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Background: LncRNAs have been found to be involved in various aspects of biological processes. In this study, we
aimed to uncover the molecular mechanisms of lncRNA EPB41L4A-AS1 in regulating glycolysis and
glutaminolysis in cancer cells.
Methods: The expression of EPB41L4A-AS1 in cancer patients was analyzed in TCGA and GEO datasets. The level
of cellular metabolism was determined by extracellular flux analyzer. The relationship between p53 and
EPB41L4A-AS1 was explored by qRT-PCR, luciferase assay and ChIP assay. The interactions between EPB41L4A-
AS1 and HDAC2 or NPM1 were determined by RNA immunoprecipitation, RNA pull-down assay and RNA-
FISH- immunofluorescence.
Findings: EPB41L4A-AS1 was a p53-regulated gene. Low expression and deletion of lncRNA EPB41L4A-AS1 were
found in a variety of human cancers and associated with poor prognosis of cancer patients. Knock down
EPB41L4A-AS1 expression triggered Warburg effect, demonstrated as increased aerobic glycolysis and
glutaminolysis. EPB41L4A-AS1 interacted and colocalized with HDAC2 and NPM1 in nucleolus. Silencing
EPB41L4A-AS1 reduced the interaction between HDAC2 and NPM1, released HDAC2 from nucleolus and in-
creased its distribution in nucleoplasm, enhanced HDAC2 occupation on VHL and VDAC1 promoter regions,
and finally accelerated glycolysis and glutaminolysis. Depletion of EPB41L4A-AS1 increased the sensitivity of
tumor to glutaminase inhibitor in tumor therapy.
Interpretation: EPB41L4A-AS1 functions as a repressor of the Warburg effect and plays important roles in meta-
bolic reprogramming of cancer.

© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

As a pioneer of cancer metabolism, Otto Warburg and his co-
workers found that cancer cells metabolize more glucose by glycolysis,
producing lactate as an end product, despite their high oxygen
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environment. This phenomenon is known as the Warburg effect [1,2],
confirmed by recent clinical evidences through FDG-PET imaging [3,4].
Recently, the high rate of glutaminolysis is also reported as a hallmark
of cancer metabolism and links to the Warburg effect because of its as-
sociation with glycolysis [5]. In order to maintain cell proliferation and
survival under glucose deprivation, glutamine-derived TCA cycle in-
creases [6]. GLS1 is a glutaminase which converts glutamine to gluta-
mate. GLS1 involves the transcriptional inhibition of TXNIP
(thioredoxin interacting protein), resulting in reduced glucose uptake
and glycolysis [7].Warburg effect is considered as the result of a passive
metabolic reprogramming to supply the higher energy requirement and
macromolecular synthesis in cancer cells [8–12]. Identifying the genes
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Research in context

Evidence before this study

High rate of glycolysis and glutaminolysis are common phenom-
ena in cancers tomaintain tumor cell proliferation. Recently, accu-
mulating data show that lncRNAs function as crucial regulators of
glycolysis and glutaminolysis. LncRNA EPB41L4A-AS1 can trans-
late a small peptide and its ectopic expression inhibits the colony-
formation of tumor cells and tumor growth in soft agar. The clini-
cal data and gene expression information of cancer patients
were from TCGA and GEO (GSE44001).

Added value of this study

We indicated lncRNA EPB41L4A-AS1, a p53-regulated gene,was
downregulated in cancers through analysis of RNA expression
profiles of different types of cancer from TCGA. Clinically, the ex-
pression of EPB41L4A-AS1 was associated with poor prognosis.
EPB41L4A-AS1 could alter glycolysis and glutaminolysis levels
of cancer cells. Furthermore, EPB41L4A-AS1 knockdown plus
glutaminase inhibitor suppressed tumor progression both in vitro
and in vivo. Mechanistically, we demonstrated that EPB41L4A-
AS1 interacted and colocalizedwith HDAC2 and NPM1 in nucleo-
lus, controlling HDAC2 occupation and H3k27ac modification
levels on VHL and VDAC1 promoter regions and regulating their
expression, which affected glycolysis and glutaminolysis.

Implications of all the available evidence

EPB41L4A-AS1 regulates glycolysis and glutaminolysis by alter-
ing the nucleolar translocation of HDAC2. Our work provides
new insights in understanding the mechanisms of lncRNAs regu-
lating glycolysis and glutaminolysis and altering nucleolar translo-
cation of chromatin regulators. Characterization and analysis of
EPB41L4A-AS1 revealed possibilities of EPB41L4A-AS1 acts as
prognostic predictor or targeted treatment combination with glu-
taminase inhibitors.
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in regulating cancer metabolism and their biological pathways is a
major challenge in understanding cancer metabolic reprogramming.
Recently, increasing evidences demonstrate that some oncogenes or
tumor suppressors are involved in the metabolic reprogramming of
cancer cells [8,9]. It has been reported that both MYC and p53 regulate
glycolysis and glutamine metabolism. The oncogene c-Myc stimulates
glycolysis and altersmitochondrialmetabolism through exogenous glu-
tamine metabolism via regulating ASCT2, GLS1 and GLS2 expression
[13,14]. The tumor suppressor p53 and its mutations regulate many
aspects of metabolism, including glycolysis, glutaminolysis, mitochon-
drial oxidative phosphorylation, pentose phosphate pathway, fatty
acid synthesis and oxidation, to maintain the homeostasis of cellular
metabolism [15,16].

It has been reported that lncRNAs, a class of ncRNA longer than
200nt, regulate glycolysis and glutamine metabolism [17–19]. For
instance, the androgen-induced prostate-specific lncRNA PCGEM1
(prostate cancer gene expression marker 1) regulates glycolysis and
glutamine metabolism pathways via c-Myc [18]. LncRNA CCAT2
(colon cancer associated transcript 2) mediates cellular glucose and
glutamine metabolism by regulating the alternative splicing of
glutaminase [19]. LincRNA-p21 and PVT1, the downstream genes of
p53, also regulate metabolic reprogramming in cancer cells [20–23].
These studies indicate that lncRNAs play critical roles in the link
between glycolysis and glutamate metabolism.
Herewe report that lncRNA EPB41L4A-AS1 regulates both glycolysis
and glutamine metabolism. EPB41L4A-AS1 locates in the 5q22.2 region
of the genome, which is closely associated with tumorigenesis because
of the occurrence of frequent DNA fragment deletion. However, the
role of EPB41L4A-AS1 in cancer is still unknown. In this study, we
show that EPB41L4A-AS1 is a p53 and PGC-1α inducible gene and its
low expression is frequently related to poor prognosis in many human
cancers. EPB41L4A-AS1 knockdown accelerates aerobic glycolysis and
glutamine metabolism. Glutamine metabolism dependency induced
by EPB41L4A-AS1 silencing enhances the efficacy of glutaminase inhib-
itor in tumor therapy. Therefore, our study provides new insights for
Warburg effect and p53 mediated regulation of tumor metabolism.

