmunoprecipi-
tation assay (RIPA) lysis buffer supplemented 
with phenylmethylsulfonyl fluoride, phospha-
tase inhibitor and protease inhibitor. Proteins 
were resolved by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and 
transferred to polyvinylidene fluoride mem-
branes. After that, the membranes were 
blocked with 5% skim milk at room temperature 
for 2 h and further incubated at 4°C overnight 
with specific primary antibodies against 
E-cadherin, N-cadherin, Bcl-2 (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA), vimentin 
(BD Biosciences, San Jose, CA, USA), P53, 
LC3B, P62, p-mTOR, mTOR, GAPDH, and β-actin 
(Cell Signaling Technology, Bioke, The 
Netherlands). GAPDH or β-actin was used as an 
internal control. Then, the membranes were 
successively incubated with secondary anti-
bodies (Santa Cruz Biotechnology) and ECL 
reagent. Finally, specific bands were detected 

and analyzed by a scanning imaging system 
(Bio-Rad).

Cell viability and proliferation assays

For the CCK-8 assays, GC cells (5000 cells per 
well) were seeded into 96-well plates and incu-
bated in RPMI-1640 medium containing differ-
ent dosages of Da0324 for 24 h, 48 h, or 72 h. 
CCK-8 solution (10 μl/well, Dojindo, Japan) was 
added to each well at 2 h before the indicated 
time point, and the absorbance was measured 
at 450 nm according to the manufacturer’s pro-
tocols. For clone formation assays, transfected 
or Da0324-treated cells were seeded in six-well 
plates (800 cells/well) and cultured for two 
weeks. At the end of the experiment, cells were 
fixed with 4% paraformaldehyde and stained 
with crystal violet solution. Colony numbers 
were used to assess cell proliferation.

Apoptosis assay

In brief, after treatment with Da0324 (4 μM) or 
transfection for 48 h, cells were harvested and 
then stained with Annexin V-FITC and propidi-
um iodide (PI) using an Annexin V-FITC/PI 
Apoptosis Detection Kit (BD Biosciences). Cell 
apoptosis was assessed by flow cytometry 
According to the manufacturer’s instructions 
(FACSCalibur, Becton Dickinson, Franklin 
Lakes, NJ, USA).

Cell migration and invasion assays

The migratory and invasive abilities of GC cells 
were evaluated using a transwell chamber with 
or without matrigel coating (BD Bioscience). GC 
cells (5×105 cells/well) were seeded in the 
upper chamber in RPMI-1640 medium without 
FBS and treated with Da0324, while 800 µL 
culture medium containing Da0324 and 10% 
FBS was added to the lower chamber. After 
incubation for 24 h at 37°C, the transwell 
chambers were successively fixed with 4% 
paraformaldehyde for 30 min and stained with 
crystal violet for another 30 min. Five random 
fields were counted per chamber using a 
microscope.

Animal experiments

Female BALB/c-nu mice (4-5 weeks old) were 
prepared for making a xenograft model. After 
resuspension in PBS, KATO III cells (5×106 
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cells/mouse) were injected subcutaneously 
into the right dorsal flank of the nude mice. 
When the tumor volume reached approximately 
50 mm3, the nude mice were randomized into 
four groups that received the following treat-
ments: (1) PBS as vehicle control (n = 6); (2) 
Da0324 (dissolved in 6% castor oil and 94% 
PBS, 20 mg/kg, n = 6); (3) ASO-control (dis-
solved in PBS, 250 nmol/kg, n = 5); (4) ASO-
LINC01021 (dissolved in PBS, 250 nmol/kg, n 
= 5). Vehicle or Da0324 was given via intraperi-
toneal injection every day for 18 days. ASO-
control and ASO-LINC01021 were administered 
through intratumoral injection at three-day 
intervals, and the ASO-control treatment was 
used as a control group. Tumors were excised 
after 24 days of treatment. Tumor volumes and 
animal body weights were measured and 
recorded every other day. Tumor volumes were 
calculated according to the following formula: 
volume = 0.5×L×W2 (L, longest diameter; W, 
diameter perpendicular to the longest diame-
ter). At the end of the treatment, the mice were 
euthanized, and the xenograft tumors were dis-
sected and weighed. All operations for animal 
experiments were approved by the Animal 
Experimental Ethics Committee of Wenzhou 
Medical University.

