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RNA polymerase Il subunit A (POLR2A) is the largest subunit encoding RNA polymerase |I
and closely related to cancer progression. However, the biological role and underlying
molecular mechanism of POLR2A in gastric cancer (GC) are still unclear. Our study
demonstrated that POLR2A was highly expressed in GC tissue and promoted the
proliferation of GC in vitro and in vivo. We also found that POLR2A participated in the
transcriptional regulation of cyclins and cyclin-dependent kinases (CDKs) at each stage
and promoted their expression, indicated POLR2A’s overall promotion of cell cycle
progression. Moreover, POLR2A inhibited GC cell apoptosis and promoted GC cell
migration. Our results indicate that POLR2A play an oncogene role in GC, which may
be an important factor involved in the occurrence and development of GC.
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INTRODUCTION

Gastric cancer (GC) is one of the most common malignant tumors in the digestive system. In
accordance with global cancer statistics in 2018, the incidence of GC ranked fifth, and the mortality rate
ranked third in malignant tumors worldwide, while its incidence in East Asia ranked first in the world
(Bernecky et al., 2016). In recent years, the incidence of GC has increased year by year, and the burden
of social and health expenditure has also increased. Surgery combined with radiotherapy and
chemotherapy is currently the main method for the treatment of GC. However, because the early
symptoms of GC are hidden and most of them are in the middle and late stages of diagnosis, the 5-years
survival rate is still less than 20% (Bertoli et al., 2013; Bray et al., 2018). General resistance to
chemotherapy drugs is also one of the main reasons for poor efficacy. GC is a heterogeneous disease, the
differences of epidemiological and histopathological between countries are the main cause of cancer-
related deaths (Chapman et al., 2008). The occurrence and development of GC is a multi-step process
involving many genetic and environmental factors. According to histopathological classification, it can
be divided into adenocarcinoma, squamous cell carcinoma, and adenosquamous carcinoma. The
currently widely used histopathological classification has gradually become difficult to adapt to the
needs of clinical individualized diagnosis and treatment. With the development of gene chip and next-
generation sequencing technology, the study on GC has entered the molecular level (Coffman, 2004;
Chia and Tan, 2016; Clark et al., 2016). Therefore, understanding the molecular mechanism of the
occurrence and development of GC is extremely crucial for its diagnosis and treatment.
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RNA polymerase (RNAP) is the most critical enzyme in the
transcription process, and it plays an extremely significant role in
gene expression. Unlike prokaryotic cells where there is only one
RNAP responsible for all mRNA, rRNA, and tRNA synthesis,
eukaryotes have three different RNAPs, which specifically
transcribe different genes to produce different products.
Among them, RNAP Il is involved in the transcription of all
protein-coding genes, snoRNA and some snRNA, and it is located
in the nucleoplasm of cells (Das et al., 2004). RNAP |l requires the
participation of a variety of transcription factors when initiating
transcription, in order to form an active transcription initiation
complex that binds to the promoter, so there are more studies on
it (Errico, 2015). RNAP Il consists of 12 subunits, of which the
largest subunit is encoded by the POLR2A gene (Gao and Liu,
2019). The human POLR2A gene is located on chromosome
17p13.1. The carboxyl end of its product has a 7-amino acid
common repeat sequence of Tyr-Ser-Pro-Thr-Ser-Pro-Ser, called
the carboxy-terminal domain (CTD), which is essential for
polymerase activity and also necessary for maintaining cell
activity. The CTD structure is unique to RNAP I, not in
RNAPI and RNAP |ll (Griesenbeck et al., 2017; Harlen and
Churchman, 2017; Hou et al., 2019). In addition, this subunit
combines with several other polymerase subunits to form the
DNA binding domain of the polymerase, which is the groove
where the DNA template is transcribed into RNA (Hsin and
Manley, 2012).

Studies have shown that, the expression of POLR2A was
significantly lower expressed in normal elderly and Werner
syndrome patients compared with young donor cells,
suggesting that POLR2A may be involved in regulating cell
senescence (Jeronimo et al, 2013). Moreover, Hou et al.
proved that POLR2A is the main target gene down-regulated
after Xeroderma pigmentosum group A (XPA)-binding protein 2
(XAB2) is depleted (Hou et al., 2019). XAB2 depletion leads to
massive loss of POLR2A and triggers a cascade of global
transcription and cellular senescence (Jeronimo et al., 2016).
Repeated mutations of POLR2A were found in samples
lacking known meningioma driver genes, suggesting that
POLR2A may play a role in tumorigenesis (Koumenis and
Giaccia, 1997). Furthermore, in triple negative breast cancer
(TNBC) and colorectal cancer (CRC), inhibition of POLR2A
has a selective inhibitory effect on the growth of tumors with loss
of POLR2A hemizygotes. Homozygous deletion of POLR2A is
lethal in human cells, shows that POLR2A is essential for cell
survival (Kurokawa et al., 2017; Gao and Liu, 2019). However, the
biological effects and molecular mechanisms of POLR2A in GC
cells are rarely studied.

In the present study, we investigated the role and the molecular
mechanism of POLR2A in regulating GC cell proliferation and
migration. Our study showed that POLR2A was highly expressed
in GC tissues, and promoted the proliferation of GC in vivo and
in vitro. Futhermore, POLR2A significantly promoted the overall
cell cycle progression in GC by facilitating cyclins and CDKs
transcription. POLR2A also inhibited GC cell apoptosis and
accelerated GC cell migration. These results indicate that
POLR2A plays the role of oncogene in GC and is expected to
become a potential therapeutic target for GC.

