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Abstract: Primary liver cancer is the fifth leading death of cancers in men, and hepatocellular
carcinoma (HCC) accounts for approximately 90% of all primary liver cancer cases. Sorafenib is a
first-line drug for advanced-stage HCC patients. Sorafenib is a multi-target kinase inhibitor that
blocks tumor cell proliferation and angiogenesis. Despite sorafenib treatment extending survival,
some patients experience side effects, and sorafenib resistance does occur. 3-Hydroxymethyl glutaryl-
CoA synthase 2 (HMGCS2) is the rate-limiting enzyme for ketogenesis, which synthesizes the ketone
bodies, β-hydroxybutyrate (β-HB) and acetoacetate (AcAc). β-HB is the most abundant ketone body
which is present in a 4:1 ratio compared to AcAc. Recently, ketone body treatment was found to
have therapeutic effects against many cancers by causing metabolic alternations and cancer cell
apoptosis. Our previous publication showed that HMGCS2 downregulation-mediated ketone body
reduction promoted HCC clinicopathological progression through regulating c-Myc/cyclin D1 and
caspase-dependent signaling. However, whether HMGCS2-regulated ketone body production alters
the sensitivity of human HCC to sorafenib treatment remains unclear. In this study, we showed that
HMGCS2 downregulation enhanced the proliferative ability and attenuated the cytotoxic effects
of sorafenib by activating expressions of phosphorylated (p)-extracellular signal-regulated kinase
(ERK), p-P38, and p-AKT. In contrast, HMGCS2 overexpression decreased cell proliferation and
enhanced the cytotoxic effects of sorafenib in HCC cells by inhibiting ERK activation. Furthermore,
we showed that knockdown HMGCS2 exhibited the potential migratory ability, as well as decreasing
zonula occludens protein (ZO)-1 and increasing c-Myc expression in both sorafenib-treated Huh7
and HepG2 cells. Although HMGCS2 overexpression did not alter the migratory effect, expressions
of ZO-1, c-Myc, and N-cadherin decreased in sorafenib-treated HMGCS2-overexpressing HCC cells.
Finally, we investigated whether ketone treatment influences sorafenib sensitivity. We showed that
β-HB pretreatment decreased cell proliferation and enhanced antiproliferative effect of sorafenib in
both Huh7 and HepG2 cells. In conclusion, this study defined the impacts of HMGCS2 expression
and ketone body treatment on influencing the sorafenib sensitivity of liver cancer cells.
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1. Introduction

Liver cancer remains a rapidly increasing malignancy, and it currently ranks as the
fifth leading cause of cancer mortality in men [1]. The major type of primary liver cancer is
hepatocellular carcinoma (HCC) which is highly associated with viral infections, excess
alcohol consumption, metabolic syndromes, nonalcoholic fatty liver disease (NAFLD), and
cirrhosis [2]. Chronic hepatitis, the precursor of cirrhosis and HCC, is the result of hepatic
wound-healing reactions, which alter the normal function of hepatocytes. Furthermore,
patients with chronic cirrhosis are at high risk of developing HCC, which was reported to
exhibit poor prognoses [3]. Liver biopsies with ultrasound and computed tomography (CT)
are used to detect nodule and tumor tissues. Serum analyses of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and the HCC biomarker, α-fetoprotein (AFP),
are commonly used for clinical screening. Surgical resection is a recommended treatment
option in patients with early-stage HCC, while targeted drug treatment of liver cancer
is used in patients with advanced HCC. Sorafenib, the first-line drug for liver cancer is
used for treatment; however, if the treatment is ineffective or sorafenib resistance occurs, a
second line drug for HCC will be used. Ultimately, supportive treatment is a better option
for terminal HCC patients [4].

Sorafenib is a multi-target kinase inhibitor that blocks tumor cell proliferation and
angiogenesis via inhibiting the activity of kinases in the mitogen-activated protein ki-
nase (MAPK) pathway and vascular endothelial growth factor receptors (VEGFRs) [4,5].
Sorafenib is also involved in alternating multiple kinases in epithelial-mesenchymal transi-
tion (EMT) pathways and hypoxia-inducible pathways [5]. Previous studies indicated
that sorafenib treatment can enhance overall survival in advanced HCC patients by
3~5 months; however, some patients had side effects like palmar-plantar erythrodyses-
thesia (PPE), diarrhea, hypertension, depraved appetite, and ultimate development of
sorafenib resistance [5,6].

