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n enhances adriamycin
cytotoxicity by inhibiting glycolysis in adriamycin-
resistant acute myeloid leukemia HL60/ADR cells

Li Chen,† Hongmian Zhao, †* Chao Wang and Ning Hu

Taurine-upregulated gene 1 (TUG1) has been reported as an oncogenic long non-coding RNA (lncRNA) in

acute myeloid leukemia (AML). Nevertheless, the roles and molecular mechanism of TUG1 in drug

resistance of AML cells are still unclear. Glycolysis level was evaluated by detecting glucose consumption

and lactate production. qRT-PCR and Western blot were performed to detect TUG1, hexokinase2 (HK2)

and pyruvate kinase isoenzyme M2 (PKM2) expressions. Adriamycin (ADR) cytotoxicity and apoptosis

were assessed by MTT assay and flow cytometry, respectively. The changes of the protein kinase B (Akt)

pathway were determined by Western blot analysis of phosphorylated-Akt (p-Akt) (ser473) and Akt. Our

results showed that glycolysis was increased in HL60/ADR cells, as evidenced by the elevated glucose

consumption and lactate production, as well as the increased HK2 and PKM2 expressions at mRNA and

protein levels. TUG1 was up-regulated in HL60/ADR cells and TUG knockdown inhibited glycolysis. TUG1

knockdown enhanced ADR-induced cytotoxicity and apoptosis in HL60/ADR cells. TUG1 knockdown

inhibited the Akt pathway and activation of the Akt pathway by 740Y-P attenuated the effects of TUG1

knockdown on ADR-induced cytotoxicity and apoptosis, as well as glycolysis in HL60/ADR cells. Taken

together, TUG1 knockdown enhances adriamycin cytotoxicity in HL60/ADR cells via inhibiting the

glycolysis by inactivating the Akt pathway.
1. Introduction

Acute myeloid leukemia (AML) is a clinically and biologically
heterogeneous hematopoietic malignant disorder characterized
by the uncontrolled proliferation and accumulation of imma-
ture myeloid cells in the bone marrow and peripheral blood.1

AML is the most common form of leukemia in adults,
comprising up to 12% of all leukemia in adults, with the lowest
survival rate in all leukemia cases.2 Nowadays, anthracycline-
based chemotherapy is the mainstay of the treatment
approach for AML and adriamycin (ADR) is a commonly used
anthracycline drug in the treatment of AML.3 Despite thera-
peutic advancement in treating AML during the last decades,
the majority of patients diagnosed with AML experience relapse
and eventually succumb to this disease aer standard induction
chemotherapy, and resistance to chemotherapy still represents
a principle cause of relapse and treatment failure in AML.4

Thus, deciphering the molecular mechanism underlying the
drug resistance of AML cells is necessary for exploring novel
effective candidates for AML chemotherapy.
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It is well known that cancer cells frequently exhibit abnor-
mally high rates of aerobic glycolysis known as the Warburg
effect, characterized by the increased glucose uptake and lactate
production in an oxygen-independent manner.5 The up-
regulated aerobic glycolysis is a well-recognized hallmark in
human tumors, especially in drug resistant cancer cells.6 Many
related enzymes of aerobic glycolysis such as hexokinase2
(HK2), and pyruvate kinase isoenzyme M2 (PKM2) have been
reported to be linked to the development of drug resistance in
tumor cells.7

Long non-coding RNAs (lncRNAs) are a class of evolution-
arily conserved non-coding RNA molecules comprising more
than 200 nucleotides in length which not translate protein.8 It is
well documented that lncRNAs are implicated in various bio-
logical processes by regulating gene expression at epigenetic,
transcriptional, posttranscriptional and translational levels.9

LncRNAs are frequently aberrantly expressed in almost all
human tumors and play important roles in the initiation and
progression of cancers.10 To date, increasing studies have re-
ported the close association between the dysregulated lncRNAs
and drug resistance in a wide range of tumors.11 LncRNA
taurine-upregulated gene 1 (TUG1), a 7.1 kb lncRNA located at
chromosome 22q12, was originally identied as a transcript
which is up-regulated in response to taurine in the retinal cells
of newborn mice.12 Recent studies have reported that TUG1
generally serves an oncogenic role in the development of several
RSC Adv., 2019, 9, 10897–10904 | 10897
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tumors including AML.13 However, no studies are available for
the roles and molecular mechanism of TUG1 in the drug
resistance of AML cells.