POLR2A Promotes GC Cell Cycle

MATERIALS AND METHODS

Collection of Human GC Tissue Samples
GC tumor and adjacent normal tissue samples from 39 patients
were randomly collected from the First Affiliated Hospital of
Xi’an Jiaotong University, PR China. The tissues were divided
into two parts, one part was fixed in 4% paraformaldehyde for
paraffin embedding, and the other part was stored at —80°C for
further analysis. The clinicopathological characteristics of the
patients are summarized in Supplementary Table S1. The
consent of each patient was obtained before the samples were
collected. The study was approved by the Biomedical Ethics
Committee of the Medical Department of Xi'an Jiaotong
University.

Cell Culture

Human GC cell lines MKN-28, MKN-45, AGS, SGC-7901, BGC-
823 and normal gastric mucosal epithelial cell line GES-1 were
obtained from Cell Bank (Genechem, Shanghai, China). All the
cell lines had been authenticated by the Cell Bank. The cells had
been tested for mycoplasma before all experiments began. All cell
lines were cultured in RPMI-1640 or DMEM (Basalmedia,
Shanghai, China) medium containing 10% fetal bovine serum
(FBS, Biological Industries, Israel) and 1% penicillin-
streptomycin solution (solarbio, Beijing, China), and incubated
in a humidified incubator at 37°C with 5% CO,.

Immunohistochemistry

GC tissues were fixed in 4% paraformaldehyde, then embedded in
paraffin. The tissues were cut to a thickness of 5 microns with a
microtome. The sections treated with xylene to
deparaffinize, and graded alcohol treated for hydration, and
then antigen retrieval was applied. The rabbit SP kit (rabbit
streptavidin-biotin detection system, OriGene, United States)
was performed to break the endogenous peroxidase and block
according to the manufacturer’s instructions. The slides were
incubated with the POLR2A specific primary antibody overnight
at 4°C, and then the secondary antibody was incubated at room
temperature, and the horseradish enzyme-labeled streptavidin
working solution was processed. DAB staining kit (OriGene,
United States) and hematoxylin were used for staining. The
slides were dehydrated and sealed prior to microscopic
analysis (Media Cybernetics, United States). The primary
antibody for IHC are listed in Supplementary Table S2.

were

RNA Extraction and Quantitative Real-Time

Polymerase Chain Reaction

Total RNA was extracted from cell lines or frozen tissue using
TRIzol reagent (Genestar, Shanghai, China) according to the
manufacturer’s instructions. RNA sample concentrations were
measured using Spectrophotometer (DeNovix, United States)
spectrophotometrically. Complementary DNA (cDNA) was
synthesized by cDNA Synthesis Kit (Yeasen, Shanghai, China)
according to the manufacturer’s instructions. qRT-PCR was
performed using the SYBR Green PCR kit (Yeasen, Shanghai,
China). The three-step method was applied as the amplification
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procedure. First, pre-denatured at 95°C for 5min. Then
denatured at 95°C for 10s, annealed at 55-60°C for 20s, and
extended at 72°C for 20 s, this step requires 40 cycles. The default
setting of the instrument was adopted for the melting curve stage.
The primers are listed in Table S3. All qRT-PCR reactions for
each sample were performed in triplicate, using the IQ5
multicolor ~ qRT-PCR  detection ~ system  (Bio-Rad,
United States). GAPDH were used as control for messenger
RNA (mRNA). The 2724¢" method was utilized for the qRT-
PCR analysis.

Protein Extraction and Western Blotting
Human GC cells were lysed with precooled RIPA buffer (Pioneer,
Xi’an, China) with protease inhibitor (Pioneer, Xi’an, China) for
30 min on ice. The samples were then centrifuged (14,000 rpm for
20min at 4°C), supernatants were collected. The protein
concentrations were determined by the BCA quantification kit
(Fdbio, Hangzhou, China). Protein samples (20 pg) were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride
membranes (Merck Millipore, Germany). The membranes
were blocked with 5% skim milk for 1h at room temperature
and incubated with specific primary antibodies at 4°C overnight.
Before and after incubation with the secondary antibody for 1 h at
room temperature, the membranes were thoroughly washed with
TBST buffer containing Tween-20 (Fdbio, Hangzhou, China) for
10 min, a total of three times. Finally, the membranes were
exposured with an enhanced chemiluminescence detection kit
(Fdbio, Hangzhou, China) to show protein bands. GAPDH was
performed as an internal control. Imaging signals were acquired
and analyzed by ChemiDoc™ Touch (Bio-Rad, United States).
The primary and secondary antibodies used are listed in
Supplementary Table S2.

siRNA Synthesis, Plasmid Construction and

Transfection

Small interfering RNAs (siRNAs) targeting human POLR2A were
designed and generated by GenePharma (Shanghai, China). A
sequence with no homology to mammalian genes was used as a
negative control (NC, GenePharma). The sequences are listed in
Supplementary Table S4. The full-length human POLR2A
cDNA was cloned into the pCMV2-GV219 vector (Genechem,
Shanghai, China) to construct its overexpression plasmid. After
culturing MKN-45 and SGC-7901 cells in the plate for 24 h,
siRNA or plasmids were transfected into the cells using
jetPRIME® in vitro DNA and siRNA transfection reagent
(PolyPlus, France) according to the manufacturer’s protocol

and the wusage of transfection reagent is listed in
Supplementary Table S4.
MTT Assay

MKN-45, SGC-7901 cells were seeded in a 96-well plate at a density
of 3,000 cells/well. Five repeats were set. 24, 48, and 72 h after
transfection, 10 uLMTT (sigma, United States) was added to each
well and then incubated at 37°C for 4 h. Discarded the supernatant
and added dimethyl sulfoxide (DMSO, 150 uL per well) to dissolve

POLR2A Promotes GC Cell Cycle

the purple crystals. Then, the absorbance of each well was measured
with a microplate reader (FLUOstar Omega, BMG, Germany) at
492 nm and the cell proliferation curves were plotted.

