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6-phosphofructo-2-kinase (PFKFB3) is a crucial regulator of
glycolysis that has been implicated in angiogenesis and the
development of diverse diseases. However, the functional role
and regulatory mechanism of PFKFB3 in early-onset
preeclampsia (EOPE) remain to be elucidated. According to
previous studies, noncoding RNAs play crucial roles in EOPE
pathogenesis. The goal of this study was to investigate the
functional roles and co-regulatory mechanisms of the metas-
tasis-associated lung adenocarcinoma transcript-1 (MA-
LAT1)/microRNA (miR)-26/PFKFB3 axis in EOPE. In our
study, decreased MALAT1 and PFKFB3 expression in EOPE
tissues correlates with endothelial cell (EC) dysfunction. The
results of in vitro assays revealed that PFKFB3 regulates the
proliferation, migration, and tube formation of ECs by modu-
lating glycolysis. Furthermore, MALAT1 regulates PFKFB3
expression by sponging miR-26a/26b. Finally, MALAT1
knockout reduces EC angiogenesis by inhibiting PFKFB3-
mediated glycolysis flux, which is ameliorated by PFKFB3 over-
expression. In conclusion, decreased MALAT1 expression in
EOPE tissues reduces the glycolysis of ECs in a PFKFB3-depen-
dent manner by sponging miR-26a/26b and inhibits EC prolif-
eration, migration, and tube formation, which may contribute
to abnormal angiogenesis in EOPE. Thus, strategies targeting
PFKFB3-driven glycolysis may be a promising approach for
the treatment of EOPE.

INTRODUCTION
Preeclampsia (PE) is a heterogeneous disease that affects 3%–5% of all
pregnant women.1 According to the time of onset, PE is commonly
classified into twomajor subtypes: early-onset PE (EOPE;%34weeks)
and late-onset PE (LOPE; >34 weeks). Based on accumulating evi-
dence, EOPE and LOPE are two distinct disorders,2,3 with EOPE ex-
hibiting a greater placental pathology than LOPE.4,5 The appropriate
formation of placental blood vessels ensures an appropriate supply of
blood containing oxygen and nutrients to the fetus, which is a prereq-
uisite for the uneventful progression of pregnancy.6 Abnormal
placental vascular development leads to the occurrence of placental
vascular diseases and can affect fetal intrauterine development, severe
cases of which endanger the safety of the mother and the fetus.7 Endo-
thelial cells (ECs) play active roles in angiogenesis in both healthy and
disease states.8 Vascular EC dysfunction reduces placental angiogen-
Molecular The
This is an open access article under the CC BY-NC-
esis and promotes the onset of preeclampsia,9,10 but its exact patho-
physiology remains to be elucidated.

Before 2009, vascular ECs were believed to be regulated only by pro-
angiogenic growth factor signals. Recent studies have shown that ECs
rely on specific metabolic pathways to undergo angiogenesis.11 The
different metabolic pathways of ECs, such as glycolysis, fatty acid
oxidation (FAO), and the pentose phosphate pathway (PPP), play
important roles in vessel formation.12,13 Among these pathways,
glycolysis is the primary mechanism by which ECs generate energy,
with over 85% of ATP in ECs produced via glycolysis.12,13 Despite
the immediate availability of oxygen in the blood, vascular ECs
primarily consume glucose to generate energy. The 6-phospho-
fructo-2-kinase (PFKFB3) isozyme belongs to the PFKFB family.
PFKFB enzymes synthesize fructose-2,6-bisphosphate (F-2,6-BP), a
strong allosteric activator of PFK-1 that is involved in the rate-
limiting step of glycolysis.14,15 Of all PFKFB isoenzymes, PFKFB3
exhibits much higher kinase activity than phosphatases (700 times),
allowing it to function as an effective glycolytic activator that in-
creases the glycolysis rate.16–18 PFKFB3 is widely expressed in
different organs and cells, such as breast, ovary, and thyroid cells,
and plays corresponding roles in cell proliferation, migration, and tu-
mor angiogenesis.17 However, few reports have described the roles of
PFKFB3 and glycolysis in PE. Therefore, additional studies are
needed to determine the mechanisms by which PFKFB3-driven
glycolysis exerts its pathological effects on PE.

Recently, a large number of noncoding RNAs, including microRNAs
(miRNAs) and long noncoding RNAs (lncRNAs), have attracted
increased attention due to their biological effects on PE initiation
and progression.19,20 As shown in previous studies, microRNA
(miR)-26a and miR-26b expression is upregulated in the placenta
and plasma of women with PE.21–23 Notably, miR-26a and miR-
26b are members of the miR-26 family.24 Interestingly, both of these
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miRNAs bind the 30 untranslated region (30 UTR) of PFKFB3 to regu-
late its expression, allowing them to regulate tumor cell migration and
invasion by targeting glycolysis.25,26 Other studies of miR-26a/26b
have also revealed their involvement in EC angiogenesis.27,28

With the consideration of the expression of miR-26a/26b in PE tissues
and potential regulatory effects on PFKFB3, we conducted a bioinfor-
matics analysis that predicted a binding interaction between miR-
26a/26b and the lncRNA metastasis-associated lung adenocarcinoma
transcript-1 (MALAT1). MALAT1 was previously shown to be
downregulated in PE tissues29,30 and has been reported to regulate
the function of trophoblast and mesenchymal stem cells in the path-
ogenesis of PE.30–32 However, no study has explored whether MA-
LAT1 affects EC behavior to exert its function in PE. Additionally,
recent studies have highlighted the potential role of MALAT1 as a
competing endogenous RNA (ceRNA), a class of lncRNAs that is
capable of serving as “molecular sponges” for miRNAs, thereby
modulating their downstream functions.33,34 Therefore, we hypothe-
sized that MALAT1 may function as a ceRNA of miR-26a/26b to
regulate the expression of PFKFB3.