2. Materials and methods

2.1. Cell lines and transfection

HeLa (ATCC, CCL-2) andHepG2 (ATCC, HB-8065) cells were cultured
in modified Eagle's medium (Thermo Fisher Scientific, Cat.No:
12100046), supplemented with 10% FBS (Biowest, Cat.No: S1810) and
10 U/ml penicillin/streptomycin in 5% CO2-humidified incubator at
37 °C. Plasmids carrying EPB41L4A-AS1 RNAi were purchased from
Shanghai Genechem Co., Ltd. (Shanghai, China). To obtain EPB41L4A-
AS1 stable knockdown cell line, HeLa cells were transfected with
ShEPB41L4A-AS1 plasmid, the empty vector GV248 was used as nega-
tive control, followed by 1 μg/ml final concentration of puromycin
(Thermo Fisher Scientific, Cat.No: A1113803) selection. For transient
transfection, EPB41L4A-AS1 Plasmid or siRNAs were transfected using
Lipofectamine 3000 as described by the manufacturer protocol.

2.2. Colony formation assay

Cells with EPB41L4A-AS1 stable knockdown were plated at a con-
centration of 5 × 103 cell per well in 6-well. GV248 plasmid was used
as control and the cells were plated as well. The glutaminase inhibitor
compound 968 (SIGMA-ALDRICH, Cat.No: SML1327) was added to the
cells at a final concentration of 10 nM every three days after cell adhe-
sion. Ten days later, cells were fixed with 1% formaldehyde and stained
with 1% crystal violet.

2.3. Bioinformatics analysis

Clinical data and gene expression information were downloaded
from UCSC Xena or GEO (gene expression omnibus) database. Mann-
Whitney test was used to compare two groups of clinical patients'
genes expression. Kaplan-Meier analysis was performed for survival
analysis. GO (Gene Ontology) enrichment was performed to analyze
TIGA1 binding proteins. GSEA (Gene Enrichment Analysis) was per-
formed using GSEA 2–2.2.2 software and “h.al.v5.1.symbols.gmt” gene
sets. Chromosomal copy number aberrations were analyzed by
Progenetix website. Expression correlation between EPB41L4A-AS1
and p53 or VDAC1 in cervical and liver cancers was examined by Spear-
man correlation test.

2.4. Seahorse assay

XFp Extracellular Flux Analyzer (Seahorse Bioscience) was used to
determine ECAR (extracellular acidification rate), OCR (oxygen con-
sumption rate) and mitochondria fuels dependency. Cells were plated
in 8-well (8000 cells/well) Seahorse Assay plates and incubated over-
night. Sensor cartridge was hydrated at 37 °C in CO2-free incubator
overnight. ECARwas determined using ECAR determination kit (Agilent
Technologies, Cat.No: 103017). OCR was analyzed using OCR determi-
nation kit (Agilent Technologies, Cat.No: 103010–100). Mitochondria
fuels dependency was measured using seahorse XFp mito fuel flex test
kit (Agilent Technologies, Cat.No: 103270–100). All measurements
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were normalized with total protein concentration on each well. Each
assay was run in triplicate per each condition.

2.5. Measurements of glucose, lactate, glutamate, α-KG and ATP levels

Glucose was determined by mixing culture medium with glucose
detectionmix, the absorbance was read at 460 nmwavelength (Biosino
Bio-Technology and Science Incorporation, Cat.No: 00002010). Lactate
levels were measured by Lactate Colorimetric/Fluorometric Assay Kit
(BioVision, Cat.No: K607–100) as described by the manufacturer
protocol. To determined intercellular glutamate and α-KG (alpha-
ketoglutarate) levels, the cells were harvested and diluted in ice-cold
RIPA buffer for 20min. Glutamate level was determined using Glutamic
Acid/Glutamate Oxidase Assay Kit (Thermo Fisher Scientific, Cat.No:
A12221). ATP level was determined using ATP Determination Kit
according to the manufacturer protocol (Thermo Fisher Scientific, Cat.
No: A22066).

2.6. Chromatin immunoprecipitation

Cells were fixed using 1% formaldehyde and harvested on ice with
ChIP lysis buffer (50 mM Tris-HCl ph 8.0, 5 mM EDTA, 0.1%
deoxycholated, 1% Triton X-100, 150 mM NaCl and proteinase inhibi-
tor). Subsequently, cells were sonicated and the supernatant was col-
lected and incubated with dynabeads protein G and primary antibody,
IgG was used as negative control. After 2 h, the complex was washed
three times andDNAwas purified and condensed. Finally, the DNA frac-
tion was analyzed by qRT-PCR.

2.7. Co-immunoprecipitation

HeLa cells were transfected with TIGA1 plasmid and the empty vec-
tor pEGFP-C1 for 48 h, the cells were harvested and dissolved in RIPA
buffer on ice, then the supernatant was transferred to dynabeads pro-
tein G-antibody (anti-GFP, Abcam, ab290) complex. The complex was
washed 3 times with 200 μl washing buffer and loading buffer was
added to elute the samples. The supernatant was transferred to a new
Eppendorf for western blot or mass spectra analysis.

2.8. Real-time quantitative PCR

Total RNAwas isolated using RNA iso Plus (Takara, Cat. No: D9108B).
Reverse transcription of the isolated total RNA was performed using
ReverTra Ace qPCR RT Kits (TOYOBO, Cat.No: FSQ-101). Real-time
qRT-PCR was carried out by SYBR® Green Real time PCR Master Mix
(TOYOBO, Cat.No: QPK-201). Samples were repeated in triplicate, data
were normalized to ACTB and 2-ΔΔCt was used to calculate the fold
expression.

2.9. Western blot

Proteins were extracted from cultured cells or animal tissues by cell
extract buffer (50 mM Tris-HCl, pH 8.0, 4 M urea and 1% Triton X-100)
with protease inhibitor mixture (Roche Diagnostics, Cat.No:
04693132001). Cell lysates were resolved by SDS-PAGE and then ana-
lyzed by western blotting. The following antibodies were used: ACTB
(Proteintech, #20536-1-AP, 1:5000), PFKL (Cell Signaling Technology,
#8175, 1:1000), PFKFB3 (Cell Signaling Technology, #13123, 1:1000),
HK2 (Cell Signaling Technology, #2867, 1:1000), pyruvate dehydroge-
nase (Cell Signaling Technology, #3205, 1:1000), SDHA (Cell Signaling
Technology, #11998, 1:1000), VDAC (Cell Signaling Technology,
#4661, 1:1000), ATF4 (Cell Signaling Technology, #11815, 1:1000), P-
eIF2α (Cell Signaling Technology, #3398, 1:1000), α-tubulin (SIGMA-
ALDRICH, T9026, 1:500), SLC38A5 (abcam, ab72717, 1:1000), TIGA1
(Santa Cruz, sc-244,315, 1:200), PGC-1a (Cell Signaling Technology,
#2178, 1:1000), P53 (Millipore, 17-613, 1:1000), SN2 (abcam,
ab72717, 1:1000), HIF-1a (BD Pharmingen, 565,924, 1:200), H3K27ac
(abcam, ab4729,1:1000), Anti-Rabbit IgG (KPL, 074-1506, 1:5000),
Anti-mouse IgG (KPL, 074-1806, 1:5000), Anti-Goat IgG (KPL, 14-13-
06, 1:5000).