Colony Formation Assay

24 h after transfection, MKN-45 and SGC-7901 cells were seeded
in a 12-well plate at a density of 2000 cells/well and cultured for
7-10 days. Cell colonies were fixed with 4% paraformaldehyde for
15 min and stained with 0.1% crystal violet for 30 min. After
washing out the excess dye twice with phosphate-buffered saline
(PBS), photographed the stained cell clones and recorded the
number of colonies (>10 cells) to analyze the cell cloning
efficiency with Quantity One® software (Bio-Rad, United States).

Cell Cycle Analysis

24h after transfection, MKN-45 and SGC-7901 cells were
harvested by trypsinization, the cells were washed twice with
PBS, and fixed with 70% ice-cold ethanol at 4°C overnight. After
two more washes, the cells were incubated with 0.1 mg/ml RNase
A and 0.05 mg/ml propidium iodide (Sigma, United States) for
15 min at room temperature. The distribution of the cell cycle
stages was examined by flow cytometer (BD, United States).

Cell Apoptosis Analysis

48h after transfection, MKN-45 and SGC-7901 cells were
harvested by trypsinization, the cells were washed twice with
PBS and treated with Annexin V-FITC/PI Apoptosis Detection
Kit (7 sea, Shanghai, China) according to the manufacturer’s
instructions. Flow cytometry was used to detect stained cells and
analyze the level of apoptosis.

Tumorigenesis Experiment in Nude Mice

MKN-45 cells were infected with a lentiviral vector with luciferase,
and also infected with lentiviral vector that knocks down POLR2A
(Lv-shPOLR2A, GenePharma, Shanghai, China) and its control (Lv-
Control, GenePharma, Shanghai, China) according to the
manufacturer’s instructions, then a stable cell line knocked down
POLR2A and its control were constructed. Four-week-old male nude
mice were purchased from the Experimental Animal Center of Xi’an
Jiaotong University and were injected subcutaneously at 1 x 107 cells/
mouse. In order to eliminate individual differences, we injected cells
of Lv-Control and Lv-shPOLR2A subcutaneously on both sides of the
mice’s groin. Tumor growth was observed every 5 days. Four weeks
after the injection, the mice were intraperitoneally injected with
D-luciferin potassium to stimulate the expression of luciferase
(MedChemExpress, United States), anesthetized with isoflurane,
and photographed by bioluminescence imaging system (Xenogen,
United States) to observe the growth of tumors in living mice by
observing the expression of luciferase. The mice were euthanized by
cervical dislocation method, the tumors were taken out to measure
the volume and weight, and then divided into two parts for RNA and
protein extraction. This study was approved by the Biomedical Ethics
Committee of the Medical Department of Xi‘an Jiaotong University.

Transwell Migration Assay
Migration assays were performed using transwell chambers with
a porous polycarbonate filter (8.0 mm; Merck Millipore,
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Germany) and inserted into a 24-well plate. Cells in 200 pl of
serum-free medium (3 x 10* cells) were added to the upper
chamber, and 600 pl of 10% FBS medium was added to the lower
chamber. The 24-well plate was incubated in a 5% CO2 cell
incubator at 37°C for 24 h. At room temperature, the chambers
were fixed with 4% paraformaldehyde for 15 min, and 0.1%
crystal violet stained for 30 min. Cells which did not migrate
through the wells were wiped by a cotton swab. A microscope
imaging system (Nikon, Japan) was used to take pictures to
determine the migrating cells.

Chromatin Immunoprecipitation and

ChiP-qRT-PCR

ChIP was conducted as described (Kyng et al., 2003). In brief,
MKN-45 and SGC-7901 cells were cross-linked with 1%
formaldehyde for 15 min at room temperature and quenched
with glycine (125 mmol/L). The nuclear lysate were sonicate by a
cell lyser so that the chromatin was sonicated into a fragment of
approximately 200 bp. The lysate was divided into two parts and
incubated with 5 pg of anti-POLR2A or IgG antibody (Abcam,
United Kingdom) at 4°C overnight. DNA-protein complexes
were captured by Dynabeads Protein G (Invitrogen,
United States) and eluted in TE buffer at 65°C. Decrosslinking
was performed at 65°C for 8 h. DNA was extracted using the QIA
Rapid PCR Purification Kit (Qiagen, Germany) according to the
manufacturer’s instructions, and the DNA was analyzed by qRT-
PCR with gene-specific primers. The primer sequences used for
ChIP-qRT-PCR are listed in Supplementary Table S6.

Statistical Analysis

Unless otherwise stated, all experiments were performed at least
in triplicate. All statistical analyses were performed using SPSS
Statistics 18.0 (Chicago, IL, United States). Datas were expressed
as the mean +SEM of at least three independent experiments, and
Student t test was used to calculate the statistical significance of
the differences between the groups. All tests were double-sided,
and p < 0.05 was considered statistically significant.

RESULTS

POLR2A Was Highly Expressed in GC
Tissues and Showed Differential Expression

in GC Cell Lines

The Cancer Genome Atlas (TCGA) data showed that the
expression of POLR2A in GC samples was significantly higher
than that of normal samples (Figure 1A). Its expression was
significantly related to the size or depth of invasion of the primary
GC (T stage, Figure 1B). Patients with high expression of
POLR2A had a lower survival rate (Figure 1C). We examined
the expression of POLR2A at mRNA and protein levels in 39 GC
patients’ GC tissue samples and adjacent normal (non-tumor)
tissue samples by qRT-PCR and IHC staining. The results showed
that the expression of POLR2A in GC tissues was significantly
higher than that in adjacent normal tissues (Figures 1D,E). The

POLR2A Promotes GC Cell Cycle

mRNA and protein levels of POLR2A in established GC cell lines
were detected by qRT-PCR and Western Blotting. However,
compared to normal gastric epithelial cells GES-1, POLR2A
was highly expressed in MKN-28 and MKN-45 cells, not
significantly altered in AGS cells, and significantly low
expressed in BGC-823 and SGC-7901 cells (Figures 1F,G).