In this study, we observed decreased MALAT1 and PFKFB3 expres-
sion in EOPE tissues. Further experiments revealed that PFKFB3
overexpression promotes EC proliferation, migration, and tube for-
mation by activating glycolysis, whereas PFKFB3 silencing exerts
the opposite effect. Then, we showed that MALAT1 functions as a
ceRNA of miR-26a and miR-26b and regulates the expression of
PFKFB3 in ECs. Furthermore, we indicated that MALAT1 knock-
down reduced the angiogenesis of ECs by inhibiting PFKFB3-medi-
ated glycolysis flux, whereas overexpression of PFKFB3 reversed
this effect. These data provide novel insights into the roles of the MA-
LAT1/miR-26/PFKFB3 axis in EOPE pathogenesis.

RESULTS
Decreased expression of MALAT1 and PFKFB3 in patients with

EOPE

We first measured the relative levels of MALAT1 and the PFKFB3
mRNA in 16 placental tissues from patients with EOPE and 16
normal control tissue samples using quantitative real-time PCR to
determine whether MALAT1 and PFKFB3 are involved in EOPE
pathogenesis. The MALAT1 and PFKFB3 mRNA levels were signif-
icantly decreased in placental tissues from patients with EOPE
compared with normal placental tissues (p < 0.001; Figures 1A
and 1B). Then, we performed a fluorescence in situ hybridization
(FISH) assay to detect the expression and localization of MALAT1
in the tissues. MALAT1 was predominately localized in the cyto-
plasm and was significantly downregulated in placental tissues
from patients with EOPE compared with normal tissues (Figure 1C).
We also examined the expression of the PFKFB3 protein in these
patients using western blotting (WB) and immunohistochemistry
(IHC) analyses. The expression of the PFKFB3 protein was
decreased in placental tissues from patients with EOPE compared
with normal tissues. Representative images of WB and IHC analyses
are shown in Figures 1D and 1E.
898 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
PFKFB3 regulates glycolytic activity and EC angiogenesis

We expanded the overexpression and knockout study to human um-
bilical vein ECs (HUVECs), which are primary cells derived from the
normal human umbilical vein, to study the role of PFKFB3 in more
detail. We transfected HUVECs with overexpression plasmids and
small interfering RNAs (siRNAs), which effectively upregulated or
downregulated PFKFB3 mRNA and protein expression, respectively
(p < 0.001; Figures S1A�S1E). After assessing the knockdown efficacy
of siRNAs targeting PFKFB3, siRNA-3 was identified as exhibiting
the best PFKFB3 knockdown efficacy and was used in subsequent ex-
periments (p < 0.0001; Figure S1C).

Since enhanced glycolysis flux is essential for EC activity during
angiogenesis, we first confirmed that PFKFB3 regulates glucose meta-
bolism in ECs. We measured the cellular levels of ATP, nicotinamide
adenine dinucleotide phosphate (NADPH), reactive oxygen species
(ROS), and extracellular lactate production to represent glycolytic ac-
tivity in ECs. ECs produce lactate to generate ATP during glycolysis,
and an increase in glycolysis reduces ROS production and protects
ECs from hyperoxic microenvironments.14 NADPH is produced by
a side pathway of glycolysis and is used in fatty acid synthesis to pro-
mote cell proliferation.35 PFKFB3 overexpression increased the
cellular levels of ATP, NADPH, and extracellular lactate while
decreasing the ROS levels, whereas the silencing of PFKFB3 produced
the exact opposite effects (p < 0.05; Figures 2A and 2B).

The proliferation, migration, and tube-formation abilities of ECs are
crucial for angiogenesis. Therefore, we performed Cell Counting
Kit-8 (CCK-8), Transwell, and tubule-formation experiments to
study the effects of PFKFB3 on cell proliferation, migration, and
tube formation. CCK-8 assays showed that overexpression of
PFKFB3 increased cell proliferation, and PFKFB3 silencing signifi-
cantly reduced the cell proliferation rate (p < 0.05; Figures 2C
and 2D). Next, a flow cytometry analysis was performed to examine
whether PFKFB3 affected the proliferation of ECs by altering cell
cycle progression. Overexpression of PFKFB3 increased the percent-
age of cells in the S phase, and PFKFB3 silencing induced cell cycle
arrest at the G0/G1 phase (p < 0.05; Figures 2E and 2F). Cell migra-
tion and tube-formation abilities were further measured using
Transwell and tubule-formation experiments. As shown in Figures
2G�2J, PFKFB3 overexpression increased the migration and tubule
formation of ECs, whereas the silencing of PFKFB3 exerted the
opposite effect (p < 0.05). Cellular protrusions have an important
role in cell migration.36 We then explored whether PFKFB3 regu-
lated the motility of ECs by altering cell protrusion formation.
The protrusive structures at the leading edge of a motile cell consist
of lamellipodia and filopodia. Alexa Fluor 488-labeled phalloidin
staining indicated that PFKFB3 overexpression increased the length
of filopodia and the area of lamellipodia in ECs, whereas PFKFB3
silencing led to shorter filopodia and smaller lamellipodia (p <
0.01; Figures 2K and 2L).