Statistical analysis

All statistical analyses were carried out using 
GraphPad Prism7.0 (GraphPad Prism, Inc., La 
Jolla, CA, USA). Student’s t-test was used to 
analyze differences between two groups. One-
way analysis of variance was used to calculate 
statistical significance of differences between 
three groups. The results were expressed as 
means ± SD. A P-value < 0.05 was considered 
statistically significant.

Results

Da0324 inhibits proliferation and induces 
apoptosis and autophagy in GC cells

To verify whether Da0324 exhibited a cytostat-
ic effect of GC cells, CCK-8 assays were per-
formed to assess cell viability in response to 
Da0324 treatment in BGC823, SGC7901 and 
KATO III GC cells. The results showed that 
Da0324 significantly reduced the viability of  
all three cell lines in a time- and dose-depen-
dent manner (Figure 1A), At 48 h to Da0324 
exposure, the half maximal inhibitory concen-

tration (IC50) values were 3.48 ± 0.59, 3.72 ± 
0.20 and 4.69 ± 0.02 µM for BGC823, 
SGC7901, and KATO III cells, respectively 
(Figure 1B). Consistently, proliferation of GC 
cells was inhibited with Da0324 treatment,  
as evidenced by reduced colony formation 
(Figure 1C). In addition, the apoptosis-inducing 
effects of Da0324 were examined using 
Annexin-V/PI double staining. As shown in 
Figure 1D, Da0324 induced significant apop-
totic effects in BGC823, SGC7901 and KATO III 
cells. The pro-apoptotic effect of Da0324 was 
supported by increased expression levels of 
P53 and decreased expression of the apopto-
sis-related protein Bcl-2 in Da0324-treated 
cells (Figure 1E). To test whether Da0324 treat-
ment induced autophagy in GC cells, we ana-
lyzed the specific autophagy markers microtu-
bule-associated protein light chain3B (LC3B) 
and P62 along with the autophagy-associated 
proteins mTOR and phosphorylated mTOR 
(p-mTOR) by western blotting. The LC3B protein 
has two variants: LC3B-I and LC3B-II, and turn-
over of LC3B-I to LC3B-II is considered a hall-
mark of autophagy [28]. As indicated in Figure 
1E, protein levels of p-mTOR and P62 were 
reduced and the ratio of LC3B-II/LC3B-I was 
elevated in BGC823 and SGC7901 cells treat-
ed with Da0324, suggesting that Da0324 could 
induce autophagy in GC cells.

Da0324 inhibits migration, invasion, and 
epithelial-mesenchymal transition (EMT) in GC 
cells

The effects of Da0324 on migration and inva-
sion of GC cells were assessed with trans- 
well assays, in which Da0324 significantly 
inhibited the migration and invasion of BGC- 
823, SGC7901 and KATO III cells (Figure 2A). 
EMT is important for tumor migration and inva-
sion, thus the effect of Da0324 on the expres-
sion of EMT markers in GC cells was also ana-
lyzed by western blotting. As shown in Figure 
2B, Da0324 treatment of GC cells increased 
expression of E-cadherin and decreased ex- 
pression of N-cadherin and vimentin. 

Da0324 treatment suppresses long non-cod-
ing RNA LINC01021 expression in GC cells 