2.10. FISH and immunofluorescence

RNA-FISH was performed with EPB41L4A-AS1 specific probe
(Biosearch Technologies). Cells were fixed with 3% paraformaldehyde
for 10 min and then incubated with EPB41L4A-AS1 probe overnight at
37 °C. Then the cellswerewashed and blocked by 3%BSA. Subsequently,
incubatingwith HDAC2 antibody (Abcam, ab219054) for 1 h. Then cells
were washed and incubated with rabbit secondary antibodies conju-
gated with Alexa Fluor® 488. After that, the cells were stained with
DAPI and imaged with an Olympus FV1000 confocal microscope.

2.11. Immunohistochemistry

Anti-TIGA1 antibody (Proteintech, 24,698–1-AP, 1:1500) was used
for immunohistochemical staining of cervical and liver tumor tissue.
Slides were scanned using microscope Olympus BX50 (Olympus,
Aartselaar, Belgium). Staining intensity was converted to TIGA1 expres-
sion levels using a protocol as previously described [24]. Briefly, two ob-
servers (PD and RM) examined the spots independently and blindly to
both pathological and clinical data. Cytoplasmic immunopositivity was
measured as follows: Positive staining rate was evaluated using scores
from 0 to 3: 0, none; 1, 1–30%; 2, 31–60%; 3, N60%). Intensity was also
evaluated using scores from 0 to 3: 0, none; 1, weak staining; 2, moder-
ate staining; 3, strong staining). Combination of extent (E) and intensity
(I) of staining was obtained. –means score 0; + means score 1–3, ++
means score 4–6, +++ means score 7–9.

2.12. RNA-pulldown assay

Different fractions of EPB41L4A-AS1 were construction with
pcDNA3.1 plasmid containing T7 promoter. The plasmids were linear-
ized and then transcription in vitro with MAXIscript™ T7 transcription
kit (Thermos fisher, AM1312). After transcription, the RNA fractions
were added poly(A) with Poly(A) tailing kit (Thermos fisher,
AM1350). The antisense of EPB41L4A-AS1 is the gene of EPB41L4A,
therefore the same amount of non-poly(A) RNA fractions were used
as negative control. The RNA was precipitation and incubated with
cells lysis and Dynabeads Oligo (dT) 25 for 2 h at 4 °C.Washing and har-
vesting the samples and analysis with western blot.

2.13. RNA immunoprecipitation assay

Cells were harvested and lysed with polysome lysis buffer (10 mM
KCl, 5 mM MgCl2, 10 mM HEPES pH 7.0, 0.5% NP-40, 1 mM DTT,
100 U/ml RRI, 20 μl/ml protein inhibitor calculator, 2 mM vanadyl ribo-
nucleotide complex solution). Then incubatedwith 2 μg HDAC2, HDAC1
(Abcam, ab7028) or p300 (Abcam, ab14984) antibody overnight at 4 °C.
Then washed the non-specifically binding antibodies and incubated
with Dynabeads protein A for 4 h at 4 °C. Then washed and precipitated
the RNAwith ethanol and sodium acetate. The RNA fractionwas reverse
transcription and analyzed with qRT-PCR.

2.14. Animal experiment

Four weeks old athymic nudemice were purchased from the Exper-
imental Animal Center of Guang Zhou University of Chinese Medicine
(Guang Zhou, China) and were acclimated to the animal facilities for
1 week before treatment. Micewere randomly divided into two groups,
7 mice for each group. 5 × 105 HeLa cells with EPB41L4A-AS1 stable
knockdown or control cells were subcutaneous injected into flank of
mice. After 13 days, when tumor growth reached a volume of
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approximately 75mm3, compound968 (100 μg permice) or vehicle (1%
of DMSO in PBS) as treatment control was intraperitoneally injected
every 2 days. Mice were sacrificed 4 weeks after the injection of cancer
cells, and tumors weight was analyzed. EPB41L4A-AS1 and TIGA1
expression in tumors was determined by qRT-PCR and western blot.

2.15. Statistical analysis

Data plotting were performed by Prism Graph Pad 6.0 and statistical
analysis by SPSS. A value of P b 0.05 was considered statistically signifi-
cant. Unpaired, two-tail Student's t-test, Z test, Log-Rank test or Mann-
Whitney test was used to compare the results between two groups.
Fig. 1. EPB41L4A-AS1 expression was downregulated in human cancers. A. Analysis the cop
Progenetix histoplot. B. EPB41L4A-AS1 is significantly downregulated in cervical, liver, breast
curves analyzing EPB41L4A-AS1 expression in these four types of cancer tissues (lower pane
D) tissues. Quantitative analysis of TIGA1 intensity in 125 cervical cancer patients (C, right)
score 7–9. Data are represented as means ± SD, *P b 0.05; **P b 0.01; ***P b 0.001, Mann-Whi
3. Results

3.1. EPB41L4A-AS1 is down-regulated in some human cancers

EPB41L4A-AS1 is a lncRNA located within the frequently deleted re-
gion across 475 cancer sample sets surveyed: 5q22.2 (Fig. 1A). Deletion
of EPB41L4A-AS1 gene occurred in a variety of human cancers (Supple-
mentary Fig. 1A). We investigated the clinical significance of
EPB41L4A-AS1 in human cancers. The low expression of EPB41L4A-
AS1was associatedwith poor survival in several cancer types, including
cervix, liver, breast, bladder and other cancers (Fig. 1B; Supplementary
Fig. 1B). The first exon of EPB41L4A-AS1 gene also translates a peptide
y numbers of EPB41L4A-AS1 across all chromosomes from 475 cancer samples by the
and bladder cancer compared with normal tissues (upper panels). Kaplan-Meier survival
ls). C-D. Immunohistochemical staining of TIGA1 in cervical cancer (C) and liver cancer
and 92 liver cancer patients (D, right). –, score 0; +, score 1–3; ++, score 4–6; +++,
tney test.
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with 120 amino acid residues, named TIGA1 (Supplementary Fig. 1C).
The immunohistochemical analysis from 125 cervical and 92 liver
cancer patients revealed that the protein level of TIGA1 was also down
regulated in both cervical and liver cancer tissues, compared with
adjacent normal tissues (Fig. 1C and D).

