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Overexpression of lncRNA EPB41L4A-AS1
Induces Metabolic Reprogramming in Trophoblast
Cells and Placenta Tissue of Miscarriage
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Long non-coding RNAs (lncRNAs) have been shown to be
crucial regulators in numerous human diseases. However, lit-
tle is known about their effects on early recurrent miscarriage
(RM). Here we aimed to investigate the role of lncRNA
EPB41L4A-AS1 on placental trophoblast cell metabolic re-
programming, which might be involved in the pathogenesis
of RM. After microarray and GEO database analyses, we
found that EPB41L4A-AS1 was significantly increased in early
RM placental tissue, and this increase may relate to estradiol-
mediated upregulation of PGC-1a. EPB41L4A-AS1 overex-
pression inhibits glycolysis but increases the dependence on
fatty acid oxidation in mitochondrion metabolism and sup-
presses the Warburg effect, which is necessary for rapid
growth of the placental villus, leading to miscarriage. Mecha-
nistic analyses demonstrated that EPB41L4A-AS1 functions
as a lncRNA in the regulation of VDAC1 and HIF-1a expres-
sion through enhancement of H3K4me3 levels in the pro-
moters of VDAC1 and HIF1A-AS1, a natural antisense
transcript (NAT) lncRNA of HIF-1a. Taken together, these
findings demonstrate that aberrant expression of EP-
B41L4A-AS1 is involved in the etiology of early RM, and it
may be a candidate diagnostic hallmark and a potential ther-
apeutic target for early RM treatment.

INTRODUCTION
Long non-coding RNAs (lncRNAs), usually more than 200 nt in
length, are transcribed and processed in a similar manner as
mRNA but often lack protein-coding potential.1 Although
lncRNAs are less well known compared with coding RNA and
small non-coding RNAs, the number of new lncRNA has rapidly
increased in recent years because more and more investigators
are focused on this field. Strong evidence reports that lncRNAs
participate in multiple cellular biological and pathological pro-
cesses, including cell proliferation, cell death, and cell apoptosis;2

cell senescence;3 chromatin modification;4,5 reprogramming of
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pluripotent stem cells;6,7 genomic imprinting;8 as well as initiation
and progress of cancer cells.9 Over the past few years, some studies
have verified a clear correlation between lncRNAs and placental
development, such as the lncRNAs HOTAIR,10 HOXA11-AS,11

and MEG3 and MALAT1,12 and these lncRNAs appear to be
involved in some pregnancy pathologies. However, the biological
function of the lncRNA EPB41L4A-AS1 in early pregnancy
placental tissue is completely unknown.

Studies have shown that lncRNAsmight be involved in pregnancy pa-
thologies, such as miscarriage.13 Miscarriage, also called spontaneous
abortion, can be defined as a pregnancy that terminates spontane-
ously before 20 weeks of gestation or a fetal weight of less than
500 g and affects 10%–15% of pregnant women.14 It is one of the
most common complications of early pregnancy.15 About 1%–3%
of pregnant women undergo two or more consecutive miscarriages,
termed recurrent miscarriage (RM), and about 80% occur during
the first trimester. Some specific factors, such as chromosome abnor-
malities,16 thrombophilia,17 endocrine disorders,18 and infections,19

can lead to miscarriage. Also, disruption of the immune tolerance
system balance between the maternal-fetal interface is another signif-
icant cause of first-trimester miscarriage.20,21 In addition, several
investigations have shown that the risk of preeclampsia, fetal growth
restriction, preterm birth, and stillbirth is significantly increased after
The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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a history of miscarriages.22 More and more studies have verified that
the metabolism of extravillous trophoblasts (EVTs) is impaired in
miscarriage,23 but there has only been a small number of reports
regarding the participation of lncRNAs in EVT metabolism, such as
glycolysis and fatty acid oxidative phosphorylation (OXPHOS).24,25

Recently, we reported that EPB41L4A-AS1 functions as an important
regulator of metabolism reprogramming in tumor metabolism.26 lnc
EPB41L4A-AS1 is a lncRNA located in the 5q22.2 region of the
genome, consisting of 3 exons that cover more than 3.5 kb in total
DNA length (gene ID 114915). EPB41L4A-AS1 contains an 1,194-
bp lncRNA gene in exon 1 that encodes a small outer mitochondrial
membrane (OMM) protein, TIGA1 (transcript induced by growth ar-
rest 1). Only a few papers have reported the function of EPB41L4A-
AS1. Yabuta et al.27 found that EPB41L4A-AS1 downregulation
in tumors and its overexpression inhibit cell proliferation and cancer
growth. In our recently published study, we reported that EPB41L4A-
AS1 is a p53- and PGC-1a-regulated gene and that its downregulation
in tumors triggers aerobic glycolysis, also known as the Warburg
effect, to stimulate rapid tumor growth.26 Like tumor cells, tropho-
blast cells are fast-growing cells and also need the Warburg effect
to support their rapid growth.28 Therefore, we wondered whether
EPB41L4A-AS1 plays a role in placental growth by regulating the
metabolism of trophoblast cells. Our hypothesis has been proven
to be correct by the discoveries in this investigation, including a
significant increase in EPB41L4A-AS1 expression in RM and inhibi-
tion of the Warburg effect in EPB41L4A-AS1 overexpression tropho-
blasts. Unraveling the role of EPB41L4A-AS1 will provide novel
insights and a powerful therapeutic target for future treatment of
early RM.

RESULTS
The Expression of EPB41L4A-AS1 Increases in Placental Tissue

in Early RM

To identify the significant different transcription levels of lncRNAs in
placental tissue between early RM (n = 3) and controls (n = 3), a
lncRNA microarray analysis was performed. The results showed
that 23 lncRNAs were significantly upregulated and 12 lncRNAs
were downregulated in early RM placental tissue compared with
the controls (p < 0.05), with EPB41L4A-AS1 being one of the mark-
edly upregulated lncRNAs (Figure 1A). We further investigated
the transcription levels of EPB41L4A-AS1 in several pregnancy
pathologies from the GEO database. As shown in Figure 1B, the
transcription level was significantly high in several common preg-
nancy pathologies, such as intrauterine growth restriction (IUGR;
N = 36), preeclampsia (PE; N = 134), or miscarriage (N = 62), the dif-
ferences reached statistical significance in the IUGR and PE groups
compared with the controls (n = 103) (p < 0.05), especially the differ-
ences in the miscarriage group (p < 0.01). Next we determined the
expression of EPB41L4A-AS1 in clinical specimens to confirm the
microarray data and GEO database results. A total of 45 early RM
patients and 23 artificial selective abortion patients were recruited
to the study, with normal karyotypes after multiplex ligation-depen-
dent probe (MLPA) examination. Baseline parameters were similar in
the two groups (Table S2). The qRT-PCR results revealed that
EPB41L4A-AS1 expression was significantly upregulated in early
RM placental tissue (p < 0.01) (Figure 1C; Figure S1A). We further
determined the expression of TIGA1 in early RM placental tissue
and controls. TIGA1 is a small protein, located in the OMM and con-
sisting of 120 amino acid residues, that is encoded by exon 1 in
lncRNA EPB41L4A-AS1. Consistent with the results regarding the
EPB41l4A-AS1 transcription level, TIGA1 protein levels were also
significantly increased in placental tissue from early RM patients (Fig-
ure 1D). Immunohistochemical testing of placental tissue showed
intense staining in the early RM group, and this difference was
found to be statistically significant after quantitative analysis by
PerkinElmer Vectra 2 (Figure 1E). Above all, these data showed
that the expression of EPB41L4A-AS1 and its encoded protein was
aberrantly high in miscarriage placental tissue and may be involved
in the etiology of early RM.