High-throughput sequencing was used to iden-
tify differentially expressed lncRNAs in SGC- 
7901 cells treated with DMSO (control) or 4 μM 
Da0324 for 48 h. A total of 280 differentially 
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Figure 1. Da0324 inhibits proliferation and induces apoptosis and autophagy in gastric cancer cells. A. Gastric can-
cer cell lines (BGC823, SGC7901 and KATO III) were treated with the indicated concentration of Da0324 for 24 h, 
48 h, or 72 h. Cell viability was measured using a Cell Counting Kit-8 (CCK-8) and Growth inhibition rates of Da0324 
on GC cells were in comparison with untreated cells. B. BGC823, SGC7901 and KATO III cells were treated with 0, 
0.5, 1, 2, 4, 6, 8, 10, or 12 mM Da0324 for 48 h, and cell viability was measured by CCK-8 assays. The half maxi-
mal inhibitory concentration (IC50) values were calculated with GraphPad statistical software. C. Clonogenic assay 
showed the effects of Da03224 treatment on clonogenic formation in gastric cancer cells. BGC823, SGC7901 and 
KATO III cells were treated with Da0324 (1 or 2 µM) for 48 h, then cultured for two weeks in complete medium and 
the colony density calculated. Representative images of clonogenic assay (left panel) and quantitative analysis 
(right panel). All data are representative of three independent experiments and are presented as the means ± SD. 
*, P < 0.05; **, P < 0.01. D. BGC823, SGC7901 and KATO III cells were treated with 4 μM Da0324 for 48 h. Cells 
were fixed and stained with Annexin V/PI and apoptosis was analyzed by flow cytometry. Representative dot plots 
of Annexin V/PI staining are shown in the left panel, and quantitative data are presented in the right panel. All data 
are representative of three independent experiments and are presented as the means ± SD. *, P < 0.05; **, P 
< 0.01; ***, P < 0.001. E. BGC823 and SGC7901 cells were treated with 4 μM Da0324 or control for 48 h and 
then harvested for analysis by western blot using P53, Bcl-2, p-mTOR, mTOR, P62, and LC3B antibodies. GAPDH or 
β-actin was used as an internal control. 
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expressed lncRNAs were identified (152 upreg-
ulated and 128 downregulated, P < 0.05, fold 
change > 2 or < -2) (Figure 3A). Figure 3B 
shows the top 40 most significantly differen-
tially expressed lncRNAs. To verify the consis-

tency of the lncRNA sequence data, ten 
lncRNAs were selected for qRT-PCR analysis,  
of which eight were validated (Figure 3C). LI- 
NC01021 was amongst the most highly down-
regulated lncRNAs, and was selected for fur-

Figure 2. Da0324 inhibits migration, invasion, and EMT in GC cells. A. BGC823, SGC7901 and KATO III cells were 
treated with Da0324 (1 or 2 µM) for 24 h and transwell migration and matrigel invasion assays were performed. 
Representative image (left panel) and quantitative data (right panel) of cell migration and invasion are shown. Bar 
graphs are representative of three independent experiments and the data are presented as the means ± SD. **, 
P < 0.01; ***, P < 0.001. B. Western blot analysis for the expression of E-cadherin, vimentin, and N-cadherin in 
BGC823 and SGC7901 cells treated with or without 2 µM Da0324. GAPDH was used as an internal control. 
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Figure 3. Long non-coding RNA LINC01021 was downregulated by Da0324 treatment in gastric cancer cells. A. Vol-
cano plots of lncRNAs differentially expressed between the control and Da0324 treatment groups. SGC7901 cells 
were treated with DMSO (control) or 4 μM Da0324 for 48 h and high-throughput sequencing assay was performed. 
The X-axis represents log2 of fold changes. The Y-axis represents -log10 of P values. Red spots denote upregulated 
lncRNAs, blue spots denote downregulated lncRNAs. B. Heatmap of the top 40 lncRNAs most significantly differ-
entially expressed in SGC7901 cells with Da0324 treatment. C. Ten differentially expressed lncRNAs regulated by 
Da0324 were validated by qRT-PCR. SGC7901 cells were treated with DMSO (control) or 4 μM Da0324 for 48 h. 
RNAs were isolated and converted to cDNA. Quantitative real-time PCR was performed to determine the expression 
level of lncRNAs. GAPDH was used as a housekeeping gene. All bars represent relative expression levels and data 
represent mean ± SD. ***, P < 0.001; n.s. means no significant difference. D. LINC01021 expression by qRT-PCR 
in BGC823, SGC7901 and KATO III cells treated with Da0324 or DMSO (control) for 48 h. All bars represent relative 
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ther study based on the following consider-
ations. First, expression of LINC01021 was 
significantly downregulated in BGC823, SGC- 
7901 and KATO III cells treated with Da0324 
for 48 h (Figure 3D). Second, according to data 
from TCGA, LINC01021 was remarkably overex-
pressed in GC tissues and cells when com-
pared with normal tissues and normal gastric 
epithelial cells (Figure 3E and 3F). Finally, qRT-
PCR of cytoplasmic and nuclear fractions from 
GC cells indicated that most LINC01021 was 
present in the nucleus (Figure 3G).

