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Abstract. Cytoprotective autophagy induces tumor cell apoptosis or autophagic programmed cell
death. Autophagy and apoptosis are implicated in the pathogenesis of lung cancer, especially lung
adenocarcinoma. 3-Hydroxybutyrate dehydrogenase type 2 (BDH2), a rate-limiting catalyzer in the
regulation of intracellular iron metabolism and siderophore biogenesis, has been shown to be a tu-
mor suppressor through promotion of cell apoptosis and autophagy. However, the biological role of
BDH2 on lung adenocarcinoma cell apoptosis and autophagy remains unclear. Data from Western
blot and qRT-PCR showed that BDH2 was down-regulated in lung adenocarcinoma cells (A549,
NCI-H1975, PC9) compared to normal human lung cells (BEAS-2B). Functional assays demonstrated
that pcDNA-mediated over-expression of BDH2 reduced cell viability of lung adenocarcinoma cells,
and repressed the proliferation. Cell apoptosis of lung adenocarcinoma was promoted by BDH2
over-expression with up-regulation of Bax and cleaved caspase-3. Over-expression of BDH2 reduced
protein expression of p62 in lung adenocarcinoma cells, enhanced LC3 and Beclin-1. Phosphoryla-
tion of AKT and mTOR in lung adenocarcinoma cells were reduced by BDH2 over-expression. In
conclusion, BDH2 functioned as a tumor suppressor in lung adenocarcinoma through promotion
of Akt/mTOR-mediated cell apoptosis and autophagy.
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Autophagy
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Introduction

Lung cancer, the leading cause of cancer death, ranks second
most common cancer, and the 5-year survival rate of lung
cancer is only 18% (Milosevi¢ et al. 2016). Small cell lung
cancer and non-small cell lung cancer (NSCLC) are the two
types of lung cancer, in which NSCLC accounts for almost
85% of all the lung cancer cases (Tian et al. 2020). Although
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current strategies, including radiotherapy, chemotherapy,
surgical resection, immunotherapy and target therapy,
have been shown to afford curative treatment for NSCLC,
the 10-year survival rate is still less than 10% due to the
tumor metastasis, relapse and drug resistance (Barone et
al. 2015). Lung adenocarcinoma, the most common type
of NSCLC, becomes one of the leading causes of cancer-
related mortality worldwide due to the uncontrolled and
abnormal lung cell growth (Gardiner et al. 2014). The
prognosis of advanced lung adenocarcinoma remains poor
(Kudo et al. 2018), and development of novel therapeutic
agents beneficial for the treatment of lung adenocarcinoma
is urgently needed.

© The Authors 2022. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial use, distribution, and reproduction in any medium, provided the

original work is properly cited.


https://creativecommons.org/licenses/by-nc/4.0/

116

Nie et al.

Autophagy, self-digestion of damaged mitochondria,
misfolded proteins or other unwanted components, par-
ticipates in cell growth and survival and is important for
the maintenance of energy homeostasis (Chen et al. 2021).
Autophagy might either provide energy for the excessive
growth and proliferation of tumor cells or destroy energy
homeostasis to promote tumor cell apoptosis and autophagic
programmed cell death (Chen et al. 2021). Autophagy has
also been shown to exert collaborative, promoting or antago-
nistic effects on cell apoptosis during the cancer development
(Xie etal. 2020). Promotion of autophagy induces autophagic
death and apoptosis of lung adenocarcinoma cells (Wan et
al. 2020). Therefore, autophagy and apoptosis are regarded
as potential therapeutic strategies for the treatment of lung
adenocarcinoma (Wu et al. 2021).

3-Hydroxybutyrate dehydrogenase-2 (BDH?2) is widely
known as dehydrogenase to catalyze siderophore biogen-
esis, thus implicating in the processes of cell apoptosis,
energy metabolism and iron homeostasis (Fu et al. 2021).
Increasing evidence has shown that BDH2 suppressed cell
proliferation of liver cancer (Liang et al. 2018), and inac-
tivation of BDH2 promoted nasopharyngeal carcinoma
cell proliferation and metastasis (Li et al. 2020). Moreover,
BDH2 has been shown to inhibit autophagy and promoted
mitochondrial apoptosis to repress hepatocellular carci-
noma progression (Liang et al. 2019). Reactive oxygen
species-induced autophagy was promoted by BDH2 to
inhibit gastric cancer growth (Liu et al. 2020). However,
the role of BDH2 on lung adenocarcinoma cell apoptosis
and autophagy has not been reported yet.

