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Abstract

BDH2 is a short-chain dehydrogenase/reductase family member involved in several biological and
pathological processes, including the utilization of cytosolic ketone bodies, immunocyte regulation
and tumor progression. In this study, we first revealed that BDH2 was downregulated in HCC
tissues by qRT-PCR and immunohistochemistry analysis and that low BHD2 expression was
significantly associated with poor overall survival, poor tumor differentiation, increased tumor size,
venous invasion and an advanced BCLC stage. Moreover, the results of a univariate analysis and
multivariate analysis revealed that BDH2 may be regarded as an independent prognostic marker. As
a member of a gene family involved in ketone metabolism, BDH2 upregulated the level of 3-HB in
liver cells as well as the level of H3 histone acetylation. Functional analysis showed that BDH2
expression inhibited tumor cell growth, proliferation and migration. The results of the mechanistic
analysis revealed that BDH2 induced mitochondrial apoptosis and inhibited autophagy through the
unfolded protein response. Therefore, BDH2 may be a new HCC prognostic marker and a useful
treatment target.

Key words: BDH2, hepatocellular carcinoma, tumor suppressor, apoptosis, autophagy

Introduction

Hepatocellular carcinoma (HCC) is the sixth
most common malignancy worldwide and is the
fourth most common cause of cancer-related death.
Approximately 841,080 new cases were diagnosed as
HCC, and 781,631 people die from HCC around the
world annually [1]. Although there have been
advances in the diagnosis and various ways to treat
HCC clinically, the incidence of HCC has increased in
recent years. Although surgical resection is the first
choice for HCC patients [2], the recurrence of HCC is

still found in a high proportion of cases in clinical
practice [3, 4]. Moreover, most patients are often
diagnosed at a quite advanced stage that can only be
treated with palliative therapy; only 30-40% of
patients who are diagnosed early may receive
curative therapy, which accounts for the overall poor
prognosis of HCC [5-8]. HCC is a tumor with high
invasion and aggression and its molecular
pathogenesis is complicated. Previous studies have
proposed many molecular markers with high
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sensitivity and specificity, but none were justifiable
for routine use in clinical practice until now [7, 9].
Therefore, novel molecular markers and pathways in
the assessment of HCC carcinogenesis and prognosis
are urgently needed.

BDH2 (3-hydroxybutyrate dehydrogenase 2) is a
short-chain dehydrogenase/reductase family member
whose original name was DHRS6 [10]. BDH2 is a
novel cytosolic-type 2-hydroxybutyrate dehydro-
genase that plays a physiological role in the utilization
of cytosolic ketone bodies that can subsequently enter
mitochondria and participate in the tricarboxylic acid
cycle [10]. BDH2 can also catalyze the synthesis of
2,5-dihydroxybenzoic acid (2,5DHBA) during the
biosynthesis of enterobactin, and 2,5DHBA was
identified as an iron-binding molecule in mammalian
cells [10, 11]. Additionally, the expression of BDH2 in
macrophages was affected upon bacterial infection,
endoplasmic reticulum stress and inflammation,
suggesting that BDH2 may participate in iron-limiting
innate immunity [12, 13]. Moreover, BDH2 may be a
novel independent poor prognostic marker in acute
myeloid leukemia through its influence on cell
apoptosis [14], and BDH2 was regulated by long
noncoding RNA TP73-AS1, which affects cell
proliferation and apoptosis in esophageal squamous
cell carcinoma [15]. Overall, BDH2 may be a
multifunctional gene in mammalian cells.

Recently, Huang et al. reported that HCC might
redirect the mechanism of ketolysis under nutritional
deprivation stress, resulting in the use of ketone
bodies as a fuel source for cancer progression through
the upregulation of 3-oxoacid CoA-transferase 1 (a
rate-limiting  ketolytic enzyme) triggered by
mTORC2-AKT-SP1 signaling, which was invalid in
normal adult liver cells[16]. However, the biological
function of BDH2, an enzyme in the utilization of
cytosolic ketone bodies, in HCC is undefined. There
are no relevant studies about BDH2 expression in
HCC. In the current study, we first analyzed BDH2
expression in HCC tissues and its clinical relevance,
association with overall patient survival and potential
biological function in HCC cells. Our results suggest
that BDH2 might be a novel prognostic biomarker and
treatment target for HCC.