Phosphoinositide 3-kinase (PI3K) is constituted by two
subunits, the p85 subunit (PI3K p85) and the p110 subunit
(PI3K p110). Protein kinase B (Akt), generally regarded as one
main PI3K effector, has been reported to play crucial roles in
cell viability, apoptosis, and glycolysis.14–16 As a well known PI3K
agonist, 740Y-P peptide can bind specically to PI3K p85
subunit and activate p85, thus phosphorylate Akt on Ser 473.17,18

In our study, we demonstrated for the rst time that TUG1
expression level and glycolysis were increased in ADR-resistant
AML cells (HL60/ADR). Furthermore, we demonstrated that
TUG1 knockdown enhanced ADR cytotoxicity by inhibiting
glycolysis via inactivating the protein kinase B (Akt) pathway,
shedding light on the roles and molecular mechanism of TUG1
in ADR resistance of AML cells.

2. Materials and methods
2.1. Cell culture and transfection

Human AML HL60 and HL60/ADR cells were purchased from
the Chinese Academy of Sciences (Shanghai, China). Cells were
incubated with RPMI 1640 medium (Hyclone, Logan, UT, USA)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Gibco, Grand Island, NY, USA), 2 mM L-glutamine (Sigma-
Aldrich, St. Louis, MO, USA), and 1% penicillin/streptomycin
(Sigma-Aldrich) at 37 �C in a humidied air atmosphere of
95% air/5% CO2. To maintain the multidrug resistance
phenotype, 1 mg mL�1 of ADR (Sigma-Aldrich) was added to the
culture medium of HL60/ADR cells. Small interfering RNAs
(siRNAs) targeting TUG1 (si-TUG1-1 and si-TUG1-2) and siRNA
control (si-con) were purchased from GenePharma Co., Ltd.
(Shanghai, China). For analysis of the function of TUG1 in AML
cells, HL60 and HL60/ADR cells were seeded into 6-well plates
and transfected with si-TUG1-1, si-TUG1-2, or si-con using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer's instructions. On account of the higher
knockdown efficiency of si-TUG1-2, we selected si-TUG1-2 (si-
TUG1) for the following experiments (see Section 3.2 for more
details).

2.2. Detection of glucose consumption and lactate
production

HL60 and HL60/ADR cells were seeded into 24-well plates at
a density of 2 � 104 cells per well and transfected with or
without si-TUG1 or si-con, or combined with exposure to 15 mM
740Y-P (Tocris Bioscience, Shanghai, China) for 48 h. The
culture medium was then collected and glucose concentration
and lactate production were determined using a glucose assay
kit (Biovision, Mountain View, CA, USA) and a Lactate Assay kit
(Biovision), respectively.

2.3. Cell viability assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was performed to evaluate cell viability.
10898 | RSC Adv., 2019, 9, 10897–10904
Briey, HL60 and HL60/ADR cells (1 � 104 cells per well) were
seeded in 96-well plates and treated with appointed concen-
trations of ADR or 2 mM glycolysis inhibitor 2-deoxy-D-glucose
(2-DG; Sigma-Aldrich) for 48 h. In addition, HL60/ADR cells
transfected with si-TUG1 or si-con were administrated with 5
mM ADR or in combination with 15 mM 740Y-P for 48 h.
Subsequently, 20 mL of MTT dye (5 mg mL�1, Sigma-Aldrich)
was added into each well, followed by incubation for another
4 h at 37 �C. Aer incubation, the culture medium was removed
and 150 mL dimethyl sulfoxide (DMSO) was added to solubilize
the purple formazan crystals with gentle shaking. The absor-
bance value was recorded at 570 nm using the ELx800 Absor-
bance Microplate Reader (Bio-rad, Hercules, CA, USA).

