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LncRNA NEAT1-associated aerobic glycolysis blunts tumor 
immunosurveillance by T cells in prostate cancer 
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Long noncoding RNA (lncRNA) nuclear enriched abundant transcript 1 (NEAT1) is nuclear-located and transcribed 
from chromatin 11. To date, little is known about the cellular functions and regulatory mechanisms of NEAT1 in prostate 
cancer (PCa). In this study, whole-genome RNA sequencing data were downloaded from TCGA and GEO databases. 
Biological information was used to analyze the different expressions of NEAT1. In situ hybridization (ISH) was performed 
to detect the expression of NEAT1 in PCa and paracarcinoma clinical samples. Then, NEAT1 was knocked down in PC3 
cells through lentiviral infection with a plasmid construct. Bioinformatics and integrative analytical approaches were utilized 
to identify the relationships of NEAT1 with specific cancer-related gene sets. Cell proliferation assay and colony forma-
tion assay were performed to evaluate the cell proliferative ability. Glycolysis stress test, metabolism assay, and infiltrating 
T-cell function analysis were implemented to assess the changes in metabolism and immune microenvironment of PCa. We 
found that the expression of NEAT1 was higher in PCa than in non-neoplastic tissues. The cell proliferative capability of 
PCa cells was significantly reduced in the NEAT1 knockdown group. PCR array and bioinformatics analysis revealed that 
the enrichment of acidic substance-related gene sets was associated with NEAT1 expression. NEAT1 depletion inhibited 
PCa cell aerobic glycolysis accompanied by the reduction of lactate levels in the medium. Further, we found that lactate 
dehydrogenase A (LDHA) expression was positively regulated by NEAT1. At last, co-culture systems indicated that NEAT1 
or LDHA knockdown promoted the secretion of CD8+ T-lymphocyte factors, including TNF-α, IFN-γ, and Granzyme B, 
and enhanced the antitumor effects. 
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Prostate cancer (PCa) is a common malignant tumor of 
the male genitourinary system [1]. The incidence of PCa has 
increased, and PCa is one of the most commonly diagnosed 
malignancies in American and European men. Its mortality 
ranks third among male malignant tumors. It has become a 
major health concern in older male populations worldwide 
[2–4]. At present, radical prostatectomy and external radia-
tion therapy are the main methods of treatment for localized 
PCa [5]. Hormonal therapy is also an important treatment 
method for patients with distant metastasis or recurrence 
[6]. Although this disease can be alleviated in most patients 
through the above treatments, the major challenge encoun-
tered in PCa therapy is that most patients will inevitably 
progress to castration-resistant prostate cancer (CRPC), 
which is considered the main cause of death among patients 

with metastatic PCa [7]. The exact molecular mechanism 
underlying CRPC progression remains unclear. PCa research 
faces challenges in reaching its ultimate goal of CRPC 
treatment. First, we must find highly sensitive and specific 
biomarkers to distinguish CRPC from ADPC. Second, novel 
therapeutic strategies must be developed. Therefore, further 
studying the molecular mechanisms that underlie PCa 
progression is necessary to provide new approaches for the 
targeted therapy of PCa.

Long noncoding RNAs (lncRNAs) represent a large 
family of RNAs that are over 200 nucleotides in length and 
regulate various cellular events at the RNA level [8]. They are 
closely associated with the occurrence of cancers. A growing 
body of evidence has demonstrated that lncRNAs, such as 
ZEB1-AS1 and UCA1, play important regulatory roles in the 
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migration, proliferation, and invasion of cancer cells [9]. The 
nuclear enriched abundant transcript 1 (NEAT1) lncRNA 
is a nuclear-located ncRNA transcribed from chromatin 11 
and an essential component of the structure of paraspeckles 
[10]. It mainly includes two isoforms, NEAT1_201 (3684 kb) 
and NEAT1_202 (22743 kb). Several independent studies 
have shown that NEAT1 is upregulated in different kinds 
of cancers, including gastric cancer, renal cancer, bladder 
cancer, non-small cell lung cancer, papillary thyroid cancer, 
endometrial carcinoma, hepatocellular carcinoma, gliomas, 
and ovarian cancer [11–16]. It plays key roles in a variety of 
cancer-related cellular activities, such as cell proliferation 
and apoptosis. In addition, it has been implicated in PCa. For 
example, NEAT1 has been reported to promote the invasive 
capability of PCa cells by enhancing the expression of 
CDC5L-AGRN [17]. Nevertheless, its exact role and molec-
ular mechanism in metabolism and the immune microenvi-
ronment in the progression of PCa have not been elucidated.