This study assessed expression of BDH2 in lung adeno-
carcinoma cells, and investigated the biological function of
BDH?2 on lung adenocarcinoma cell apoptosis and autophagy.

Materials and Methods

Cell culture and transfection

Lung adenocarcinoma cells (A549, NCI-H1975, PC9) and
normal human lung cells (BEAS-2B) were purchased from
Beijing Northland Biotech. Co., Ltd. (Beijing, China),
and maintained in RPMI-1640 medium with penicillin-
streptomycin and 10% fetal bovine serum (Invitrogen,
Carlsbad, CA, USA). pcDNA vector and pcDNA-BDH2
were acquired from Genepharma (Suzhou, China), and
then transfected into A549 cells using Lipofectamine 3000
(Invitrogen).

gRT-PCR

TRIzol method (Invitrogen) was used to extract total RNAs
from the cells. cDNAs were then synthesized under Reverse

Transcription System (Applied Biosystems, Carlsbad, CA,
USA). SYBR Green Master (Roche, Mannheim, Germany)
under Applied Bio systems 7500 System was performed for
the qRT-PCR analysis of BDH2. Specific primers: BDH2
(Forward: 5-TTCCAGCGTCAAAGGAGT-3" and Reverse:
5-TTCCTGGGCACACACAGT-3’) and GAPDH (For-
ward: 5-GAAGGTGAAGGTCGGAGTC-3 and Reverse:
5-GAAGATGGTGATGGGATTTC-3") were used in this
study.

CCK8 and colony formation assays

A549 with pcDNA transfections were seeded in 96-well
plates for 24, 48, 72 or 96 hours. CCK8 solution (Beyo-
time, Beijing, China) was added and incubated for another
4 hours. Absorbance at 450 nm was measured under mi-
croplate reader (Sigma-Aldrich, St. Louis, MO, USA). For
colony formation assay, A549 with pcDNA transfections
were seeded in a 6-well plate and cultured in the RPMI-1640
medium for 14 days. Cells were fixed and stained with crystal
violet before photograph under light microscope (Olympus,
Tokyo, Japan).

Flow cytometry

A549 with pcDNA transfections were harvested by trypsin
treatment. Cells were then resuspended in binding buffer
from Annexin V-FITC Apoptosis Staining/Detection Kit
(Abcam, Cambridge, UK). Propidium iodide (PI) and an-
nexin V-FITC were then added into the cell suspension
before analysis under FACSCalibur flow cytometer (BD
Biosciences, San Jose, CA, USA).

Mouse xenograft assay

All studies involving animals were approved by the Ethics
Committee of Sinopharm Han Jiang Hospital and in ac-
cordance with the National Institutes of Health Laboratory
Animal Care and Use Guidelines. Ten 6-8-week-old female
BALB/c nude mice (20-25 g weight) were obtained from
ARS/Sprague Dawley Division (Madison, WI, USA), and
separated into two groups: pcDNA (n = 5) and pcDNA-
BDH2 (n = 5). A549 cells with stable over-expression of
BDH2 via pLKO-pcDNA-BDH2 or the negative control via
pLKO-pcDNA were subcutaneously injected in the right
flank of nude mice. Tumor volume was calculated every
week. Five weeks later, the mice were sacrificed and the
tumor tissues were isolated and weighted.

Immunohistochemistry

Tumor tissues were isolated from mice, and fixed in 10%
formalin. The tissues were then embedded in paraffin,
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and sliced into 4 um thick sections. After dewaxing and
rehydration, the sections were incubated in 3% H,0,,
immersed in Tris-EDTA buffer containing 0.05% Tween
20, and blocked in 4% dry milk and 0.3% goat serum. The
sections were incubated with anti-Ki-67 (1:100; Abcam)
antibody, and then incubated with HRP goat anti-rabbit
IgG secondary antibody before measurement under a light
microscope (Olympus).