2.4. Flow cytometry analysis of apoptosis

HL60/ADR cells transfected with si-TUG1 or si-con were exposed
to 5 mM ADR or combined with 15 mM 740Y-P for 48 h. Aer
treatment, HL60/ADR cells were collected by centrifugation and
apoptosis was assessed using Annexin V-uorescein iso-
thiocyanate (FITC) apoptosis detection kit (KeyGen, Nanjing,
China). The apoptotic cells were examined by a FACSCalibur
ow cytometer (BD Biosciences, San Jose, CA, USA).

2.5. Quantitative real-time PCR (qRT-PCR)

HL60 and HL60/ADR cells were transfected with or without si-
TUG1-1, si-TUG1-2, or si-con, or combined with treatment
with 15 mM 740Y-P for 48 h and total RNA was then extracted
from treated HL60 and HL60/ADR cells using TRIzol reagent
(Invitrogen). Approximately 1 mg of total RNA was immediately
reverse-transcribed into rst-strand cDNA using a Reverse
Transcription Kit (Takara, Dalian, China). For the detection of
TUG1, HK2, and PKM2 mRNA expressions, qPCR was con-
ducted using SYBR® Green Real-Time PCR Master Mixes
(Thermo Fisher Scientic, Waltham, MA, USA) on the StepO-
nePlus qPCR system (Thermo Fisher Scientic). GAPDH was
used as a quantitative normalization and the relative gene
expression was calculated using the 2�DDCt method. The primer
sequences are as below: TUG1, forward 50-TAG CAG TTC CCC
AAT CCT TG-30, reverse 50-CAC AAA TTC CCA TCA TTC CC-30;
HK2 mRNA, forward 50-TGT GCG TAA TGG CAA GCG GAG G-30,
reverse 50-CCA CGG CAA CCA CAT CCA GGT C-30; PMK2 mRNA,
forward 50-GAG TAC CAT GCG GAG ACC AT-30, reverse 50-GCG
TTA TCC AGC GTG ATT TT-30; GADPH mRNA, forward 50-GAG
TCA ACG GAT TTG GTC GT-30, reverse 50-TTG ATT TTG GAG
GGA TCT CG-30.

2.6. Western blot analysis

HL60 and HL60/ADR cells were treated with or without si-TUG1
or si-con, or combined with 5 mM ADR or 15 mM 740Y-P for 48 h.
Aer treatment, HL60 and HL60/ADR cells were collected and
lysed in Radioimmunoprecipitation Assay Lysis Buffer (Beyo-
time, Haimen, China) containing a protease inhibitor cocktail
(Roche, Indianapolis, IN, USA). Proteins were harvested and
protein concentration was quantied with a BCA protein assay
kit (Beyotime). Protein samples (20 mg per lane) were subjected
to 10% SDS-PAGE and electrotransferred onto the
This journal is © The Royal Society of Chemistry 2019
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polyvinylidene diuoridemembrane (PVDF, Millipore, Billerica,
MA, USA). The membranes were blocked with 5% non-fat milk
in TBS containing 1% Tween-20 (TBST) for 2 h and probed with
primary antibodies including anti-HK2 (Cell Signaling Tech-
nology, Danvers, MA, USA), anti-PKM2 (Cell Signaling Tech-
nology), anti-phosphorylated Akt (p-Akt) (Ser473) (Cell Signaling
Technology), anti-Akt (Cell Signaling Technology) and anti-b-
actin (Cell Signaling Technology) overnight at 4 �C, followed by
incubation with horseradish peroxidase-conjugated secondary
antibodies (Cell Signaling Technology) for 1 h at room
temperature. Aer being washed with TBST, the immunoreac-
tive proteins were visualized using enhanced chem-
iluminescence reagent (Amersham Biosciences, Piscataway, NJ,
USA).
2.7. Statistical analysis