ASO-mediated silencing of LINC01021 inhibits 
cell proliferation and induces apoptosis and 
autophagy in GC cells

To explore the biologic roles of LINC01021 in 
GC, we knocked down LINC01021 in BGC823, 
SGC7901, and KATO III cells by transfection 
with ASOs specific for LINC01021. The knock-
down efficiency of LINC01021-specific ASO-1 
and LINC01021-specific ASO-2 was verified by 
qRT-PCR (Figure 4A). Growth curves generated 
from CCK-8 assays revealed that the ablation 
of LINC01021 by LINC01021-specific ASO-1 
and ASO-2 inhibited the growth of all three GC 
cell lines (Figure 4B). Similarly, knockdown of 
LINC01021 decreased the clonogenic survival 
of BGC823 and SGC7901 cells in colony forma-
tion assays (Figure 4C). As apoptosis is a  
contributing factor for cancer cell growth in- 
hibition, we evaluated apoptosis by flow cytom-
etry analysis and found that BGC823 and 
SGC7901 cells transfected with LINC01021-
specific ASO-1 and ASO-2 had higher apop- 
totic rates than did the same cells transfected 
with ASO-control (Figure 4D), demonstrating 
that knockdown of LINC01021 induced apopto-
sis in GC cells. Moreover, BGC823 and 
SGC7901 cells transfected with LINC01021-
specific ASO-1 and ASO-2 expressed signifi-
cantly higher levels of P53 and lower levels  
of Bcl-2 protein (Figure 4E). Knockdown of 
LINC01021 also increased the conversion of 
LC3B-I into LC3B-II, and decreased the levels 
of P62 and phosphorylation of mTOR (Figure 

4F). These data confirm that reduced expres-
sion of LINC01021 inhibits cell growth and pro-
motes apoptosis and autophagy in GC cells in 
vitro.

ASO-mediated silencing of LINC01021 inhibits 
GC cell migration, invasion, and EMT

Next, we performed transwell assays to deter-
mine the migration and invasion capacity of 
BGC823 and SGC7901 cells following LINC0- 
1021 knockdown. We observed that the mi- 
gratory and invasive properties of both cell 
lines were significantly impaired after knock-
down with LINC01021-specific ASO-1 and 
ASO-2 (Figure 5A). Additionally, as determined 
by western blotting of EMT-related markers, 
LINC01021 knockdown increased E-cadherin 
protein expression level and inhibited N-ca- 
dherin and vimentin protein expression (Figure 
5B). 

Da0324 or LINC01021-specific ASO treatment 
suppresses tumor growth of human GC xeno-
grafts in vivo

To investigate whether Da0324 inhibited tumor 
growth in vivo, KATO III cells were used to cre-
ate a subcutaneous xenograft model in nude 
mice. As shown in Figure 6A and 6B, relative to 
the control group, treatment with Da0324  
substantially reduced the volume, size, and 
weight of tumors in KATO III xenografted mice. 
Meanwhile, there was no significant differen- 
ce in body weight between the control group 
and the Da0324 treatment group, indicating  
no apparent toxicity of Da0324 in vivo (Figure 
6C). Results from qRT-PCR showed that 
Da0324 treatment downregulated expression 
of LINC01021 (Figure 6D). In addition, Da0324 
treatment significantly upregulated the protein 
expression of P53 and suppressed the expres-
sion of Bcl-2 (Figure 6E). To determine whether 
LINC01021 affected tumorigenesis, KATO III 
cells were inoculated subcutaneously into nude 
mice and ASOs administered by intratumoral 
injection. Both xenograft tumor weight and vol-

expression levels and data represent mean ± SD. ***, P < 0.001. E. TCGA data for the expression of LINC01021 
in gastric cancer tissues (n = 375) and normal tissues (n = 32). F. LINC01021 expression by qRT-PCR in the normal 
gastric epithelial cell line GES-1 and in gastric cancer cell lines (BGC823, SGC7901, and KATO III). All bars represent 
relative expression levels and data represent mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. G. The sub-
cellular location of LINC01021 in SGC7901 and KATO III cells was determined by qRT-PCR. GAPDH was used as a 
positive control for cytoplasmic RNA localization, U6 for nuclear RNAs. The data are shown as means ± SD. lncRNA, 
long non-coding RNA; qRT-PCR, quantitative reverse transcription-polymerase chain reaction. 
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Figure 4. ASO-mediated silencing of LINC01021 inhibits cell proliferation and induces apoptosis and autophagy in gastric cancer cells. A. BGC823, SGC7901 and 
KATO III cells were transfected with 50 nM ASO-control, LINC01021-specific ASO-1, or LINC01021-specific ASO-2 for 48 h. LINC01021 expression were determined 
by qRT-PCR. B. BGC823, SGC7901 and KATO III cells were transfected with 50 nM ASO-control, LINC01021-specific ASO-1, or LINC01021-specific ASO-2. At 0, 
24, 48 or 72 h post-transfection, cell viability was determined by the CCK-8 assays. The data were expressed as mean ± SD. All data are representative of three 
independent experiments. **, P < 0.01; ***, P < 0.001. C. The proliferation of gastric cancer cells (BGC823 and SGC7901) transfected with LINC01021-ASOs 
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ume were remarkably reduced in the ASO-
LINC01021 treatment group when compared 
to the control group (Figure 6F and 6G). As 
shown in Figure 6H, ASO-LINC01021 treatment 