Overexpression of EPB41L4A-AS1 in Placental Tissue May Be

Related to Estradiol-Mediated Upregulation of PGC-1a

PGC-1a is a transcriptional coactivator that regulates mitochondrial
biogenesis and energy metabolism through coactivation of key tran-
scription factors, including estrogen-related receptor a (ERRa)29

and nuclear respiratory factors (NRF-1 and NRF-2)30 in multiple
cell types. In our previous investigation, we reported that
EPB41L4A-AS1 is a PGC-1a-regulated gene.26 Here we further
explored the relationship among EPB41L4A-AS1, PGC-1a, and
ERRa or estrogen receptor a (ERa). The above data showed that
EPB41L4A-AS1 expression was lower in placentas from normal
pregnancies but significantly higher in pathological pregnancies,
such as those with PE, IUGR, and early RM (p < 0.05). Furthermore,
similar results emerged for the expression of PGC-1a, which was
positively correlated with EPB41L4A-AS1 (Figure 2A; Figure S1B).
In addition, protein expression was measured by western blotting
of early RMplacental tissue, and the results are presented in Figure 2B.
PGC-1a was significantly expressed in early RM, consistent with the
expression of PGC-1a mRNA. Therefore, we hypothesized that
EPB41L4A-AS1 was regulated by PGC-1a. To determine whether
PGC-1a is a transcription factor of EPB41L4A-AS1, we first exam-
ined the expression of PGC-1a and EPB41L4A-AS1 in early RM
placental tissue using qRT-PCR, and a positive correlation was iden-
tified in clinical cases (Figure 2C; Figure S1C). To get a better under-
standing the biological role of EPB41L4A-AS1 in miscarriage
placental tissue, we chose HTR8-S/Vneo (HTR8) cells as a model
for the following studies. We knocked down PGC-1a in HTR8 cells
and performed qRT-PCR and western blotting assays, which showed
that knockdown of PGC-1a decreased EPB41L4A-AS1 expression
and TIGA1 protein expression (Figures 2D and 2E). Conversely,
both EPB41L4A-AS1 and TIGA1 expression was upregulated after
transfection of HTR8 cells with PGC-1a and culture for 48 h (Figures
2F and 2G; Figure S1D). Subsequently, we explored whether PGC-1a
regulated EPB41L4A-AS1 expression via binding of EPB41L4A-AS1
to its upstream region using a chromatin immunoprecipitation
(ChIP) assay. The results demonstrated that PGC-1a regulated
EPB41L4A-AS1 expression by binding to its promoter (Figure 2H).
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Figure 1. The Expression of EPB41L4A-AS1 Increases in Placental Tissue of Early RM

(A) Real-time PCRwas used to determine the levels of significant differences in long non-coding RNAs in early RM placental trophoblast cells after lncRNAmicroarray (N = 3).

EPB41L4A-AS1 was significantly higher in early RM groups (p < 0.05). (B) EPB41L4A-AS1 transcription levels were increased significantly in some pregnancy pathologies

(N = 232) (p < 0.01) compared with normal placental tissue: early RM (N = 62, p < 0.01), IUGR (N = 36, p < 0.05), and PE (N = 144, p < 0.05). These data were collected from

the GEO database. (C) The expression level of EPB41L4A-AS1 in our clinical sample was statistically higher in early RM placental tissue (N = 45) compared with the controls

(N = 23), as shown by real-time PCR. (D) TIGA1 protein expression was increased dramatically in early RM placental tissue, as shown by western blot examination and

quantitative analysis (N = 8) by ImageJ software. (E) Immunohistochemical staining of TIGA1 in early RM placental tissue. Quantitative analysis of TIGA1 intensity (N = 40) was

performed using PerkinElmer Vectra 2. Stained TIGA1 was significant higher in the early RM group. Data are represented as means ± SD; *p < 0.05, **p < 0.01,

Student’s t test.
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Estrogen-related receptor a (ERRa) can combine with PGC-1a to
regulate both fatty acid oxidation and mitochondrial activity.31 ERa
has a gene structure highly homologous to ERRa, and estradiol levels
were obviously increased during the first trimester. We then detected
ERa expression and estradiol concentrations in RM patients. The re-
sults illustrated that estradiol concentrations in early RM blood
plasma were raised significantly (Figure 2I), and ERa expression in
human villous trophoblasts was increased dramatically compared
with those in normal pregnancy(Figure 2J; Figure S1E). Further,
PGC-1a and EPB41L4A-AS1 expression was activated following
estradiol stimulation (Figures 2K and 2L; Figure S1F). Overall,
520 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
in vitro and in vivo assays revealed that EPB41L4A-AS1 expression
was regulated by PGC-1a and that estradiol may be involved in this
regulation.

Overexpression of EPB41L4A-AS1 Induced Metabolic

Reprogramming in Human Villous Trophoblasts

EPB41L4A-AS1 has been reported to be an important regulator of
metabolism reprogramming in tumors, and we also found that it is
dysregulated in miscarriage. Therefore, we wanted to determine the
role of EPB41L4A-AS1 in early pregnancy and miscarriage. To eluci-
date gene expression levels in early RM placental tissue, a mRNA
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Figure 2. EPB41L4A-AS1 Expression Is Upregulated by PGC-1a

(A) The expression of EPB41L4A-AS1 and PGC-1awas higher in several pregnancy pathologies specimens, such as PE (N = 6), IUGR (N = 3), and RM (N = 6), compared with

the control group (N = 6). (B) The protein expression of PGC-1a was dramatically higher in early RM placental tissue (N = 6, p < 0.05) compared with the controls (N = 6). (C)

Positive correlation of PGC-1amRNA and EPB41L4A-AS1 expression by qRT-PCR (N = 23). (D) EPB41L4A-AS1 and PGC-1amRNA expression in HTR8 cells transferred

(legend continued on next page)
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microarray analysis was performed. A total of 97 genes showed at
least a 2-fold increase, whereas 294 genes showed significant de-
creases (p < 0.05). A clustering analysis showed that the expression
of some genes related to glycolysis, such as HK2, HIF-1a, PKM,
and PDK1, was increased significantly, whereas the expression of
VDAC1, PGC-1a, and CPT1, which are related to OXPHOS, was
increased significantly (Figure 3A). Then we classified the different
genes using Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis to obtain an overview of the signaling pathway distribution.
The results showed that glycolysis, fatty acid metabolism, and the
tricarboxylic acid (TCA) cycle were altered, suggesting that these
pathways might be involved in the pathogenesis of early RM (Fig-
ure 3B). Moreover, a gene set enrichment analysis (GSEA) illustrated
that high expression of EPB41L4A-AS1 inhibited glycolysis but
enhanced mitochondrial activity; the genes annotated as part of the
glycolytic cycle to glycolysis were remarkably enriched in the EP-
B41L4A-AS1 low expression group (Figure 3C). These data indicate
that EPB41L4A-AS1 might participate in the initiation of early RM
by inhibiting the glycolysis pathway and activating oxidative
metabolism.