All experimental results are expressed as mean � standard
deviation (SD) from three independent experiments. The
statistical analysis was performed by the GraphPad Prism 6
(GraphPad Soware, Inc., La Jolla, CA, USA) with Student's t-test
and one-way analysis of variance (ANOVA). P-values < 0.05 were
regarded as statistically signicant.
3. Results
3.1. Glycolysis was increased in HL60/ADR cells

To determine the glycolysis level in ADR-resistant AML cells,
glucose consumption and lactate production in HL60/ADR and
HL60 cells were measured. As displayed in Fig. 1A and B, the
glucose consumption and lactate production in HL60/ADR cells
were increased compared to those in HL60 cells. HK2 and PKM2
are identied as two key enzymes in regulating aerobic glycol-
ysis. qRT-PCR and Western blot analysis results demonstrated
that the mRNA and protein levels of HK2 (Fig. 1C and E) and
PKM2 (Fig. 1D and F) were increased in HL60/ADR cells with
Fig. 1 Glycolysis was increased in HL60/ADR cells. (A and B) Glucose co
D) qRT-PCR analysis of the mRNA expressions of HK2 and PKM2 in HL60/
of HK2 and PKM2 in HL60/ADR and HL60 cells. *P < 0.05.

This journal is © The Royal Society of Chemistry 2019
respect to those in HL60 cells. These results suggested that
glycolysis was increased in HL60/ADR cells.
3.2. TUG1 was up-regulated in HL60/ADR cells

The expression prole of TUG1 in HL60/ADR and HL60 cells
was detected by qRT-PCR. The results manifested that a higher
expression of TUG1 was observed in HL60/ADR cells versus
HL60 cells (Fig. 2A). To address the biological function of TUG1
in regulating ADR resistance of AML cells, HL60/ADR cells were
transfected with si-TUG1-1, si-TUG1-2, or si-con. qRT-PCR
results showed that TUG1 expression was reduced in HL60/
ADR cells transfected with si-TUG1-1 or si-TUG1-2 in compar-
ison with si-con-transfected group (Fig. 2B). Due to the higher
knockdown efficiency of si-TUG1-2, we chose si-TUG1-2 (here-
aer called si-TUG1) for subsequent experiments.
3.3. TUG1 knockdown inhibited glycolysis in HL60/ADR
cells

We analyzed the effects of TUG1 on glycolysis in HL60/ADR
cells. The results displayed that TUG1 depletion led to a reduc-
tion of glucose consumption and lactate production in HL60/
ADR cells when compared with si-con-transfected group
(Fig. 3A and B). Meanwhile, the expressions of HK2 (Fig. 3C and
E) and PKM2 (Fig. 3D and F) at mRNA and protein levels were
decreased following transfection with si-TUG1 relative to si-con
group in HL60/ADR cells. Collectively, we concluded that TUG1
knockdown inhibited glycolysis in HL60/ADR cells.
3.4. TUG1 knockdown enhanced ADR cytotoxicity in HL60/
ADR cells

ADR cytotoxicity in HL60 and HL60/ADR cells was evaluated by
MTT assay and the results showed that ADR suppressed cell
viability in a dose-dependent manner in both HL60 and HL60/
ADR cells but exhibited a higher cytotoxicity to HL60 cells
nsumption and lactate production in HL60/ADR and HL60 cells. (C and
ADR and HL60 cells. (E and F) Western blot analysis of the protein levels

RSC Adv., 2019, 9, 10897–10904 | 10899
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Fig. 2 TUG1 was highly expressed in HL60/ADR cells. (A) qRT-PCR analysis of TUG1 expression in HL60/ADR and HL60 cells. (B) qRT-PCR
analysis of TUG1 expression in HL60/ADR cells transfected with si-TUG1-1, si-TUG1-2, or si-con. *P < 0.05.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 9
:3

2:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(Fig. 4A and B), suggesting the ADR resistance of HL60/ADR
cells. To clarify the effect of TUG1 on ADR cytotoxicity in
HL60/ADR cells, 5 mM of ADR was selected for next analysis.
MTT assay indicated that TUG1 knockdown suppressed cell
viability and exacerbated ADR-induced cytotoxicity in HL60/
ADR cells compared with si-con group (Fig. 4C). In addition,
we found that treatment with 2-DG, a glycolysis inhibitor, also
prominently repressed cell viability of HL60/ADR cells (Fig. 4C).
According to the aforementioned results, it is reasonable to
infer that TUG1 knockdown enhanced ADR cytotoxicity in
HL60/ADR cells via inhibiting glycolysis.
3.5. TUG1 knockdown enhanced ADR-induced apoptosis in
HL60/ADR cells

Furthermore, ow cytometry analysis demonstrated that
silencing of TUG1 effectively promoted apoptosis in HL60/ADR
cells (Fig. 5). Moreover, we found that ADR treatment induced
apoptosis of HL60/ADR cells, while TUG1 depletion notably
Fig. 3 TUG1 knockdown inhibited glycolysis in HL60/ADR cells. HL60/A
Glucose consumption and lactate production in HL60/ADR transfecte
expressions of HK2 and PKM2 in HL60/ADR cells introduced with si-TUG
and PKM2 in si-TUG1- or si-con-treated HL60/ADR cells. *P < 0.05.

10900 | RSC Adv., 2019, 9, 10897–10904
strengthened ADR-induced apoptosis in HL60/ADR cells
(Fig. 5). Additionally, administration with 2-DG also increased
the percentage of apoptotic cells in HL60/ADR cells with respect
to control group (Fig. 5). These results suggested that TUG1
knockdown enhanced ADR-induced apoptosis in HL60/ADR
cells via suppressing glycolysis.
3.6. TUG1 knockdown inhibited the Akt pathway in HL60/
ADR cells

Recent studies have shown that the Akt pathway is frequently
constitutively activated in AML and contributes to drug resis-
tance.19 We therefore analyzed the effects of TUG1 on the Akt
pathway in HL60/ADR cells by Western blot. The results implied
that the phosphorylation of Akt was impeded following TUG1
knockdown in HL60/ADR cells (Fig. 6A and B). Moreover, TUG1
silencing also restrained ADR-induced increase of Akt phos-
phorylation in HL60/ADR cells (Fig. 6A and B). These ndings
DR cells were transfected with si-TUG1 or si-con for 48 h. (A and B)
d with si-TUG1 or si-con. (C and D) qRT-PCR analysis of the mRNA
1 or si-con. (E and F) Western blot analysis of the protein levels of HK2

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 TUG1 knockdown enhanced ADR cytotoxicity in HL60/ADR cells. (A) MTT assay was performed to detect cell viability in HL60 cells after
exposure to the indicated concentrations of ADR (0, 0.1, 0.2, 0.3, 0.4, or 0.5 mM) for 48 h. *P < 0.05 vs. 0 mM ADR group. (B) ADR cytotoxicity was
assessed by MTT assay in HL60/ADR cells treated with a series of concentrations of ADR (0, 2.5, 5, 10, 20, or 40 mM) for 48 h. *P < 0.05 vs. 0 mM
ADR group. (C) Cell viability was detected by MTT assay in HL60/ADR cells after treatment with 2 mM 2-DG for 48 h, or transfected with si-TUG1
or si-con or along with treatment with 5 mM ADR for 48 h. *P < 0.05.
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demonstrated that TUG1 knockdown inhibited the Akt pathway
in HL60/ADR cells.
3.7. Activation of Akt pathway attenuated the effect of TUG1
knockdown on ADR-induced cytotoxicity and apoptosis in
HL60/ADR cells

To further address whether the effects of TUG1 knockdown on
cytotoxicity and apoptosis in HL60/ADR cells were mediated by
the Akt pathway, HL60/ADR cells transfected with si-TUG1 or si-
Fig. 5 TUG1 knockdown enhanced ADR-induced apoptosis in HL60/A
transfected with si-TUG1 or si-con or along with treatment with 5 mM AD
0.05.