Materials and Methods

Patients and tissue samples

Our study previously collected HCC tissues with
adjacent normal tissues from our hospital (the Third
Affiliated Hospital of Sun Yat-sen University) with
informed consent of all included patients. The study
was conducted according to ethical and legal
standards and received approval from the Research

Ethics Committee of Sun Yat-sen University,
Guangzhou, China. A total of 229 patient tissues were
analyzed in this study. Among the tissue samples, 184
tissues had associated patient information and patient
clinical characteristics; however, the other 45 tissues
did not. Two independent retrospective HCC patient
cohorts, called the training cohort and validation
cohort, were used to investigate the role of BDH2 in
this study. In the training cohort, 75 HCC patients
whose tissue was embedded in paraffin were
recruited. Simultaneously, in order to validate the
findings in the training cohort, we recruited tissue
microarray (TMA) containing another 109 HCC
patients’ tissues to build the validation cohort. The
enrollment criteria for the patients in the present
study were as follows: patients had histologically
diagnosed as hepatocellular carcinoma; patients had
no history of previous anticancer treatment before
surgery; patients had no lymph node or distant
metastasis; patients had no other diagnosed tumors;
patients underwent adequate clinical follow-up time
(26 months); and patients provided representative
tissue samples for immunohistochemical analysis.
The patient characteristics of age, gender, tumor
differentiation, tumor size, nodal metastasis, venous
invasion, Barcelona Clinic Liver Cancer (BCLC) stage
and AFP level were collected through the patient
medical records. The clinicopathological parameters
of the included samples are briefly summarized in
Table 1. The patients were followed up every 3
months for the first year after the surgery, then every
6 months thereafter in the next few years. Blood tests
for AFP and liver function, abdominal
ultrasonography and magnetic resonance imaging
(MRI) were adopted to monitor the patient's
condition. The median follow-up time was 36 months
(range, 6-88 months).

Cell lines and culture

In this study, BDH2 expression was detected in 5
HCC cell lines (HepG2, Hep3B, MHCC-97L,
MHCC-97H) and 1 human hepatocyte cell line (L02)
as a control. All cell lines were purchased from the
Shanghai Cell Bank (Chinese Academy of Science)
and were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS; Gibco, Carlsbad, CA, USA). The
cells were put in a humidified 5% CO» incubator at
37°C. DMEM containing 25 mM glucose, 4 mM
L-glutamine and 1 mM pyruvate (Gibco, 12800), and
lithium acetoacetate (Sigma) was used to culture the
L02, HepG2 and Hep3B «cells to test the
B-hydroxybutyrate (3-HB) and acetoacetate (AcAc)
levels.
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B-HB and AcAc measurements

Ketone body (acetoacetate and
B-hydroxybutyrate) levels were measured by
colorimetric assay kits (BioVision Inc., Milpitas, CA,
and Cayman Chemicals, Ann Arbor, MI). All
measurements followed the manufacturer’s
instructions.

Quantitative reverse transcription-PCR
(qRT-PCR)

Total RNA from 45 pairs of HCC specimens and
HCC cell lines was extracted by the TRIzol solution
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) according to the manufacturer’s
instructions. The concentrations of total RNA were
determined by a NanoDrop 2000 Spectrophotometer
(Thermo  Fisher Scientific, Inc), and each
complementary DNA (cDNA) sequence was
synthesized by 2 pg total RNA with a reverse
transcriptase kit (Invitrogen, Carlsbad, CA, USA). The
Power SYBR Green qPCR  SuperMix-UDG
(Invitrogen, Grand Island, NY, USA) was used for the
qRT-PCR analyses on a Light Cycler 480 SYBR Green I
Master (Roche, Indianapolis, IN, USA). GAPDH was
used as an internal control. The BDH2 primers used
for RT-qPCR were as follows: BDH2 forward,
5'-TCCAGCGTCAAAGGAGTTGT-3' and reverse,
5'-CTGATGCCCTGCTGGATGAA-3'. The relative
expression of BDH2 was determined using the 2-42Ct
method.

