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MiR-19a-3p Promotes Aerobic Glycolysis in Ovarian Cancer
Cells via IGFBP3/PI3K/AKT Pathway
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Abstract. Aerobic glycolysis is a prominent feature of
cancer. Here, we reported that miR-19a-3p promotes
aerobic glycolysis in ovarian cancer cells SKVO3
and ES-2 by increased production of ATP, lactic acid,
extracellular acidification (ECAR), and increased
expression of PKM2, LDHA, GLUT1 and GLUTS3.
Further study showed that over-expression of
IGFBP3, the target of miR-19a-3p, decreases aerobic
glycolysis in ovarian cancer cells, while knockdown
of IGFBP3 expression increases aerobic glycolysis.
The rescue assay suggested that miR-19a-3p promotes
aerobic glycolysis in ovarian cancer cells through
targeting IGFBP3. Moreover, over-expression of
miR-19a-3p or silencing of IGFBP3 expression pro-
moted activation of AKT, which is important for
aerobic glycolysis in cancer cells, indicating that
miR-19a-3p promotes aerobic glycolysis in ovarian
cancer cells through the IGFBP3/PI3K/AKT path-
way. This suggests that miR-19a-3p and IGFBP3 may
serve as potential treatment targets of ovarian cancer.

Introduction

The statistics of global cancer 2020 reported over
300,000 new cases of ovarian cancer (OC) and approxi-

Received October 29, 2023. Accepted December 12, 2023.

This study was supported by the Natural Science Foundation of
Ningxia province (2022AAC03182).

Corresponding author: Ru Bai, School of Basic Medical Sciences,
Ningxia Medical University, Yinchuan, 1160 Shengli St., Xing-
qing District, 750004, China. Phone: (+86)138 954 04179; e-mail:
bairu@nxmu.edu.cn

Abbreviations: AKT — protein kinase B, ECAR — extracellular
acidification, GLUT1 — glucose transporter type 1, GLUT3 — glu-
cose transporter type 3, IGF — insulin-like growth factor, IGFBP3 —
insulin-like growth factor binding-protein 3, LDHA — lactate
dehydrogenase A, miR-19a-3p — microRNA-19a-3p, miRNA(s) —
microRNA(s), OC — ovarian cancer, PI3K — phosphoinositide
3-kinase, PKM2 — pyruvate kinase isozyme type M2, qPCR —
quantitative real-time PCR, RNAi — RNA interference, RT — re-
verse transcription, TCA — tricarboxylic acid cycle.

mately 210,000 cases of ovarian cancer-related deaths
in the world, indicating the serious threat of ovarian can-
cer to women’s health (Sung et al., 2021). Due to the
lack of early symptoms and early diagnostic biomarkers
of ovarian cancer, 70 % of ovarian cancers have pro-
gressed to advanced stage with pelvic and abdominal
metastases at first diagnosis, leading to poor treatment
outcomes (Lin et al., 2020). The majority of ovarian
cancer patients survive less than five years (Maringe et
al., 2012); therefore, it is necessary to explore the under-
lying mechanism of ovarian cancer in order to ensure
earlier diagnosis and better treatment outcomes.

Aerobic glycolysis is the most prominent feature of
tumour cells even when they are well oxygenated (Ha-
nahan et al., 2011). In tumour cells, glucose is metabo-
lized to pyruvate, followed by conversion to lactate by
lactate dehydrogenase (LDH) to circumvent the mito-
chondrial tricarboxylic acid cycle (Vazquez et al., 2016;
Park et al., 2020). PKM2 is the M2 isoform of pyruvate
kinase and serves as a sensor and regulator of tumour
glucose metabolism. PKM?2 often switches between tet-
ramer and dimer forms to determine whether the con-
version of glucose to pyruvate is used for energy or for
biosynthetic processes (Wu et al., 2013; Li et al., 2019b).
In 1924, Warburg firstly observed aerobic glycolysis;
therefore, it is also known as the Warburg effect.