This journal is © The Royal Society of Chemistry 2019
con were exposed to 5 mM ADR or combined with 15 mM 740Y-P,
an agonist of the Akt pathway, for 48 h. MTT assay presented
that 740Y-P treatment restored the promotive effect of TUG1
silencing on ADR-induced cytotoxicity in HL60/ADR cells
(Fig. 7A). Flow cytometry analysis uncovered that 740Y-P treat-
ment attenuated TUG1 knockdown-mediated reinforcement on
ADR-induced apoptosis in HL60/ADR cells (Fig. 7B and C).
These data indicated that activation of Akt pathway by 740Y-P
attenuated the effects of TUG1 knockdown on ADR-induced
cytotoxicity and apoptosis in HL60/ADR cells.
DR cells. HL60/ADR cells were treated with 2 mM 2-DG for 48 h, or
R for 48 h, followed by evaluation of apoptosis by flow cytometry. *P <

RSC Adv., 2019, 9, 10897–10904 | 10901
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Fig. 6 TUG1 knockdown inhibited the Akt pathway in HL60/ADR cells. Western blot analysis was performed to detect the protein levels of p-Akt
(Ser473) and Akt in HL60/ADR cells transfected with si-TUG1, si-con, or followed by treatment with 5 mM ADR for 48 h. (A) Representative blots
are shown. (B) Densitometry was analyzed using the image J software and b-actin was used as an internal control. *P < 0.05.
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3.8. Activation of Akt pathway attenuated the effect of TUG1
knockdown on glycolysis in HL60/ADR cells

We explored whether the Akt pathway could affect the effect of
TUG1 knockdown on glycolysis in HL60/ADR cells. As presented
in Fig. 8A and B, 740Y-P treatment relieved the inhibitory effects
of TUG1 knockdown on the glucose consumption and lactate
production in HL60/ADR cells. Meanwhile, depletion of TUG1-
mediated decreases of the mRNA and protein levels of HK2
(Fig. 8C and E) and PKM2 (Fig. 8D and F) in HL60/ADR cells
were abolished following the addition of 740Y-P. Together, we
concluded that activation of Akt pathway by 740Y-P attenuated
the effect of TUG1 knockdown on glycolysis in HL60/ADR cells.

4. Discussion

Resistance to chemotherapeutic drugs constitutes one of the
major obstacles in the clinical treatment of AML. Therefore, it is
desperately needed to elucidate the molecular mechanism
behind drug resistance and nd novel therapeutic approaches
for reversing drug resistance. Recently, the key roles of lncRNAs
in drug resistance in multiple tumors have received increasing
attention. Recent studies have manifested that TUG1 was highly
Fig. 7 Activation of Akt pathway attenuated the effects of TUG1 knock
HL60/ADR cells transfected with si-TUG1 or si-con were exposed to 5
performed to examine ADR cytotoxicity in the treated HL60/ADR cells. (
HL60/ADR cells. (C) The percentage of apoptotic HL60/ADR cells after

10902 | RSC Adv., 2019, 9, 10897–10904
expressed in several tumors, such as epithelial ovarian cancer,20