POLR2A Promoted the Proliferation of GC

Cells In Vitro

In order to examine the role of POLR2A in the progression of GC
cells, siRNAs targeting POLR2A and its negative control were
transfected into MKN-45 cells, and the POLR2A overexpression
plasmid and its control empty vector were transfected into SGC-
7901 cells. qRT-PCR and Western Blotting were performed to
detect the expression of POLR2A at the mRNA and protein levels.
Our data showed that, in MKN-45 cells transfected with POLR2A
siRNAs, the mRNA and protein levels of POLR2A were
significantly down-regulated, while SGC-7901 cells transfected
with the POLR2A overexpression plasmid, the mRNA and
protein levels of POLR2A were significantly up-regulated,
which suggested that siRNAs and overexpression plasmids
were successfully constructed (Figures 2A,B). In order to
analyze the function of POLR2A in GC cell proliferation,
MTT and colony formation assays were performed. MTT
analysis showed that knockdown of POLR2A in MKN-45 cells
significantly inhibited cell viability at 72 h, while overexpression
of POLR2A in SGC-7901 cells significantly improved cell viability
at 72 h (Figures 2C,D). Consistent results were also observed in
the colony formation assay. As shown in Figures 2E,F,
knockdown of POLR2A significantly reduced MKN-45 cell
colony formation, and overexpressing POLR2A markedly
increased colony formation in SGC-7901 cells. These data
indicated that POLR2A promoted the vitality and colony
forming ability of GC cells, that is, POLR2A promoted the
proliferation of GC cells in vitro.

POLR2A Promoted the Overall Progression
of GC Cell Cycle

Since cell proliferation was regulated by the cell cycle, we
wondered whether POLR2A affects GC cell proliferation by
affecting the cycle checkpoint. Flow cytometry was employed
to detect the distribution of each phase of the GC cell cycle. Our
data showed that knockdown of POLR2A significantly increased
the distribution of G1 and S phases in MKN-45 cells, while M
phase decreased. Moreover, overexpressing POLR2A decreased
the percentage of Gl phase in SGC-7901 cells, and M phase
increased (Figures 3A,B). We found that the influence of
POLR2A on the GCcell cycle was not reflected in a certain
phase, since POLR2A was involved in transcription, we guessed
whether POLR2A played a transcriptional regulatory role on all
cyclins and cyclin-dependent kinases (CDKs), thereby promoted
the overall progression of cell cycle. In order to verify our
conjecture, first, the GEPIA database was used to predict the
correlation between POLR2A and all cyclins/CDKs at the mRNA
expression level. The results showed a significant positive
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FIGURE 1 | POLR2A was highly expressed in GC tissues and showed differential expression in GC cell lines. (A) Bioinformatics analysis of POLR2A expression in
GC (n =414) and normal tissues (n = 208) based on TCGA data. (B) The expression of POLR2A analyzed by TCGA data in T-stage GC tissue samples. (C) Kaplan-Meier
Plotter based on the expression of POLR2A in GC tissue from the TCGA database. (D) Representative images of IHC of POLR2A in paired GC and adjacent normal
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correlation between them (Figure 3C). Then, we searched
molecules in the promoter region of cyclins (CCNA2/CCNB1/
CCND1/CCNE2) and CDKs (CDK1/CDK2/CDK4) by the UCSC
database, and found that POLR2A existed in all (Supplementary
Figure S1). Next, primers were designed based on the binding
sites of POLR2A and their promoter regions, and ChIP
experiments was performed to capture the DNA fragments
that bind to the POLR2A antibody and verified by qRT-PCR.
Experiment results showed that POLR2A could capture at least
one DNA fragment at the binding site of each molecule
(Figures 3D,E).

The binding effect of POLR2A with the promoter region
of cyclins/CDKs was clarified, so did POLR2A affect their
expression? QRT-PCR and Western Blotting were applied to
detect the changes of cyclins and CDKs. The results showed
that the mRNA and protein expression levels of cyclins and
CDKs were down-regulated in MKN-45 cells after
knockdown of POLR2A, and up-regulated in SGC-7901
cells after overexpressing POLR2A (Figures 3F-H). Our
data demonstrated that POLR2A bound to the promoter
regions of cyclins and CDKs to promote their
transcription, thereby causing the overall progression of
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all stages of the cell cycle and promoting cell proliferation
(Figure 3I).

POLR2A Inhibited the Apoptosis of GC Cells
Apoptosis plays a considerable role in the development of cancer.
To investigate whether POLR2A affected apoptosis of GC cells,
flow cytometry was performed, and Western Blotting was applied
to detect changes in apoptosis-related proteins. The results
showed that apoptosis was increased in MKN-45 cells after
knockdown of POLR2A. In addition, knockdown of POLR2A
in MKN-45 cells inhibited the protein expression of anti-
apoptotic molecules poly ADP-ribose polymerase 1 (PARP1)
and B-cell lymphoma 2 (BCL2). At the same time, apoptosis
was reduced in SGC-7901 cells after overexpressing POLR2A,
and PARP and BCL2 expression were significantly up-regulated
(Figures 4A-C). These results suggested that POLR2A inhibited
the apoptosis in GC cells.

PARP1 was an anti-apoptotic molecule, was POLR2A
involved in PARP transcriptional regulation? In order to verify
this conjecture, the GEPIA database was applied to analyze the
correlation between POLR2A and PARP1 mRNA expression, as
shown in Figure 4D, there was a significant positive correlation
between them. Then we searched PARP promoter region
molecules through the UCSC database, and found that
POLR2A  existed (Supplementary Figure S2). The

experimental results of ChIP-qRT-PCR in MKN-45 and SGC-
7901 cells also showed that POLR2A captured DNA fragments at
the binding site of PARP1 (Figures 4E,F). The above results
suggested that POLR2A may inhibit apoptosis through
transcriptional regulation of PARPI.