MicroRNAs (miRNAs) are small endogenous non-
coding RNAs consisting of approximately 20 to 25 nu-
cleotides, and they target one or more mRNAs and regu-
late gene expression through inhibiting the translation
of or disrupting the target mRNAs. As regulators of
post-transcriptional mRNA expression, miRNAs are
widely dysregulated in a variety of tumours including
ovarian cancer (He and Hannon, 2004; Hill and Tran,
2021). In our previous study, we found that the expres-
sion of miR-19a-3p was significantly increased in ovar-
ian cancer tissues, and it could promote proliferation
and invasion of ovarian cancer cells (Bai et al., 2019). In
the present study, we further found that miR-19a-3p
promotes aerobic glycolysis in ovarian cancer cells via
IGFBP3/PI3K/AKT signalling. These findings may pro-
vide new insights into the development of novel methods
for ovarian cancer diagnosis and treatment.
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Material and Methods

Cell culture

Human normal ovarian epithelial cells (IOSE80) were
purchased from Tianjin Saier Biotechnology (Tianjin,
China) and cultured in RPMI-1640 medium (Hyclone,
Logan, UT) supplemented with 10 % foetal bovine se-
rum (FBS) (Hyclone), 100 units/ml penicillin, and 100
pg/ml streptomycin (Solarbio, Beijing, China). Ovarian
cancer cell lines SKOV3 and ES-2 were cultured as pre-
viously described (Bai et al., 2019).

Establishment of stable ovarian cancer cell lines

Lentiviral vectors expressing miR-19a-3p or insu-
lin-like growth factor binding-protein 3 (IGFBP3) (LV-
miR-19a-3p or LV-IGFBP3) and siRNAs for miR-19a-
3p or IGFBP3 (LV-IGFBP3-RNAi or LV-IGFBP3-RNAI),
and corresponding negative controls, respectively (LV-
miR-19a-3p-NC or LV-IGFBP3-NC, LV-miR-19a-3p-
inhibition-NC or LV-IGFBP3-RNAi-NC), were pur-
chased from GeneChem (Shanghai, China). SKOV3
and ES-2 cells were infected with different lentiviruses
for 72 h and selected with 1 pg/ml puromycin for three
weeks (Bai et al., 2019).

RNA isolation and RT-qPCR

A Total RNA Kit (TianGen, Beijing, China) was used
to purify total RNA from the cell lines. mRNA reverse
transcription (RT) and qPCR were performed using a
PrimeScript™ RT reagent Kit (Takara, Beijing, China)
and TB Green® Premix Ex Taq™ II (Takara), respec-
tively. The primers were synthesized by Sangon Biotech
(Shanghai, China) and the primer sequences are listed in
Table 1. The expression of miRNA or mRNA was calcu-
lated by the 24T method, using U6 or B-actin, respec-
tively, as an internal reference control for miRNA or
gene expression assays.

Table 1. The primer sequences for RT-gPCR

Western blots

Cells were lysed with pre-cooling lysis buffer for
30 min to extracted protein. After separation by SDS-
PAGE, the protein was transferred to polyvinylidene
difluoride (PVDF) membranes and blocked for 1.5 h at
room temperature. The PVDF membranes were incuba-
ted at 4 °C overnight with indicated primary antibodies
(Proteintech, Wuhan, China), including anti-IGFBP3,
anti-AKT, anti-pAKT, anti-PKM2, anti-LDHA, anti-
GLUT]1, anti-GLUT?3, and anti-B-actin (loading control,
Bioss, Beijing, China). After washing, the membranes
were incubated with secondary antibody (Bioss) for 1.5 h
at room temperature. The membranes were developed
using the ECL kit (NCM Biotech, Suzhou, China) after
washing. The target signals were quantified using Image-J
software and normalized using B-actin.

Analysis of ATP and lactate production

The Enhanced ATP Assay Kit (Beyotime, Shanghai,
China) and colorimetric lactate kit (Solarbio) were used
to examine ATP and lactate, respectively, according to
the manufacturer’s protocol. For ATP assays, renilla lu-
minometer units (RLU) were read by a luminometer
(PerkinElmer, Waltham, MA). For lactate assays, the
absorbance at 570 nm was read by a multifunctional mi-
croplate reader at room temperature.

Extracellular acidification rate (ECAR) assays

A Seahorse XF Glycolysis Stress Test Kit (Agilent,
Santa Clara, CA) was used to measure the extracellular
acidification rate (ECAR) of ovarian cancer cells, accord-
ing to the manufacturer’s instructions. In brief, SKOV3
and ES-2 (2 x 10%) cells were seeded into XFe24 micro-
plates. Before experiments, the cartridge sensor was hy-
drated overnight in a CO,-free incubator, cell culture me-
dium was replaced, and cells were then incubated with
assay medium for 1 h at 37 °C in a CO,-free incubator,