In this study, we found that NEAT1 was elevated in 
PCa tissues relative to in paracancerous tissues and highly 
expressed in CRPC or Gleason ≥8 tissues relative to in 
ADPC or Gleason ≤7 tissues. In in vitro experiments, we 
found NEAT1 was elevated in PCa cells (PC3 and DU145) 
compared with prostate epithelial cells (HPEpiC), and in PC3 
cells it was elevated more significantly. We selected PC3 and 
knocked down NEAT1 via the lentiviral infection of plasmid 
constructs to obtain cells with stable low NEAT1 expression. 
Then we performed cell proliferation experiments, cell plate 
cloning experiments, related metabolic and immune experi-
ments. Compared with control cells, the NEAT1 knockdown 
group showed slower PCa cell proliferation, lower colony 
formation numbers, and significantly lower lactate expres-
sion and extracellular acidity rate (ECAR). After co-culturing 
with T cells, tumor cells in the knockdown group showed 
significantly increased levels of the cytokines TNF-α, INF-γ, 
and Granzyme B and inhibited proliferation compared with 
the control group.

Patients and methods

Data mining and bioinformatics analysis. Whole-
genome RNA-seq data were downloaded from TCGA and 
GEO databases. Detailed information on the patients included 
in the datasets can be obtained from “The cBioPortal for 
Cancer Genomics”. Bioinformatics technology was used to 
analyze the differences between NEAT1 expression levels in 
PCa tissues and paracancerous tissues, in CRPC and ADPC 
tissues, and in Gleason ≥8 tissues and Gleason ≤7 tissues.

Cell culture and tissue collection. PCa cell lines were 
purchased from KeyGene Biotech (Shanghai, China). PC3 
cells were cultured in Roswell Park Memorial Institute 1640 
(RPMI-1640) supplemented with 10% fetal bovine serum 
(HyClone) and 1% penicillin-streptomycin. Cells were 
grown at 37 °C in 5% CO2. PCa tissues (n=85) and paracan-
cerous tissues (n=54) were collected from the First Affili-

ated Hospital of the University of Science and Technology 
of China. The study protocol was approved by the ethics 
committee of the First Affiliated Hospital of the University of 
Science and Technology of China.

In situ hybridization (ISH) and immunohistochemical 
staining (IHC). Collected PCa and paracancerous tissues 
were subjected to in situ hybridization (ISH) and immuno-
histochemical staining (IHC). We performed ISH, firstly, 
antisense-locked nucleic acid-modified probes (RNA scope® 
Probe-Hs-NEAT1-short, ACD, NO.411531) were designed 
on the basis of the NEAT1 sequence, and the hybridized 
probes were incubated in 50% formamide hybridization 
buffer. Subsequently, samples were processed through probe 
hybridization. We performed IHC, primarily, selected appro-
priate LDHA antibodies (Abcam, NO.101562) according 
to the manufacturer’s instructions. Then, PCa tissues and 
paracancerous tissues were stained with 3,3’-diaminoben-
zidine solution (DAB). Three independent ISH and IHC 
experiments were repeated, and stained tissues were imaged 
with BX-60 and BX-16 microscopes (Olympus, Japan).

Establishment of stable cells. The lentiviral plasmids 
p-random, p-shRNA1, and p-shLDHA were co-transfected 
with plasmids encoding polymerase, group antigen, vesic-
ular stomatitis virus G protein, and envelope protein into 
HEK293T cells by using Lipofectamine 2000 (Invitrogen). 
Viral supernatant was collected at 48 h post-transfection 
and added to PC3 cells in the presence of 8 µg/ml polybrene 
(Sigma-Aldrich). Transduced PC3 cells were selected with 
1 µg/ml puromycin. shRNAs targeting NEAT1 and LDHA 
were commercially purchased (Shanghai GenePharma 
Co., Ltd.) and had the following sequences: sh-NEAT1 
Forward:  TGGTAATGGTGGAGGAAGA;  sh-NEAT1 
reverse: TCTTCCTCCACCATTACCA; sh-LDHA forward: 
AAGACATCATCCTTTATTCCG; and sh-LDHA reverse: 
CGGAATAAAGGATGATGTCTT.