osteosarcoma,21 and AML,13 whereas its expression was gener-
ally lowly expressed in non-small cell lung carcinoma,22 sug-
gesting the context-dependent roles in different types of
tumors. Moreover, TUG1 has been demonstrated to be associ-
ated with drug resistance in several malignancies. For instance,
TUG1 increased cisplatin sensitivity of triple negative breast
cancer cells by regulating miR-197/nemo-like kinase (NLK) via
inactivating the Wnt pathway.23 On the contrary, TUG1
promoted cell growth and chemoresistance of small cell lung
cancer cells by regulating LIMK2b (a splice variant of LIM-
kinase 2) expression via binding with enhancer of zeste
homolog 2 (EZH2).24 It is previously reported that high expres-
sion of TUG1 associated with advanced disease and worse
prognosis in AML patients, and induced AML cell proliferation
and repressed cell apoptosis.13 However, the roles and molec-
ular mechanism of TUG1 in regulating drug resistance in AML
cells remain largely unknown. In our study, we rstly demon-
strated that TUG1 was up-regulated in HL60/ADR cells
compared with HL60 cells. Functional analysis revealed that
TUG1 knockdown enhanced ADR-induced cytotoxicity and
apoptosis in HL60/ADR cells.
down on ADR-induced cytotoxicity and apoptosis in HL60/ADR cells.
mM ADR or combined with 15 mM 740Y-P for 48 h. (A) MTT assay was
B) Flow cytometry was conducted to analyze apoptosis of the treated
treatment. *P < 0.05.
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Fig. 8 Activation of Akt pathway attenuated the effect of TUG1 knockdown on glycolysis in HL60/ADR cells. HL60/ADR cells were transfected
with si-TUG1 or si-con, or followed by exposure to 15 mM 740Y-P for 48 h. (A and B) Glucose consumption and lactate production in treated
HL60/ADR cells. (C and D) The mRNA expressions of HK2 and PKM2 in the treated HL60/ADR cells were examined by qRT-PCR. (E and F) The
protein levels of HK2 and PKM2 in the treated HL60/ADR cells were determined by Western blot. *P < 0.05.
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Recently, several mechanisms for drug resistance have been
proposed, among which the relevance of altered energy
metabolism, especially aerobic glycolysis, to drug resistance has
been the focus of current researches.25 Experimental data are
accumulating suggesting that elevated aerobic glycolysis is
observed in drug-resistant cancer cells and is identied as an
essential contributor to the development of drug resistance in
various cancer cells including AML.26,27 Therefore, increasing
studies have proposed that inhibition of glycolysis may be an
effective approach to reverse drug resistance in drug-resistant
cancer cells.28,29 miR-125 overexpression increased sensitivity
of 5-uorouracil (5-FU)-resistant cells to 5-FU through inhibi-
tion of glycolysis by targeting HK2.30 Knockdown of lncRNA
UCA1 suppressed the chemoresistance of pediatric AML
through suppressing glycolysis.31 In our study, we found the
elevated glucose consumption and lactate production in HL60/
ADR cells, as well as the increased HK2 and PKM2 expressions
at mRNA and protein levels in HL60/ADR cells, indicating that
glycolysis was increased in HL60/ADR cells, consistently with
the previous studies.26,27 Meanwhile, we demonstrated that
TUG1 knockdown suppressed glycolysis in HL60/ADR cells.
Inhibition of glycolysis by 2-DG repressed cell viability and
induced apoptosis in HL60/ADR cells. Based on the above
results, we inferred that knockdown of TUG1 increased sensi-
tivity to ADR in HL60/ADR cells via inhibition of glycolysis.

The Akt pathway is a well-known important signaling
pathway involved in the regulation of many cellular functions,
such as metabolism, survival, apoptosis and chemotherapy
resistance.32 Recent studies show that the Akt pathway is hyper-
activated in various human malignancies including AML.33

Constitutive activation of the Akt pathway may contribute to
cancer progression and chemotherapy resistance in AML.14
This journal is © The Royal Society of Chemistry 2019
Thus, targeting the Akt pathway might provide an effective
strategy to reverse drug resistance in cancers.34 Herein, our
study proved that TUG1 knockdown suppressed the Akt
pathway in HL60/ADR cells. Activation of the Akt pathway
attenuated the effects of TUG1 knockdown on ADR-induced
cytotoxicity and apoptosis, as well as glycolysis in HL60/ADR
cells, suggesting that TUG1 knockdown increased sensitivity
to ADR in HL60/ADR cells via inhibiting the glycolysis by inac-
tivating the Akt pathway.
5. Conclusion

In summary, we found that TUG1 was up-regulated in HL60/
ADR cells and TUG1 knockdown increased ADR cytotoxicity in
HL60/ADR cells via inhibiting the glycolysis by inactivating the
Akt pathway, which provide a theoretical foundation for the
development of novel AML therapeutic strategies. Therefore,
TUG1 may be a potential therapeutic sensitizer for overcoming
ADR resistance in ADR-resistant AML cells.
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