In summary, PFKFB3 overexpression increased glycolytic activity and
the proliferation, migration, and tubule formation of ECs. PFKFB3



Figure 1. MALAT1 and PFKFB3 expression in tissues from patients with EOPE

(A and B) The relative expression levels of the MALAT1 mRNA (A) and PFKFB3 mRNA (B) in 16 tissues from patients with EOPE and 16 tissues from normal controls were

analyzed using quantitative real-time PCR. (C) Representative FISH images of MALAT1 expression in normal tissues and tissues from patients with EOPE. (D) Representative

WB images of PFKFB3 levels in normal tissues and tissues from patients with EOPE. (E) Representative IHC images of PFKFB3 expression in normal tissues and tissues from

patients with EOPE. All images were obtained at 200�magnification. The data are presented as the mean ± SD of three independent experiments. **p < 0.01, ***p < 0.001,

and ****p < 0.0001 using Student’s t test.
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overexpression increased the proliferation of ECs by accelerating the
cell cycle and increased the motility of ECs by promoting the forma-
tion of cell protrusions. The silencing of PFKFB3 exerted the opposite
effects.

MALAT1 functions as a ceRNA of miR-26a and miR-26b and

regulates the expression of PFKFB3 in ECs

According to previous studies, the expression of MALAT1 is
decreased, and miR-26a/26b expression is increased in PE.21–23,29,30

Therefore, we transfected short hairpin (sh)-MALAT1 and miR-
26a/26b mimic plasmids into ECs and detected the expression of
PFKFB3. shRNAs targeting MALAT1 were designed and assessed
for knockdown efficacy; shRNA-5277 displayed the best MALAT1
knockdown efficacy and was used in subsequent experiments (p <
0.0001; Figure S1F). MALAT1 knockdown in ECs significantly down-
regulated PFKFB3 expression at the mRNA and protein levels, while
regulating the miR-26a/26b mRNA levels (p < 0.01; Figures 3A and
3B). Moreover, the miR-26a/26b mimic reduced the levels of the
PFKFB3 mRNA and protein (p < 0.001; Figure 3C), consistent with
the effect of sh-MALAT1 on the expression of PFKFB3.
Based on these findings, we next speculated that MALAT1 might
regulate PFKFB3 expression by sponging miR-26a/26b. We used
RNA hybrid software to predict the possible binding sites for miR-
26a/26b on MALAT1 and PFKFB3 and verified them by conducting
dual-luciferase experiments (Figures 3D, 3E, 3G, and 3H). The miR-
26a/26b mimic reduced the luciferase activity of wild-type (WT) but
not mutant (MUT) MALAT1 (p < 0.05; Figure 3E). Thus, miR-26a/
26b directly binds to MALAT1. We performed RNA pull-down as-
says followed by quantitative real-time PCR to further verify the cor-
relation between MALAT1 and miR-26a/26b expression. Compared
with the antisense group, the expression of miR-26a/26b in the sense
group was significantly upregulated, and miR-26a/26b was pulled
down by sense MALAT1 (p < 0.001; Figure 3F). These data validated
the interaction between MALAT1 and miR-26a/26b in ECs. Another
assay revealed that the miR-26a/26b mimic reduced the luciferase ac-
tivity of the WT PFKFB3 construct but not the MUT PFKFB3
construct (p < 0.001; Figure 3H). Based on these results, miR-26a/
26b directly targets the 30 UTR of PFKFB3. We co-transfected sh-
MALAT1 and miR-26a/26b inhibitors into cells and then assessed
PFKFB3 expression to elucidate the associated mechanism. As
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Figure 2. PFKFB3 regulates glycolytic activity and EC angiogenesis

Cells were transfected with the vector, PFKFB3 plasmid, si-NC, or si-PFKFB3. (A

and B) The extracellular lactate production and the cellular levels of ATP, NADPH,

and ROS were measured in ECs. (C and D) The proliferation of ECs was determined

using CCK-8 assays. (E and F) The cell cycle phases of ECs were determined using

flow cytometry. (G and H) The migration of ECs was determined using Transwell

assays. (I and J) Tube formation of ECs was determined using tube-formation as-

says. (K and L) Filopodia (arrowheads) and lamellipodia (arrows) were measured in

ECs stained with Alexa Fluor 488-labeled phalloidin. All images in (G) and (H) were

obtained at 200� magnification, whereas images in (I) and (J) were obtained at

100� magnification, and images in (K) and (L) were obtained at 1,000� magnifi-

cation. The data are presented as themean ±SD of three independent experiments.