Immunohistochemistry (IHC)

A total of 75 HCC tissues that were embedded in
paraffin were cut into 4-pm thick sections and 109
microarray slides used to determine BDH2 expression
by immunohistochemical (IHC) staining. The paraffin
sections were first heated in a thermotank at 55°C for
an hour and the TAM slides were heated for three
hours. Then, the tissue sections were deparaffinized in
dimethylbenzene and rehydrated in 100%, 95%, 75%
ethanol solutions and distilled water. The slides were
boiled in a pressure cooker filled with Ccitrate -
hydrochloric acid (pH 6.0) for 25 minutes for antigen
retrieval. Then, the tissue sections were submerged in
3% hydrogen peroxide at room temperature for 15-20
minutes to block endogenous peroxidase activity.
After being washed with PBS, the slides were blocked
with 5% sheep serum albumin (cat. No. ab7481;
Abcam) for 20 minutes. Subsequently, the tissue
sections were incubated with rabbit anti-BDH2 (cat.
no. PAb5-57501; dilution 1:400; Thermo Fisher
Scientific) overnight at 4°C in a thermostatic chamber.
The next day, the tissue sections were washed with
PBS and then incubated with a secondary antibody for
one hour at 37°C. Then, the tissue sections were

stained with 3,3-diaminobenzidine (DAB) for 1
minute and counterstained with hematoxylin for 1
minute at room temperature. Finally, the tissue
sections were dehydrated and mounted. The primary
antibody was replaced by normal rabbit serum as a
negative control.

Two  independent  pathologists  without
knowledge of the clinical status of the patients
evaluated each tissue section individually. BDH2
expression was evaluated according to the extent of
staining score based on the percentage of positive cells
and the staining intensity score (0, no staining; 1,
weak staining; 2, moderate staining; 3, strong
staining). The final immunostaining score was
calculated by the extent of staining score multiplied
by the intensity score.

Construction and transfection of
overexpressed-BDH2 cell lines

The BDH2 gene (NM_020139.3) was cloned into
the pReceiver-M03 vector backbone for fusion with
the GFP reporter gene, which was obtained from
Genecopoeia (USA, EX-A4307-M03). The vector also
contained the neomycin resistance gene. The HCC cell
lines HepG2 and Hep3B were transfected with the
BDH2 plasmid (EX-A4307-M03, Genecopoeia, USA)
or control vector (EX-NEG-MO03, Genecopoeia, USA)
by using Lipofectamine 2000 (cat. no. 11668019,
Thermo Fisher Scientific). Two clones of the stably
transfected cell lines were wused for further
experiments.

Colony formation assay

One-thousand transfected cells were seeded in
6-well plates containing 10% FBS in DMEM for colony
formation assays. Two weeks later, the cell colonies
were immobilized with 70% ethanol for 15 min, and
0.1% crystal violet was used to stain the colonies for 10
min. The number of colonies was counted from three
different experiments.

Cell viability assay

The cell viability assay was conducted with a
CCKS cell counting kit (Dojindo, Kumamoto, Japan).
The cells were seeded in 96-well plates containing
10% FBS in DMEM at a density of 2500 cells/well. At
the indicated time point, the cells of each well were
incubated with 10 pL CCKS8 reagent for 1 hour at
37°C, and the absorbance was measured at 450 nm.

Cell migration assay

Cell migration and invasion were evaluated with
a transwell assay (Cambridge, MA, USA) according to
the standard procedure. The treated cells were
trypsinized and resuspended in serum-free DMEM.
Then, 1 x 105 cells were seeded into the upper
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chamber of transwells containing serum-free DMEM.
The lower transwell chambers were filled with 10%
FBS in DMEM. The cells in the upper chamber were
carefully removed by a cotton swab after the indicated
hours of incubation. The other cells that migrated
across the membrane and grew on the underside of
membrane were fixed with 20% methanol and stained
with 0.1% crystal violet (Bogoo, Shanghai, China). The
stained cells from five different fields were
photographed under an inverted microscope, and the
cell numbers were calculated.

Cell apoptosis analysis

Cell apoptosis was detected with Annexin
V-FITC/PI double staining assays according to the
manufacturer’s instructions (Apoptosis Detection kit;
KeyGen, Nanjing, China). The percentage of
apoptosis was analyzed by flow cytometry using a
FACSCalibur machine (BD Biosciences, Baltimore,
MD, USA).