RNA extraction and real-time PCR. Total RNA was 
isolated by using TRIzol reagent (Ambion, Cat. No. 15596) 
in accordance with the manufacturer’s instructions. After 
RNA extraction, RNA samples were reverse-transcribed 
by using a High-Capacity cDNA Reverse Transcription Kit 
(Promega, Cat. No. A5001). The real-time qPCR experi-
ment was performed on a Bio-Rad CFX96 qPCR system in 
accordance with the manufacturers’ instructions (Vazyme, 
Cat. No. Q111-03). The primers used to detect the expression 
of NEAT1 and GAPDH (internal control) were as follows: 
NEAT1 forward: CAATTACTGTCGTTGGGATTTAG-
AGTG; reverse: TTCTTACCATACAGAGCAACATACCAG; 
GAPDH forward: CATGTTCGTCATGGGTGTGAACCA; 
and  reverse:  ATGGCATGGACTGTGGTCATGAGT; 
LDHA forward: ACATCCTGGGCTATTGGACT; reverse: 
TTCTTCAAACGGGCCTCTTC. The relative fold changes 
of candidate genes were analyzed by using the 2−ΔΔCT 
method.

Cell proliferation assay. The cell proliferation assay was 
performed in accordance with the manufacturer’s instruc-
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tions. Briefly, PC3 cells were plated in 96-well plates at 
the density of 5000 cells per well. Cells were incubated in 
RPMI-1640 media with 10% FBS for 24, 48, 72, and 96 h. 
The media were aspirated from each well and replaced with 
100 µl of a mixture containing 90 µl of medium and 10 µl of 
solution reagent. The plates were incubated for 2 h at 37 °C 
in a cell incubator. Absorbance was measured at 450 nm by 
using a microplate reader.

Colony formation assay. Five hundred cells of the 
sh-NEAT1 and negative control groups were plated on 
six-well plates with 2 ml of RPMI-1640 medium per well. 
The medium was replaced once every 2 days. After 1 week, 
the medium was aspirated, and the cells were washed twice 
with 1 ml of PBS. Then, 2 ml of 4% paraformaldehyde was 
added to each well for 15 min. Each well was stained with 
2 ml of crystal violet for 10 min and washed thrice with 2 ml 
of distilled water. The plates were inverted for drying. Images 
were acquired, and clone numbers were counted under a 
microscope.

NuRNA human central metabolism PCR array and 
clustering heatmap construction. PC3 cells from the 
sh-NEAT1 and control groups were subjected to NuRNA 
Human Central Metabolism PCR Array by the Shanghai 
Kangcheng Biological Company (China) (http://www.
aksomics.com/services/transcriptomics/arraystar-mrna-
pcr-array.html). Briefly, PC3 cells were used for mRNA 
microarray assays. Total RNA was extracted and evalu-
ated for quality through agarose gel electrophoresis. Then, 
cDNA synthesis and RT-qPCR were performed. Data were 
analyzed, and several differential genes from the test results 
were selected. The Heatmapper online mapping tool (http://
www.heatmapper.ca) was used to prepare clustering heat 
maps.

Metabolism assay and glycolysis stress test. A total 
of 1.0×107 PC3 cells from the sh-NEAT1 and negative 
control groups were plated on six-well plates with 2 ml of 
RPMI-1640 medium per well. To determine the levels of 
glucose and lactate in the cells, when the cell density reached 
90%, the medium was removed and assayed for glucose and 
lactate levels by using a glucose assay kit and lactate assay 
kit (BioVision, USA) in accordance with the manufacturer’s 
instructions. Cells were collected and the amount of protein 
was detected. The remaining glucose and lactate productions 
were calculated based on the standard curve and normalized 
to the cell number.