does not affect the weight of nude mice. 
Furthermore, qRT-PCR confirmed that ASO-
LINC01021 treatment suppressed the expres-
sion of LINC01021 in tumor tissues (Figure 6I). 

or ASO-control was determined by colony formation assays. The data were expressed as mean ± SD. All data are 
representative of three independent experiments. **, P < 0.01; ***, P < 0.001. D. Flow cytometry analysis of cell 
apoptosis in gastric cancer cells (BGC823 and SGC7901). Cells were transfected with 50 nM LINC01021-ASOs or 
ASO-control for 48 h and stained with Annexin V/PI. Representative dot plots of Annexin V/PI staining are shown in 
the left panel, and quantitative data are presented in the right panel. All data are representative of three indepen-
dent experiments and are presented as the means ± SD. ***, P < 0.001. E, F. Western blot analysis of P53, Bcl-2, 
mTOR, p-mTOR, P62, and LC3B expression in BGC823 and SGC7901 cells transfected with LINC01021-ASOs or 
ASO-control. qRT-PCR, quantitative reverse transcription-polymerase chain reaction; ASO, antisense oligo; LC3B, 
light chain3B; p-mTOR, phosphorylated mTOR.

Figure 5. ASO-mediated silencing of LINC01021 inhibits gastric cancer cell migration, invasion, and EMT. A. BGC823 
and SGC7901 cells were transfected with 50 nM ASO-control, LINC01021-specific ASO-1 or LINC01021-specific 
ASO-2 for 48 h and transwell migration and matrigel invasion assays were performed. Representative image (left 
panel) and quantitative data (right panel) of cell migration and invasion are shown. All data are presented as the 
means ± SD. ***, P < 0.001. B. Western blot analysis of the expression of E-cadherin, N-cadherin and vimentin pro-
teins in BGC823 and SGC7901 cells transfected with ASO-control, LINC01021-specific ASO-1 or LINC01021-specific 
ASO-2. ASO-ctrl, ASO-control; EMT, epithelial-mesenchymal transition.
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Simultaneously, P53 protein level was incre- 
ased and Bcl-2 protein level was decreased in 

the ASO-LINC01021 group relative to the ASO-
control group (Figure 6J). 

Figure 6. Da0324 or LINC01021-specific ASO treatment suppresses tumor growth of GC cells in vivo. A. Effects of 
Da0324 treatment on tumor volume in subcutaneous xenograft mouse models using KATO III cells. Tumor volume 
as measured by caliper of Da0324 (20 mg/kg, intraperitoneal injection every day) or vehicle administered for 18 
days in a subcutaneous xenograft model. The data were expressed as mean ± SD. *, P < 0.05. B. Tumors were 
excised after 18 days of treatment. Images and weight of the dissected xenograft tumors are shown. C. Body weight 
of nude mice. D. Determination of tumor LINC01021 expression by qRT-PCR for both the control and treatment 
groups. The data were expressed as mean ± SD. **, P < 0.01. E. Western blot analysis of the protein expression 
of P53 and Bcl-2 in control or Da0324-treated mouse xenograft tumors. GAPGH was used as an internal control. F. 
Tumor volume of subcutaneous xenograft mouse models using KATO III cells treated with LINC01021-specific ASO 
or ASO-control. Tumor volume as measured by caliper of LINC01021-specific ASO or ASO-control (250 nmol/kg, 
intratumoral injection at three-day intervals) administered for 24 days in a subcutaneous xenograft model. The data 
were expressed as mean ± SD. *, P < 0.05. G. Tumors were excised after 24 days of treatment. Images and weight 
of the dissected xenograft tumors are shown. The data were expressed as mean ± SD. **, P < 0.01. H. Body weight 
of nude mice from ASO-control and ASO-LINC01021 treatment groups. I. Determination of LINC01021 expression by 
qRT-PCR in ASO-control and ASO-LINC01021 treatment xenografts. *, P < 0.05. J. Western blot analysis of the pro-
tein expression of P53 and Bcl-2 in tumor tissues from ASO-control and ASO-LINC01021 treatment groups. GAPGH 
was used as an internal control. ASO-ctrl, ASO-control; qRT-PCR, quantitative reverse transcription-polymerase chain 
reaction. 
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Overexpression of LINC01021 reverses 
Da0324-mediated cytotoxic effects in GC cells