Table 1: Association between BDH2 expression and
clinicopathological parameters in two cohorts of patients with
HCC.

Variable Validation cohort 4
(n=109) value

Low(n=70) High(n=39)

Training cohort (n=75) p value

Low(n=44) High(n=31)

Age 0.265 0.483
<60 27 15 39 19
260 17 16 31 20
Gender 0.907 0.533
Male 35 25 42 21
Female 9 6 28 18
Differentiation 0.033 0.031
Well-moderate 16 19 28 24
Poor 28 12 42 15
Tumor size <0.001 0.019
<5cm 14 24 25 23
>5 cm 30 7 45 16
Nodal 0.082 0.721
metastasis
Positive 18 19 33 17
Negative 26 12 37 22
Venous 0.002 0.022
invasion
Positive 30 10 48 18
Negative 14 21 22 21
BCLC stage 0.037 0.034
0 6 0 7 5
A 12 17 18 20
B 21 11 34 11
C 5 3 11 3
AFP level 0.082 0.103
<400 18 19 23 19
>400 26 12 47 20

Notes: P < 0.05 by 2 test. P < 0.05 was considered statistically significant.
Abbreviations: BCLC, Barcelona Clinic Liver Cancer; AFP, alpha-fetoprotein.

Western blot

The proteins of the cells were extracted by using
RIPA buffer (Pierce, Rockford, USA). The protein
amounts were determined using a BCA Protein Assay
Kit (Pierce). Equivalent amounts of protein (20 pg)

were separated using 6-12% SDS-PAGE and
transferred to PDVF membranes (Millipore, MA,
USA). Afterwards, 5% nonfat milk was used to block
the membranes for 1 hour and then incubated
overnight at 4°C with the indicated primary
antibodies. The next day, the membranes were
washed with PBS and incubated with HRP-labeled
secondary antibody (1:2000) at room temperature for
1 hour. The western blots were visualized and

detected using chemiluminescence (ECL, Guangzhou,
China).

Statistical analysis

The association between BDH2 expression and
clinicopathological characteristics was analyzed by
chi-square tests. The overall survival curve was
analyzed by the Kaplan-Meier method and compared
by the log-rank test. Univariate and multivariate Cox
proportional hazards regression analyses were used
to assess the prognostic variables in predicting overall
survival. All experimental data were analyzed by
t-tests (two-sided), and P < 0.05 was considered as a
significant difference. All statistical analyses were
completed with the SPSS 22.0 software package (SPSS,
IBM, Chicago, IL, USA).

Results

BDH2 expression was downregulated in HCC
and was associated with poor clinical outcome

We evaluated BDH2 expression in primary HCC
and adjacent normal tissues by RT-qPCR in 45 HCC
patient samples and IHC staining in 184 HCC patient
samples. The BDH2 expression between tumor
specimens and paired adjacent tissues from patients
with HCC were obviously different in both RT-qPCR
and IHC results (Fig 1A, Fig 1B, Fig 1C). The
expression of BDH2 mRNA in HCC tissues was
significantly lower than that in match noncancerous
liver tissues. In IHC analysis, we also found that
BDH2 expression was significantly lower in HCC
tissues compared with that of noncancerous liver
tissues in the same patient. Overall, the expression of
BDH2 was downregulated in HCC tissues.

Subsequently, the clinicopathologic
characteristics of the training cohort and the
validation cohort of HCC biopsies were summarized
in Table 1. In training cohort, low BHD2 expression
was significantly related to poor tumor differentiation
(P=0.033), tumor size (P<0.001), venous invasion
(P=0.002) and BCLC stage (P=0.037). These findings
were confirmed in the validation cohort of HCC
patients (Table 1).

To further study whether reduced BDH2
staining in HCC patients correlates with a worse
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prognosis, Kaplan-Meier survival curves were
constructed using overall cumulative survival to
compare the patients with high BDH2 staining to
those with low BDH2 staining. (n=75, follow-up time,
6-88 months). Our data revealed that the HCC
patients with low BDH2 expression had shorter OS

P=0.049), venous invasion (HR: 4.727, P=0.017) and
BCLC stage (HR: 4.061, P=0.013) were independent
prognostic factors for OS (Table 2).

