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LINC00294 induced by GRP78 promotes cervical cancer
development by promoting cell cycle transition
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Abstract. Cervical cancer is one of the most common gyne-
cological malignancies, and it has become a crucial public
health problem. In the present study, the expression profiles
of cervical cancer and normal cervical tissues were down-
loaded from the Gene Expression Omnibus and The Cancer
Genome Atlas databases. Subsequently, the dysregulated long
non-coding RNAs (IncRNAs) in cervical cancer were identi-
fied using R software Differentially expressed IncRNAs in
cervical cancer that were associated with glucose-regulated
protein 78 (GRP78) were screened out and the results demon-
strated that eight IncRNAs were strongly positively correlated
with GRP78. In order to confirm the relationship between
GRP78 and candidate IncRNAs, GRP78 small interfering
RNA (siRNA) was transfected into HeLa cells. The target
IncRNAs that were regulated by GRP78 were then identified
by reverse transcription-quantitative PCR and it was revealed
that LINC00294 was significantly downregulated following
GRP78-knockdown. Subsequently, Gene Set Enrichment
Analysis demonstrated that LINC00294 was mainly enriched in
regulating the cell cycle and the Hedgehog pathway. Following
transfection of HeLa and SiHa cells with LINC00294 siRNA,
the cell cycle was arrested at the GO/G1 phase. Western blot-
ting suggested that LINC00294-knockdown downregulated
the expression of cell cycle-associated factors (cyclin D,
cyclin E and cyclin Dependent kinase 4) and upregulated cell
cycle inhibitory factors (p16 and p21). The Hedgehog pathway
was inhibited following knockdown of LINC00294 in HeLa
and SiHa cells. In summary, LINC00294 induced by GRP78
promoted the progression of cervical cancer by regulating the
cell cycle via Hedgehog pathway.
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Introduction

Cervical cancer is one of the most common gynecological
malignancies, and it has become a crucial public health
problem (1). Globally, the incidence of cervical cancer ranks
second among all female malignant tumors (2). At present,
surgery, chemotherapy and radiotherapy are the preferred
treatments for cervical cancer. However, chemotherapy drugs
cannot achieve a good therapeutic effect in cervical cancer
due to drug resistance. In addition, effective treatments
for advanced and recurrent cervical cancer are lacking (3).
However, targeted therapy for cervical cancer has been well
recognized. Specific molecular targeted drugs for tumors
have gradually been identified, such as drugs that target
signal transduction, cell receptors and angiogenesis (4,5). To
the best of our knowledge, the exact mechanism of cervical
cancer development is rarely studied, which greatly limits the
investigation of molecular targeted drug therapy. Therefore,
it is necessary to further study the molecular mechanism of
cervical cancer development.

With the progress of human genome sequencing tech-
nology, >98% of sequences in the human genome are found to
be non-coding RNAs (6) Non-coding RNAs are classified into
short and long non-coding RNAs (IncRNAs) based on their
sequence lengths (7). IncRNAs are >200 nucleotides in length
and their structure is similar to mRNAs (8,9). IncRNA is ubiq-
uitous in eukaryotes, however its sequence is poorly conserved
among different species (10). IncRNAs can form complex
secondary structures that provide space for binding to multiple
nucleic acids or proteins (11). Functionally, IncRNA regulates
gene expression at the transcriptional and post-transcriptional
level (12). IncRNAs are also involved in a variety of cellular
activities, such as signaling pathway regulation, gene expres-
sion regulation, protein folding and cell activity (13). Studies
have also reported that IncRNAs are closely associated various
tumors, such as colorectal cancer and breast cancer (14-16).