Gene Sequence (5'—3")
miR-19a-3p Forward: TGCGGTGTGCAAATCTATGCA
Reverse: CCAGTGCAGGGTCCGAGGT
RT: GTCGTATCCAGTGCAGGGTCCGAGGTGCACTGGATACGACTCAGTTTTGC
U6 Forward: TGCGGGTGCTCGCTTCGGCAGC
Reverse: CCAGTGCAGGGTCCGAGGT
RT: GTCGTATCCAGTGCAGGGTCCGAGGTGCACTGGATACGACAAAATATGG
PKM?2 Forward: ACTGGCATCATCTGTACCATTG
Reverse: AGCCACATTCATTCCAGACTTA
LDHA Forward: AGGTGATCAAACTCAAAGGCTA
Reverse: CCCAAAATGCAAGGAACACTAA
GLUTI Forward: CTCCTGGTGATGCTTAGTGCCTTG
Reverse: GCTGTTGTTCCGAGTGGGCAGTG
GLUT3 Forward: TTCAATGCTGATTGTCAACCTG
Reverse: GCATTTCAACCGACTTAGCTAC
P-actin Forward: CCTGGCACCCAGCACAAT
Reverse: GGGCCGGACTCGTCATAC
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followed by sequential addition of glucose (100 mM),
oligomycin (100 uM) and 2-deoxyglucose (500 mM).
All measurements were recorded at set time intervals.
ECAR after oligomycin treatment indicates glycolytic
capacity.

Statistical analysis

All experiments were independently run at least three
times. Statistical results were expressed as mean + SD
and the data were analysed using SPSS 26.0 (IBM,
Armonk, NY) with two-tailed Student’s #-test. The P
value < 0.05 was considered statistically significant.

Results

MiR-19a-3p promotes aerobic glycolysis in
ovarian cancer cells

Our previous study has shown that the expression of
miR-19a-3p is up-regulated in ovarian cancer tissues
(Bai et al., 2019). In this study, by RT-qPCR examina-
tion of miR-19a-3p expression, we found that the ex-
pression of miR-19a-3p was significantly higher in ES-2
and SKOV3 ovarian cancer cells as compared with that
in normal ovarian cells IOSE80 (Fig. 1A). To under-
stand the correlation between miR-19a-3p and aerobic
glycolysis in ovarian cancer cells, we established ovari-
an cancer cells that stably over-express miR-19a-3p, or
its expression is knocked down by a lentivirus contain-
ing green luciferase, and the efficiency of miR-19a-3p
expression was measured by RT-qPCR (Fig. 1B—C). We
found that over-expression of miR-19a-3p and knock-
down of miR-19a-3p expression promotes and inhibits,
respectively, ATP and lactate production in ovarian can-
cer cells (Fig. 1D-E). Hydrogen ions produced by aero-
bic glycolysis in tumour cells cause an acidic environ-
ment outside the cell, while the extracellular acidification
rate (ECAR) can directly reflect the level of cellular
glycolysis. Further examination of the glucose metabo-
lism showed a significant increase in ECAR and maxi-
mal glucose metabolism capacity in ovarian cancer cells
over-expressing miR-19a-3p, whereas down-regulation
of miR-19a-3p expression inhibited ECAR and maxi-
mal glucose metabolism capacity (Fig. 1F-G), suggest-
ing that miR-19a-3p promotes aerobic glycolysis in
ovarian cancer cells.

MiR-19a-3p increases glycolytic gene
expression in ovarian cancer cells

PKM2 determines whether the glucose carbohydrates
are degraded to pyruvate and lactate, or carbohydrates
are transported to the synthetic process. LDHA controls
the conversion between pyruvate and lactate. GLUT1
and GLUTS3 are essential for the transportation of glu-
cose into the cell. The expression of these molecules is
altered in the process of aerobic glycolysis. Therefore,
we evaluated the expression of PKM2, LDHA, GLUT1
and GLUT3 in ovarian cancer cells with miR-19a-3p

over-expression or knockdown, as measured by qPCR
and Western blots. We observed that over-expression of
miR-19a-3p increases the expression of PKM2, LDHA,
GLUT1 and GLUT3, while knockdown of miR-19a-3p
expression decreases the expression of these glycolytic
genes at both mRNA (Fig. 2A-D) and protein levels
(Fig. 2E-F) in ovarian cancer cells. Thus, these finding
indicated that miR-19a-3p regulates expression of key
molecules that are important in aerobic glycolysis.