Table 2: Cox regression analyses of prognostic factors for overall

survival.
compared with HCC patients with high BDH2
. 1 k . Variable Univariate analysis Multivariate analysis
expression (P<005’ og-ran teSt) (Flg 1D) Hazard ratio (95%  Pvalue  Hazard ratio (95% P value
Univariate Cox regression analysis showed that ) )

. _ . . Differentiation  2498(1.099-5.679)  0.029  2340(1004-5450)  0.049
BDH2 expression (P 0.003), tumor d1ffere.nt1at%on Tumorsize  6139(2317-16264) 0000  1126(0.3453.673)  0.845
(P=0.029), tumor size (P<0.001), venous invasion Nodal 0752(0351-1.610) 0463  1.052(0.441-2512)  0.908

(P<0.001) and BCLC stage (P<0.001) were significantly metastasis
lated to OS in HCC pati Table 2). Multivari Venous invasion 8.925(2.692-29582)  0.000  4.727(1.322-16.895)  0.017
related to mn patients (Table 2). Multivariate BCLCstage  5833(2201-15462)  0.000  4.061(1.351-12211)  0.013
analysis was carried out for all variables with AFP level 0921(0439-1.935) 0829  0523(02221.231)  0.138
significance after the univariate analysis. The BDH2 5.052(1.749-14595) 0003  3385(L035-11.072)  0.044

expression

multivariate analysis indicated that BDH2 expression
(HR: 3.358, P=0.044), tumor differentiation (HR: 2.340,

Note: P < 0.05 was considered statistically significant. Abbreviations: BCLC,
Barcelona Clinic Liver Cancer; AFP, alpha-fetoprotein; CI, confidence interval.
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Figure 1: BDH2 expression is downregulated in HCC patients and is correlated with poor prognosis. A. The expression of BDH2 mRNA in HCC tissue and matched normal
tissues (45 cases) was determined by qRT-PCR (HCC tissue vs. normal liver tissue, **P<0.01). GAPDH was used as an internal quantitative control. B. The immunohistochemical

results of BDH2 expression in training cohort. (B1) and (B2) are representative immunohistochemical staining areas for low BDH2 expression in HCC tissues. (B3) and (B4) are
representative immunohistochemical staining areas for high BDH2 expression in normal liver tissues. C. The immunohistochemical results of BDH2 expression in validation
cohort. (C1) is representative immunohistochemical staining areas for low BDH2 expression in HCC tissues. (C2) is representative immunohistochemical staining areas for high
BDH?2 expression in normal liver tissues. D. The overall Kaplan-Meier plots according to BDH2 expression in patients with HCC, which revealed poorer survival in patients with
low BDH2 expression than in patients with high BDH2 expression (n=75, P=0.001, log-rank test).

http://lwww.jcancer.org



Journal of Cancer 2019, Vol. 10

3740

>

Lo2 HepG2 Hep3B

0.06+

0.04-

0.02

Acetoacetate concentrations (mM)

0.004
BD‘“ ved
~
/
et i Bl
/ HMGCS2 '\
Aulyl-(nA
HMG-CoA oo T
HMGCL. Acetoacetyl-CoA
- BDH1 0OXCT11 T
(o | —+«»—+-

AU AT

P -hydroxybutyrate concentrations

pOHE yectof gphi? ectof gpiid yectof

L02 HepG2 Hep3B
BDH2 Vector BDH2 Vector BDH2 Vector
BDH2 | wme == |- ro‘ -— \
1.00 0.23 1.00 0.21 1.00 0.20
H3ac | mme— -| ‘Q - |- -
1.00 0.42 1.00 0.35 1.00 022

B-actin --| a— —‘ ‘- -|
‘

Figure 2: BDH2 expression affected acetoacetate and B-hydroxybutyrate concentrations in L02 and liver cancer cells. A. The AcAc level was lower in BDH2-overexpressing
cells than in control cells (*P<0.05). B. The B-HB level was higher in BDH2-overexpressing cells than in control cells (*P<0.05). C. The mechanism of BDH2 in ketone body
metabolism. D. Determination of the expression of H3ac by western blot. H3ac was upregulated in BDH2-overexpressing cells. All the relative quantitative values are shown
below the corresponding blots. All experiments were performed using vector-transfected cells as a control.