3.2. The expression of EPB41L4A-AS1 is regulated by p53 and PGC-1α

In the gene co-expression network, the expression of EPB41L4A-AS1
and p53was positively correlated inmost types of human cancers, indi-
cating that p53 may regulate EPB41L4A-AS1 expression (Fig. 2A). The
result of qPCR from14 different cell lines demonstrated a positive corre-
lation between EPB41L4A-AS1 and p53 expression (Fig. 2B). It has been
reported that TIGA1 is a mitochondrial membrane protein [25], there-
fore, we wondered if PGC-1α, a transcriptional coactivator of energy
metabolism would regulate EPB41L4A-AS1 expression. We knocked
down p53 or PGC-1α in HepG2 cells expressing wild-type p53, both
siRNAs reduced EPB41L4A-AS1 expression (Fig. 2C and D). Then we
overexpressed GFP-p53 or GFP-PGC-1α in HeLa cells with p53 defi-
ciency, overexpression of p53 or PGC-1α increased the level of
EPB41L4A-AS1 (Fig. 2E and F). We next analyzed whether p53 and
PGC-1α transcriptionally regulated EPB41L4A-AS1 expression.
Fig. 2. EPB41L4A-AS1 expression was regulated by p53 and PGC-1α. A. Correlation between
correlation coefficient is shown as color intensity, red indicates EPB41L4A-AS1 positive relev
and circles indicates P ≧ 0.05. B. Correlation between p53 mRNA and EPB41L4A-AS1 express
expression in HepG2 cells depleted with p53 or PGC-1α (n = 3). E–F. EPB41L4A-AS1 and TIG
G. PGL3-enhancer vector containing EPB41L4A-AS1 promoter was co-transfected with NC
bioluminescence (n = 3). H. HeLa cells transfected with GFP-p53 or GFP-PGC-1α for 48 h, p
was used as negative control (n = 3). Data are represented as means ± SD, *P b 0.05; **P b 0.0
EPB41L4A-AS1 promoter, the 781bp nucleotides of EPB41L4A-AS1 up-
stream fragment, was cloned into pGL3-enhancer luciferase reporter.
When the luciferase reporter was co-transfected with sip53 or siPGC-
1α into HepG2 cells, the luciferase activity was markedly reduced
(Fig. 2G). ChIP (chromatin immunoprecipitation) assay also revealed
that both p53 or PGC-1α could bind to EPB41L4A-AS1 promoter
(Fig. 2H). Together, these results suggested that EPB41L4A-AS1 expres-
sion was transcriptionally regulated by p53 and PGC-1α.

3.3. EPB41L4A-AS1 regulates glycolysis through VHL/HIF-1α pathway

To understand the potential role of EPB41L4A-AS1 in cancer, we per-
formed microarray analysis. Knockdown of EPB41L4A-AS1 resulted in
the upregulation of several enzymes related to glycolysis, such as hexo-
kinase and phosphofructokinase (Fig. 3A; Supplementary Fig. 2A;
Table S1). The genes with N2-fold change in EPB41L4A-AS1 knockdown
cells were defined as EPB41L4A-AS1 regulated signature. We used
LINCS (Library of Integrated Network-based Cellular Signatures) data-
base to evaluate the gene signature patterns. Knockdown of glycolysis
related genes, including PKM2, PFKFB3, GCK, ENO1, HIF-1α, PGAM1,
HK1, and ALDOC resulted in gene signature patterns positively corre-
lated to EPB41L4A-AS1 regulated signature, while knockdown of p53,
p53 mRNA and EPB41L4A-AS1 expression in different types of cancer. The -Spearman
ant to p53 and green indicates negative correlation. The square frame indicates P b 0.05
ion in 14 different cancer cell lines by qRT-PCR (n = 3). C-D. EPB41L4A-AS1 and TIGA1
A1 expression in HeLa cells transfected with GFP-p53 or GFP-PGC-1α plasmids (n = 3).
, sip53 or siPGC-1α into HepG2 cells, relative luciferase activity was determined by
53 or PGC-1α occupation on EPB41L4A-AS1 promoter was evaluated by ChIP-qPCR, IgG
1, ***P b 0.001, unpaired, two-tailed, Student's t-test.



Fig. 3. EPB41L4A-AS1 regulates glucosemetabolism. A. Heatmap analysis of cDNAmicroarray of glycolysis related genes expression in EPB41L4A-AS1 knockdownHeLa cells. B. Evaluation
of the EPB41L4A-AS1 signature in the LINCS. In the plot shown, genes are ranked according to the similarity score in their induced expression patterns with those of the EPB41L4A-AS1
signature. C. GSEA enrichment score curve shows glycolysis related to low expression of EPB41L4A-AS1 in 300 cervical carcinoma patients (GEO:GSE44001). The green curve indicates the
enrichment score (ES). The negative enrichment score in EPB41L4A-AS1 low expression end indicates up-regulation of glycolysis pathway in the samples with EPB41L4A-AS1 low
expression. D. HeLa cells with EPB41L4A-AS1 stable knockdown or transient overexpression were cultured for 48 h. The culture medium was more acidified in EPB41L4A-AS1
knockdown cells and less in EPB41L4A-AS1 overexpressing cells, as indicated by the colors. E-F. Extracellular lactate levels were measured in HeLa (E) and HepG2 (F) cells with
EPB41L4A-AS1 knockdown or overexpression (n = 3). G. Intercellular pH by flow cytometry using a pH-sensitive dye (BCECF-AM) in HeLa cells after EPB41L4A-AS1 stable knockdown
(left) and overexpression (right) for 48 h. H\\I. Extracellular glucose levels were measured in HeLa (H) and HepG2 (I) cells with EPB41L4A-AS1 knockdown or overexpression (n = 3).
J-K. Intracellular ATP levels were measured in HeLa (J) and HepG2 (K) cells with EPB41L4A-AS1 knockdown or overexpression (n = 3). Data are represented as means ± SD, *P b

0.05; **P b 0.01, unpaired, two-tailed, Student's t-test.
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VDAC1, and VHL resulted in gene signature patterns inversely
correlated with that of EPB41L4A-AS1 regulated signature (Fig. 3B).
GSEA (gene set enrichment analysis) also confirmed that genes related
to glycolysis were markedly enriched in cervical cancer patients with
EPB41L4A-AS1 low expression (Fig. 3C), indicating that EPB41L4A-AS1
may negatively regulate glycolysis. Interestingly, we found that 10
glycolytic enzymes were upregulated in most of cervical cancer pa-
tients, the patients with alterations of these genes showed a significant
poor survival ratio, compared with patients without these alterations
(Supplementary Fig. 2B and C).