IGFBP3 inhibits aerobic glycolysis in ovarian
cancer cells

We have previously found that IGFBP3 is a function-
al target of miR-19a-3p (Bai et al., 2019). Therefore, we
examined the expression of IGFBP3 in ovarian cancer
cells and normal ovarian epithelial cells by Western
blot. The level of IGFBP3 protein in ES-2 and SKOV3
was significantly lower than that of IOSE80 cells (Fig.
3A). IGFBP3 was over-expressed or knocked down us-
ing lentivirus transduction in SKOV3 and ES-2 cells
and lentiviruses carrying red luciferase. The over-ex-
pression or knockdown of IGFBP3 was successfully
confirmed through the observation of red luciferase, and
the expression level of IGFBP3 was determined by
Western blots (Fig. 3B—C). By over-expression of
IGFBP3 or knocked down IGFBP3 expression, we
found that ATP production (Fig. 3D), lactate production
(Fig. 3E), and ECAR levels (Fig. 3F) and glycolytic ca-
pacity (Fig. 3G) were decreased or increased, respec-
tively, in ovarian cancer cells. In addition, we found that
over-expression of IGFBP3 or knockdown of IGFBP3
expression suppresses or promotes, respectively, the
expression of mRNA (Fig. 3H) and protein expression
(Fig. 31-J) of PKM2, LDHA, GLUT1 and GLUTS3, sug-
gesting that IGFBP3 suppresses ovarian cancer cell
aerobic glycolysis.

MiR-19a-3p regulates aerobic glycolysis
through IGFBP3 in ovarian cancer cells

Considering that knockdown of IGFBP3 expression
and over-expression of miR-19a-3p showed similar re-
sults in the regulation of aerobic glycolysis in ovarian
cancer cells, we hypothesized that miR-19a-3p increas-
es aerobic glycolysis through reduced expression of
IGFBP3 in ovarian cancer cells. To prove that, we over-
expressed IGFBP3 in ES-2 and SKOV3 cells with miR-
19a-3p over-expression or knockdown and observed the
green and red luciferase together to confirm the co-ex-
pression of IGFBP3 and miR-19a-3p in ovarian cancer
cells (Fig. 4A-B). We found that over-expression of
IGFBP3 counteracts the promotion of aerobic glycoly-
sis including ATP production (Fig. 4C), lactate produc-
tion (Fig. 4D), and ECAR levels (Fig. 4E) and glyco-
lytic capability (Fig. 4F) by miR-19a-3p over-expression
in ovarian cancer cells. Meanwhile, we found that the
inhibition of ATP, lactate, ECAR and glycolytic capabil-
ity caused by miR-19a-3p knocking down was signifi-
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Fig. 1. MiR-19a-3p promotes aerobic glycolysis in ovarian cancer cells. (A) Quantification of miR-19a-3p expression in
ovarian cancer cells. U6 was used as the internal control. (B—C) Fluorescence graph (100x magnification) and qPCR
shows establishment of stable ovarian cell lines ES-2 (B) and SKOV3 (C) with over-expression of miR-19a-3p or knocked
down miR-19a-3p expression. (D-G) Quantification of ATP level (D), lactate concentration (E), ECAR (F) and glycolytic

capacity (G) in cells with miR-19a-3p over-expression or knockdown. P < 0.05; *P <0.01,

sk

P <0.001. Each experiment

was repeated thrice (N = 3). ECAR: extracellular acidification rate; qPCR: quantitative polymerase chain reaction.

cantly counteracted by down-regulation of IGFBP3 ex-
pression (Fig. 4C—F).

MiR-19a-3p regulates the IGFBP3/PI3K/AKT
pathway in ovarian cancer cells

IGFBPs can bind to insulin-like growth factor 1 (IGF-1)
to inhibit its binding to IGFR, and therefore inhibit the
activation of IGFR’s downstream PI3K/AKT. In order
to explore whether miR-19a-3p regulates aerobic gly-
colysis through the PI3K/AKT pathway in ovarian can-
cer cells, we detected the activation of AKT in SKOV3
and ES-2 cell lines. We found that AKT activation is
decreased in ovarian cancer cells when IGFBP3 is over-
expressed, and knockdown of IGFBP3 expression in-
creases the AKT activation (Fig. 5SA). Furthermore, we
observed that miR-19a-3p over-expression promotes
AKT activation, while knockdown of miR-19a-3p ex-
pression inhibits the AKT activation (Fig. 5B). In line
with these results, the AKT activation caused by miR-
19a-3p over-expression was counteracted by IGFBP3
over-expression, while knockdown of IGFBP3 expres-
sion rescued the inhibition of AKT activation by down-

regulation of miR-19a-3p expression in ovarian cancer
cells (Fig. 5C). These results further suggested that
miR-19a-3p increases the activation of the PI3K/AKT
pathway by inhibiting IGFBP3 expression in SKOV3
and ES-2 cell lines. Taken together, these data showed
that miR-19a-3p promotes aerobic glycolysis in ovarian
cancer cells by targeting the IGFBP3/PI3K/AKT axis
(Fig. 5D).