First we studied the effect of EPB41L4A-AS1 on glycolysis. HTR8 cells
were transfected with EPB41L4A-AS1 small interfering RNA (siRNA)
or an EPB41L4A-AS1 overexpression plasmid to obtain the downre-
gulation or overexpression EPB41L4A-AS1 cell model, respectively
(Figure S2A). We explored the effect of EPB41L4A-AS1 on glycolysis.
The results of the extracellular acidification rate (ECAR) assay showed
that glycolysis and glycolytic capacity displayed a 41% and 33%
decrease after transfection with EPB41L4A-AS1 and culture for 48
h, respectively (Figures 3D and 3E). Conversely, EPB41L4A-AS1
knockdown caused increases in glycolysis, glycolytic capacity, and
glycolytic reserve (36%, 30%, and 19% respectively), and the differ-
ences were statistically significant (p < 0.05) (Figures 3F and 3G).
Next we examined the extracellular lactate concentration, which is
the end product of glycolysis; it was approximately 13% decreased
after EPB41L4A-AS1 overexpression and 38% increased after
EPB41L4A-AS1 knockdown in lactate production (p < 0.05) (Fig-
ure 3H). Similar results were observed both in BeWo and JEG3 cells
after EPB41L4A-AS1 knockdown and overexpression (p < 0.05) (Fig-
ures S2B, S2C, S2E, and S2F). Furthermore, several important en-
zymes involved in glycolysis, such as HIF-1a, HK2, and LDHA,
were decreased by overexpression of EPB41L4A-AS1 (p < 0.05). On
the contrary, the expression of these enzymes expression was
increased following EPB41L4A-AS1 knockdown (Figure 3I).
Similar changes mediated by EPB41L4A-AS1 knockdown and overex-
pression in BeWo and JEG3 cells were observed (Figures S2B–S2D).
with siPGC-1a incubated for 48h. (E) TIGA1 and PGC-1a protein expression in HTR8 c

mRNA expression in HTR8 cells transferred with PGC-1a plasmid incubated for 48h. (G)

incubated for 48h. (H) The enrichment ofEPB41L4A-AS1 in the gene promoter regions

concentration in RM plasma (N = 21) was higher compared with the controls, as show

EPB41L4A-AS1 was upregulated by different estradiol concentrations (10�11 to 10�8

different estradiol concentrations (10�11 to 10�8 M), and PGC-1awas significantly upreg

by real-time PCR, and the results show that it was raised compared with the controls (
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The above results demonstrated that glycolysis was blocked after EP-
B41L4A-AS1 overexpression in trophoblast cells and human villous
trophoblasts.

EPB41L4A-AS1 overexpression not only downregulated glycolysis
but also induced changes in mitochondrial function. Mitochon-
drial activation-related genes were significantly enriched in the
EPB41L4A-AS1 high expression group after GSEA (Figure 3C).
Cellular bioenergetics profile analysis using a Seahorse XFp
analyzer demonstrated that EPB41L4A-AS1 overexpression in
HTR8 cells led to an increase in mitochondrial basal respiration
and proton leakage, and the difference between maximal respira-
tion rate and spare respiratory capacity was statistically significant
(p < 0.05) (Figures 4A and 4B). On the contrary, knockdown of
EPB41L4A-AS1 resulted in a significant decrease in mitochondrial
basal respiration, maximal respiration rate, and spare respiratory
capacity (p < 0.05) (Figures 4C and 4D). However, ATP produc-
tion was comparable in the EPB41L4A-AS1 overexpression and
knockdown groups, and similar outcomes were found in both
BeWo and JEG3 cells (Figure S3A). These results suggested that,
even though OXPHOS was enhanced in the EPB41L4A-AS1 group,
cellular energetics were not significantly increased. Furthermore,
we detected several crucial genes involved in TCA cycle meta-
bolism, such as VDAC1, PDK4, and PGC1a. The results showed
that EPB41L4A-AS1 overexpression upregulated the expression
of these genes, whereas their expression levels were significantly
downregulated after EPB41L4A-AS1 knockdown; the data are
shown in Figure 4E. Comparable findings were observed in
BeWo cells and JEG3 cells (Figure S3B).

To our great interest, OXPHOS metabolism remained enhanced
even though the glycolytic pathway was inhibited. Generally, there
are three common pathways that promote OXPHOS: glucose
oxidation, glutaminolysis, and fatty acid b-oxidation. In our
study, glucose oxidation was suppressed because of a decrease in py-
ruvate formation, and transportation was blocked. Next, we needed
to determine whether fatty acid oxidation and glutaminolysis
metabolism affected the OXPHOS process. A mitochondrial fuel
dependency assay showed that fatty acid oxidation was significantly
enhanced by EPB41L4A-AS1 overexpression (p < 0.05), but
EPB41L4A-AS1 knockdown resulted in a decrease in fatty acid respi-
ration in HTR8 cells (Figure 4F). No significant changes were found
in glutamate oxidation dependency in EPB41L4A-AS1 knockdown
and overexpressed cells (Figure S3C). These results revealed that
OXPHOS was raised by activation of the fatty acid b-oxidation
pathway.
ell transferred with siPGC-1a incubated for 48h. (F) ( EPB41L4A-AS1 and PGC-1a

TIGA1 and PGC-1a protein expression in HTR8 cell transferredwith PGC-1a plasmid

was evaluated by ChIP-qPCR. IgG was used as negative control. (I) The estradiol

n by ELISA (p < 0.05), compared with the controls (N = 21). (J) The expression of

M). (K) The expression of PGC-1a was detected by western blot after culture with

ulated. (L) The relative expression of ER in RM placental tissue (N = 12) was examined

N = 12). Data are represented as means SD; *p < 0.05, **p < 0.01, ***p < 0.01.
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Figure 3. The Overexpression of EPB41L4A-AS1 Blocked the Glycolysis Process