Next, we investigated the effect of EPB41L4A-AS1 on metabolism in
cancer cells. Stable knockdown of EPB41L4A-AS1 changed the culture
medium color from red to yellow due to medium acidification, while
EPB41L4A-AS1 overexpression showed the opposite effect (Fig. 3D;
Supplementary Fig. 2D). Consistent with the color change in the culture
medium,we observed a 59% increase and a 45%decrease in extracellular
lactate production in HeLa cells with EPB41L4A-AS1 stable knockdown
or overexpression, respectively (Fig. 3E). Transient transfection of
EPB41L4A-AS1 siRNA showed the similar results (Supplementary
Fig. 2E and F). The same phenomenon also occurred in HepG2 and L02
cells (Fig. 3F; Supplementary Fig. 2G). Not surprisingly, EPB41L4A-AS1
stable knockdown decreased intracellular pH, while overexpression of
EPB41L4A-AS1 showed the opposite effect (Fig. 3G). We also measured
extracellular glucose level, EPB41L4A-AS1 stable knockdown cells
showed reduction while EPB41L4A-AS1 overexpressing cells showed
increase in glucose content (Fig. 3H and I; Supplementary Fig. 2H and
I). Intercellular ATP levels also markedly modified by EPB41L4A-AS1
knockdown or overexpression in both HeLa and HepG2 cells (Fig. 3J
and K), suggesting that EPB41L4A-AS1 knockdown enhanced glucose
uptake and catabolism.
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ECAR (extracellular acidification rate) assay showed that EPB41L4A-
AS1 knockdown markedly increased the level of glycolysis and
glycolytic capacity (Fig. 4A and C; Supplementary Fig. 2J). However,
exogenous EPB41L4A-AS1 significantly reduced glycolysis, glycolytic
capacity and glycolytic reserve in both HeLa and HepG2 cells (Fig. 4B
and D). It has been reported that VHL/HIF-1α pathway is critical for gly-
colysis by modulating the expression of multiple glycolytic enzymes.
Immunoblotting revealed EPB41L4A-AS1 stable knockdown dramati-
cally upregulated the expression of HIF-1α and its targets genes but
Fig. 4. EPB41L4A-AS1 regulates glycolysis through VHL/HIF-1α pathway. A-D. Seahorse XFp d
overexpression (B and D). Black arrows indicate the time point of cell treatment. The lower p
the upper panels, respectively (n = 3). E. Immunoblotting analysis of HIF-1α, HK2, PFKL
overexpression. F. The mRNA expression of VHL and HIF-1α in HeLa cells with EPB41L4A-AS
unpaired, two-tailed, Student's t-test.
reduced the levels of VHL protein exogenous EPB41L4A-AS1 showed
the opposite effect (Fig. 4E). We also examined the effect of
EPB41L4A-AS1 on HIF-1α expression under hypoxic condition. Knock-
down of EPB41L4A-AS1 significantly upregulated HIF-1α whereas ex-
ogenous EPB41L4A-AS1 decreased the level of HIF-1α (Supplementary
Fig. 3A). qRT-PCR demonstrated that EPB41L4A-AS1 shRNA downregu-
lated VHL but not HIF-1α mRNA expression under both normaxia and
hypoxia (Fig. 4F; Supplementary Fig. 3B). The metabolic related en-
zymes HK1, PGK1 and PKM2were upregulated in EPB41L4A-AS1 stable
emonization ECAR in HeLa and HepG2 cells with EPB41L4A-AS1 knockdown (A and C) or
anels are the quantification of glycolysis, glycolytic capacity and glycolytic reserve from
, PFKPB3 and ACTB in HeLa cells with EPB41L4A-AS1 stable knockdown or transient
1 stable knockdown (n = 3). Data are represented as means ± SD, *P b 0.05; **P b 0.01,
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knockdown cells under hypoxia (Supplementary Fig. 3C). EPB41L4A-
AS1 knockdown also enhanced glycolysis in HeLa, HepG2 and L02
cells under hypoxic (Supplementary Fig. 3D–F). These results suggested
that EPB41L4A-AS1 knockdown triggered glycolysis through VHL/HIF-
1α pathway.

3.4. EPB41L4A-AS1 modulates glutamine metabolism

It has been reported that cancer cells enhance glutamine metabo-
lism. Analysis of glutamine metabolism related genes showed that
their expression was upregulated in some cervical cancer patients
(Supplementary Fig. 4A). Next, we determined whether EPB41L4A-
AS1 regulated glutamine metabolism. The evaluation of intercellular
glutamate and α-KG (alpha-ketoglutarate), the intermediate metabo-
lites of glutamine, revealed that both these intermediates were signifi-
cantly increased in EPB41L4A-AS1 knockdown cells, while exogenous
EPB41L4A-AS1 reduced the levels of intercellular glutamate and α-KG
(Fig. 5A–D; Supplementary Fig. 4B–C). Furthermore, mitochondria
fuels dependency assay showed that EPB41L4A-AS1 knockdown re-
sulted in a 28% and 51% increase of glutamine metabolism dependency
in HeLa and HepG2 cells, respectively. However, overexpression
EPB41L4A-AS1 had no effect in glutamate dependency in both cells
(Fig. 5E and F).

Glutamine carbon could integrate into the TCA (tricarboxylic acid
cycle) to replenish the mitochondrial respiration [6]. We found that
the OCR (oxygen consumption rate) increased significantly in the
EPB41L4A-AS1 knockdown cells and reduced in EPB41L4A-AS1 overex-
pressing cells (Fig. 6A–D; Supplementary Fig. 4D). EPB41L4A-AS1 stable
knockdown increased ROS production, whereas exogenous EPB41L4A-
AS1 decreased ROS level (Fig. 6E). Increased ROS contributes to cellular
stress, which in turn activated of P-eIF2α/ATF4 pathway [26,27]. Immu-
noblotting revealed that knockdown of EPB41L4A-AS1 upregulated
Fig. 5. EPB41L4A-AS1 regulates glutamatemetabolism. A-D. Intercellular glutamate (A-B) andα
or overexpression (n= 3). E-F. Mitochondria fuels oxidation dependency assay in HeLa (E) and
represented as means ± SD, *P b 0.05; **P b 0.01, unpaired, two-tailed, Student's t-test.
glutamine transporter SN2 and P-eIF2α/ATF4, whereas exogenous
EPB41L4A-AS1 reduced their expression. Knockdown of EPB41L4A-
AS1 also significantly upregulated the expression of TCA related genes,
including SDHA and PDH,whereas exogenous EPB41L4A-AS1 decreased
the expression of these genes (Fig. 6F). Knockdown of EPB41L4A-AS1
also increased the expression of glutamine metabolism related genes,
includingASCT2, GLS1, GLS1,ME1 andME2 (Supplementary Fig. 4E). In-
terestingly, we found that the expression of P-eIF2α and ATF4 was also
upregulated in cells transfected with siVDAC1 or treated with erastin, a
VDAC targeting compound, indicating that VDAC1might be involved in
glutaminolysismediated by EPB41L4A-AS1 knockdown (Fig. 6G andH).
Both qPCR and immunoblotting demonstrated that EPB41L4A-AS1
knockdown decreased VDAC1 mRNA and protein expression in HeLa
cells (Fig. 6I and J; Supplementary Fig. 4F). Correlation analysis between
VDAC1 and EPB41L4A-AS1mRNA expression in 309 cervical cancer pa-
tients showed the positive correlation (Fig. 6K).We examined the effect
of pH on VDAC expression, both VDAC and H3K27ac were downregu-
lated in cells treated with acidic solution, suggesting that intracellular
pH might be a crosslink between glycolysis and glutamine metabolism
(Supplementary Fig. 4G).