BDH2 expression affects the ketone body
concentration in the cell

Because BDH2 is one of the gene families
involved in ketone metabolism, we performed the
following experiments to verify whether BDH2
expression affected the ketone body level. We
transfected a plasmid to construct BDH2-expressing
cell lines (L02-BDH2, HepG2-BDH2, Hep3B-BDH?2).
Meanwhile, control vector plasmids were transfected
to construct control cells (L02-Vector, HepG2-Vector,
Hep3B-Vector). For serum starvation, the cells were
washed twice with PBS and cultured in medium
without FBS but with 10 mM acetoacetate for 48 h.
Then, the p-HB assay kit and AcAc assay kit were
used to measure the 3-HB and AcAc levels. We found
that BDH2 could catalyze AcAc to convert to 3-HB in
liver cells and hepatoma cells. The B-HB level in
BDH2-expressing cells was higher than that in control
cells (Fig 2A), but the AcAc level in BDH2-expressing
cells was lower than that in control cells (Fig 2B). It is
well-known that ketogenesis mainly occurs in the
liver where acetyl-CoA is first converted to AcAc,
which is further converted into p-HB by the catalytic
activity of P-hydroxybutyrate dehydrogenase
(BDH1). Both AcAc and pB-HB are then transported to
the bloodstream and reach extrahepatic tissues, such

as muscle, kidney or brain [17]. For ketone body
catabolism in extrahepatic tissues, [-HB is first
oxidized back to AcAc, also by BDH1. Then, AcAc is
converted into acetoacetyl-CoA (AcAc-CoA) by the
catalysis of 3-oxoacid CoA-transferase 1 (OXCT1, also
known as SCOT). Finally, AcAc-CoA is catalyzed into
two  acetyl-CoA  complexes by acetyl-CoA
acetyltransferase 1 (ACAT1) [16]. Previous studies
have reported that BDH2 is also a hydroxybutyrate
dehydrogenase that is adjacent to BDH1 and has a
catalytic specificity that is 2-3-orders of magnitude
lower toward B-HB, which may play a possible role in
the “backup” or lower affinity system for utilizing
hydroxybutyrate [10, 18, 19]. From the information
above, we hypothesized a mechanism for BDH2 in
ketone body metabolism that is described in Fig 2C.

BDH2 expression affects H3 histone
acetylation in the cell

Previous studies reported that p-HB inhibited
histone deacetylase and increased histone acetylation
[20, 21], so we determined whether the level of H3
histone acetylation changed in BDH2-overexpressing
cells through western blot. The results showed that
the level of H3 histone acetylation was upregulated in
BDH2-overexpressing cells (Fig 2D).
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BDH2 expression was downregulated in HCC
cell lines

BDH2 expression was tested in six HCC cell
lines. Real-time PCR was carried out to quantify
BDH2 mRNA expression. The results showed that
BDH2 expression was downregulated in HepG2,
Hep3B, QGY-7703, HuH-7, MHCC-97L and
MHCC-97H cell lines compared with that of the L02
cell line (a normal liver cell line) (Fig 3A).

To investigate the biofunction of BHD2, we
transfected a plasmid to construct BDH2-expressing
cell lines (HepG2-BDH2, Hep3B-BDH2). Meanwhile,
control vector plasmids were transfected to construct
control cells (HepG2-Vector, Hep3B-Vector). Before
conducting the experiments for the biological function
of BDH2, the expression of BDH2 in these transfected
cell lines was confirmed by qRT-PCR and western blot
(Fig 3B, C).

BDH2 inhibited the growth and proliferation
of HCC cells

To explore the function of BDH2 on the growth
of HCC cells, cell viability assays and colony
formation assays were conducted with HepG2 and
Hep3B HCC cells. Cell viability assays revealed that
an overexpression of BDH2 inhibited the cell
proliferation of HCC cells (Fig 4A). In the colony
formation assays, we found that the colony formation
efficiency was suppressed in HCC cells that
overexpressed BDH2 (Fig 4B). The above observations
suggest that BHD2 suppressed HCC cell growth.

BDH2 suppressed the migration of HCC cells

Transwell migration assays were performed to
investigate the functions of BHD2 on the migration of
HCC cells. The results revealed that the
BDH2-transfected HCC cells had a weaker migration
than the control cells (Fig 5A).