As for the glycolysis stress test, the Seahorse XF96 analyzer 
glycolysis method was used to measure ECAR to calculate net 
proton production in the extracellular medium. The degree 
of the acidification of the medium surrounding cells during 
glycolysis was directly measured by using the XF analyzer 
and reported as ECAR.

Western blot analysis. PC3 cells were lysed in RIPA 
buffer supplemented with 1% proteinase inhibitors (PIC) and 
1 mM PMSF (Beyotime, Hangzhou, China) for total protein 
preparation. Primary antibodies used were LDHA-labeled 

anti-rabbit (1:5000, Proteintech, NO. 21799-1-AP) and 
β-actin-labeled anti-mouse (1:1000, Abcam, NO. 8226), and 
secondary antibody used goat anti-rabbit IgG-HRP (1:5000, 
Proteintech, NO. SA00001-2), goat anti-mouse IgG-H+L 
(1:5000, Proteintech, NO. SA00001-1).

T-cell isolation and co-culture study. Human periph-
eral blood mononuclear cells (PBMCs) were isolated 
from adult blood buffy coat samples from healthy donors 
(obtained from the First Affiliated Hospital of University of 
Science and Technology of China) via Ficoll (Ficoll-Paque 
PLUS-17144002-1, GE Healthcare) density gradient centrif-
ugation in accordance with the manufacturer’s protocol. 
Purified NA/LE Mouse Anti-Human CD3 (BD Pharmingen™, 
NO. 555329) was added to a 96-well plate and incubated 
overnight at 4 °C. PBMCs were plated in 96-well plates at a 
density of 2×105 cells and followed by adding purified NA/LE 
Mouse Anti-Human CD28 (BD Pharmingen™, NO.555725) 
and keeping in a humid incubator at 37 °C and 5% CO2 for 2 
days. Then, PCa cell culture medium was added at the PCa 
cell density of 80–90% and the plates were incubated at 37 °C 
in 5% CO2 for 3 days. Later, a cocktail (eBioscienceTM Cell 
Stimulation Cocktail, NO.00-4975) was added to stimulate 
cytokine generation. After 6 h, the cells were collected, resus-
pended in PBS, and labeled with antibodies (Hu CD8 APC 
RPA-T8-561952, Hu CD4 FITC RPA-T4, BD Bioscience) to 
screen CD8+ and CD4+ cell population, away from light at 
4 °C for 20 min. After washing with PBS, the cell membranes 
were ruptured with 100 µl BD Cytofix/Cytoperm (BD, 
NO.554714) and kept away from light for 20 min. Antibodies 
(Humn IFN-Gma PE-CY7S B3-561036, Hu TNF BV421 
Mab11-566275, and Hu Granzyme B PE GB11-561142, 
BD Bioscience) were used for the detection of intracellular 
cytokines via flow cytometry.

Statistical analysis. Each value was obtained from at 
least three independent experiments and presented as mean 
± SD. The significance of differences among the means was 
calculated by using t-tests, chi-square test, for the two-group 
comparisons, and the expressive relation between LDHA and 
NEAT1 was assessed by Pearson’s correlations analysis with 
Statistical Package of the Social Sciences software version 
22.0 (Inc. Chicago, IL, USA). A two-sided p-value of <0.05 
was considered statistically significant. In all Figures, *, ** 
and *** represent p<0.05, p<0.01, and p<0.001, respectively.

Results

Expression of NEAT1 was higher in prostate tissues 
than non-cancerous tissues. By using TCGA data and 
GEO data, we initially analyzed NEAT1 expression levels 
in paracancerous and PCa tissues and further compared 
the difference in expression at different stages, and in PCa 
tissues in different pathological stages. We found that 
NEAT1 expression in PCa tissues was elevated relative to 
that in paracancerous tissues (Figure 1A). Furthermore, 
NEAT1 expression was higher in Gleason ≥8 PCa tissues 
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knockdown group was significantly lower than that in the 
control group (Figures 2D, 2E).