3.5. EPB41L4A-AS1 regulates VDAC1 and VHL expression through interac-
tion with HDAC2

To distinguish it is lncRNA or protein derived from EPB41L4A-AS1
gene regulate metabolism, we mutated ATG (start codon of TIGA1 pro-
tein) in EPB41L4A-AS1 plasmid. Both VHL and VDAC1 mRNA levels
were upregulated in cells transfected with EPB41L4A-AS1 or
EPB41L4A-AS1 ATG mutation (Fig. 7A). Cell fractionation analysis
revealed that EPB41L4A-AS1 RNA distributed in both nucleus and
cytoplasm, but more concentrated in the nucleus (Fig. 7B). Then we de-
terminedwhether EPB41L4A-AS1 regulated gene expression by altering
-KG (C-D) levelsweremeasured in HeLa and HepG2 cells with EPB41L4A-AS1 knockdown
HepG2 (F) cells with EPB41L4A-AS1 knockdown or overexpression for (n= 3). Data are
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histone modification. EPB41L4A-AS1 shRNA dramatically reduced
H3K27 acetylation and decreased the occupation of H3K27ac on the
promoter regions of VHL and VDAC1, whereas exogenous EPB41L4A-
AS1 had the opposite effect (Fig. 7C and D). RIP (RNA immunoprecipita-
tion) assay showed that HDAC2 but not HDAC1 or p300 interacted with
EPB41L4A-AS1 (Fig. 7E). We also performed RNA-pulldown assay, both
full-length RNA of EPB41L4A-AS1, ORF region with or without ATGmu-
tation and short fragment of EPB41L4A-AS1 could associatewithHDAC2
and H3K27ac. ORF region with or without ATG mutation seemed to
show stronger interaction with HDAC2 (Fig. 7F). Surprisingly, we
found that EPB41L4A-AS1 also interacted with NPM1. RNA-FISH (fluo-
rescent in situ hybridization) revealed that EPB41L4A-AS1 colocalized
with both HDAC2 and NPM1 in nucleolus (Fig. 7G–I; Supplementary
Fig. 5A). It has been reported that nucleolar translocation of HDAC2 is
involved in regulation of transcriptome [28]. However, the mechanisms
of how HDAC2 shuttles between nucleolus and nucleoplasm is still
unknown. Interestingly, we found that knockdown of EPB41L4A-AS1
reduced the interaction between HDAC2 and NPM1, leading to the
translocation of HDAC2 from nucleolus to nucleoplasm and discretely
distributed in nucleoplasm (Fig. 7I–J; Supplementary Fig. 5B). HDAC2
was significantly enriched in VHL and VDAC1 promoters in EPB41L4A-
AS1 knockdown cells, whereas exogenous EPB41L4A-AS1 markedly re-
duced HDAC2 enrichment (Fig. 7K). The protein level of HDAC2was not
affected by EPB41L4A-AS1, however both VDAC1 and VHL mRNA ex-
pression were regulated by HDAC2 siRNA (Fig. 7L; Supplementary
Fig. 5C). Knockdown HDAC2 or treatment with TSA (trichostatin A, his-
tone deacetylase inhibitor) restored VDAC1 and VHL expression via in-
creasing H3K27ac level of these genes in EPB41L4A-AS1 knockdown
cells, suggesting that EPB41L4A-AS1 regulated VDAC1 and VHL expres-
sion through HDAC2 (Fig. 7M–N; Supplementary Fig. 5D). These results
demonstrated that EPB41L4A-AS1 interacted with HDAC2, EPB41L4A-
AS1 knockdown enhanced the occupation of HDAC2 on VHL and
VDAC1 promoters, and finally reducing VHL and VDAC1 expression via
histone modification.

Next, we investigated whether the small protein TIGA1 translated
from EPB41L4A-AS1 gene regulated cancer cell metabolism. Consistent
with previous reports, TIGA1 located in mitochondria (Supplementary
Fig. 6A). We investigated potential TIGA1 binding proteins by co-
immunoprecipitation and mass spectrum. GO (gene ontology)
analysis suggested that TIGA1 interacted with cytoskeletal and
mitochondrial proteins (Supplementary Fig. 6B; Table S2). The binding
between TIGA1 and α-tubulin was further confirmed by co-
immunoprecipitation in HeLa cells transfected with GFP-TIGA1 or GFP-
α-tubulin (Supplementary Fig. 6C–D). Immunofluorescence staining
also demonstrated that TIGA1 co-localizedwithα-tubulin in thenucleus
end of microtubules (Supplementary Fig. 6E). As an α-tubulin-binding
protein located on mitochondrial membrane, TIGA1 might mediate the
connection between microtubules and mitochondria. Silencing TIGA1
decreased the co-localization between mitochondria and microtubules
and changed the distribution of microtubules (Supplementary Fig. 6F).
We also examined the effect of TIGA1 onmicrotubule stability by exam-
ining the level of acetylated tubulin. Microtubule depolymerizing agent
nocodazole reduced the level of acetylated tubulin, whereas microtu-
bule polymerizing agent taxol increased the expression of acetylated
tubulin. Immunoblotting revealed that TIGA1 knockdown did not
change the expression of total α-tubulin, but the level of acetylated
α-tubulin was markedly reduced by TIGA1 shRNA (Supplementary
Fig. 6G–H), indicating that knockdown of TIGA1 may induce
Fig. 6. EPB41L4A-AS1 regulates mitochondria respiratory through glutamine metabolism. A
knockdown (A and C) or overexpression (B and D). Black arrows indicate the time point of c
maximal respiration, spare respiratory capacity, proton leak and non-mitochondria respirat
mitosox in HeLa cells after EPB41L4A-AS1 stable knockdown (left) or overexpression (right).
with EPB41L4A-AS1 stable knockdown or instant overexpression for 48 h. G. Immunoblott
siVDAC1. H. Immunoblotting analysis of ATF4, VDAC, and phosphor-eIF2α in HeLa cells treatm
in HeLa cells with EPB41L4A-AS1 stable knockdown. K. Correlation between EPB41L4A-AS1
cervical carcinoma patients in TCGA database. All qRT-PCR were normalized by ACTB. Data are
microtubule depolymerization. It has been reported that free
α-tubulin can interactwith VDAC and trigger VDAC block,which is func-
tionally important in regulating mitochondrial respiration and cellular
stress [29–31]. Immunoprecipitation results showed that more α-
tubulin interacted with VDAC in TIGA1 knockdown cells (Supplemen-
tary Fig. 6I), suggesting that TIGA1 knockdownmediated depolymeriza-
tion of microtubules releases free tubulin, which in turn increased the
amount of VDAC bound tubulin. Cellular stresses activate p38 MAPK
and the activation of p38 MAPK leads to HIF-1α accumulation [32].
Therefore, we examined if TIGA1 knockdown activated p38 MAPK and
caused HIF-1α accumulation. Knockdown of TIGA1 increased the levels
of phosphorylated p38 and HIF-1α (Supplementary Fig. 6J). The phos-
phorylation of p38 and accumulation of HIF-1α were also increased in
cells treated with nocodazole (Supplementary Fig. 6K). Knockdown
VDAC by siRNA had similar effect to increase HIF-1α expression
(Supplementary Fig. 6L). These results suggested that TIGA1 was an im-
portantmediator betweenmicrotubules andmitochondria. Depletion of
TIGA1 destabilized microtubule and induced the functional block of
VDAC and cellular stress, which finally activated p38 MAPK and
enhanced HIF-1α accumulation.