(A) Glycolysis- and oxidative phosphorylation (OXPHOS)-related gene expression was analyzed by heatmap after mRNA microarray detection in early RM placental tissue

(N = 3). (B) The metabolic process was analyzed by Kyoto Encyclopedia of Genes and Genomes (KEGG) for significantly different genes; some signaling pathways, such as

glycolysis, HIF-1a signaling, and the TCA cycle, were different. (C) GSEA enrichment score curves show glycolysis related to low expression of EPB41L4A-AS1 but

mitochondrial related to high expression of EPB41L4A-AS1 in 56 miscarriage cases compared with the controls (N = 56). (D) The Seahorse XFp assay detected the

extracellular acidification rate (ECAR) in HTR8 cells with EPB41L4A-AS1 overexpression. (E) Quantification of glycolysis, glycolytic capacity, and glycolytic reserve after

EPB41L4A-AS1 knockdown. Glycolysis and glycolytic capacity were significantly higher in the EPB41L4A-AS1 knockdown group (p < 0.05). Black arrows indicate the time

point of cell treatment with different chemicals.(F) The Seahorse XFp assay detected the extracellular acidification rate (ECAR) in HTR8 cells with EPB41L4A-AS1 over-

expression. (G) Quantification of glycolysis, glycolytic capacity, and glycolytic reserve after EPB41L4A-AS1 knockdown. Glycolysis and glycolytic capacity were significantly

higher in the EPB41L4A-AS1 knockdown group (p < 0.05). (H) Extracellular lactate concentration was lower with EPB41L4A-AS1 overexpression but higher with EPB41L4A-

AS1 knockdown in HTR8 cells (p < 0.05). (I) The expression of HIF-1a, HK2 and LDHA was decreased in the EPB41L4A-AS1 overexpression group but increased in the

EPB41L4A-AS1 knockdown group in HTR8 cells. Data are represented as means ± SD. *p < 0.05, **p < 0.01, paired two-tailed Student’s t test.

www.moleculartherapy.org
To further confirm the involvement of fatty acid oxidation in HTR8
cells, we found that carnitine, an important transporter of palmitic
acid, was increased significantly after EPB41L4A-AS1 overexpression
and decreased by EPB41L4A-AS1 knockdown (Figure 4G). In
addition, fatty acid was examined 24 h and 48 h after transfection
with EPB41L4A-AS1 siRNA or EPB41L4A-AS1 plasmid. Fatty acid
Molecular Therapy: Nucleic Acids Vol. 18 December 2019 523
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Figure 4. EPB41L4A-AS1 Overexpression Mediates Metabolic Reprogramming

(A) Seahorse XFp assays measured the oxygen consumption rate (OCR) in EPB41L4A-AS1 overexpression in HTR8 cells. (B) Basal respiration, ATP production, maximal

respiration, spare respiratory capacity, proton leak, and non-mitochondrial respiration were increased in the EPB41L4A-AS1 overexpression group, and the difference

reached statistical significance for maximal respiration (p < 0.05). (C) Seahorse XFp assays measured the oxygen consumption rate (OCR) in EPB41L4A-AS1 knockdown in

HTR8 cells. Black arrows indicate the time points of cell treatment with different chemicals. The result showed that OCRs were significantly promoted in the EPB41L4A-AS1

overexpression group (p < 0.05). (D) Basal respiration, ATP production, maximal respiration, spare respiratory capacity, proton leak, and non-mitochondrial respiration were

decreased in the EPB41L4A-AS1 siRNA group, and the difference reached statistical significance for maximal respiration (p < 0.05). (E) PGC-1a, VDAC1, and PDK4

expression was higher in HTR8 cells with EPB41L4A-AS1 overexpression but lower in HTR8 cells with EPB41L4A-AS1 knockdown. (F) Intracellular fatty acid oxidation was

raised after EPB41L4A-AS1 overexpression, but there was no significant difference after EPB41L4A-AS1 knockdown in HTR8 cells. (G) The intracellular carnitine con-

centration was elevated after EPB41L4A-AS1 overexpression but decreased after EPB41L4A-AS1 knockdown in HTR8 cells. (H) The concentration of total fatty acid was

detected by colorimetric assays in HTR8 cells after EPB41L4A-AS1 knockdown or overexpression with 24 h and 48 h. The fatty acid concentration was significantly

decreased in the EPB41L4A-AS1 group both in culturedwith 24 h and 48 h. (I) The intracellular fatty acid concentration was reduced in RMplacental tissue. (J) The expression

of oxidation-related enzymes (PDK4, VDAC1, and PGC-1a) were increased in the EPB41L4A-AS1 overexpression group but decreased in the EPB41L4A-AS1 knockdown

group. All data are represented as means ± SD; *p < 0.05, **p < 0.01.

Molecular Therapy: Nucleic Acids
concentration was reduced significantly when EPB41L4A-AS1 was
overexpressed at both cultured for 24 h and 48 h. No significant dif-
ferences were found following EPB41L4A-AS1 knockdown at either
24 or 48 h (Figure 4H). The concentration of fatty acid was dramat-
ically decreased in early RM placental tissues compared with controls
(Figure 4I; Figures S3C and S3D).
524 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
Moreover, we examined several key enzymes that are crucial for
fatty acid OXPHOS and synthesis, such as PGC1a, CPT1, and
FASN. The results showed that PGC1a and CPT1 expression was
increased, whereas FASN was inhibited by EPB41L4A-AS1 overex-
pression, suggesting that palmitic acid transportation and b-oxida-
tion were enhanced, leading to accelerated fatty acid oxidation. The
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(legend on next page)
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opposite effect was observed in EPB41L4A-AS1 knockdown cells
(Figure 4J).