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 using Student’s t test.
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expected, the inhibition of miR-26a/26b in MALAT1-silenced cells
reversed the decrease in PFKFB3 mRNA and protein expression
(p < 0.05; Figures 3I�3L). Therefore, MALAT1 might regulate
PFKFB3 expression by sponging miR-26a/26b.

MALAT1 regulates glycolytic activity and EC angiogenesis

through PFKFB3

Cells were divided into four groups and transfected with the sh-nega-
tive control (NC), sh-MALAT1, sh-NC + PFKFB3 plasmid, or
sh-MALAT1 + PFKFB3 plasmid, which effectively upregulated or
downregulated the expression of MALAT1 and PFKFB3, respectively,
to further explore the interaction between MALAT1 and PFKFB3 in
the regulation of glycolytic activity and angiogenesis in ECs (p <
0.001; Figures 4A and 4B).

Knockdown of MALAT1 significantly decreased the cellular ATP,
NADPH, and extracellular lactate levels but increased the ROS levels,
whereas PFKFB3 overexpression in MALAT1-silenced cells reversed
these effects (p < 0.05; Figure 4C). Similarly, overexpression of
PFKFB3 reversed the inhibitory effects on proliferation, cell cycle pro-
gression, migration, tube formation, and filopodia and lamellipodia
formation induced by MALAT1 knockdown (p < 0.05; Figures
4D�4H). Taken together, MALAT1 knockdown reduces glycolytic
activity and contributes to inhibit the angiogenesis of ECs through
the glycolytic rate-limiting enzyme PFKFB3, whereas overexpression
of PFKFB3 reverses these changes.

DISCUSSION
PFKFB3 is a recently discovered regulator of cell metabolism, and it
triggers robust glycolysis in ECs by producing F-2,6-BP. Furthermore,
PFKFB3 is involved in thedevelopment ofmanydiseases by controlling
angiogenesis, apoptosis, drug resistance, and the tumor microenviron-
ment.12 However, the pathophysiological mechanism of PFKFB3 in
EOPE is poorly characterized. In this study, we documented a decrease
in PFKFB3 and MALAT1 expression in placenta tissues from patients
with EOPE. Further in vitro studies revealed that decreased MALAT1
expression downregulated PFKFB3 expression by functioning as a
ceRNA of miR-26a/26b in ECs, which reduced glycolytic activity and
contributed to abnormal angiogenesis in EOPE.MALAT1 knockdown
inhibited theproliferation of ECsby inducing cell cycle arrest at theG0/
G1 phase and decreased the motility of ECs by inhibiting cell



(legend on next page)
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protrusion formation in a PFKFB3-dependent manner. Overexpres-
sion of PFKFB3 improved the effects on angiogenesis caused by
decreased MALAT1 expression in ECs. Based on these findings, the
MALAT1/miR-26/PFKFB3 axis regulates EC angiogenesis by modu-
lating glycolysis and plays a key role in the pathogenesis of EOPE.

The ceRNA hypothesis was first proposed by Salmena et al.37 in 2011
and describes how lncRNAs function as molecular sponges of miR-
NAs to regulate mRNA expression levels, which may have important
functions in pathophysiological processes. Many studies have shown
that ceRNAs are an important mechanism underlying the regulatory
functions of MALAT1.38 Although the relevant miRNAs were shown
to be able to regulate or be regulated by MALAT1, they are rarely re-
ported in PE.31 In the present study, PFKFB3 expression was
decreased whenMALAT1 was knocked out, and a negative regulatory
relationship was observed between MALAT1 and miR-26a/26b and
between miR-26a/26b and PFKFB3. The binding sites for MALAT1
in miR-26a/26b and for miR-26a/26b in PFKFB3 were confirmed
by the results of dual-luciferase experiments. RNA pull-down assays
were performed to further verify the correlation between MALAT1
and miR-26a/26b expression. Finally, we co-transfected cells with
sh-MALAT1 and miR-26a/26b inhibitors. The expression of PFKFB3
in the inhibitor-transfected group was increased compared with its
expression in the control group transfected with only sh-MALAT1.
These outcomes confirmed that MALAT1 regulated PFKFB3 expres-
sion by sponging miR-26a/26b via a ceRNA mechanism.

Decreased MALAT1 expression in tissues from patients with EOPE
reduces glycolysis in ECs in a PFKFB3-dependentmanner and inhibits
EC proliferation,migration, and tube formation. Thus, we suggest that
PFKFB3-driven glycolysis plays a role in EOPE pathogenesis. Yalcin
et al.39,40 reported that F-2,6-BP, the product of PFKFB3, promotes
cell cycle progression and controls cell proliferation by activating cy-
clin-dependent kinase 1 (Cdk1). Additionally, Jia et al.41 identified the
interaction of PFKFB3 with Cdk4, which controls the transition from
theG1phase to S phase of the cell cycle. Compared to these studies, our
research also supported the participation of PFKFB3 in the regulation
of the cell cycle of ECs.MALAT1 knockdown caused cell cycle arrest at
theG1/S phase, whereas overexpression of PFKFB3 reversed the effect.