Discussion

MiRNAs regulate the aerobic glycolysis in various
tumour cells by interacting with key enzymes and cel-
lular signalling pathways (Zhang et al., 2022). It has
been shown that miR-383 down-regulates the expres-
sion level of lactate dehydrogenase A (LDHA) in ovarian
cancer cells, thereby inhibiting glycolysis (Han et al.,
2017). MiR-203 promotes aerobic glycolysis in ovarian
cancer cells by directly targeting pyruvate dehydroge-
nase B (PDHB) (Xiaohong et al., 2016). MiR-603 over-
expression can inhibit aerobic glycolysis in ovarian can-
cer cells through directly targeting hexokinase 2 (HK2)
(Lu et al., 2019). Our research found that miR-19a-3p
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Fig. 2. MiR-19a-3p increases glycolytic gene expression in ovarian cancer cells. (A-D). mRNA expression of PKM2 (A),
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increases the expression of PKM2, LDHA and glucose
transporter proteins GLUT1 and GLUT3, which in turn
enhances the Warburg effect in SKOV3 and ES-2 cell
lines, while inhibition of miR-19a-3p expression attenu-
ated aerobic glycolysis, suggesting that miR-19a-3p is
an important deriving factor for reprogramming glyco-

lysis in ovarian cancer cells. Rescue assays proved the
promotive function of miR-19a-3p in aerobic glycolysis
in ovarian cancer cells by targeting IGFBP3.

The function of miRNAs depends on targeting and
regulating the expression of target genes. In our previous
study, IGFBP3 was identified as a direct and functional
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Fig. 3. IGFBP3 inhibits aerobic glycolysis in ovarian cancer cells. (A) IGFBP3 expression in ovarian cancer cells by
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SKOV3 cells with IGFBP3 over-expression or knockdown. (H) mRNA expression of PKM2, LDH, GLUT1, GLUT3 in
ovarian cancer cells with IGFBP3 over-expression or knockdown by qPCR analysis. B-Actin served as an internal control.
(I-J) Western blot images (I) and quantitative analysis (J) of PKM2, LDH, GLUT1, GLUT3 protein expression in ovarian
cancer cells with IGFBP3 over-expression or knockdown, using B-actin as a loading control. "P < 0.05; “P < 0.01, ™P <

0.001. Each experiment was done thrice (N = 3).
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Fig. 4. MiR-19a-3p regulates aerobic glycolysis through IGFBP3 in ovarian cancer cells. (A—B) Fluorescence graph (100x
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<0.05; "P <0.01, ™P < 0.001. Each experiment was done thrice (N = 3).

target gene of miR-19a-3p (Bai et al., 2019). IGFBP3 is
the most abundant IGF-binding protein in the circula-
tion and is one of the important carriers of IGF (Jogie-
Brahim et al., 2009). Recent research has confirmed that
IGFBP3 acts as a key regulator in tumour development
and progression. In glioma cells, low expression of
IGFBP3 induces apoptosis and DNA damage, thereby
inhibiting tumour growth (Chen et al., 2019). In the se-
rum of colon cancer patients, IGFBP3 expression is

down-regulated and positively correlates with poorer
clinical prognosis (Hou et al., 2019). Transforming
growth factor f (TGF-P) activates IGFBP3, which in
turn promotes the migration and invasion of colon can-
cer cells (Navarro et al., 2020). The expression level of
IGFBP3 is significantly increased and promotes brain
metastasis in lung adenocarcinoma cells (Yang et al.,
2019). In contrast to the anti-tumour role of IGFBP3,
some studies suggest that IGFBP3 might be a tumour