EPB41L4A-AS1 Functions as lncRNA to Regulate Cell Growth

and Apoptosis via HIF-1a and VDAC1

Overexpression of EPB41L4A-AS1 caused metabolic disorder in hu-
man villous trophoblasts via dysregulation of metabolism-related
genes. Among these genes, HIF-1a and VDAC1 play key roles in
metabolic reprogramming. Because EPB41L4A-AS1 encodes a
small OMM protein (13 kD), we first intended to find out whether
the lncRNA EPB41L4A-AS1 itself or a protein derived from
EPB41L4A-AS1 regulates the expression of VDAC1 and HIF-1a,
two key metabolic genes. Therefore, the ATG mutated in a EP-
B41L4A-AS1 plasmid was constructed. The HIF-1a mRNA level
was upregulated in HTR8 after transfection with two siEPB41L4A-
AS1; however, it was downregulated after transfection with the EP-
B41L4A-AS1 plasmid, and a similar result was observed in the
TIGA1 ATG mutation compared with the EPB41L4A-AS1 group.
Correspondingly, VDAC1 mRNA expression was increased after
transfection with EPB41L4A-AS1 and the EPB41L4A-AS1 ATGmu-
tation, but it was reduced after EPB41L4A-AS1 knockdown (Figures
5A and 5B). Further, correlation analysis of clinical specimens
demonstrated that VDAC1 has a positive relationship with the EP-
B41L4A-AS1 level but that HIF-1a has a negative relationship with
EPB41L4A-AS1 expression (Figures 5C and 5D). In addition, we
found that HIF-1a protein expression was increased but VDAC1
protein expression was decreased after EPB41L4A-AS1 knockdown
(Figure 5E). Overexpression of EPB41L4A-AS1 inhibited HIF-1a
and enhanced VDAC1 protein levels, whereas TIGA1 protein
expression was totally blocked by the transfected TIGA1 ATG mu-
tation; this did not affect HIF-1a and VDAC1 protein expression
compared with the EPB41L4A-AS1 group (Figure 5F). Altogether,
these data verified that EPB41L4A-AS1 is a lncRNA that regulates
HIF-1a and VDAC1 expression. We also examined HIF-1a and
VDAC1 expression in early RM placental tissue using western blot-
ting and immunohistochemistry. The results showed that HIF-1a
was significantly decreased whereas VDAC1 was dramatically
increased in these tissues; more evidence suggesting that the meta-
Figure 5. EPB41L4A-AS1 Is a lncRNA that Performs Biological Functions

(A) and (B) HIF-1a and VDAC1 gene expression was determined by qRT-PCR transfectio

mutation plasmid. HIF-1a expression was increased in the EPB41L4A-AS1 knockdow

ATG mutation groups; VDAC1 showed the opposite results. (C) Expression levels of V

tissue (N = 73). (D) Expression levels of HIF-1amRNA and EPB41L4A-AS1 were negativ

higher but that of VDAC1 was lower in the EPB41L4A-AS knockdown group. (F) HIF-

groups, but VDAC1 protein expression was upregulated in HTR8 cells. (G) HIF-1a protein

(H) and (I) HIF-1a and VDAC1 protein expression was subjected to quantitative analysis b

statistical significance in the study group. (J) Cell numbers were calculated after EPB41

(24, 48, 72, and 96 h). The cell numbers were reduced significantly in the EPB41L4A-AS

detected after EPB41L4A-AS1 overexpression with different culture times (24, 48, 72, a

after incubation for 72 h. (L) Cell apoptosis was raised by flow cytometer detection in the

CASP3was increased after transfection with EPB41L4A-AS1, and this was aggravated b

HIF-1a plasmid with a different culture time. (N) The cell numbers were decreased a

but rescued by the HIF-1a plasmid in the EPB41L4A-AS1 overexpression group within

*p < 0.05, **p < 0.01.
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bolic pattern was disturbed in human villous trophoblasts (Figures
5G–5I).

The metabolic reprogramming caused by overexpression of
EPB41L4A-AS1 inhibited the Warburg effect, which is necessary
for rapid growth of the placental villus via downregulation of HIF-
1a expression and upregulation of VDAC1. Furthermore, both
HIF-1a and VDAC1 are apoptosis-related genes; therefore, we inves-
tigated the effect of EPB41L4A-AS1 on cell growth and apoptosis and
whether it has an effect on cell proliferation and apoptosis. We
observed the number of cells overexpressing EPB41L4A-AS1
following culture for several days. The results demonstrated that
cell numbers were comparable within 48 h after transfection with
the EPB41L4A-AS1 overexpression plasmid. However, the cell
numbers were significantly decreased after culture for 72 h and
96 h (p < 0.05). In contrast, EPB41L4A-AS1 knockdown increased
the cell number after incubation for 96 h (Figure 5J). Following, we
found that total caspase-3 protein and cleaved caspase-3 protein
were increased transfected with EPB41L4A-AS1 overexpression,
and the difference was obvious after culture for 72 h (Figure 5K).
Similar results were identified by flow cytometry after overexpression
of EPB41L4A-AS1 for 72 h (Figure 5L). Moreover, cell apoptosis was
aggravated after transfection with an EPB41L4A-AS1 plasmid, and
apoptosis was worse when EPB41L4A-AS1 and VDAC1 plasmids
were co-transfected, but it was reduced after co-transfection with EP-
B41L4A-AS1 and HIF-1a plasmids (Figure 5M). Cell numbers were
decreased dramatically after transfection with EPB41L4A-AS1 and
VDAC1 after culture for more than 72 h, but this was rescued after
transfection with the HIF-1a plasmid as well (Figure 5N). These
data show that metabolic reprogramming is mediated by overexpres-
sion of EPB41L4A-AS1, as demonstrated by suppression of the
Warburg effect, inhibition of cell growth, and induction of apoptosis,
which may be important causes of early RM.

EPB41L4A-AS1 Regulates VDAC1 Expression via Interaction

with SET1A to Enhance H3K4me3 Levels in the VDAC1 Promoter

Histone modification is a common way by which lncRNAs regulate
gene transcription. Therefore, we investigated the effect of
n with siEPB41L4A-AS1, the EPB41L4A-AS1 plasmid, or the EPB41L4A-AS1 ATG

n group but decreased in the EPB41L4A-AS1 overexpression and EPB41L4A-AS1

DAC1 mRNA and EPB41L4A-AS1 were positively correlated in early RM placental

ely correlated in early RM placental tissue (N = 73). (E) HIF-1a protein expression was

1a protein expression was downregulated in the EPB41L4A-AS1 and Mut-TIGA1

expression was downregulated but VDAC1was upregulated in RMplacental tissue.

y immunohistochemistry staining of RM placental tissue, and the difference reached

L4A-AS1 overexpression or EPB41L4A-AS1 knockdown with different culture times

1 group after culture for 72 h. (K) The expression of CASP3 and cleaved CASP3 was

nd 96 h). Cell apoptosis was increased in the EPB41L4A-AS1 overexpression group

EPB41L4A-AS1 overexpression group. (M) The expression of CASP3 and cleaved

y co-transfection with the VDAC1 plasmid but rescued after co-transfection with the

fter transfection with the EPB41L4A-AS1 and EPB41L4A-AS1+VDAC1 plasmids

different culture times (24, 48, 72, and 96 h). Data are represented as means ± SD;
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EPB41L4A-AS1 on histone modification of HIF-1a and VDAC1 pro-
moters. RNA immunoprecipitation (RIP) assays were performed with
H3K4me3, H3K9me3, and H3K27me3 antibodies. As shown in
Figure 6A, H3K4me3 interacted with PB41L4A-AS1 in HTR8 cells.
Comparable results were obtained in JEG3 and BeWo cells
(Figure 6B). Furthermore, RNA pulldown assays also verified that
EPB41L4A-AS1 interacted with H3K4me3 and SET1A (H3K4 trime-
thylation subunit composition) in HTR8 cells. The full-length RNA of
the EPB41L4A-AS1, open reading frame (ORF) region with or
without the ATG mutation were associated with H3K4me3 and
SET1A, but the ORF region with or without the ATG mutation
seemed to have a weaker interaction with H3K4me3 and SET1A (Fig-
ure 6C). These results demonstrated that the lncRNA EPB41L4A-AS1
could bind directly to SET1A. Next we blocked the expression of
SET1A with siRNA and found that VDAC1mRNA and protein levels
were decreased significantly in HTR8 cells (Figure 6D). Then we hy-
pothesized that EPB41L4A-AS1 may recruit SET1A to the VDAC1
promoter region, resulting in H3K4me3 enrichment in the VDAC1
region. Therefore, we performed ChIP assays to examine the enrich-
ment of H3K4me3 in the promoter region of VDAC1. As shown in
Figure 6E, silencing of EPB41L4A-AS1 suppressed VDAC1, and over-
expression of EPB41L4A-AS1 increased VDAC1 enrichment. The
TIGA1 ATG mutation presented similar results compared with the
EPB41L4A-AS1 group.