NEAT1 expression influenced glucose metabolism 
and is positively correlated with LDHA in PCa. NuRNA 
Human Central Metabolism PCR Array was performed 
in the control group and the NEAT1 knockdown group. A 
series of genes related to glucose metabolism were dysregu-
lated. (Figure 3A). Bioinformatics analysis revealed that the 
enrichment of acidic substance-related gene sets was associ-
ated with NEAT1 expression (Figure 3B). Firstly, we tested 
extracellular acidity rate (ECAR) in PC3 cell, which has 
been widely used in our previous studies, and found that 
the sh-NEAT1 group showed reductions in basal glycol-
ysis capability, maximum glycolysis capability, and glycol-
ysis reserve capability compared with the control group 
(Figures 3C, 3D). Second, we measured glucose and lactate 
levels in the medium to clarify the effect of NEAT1 expres-
sion on the function of glucose metabolism. We found that 
the remaining glucose was significantly higher in PC3 cells 
of the sh-NEAT1 group, but lactate production in PC3 cells 
of the sh-NEAT1 group was lower than that in the control 
group (Figures 3E, 3F). To determine if NEAT1 regulates 
LDHA expression, we detected LDHA expression in the NC 
and sh-NEAT1 group in PC3 cells and found that the LDHA 
expression in the sh-NEAT1 group was significantly reduced 
compared to the NC group (Figure 3G). In situ hybridization 
and immunohistochemistry were used to detect the expres-

than in Gleason ≤7 tissues (Figure 1B). In addition, NEAT1 
expression in CRPC significantly increased compared with 
that in ADPC (Figure 1C). Finally, we collected 139 clinical 
samples, including 85 cases of PCa tissues and 54 cases of 
paracancerous tissues, and detected NEAT1 expression 
through in situ hybridization (ISH). The results showed that 
the NEAT1 staining intensity of PCa tissues was higher than 
that of paracancerous tissues (as shown in the representative 
samples in Figures 1D, 1E), indicating that NEAT1 expres-
sion was significantly higher in PCa tissues relative to that in 
paracancerous tissues (Figure 1F).

In vitro functional experiments on the biological 
function of NEAT1 in PCa cells. We measured NEAT1 
expression levels in human prostate epithelial cells (HPEpiC) 
and PCa cell lines (PC3 and DU145) and found it was elevated 
in PC3 and DU145 cells compared with HPEpiC cells, and 
in PC3 cells it was elevated more significantly (Figure 2A). 
Then, we knocked down NEAT1 via the lentiviral infec-
tion of plasmid constructs into PC3 cells to obtain cells with 
stable low NEAT1 expression to further study the biological 
function of NEAT1 (Figure 2B). We examined the impact of 
NEAT1 expression on cell proliferation in PC3 cell lines. The 
results showed that the cell proliferative capability of original 
PC3 lines was significantly enhanced compared with that of 
the knockdown group (Figure 2C). We also performed colony 
formation assays to further explore the effect of NEAT1 on 
PC3 cells and found that the colony number formed in the 

Figure 1. The expression of NEAT1 in PCa tissues and non-cancerous tissues. A) NEAT1 expression was elevated in PCa tissues compared with paracar-
cinoma tissues. B) NEAT1 expression was higher in Gleason score ≥8 prostate cancer tissues compared with Gleason score ≤7 ones. C) NEAT1 expres-
sion significantly increased in CRPC compared with ADPC. D, E) ISH were performed on prostate cancer tissues and non-carcinoma tissues, NEAT1 
was strongly expressed in most of the prostate cancer tissues with brown staining (shown at right) but absent in most of the non-carcinoma tissues with 
blue staining (shown at left). F) The difference was statistically significant.
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sion of NEAT1 and metabolism-related protein. Pearson 
correlations showed a significant positive correlation between 
NEAT1 and LDHA levels (p<0.001, Figures 3H, 3I).