To clarify whether LINC01021 is involved in the 
inhibitory effect of Da0324 on GC cells, we 
established BGC823 and SGC7901 cell lines 
with stably overexpressed LINC01021 via lenti-
viral infection. This overexpression was verified 
by qRT-PCR (Figure 7A) and significantly pro-
moted the growth of BGC823 and SGC7901 
cells (Figure 7B). Further in vitro cell viability 
and colony formation assays showed that  
overexpression of LINC01021 reversed the 
Da0324-mediated growth inhibition of BGC823 
and SGC7901 cells (Figure 7C-E). As shown in 

Figure 7F, overexpression of LINC01021 also 
inhibited P53 protein expression and increased 
Bcl-2 protein expression in both cell lines. 
Moreover, overexpression of LINC01021 in- 
duced EMT in both cell lines, evidenced by the 
epithelial marker E-cadherin expression being 
downregulated and the mesenchymal marker 
N-cadherin upregulated (Figure 7F). These find-
ings support the role of LINC01021 in Da0324-
mediated cytotoxicity in GC cells.

Discussion

The use of natural compounds in cancer treat-
ment is a hot research area, and studies have 

Figure 7. Overexpression of LINC01021 reverses Da0324-mediated cytotoxic effects in gastric cancer cells. A. 
BGC823 and SGC7901 cells were transfected with negative control vector (pLVX-NC) or overexpressing LINC01021 
vector (pLVX-LINC01021) for 48 h. LINC01021 expression was determined by qRT-PCR analysis. The data repre-
sent the mean ± SD from three independent experiments. ***, P < 0.001. B. BGC823 and SGC7901 cells were 
transfected with pLVX-NC or pLVX-LINC01021 for 48 h. Cell viability was evaluated by CCK-8 assays. The data rep-
resent the mean ± SD from three independent experiments. **, P < 0.01; ***, P < 0.001. C, D. Overexpression of 
LINC01021 reversed Da0324-mediated growth inhibition of gastric cancer cells. BGC823 and SGC7901 cells were 
transfected with pLVX-NC or pLVX-LINC01021 for 24 h and then treated with Da0324 (4 µM) for 24 h. Cell viability 
was determined by CCK-8 assays. The data represent the mean ± SD from three independent experiments. *, P < 
0.05; ***, P < 0.001. E. BGC823 and SGC7901 cells transfected with pLVX-NC or pLVX-LINC01021 were exposed 
to Da0324 for 48 h and colony formation was assessed. F. BGC823 and SGC7901 cells were transfected with 
pLVX-NC or pLVX-LINC01021 for 48 h and the expression levels of P53, Bcl-2, E-cadherin, N-cadherin and vimentin 
were determined by western blot analysis. GAPGH was used as an internal control. qRT-PCR, quantitative reverse 
transcription-polymerase chain reaction.
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reported successful use of some plant extracts 
and pure compounds to treat various cancers 
[29, 30]. Considering that curcumin is a safe 
and cost-effective natural agent with multiple 
targets in cancer, it is a suitable drug for explor-
ing in the context of cancer treatment and can 
bring enormous clinical benefits [31]. However, 
the poor systemic bioavailability of curcumin 
hinders its therapeutic potential. In our previ-
ous study, we reported a novel curcumin ana-
log, Da0324, which exhibited significantly 
improved stability and anti-cancer activity 
against GC cells in vitro and reduced toxicity to 
normal gastric mucous epithelial cells [26]. In 
this report, we further showed that Da0324 
inhibited cell proliferation and colony formation 
of BGC823, SGC7901, and KATO III cell lines in 
a dose-dependent manner. Also, we discovered 
that Da0324 induced apoptosis and autopha-
gy, as well as inhibited migration, invasion, and 
EMT in GC cells. Moreover, Da0324 significant-
ly suppressed tumor growth of human GC xeno-
grafts in vivo. 