POLR2A Promoted the Proliferation of GC

Cells In Vivo

In order to explore the role of POLR2A in the progression of GC in
vivo, we successfully constructed a stable MKN-45 cell line that
knocked down POLR2A and its control (Figure 5A), and then
performed tumorigenesis experiment in nude mice. The two groups
of cells were injected subcutaneously into the groin on both sides of
nude mice to observe tumor growth. Four weeks after the injection,
the bioluminescence imaging system showed that the tumor volume
of Lv-shPOLR2A was significantly smaller than that of Lv-Control
(Figure 5B). The volume and weight of the removed solid tumor
were measured, and the results showed that the tumor volume and
weight of Lv-shPOLR2A were significantly smaller than that of Lv-
Control (Figures 5C-E). The qRT-PCR and Western Blotting
results of solid tumors showed that compared with Lv-Control,
the expression of POLR2A of Lv-shPOLR2A was significantly
down-regulated at the RNA and protein levels (Figures 5F,G).
We also tested the expression of the cycle and apoptosis-related
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molecules involved in the aforementioned in vitro experiments at
the protein level, and the results were consistent with the previous
in vitro experiments. As shown in Figure 5G, compared to Lv-
Control, the protein expression levels of cyclins and CDKs of Lv-
shPOLR2A were down-regulated, and the protein expression levels
of PARP and BCL2 were also down-regulated. These findings were
consistent with the in vitro results, indicated that POLR2A also had
the effect of promoting GC proliferation in vivo.

POLR2A Promoted the Migration of GC

Cells
To investigate the effect of POLR2A on the migration of GC cells,
we employed the transwell migration assay. The migration of

MKN-45 cells was inhibited after knockdown of POLR2A, while
the migration was promoted after POLR2A overexpressed in SGC-
7901 cells (Figures 6A,B). The levels of Matrix Metallopeptidase 2
(MMP2), Vimentin, and N-cadherin were decreased in POLR2A-
knockdown MKN-45 cells, while their expression levels were up-
regulated in SGC-7901 cells after overexpressing POLR2A
(Figure 6C). The above results indicated that POLR2A had
enhancement in the migration of GC cells.

DISCUSSION

More and more evidences show that POLR2A plays an
oncogene in tumors. Highly expressed POLR2A was
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associated with the poor prognosis of TNBC patients,
inhibition of POLR2A would reduce tumor growth
(Kurokawa et al., 2017). In CRC, silencing POLR2A led to
inhibition of cell proliferation, cycle arrest and increased
apoptosis (Liu et al., 2015; Gao and Liu, 2019). Similarly,
POLR2A was highly expressed in acute myeloid leukemia
(AML) cells and tissue samples, and positively correlated
with the malignant proliferation of leukemia cells. AML
patients with high POLR2A expression also had a poor
prognosis (Radhakrishnan and Gartel, 2006). Besides,
studies had reported that POLR2A gene polymorphism was
associated with lower survival outcomes in patients with non-
small cell lung cancer (Sainsbury et al., 2015). In addition,
Zhang et al. discovered the key potential transcription axis of
CTCF/POLR2A—SYN]J2/INPP5B in metabolic programs
based on the ChIP-seq data set, speculated that CTCF/
POLR2A could directly dysregulate SYNJ2 levels and that
increased SYNJ2 would affect HCC development via
metabolic perturbation pathways (Zhang et al., 2021). The
above studies consistently show that POLR2A promotes
tumor growth and is related to poor prognosis. However, as
far as we know, the expression and role of POLR2A in GC have
not been reported. We used bioinformatics to predict the
survival rate of POLR2A in GC and found that patients
with high POLR2A expression have a lower survival rate.
We also proved that POLR2A was highly expressed in GC
tissues through bioinformatics and experiments, which is
consistent with the results of studies in other tumors.

The basic biological processes of cells, such as survival,
growth and differentiation, are inseparable from transcription
(Saldi et al., 2016). Tumor cells require higher levels of
transcription to meet their rapid proliferation characteristics
(Radhakrishnan and Gartel, 2006). POLR2A, as the core of the
transcription mechanism, is considered to be an essential
transcriptional oncogene and anti-apoptotic factor, which
could maintain the rapid growth and apoptosis resistance of
tumor cells (Schafer, 1998; Serra et al.,, 2019). Therefore,
POLR2A is highly expressed in tumor tissues compared
with normal tissues. Our results also confirmed this.
Furthermore, the biological function experiments of GC
cells in vitro showed that the proliferation of MKN-45 cells
was inhibited after knockdown POLR2A, the overall cell cycle
was suppressed, the expression of cyclins and CDKs was down-
regulated, apoptosis increased, and the expression of anti-
apoptotic proteins PARP and BCL2 is down-regulated, and
the overexpression of POLR2A in SGC-7901 cells has the
opposite effect of knockdown POLR2A in MKN-45 cells,
these results indicated that POLR2A promoted the
proliferation of GC by advancing the cell cycle and
inhibiting apoptosis. In vivo experiments in mice further
confirmed the promoting effect of POLR2A on GC. Apart
from this, we also found that POLR2A promoted the migration
of GC cells, and up-regulated the expression of N-cadherin,
MMP2 and Vimentin, which were involved in epithelial-
mesenchymal transition (EMT) (Nfonsam et al., 2019; Xu
et al., 2021). However, the specific molecular mechanism
needs to be further studied.