EPB41L4A-AS1 Regulates HIF-1a Expression via HIF1A-AS1

If EPB41L4A-AS1 recruits more H3K4me3 to the promoter of the
HIF-1a gene, then, in theory, expression of HIF-1a should increase.
However, when we blocked SET1A expression with siRNA, the
SET1A mRNA and protein levels were decreased significantly (Fig-
ure 6F). Confusingly, HIF-1a transcription and protein levels were
decreased significantly (Figures 5A, 5E, and 5F). Knock out of
EPB41L4A-AS1 promoted HIF-1a but inhibited HIF1A-AS1 expres-
sion; EPB41L4A-AS1 groups and TIGA1 ATG mutation were signif-
icantly enhanced HIF1A-AS1 expression but suppressed HIF-1a
expression (Figure 6G). Further analysis found that HIF1A-AS1
and HIF-1a contain the same sequence in HIF-1a exon1, and we
designed two siRNA, one applied in HIF1A-AS1 exon 1 and the other
Figure 6. EPB41L4A-AS1 Recruits SET1A to Enhance the H3K4me3 Level in th

(A) RIP assays were performed using H3K4me3, H3K9me3, and H3K27Ac antibodie

EPB41L4A-AS1 was significantly enriched after incubation with H3K4me3 antibody (p

with H3K4me3 antibody (p < 0.05). (C) The interaction of full-length EPB41L4A-AS1, th

H3K4me3 was evaluated by RNA pulldown assay. Full-length EPB41L4A-AS1 was com

blot assays showed that VDAC1 mRNA and protein expression was downregulated afte

regions of VDAC1 were increased via ChIP assays after transfection with the EPB41L

decreased in the EPB41L4A-AS1 knockdown group. (F) HIF-1a gene and protein expre

qRT-PCR and western blot assays. (G) HIF-1a was increased in the EPB41l4A-AS1 k

mutation groups in HTR8 cells. HIF1A-AS1 showed the opposite result. (H) Structure c

siRNA1 but decreased in SET1A siRNA2. (I) The enrichment of HIF1A-AS1 was detected

and H3K27Ac antibodies using RIP assays. HIF1A-AS1 was significantly enriched afte

JEG3 cells. (J) The enrichment of HIF1A-AS1 was identified via ChIP assays after transf

HTR8 cells. HIF1A-AS1 was increased in the EPB41L4A-AS1 and EPB41L4A-AS1 A

Schematic model of mediation by EPB41L4AAS1 in shifting the metabolic reprogrammin

two-tailed Student’s t test.
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applied in HIF1A-AS1 exon 2. To confirm whether HIF-1a was
regulated with HIF1A-AS1, we blocked HIF1A-AS1 expression by
siHIF1A-AS1-E1 and siHIF1A-AS1-E2. The results showed that
HIF1A-AS1 expression was downregulated by transfection with
HIF1A-AS1 siRNA, and HIF-1a expression was significantly
increased in the HIF1A-AS1-E2 group but decreased in the HIF1A-
AS1-E1 group (Figure 6H), suggesting that HIF1A-AS1 regulates
HIF-1a expression. To further examine whether HIF1A-AS1 was
regulated by EPB41L4A-AS1, 3K4me3, H3K9me3, and H3K27me3
antibodies were used to perform a RIP assay. The results showed
that EPB41L4A-AS1 only interacted with H3K4me3, and similar
results were found in JEG3 and BeWo cells (Figure 6I). A ChIP
assay was used to verify the enrichment of H3K4me3 in the promoter
region of HIF1A-AS1. Overexpression of EPB41L4A-AS1 and the
TIGA1 ATG mutation increased HIF1A-AS1 enrichment, but
silencing of EPB41L4A-AS1 suppressed HIF1A-AS1 enrichment
(Figure 6J).

DISCUSSION
Previous studies have evidenced that many lncRNAs have important
roles in early pregnancy. lncRNAs such as MALAT-1 and HOXA11
have been verified to affect cell apoptosis, proliferation, migration,
and invasion, resulting in abnormal pregnancy;11,12 the lncRNA
NEAT1 affects corpus luteum dysfunction, resulting in pregnancy
failure.32 Some lncRNAs are also involved in cell growth;
EPB41L4A-AS2 and its encoded protein TIGA1 inhibit tumor prolif-
eration and favorable prognoses in some cancers.27,33 However,
the function and biological significance of EPB41L4A-AS1 remain
unclear, especially its role in early pregnancy. In our study, we found
that EPB41L4A-AS1 shows an opposing expression trend in miscar-
riage compared with tumors. EPB41LA-AS1 expression is downregu-
lated in many tumors, and this downregulation induces the Warburg
effect, demonstrating an increase of glycolysis and glutamine depen-
dence.26 In RM, EPB41L4A-AS1 was dramatically upregulated in
early RM placental tissue compared with normal pregnancy, and
aberrant expression EPB41L4A-AS1 caused suppression of the
Warburg effect in trophoblasts, demonstrating inhibition of glycolysis
and increasing dependence on fatty acid oxidation. However, the
e VDAC1 Promoter and Regulates HIF-1a Expression via HIF1A-AS1

s, and enrichment of EPB41L4A-AS1 was detected by qRT-PCR in HTR8 cells.