170 L.Duetal. Vol. 69
ES-2 SKOV3
A £ 8 e e &8 - -
ES-2 SKOV3 ﬁi 28— 484 m
— — =% -8 =
AKT [ -] [ - - ) b= = 52
P — | —ad LG - q>) ._._‘; 5
f-actin £E 10 £ E
5 = 8 S
é 3 w0 X 8 = 2 1
o R o o T T e g2 °° o5
& N o > Cﬁ% o B o8 5y og 3
AR & £ ¥ e"’\l,\cﬁ 5 £ oo R
S i $ S . 3 B
e S C o 20 (W & & (O . P e <Y
Qﬁ’\A\O(‘?’&P“X\n)R“\A © Q“)‘\A 06?$P>\}\3X§
NI e - DAMNEHE At
\ﬂ,G \)«;%Q%q,\c’? R G \»Q$Q”>q\c§‘
REO AR \j‘\o
B ES-2 SKOV3
o B8 1sy 22y =
<825 M %3
B i3
5 ; 20 n.a ;
o 0 - 1.0+
5 £ 1.0 5 é
= g8 " g 2 05 &
SO o 3C T O o SO o5 o0s = 58
DY g0, ,b;JQ G 2O 2 B > @
MG @ QAW O ae s g 58
ST o R X A g 3 & 0.0 < g 0.0-
g o s O il C o 2O a0 R o
N ” [0\ SN o5 A ~6 Sgd®
\9'5336\?‘ \36\“:&\ \9%:5353‘\ \0\'(‘02,\ .
Qe i - G -
PR ,3?.’:&-\% o W ’5?'\“. 9“"5
PO v AN
REs v
C ES-2 SKOV3 ES-2  SKOV3
=1 £=}
ES-2 SKOV3 ES-2 SKOV3 Eg 1.5 %'@ g A
AKT [ — — — (- - - ie — 1 3= -
© o -
- & le— 33 1] 33 10
pacin [ | - —] 2 L3
& £ C £ - C > LE’ § 0.5 g g
DT b SIS gl e g B 0o = E 7 05
0‘?6?3 of AX \6@2’: 7 e R @N\z Q3V~3$$Ps;$?n,x* 5 g :;:,_ =
AT SRS LI L ge 2e 2.2
A 9‘65? b)) g,b,'bQ ‘\GQ o \0§ o S 8 g3
’\%:;Q «;&,\. m:><é* (6&,\ = »6\*‘°‘\X. “X§ -6\(‘°‘\X S & 00- S & o0
PR VUGN R S LT SN St 5 & b5 C v O
’ S S o e 0‘??’?3?,?@ R S e
el e 7 W o I RS Lt £l
2T RSt e SIS LS
A M g v -9 L e o © ool Sl |
~ ~ X > O A N AL a9
$ < 2 A g ™
'?{\q'b q’«\\ q{\ e A(\o(\x_ \30\\\ \\ox \6\‘0\\\
o ¥ v ) \{(o\ A ‘&0\
3 A A a0
e @ s
\}1,6‘\ A% \}1,6‘\ v
D P P ATP
miR-19a-3p —|—| P3K —> AKT =] aerobic glycolysis I—» Lactic acid
ECAR
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promoter, depending on the cellular environments (Jin
et al., 2020). In this study, we found that IGFBP3 inhi-
bits aerobic glycolysis in ovarian cancer cells. We fur-
ther found that down-regulation of IGFBP3 promotes
the activation of the PI3K/AKT signalling pathway,
which is downstream of the type 1 IGF receptor (IGF1R)

system. The PI3K/AKT signalling pathway regulates
protein biosynthesis, cell growth, migration, drug resis-
tance (Tian et al., 2023), and it is closely linked to glu-
cose metabolism in tumour cells (Wang et al., 2017; Park
et al., 2020). Research has found that the PI3K/AKT
pathway promotes metabolic reprogramming by regu-
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lating glycolytic enzymes to enhance the expression of
glycolysis-related genes (Bonelli et al., 2020). These
enzymes such as PKM2 can promote the proliferation of
osteosarcoma (Shen et al., 2019), lung cancer (Lin et al.,
2021), pancreatic cancer (Cai et al., 2022) and gastric
cancer (Li et al., 2019a, c) cells by direct or indirect par-
ticipation in the regulation of gene expression in the gly-
colysis pathway (Zhang et al., 2021). It has been report-
ed that CD36 promotes the growth and metastasis of
hepatocellular carcinoma cells by regulating the aerobic
glycolysis in cells through the PI3K/AKT signalling
pathway (Luo et al., 2021). In colorectal cancer cells,
the activation of the PI3K/AKT signalling pathway
leads to up-regulation of hypoxia-inducible factor la
(HIF-1a), which promotes aerobic glycolysis and al-
lows tumour cells to acquire drug resistance (Dong et
al., 2022). Vitamin K2 enhances glucose consumption
and lactic acid production by PI3K/AKT and HIF-1a to
promote glycolysis in bladder cancer cells, reduce syn-
thesis of acetyl coenzyme A and inhibit the TCA cycle
(Duan, 2020). Copine-1 (CPNE1) promotes the prolif-
eration and aerobic glycolysis of colorectal cancer cells
by activating the AKT-GLUT1/HK2 signalling pathway
(Wang et al., 2021). It was shown that activated AKT
promotes the accumulation of GLUT1 on the cell mem-
brane and glucose uptake by cells, which in turn pro-
motes aerobic glycolysis in tumour cells (Hosios and
Manning, 2021). In the present study, we found that
miR-19a-3p enhances the activation of the PI3K/AKT
pathway by suppressed expression of IGFBP3 in ovari-
an cancer cells. Further studies are needed to identify
the potential roles of miR-19a-3p in the energy metabo-
lism of ovarian cancer that are meaningful in the patho-
genesis and therapy of ovarian cancer.