On the other hand, we verified that PFKFB3 promotes protrusion for-
mation, as PFKFB3 overexpression reversed the inhibitory effects of
Figure 3. MALAT1 regulates PFKFB3 expression via miR-26a and miR-26b in E

(A and B) After transfection with sh-NC and sh-MALAT1, the mRNA expression levels o

PFKFB3 (B) were measured in ECs. (C) PFKFB3 mRNA and protein expression in ECs t

representation of the putative miR-26a andmiR-26b binding sites in MALAT1. (E) Dual-lu

plasmid andmiR-26a/26b. (F) RNA pull-down assays were performed using biotin-labele

andmiR-26a/26b expression were performed using the pull-down products. (G) Schema

Dual-luciferase reporter assay in cells co-transfected with the PFKFB3 WT or MUT repo

the sh-NC +miR-26a inhibitor, and the sh-MALAT1 +miR-26a inhibitor, themRNA expre

PFKFB3 (J) were measured in ECs. (K and L) After transfection with sh-NC, sh-MALAT1,

expression levels of MALAT1, PFKFB3, and miR-26b (K) and the protein expression leve

three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.000
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MALAT1 knockdown on filopodia and lamellipodia formation. The ef-
fect of PFKFB3 on cell motility is consistent with the findings reported
by De Bock et al.14 and Schoors et al.,42 who revealed that PFKFB3 is
important for EC movement and that PFKFB3-driven glycolysis regu-
lates vessel sprouting. The study byDeBock and colleagues14 confirmed
that glycolysis occurs in filopodia and lamellipodia during cell migra-
tion, whereas PFKFB3 binds to the actin cytoskeleton to promote
high local ATP production required for cytoskeletal remodeling.
Currently, the mechanisms underlying the effect of PFKFB3-driven
glycolysis on EC angiogenesis have not been completely elucidated. Ac-
cording to recent studies, up- or downregulation of PFKFB3 expression
does not alter the relative expression levels of genes involved in tip or
stalk cell behavior, suggesting that glycolysis directly modulates angio-
genesiswithout any geneticmodulation.12,14,43Thus, ECmetabolism, in
parallel with genetic signals, mediates angiogenesis. However, re-
searchers have not clearly determined how ECs change their metabolic
state, for example, from a static state to an active state, and the specific
regulatory mechanism requires further study.

In addition to PFKFB3-mediated regulation of cell cycle progression
and cell motility, many other glycolysis-related mechanisms are
involved in angiogenesis and the development of diseases. For
instance, lactate levels are increased as an end result of the glycolytic
process, and lactate functioning as a signaling molecule stimulates
angiogenesis by activating hypoxia-inducible factor 1-alpha (HIF-
1a) and increasing the vascular endothelial growth factor (VEGF)
levels44 or by inducing nuclear factor kB (NF-kB) activation and
interleukin-8 (IL-8) expression.45 Additionally, the metabolite cross-
talk between ECs and other cell types is also an interesting, yet
outstanding, question. Based on accumulating evidence, communi-
cating cells regulate metabolic pathways in opposing cells and may
promote disease development via this mechanism.46 For example,
in the heart, cardiomyocyte-derived exosomes modulate glycolysis
in ECs.47 In addition to abundant vascular ECs, a large number of tro-
phoblasts are also present in the placenta. However, little is known
about the mechanism of metabolic regulation between ECs and tro-
phoblasts. Further studies are needed to determine whether tropho-
blast metabolites affect the glycolysis of ECs and play a role in EOPE.

Although our study documented a role for PFKFB3-mediated glycol-
ysis in angiogenesis, other metabolic pathways, such as the PPP, polyol
pathway, and FAO pathway, may also influence this process.48–50 For
Cs

f MALAT1, miR-26a, miR-26b, and PFKFB3 (A) and the protein expression level of

ransfected with the mimic-NC, miR-26a mimic, and miR-26b mimic. (D) Schematic

ciferase reporter assay in cells co-transfected with the MALAT1WT or MUT reporter

d sense or antisense MALAT1, and quantitative real-time PCR analyses for MALAT1

tic representation of the putative miR-26a andmiR-26b binding sites in PFKFB3. (H)

rter plasmid and miR-26a/26b. (I and J) After transfection with sh-NC, sh-MALAT1,

ssion levels of MALAT1, PFKFB3, andmiR-26a (I) and the protein expression level of

the sh-NC +miR-26b inhibitor, and the sh-MALAT1 + miR-26b inhibitor, the mRNA

l of PFKFB3 (L) were measured in ECs. The data are presented as the mean ± SD of

1 using one-way ANOVA and Student’s t test. n.s., not significant.



Figure 4. MALAT1 regulates glycolytic activity and EC angiogenesis through PFKFB3

Cells were transfected with sh-NC, sh-MALAT1, the sh-NC + PFKFB3 plasmid, or the sh-MALAT1 + PFKFB3 plasmid. (A) MALAT1 and PFKFB3 mRNA expression in ECs.