NEAT1 knockdown enhanced the antitumor effects of T 
lymphocytes. Some articles have reported that an acidic cell 
environment inhibits the immune surveillance function of T 
cells and is associated with poor outcomes in patients with 
tumors [18]. We developed an in vitro co-culture model and 
used PC3 cell lines to verify functionally the effect of an acidic 
microenvironment on the antitumor effect of T lymphocytes. 
We co-cultured the medium of sh-NEAT1 group cells with 
T lymphocytes, separated the CD8+ lymphocyte subsets by 
flow cytometry, and then detected the intracellular expres-
sion levels of the IFN-γ, TNF-α, and Granzyme B factors 
secreted by CD8+ cells. And we found that cytokine expres-
sion in the sh-NEAT1 group was higher than that in the 
control group (Figures 4A, 4B). In addition, the glycolysis 
stress assay as described above revealed that the extracellular 
acidity rate of the sh-NEAT1 group decreased compared with 
the control group. It indicated that an acidic microenviron-
ment was not conducive to CD8+ lymphocytes to secrete 
cytokine. We consider the increased levels of cytokines in the 
sh-NEAT1 group may be related to the reduction of LDHA. 
For further verification, we knocked down the LDHA in PC3 

cells (Figure 4C). Then, we co-cultured the medium of the 
sh-LDHA group and the NC group cells with T lympho-
cytes. The result indicated that the cytokines expression in 
the sh-LDHA group was higher than that in the NC group 
(Figures 4D, 4E), which was similar to the sh-NEAT1 group.

Discussion

In our study, NEAT1 expression in PCa tissues signifi-
cantly increased compared with that in paracancerous tissues. 
Similarly, NEAT1 expression increased in CRPC tissues 
relative to that in ADPC tissues. NEAT1 expression was also 
significantly elevated in Gleason ≥8 PCa tissues compared 
with that in Gleason ≤7 PCa tissues. NEAT1 knockdown 
inhibited cell proliferation capability and cloning capacity 
in vitro. Additionally, metabolism chip analysis revealed 
that some glucose metabolism-related genes were expressed 
at low levels in the sh-NEAT1 group. And through bioin-
formatics analysis, we found that the enrichment of acidic 
substance-related gene sets was associated with NEAT1 
expression. Then, we performed a glycolysis stress test and 
found aerobic glycolysis was inhibited and ECAR decreased 
in the sh-NEAT1 group. Further, we found that LDHA 
expression was positively regulated by NEAT1. Lastly, we 

Figure 2. The function of NEAT1 in PC3 cell line. A) The expression of NEAT1 was elevated in PC3 and DU145 cells compared with HPEpiC cells, 
and in PC3 cells it was elevated more significantly. B) The expression of NEAT1 was knockdown via the lentiviral infection of plasmid constructs into 
PC3 cells to obtain cells with stable low NEAT1 expression and measured by RT-qPCR. C) CCK-8 assay revealed that the decreased NEAT1 expression 
significantly decreased the proliferative index of PC3 cells. D, E) The results of colony formation assay revealed that knockdown NEAT1 results in a 
reduced number of plate clones in PC3 cells.
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Figure 3. NEAT1 expression influenced glycolysis and is positively correlated with LDHA in PCa. A) We implemented NuRNA Human Central Me-
tabolism PCR Array and discovered that the expression of a series of genes related to glucose metabolism was dysregulated. B) Bioinformatics analysis 
revealed that the enrichment of acidic substance-related gene sets was associated with NEAT1 expression. C, D) Knockdown of NEAT1 weakened the 
glycolytic capacities of PCa cells compared with negative control. E) The glucose absorption capacity was significantly higher in the sh-NEAT1 group 
than in the NC group. F) Extracellular lactate production levels were significantly lower in the sh-NEAT1 group than in the NC group. G) The expres-
sion of LDHA in the sh-NEAT1 group was lower than that in the NC group in PCa cells. H) In situ hybridization and immunohistochemistry were 
used to detect the expression of NEAT1 and LDHA. I) Pearson correlations showed a significant positive correlation between NEAT1 and LDHA levels.
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found NEAT1 or LDHA knockdown promoted the secretion 
of CD8+ T lymphocyte factors, including TNF-α, IFN-γ, and 
Granzyme B, and enhanced antitumor effects. Our results 
showed that NEAT1 played an important role in suppressing 
the immune surveillance of T cells at least partially through 
regulating LDHA-mediated aerobic glycolysis in PCa.