Glucose-regulated protein 78 (GRP78) is a multifunc-
tional protein that is mainly distributed in the endoplasmic
reticulum (17). GRP78 acts as a molecular chaperone that
controls protein folding and assembly, prevents protein
aggregation and regulates the endoplasmic reticulum unfolded
protein response pathway (18). As an essential stress sensor,
GRP78 expression is altered by various factors in the tumor
microenvironment, such as hypoxia, glucose and nutrient defi-
ciency, acidosis, and inflammatory responses (19). A number
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of studies have shown that GRP78 overexpression promotes
proliferation, migration, invasion and anti-apoptosis of cancer
cells (20,21). GRP78-specific antibody is capable of inhibiting
tumor growth and metastasis by neutralizing GRP78 protein
level (22). Our previous studies demonstrated that GRP78 is
upregulated in cervical cancer, and GRP78-knockdown could
increase the sensitivity of chemotherapy drugs and improve
the cisplatin-induced apoptosis of cervical cancer cells (23,24).

In the present study, The Cancer Genome Atlas (TCGA)
and Gene Expression Omnibus (GEO) databases were used to
screen target IncRNAs that were associated with GRP78 in
cervical cancer. Subsequent experiments were performed to
investigate the underlying mechanism.

Materials and methods

Data collection. Two cervical cancer expression microarrays
GSE26511 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=gse26511) and GSE5787 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi) were downloaded from the GEO data-
base. The GSE26511 microarray contains 20 cases of cervical
cancer without lymph node metastasis and 19 cases of cervical
cancer with lymph node metastasis (25). GSE5787 contain
30 tumor samples from 11 patients with cervical cancer (26).
TCGA http://cancergenome.nih.gov/) contained gene expres-
sion profile data of cervical cancer. All data from TCGA were
downloaded in December 2017, and consisted of data for a
total of 306 cervical cancer samples.

Data processing. Correlation analysis was performed between
GRP78 and IncRNAs extracted from GSE5787, GSE26511
and TCGA with the Cor R package by R software. The top
200 IncRNAs with positive and negative correlation with
GRP78 in GSE26511, GSE5787 and TCGA were extracted
and analyzed in a Venn diagram (https://bioinfogp.cnb.csic.
es/tools/venny/). Gene Set Enrichment Analysis (GSEA)
was conducted using GSEA 2.2.1 software (27,28). The
downloaded expression profile, phenotype data and MsigDB
microarray platform file were uploaded into the GSEA
program. Enrichment analysis was performed according to the
default weighted enrichment statistics method.

Cell culture and transfection. Human cervical cancer cell lines
HeLa and SiHa were obtained from American Type Culture
Collection. HeLa and SiHa cells were cultured in Dulbecco's
modified Eagle's medium (Hyclone; Cytiva) containing 10%
fetal bovine serum (Hyclone; Cytiva), 100 U/ml penicillin
and 100 ug/ml streptomycin (Hyclone; Cytiva). Cells were
incubated in a 5% CO, incubator at 37°C.

For transfection, HeLLa were seeded in the 6-well plates, and
when the confluence was 60-80%, the cells were transfected
with 50 nM small interfering RNAs (siRNAs and si-NC used as
control) using Lipofectamine 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. The
culture medium was replaced 6 h later. After 24 h, the transfected
cells were harvested for subsequent experiments. The sequences
of siRNA used were as follows: si-negative control (NC) sense,
5'-UUCUCCGAACGUGUCACGUTT-3' and antisense, 5'-ACG
UGACACGUUCGGAGAATT-3" si-GRP78 sense, 5-GGA
GCGCAUUGAUACUAGATT-3' and antisense, 5'-UCUAGU

AUCAAUGCGCUCCTT-3"; si-LINC00294-1 sense, 5'-CCA
CAAAGUUAUCAGGAAATT-3' and antisense, 5-UUUCCU
GAUAACUUUGUGGTT-3"; si-LINC00294-2 sense, 5'-CCU
GGAAUCUCAUAGGAUUTT-3' and antisense, 5-AAUCCU
AUGAGAUUCCAGGTT-3"; and si-LINC00294-3 sense,
5'-GCGAACAUGUAACCCUCUATT-3" and antisense, 5-UAG
AGGGUUACAUGUUCGCTT-3.