POLR2A Promotes GC Cell Cycle

The cell cycle of eukaryotic cells is a relatively complex process.
The changes in the biochemical and morphological structure of the
cell, as well as the transition between adjacent phases, are carried
out in an orderly manner under the strict control of the cell itself
and environmental factors (Villicana et al.,, 2014; Song et al., 2017).
The cell cycle process is driven by an evolutionary conserved
central mechanism. Cyclins and CDKs(Cyclin-CDK) form the
core of the cell cycle control system (Wenzel and Singh, 2018;
Xu etal,, 2019). The periodic formation and degradation of Cyclin-
CDK complex triggers the emergence of specific events in the cell
cycle process, and promotes the irreversible transformation of key
processes from G1 phase to S phase, G2 phase to M phase, and mid
to late phases. Therefore, the correct cooperation between them is
essential to ensure the orderly progression of the complete cell
cycle. Additionally, the detection point monitors important events
and malfunctions that occur in the cell cycle (Yoo et al., 2017) Our
study demonstrates that POLR2A has an overall effect on the cell
cycle. The cell cycle that knockdown POLR2A shows an overall
blockage phenomenon, while an overall advancement of POLR2A
overexpression, indicating that POLR2A does not only act on a
certain checkpoint of the cell cycle, but also promotes each phase of
the cell cycle. Furthermore, our chromatin immunoprecipitation
experiments confirmed that POLR2A could capture DNA
fragments of cyclins (CCNA2/CCNB1/CCNDI/CCNEI) and
CDKs (CDK1/CDK2/CDK4) genes in each phase. As we all
know, transcription is not an independent process. When
RNAP |l initiates transcription, it needs the participation of
universal transcription factors to form an active transcription
complex (Zhao et al, 2017; Yu et al, 2019). POLR2A is the
largest subunit of RNAP lI, its role in transcription regulation is
by recruiting transcription factors to the promoter region of target
genes to promote the transcription of target genes, instead of
directly playing the role of the transcription factor (Zhou et al.,
2016).

In summary, we report here the high expression of POLR2A in
GC and its promotion to GC in vitro and in vivo. POLR2A
promoted the overall process of the GC cell cycle by regulating the
transcription of cyclins and CDKs. In addition, POLR2A
inhibited GC cell apoptosis and promoted GC cell migration.
Our data suggest that POLR2A plays an oncogene role in the
progression of GC and is expected to become a potential
therapeutic target for GC. This study explains the role of
POLR2A in the progession of GC, and its specific molecular
mechanism and targeted drugs in GC need to be further studied.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Biomedical Ethics Committee of the Medical

Frontiers in Genetics | www.frontiersin.org

November 2021 | Volume 12 | Article 688575


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Jiang et al.

Department of Xi'an Jiaotong University. The patients/
participants provided their written informed consent to
participate in this study. The animal study was reviewed and
approved by the Biomedical Ethics Committee of the Medical
Department of Xi'an Jiaotong University. Written informed
consent was obtainedfrom the individual(s) for the publication
of any potentially identifiable images or data included in this
article. At the same time, we have also made changes to the ethics
statement mentioned in the material method.

AUTHOR CONTRIBUTIONS

QYJ, LYZ and CH design the study. QYJ, RFS and YY collected
clinical data and sample. QY]J, JYZ, FL, FW, JYM and QL carry
out the experiment. XPM and XFW performed the bioinformatic
analysis. QYJ and LYZ wrote and edited the manuscript. CH
supervised the work.

REFERENCES

Bernecky, C., Herzog, F., Baumeister, W., Plitzko, J. M., and Cramer, P. (2016).
Structure of Transcribing Mammalian RNA Polymerase II. Nature 529 (7587),
551-554. doi:10.1038/nature16482

Bertoli, C., Skotheim, J. M., and de Bruin, R. A. M. (2013). Control of Cell Cycle
Transcription during G1 and S Phases. Nat. Rev. Mol. Cel Biol 14 (8), 518-528.
doi:10.1038/nrm3629

Bray, F., Ferlay, J., Soerjomataram, I, Siegel, R. L., Torre, L. A, and Jemal, A.
(2018). Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA: A Cancer
J. Clinicians 68 (6), 394-424. doi:10.3322/caac.21492

Chapman, R. D., Heidemann, M., Hintermair, C., and Eick, D. (2008). Molecular
Evolution of the RNA Polymerase II CTD. Trends Genet. 24 (6), 289-296.
doi:10.1016/j.tig.2008.03.010

Chia, N.-Y., and Tan, P. (2016). Molecular Classification of Gastric Cancer. Ann.
Oncol. 27 (5), 763-769. do0i:10.1093/annonc/mdw040

Clark, V. E., Harmancy, A. S., Bai, H., Youngblood, M. W., Lee, T. I., Baranoski,
J. F., et al. (2016). Recurrent Somatic Mutations in POLR2A Define a
Distinct Subset of Meningiomas. Nat. Genet. 48 (10), 1253-1259.
doi:10.1038/ng.3651

Coffman, J. A. (2004). Cell Cycle Development. Develop. Cel 6 (3), 321-327.
doi:10.1016/S1534-5807(04)00067-X

Das, P. M., Ramachandran, K., vanWert, J., and Singal, R. (2004). Chromatin
Immunoprecipitation Assay. Biotechniques 37 (6), 961-969. doi:10.2144/
04376RV01

Errico, A. (2015). POLR2A Deletion with TP53 Opens a Window of Opportunity
for Therapy. Nat. Rev. Clin. Oncol. 12 (7), 374. do0i:10.1038/nrclinonc.2015.94

Gao, S.-w., and Liu, F. (2019). Novel Insights into Cell Cycle Regulation of Cell Fate
Determination. J. Zhejiang Univ. Sci. B 20 (6), 467-475. doi:10.1631/
jzus.B1900197

Griesenbeck, J., Tschochner, H., and Grohmann, D. (2017). Structure and Function
of RNA Polymerases and the Transcription Machineries. Subcell Biochem. 83,
225-270. doi:10.1007/978-3-319-46503-6_9

Harlen, K. M., and Churchman, L. S. (2017). The Code and beyond: Transcription
Regulation by the RNA Polymerase II Carboxy-Terminal Domain. Nat. Rev.
Mol. Cel Biol 18 (4), 263-273. d0i:10.1038/nrm.2017.10