(B) PFKFB3 protein expression in ECs. (C) Extracellular lactate production and the cellular levels of ATP, NADPH, and ROSwere measured in ECs. (D) The proliferation of ECs

was determined using CCK-8 assays. (E) The cell cycle phase of ECs was determined using flow cytometry. (F) Themigration of ECs was determined using Transwell assays.

(G) Tube formation of ECs was determined by performing tube-formation assays. (H) Filopodia (arrowheads) and lamellipodia (arrows) were measured in ECs stained with

Alexa Fluor 488-labeled phalloidin. All images in (F) were obtained at 200�magnification, whereas images in (G) were obtained at 100�magnification, and images in (H) were

obtained at 1,000�magnification. The data are presented as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 using

one-way ANOVA.
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Figure 5. A schematic diagram depicting how

MALAT1 competitively binds miR-26a and miR-26b

to regulate EC angiogenesis bymodulating PFKFB3-

driven glycolysis in ECs
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example, FAOplays an important role inEC function. Carnitine palmi-
toyl transferase 1a (CPT1a) is a rate-controlling enzyme in the fatty acid
metabolic pathway and is abundant in ECs. Decreased CPT1a levels
result in vascular sprouting defects due to impaired cell proliferation,
and glucose and glutamine metabolism are unable to compensate for
this effect.50 Thus, different metabolic changes or differences in the ac-
tivity levels of specific pathwaysmaydriveECs throughdifferentmech-
anisms. However, different metabolic pathways are not completely
independent, and they often exert synergistic effects. For example,
the PPP is a side pathway of glycolysis that uses glucose-6-phosphate
(G6P), an intermediate product of glycolysis, to generate NADPH
for redox balance.51 In addition, NADPH also plays an important
role in the synthesis of lipids, nucleotides, and amino acids and pro-
motes the angiogenic activity of ECs.52 Many questions remain as to
how ECs integrate the regulation of multiple metabolic pathways,
although a few regulators have been identified. Therefore, a good prac-
tice is to study transcript and protein and metabolite levels using mul-
tiomics technologies to clarify the mechanism of EC metabolism. In
addition to the reported metabolic pathway, these techniques may
also recognize new metabolic pathways related to EC function.

Angiogenesis plays an important role in the development of EOPE.
Therefore, many studies have been conducted to target this process
by regulating angiogenic signals, such as VEGF. However, this effect
may be lost by compensating for other angiogenic factors. Emerging
evidence highlights that genetic and metabolic signals regulate angio-
genesis. Therefore, we suggest that the regulation of angiogenesis by
targeting PFKFB3-mediated glycolysis of ECs should be further inves-
tigated as a promising therapeutic strategy in EOPE treatment.

CONCLUSIONS
In summary, decreased MALAT1 and PFKFB3 expression in tis-
sues from patients with EOPE correlated with EC dysfunction
(Figure 5). By performing in vitro experiments, we showed that
PFKFB3 regulates EC proliferation, migration, and tube formation
by modulating glycolysis. Furthermore, we described a novel reg-
ulatory mechanism between MALAT1 and PFKFB3, where
904 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
MALAT1 functions as a ceRNA of miR-26a/
26b to regulate PFKFB3 expression in ECs.
Finally, MALAT1 regulates EC angiogenesis
via PFKFB3-driven glycolysis. Taken together,
our results suggest that the MALAT1/miR-
26a and miR-26b/PFKFB3 axes participate in
regulating EC angiogenesis through effects on
glycolysis. These findings have improved our
understanding of the specific mechanism of
action of the MALAT1/miR-26/PFKFB3 axis
in EOPE and provide PFKFB3 as a potential therapeutic target
for EOPE.

MATERIALS AND METHODS
Tissue collection

Placental and umbilical cord tissues from the healthy control group
(n = 16) and placental tissues from patients with EOPE (n = 16)
were collected during cesarean section. These patients were aged
26–37 years. PE was diagnosed according to the criteria of the Amer-
ican College of Obstetricians and Gynecologists (ACOG).53 EOPE
was defined as PE that developed prior to 34 weeks of gestation. Pa-
tients who smoked or had multiple gestations, fetal structural or
genetic anomalies, maternal infection, and any other confounding
pathology (diabetes mellitus, renal disease, chronic hypertension, hy-
perthyroidism, and hypothyroidism) were excluded.

After delivery of the placenta, specimens, approximately 3 to 5 cm
from the umbilical cord attachment site (on the chorionic side, full
thickness), were clipped and then washed with sterile phosphate-buff-
ered saline (PBS). Each specimen was divided into two parts: one was
fixed with 4% formaldehyde and then embedded in paraffin for IHC,
and the other was frozen in liquid nitrogen to extract RNA and pro-
tein. HUVECs were extracted from normal cord samples for subse-
quent experiments. Informed consent was obtained with approval
from the Local Ethics Committee of Tongji Medical College, Huaz-
hong University of Science and Technology. All patients signed an
informed consent form before entering the study.

Cell culture

In this study, we used primary HUVECs to build a model of vascular
ECs in vitro.