3.6. Depletion of EPB41L4A-AS1 increases the therapeutic effect of
glutaminase inhibitor

Since depletion of EPB41L4A-AS1 increased glutamine metabolism
dependency, we hypothesized that EPB41L4A-AS1 knockdown might
increase the antitumor activity of glutaminase inhibitor. The colony
formation assay demonstrated that EPB41L4A-AS1 stable knockdown
increased the number of colonies compared with the control cells.
Glutaminase inhibitor, compound 968, significantly reduced colony for-
mation. Tumor cell proliferation was nearly completely inhibited by
combined treatment of glutaminase inhibitor and EPB41L4A-AS1
shRNA, indicating that EPB41L4A-AS1 knockdown cells largely relied
on glutamine metabolism to promote cancer cell growth (Fig. 8A).

Finally, we tested whether EPB41L4A-AS1 regulated tumor growth
by modulating cancer cell metabolism in vivo. Control cells and
EPB41L4A-AS1 stable knockdown cells were subcutaneously injected
into the flanks of nude mice. Time of tumor formation was earlier and
tumor volume was also significantly larger in mice injected with
EPB41L4A-AS1 stable knockdown cells than the mice injected with the
control cells (Fig. 8B and C). Compound 968 effectively inhibited
tumor growth and EPB41L4A-AS1 knockdown markedly increased the
anti-tumor effect of compound 968 (Fig. 8D–G). EPB41L4A-AS1 knock-
down cells largely depended on glutaminemetabolism to promote can-
cer cells growth and proliferation. Depletion of EPB41L4A-AS1
enhanced the therapeutic effect of glutaminase inhibitor. Collectively,
our results demonstrated that EPB41L4A-AS1 is a p53 and PGC-1a regu-
lated gene. It regulates cell metabolism in both lncRNA and protein
forms. LncRNA EPB41L4A-AS1 regulates glycolysis and glutamine me-
tabolism by modulating the epigenetic regulation of VDAC1 and VHL
through HDAC2. (Fig. 8H).

4. Discussion

In this study, we reported that EPB41L4A-AS1, a p53 inducible long
non-coding gene, regulates glycolysis and glutamine metabolism. As a
key regulator, p53 controls a broad and flexible network with complex
functions including cell cycle checkpoint and DNA repair, apoptosis,
-D. Seahorse XFp assays measured OCR in HeLa and HepG2 cells with EPB41L4A-AS1
ells treatment. The lower panels are quantification of basal respiration, ATP production,
ion from the upper panels, respectively (n = 3). E. ROS levels by flow cytometry using
F. Immunoblotting analysis of SN2, ATF4, phosphor-eIF2α, SDHA, PDH and ACTB in HeLa
ing analysis of ATF4, VDAC, and phosphor-eIF2α in HeLa cells transfected with NC or
ent with erastin (50 μM, 24 h). I-J. VDAC protein (I) and mRNA (J) level was determined
and VDAC1 mRNA expression was determined by Spearman coefficient analysis in 309
represented as means ± SD, *P b 0.05; **P b 0.01, unpaired, two-tailed, Student's t-test.
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cellular plasticity, tissue remodeling, pluripotency repression
[15,33,34]. The functions regulated by p53 network also include ROS
production and metabolism [15]. The roles of p53 in metabolism are
complex. It downregulates glycolysis and lipid synthesis but
upregulates oxidative phosphorylation and lipid catabolism in bothnor-
mal and tumor cells [16]. P53 suppresses glycolysis via transcriptionally
inhibitingGLUT1 andGLUT4, or transactivatingRRAD andTIGAR, the in-
hibitors of glycolysis [35–38]. P53 also suppresses glucose metabolism
by inhibits glucose-6-phosphate dehydrogenase [39]. On the other
hand, p53 stimulates oxidative phosphorylation by upregulation of
SCO2 (cytochrome c oxidase assembly) and glutaminase GLS2 [40]. In
some tumor cells, p53 mutants positively regulate Warburg effect par-
tially through increasing the levels of GLUT1 and GLUT4 and reducing
the levels of SCO2 and GLS2 to favor aerobic glycolysis over oxidative
phosphorylation [41,42]. As one of the downstream genes of p53,
knockdown of EPB41L4A-AS1 not only triggers glycolysis but also stim-
ulates glutaminemetabolism. EPB41L4A-AS1 knockdown increases gly-
colysis via HIF-1α pathway and enhances glutamine metabolism by P-
eIF2α/ATF4 pathway.

Knockdown of EPB41L4A-AS1 reduced VDAC1 expression and acti-
vated P-eIF2α/ATF4 pathway. As an important cellular metabolite
transporter of mitochondria, VDACmediates the exchange of manyme-
tabolites, such as pyruvate, malate, succinate, glutamate citrate and
NADH between the cytosol and mitochondria [43,44]. VDAC closure or
reduction not only decreases metabolites exchange but also increases
intramitochondrial oxidative stress via blocking efflux of O2– from the
IMS (intermembrane space) to the cytosol, finally enhances cellular
stress and ROS, which can activate P-eIF2α/ATF4 pathway [45–47]. Pre-
vious studies suggest that P-eIF2α up-regulation could downregulate
global protein synthesis but selectively upregulate ATF4 translation
[48]. ATF4 is a regulator of amino acid transporters [13]. It is possible
that up-regulation of ATF4 activates expression of amino acid trans-
porters, including ASCT2 and SN2, the glutamine transporters, and fi-
nally induces glutaminolysis.

The activation of VHL/HIF-1α pathway mediated by EPB41L4A-AS1
knockdown is critical to the increases of glycolysis. In this investigation,
we found that two mechanisms were involved in the accumulation of
HIF-1α. On one hand, knockdown of EPB41L4A-AS1 upregulates HIF-
1α by reducing the expression of VHL. On the other hand, VDAC reduc-
tion or closure induces cellular stress, leading to p38 MAPK activation
and HIF-1α accumulation [32,45]. It has been reported that VDAC re-
duction or closure inducedROS also stabilizesHIF-1α through prolyl hy-
droxylases (PHDs) inactivation [49–51].