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA was extracted from transfected cells
using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.)
and reversed transcribed using PrimeScript RT Master mix
(Takara Bio, Inc.) according to the manufacturer's protocol.
RNA concentration was detected using a spectrometer and
samples with an A260/A280 ratio of 1.8-2.0 were selected for
the following qPCR reaction. qPCR was then performed using
SYBR® Green Master mix (Takara Bio, Inc.), according to the
manufacturer's protocol. RT-qPCR was carried out at 94°C for
5 min and 40 cycles at 94°C for 30 sec, 55°C for 30 sec and
72°C for 90 sec following the protocol of SYBR Premix Ex
Taq™ (Takara). The primers used for gPCR were as follows:
GAPDH forward, 5-CACCCACTCCTCCACCTTTG-3'
and reverse, 5'-CCACCACCCTGTTGCTGTAG-3'; HLA
complex 5 forward, 5'-CTGTGGATGACATGGCCTTA-3'
and reverse, 5'-GATGCCAGCTTTGAGTGGA-3"; HOXA
transcript antisense RNA (HOTAIR), myeloid specific 1
forward, 5'-"AGTGCTGGAGCGAAGAAGAG-3' and reverse,
5'-CCTCTCGCCAGTTCATCTTT-3'; HOXA11 antisense
RNA forward, 5'-CGGCTAACAAGGAGATTTGG-3' and
reverse, 5-GCAAAGGCTGTGGAAAGAAG-3'; LINC00162
forward, 5'-CTCAGAAACACCCACCATGC-3' and reverse,
5-GAAAGTCCAGGCAGTTCAGC-3'; LINC00294 forward,
5'"TGTGTTGTCCTCCAGAATCG-3' and reverse, 5'-CCA
ACCAAGAGCCAACAAAG-3"; LINC00888 forward, 5-TTG
GCCCTTGAAAGAATCAG-3' and reverse, 5'-ACTGGCATT
TCCTCCACTGT-3"; ST3GAL4 antisense RNA 1 forward,
5'-ACCTTCCTGCTGTCCTTCCT-3" and reverse, 5'-CCC
TCAGAGCCTTGATGTCT-3"; TOPORS antisense RNA 1
forward, 5'-CTCTCACCTCCTGTTGTACGC-3" and reverse,
5-CGTGGTCTGTTTAGGGAGGA-3'"; P16 forward, 5'-TTA
TTTGAGCTTTGGTTCTG-3' and reverse, 5'-CCGGCTTTC
GTAGTTTTCAT-3"; P21 forward, 5'-GAGTCTCCAGGT
CCACCTGG-3' and reverse, 5'-CGTGGTCTGTTTAGG
GAGGA-3"; cyclin D forward, 5'-ATGTTCGTGGCCTCT
AAGATGA-3' and reverse, 5'-CAGGTTCCACTTGAGCTT
GTTC-3; cyclin E forward, 5-GTTATAAGGGAGACGGGG
AG-3', and reverse, 5-TGCTCTGCTTCTTACCGCTC-3'
and cyclin-dependent kinase 4 (CDK4) forward, 5-CATGTA
GACCAGGACCTAAGG-3', and reverse, 5'-"AACTGGCGC
ATCAGATCCTAG-3". Relative gene expression was analyzed
using 242 method (29).

Cell cycle detection. HeLLa and SiHa cells were digested with
trypsin (Gibco; Thermo Fisher Scientific, Inc.) and prepared
into a cell suspension. After cells were washed with Hank's
buffer (Gibco; Thermo Fisher Scientific, Inc.), cells were centri-
fuged at 1,000 x g for 5 min at room temperature. Cells were
then resuspended and incubated with pre-cooled 70% ethanol
overnight. Finally, cells were stained with propidium iodide
(30 pg/ml) for 30 min at room temperature (Beyotime Institute
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Figure 1. GRP78 regulates LINC00294 expression. (A) The top 200 IncRNAs that were positively correlated with GRP78 in the GSE26511, GSE5787 and
TCGA datasets. (B) The top 200 IncRNAs that were negatively correlated with GRP78 in the GSE26511, GSE5787 and TCGA datasets. (C) The GRP78 protein
expression level was decreased by transfection with si-GRP78. (D) LINC00294 expression was decreased following GRP78-knockdown. (E) LINC00294
is associated with the cell cycle according to GSEA. (F) GSEA demonstrated that LINC00294 is enriched in the Hedgehog pathway. ““P<0.001. GRP78,
glucose-regulated protein 78; IncRNA, long non-coding RNA; TCGA, The Cancer Genome Atlas; si, small interfering RNA; NC, negative control; HCP5, HLA
complex 5; HOTAIRMI1, HOXA transcript antisense RNA, myeloid specific 1; HOXA11-AS, HOXAI1 antisense; ST3GAL4-AS1, ST3GAL4 antisense RNA 1;
TOPORs-AS1, TOPORS antisense RNA 1; ES, enrichment score; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, Gene Set Enrichment Analysis.