Numerous studies have demonstrated that 
lncRNAs play important roles in cancer devel-
opment [32]. In GC, dysregulation of lncRNAs is 
a common event and has been shown to affect 
tumor progression [33, 34]. LncRNAs may be 
potential targets for cancer therapy develop-
ment [35]. During recent years, curcumin has 
been explored for potential in regulating 
lncRNAs [36]. For example, curcumin inhibits 
the Wnt and mTOR pathways in A549 cells 
through downregulation of the lncRNA UCA1 
[37]. Curcumin has also been reported to sensi-
tize pancreatic cancer cells to gemcitabine by 
inhibiting expression of the lncRNA PVT1 [38]. 
Furthermore, Esmatabadi et al. observed that 
dendrosomal curcumin (DNC) is an activator for 
GAS5, which decreases the chemotherapeutic 
effect of DNC in breast cancer cells [39], and 
Zamani et al. found that DNC increases expres-
sion of the lncRNA gene MEG3 in hepatocellu-
lar cancer, thereby impeding cancerous tumult 
[40]. 

To investigate the role of lncRNAs in the anti-
cancer activity of Da03242, we performed 
high-throughput sequencing to identify lncRNAs 
differentially expressed in Da03242-treated  
GC cells. Interestingly, we found that Da0324 
downregulated LINC01021, also named PURPL 
(P53 upregulated regulator of P53 levels), 
which is a direct P53 target [41]. LINC01021 

has also been reported to inhibit the basal le- 
vel of P53 by binding to MYBBP1A, a protein 
that binds and activates P53 [41]. There have 
been reports that knockdown of LINC01021 
increases the sensitivity of the colorectal can-
cer cell line HCT116 to chemotherapeutic drugs 
[42]. Although LINC01021 plays an impor- 
tant role in colorectal cancer and liver cancer, 
little is known about the functionality of this 
lncRNA in GC [43]. In our study, we found that 
ASO-mediated silencing of LINC01021 inhibit-
ed cell proliferation and induces apoptosis and 
autophagy in GC cells. We also found that 
LINC01021-specific ASO inhibits GC cell migra-
tion, invasion, and EMT, as well as the tumor 
growth of human GC xenografts in vivo. These 
results suggest that LINC01021 may be a 
promising target for future GC treatment. 

P53 is well known as a tumor suppressor gene 
involved in diverse metabolic processes [44]. 
More than 50% of tumors in humans have lost 
the protection of P53, resulting in resistance  
to apoptosis and infinite proliferation [45]. 
Furthermore, the proto-oncogene Bcl-2 is a  
key factor in inhibiting apoptosis and a p53 tar-
get [46]. Previous studies showed that curcum-
in activates P53 and downregulates Bcl-2 
expression in some cancer cells [47-49]. In  
this study, we observed that Da0324 treat- 
ment or silencing of LINC01021 also led to 
increased P53 expression and decreased  
Bcl-2 expression in GC cells both in vitro and  
in vivo. Conversely, overexpression of LINC- 
01021 inhibited P53 expression and increas- 
ed Bcl-2 expression in GC cells, as well as 
inducing EMT. Moreover, overexpression of 
LINC01021 significantly promoted GC cell 
growth and reversed the Da0324-mediated 
cytotoxic effects, suggesting that Da0324 
exerts anticancer effects by regulating LINC- 
01021, which can modulate the expression of 
P53 and Bcl-2.

In conclusion, our results demonstrate that 
Da0324 exerts anticancer activities against GC 
via downregulation of LINC01021, which leads 
to inhibition of the growth, migration, invasion, 
and EMT of GC cells and to increased cell apop-
tosis and autophagy through activation of P53. 
LINC01021 is expected to be a new candidate 
for the treatment of GC. These findings reveal a 
novel anti-cancer mechanism of Da0324 a 
potential therapeutic target in the form of 
LINC01021 for the treatment of GC.
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