Western blot

Cells were lysed in RIPA lysis buffer (Beyotime), and the
protein concentration of lysates was determined by Micro
BCA protein kit (Pierce, Rockford, IL, USA). Protein samples
were separated by 10% SDS-PAGE, and then transferred
onto nitrocellulose membranes. Membranes were blocked
with 5% defatted milk, and probed with specific antibodies:
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anti-BDH2 and anti-GAPDH (1:2000, Abcam), anti-Bax
and anti-cleaved caspase-3 (1:2500, Abcam), anti-Beclin-1,
anti-p62 and anti-LC3 (1:3000, Abcam), anti-AKT and anti-
p-AKT (1:3500, Abcam), anti-mTOR and anti-p-mTOR
(1:4000, Abcam). Following incubation with horseradish
peroxidase-conjugated secondary antibody (1:4500, Abcam)
and peroxidase substrate (tetramethylbenzidine), the protein
bands were visualized using chemiluminescence (Sigma-
Aldrich, St. Louis, MO, USA).

Statistical analysis

All the data with at least triple replicates were expressed
as mean + SEM, and analyzed by Student’s ¢ test or one-
way analysis of variance (ANOVA) under SPSS software.
A p value of <0.05 was considered as statistically signifi-
cant.
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Results

BDH?2 was reduced in lung adenocarcinoma

BDH?2 was found to be down-regulated in primary lung
adenocarcinoma tissues (n = 515) compared to the normal
tissues (n = 59) based on TCGA database (Fig. 1A). Data
from ualcan (http://ualcan.path.uab.edu/) (Fig. 1B) and
Kaplan-Meier Plotter (https://kmplot.com/analysis/) (Fig.
1C) analysis showed that patients with high BDH2 expres-
sion in lung adenocarcinoma showed higher survival rates
than the patients with low BDH2 expression. Expression
of BDH2 was also decreased in lung adenocarcinoma cells
(A549, NCI-H1975, PC9) compared to normal human lung
cells (BEAS-2B) (Fig. 1D,E). A549 demonstrated the lowest
expression of BDH2 among the three lung adenocarcinoma
cells, and was used for the subsequently gain-of functional
assays.

BDH?2 suppressed cell proliferation of lung adenocarcinoma

A549 was transfected with pcDNA-BDH2 for the ectopical
expression (Fig. 2A). Ectopical expression of BDH2 reduced
cell viability of A549 (Fig. 2B), and decreased cell colonies
of A549 (Fig. 2C), suggesting the anti-proliferative effect of
BDH2 on lung adenocarcinoma.

BDH? promoted cell apoptosis of lung adenocarcinoma

Cell apoptosis of A549 was promoted by over-expression of
BDH2 (Fig. 3A). Transfection with pcDNA-BDH2 increased
protein expression of Bax and cleaved caspase-3 in A549
(Fig. 3B), demonstrating pro-apoptotic role of BDH2 on
lung adenocarcinoma.
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BDH?2 promoted autophagy of lung adenocarcinoma

Protein expression of p62 in A549 was down-regulated by
transfection with pcDNA-BDH2 (Fig. 4). Over-expression
of BDH2 increased protein expression of LC3 and Beclin-1
in A549, revealing pro-autophagic role of BDH2 on lung
adenocarcinoma.

BDH2 suppressed activation of AKT/mTOR of lung
adenocarcinoma

Ectopical expression of BDH2 did not affect protein ex-
pression of AKT and mTOR in A549 (Fig. 5A). Phospho-
rylated AKT and mTOR were reduced in A549 cells with
transfection of pcDNA-BDH2 (Fig. 5A), indicating that
BDH?2 suppressed activation of AKT/mTOR signaling in
lung adenocarcinoma. Moreover, A549 post pcDNA-BDH2
transfection was incubated with 1 ug/ml SC-79 for 2 h. Inhi-
bition of AKT by SC-79 attenuated BDH2 over-expression-
induced decrease of cell viability (Fig. 5B) and increase of
cell apoptosis (Fig. 5C) in A549. Moreover, the decreased
p62, increased LC3 and Beclin-1 in A549 driven by BDH2
over-expression were also reversed by SC-79 incubation
(Fig. 5D). These results showed that BDH2 promoted cell
apoptosis and autophagy of lung adenocarcinoma through
inactivation of AKT/mTOR.