Hou, S., Qu, D, Li, Y., Zhu, B,, Liang, D., Wei, X,, et al. (2019). XAB2 Depletion
Induces Intron Retention in POLR2A to Impair Global Transcription and
Promote Cellular Senescence. Nucleic Acids Res. 47 (15), 8239-8254.
doi:10.1093/nar/gkz532

Hsin, J.-P., and Manley, J. L. (2012). The RNA Polymerase II CTD Coordinates
Transcription and RNA Processing. Genes Develop. 26 (19), 2119-2137.
doi:10.1101/gad.200303.112

POLR2A Promotes GC Cell Cycle

FUNDING

This work was supported by the National Natural Science
Foundation of China (Nos 81972603, 81874192, 81772985),
the Natural Science Foundation of Shaanxi Province (No.
2020JM-074), and Shaanxi Province Key Science and
Technology Innovation Team (No. 2020TD-039).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2021.688575/
full#supplementary-material

Supplementary Figure S1 | Transcriptional regulatory molecules in the promoter
region of cyclins and CDKs searched by the UCSC database.

Supplementary Figure S2 | Transcriptional regulatory molecules in the promoter
region of PARP1 searched by the UCSC database.

Jeronimo, C., Bataille, A. R., and Robert, F. (2013). The Writers, Readers, and
Functions of the RNA Polymerase II C-Terminal Domain Code. Chem. Rev. 113
(11), 8491-8522. doi:10.1021/cr4001397

Jeronimo, C., Collin, P., and Robert, F. (2016). The RNA Polymerase II CTD: The
Increasing Complexity of a Low-Complexity Protein Domain. J. Mol. Biol. 428
(12), 2607-2622. doi:10.1016/j.jmb.2016.02.006

Koumenis, C., and Giaccia, A. (1997). Transformed Cells Require Continuous
Activity of RNA Polymerase II to Resist Oncogene-Induced Apoptosis. Mol. Cel
Biol 17 (12), 7306-7316. doi:10.1128/mcb.17.12.7306

Kurokawa, Y., Yang, H.-K.,, Cho, H., Ryu, M.-H., Masuzawa, T., Park, S. R, et al.
(2017). Phase II Study of Neoadjuvant Imatinib in Large Gastrointestinal
Stromal Tumours of the Stomach. Br. J. Cancer 117 (1), 25-32. doi:10.1038/
bjc.2017.144

Kyng, K. J., May, A, Kolvraa, S., and Bohr, V. A. (2003). Gene Expression Profiling
in Werner Syndrome Closely Resembles that of normal Aging. Proc. Natl. Acad.
Sci. 100 (21), 12259-12264. doi:10.1073/pnas.2130723100

Liu, Y., Zhang, X., Han, C., Wan, G., Huang, X., Ivan, C,, et al. (2015). TP53 Loss
Creates Therapeutic Vulnerability in Colorectal Cancer. Nature 520 (7549),
697-701. doi:10.1038/nature14418

Nfonsam, L. E., Jandova, J., Jecius, H. C., Omesiete, P. N., and Nfonsam, V. N.
(2019). SERP4 Expression Correlates with Epithelial Mesenchymal Transition-
Linked Genes and Poor Overall Survival in colon Cancer Patients. Wjgo 11 (8),
589-598. doi:10.4251/wjgo.v11.i8.589

Radhakrishnan, S. K., and Gartel, A. L. (2006). A Novel Transcriptional Inhibitor
Induces Apoptosis in Tumor Cells and Exhibits Antiangiogenic Activity.
Cancer Res. 66 (6), 3264-3270. doi:10.1158/0008-5472.CAN-05-3940

Sainsbury, S., Bernecky, C. and Cramer, P. (2015). Structural Basis of
Transcription Initiation by RNA Polymerase II. Nat. Rev. Mol. Cel Biol 16
(3), 129-143. do0i:10.1038/nrm3952

Saldi, T., Cortazar, M. A., Sheridan, R. M., and Bentley, D. L. (2016). Coupling of
RNA Polymerase II Transcription Elongation with Pre-mRNA Splicing. J. Mol.
Biol. 428 (12), 2623-2635. doi:10.1016/j.jmb.2016.04.017

Schafer, K. A. (1998). The Cell Cycle: A Review. Vet. Pathol. 35 (6), 461-478.
doi:10.1177/030098589803500601

Serra, O., Galan, M., Ginesta, M. M., Calvo, M., Sala, N., and Salazar, R. (2019).
Comparison and Applicability of Molecular Classifications for Gastric Cancer.
Cancer Treat. Rev. 77, 29-34. d0i:10.1016/j.ctrv.2019.05.005

Song, Z., Wu, Y., Yang, J., Yang, D., and Fang, X. (2017). Progress in the Treatment
of Advanced Gastric Cancer. Tumour Biol. 39 (7), 101042831771462.
doi:10.1177/1010428317714626

Villicafia, C., Cruz, G., and Zurita, M. (2014). The Basal Transcription Machinery
as a Target for Cancer Therapy. Cancer Cel Int 14, 18. d0i:10.1186/1475-2867-
14-18

Wenzel, E. S, and Singh, A. T. K. (2018). Cell-cycle Checkpoints and Aneuploidy
on the Path to Cancer. Iv 32 (1), 1-5. doi:10.21873/invivo.11197