HUVECs were isolated from freshly obtained human umbilical cords
of normal patients without EOPE. The tissues were digested enzymat-
ically with collagenase type I (0.1%; Sigma-Aldrich, St. Louis, MO,
USA) for 15 min at 37�C. After the incubation, the collagenase solu-
tion containing HUVECs was flushed from the cord by perfusion
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with EC medium (ECM) to stop digestion. Then, the filtrate was
centrifuged at 1,000 rpm for 5 min to separate HUVECs from the
collagenase, and HUVECs were resuspended in ECM containing
10% fetal bovine serum (FBS). The HUVECs were placed in a culture
flask and incubated in an atmosphere with 5% CO2 at 37�C.

quantitative real-time PCR

Total RNA, including miRNAs, was extracted from the tissue samples
and cultured cells using TRIzol Reagent (Vazyme Biotech, Nanjing,
China). The cDNA templates were synthesized with a PrimeScript RT
Reagent Kit (Takara, Tokyo, Japan), and quantitative real-time PCR
was performed using a StepOnePlus Real-Time PCR system (Applied
Biosystems, CA, USA) with a preset PCR program. b-Actin was used
as an internal control to quantify mRNA expression, and U6 was used
as an internal control to quantify miRNA expression. The quantitative
real-timePCRprimer sequences are shown inTable S1.ThePCRcycling
conditions were as follows: 95�C for 120 s, followed by 95�C for 10 s,
60�C for 30 s, and 72�C for 30 s, with a dissociation program consisting
of 95�C for 60 s, 55�C for 60 s, and 95�C for 10 s. The relative expression
levels of the target genes were calculated using the 2�DDCt method.

FISH assay

The FISH assay was performed in paraffin-embedded placental tis-
sues. Carboxyfluorescein (FAM)-labeled, MALAT1-specific probes
were designed and synthesized by Siwega (Wuhan, China), and the
probe sequence was 50-GATTCTGTGTTATGCCTGGTTAGGTAT
GAGC-30. Briefly, paraffin-embedded tissues were de-waxed and re-
hydrated. After prehybridization in PBS, the tissues were hybridized
overnight at 37�C in hybridization solution. Then, cell nuclei were
counterstained with 40,6-diamidino-2-phenylindole (DAPI; C1002;
Beyotime, Jiangsu, China). Images were obtained using a fluorescence
microscope (200� magnification; Nikon, Tokyo, Japan).

WB analysis

The total proteins extracted from cells and tissues were quantified
with a bicinchoninic acid (BCA) protein assay kit (P0010S; Beyo-
time). The protein samples were incubated for 10 min at 95�C;
then, proteins (30 mg) were subjected to 10% SDS-PAGE and trans-
ferred to polyvinylidene fluoride (PVDF) membranes (0.45 mm pore
size; Millipore, MA, USA). The blots were incubated with 5% skim
milk in Tris-buffered saline containing 0.05% Tween 20 (TBST) at
room temperature for 1 h and then incubated overnight at 4�C
with the rabbit polyclonal anti-PFKFB3 (1:1,000; 13763-1-AP; Pro-
teintech, Chicago, IL, USA) or rabbit monoclonal anti-beta-actin
(1:2,000; 20536-1-AP; Proteintech) primary antibodies. Subsequently,
the membranes were washed with TBST and incubated with a second-
ary anti-rabbit antibody (1:4,000; Affinity Biosciences, OH, USA) for
1 h at room temperature. The proteins were visualized using the
enhanced chemiluminescence method (WBKLS0500; Millipore), ac-
cording to the manufacturer’s recommendations.

IHC analysis

The placental tissues were embedded in paraffin for the IHC analysis.
The procedures for IHC detection are described below. First, for anti-
gen retrieval, rehydrated paraffin sections were heated in citrate buffer
(pH 6.0) for 15 min. Then, endogenous peroxidase activity was
quenched by incubating the sections with 3% H2O2 for 20 min and
blocking the sections with 10% normal goat serum for 1 h. After
washing, the sectionswere incubatedwith theprimary antibody against
PFKFB3 (1:500; 13763-1-AP; Proteintech) at room temperature for 1 h.
Finally, the slides were incubated with horseradish peroxidase-conju-
gated goat anti-rabbit immunoglobulin G (IgG; 1:1,000; Santa Cruz,
CA, USA) for 30 min. Diaminobenzidine tetrahydrochloride was
used as a substrate, and sectionswere lightly counterstainedwith hema-
toxylin, dehydrated, and mounted.

Cell transfection

The pEX-1 vector (GenePharma, Shanghai, China) was used for
PFKFB3 overexpression, and an empty plasmid vector was used as a
control. PFKFB3 was silenced by siRNAs, and si-NC, serving as a
NC, was purchased from RiboBio (Guangzhou, China). Three
siRNAs targeting the PFKFB3 gene were designed and synthesized,
and the most effective siRNA (si-3) identified by quantitative real-
time PCR was utilized for further experiments. Four shRNAs targeting
the MALAT1 gene were designed and synthesized by GenePharma,
and the most effective shRNA (sh-5277) identified by quantitative
real-time PCR was used for further experiments. The overexpression
and inhibition of miR-26a/26b were achieved using miR-26a/26b
mimics and miR-26a/26b inhibitors, respectively, with NC mimics
and NC inhibitors serving as controls (GenePharma). These plasmids
were transfected into cells using Lipofectamine 3000 Reagent (Thermo
Fisher Scientific, Waltham, MA, USA) as required. The cells were
transfected for 48 h and then collected for subsequent analyses.