of Biotechnology), followed by cell cycle detection using a
flow cytometer (BD LSRFFortessa; BD Biosciences). The
results were analyzed using FlowJo software (version 10.6.2;
BD Biosciences).

Western blotting. Total protein was extracted from treated
cells using RIPA solution at 4°C (Beyotime Institute of
Biotechnology) and the protein concentration was quanti-
fied using BCA kit (Beyotime Institute of Biotechnology).
Protein samples (60 ug) were separated by 10% SDS gel
with electrophoresis and transferred to a PVDF membrane.
Membranes were blocked with 5% skimmed milk for 1 h at
room temperature, followed by incubation with the primary
antibodies against GRP78 (1:1,000; cat. no. 3177T), pl6
(1:1,000; cat. no. 80772), p21 (1:1,000; cat. no. 2947), Cyclin D
(1:1,000; cat. no. 55506), Cyclin E (1:1,000; cat. no. 4129),
CDK4 (1:1,000; cat. no. 12790), Glil (1:1,000; cat. no. 3538T),

Sonic (1:1,000; cat. no. 2207T) and GAPDH (1:1,000;
cat. no. 5174T; Cell Signaling Technology, Inc.) overnight
at 4°C. Subsequently, the membranes were incubated with
anti-rabbit IgG HRP-linked antibody (1:1,000; cat. no. 7074;
Cell Signaling Technology, Inc.) at room temperature for 1 h.
The protein blots on the membrane were exposed by chemilu-
minescence reagent (Thermo Fisher Scientific, Inc.). Relative
expression levels were normalized to endogenous control
GAPDH using Image J software (1.52a; National Institutes
of Health).

Statistical analysis. All experiments were performed in trip-
licate. SPSS 20.0 statistical software (IBM Corp.) was used
for statistical analysis, and GraphPad 5.0 (GraphPad Software,
Inc.) was used to generate figures. Quantitative data are
expressed as mean + standard deviation. Comparisons among
multiple groups were performed by one-way analysis of
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Figure 2. LINC00294-knockdown arrests the cell cycle at the GO/G1 phase. (A) Transfection of HeLa and SiHa cell with si-LINC00294. (B-E) The cell cycle
of HeLa cells was arrested at the GO/G1 phase following LINC00294-knockdown. (F-I) Cell cycle of SiHa cells was arrested at the GO/G1 phase following
LINC00294 knockdown. "P<0.05, “P<0.01, ““P<0.001. si, small interfering RNA; NC, negative control; ns, not significant.

variance. Comparisons among four groups were analyzed by
one-way analysis of variance followed by Tukey's post hoc test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

GRP78 regulates LINC00294 expression. Cervical cancer
gene expression profile data were downloaded from GEO
and TCGA databases. Specifically, GSE26511 contained
39 cervical cancer samples, GSE5787 contained 30 cervical
cancer samples and TCGA contained 306 cervical cancer
samples. Subsequently, correlation analysis between the
identified IncRNAs and GRP78 was performed, the top 200
IncRNAs that were positively correlated with GRP78 and
the top 200 IncRNAs that were negatively correlated with
GRP78 were selected. The overlapping IncRNAs that were
positively correlated with GRP78 in the GSE26511, GSE5787
and TCGA datasets were obtained from the Venn diagram. A
total of eight overlapping IncRNAs were finally screened out
to be positively correlated with GRP78 (Fig. 1A). Whereas,

only one IncRNA was negatively correlated with GRP78
in all datasets (Fig. 1B). These eight positively corrected
IncRNAs (LINC00294, HCP5, HOTAIRM1, HOXA11-AS,
LINCO00162, LINC00888) were selected for the following
experiments.