BDH2 promoted apoptosis of HCC cells

A cell apoptosis analysis was conducted to
determine whether the inhibition of HCC cell growth
and proliferation by BHD2 was relevant to apoptosis.
In the cell apoptosis analysis, we found that the
percentage of apoptotic cells was significantly higher
in HCC cells transfected with BDH2 than in control
cells (Fig 5B). These results confirmed that BDH2
induced apoptosis in HCC cells.

BDH2 promoted mitochondrial apoptosis

To further determine whether BDH?2 affected the
process of mitochondrial apoptosis, which is involved
in HCC cell growth and migration, the expression of
apoptosis-related proteins was detected by western
blot analysis. Our results revealed that the

proapoptotic protein Bax was upregulated and the
expression of the antiapoptotic protein Bcl-2 was
decreased in BDH2-transfected HCC cells (Fig 6A).
Moreover, we also found that BDH2 induced HCC
cell apoptosis via a caspase-3-independent pathway.
Compared with that of negative control cells, the
expression of cleaved caspase-3 was upregulated in
the HCC cells transfected with BDH2 (Fig 6A). These
results demonstrate that BDH2 expression regulates
mitochondrial apoptosis in HCC cells via a
caspase-3-independent pathway.
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Figure 3: BDH2 expression in different HCC cell lines and validation of BDH2
overexpression in transfected HCC cell lines. A. Lower expression levels of BDH2
mRNA were detected in HCC cell lines (HepG2, Hep3B, QGY-7703, HuH-7,
MHCC-97L and MHCC-97H) than in normal LO2 cells, according to the qRT-PCR
assay. GAPDH was used as an internal quantitative control. B. BDH2 overexpression
was successfully verified in transfected HCC cell lines (HepG2 and Hep3B) by
qRT-PCR. C. BDH2 overexpression was successfully verified in transfected HCC cell
lines (HepG2 and Hep3B) by western blot. All experiments were performed using
vector-transfected cells as a control. Asterisks indicate statistically significant
differences (*P<0.05, **P<0.01).

Effect of BDH2 on the autophagy of HCC cells

Autophagy plays critical physiological and
pathological roles in the pathogenesis of various
diseases, especially cancers [22]. We detected the
expression of autophagy-related proteins by western
blot analysis to determine the effect of BDH2 on the
autophagy of HCC cells. The results revealed that
BDH2 upregulation suppressed autophagy and
inhibited the expression of LC3, Atg4 and Atgl6 and
increased p62 protein expression in HCC cells (Fig
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6B). These results suggested that BDH2 expression
contributed to autophagy inhibition in HCC cells.

Discussion

Although surgical and nonsurgical treatments
for hepatocellular cancer have undergone tremendous
development, the overall survival of patients with
HCC is still poor because of disease metastasis and
recurrence [23-25]. As the largest chemical factory in
the body, the liver participates in different kinds of
complicated  biochemical reactions, and the
pathogenesis of HCC becomes more intricate, which
leads to more challenges in the treatment of HCC.
Recently, Huang et al. reported that hepatocellular
carcinoma could reset the process of ketolysis and
make it possible for cancer cells to employ ketone
bodies as an energy supply and progress under
nutritional deprivation stress [16]. It is well-known
that the normal liver cannot utilize ketones as an
energy supply and thus the finding of a novel

A

metabolic adaptation of HCC may contribute to an
unprecedented direction for targeted therapy.
Mitochondrial R-B -hydroxybutyrate dehydrogenase
(BDH)?, which Dbelongs to the short-chain
dehydrogenase/reductase superfamily, has been
extensively studied and constitutes a paradigm of
lipid and ketolysis regulation of enzymatic function
[18, 19, 26-31]. BDH2 (DHRS6) is one of the gene
families involved in ketone metabolism [32, 33] as a
“backup” or lower affinity system for utilizing
hydroxybutyrate [10]. We proved that BDH2 may
catalyze AcAc and convert it into p-HB in ketone
metabolism, which upregulated the level of 3-HB in
liver cells. Moreover, previous studies reported that
B-HB inhibited histone deacetylase and increased
histone acetylation [20, 21], and our results showed
that the level of H3 histone acetylation was
upregulated in = BDH2-overexpressing  cells.
Furthermore, previous studies proved that the
inhibition of histone deacetylase could inhibit cancer
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progression and that histone deacetylase inhibitors  until now, there has been no study to report the
acted as therapeutic strategies for cancer [34, 35].  association between BDH2 expression and HCC
Therefore, we hypothesize that BDH2 may upregulate  progression. Therefore, we performed the first study
the level of B-HB, which inhibits histone deacetylase  to demonstrate the mechanism of BDH2 in HCC.