TIGA1 pathway is related to both glycolysis and glutaminolysis.
Increasing evidences show that lncRNAs encode biological functional
small proteins or peptides. Yabuta reported that EPB41L4A-AS1 gene
encodes a small mitochondrion located protein, named TIGA1, and
its ectopic expression inhibits the colony-formation of tumor cells
and tumor growth in soft agar [25]. Here, we found that TIGA1 inter-
acts with α-tubulin, like VDAC. Knockdown of TIGA1 destabilizes mi-
crotubules and increases free α-tubulin and its binding with VDAC1,
leading to the partially blocking of VDAC channel. VDAC blocking fi-
nally induces HIF-1α accumulation and activates P-eIF2α/ATF4
pathway.
Fig. 7. EPB41L4A-AS1 regulates VHL and VDAC1 expression through interaction with HDAC2. A
plasmids with or without ATG mutation for 48 h (n = 3). B. The distribution of EPB41L4
Immunoblotting analysis of H3K27ac level in HeLa cells with EPB41L4A-AS1 stable knockdow
RIP-qPCR analysis EPB41L4A-AS1 interaction with HDAC2, HDAC1 or p300, IgG as negative
HDAC2 and H3K27ac was analyzed by RNA-pulldown assay. G. RIP-qPCR analysis EPB41L4A-
staining of EPB41L4A-AS1 RNA (red) and NPM1 protein (green) in the nucleolus. I. RNA-FI
(green) in the nucleus. J. HeLa cells with or without EPB41L4A-AS1 stable knockdown w
Immunoprecipitation was analyzed by western blotting. K. HDAC2 enrichment in VDAC1 a
expression in HeLa cells transfected with siHDAC2 for 48 h (n = 3). M. EPB41L4A-AS1 stab
analyzing the expression of VHL and VDAC1 (n = 3). N. VDAC1 and VHL mRNA levels in
represented as means ± SD, *P b 0.05; **P b 0.01; ***P b 0.001; ****P b 0.0001, unpaired, two-t
We found that three pathways are involved in EPB41L4A-AS1 medi-
ates glycolysis andglutaminolysis. However, it is hard to saywhich one is
more important. Firstly, both glucose and glutamine are two principal
nutrients that support survival and biosynthesis in mammalian cells.
Cancer cells meet their requirement for higher energy and macromolec-
ular synthesis though high rate of glycolysis to obtained diverse carbon
intermediates and glutaminolysis-derived NADH, FADH2 and NADPH,
which provides reducing power for a wide variety of biosynthetic
reactions [52]. Furthermore, there is a very complex interaction among
three pathways. McBrian et al. reports that intracellular pH can regulate
histone acetylation [53]. We found that high glycolysis induces accumu-
lation of intracellular lactate and the low intracellular pH can also inhibit
VDAC1 expression, finally, increase glutamine metabolism. On the other
hand, the down-regulation of VDAC1 expression mediated by lncRNA
EPB41L4A-AS1 knockdown or VDAC1 blocking induced via TIGA1 silenc-
ing enhances ROS generation which increases the stability of HIF-1α.

The down-regulation of VHL and VDAC1 by EPB41L4A-AS1 knock-
down is mediated by the interaction between EPB41L4A-AS1 and
HDAC2. It has been reported that lncRNAs such as Lnc34a and
lnc-Smad3 regulate gene expression through recruitment HDAC1 to
the promoter region of their target genes [54,55]. However, no reports
show that lncRNAs interact with HDAC2. Here, we demonstrated that
lncRNA EPB41L4A-AS1 interactedwith bothHDAC2 andNPM1, andme-
diated HDAC2 locating in the nucleolus. Knockdown of EPB41L4A-AS1
reduced the interaction between HDAC2 and NPM1, leading to the
translocation of HDAC2 between nucleolus and nucleoplasm. Nucleolar
translocation of chromatin regulators like HDAC1, HDAC2, SIRT1 have
been reported, with chromatin remodeling and interfering with global
transcription [28,56]. However, the mechanisms in regulating the chro-
matin regulators shuttling between nucleoplasm and nucleolus are still
unknown. In addition, how chromatin regulators are recruited to the
correct chromatin sites is also unclear. Here, we reported that lncRNA
EPB41L4A-AS1 interacted and colocalized with HDAC2 in nucleolus.
Knockdown of EPB41L4A-AS1 induced the translocation of HDAC2
from nucleolus to nucleoplasm and discretely distributed in nucleo-
plasm, increasing its interaction with the promoters of VHL, VDAC1
andother undetermined target genes and reducingH3K27ac occupation
on the promoter regions, and finally reducing gene transcription. How-
ever, further studies are required to demonstrate why EPB41L4A-AS1
specifically interacts with HDAC2 but not HDAC1.

The low expression of EPB41L4A-AS1 in human cancers is associated
with poor prognosis, suggesting that EPB41L4A-AS1may can be used as
a potential prognostic predictor in cancers. Furthermore, low expres-
sion of EPB41L4A-AS1 increases glutamine dependency in cancers,
according to the results of our study. Therefore, the cancer patients
with low expression of EPB41L4A-AS1 maybe more dependent on
glutamine metabolism, compared with the patients with normal
expression of EPB41L4A-AS1. Using EPB41L4A-AS1 as screening indica-
tors should be helpful to select the patients who are better response to
the treatment of glutaminase inhibitor and enhance the efficacy of the
antitumor medicine. In the future, the combination of EPB41L4A-AS1
siRNA and glutaminase inhibitors may be as a new and powerful thera-
peutic strategy for tumor treatment of the patient with normal expres-
sion of EPB41L4A-AS1.
. The mRNA expression of VHL and VDAC1 in HeLa cells transfected with EPB41L4A-AS1
A-AS1 RNA in cytosol and nucleus, NEAT1 was used as a positive control (n = 3). C.
n. D. ChIP-qPCR analysis H3K27ac enrichment on VDAC1 and VHL promoters (n = 3). E.
control (n = 3). F. The interaction of different fragments of EPB41L4A-AS1 RNA with
AS1 interaction with HDAC2 and NPM1 (n = 3). H. RNA-FISH and immunofluorescence
SH and immunofluorescence staining of EPB41L4A-AS1 RNA (red) and HDAC2 protein
ere performed for immunoprecipitation with anti-HDAC2 and anti-NPM1 antibody.
nd VHL promoters was determined by ChIP-qPCR analysis (n = 3). L. VHL and VDAC1
le knockdown cells or control cells transfected with NC or siHDAC2 for 48 h, qRT-PCR
EPB41L4A-AS1 stable knockdown cells treatment with TSA for 4 h (n = 3). Data are
ailed, Student's t-test.



Fig. 8. EPB41L4A-AS1 knockdown increases the antitumor effect of glutaminase inhibitor in vivo. A. Colony formation assay in control HeLa cells or EPB41L4A-AS1 stable knockdown cells
treated with or without compound 968 (10 nM, 10 days), DMSO as control. B. HeLa cells stably transfected with ShEPB41L4A-AS1 or ShNCwere injected subcutaneously into the flank of
nudemice. ShEPB41L4A-AS1promotes tumorigenesis comparedwith ShNC at day 8, 10, 12, and 14of injection. C. ShEPB41L4A-AS1 promotes tumor growth in vivo.When the average size
of the tumor reached approximately 75mm3,micewere treatedwith compound 968 or DMSO every other day by intraperitoneal injections. Tumor volumesweremeasured andplotted in
a graph. D-E. Tumor images (D) and weight (E). F-G. The expression levels of EPB41L4A-AS1 RNA (F) and TIGA1 protein (G) in tumors. H. Model depicting the role of EPB41L4A-AS1 in
glycolysis and glutamine metabolism reprogramming. Data are represented as means ± SD, *P b 0.05; **P b 0.01, unpaired, two-tailed, Student's t-test.
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In conclusion, our results highlighted a key role of EPB41L4A-AS1 in
cancer metabolic reprogramming. Since EPB41L4A-AS1 knockdown
cancer cells largely depended on glutamine metabolism, the simulta-
neous application of EPB41L4A-AS1 shRNA and glutaminase inhibitor
might be a powerful strategy in cancer therapy and repressor of War-
burg effect.
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