For the following experiments, si-GRP78 was transfected
into HeLa cells and the expression levels of the eight posi-
tively correlated IncRNAs were detected. Western blotting
was used to confirm that GRP78 was successfully reduced
in HeLa cells transfected with si-GRP78 compared with
cells transfected with the si-NC (Fig. 1C). Subsequently,
the eight positively corrected IncRNAs were confirmed by
RT-qPCR following GRP78 knockdown. The results demon-
strated that only LINC00294 was downregulated following
GRP78-knockdown in HeLa cells (Fig. 1D). Subsequently,
GSEA was performed to predict the biological processes that
LINC00294 is associated with. The results demonstrated that
the LINC00294 is associated with the cell cycle (Fig. 1E)
and Hedgehog signaling pathway (Fig. 1F). These results
indicated that LINC00294 may participate in cervical cancer
development via GRP78.
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Figure 3. LINC00294 regulates the cell cycle via the Hedgehog pathway. (A) The mRNA levels of pl6, p21, cyclin D, cyclin E and CDK in HeLa and
SiHa cells that were transfected with si-LINC00294. The protein levels of pl16, p21, cyclin D, cyclin E and CDK in (B) SiHa and (C) HeLa cells following
LINC00294-knockdown. The protein levels of Sonic and Glil in (D) SiHa and (E) HeLa cells following LINC00294-knockdown. "P<0.05, ““P<0.01, "“P<0.001.
si, small interfering RNA; NC, negative control; CDK4, cyclin-dependent kinase 4; Glil, GLI family zinc finger 1.

LINC00294-knockdown arrests the cell cycle of cervical
cancer cells. To investigate whether LINC00294 can regulate
the cell cycle of HeLa and SiHa cells, three siRNA sequences
targeting LINC00294 were transfected into the cells. It
was identified that si-LINC00294-1 and si-LINC00294-2
significantly reduced the mRNA level of LINC00294,
whereas the efficacy of si-LINC00294-3 was insignificant
(Fig. 2A). Following transfection of HeL.a and SiHa cells with
si-LINC00294-1 and si-LINC00294-2, the percentage of cells
in the GO/GI1 phase was significantly increased, whereas the
percentages of cells in the S and G2/M phases were signifi-
cantly decreased (Fig. 2B-D). These results demonstrated
that LINC00294-knockdown arrests the cell cycle at the
GO0/G1 phase, thereby inhibiting the proliferative ability of
cervical cancer cells.

LINC00294 regulates the cell cycle of cervical cancer cells via
the Hedgehog pathway. Expression levels of cell cycle-related
genes were detected by RT-qPCR and western blotting. The
results indicated that following LINC00294-knockdown in
HeLa and SiHa cells the mRNA levels of pl6 and p21 were
significantly increased compared with the control cells,
whereas the mRNA levels of cyclin D, cyclin E and CDK4
were significantly decreased (Fig. 3A). Similar results were
obtained by western blotting (Fig. 3B and C). Based on GSEA
data, the Hedgehog pathway was predicted to be involved in
cervical cancer development. Therefore, key genes in Hedgehog

pathway were detected by western blotting. Protein expression
levels of Sonic and Glil were significantly decreased following
transfection with si-LINC00294 (Fig. 3D and E), indicating a
role of the Hedgehog pathway in regulating the cell cycle of
cervical cancer cells.