Taken together, our findings reveal that miR-19a-3p
is a critical regulator for promoting aerobic glycolysis in
ovarian cancer cells. It targets and down-regulates the
expression of IGFBP3, which in turn increases the acti-
vation of the PI3K/AKT signalling pathway, providing a
new insight into the possible application of miR-19a-3p
in the treatment of ovarian cancer.

Conclusion

MiR-19a-3p mediated targeting of the IGFBP3/PI3K/
AKT axis that promotes aerobic glycolysis in ovarian
cancer cells. MiR-19a-3p has a potential to become a
novel therapeutic target of ovarian cancer.

Conflicts of interest

The authors declare that they have no conflicts of in-
terest.

Authors’ contributions

Author contribution: study conception and design: Ru
Bai, data collection: Lijun Du, Kaikai Dou, Dan Zhang,
Nianhai Liang, Huidong Xia, Ningping Wang, analysis
and interpretation of results: Lijun Du, draft manuscript
preparation: Lijun Du, Ru Bai, Jianmin Sun.

Availability of data and materials

All data of this work can be obtained from the corre-
sponding authors by reasonable request.

Ethics approval

This study was approved by the Ethical Committee of
Ningxia Medical University (Protocol Number: 2021-
N0024).

References

Bai, R., Cui, Z., Ma, Y. et al. (2019) The NF-kB-modulated
miR-19a-3p enhances malignancy of human ovarian can-
cer cells through inhibition of IGFBP-3 expression. Mol.
Carcinog. 58, 2254-2265.

Bonelli, M., Terenziani, R., Zoppi, S. et al. (2020) Dual inhibi-
tion of CDK4/6 and PI3K/AKT/mTOR signaling impairs
energy metabolism in MPM cancer cells. Int. J. Mol. Sci.
21, 5165.

Cai, K., Chen, S., Zhu, C. et al. (2022) FOXD1 facilitates pan-
creatic cancer cell proliferation, invasion, and metastasis
by regulating GLUT1-mediated aerobic glycolysis. Cell
Death Dis. 13, 765.

Chen, C., Chen, P. Y,, Lin, Y. Y. et al. (2019) Suppression of
tumor growth via IGFBP3 depletion as a potential treat-
ment in glioma. J. Neurosurg. 132, 168-179.

Dong, S., Liang, S., Cheng, Z. et al. (2022) ROS/PI3K/Akt
and Wnt/B-catenin signalings activate HIF-la-induced
metabolic reprogramming to impart S-fluorouracil resis-
tance in colorectal cancer. J. Exp. Clin. Cancer Res. 41, 15.

Duan, F., Mei, C., Yang, L. et al. (2020) Vitamin K2 promotes
PI3K/AKT/HIF-1a-mediated glycolysis that leads to
AMPK-dependent autophagic cell death in bladder cancer
cells. Sci. Rep. 1, 7714.

Han, R. L., Wang, F. P, Zhang, P. A. et al. (2017) miR-383 in-
hibits ovarian cancer cell proliferation, invasion and aero-
bic glycolysis by targeting LDH. Neoplasma 64, 244-252.

Hanahan, D., Weinberg, R. A. (2011) Hallmarks of cancer: the
next generation. Cell 144, 646-674.

He, L., Hannon, G. J. (2004) MicroRNAs: small RNAs with a
big role in gene regulation. Nat. Rev. Genet. 5, 522-531.
Hill, M., Tran, N. (2021) miRNA interplay: mechanisms and

consequences in cancer. Dis. Model. Mech. 14, 1-9.

Hosios, A. M., Manning, B. D. (2021) Cancer signaling drives
cancer metabolism: AKT and the Warburg effect. Cancer
Res. 81, 4896-4898.

Hou, Y. L., Luo, P, Ji, G. Y. et al. (2019) Clinical significance
of serum IGFBP-3 in colorectal cancer. J. Clin. Lab. Anal.
33, e22912.

Jin, L., Shen, F., Weinfeld, M. et al. (2020) Insulin growth fac-
tor binding protein 7 (IGFBP7)-related cancer and IGFBP3
and IGFBP7 crosstalk. Front. Oncol. 10, 727.

Jogie-Brahim, S., Feldman, D., Oh, Y. (2009) Unraveling in-
sulin-like growth factor binding protein-3 actions in human
disease. Endocr. Rev. 30, 417-437.