and H3 histone acetylation in HCC cells. However,
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In the present study, we first compared the
expression of BDH2 mRNA and protein levels
between HCC tissues and normal liver tissue using
RT-PCR and immunohistochemistry. The results
showed that the expression of BDH2 was significantly
lower in HCC tissues than that in normal liver tissue.
Then, we analyzed the association between BDH2
expression and the clinicopathological parameters of
patients. We found that the pooled results
demonstrated that low BDH2 expression was
significantly correlated with poor prognosis in
patients with HCC. To explore the underlying
mechanisms of BDH2 expression regulation in HCC
progression, we performed related experiments in
HCC cell lines. The pooled outcomes indicated that
BDH2 was downregulated in HCC cell lines and
inhibited tumor «cell growth, proliferation and
migration. These results suggest that BDH2 may act as
a tumor suppressor in HCC.

Previous studies reported that BDH2 could
participate in the regulation of immune system cells,
which may contribute to the DNA demethylation of
CD4* T cells in systemic lupus erythematosus and
dysregulate intracellular iron in macrophages [13, 36].
In neoplasm studies, BDH2 may influence the
progression of acute myeloid leukemia and
esophageal squamous cell carcinoma through the
regulation of cell apoptosis [14, 15]. However, the
mechanisms of how BHD2 inhibited tumor cell
growth, proliferation and migration in HCC were not
verified. In the in vitro studies, we also found that
BHD2 regulates cell apoptosis in HCC. Proteins in the
Bcl-2 family, an intracellular protein group, play an
important role in programmed cell death. The
intrinsic or mitochondrial apoptotic cascade follows
the Bcl-2 pathway [37, 38]. Our study revealed that
BDH2 could downregulate the expression of Bcl-2 and
cause an increase in the level of Bax and cleaved
caspase-3, thereby inducing apoptosis in HCC cells.
These results suggested that BDH2 inhibited HCC cell
growth, proliferation and migration by inducing
apoptosis through the Bcl-2 pathway.

Recently, relevant studies have paid
considerable attention to autophagy in regards to
tumor progression, particularly in cell apoptosis [39,
40]. As a conserved cellular process, autophagy plays
a vital role in maintaining intercellular homeostasis
by degrading the broken proteins and aging
organelles [41-43]. Recent studies investigated the
association between autophagy and apoptosis [44].
Autophagy could be regulated by
apoptosis-regulating genes, such as Bcl-2 family
members [45]. Furthermore, autophagy may be an
upstream initiator for apoptosis [40]. Some
autophagy-associated proteins were involved in cell

apoptosis, such as Atgb, beclin 1 and Atgd4D [45].
Autophagy may inhibit the progression of apoptosis
through the degradation of the caspase family and
Bcl-2 family proteins [46, 47]. To investigate whether
BDH2 induced cell apoptosis through the regulation
of the autophagy process, we detected the expression
of autophagy-related proteins by western blot. The
results showed that when BHD2 induced cell
apoptosis and inhibited the expression of
antiapoptosis  protein Bcl-2, autophagy-related
proteins  (LC3B, Atg4, and Atglé) were
downregulated and the p62 protein was upregulated.
When cell apoptosis was inhibited by BDH2,
autophagy-related proteins (LC3B, Atg4, and Atgl6)
were upregulated, and the p62 protein was
downregulated. Therefore, BDH2 may inhibit HCC
cell growth, proliferation and migration by inducing
apoptosis, which is regulated by autophagy.

In conclusion, we first revealed that BDH2 was
downregulated in HCC tissues and associated with
poor prognosis in patients with HCC. BDH2 acted as
a tumor suppressor regulating mitochondrial
apoptosis and autophagy in HCC. The functional and
mechanistic analyses of BHD2 suggested that BDH2
may be a prognostic marker and provided a more
effective management strategy for patients with HCC.
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