An increasing number of studies have confirmed that 
metabolic disorders are closely related to the occurrence 
of cancer. Some reports have suggested that diets high in 
polyunsaturated fatty acids are negatively associated with 
cancer development and that the end product of arachi-
donic acid metabolism (PEG2) induces tumor occurrence by 
inhibiting immunity [19–20]. In addition, growing evidence 
demonstrates that amino acids are essential nutrients for 
cancer growth and are used by tumors in various biosynthetic 
pathways and as a source of energy [21]. One of the most 
distinguishing characteristics between normal and tumori-
genic cells is altered glucose metabolism, which is considered 
to be a new feature of tumorigenesis [22]. In the presence of 
oxygen, normal cells produce a molecule of glucose through 
the Krebs cycle and 38 ATP molecules through oxidative 

phosphorylation; in the absence of oxygen, cells under anaer-
obic glycolysis produce two molecules of ATP [23]. However, 
tumor cells exhibit active glycolysis and metabolize additional 
glucose into lactate in aerobic and hypoxic environments. 
This specific metabolic process is called the Warburg effect 
[24]. It may be related to incomplete mitochondrial function 
in tumor cells and may promote cancer cell invasion capacity 
and apoptosis resistance [25, 26]. In this research, we 
examined lactate expression in media from PC3 cell lines 
in the control and sh-NEAT1 groups and found that lactate 
expression in the sh-NEAT1 group was lower than that in the 
control group. Furthermore, the result of the glycolysis stress 
test suggested that ECAR in the knockdown group was lower 
than that in the control group. This result demonstrated that 
knocking down NEAT1 changed the glycolysis function of 
PCa cells and promoted the occurrence of aerobic glycolysis.

Tumor-infiltrating immune cells play a key role in control-
ling tumor development [27]. T lymphocytes are the most 
abundant and best-characterized immune cells in the tumor 
microenvironment; they mediate cellular immunity by inhib-
iting tumor initiation and progression and have thus emerged 

Figure 4. sh-NEAT1 increases anti-tumor effects of CD8+ T lymphocytes. A, B) The expression of Granzyme B, IFN-γ, and TNF-α of CD8+ cells was 
increased when co-cultured in the sh-NEAT1 PC3 cell culture medium. C) PC3 cells had stable low LDHA expression via the lentiviral infection and 
measured by RT-qPCR. The LDHA-mRNA expression of the sh-LDHA group was decreased compared with the NC group. D, E) The expression of 
Granzyme B, IFN-γ, and TNF-α of CD8+ cells was raised after co-culturing with the sh-LDHA group PC3 cell culture medium.
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as a novel strategy for treating various cancers [28]. However, 
in an acidified tumor microenvironment, T lymphocytes 
decrease the production of cytokines, particularly IFN-γ, 
TNF-α, and Granzyme B, thus weakening antitumor effects 
[29]. Mechanistically, lactate uptake by CD8+ T cells promotes 
intracellular acidification, which disturbs the transcription 
of cytokines by inhibiting transcription factors, destroying 
tumor immunosurveillance, and further enhancing tumor 
growth [30]. In this research, we co-cultured T lympho-
cytes in PCa cell medium and detected cytokine levels in the 
culture media. We found that IFN-γ, TNF-α, and Granzyme 
B levels in the knockdown group were significantly higher 
than those in the control group, and cells proliferated more 
slowly in the knockdown group in the control group. These 
results may be related to the low lactate levels in the knock-
down group. Taken together, these results indicated that 
an acidic microenvironment regulated PCa immunity in 
multiple ways, and its continued exploitation would signifi-
cantly advance immunotherapeutic approaches for PCa.

Above all, we found acidic microenvironment inhibits the 
proliferation of prostate cancer cells. It may be related to the 
acidic microenvironment interfering with the function of T 
lymphocytes and inhibiting the killing effect of T lympho-
cytes on tumor cells. Furthermore, we discovered that NEAT1 
could regulate glucose metabolism in PCa, knockdown it can 
decrease extracellular acidity rate, and inhibited lymphokine 
secretion by T lymphocytes when cocultured with PCa cell 
medium. These results established a foundation for further 
research on the antitumor effects of T lymphocytes. Next, we 
aim to reveal the specific mechanism, provide novel targets, 
and contribute to optimizing molecular targeted treatment 
strategies for PCa.
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