< 0.05). (B) EPB41L4A-AS1 was enriched in JEG3 and BeWo cells after incubation

e EPB41L4A-AS1 ATG mutation, and coding sequece region RNA with SET1A and

bined with H3K4me3 antibody and the SET1A complex. (D) qRT-PCR and western

r SET1A knockdown in HTR8 cells. (E) The enrichment of H3K4me3 in the promoter

4A-AS1 plasmid and the EPB41L4A-AS1 ATG mutation plasmid in HTR8 cells but

ssion was elevated after SET1A knockdown in HTR8 cells, which was examined by

nockdown group and decreased in the EPB41L4A-AS1 and EPB41L4A-AS1 ATG

hart of HIF-1a and HIF1A-AS1.The expression of HIF-1a was increased in SET1A

by qRT-PCR in HTR8/BeWo/JEG3 cells after treatment with H3K4me3, H3K9me3,

r incubation with H3K4me3 antibody, and similar results were found for BeWo and

ection with siEPB41l4A-AS1, EPB41L4A-AS1, or EPB41L4A-AS1 ATG mutation in

TG mutation groups and decreased in the EPB41L4A-AS1 knockdown group. (K)

g of early RM. Data are represented as means ± SD; *p < 0.05, **p < 0.01, unpaired
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metabolic reprogramming mediated by EPB41L4A-AS1 dysregula-
tion in both tumor and miscarriage seems to occur through the
HIF-1a and VDAC1 signaling pathways. It is well known that
placental tissue displays a phenotype strikingly like cancer cells,
which prefer to use glycolysis to maintain rapid cell proliferation
and differentiation without oxidative stress.34,35 The Warburg effect
is necessary for rapid growth of the placental villus. Metabolic reprog-
ramming mediated by EPB41L4A-AS1 overexpression not only
decreased cell growth via inhibition of the Warburg effect but also
induced apoptosis in placental trophoblasts through dysregulation
of VDAC1 and HIF-1a, eventually resulting in early miscarriage
(Figure 6K).

As we know, VDAC1 is an important cellular metabolite transporter
in mitochondria, and one of its main functions is to mediate the
exchange of metabolites, such as pyruvate, malate, succinate, gluta-
mate citrate, and NADH, between the cytosol and mitochondria.36,37

VDAC1 also participates in the regulation of mitochondrion-medi-
ated apoptosis by binding with Bax to exert proapoptotic activity.38

However, hexokinases (HKs) can compete with Bax for binding to
VDAC1, reducing its proapoptotic activity.39 In this investigation,
EPB41L4A-AS1 enhanced VDAC1 expression by recruitment of the
SET1A/COMPASS complex to the VDAC1 promoter and increasing
H3K4me3 levels of VDAC1. On the other hand, EPB41L4A-AS1
overexpression downregulated HIF-1a expression, which caused a
decrease in HK2 levels. Increased VDAC1 and decreased of HK2
may result in apoptosis. In our previous study, we found that
VDAC1 closure or reduction not only decreases metabolite exchange
but also increases oxidative stress in mitochondria through the
P-eIF2a pathway, finally enhanced reactive oxygen species, and accu-
mulation of HIF-1a.26

Although VDAC1 is a crucial gene for cell metabolism, HIF-1a is
another key multifunctional factor and a central regulator of glycol-
ysis, especially in hypoxia.40,41 Numerous studies have reported that
HIF-1a and its accumulation appeared to play a crucial role in glycol-
ysis activity.42–45 In our study, we found that overexpression of
EPB41L4A-AS1 decreased HIF-1a expression by enhancing expres-
sion of HIF1A-AS1, an antisense lncRNA for HIF-1a. We found
that HIF1A-AS1 inhibits HIF-1a expression mainly through a natural
antisense transcription mechanism.46

It is well known that many lncRNAs are located in the cell nucleus
and regulate gene expression mainly via histone modification. In
recent years, several studies have reported that some of lncRNAs
encode a small protein or peptides to partly perform their biological
functions.11,45 EPB41L4A-AS1 was first reported to encode a small
mitochondrial located protein, TIGA1; aberrantly high expression
of TIAG1 suppresses tumor cell proliferation.27 In our study, we
found that both EPB41L4A-AS1 and TIGA1 had significantly high
expression in early RM placental tissue. However, it is unknown
whether EPB41L4A-AS1 or TIGA1 perform biological functions;
this is an important concern in the study. TIGA1 with a mutated
ATG was placed on a plasmid and transfected into HTR8 cells. After
transfection with the ATG-TIGA1 mutation, the TIGA1 protein was
totally inhibited, whereas the proteins of HIF-1a and VDAC1 were
not markedly affected. Correspondingly, HIF-1a and VDAC1 gene
expression was altered significantly compared with the EPB41L4A-
AS1 group. Furthermore, an RNA pulldown assay showed that the
ATG-TIGA1 mutation could recruit and bind to a histone methyl-
ation modification complex, including SET1A in the nucleus, to
regulate gene expression. Moreover, the VDAC1 gene promoter
was enriched in the ATG-TIGA1 mutation compared with the vector
group but closed to EPB41L4A-AS1 group. A ChIP assay illustrated
that the ATG-TIGA1 mutation had a similar function as
EPB41L4A-AS1, regulating VDAC1 gene expression by binding to
its promoters. Taken together, our results show that EPB41L4A-
AS1 is mainly a lncRNA, not a protein performing biological
functions.

Given the above, we explored a key role of EPB41L4A-AS1 in block-
ing glycolysis and enhancing dependence on fatty acid oxidation, re-
sulting in metabolic reprogramming because of regulation of HIF-1a
and VDAC1 expression, finally affecting placental proliferation and
promoting cell apoptosis. Therefore, EPB41L4A-AS1 may be an early
diagnostic hallmark candidate and, in the future, might become a
powerful therapeutic target for unexplained early miscarriage.

MATERIALS AND METHODS
Total DNA/RNA Extraction and Purification

From June 2015 to December 2016, a total of 113 placental chronic
villous samples were obtained from early recurrent miscarriage
patients who came to the fertility center of Shenzhen Zhongshan
Urology Hospital within gestational age 6–10 weeks after assisted
reproductive technique treatment because of termination of embry-
onic development. 27 patients’ placental tissues were used in the con-
trol groups with artificial selective abortion for personal reasons and
no history of recurrent miscarriage; the gestational age was similar be-
tween the two groups (Table S2). After curettage, the placental tissue
was transported to the laboratory within 30 min.

After dissecting the tissue, total RNA was extracted using the
miRNeasy Mini Kit (QIAGEN, Germany, 217004), and DNA was
isolated using the DNeasy Blood and Tissue kit (QIAGEN, Germany,
69506) according to the manufacturer’s methods. High-quality RNA
was acquired by RNase-Free DNase digestion and then dissolved in
elution buffer. The purity, concentration, and quantification of all
DNA and RNA samples were assessed using a Nanodrop spectropho-
tometer (Shimadzu, Japan) and then stored at�20�C for preparation
or for the next experiment. This study was approved by the Research
Ethics Committee of Shenzhen Zhongshan Urology Hospital, and all
women provided informed consent prior to the study.

lncRNA and mRNA Microarray Analysis

Chromosome copy number variations were detected by multiplex
ligation-dependent probe methods with the SALSA P036 and P181
Probe Mix Kits (MRC-Holland, the Netherlands) to exclude whole
or segmental chromosome aneuploidy. The lncRNA and mRNA
Molecular Therapy: Nucleic Acids Vol. 18 December 2019 529

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
microarrays were examined using the human whole-genome 4� 44K
array (CapitalBio Tech, China) containing approximately 35,000 hu-
man transcripts with cRNA probes at the core facility of GenoCheck.
The significantly different transcription levels of mRNA and lncRNA
were evaluated by the ratio (>2 or <0.5) of RNA expression in unex-
plained early RM compared with the control groups.