BDH? suppressed in vivo lung adenocarcinoma growth

The clinical application of BDH2 on lung adenocarcinoma
was investigated by mouse xenograft assay. A549 with sta-
bly over-expression of BDH2 was inoculated into the nude
mice. Over-expression of BDH2 reduced tumor volume
(Fig. 6A) and weight (Fig. 6B) to inhibit the tumor growth.
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Figure 3. BDH2 promoted cell apoptosis of lung adenocarcinoma. A. Ectopical expression of BDH2 promoted cell apoptosis of A549. B.
Ectopical expression of BDH2 increased protein expression of Bax and cleaved caspase-3 in A549. ** p < 0.01 vs. pcDNA.

Immunohistochemical staining indicated that the expression
of Ki67 was reduced in the xenograft tumor tissues injected
with pcDNA-BDH?2 (Fig. 6C). Over-expression of BDH2
increased protein expression of Bax and LC3 (Fig. 6D), sug-
gesting that BDH2 suppressed xenograft tumor growth of
lung adenocarcinoma through promotion of cell apoptosis
and autophagy.

Discussion

Previous study has shown that iron regulation provides en-
ergy for cytokine production, membrane rigidity, cell prolif-
eration, and growth, thus participating in pathophysiological
conditions, including cancers (Cronin et al. 2019). Efflux,
storage, and iron uptake were disturbed in lung cancer, and
reprogramming of iron metabolism is considered as poten-
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tial tools for prognosis and therapy of lung cancer (Xiong
et al. 2014). Iron metabolism has also been reported to be
involved in lung adenocarcinoma progression (Thielmann
etal. 2019; Yao et al. 2021). Since BDH2 has been shown to
regulate iron retention to retard nasopharyngeal carcinoma
cell proliferation and metastasis (Li et al. 2020), the effect of
BDH?2 on lung adenocarcinoma progression was investigated
in this study.

Expression of BDH2 was found to be down-regulated
in lung adenocarcinoma tissues and cells. High BDH2
expression was reported to be associated with low com-
plete response rate and short overall survival of patients
with acute myeloid leukemia (Yang et al. 2013). Whether
BDH2 indicated poor prognosis of patients with lung
adenocarcinoma or exerted diagnostic role on lung ad-
enocarcinoma should be investigated in further research
via determination of relation between BDH2 expression
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Figure 4. BDH2 promoted autophagy of lung adenocarcinoma. Ectopical expression of BDH2 reduced protein expression of p62 in A549,
while increased protein expression of LC3 and Beclin-1. ** p < 0.01 vs. pcDNA.
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and clinicopathological variables of lung adenocarcinoma
patients.

Functional assays showed that BDH2 contributed to
the suppression of lung adenocarcinoma cell proliferation.
BDH2 functioned as an anti-apoptosis factor in acute my-
eloid leukemia through caspase-3-independent pathway
(Yang et al. 2013). Knockdown of BDH2 also promoted cell
apoptosis of esophageal squamous cell carcinoma through
caspase-3-dependent apoptotic pathway (Zang et al. 2016).
However, BDH2 promoted cell apoptosis of hepatocellular
carcinoma (Liang et al. 2019) and gastric cancer (Liu et
al. 2020) through decrease of Bcl-2, increase of Bax and
cleaved caspase-3. In this study, over-expression of BDH2
promoted protein expression of Bax and cleaved caspase-3

in lung adenocarcinoma cells to induce cell apoptosis, sug-
gesting that BDH2 functioned as a pro-apoptotic factor in
lung adenocarcinoma via caspase-3-dependent apoptotic
pathway. However, the effect of BDH2 on cell migration and
invasion of lung adenocarcinoma should be investigated in
further research.