Li, H., Xu, H., Xing, R. et al. (2019a) Pyruvate kinase M2
contributes to cell growth in gastric cancer via aerobic gly-
colysis. Pathol. Res. Pract. 215, 152409.



172 L. Duetal.

Vol. 69

Li, T., Han, J., Jia, L. et al. (2019b) PKM2 coordinates glycol-
ysis with mitochondrial fusion and oxidative phosphoryla-
tion. Protein Cell 10, 583-594.

Li, Y., Xu, Q., Yang, W. et al. (2019c) Oleanolic acid reduces
aerobic glycolysis-associated proliferation by inhibiting
yes-associated protein in gastric cancer cells. Gene 712,
143956.

Lin, L. H., Chou, H. C., Chang, S. J. et al. (2020) Targeting
UDP-glucose dehydrogenase inhibits ovarian cancer
growth and metastasis. J. Cell. Mol. Med. 24, 11883-11902.

Lin, S., Li, Y., Wang, D. et al. (2021) Fascin promotes lung
cancer growth and metastasis by enhancing glycolysis and
PFKFB3 expression. Cancer Lett. 518, 230-242.

Lu, J., Wang, L., Chen, W. et al. (2019) miR-603 targeted
hexokinase-2 to inhibit the malignancy of ovarian cancer
cells. Arch. Biochem. Biophys. 661, 1-9.

Luo, X., Zheng, E., Wei, L. et al. (2021) The fatty acid recep-
tor CD36 promotes HCC progression through activating
Src/PI3K/AKT axis-dependent aerobic glycolysis. Cell
Death Dis. 12, 328.

Maringe, C., Walters, S. Butler, J. et al. (2012) Stage at diag-
nosis and ovarian cancer survival: evidence from the Inter-
national Cancer Benchmarking Partnership. Gynecol. On-
col. 127, 75-82.

Navarro, R., Tapia-Galisteo, A., Martin-Garcia, L. et al.
(2020) TGF-B-induced IGFBP-3 is a key paracrine factor
from activated pericytes that promotes colorectal cancer
cell migration and invasion. Mol. Oncol. 14, 2609-2628.

Park, J. H., Pyun, W. Y., Park, H. W. (2020) Cancer metabo-
lism: phenotype, signaling and therapeutic targets. Cells 9,
2308.

Shen, Y., Zhao, S., Wang, S. et al. (2019) S1P/S1PR3 axis pro-
motes aerobic glycolysis by YAP/c-MYC/PGAMI1 axis in
osteosarcoma. EBioMedicine 40, 210-223.

Sung, H., Ferlay, J., Siegel, R. L. et al. (2021) Global Cancer
Statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA
Cancer J. Clin. 71, 209-249.

Tian, L. Y., Smit, D. J., Jicker, M. (2023) The role of PI3K/
AKT/mTOR signaling in hepatocellular carcinoma metab-
olism. Int. J. Mol. Sci. 24, 2652.

Vazquez, A., Kamphorst, J. J., Markert, E. K. et al. (2016)
Cancer metabolism at a glance. J. Cell Sci. 129, 3367-
3373.

Wang, L., Guo, W., Ma, J. et al. (2017) Aberrant SIRT6 ex-
pression contributes to melanoma growth: role of the au-
tophagy paradox and IGF-AKT signaling. Autophagy 7,
1-16.

Wang, Y., Pan, S., He, X. et al. (2021) CPNEI enhances
colorectal cancer cell growth, glycolysis, and drug resis-
tance through regulating the AKT-GLUT1/HK2 pathway.
Onco Targets Ther. 14, 699-710.

Wu, S., Le, H. (2013) Dual roles of PKM2 in cancer metabo-
lism. Acta Biochim. Biophys. Sin. (Shanghai) 45, 27-35.
Xiaohong, Z., Lichun, F., Na, X. et al. (2016) MiR-203 pro-
motes the growth and migration of ovarian cancer cells by
enhancing glycolytic pathway. Tumor Biol. 37, 14989-

14997.

Yang, L., Li, J., Fu, S. et al. (2019) Up-regulation of insulin-
like growth factor binding protein-3 is associated with
brain metastasis in lung adenocarcinoma. Mol. Cells 42,
321-332.

Zhang, C., Liu, N. (2022) Noncoding RNAs in the glycolysis
of ovarian cancer. Front. Pharmacol. 13, 855488.

Zhang, Q., Han, Z., Zhu, Y. et al. (2021) Role of hypoxia in-
ducible factor-1 in cancer stem cells (review). Mol. Med.
Rep. 23, 17.