Measurements of total lactate, ATP, and ROS levels and the

NADPH/NADP+ ratio

Extracellular lactate, cellular ATP, ROS, and intracellular NADPH
levels were measured using the following assay kits, according to
the manufacturers’ instructions: lactate (K607-100; BioVision, Milpi-
tas, CA, USA), ATP (S0027; Beyotime), ROS (S0033; Beyotime), and
NADPH/NADP+ ratio (ab65349; Abcam, Cambridge, MA, USA).

Luciferase reporter assay

The 30 UTR of PFKFB3 or MALAT1 containing miR-26a/26b putative
binding sites was amplified and cloned into a pmirGlo vector (Gene-
Pharma). 1 day before transfection, cells were plated in 24-well plates
at a density of 5 � 105 cells per well. The cells were co-transfected
with the WT or MUT luciferase vectors and miR-26a, miR-26b, or
the controls using Lipofectamine 3000 Reagent (Thermo Fisher Scienti-
fic). After a 48-h incubation, the relative luciferase activitywasmeasured
with a Dual-Luciferase Reporter System (Promega, Madison,WI, USA)
using a Multimode Reader (Infinite M1000; Tecan, Switzerland).

RNA pull-down assay

Biotin-labeled sense and antisense MALAT1 sequences were synthe-
sized by Genecreate (Wuhan, China). RNA pull-down assays were
performed with a Magnetic RNA-Protein Pull-Down Kit (20164;
Pierce, Rockford, IL, USA). According to the manufacturer’s
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 905

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
instructions, biotinylated RNA was captured with streptavidin mag-
netic beads and then incubated with cell lysates. TRIzol was used to
purify the bound RNAs, and quantitative real-time PCR was em-
ployed to measure the levels of MALAT1 and miR-26a/26b.

Cell proliferation assay

The cell proliferation assay was performed using a CCK-8 assay
(C0038; Beyotime). Transfected cells were seeded on 96-well plates
at a density of 2 � 103/100 mL cells per well. The proliferation level
was determined at 0, 24, 48, and 72 h after transfection. The CCK-
8 solution (10 mL) was added to each well, followed by 1 h of incuba-
tion in the dark at 37�C. The absorbance at 450 nm was measured
using a Multimode Reader (Infinite F50; Tecan).

Cell cycle analysis using flow cytometry

Cells were fixed overnight at 4�C with 70% ethanol. Afterward, the
cells were washed with PBS and stained with propidium iodide
(PI). The cell cycle was analyzed using a flow cytometer (LSRFortessa;
BD Biosciences, San Jose, CA, USA), and percentages of cells in the
G0/G1, S, and G2/M phases were calculated using ModFit software.

Cell migration assay

Transwell units (24-well plates, insert membranes with 8 mm pores;
Corning Costar, NY, USA) were not coated with Matrigel to investi-
gate the cell migration capacities. In each well, transfected HUVECs
(5 � 104 cells/well) were resuspended in 200 mL of serum-free ECM
and placed in the upper chamber, and 500 mL of complete medium
was added to the lower chamber. The Transwell units were incubated
under an atmosphere with 5% CO2 at 37�C for 24 h; the cells andMa-
trigel were removed from the upper-membrane surface and stained
with 0.1% crystal violet for 20 min at 37�C. The number of cells on
the underside of the membrane was counted under a light microscope
(200� magnification; Olympus, Tokyo, Japan). Five randomly
selected fields were counted per insert.

Tube-formation assay

HUVECs (3 � 104 cells/well) were resuspended in 100 mL of condi-
tioned medium and then seeded in 96-well plates coated with Matri-
gel (356234; BD Biosciences). After an incubation for 3�6 h at 37�C,
tube-like structures formed and were imaged using a microscope
(100� magnification; Olympus). Photomicrographs from each well
were captured, and the total length of tubes was analyzed using Im-
ageJ software (NIH, Bethesda, MD, USA).

Filopodia and lamellipodia formation assay

The protrusive structures at the leading edge of a motile cell are called
lamellipodia and filopodia. Filopodia were defined as thin, finger-like
structures that extend from the cell surface. Lamellipodia were
defined as broad and flat sheet-like cellular protrusions.36

Cellswerefixedwith 4%formaldehyde, incubatedwithAlexa Fluor 488-
labeled phalloidin, and the nuclei were stained with mounting medium
containing DAPI. All images were captured using a confocal micro-
scope (1,000� magnification; Olympus). The length of filopodia and
the area of lamellipodia in cells were analyzed using ImageJ software.
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Statistical analysis

All data are presented as the mean ± SD. Statistical analyses were per-
formed usingGraphPad Prism 5.01 software (GraphPad Software) and
SPSS 19.0 statistical software (SPSS). For variables with a normal distri-
bution, unpaired Student’s t test was used to determine the significance
of differences between twogroups, whereas one-wayANOVAwasused
for comparisons among three or more groups. p <0.05 was considered
significant. All data were obtained fromR3 independent experiments.
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