Interaction between cell apoptosis and autophagy con-
tributes to anti-tumor therapy of lung adenocarcinoma
(Han et al. 2014). Autophagic biomarkers, such as Beclin-1,
LC3, p62, were also implicated in the tumor cell apoptosis
(Xie et al. 2020). BDH2 has been reported to suppress au-
tophagy of hepatocellular carcinoma through the unfolded
protein response (Liang et al. 2019), while induced au-
tophagy of gastric cancer through Nrf2-mediated secretion

A B
Blank pcDNA pcDNA-BDH2
M Blank M Blank
-AKT
@ x5 £ -+ pcDNA-BDH2+SC79
p-mTOR E E- 5 ;5<. § g
Y o 4 o ) 2 >0 1.0 ok
<0 [ & o
ToR ag 2 €2 1 - 8% os
" ® ® e
0 0 o
Oh 24h 48h 72h 96h
C B pcDNA
pcDNA pcDNA-BDH2 pcDNA-BDH2+SC79 M pcDNA-BDH2
] _ 30 pcDNA-BDH2+SC79
3 ¢
2
£ 20
2
8
g 10 "
o
Qo
< 0
D
cDNA _ pcDNA-
pcDNA  PEDNE  BORZLSCT9 B pcDNA B pcDNA M pcDNA

B pcDNA-BDH2

pe2 WD S W
Lcsl
Lai )

##

Beclin-1

p62 relative expression

1 5.8 pcDNA-BDH2+SC79

B pcDNA-BDH?2
2.0 pPcDNA-BDH2+SC79

M pcDNA-BDH2
1.5 pcDNA-BDH2+SC79

c c
.g ok .g 2k
&8 15 -2
g ;.-. é ;.-_ 1.0
=5 10 w 538 #
2o 8o
92 2 05
= 0.5 =
[ [
0.0 0.0

Figure 5. BDH2 suppressed activation of AKT/mTOR of lung adenocarcinoma. A. Ectopical expression of BDH2 reduced phosphoryl-
ated AKT and mTOR levels in A549. B. Inhibition of AKT by SC-79 attenuated BDH2 over-expression-induced decrease of cell viability
in A549. C. Inhibition of AKT by SC-79 attenuated BDH2 over-expression-induced increase of cell apoptosis in A549. D. Inhibition of
AKT by SC-79 attenuated BDH2 over-expression-induced decrease of p62, increase of LC3 and Beclin-1 in A549. ** p < 0.01 vs. pcDNA;

# p <0.01 vs. pcDNA-BDH2.
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of reactive oxygen species (Liu et al. 2020). Here, protein
expression of p62 was reduced in lung adenocarcinoma
cells by over-expression of BDH2, LC3 and Beclin-1 were
enhanced by over-expression of BDH2, indicating that
BDH2 promoted autophagy of lung adenocarcinoma to
suppress tumor progression. Emerging evidence has shown
that AKT pathway is implicated in the cellular processes,
including apoptosis, autophagy, redox states, and metabo-
lism (Xie et al. 2022). Blockade of AKT/mTOR signaling
participated in antrodin C-mediated crosstalk between
apoptosis and autophagy of lung adenocarcinoma (Yang
etal. 2019). Cabazitaxel decreased phosphorylation of Akt
and mTOR in lung adenocarcinoma cells and promoted au-
tophagy and cell death (Huo et al. 2016). Moreover, BDH2
has been shown to suppress phosphorylation of AKT and
mTOR to induce cell apoptosis and autophagy of gastric
cancer (Liu et al. 2020). Results in this study demonstrated
that p-AKT and p-mTOR in lung adenocarcinoma cells
were reduced by over-expression of BDH2, indicating
that BDH2 contributed to the apoptosis and autophagy
of lung adenocarcinoma through inactivation of AKT/
mTOR signaling.

In conclusion, this study identified a novel tumor sup-
pressor, BDH2, in lung adenocarcinoma. BDH2 played
the tumour-suppressive role through promotion of AKT/
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mTOR-mediated apoptosis and autophagy. These find-
ings revealed a potential target for the treatment of lung
adenocarcinoma. However, the in vivo suppressive role of
BDH?2 on lung adenocarcinoma should be investigated in
further research.
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