Bioinformatics Analysis

Microarray analysis of gene expression was performed using the
Affymetrix platform. Basic bioinformatics analyses of data, including
normalization, annotations, experimental group comparisons with
fold change, and p value calculations, were performed at the Bioinfor-
matics and Gene Expression Analysis (BGEA) core facility of the
Karolinska Institutet. Gene Ontology (GO; http://geneontology.org/)
terms and KEGG (https://www.genome.jp/kegg/) pathways were
analyzed for significant differences of metabolism-related genes. Preg-
nancy pathology data were downloaded from the GEO data-
base (https://www.ncbi.nlm.nih.gov/geo/). GSEA (http://software.
broadinstitute.org/gsea/index.jsp) was performed using GSEA 2-2.2.2
software. Expression correlation between EPB41L4A-AS1 and PGC-
1a or HIF-1a or VDAC1 in trophoblast cell was examined by
Spearman correlation test.

Cell Culture and Real-Time PCR

HTR8 cells were donated by Prof. Haixiang Sun (NanjingDrumTower
Hospital), and BeWo and JEG3 cells were purchased from the ATCC.
Cells were cultured in RPMI 1640 medium (containing 10% FBS, 10
units/mL penicillin, and 10 mg/mL streptomycin) in 5% CO2 at
37�C. For EPB41L4A-AS1 gene overexpression or knockdown, 1 mg
plasmids or 50 nM siRNA were transfected using Lipofectamine
3000 (Invitrogen, 1656200) as described by the manufacturer.

A total of 500 ng RNAwas subjected to reverse transcription using the
M-MLV reverse transcriptase kit (Toyobo, Japan) for cDNA synthe-
sis. Gene reverse transcription used ReverTra Ace Master Mix
(Toyobo, FSQ-301), and mRNA expression was tested using an
ABI7500 cycler (USA) with the SYBR Green PCR kit (Toyobo,
Hilden, Japan) and normalizing to b-actin mRNA. All primer se-
quences are listed in Table S1. All PCRs were performed in triplicate.

Protein Expression Analysis

Protein extracts were prepared in RIPA lysis buffer (50 mM Tris-HCl
[pH 7.4], 180 mM NaCl, 1% Triton X-100, 15% glycerol, and 1 mM
EDTA) supplemented with 1 mM DTT and 0.5 mM PMSF. Protein
extracts were resolved with SDS-PAGE and transferred into nitrocel-
lulose (NC) membranes. They were then blocked with 5% BSA in
TBST buffer within 30min and incubated for 1–2 h with the following
primary antibodies: TIGA1 (Proteintech, 24698-1-AP), b-actin (Pro-
teintech, 60008), VDAC1 (Novus Biologicals, NBP100-695), PGC-1a
(Cell Signaling Technology, 5536), LDHA (Cell Signaling Technol-
ogy, 3582), HIF-1a (Abcam, ab1), HK2 (Cell Signaling Technology,
2867), FASN (Cell Signaling Technology, 3180), PDK4 (Novus
Biologicals, NBP1-54723), and CPT1 (Cell Signaling Technology,
12252). Then NC membranes were incubated with horseradish
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peroxidase-coupled specific secondary antibodies for 1 h. Finally,
these protein bands were visualized with ECL blotting detection re-
agents (KPL, 547100), and gray values were calculated with ImageJ
software.

Mitochondrial Respiration and Glycolysis Measurements

Glycolysis and mitochondrial respiration rates were measured in an
XF96 extracellular flux analyzer (Seahorse Bioscience, Agilent,
USA). XF base medium was added to 2 mM glutamine, and the pH
level was to 7.4 with 0.1 N NaOH at 37�C before the next assay.
Approximately 8,000–10,000 cells per well were cultured in XFp
8-well microplates and incubated overnight. The following day, cells
were harvested and detected using the Glycolysis Stress Test Kit
(Invitrogen, part number 103017-100), Cell Mito Stress Test Kit
(Invitrogen, part number 103010-100), and XF Mito Fuel Flex Test
Kit (Invitrogen, part number 103270-100) according to the manufac-
turer’s protocols.

Flow Cytometry and Colorimetric Assays

Cells were subjected to EPB41L4A-AS1 overexpression and knock-
down, cultured for 48 h, harvested, incubated in NADPH antibody
for 1 h, washed with PBS, resuspended in growthmedium, and imme-
diately analyzed by flow cytometry (absorption spectrum [abs.]
488 nm/em. 562 nm). The total cellular LDHA in the medium super-
natant (Biovision, K607-100) and ATP (Biovision, K354-100) con-
centration were determined by colorimetric assay.

CHIP Assay

HTR8 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% deoxycholate, 1% Triton X-100, 150 mM NaCl, and proteinase
inhibitor) after transfer of the EPB41L4A-AS1 siRNA and overex-
pression plasmid and culture for 48 h. Subsequently, the cells were
sonicated, and the supernatant was collected and incubated with
Dynabeads protein G and primary antibody (H3K4me3, Cell
Signaling Technology, 9751). After incubation for 2 h, the complex
was washed three times, and DNA was purified and condensed.
Finally, the DNA fraction was analyzed by real-time PCR.

RNA Pulldown Assay

Different fractions of EPB41L4A-AS1 were constructed with the
pcDNA3.1 plasmid containing the T7 promoter. The RNA pulldown
assay was performed following the protocol of the Pierce Magnetic
RNA-Protein Pull-Down Kit (Thermo Fisher Scientific, USA). Anti-
bodies, including SET1A and H3K4me3, were purchased from Cell
Signaling Technology.

RNA Immunoprecipitation Assay

Cells were harvested and lysed with polysome lysis and then incu-
bated with 2 mg H3K4me3, H3K9me3, and H3K27Ac antibodies
overnight at 4�C. Then they were washed and incubated with Dyna-
beads protein A for about 4 h at 4�C.We washed and precipitated the
RNA with ethanol and sodium acetate, and then the extracted RNA
was reverse transcribed and detected by qRT-PCR.

http://geneontology.org/
https://www.genome.jp/kegg/
https://www.ncbi.nlm.nih.gov/geo/
http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp
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Data Analysis

The results are presented as the mean ± SD; data plotting was per-
formed by Prism Graph Pad 6.0 and statistical analysis by SPSS
22.0. p < 0.05 and p < 0.01 were considered statistically significant.
Unpaired, two-tailed Student’s t test, ANOVA, Z test, log-rank test,
or Mann-Whitney test was used to compare the results between
two groups. Each experiment was repeated three times.
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