Frontiers in Genetics | www.frontiersin.org

November 2021 | Volume 12 | Article 688575


https://www.frontiersin.org/articles/10.3389/fgene.2021.688575/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.688575/full#supplementary-material
https://doi.org/10.1038/nature16482
https://doi.org/10.1038/nrm3629
https://doi.org/10.3322/caac.21492
https://doi.org/10.1016/j.tig.2008.03.010
https://doi.org/10.1093/annonc/mdw040
https://doi.org/10.1038/ng.3651
https://doi.org/10.1016/S1534-5807(04)00067-X
https://doi.org/10.2144/04376RV01
https://doi.org/10.2144/04376RV01
https://doi.org/10.1038/nrclinonc.2015.94
https://doi.org/10.1631/jzus.B1900197
https://doi.org/10.1631/jzus.B1900197
https://doi.org/10.1007/978-3-319-46503-6_9
https://doi.org/10.1038/nrm.2017.10
https://doi.org/10.1093/nar/gkz532
https://doi.org/10.1101/gad.200303.112
https://doi.org/10.1021/cr4001397
https://doi.org/10.1016/j.jmb.2016.02.006
https://doi.org/10.1128/mcb.17.12.7306
https://doi.org/10.1038/bjc.2017.144
https://doi.org/10.1038/bjc.2017.144
https://doi.org/10.1073/pnas.2130723100
https://doi.org/10.1038/nature14418
https://doi.org/10.4251/wjgo.v11.i8.589
https://doi.org/10.1158/0008-5472.CAN-05-3940
https://doi.org/10.1038/nrm3952
https://doi.org/10.1016/j.jmb.2016.04.017
https://doi.org/10.1177/030098589803500601
https://doi.org/10.1016/j.ctrv.2019.05.005
https://doi.org/10.1177/1010428317714626
https://doi.org/10.1186/1475-2867-14-18
https://doi.org/10.1186/1475-2867-14-18
https://doi.org/10.21873/invivo.11197
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Jiang et al.

Xu, J., Liu, Y., Li, Y., Wang, H., Stewart, S., Van der Jeught, K., et al. (2019). Precise
Targeting of POLR2A as a Therapeutic Strategy for Human Triple Negative
Breast Cancer. Nat. Nanotechnol. 14 (4), 388-397. doi:10.1038/s41565-019-
0381-6

Xu, Y. ], Hu, Y. M,, Qin, C,, Wang, F,, Cao, W,, Yu, Y. W, et al. (2021). CacyBP
Promotes the Proliferation and Invasion of Non-small Cell Lung Cancer.
Zhonghua Zhong Liu Za Zhi 43 (9), 924-931. doi:10.3760/cma.j.cn112152-
20210421-00329

Yoo, S. S, Hong, M. ], Lee, J. H,, Choi, J. E,, Lee, S. Y., Lee, ], et al. (2017).
Association between Polymorphisms in microRNA Target Sites and Survival in
Early-Stage Non-small Cell Lung Cancer. Thorac. Cancer 8 (6), 682-686.
doi:10.1111/1759-7714.12478

Yu, Q,, Xu, Y., Zhuang, H., Wu, Z., Zhang, L., Li, J., et al. (2019). Aberrant
Activation of RPBI1 Is Critical for Cell Overgrowth in Acute Myeloid
Leukemia. Exp. Cel Res. 384 (2), 111653. doi:10.1016/
j.yexcr.2019.111653

Zhang, R., Mo, W.-]., Huang, L.-S., Chen, J.-T., Wu, W.-Z,, He, W.-Y,, et al. (2021).
Identifying the Prognostic Risk Factors of Synaptojanin 2 and its Underlying
Perturbations Pathways in Hepatocellular Carcinoma. Bioengineered 12 (1),
855-874. d0i:10.1080/21655979.2021.1890399

Zhao, L. Y., Tong, D. D., Xue, M., Ma, H. L., Liu, S. Y., Yang, ], et al. (2017).
MeCP2, a Target of miR-638, Facilitates Gastric Cancer Cell
Proliferation through Activation of the MEKI/2-Erk1/2 Signaling

POLR2A Promotes GC Cell Cycle

Pathway by Upregulating GIT1. Oncogenesis 6 (7), €368. doi:10.1038/
oncsis.2017.60

Zhou, M, Li, G., and Zhang, Z. (2016). Research Progress in Molecular Classification
of Gastric Cancer. Zhonghua Wei Chang Wai Ke Za Zhi 19 (9), 1072-1076.
doi:10.3760/cma.j.issn.1671-0274

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Jiang, Zhang, Li, Ma, Wu, Miao, Li, Wang, Sun, Yang, Zhao and
Huang. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

12

November 2021 | Volume 12 | Article 688575


https://doi.org/10.1038/s41565-019-0381-6
https://doi.org/10.1038/s41565-019-0381-6
https://doi.org/10.3760/cma.j.cn112152-20210421-00329
https://doi.org/10.3760/cma.j.cn112152-20210421-00329
https://doi.org/10.1111/1759-7714.12478
https://doi.org/10.1016/j.yexcr.2019.111653
https://doi.org/10.1016/j.yexcr.2019.111653
https://doi.org/10.1080/21655979.2021.1890399
https://doi.org/10.1038/oncsis.2017.60
https://doi.org/10.1038/oncsis.2017.60
https://doi.org/10.3760/cma.j.issn.1671-0274
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	POLR2A Promotes the Proliferation of Gastric Cancer Cells by Advancing the Overall Cell Cycle Progression
	Introduction
	Materials and Methods
	Collection of Human GC Tissue Samples
	Cell Culture
	Immunohistochemistry
	RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction
	Protein Extraction and Western Blotting
	siRNA Synthesis, Plasmid Construction and Transfection
	MTT Assay
	Colony Formation Assay
	Cell Cycle Analysis
	Cell Apoptosis Analysis
	Tumorigenesis Experiment in Nude Mice
	Transwell Migration Assay
	Chromatin Immunoprecipitation and ChIP-qRT-PCR
	Statistical Analysis

	Results
	POLR2A Was Highly Expressed in GC Tissues and Showed Differential Expression in GC Cell Lines
	POLR2A Promoted the Proliferation of GC Cells In Vitro
	POLR2A Promoted the Overall Progression of GC Cell Cycle
	POLR2A Inhibited the Apoptosis of GC Cells
	POLR2A Promoted the Proliferation of GC Cells In Vivo
	POLR2A Promoted the Migration of GC Cells

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