Discussion

Cervical cancer is one of the most common types of malignant
tumor in women, and it is a continuous process from a benign
lesion, cervical intraepithelial neoplasia, carcinoma in situ
and invasive carcinoma (30). Therefore, early detection and
treatment are essential to reduce the morbidity and mortality
of cervical cancer (31). Whole genome sequencing results
have demonstrated that the majority of the stably transcribed
RNAs are non-coding RNAs (32). Among them, IncRNAs
possess functions in multiple cellular processes, including cell
proliferation, differentiation and metabolism (33). IncRNAs
are involved in various diseases, such as tumors, diabetes
and immune diseases (34,35). For example, overexpressed
HOTAIR in cervical cancer is associated with lymph node
metastasis, survival rate and postoperative recurrence (36).
Maternally expressed 3 is downregulated in cervical cancer
tissues, which promotes proliferation of cervical cancer (37).
In addition, decreased expression of IncRNA growth arrest
specific 5 can serve as an unfavorable prognostic factor for
cervical cancer (38). Our previous study demonstrated that
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GRP78 is upregulated in cervical cancer tissues compared with
paracancerous tissues. In the present study, LINC00294 was
identified to be positively associated with GRP78 in. In vitro
experiments demonstrated that LINC00294 may regulate the
cell cycle of cervical cancer cells via the Hedgehog pathway.

Cell cycle disorder is one of the main causes of tumorigen-
esis (39). Under normal circumstances, the cell cycle transitions
between the G1, S, G2 and M phases via precise regulation by
the cell cycle molecular network system of cyclins, CDKs and
cyclin-depending kinase inhibitors (CKIs) (40). Specifically,
cyclinDl1,cyclin E,CDK4, p16 and p21 are key factors that regu-
late the cell cycle (39,40). At different phases of the cell cycle,
cyclins bind to the corresponding CDKs to form cyclin/CDK
complexes, which activate CDKs and promote cell cycle trans-
formation. However, CDKs or cyclin/CDK complexes also
inhibit CDK activities via binding to the corresponding CKIs,
thereby inhibiting the transition of the cell cycle (39,40). The
present study demonstrated that LINC00294-knockdown in
cervical cancer significantly arrests cell cycle in GO/G1 phase,
thereby inhibiting cell cycle progression and cell proliferation.
Western blotting demonstrated that LINC00294-knockdown
downregulated cyclin D, cyclin E and CDK4, whereas it
upregulated p16 and p21 in HeLa and SiHa cells.

The Hedgehog gene was first discovered in drosophila in
1980 (41). Previous studies have reported that the Hedgehog
pathway plays a key role in animal embryonic development,
including in the formation of lungs, skin, bones, limbs, neural
tube and the gastrointestinal system (42-44). In addition, the
Hedgehog pathway is involved in the regulation of cell growth,
proliferation, migration and differentiation (45,46). Hedgehog
is closely associated with the occurrence and progression of
malignant tumors, such as basal cell carcinoma, breast cancer,
prostate cancer and multiple digestive system cancers (47,48).
Abnormal activation of the Hedgehog pathway results in
invasion and metastasis of tumor cells (49-51). In the present
study, the Hedgehog pathway was found to be involved in the
occurrence of cervical cancer. Preliminary mechanism studies
demonstrated that LINC00294-knockdown inhibited the
expression levels of Glil and Sonic, which are key genes in the
Hedgehog pathway.

In summary, the present study first identified LINC00294
to be strongly correlated with GRP78. Subsequently, RT-qPCR
demonstrated that LINC00294 was regulated by GRP78. In
addition, GSEA revealed that LINC00294 was mainly enriched
in mediating the cell cycle and the Hedgehog pathway. An
in vitro assay confirmed that LINC00294 could regulate the
cell cycle. Furthermore, western blotting demonstrated that
following knockdown of LINC00294, the CKD family was
significantly downregulated and CDK were inhibitors upregu-
lated. Additionally, Hedgehog pathway-associated proteins
were also expressed at lower levels following knockdown
of LINC00294. The key findings of the present study were
that LINC00294 was regulated by GRP78 and knockdown of
LINC00294 could arrest the cell cycle at the GO/G1 phrase.
However, there were some limitations of the study. In order to
further confirm the regulatory relationship between GRP78
and LINC00294, whether overexpression of GRP78 can
increase the expression of LINC00294 should be investigated,
as well as the effects of LINC00294 on cell proliferation,
invasion and migration using in vivo experiments, which will

be performed in future studies. In conclusion, LINC00294
is positively correlated with and regulated by GRP78, which
promotes the progression of cervical cancer through arresting
the cell cycle at the GO/G1 phase via the Hedgehog pathway.
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