Ketone body (KB) metabolism is an alternative energy utilization pathway that is
due to an insufficiency of glucose consumption or to prolonged fasting, and it includes
ketogenesis and ketolysis. 3-Hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2) ex-
pression may trigger ketogenesis [7], and subsequently generate the following three KBs
in hepatic mitochondria: β-hydroxybutyrate (β-HB), acetoacetate (AcAc), and acetone.
The ratio of β-HB to AcAc is nearly 4:1 under normal conditions [8]. Ketolysis is the
process of KB reutilization which results in the formation of acetyl-CoA from β-HB and
AcAc [9]. Furthermore, KB metabolism plays an important role in connecting several
energetic metabolic pathways such as the tricarboxylic acid (TCA) cycle, glycolysis, and de
novo lipogenesis [9–13].

KB treatment is generally used in some brain diseases, such as epilepsy and glioblas-
toma multiforme (GBM). KBs shift the glucose metabolic mechanism, additionally, both
β-HB and AcAc were illustrated the positive effects in brain disease. β-HB was associated
with the repairment of mitochondrial dysfunction in brain disease [14,15], and AcAc was
linked to inhibit the cell viability in GBM cell lines [12]. A previous study demonstrated
that the KB level was elevated by sodium-glucose cotransporter-2 (SGLT2) inhibitors which
further induced KB utilization in the kidneys and subsequently inhibited hyperactivation
of mammalian target of rap amycin complex 1 (mTORC1) that occurs in proteinuric renal
disease [16]. Circulating KBs are known to be potential biomarkers of heart failure and the
deterioration of arrhythmogenic cardiomyopathy [17,18]. Recent studies focused on the
efficacy of KB treatment on other cancers [19–21]. Dietary-mediated KBs were illustrated to
reprogram metabolic alterations in pancreatic cancer cells, which further reduced tumor
growth and cachexia in cell line models [21]. KBs helped enhance radio-chemotherapeutic
responses in lung cancer xenografts by accumulating oxidative stress [20]. Application
of a ketogenic diet increased the plasma β-HB level which afterward expressed an an-
tiproliferative effect on human gastric cancer cells in nude mice [19]. However, whether
HMGCS2-mediated ketone levels alter the sensitivity of human HCC cells to sorafenib
treatment remains unclear.
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2. Results
2.1. Knockdown HMGCS2 Enhanced Cell Proliferation and Attenuated the Cytotoxicity Effect of
Sorafenib via Disturbing the MAPK and Akt Pathway

Our previous study established HMGCS2 knockdown and HMGCS2 overexpress-
ing HCC cells and showed that the expression of HMGCS2 and β-HB level affected the
progression of HCC [22,23]. In this study, to determine whether HMGCS2 expression
affected sorafenib sensitivity in human HCC cells, we treated HMGCS2 knockdown cells
(Figure 1A) with sorafenib. Compared to shlacZ control cells, HMGCS2 knockdown
cells showed higher proliferative ability in both sorafenib-treated and -untreated Huh7
and HepG2 cells (Figure 1B). A previous study indicated that sorafenib treatment de-
creased cancer cell proliferation via inhibiting the Ras/RAF/MEK/ERK pathway [5], and
in Figure 1C,D we show that the phosphorylation of ERK, P38, and MEK declined with
sorafenib treatment in shlacZ control cells. However, this inhibitory effect was attenuated
in HMGCS2 knockdown cells. On the other hand, the expression of p-AKT prominently
increased in sorafenib-treated HMGCS2 knockdown cells as compared with the control
cells (Figure 1C,D).

2.2. Overexpression of HMGCS2 Inhibited ERK Activation and Enhanced Sorafenib’s Effects in
Huh7 and HepG2 Cells

To clarify whether HMGCS2 overexpression enhanced sorafenib’s effects on HCC
cells, we used HMGCS2 overexpressing Huh7 and HepG2 cells (Figure 2A). Compared
to enhanced green fluorescent protein (eGFP) control cells, HMGCS2 overexpression ex-
pressed lower proliferative ability in both sorafenib-treated and -untreated Huh7 and
HepG2 cells (Figure 2B). Next, we used Western blotting to analyze whether overexpres-
sion of the HMGCS2 gene influenced sorafenib sensitivity by transforming expression
of the MAPK and Akt pathway. Compared to eGFP control cells, p-ERK and p-MEK ex-
pressions had decreased in sorafenib-treated HMGCS2-overexpressing cells (Figure 2C,D).
Nonetheless, expressions of p-P38, p-JNK, and p-Akt exhibited no significant discrepancies
between sorafenib-treated eGFP and HMGCS2-overexpressing cells. Based on results in
Figures 1 and 2, HMGCS2 gene expression affects sorafenib sensitivity due to disturbing
the MAPK/Akt pathway in HMGCS2 knockdown cells, whereas inhibition of MAPK/ERK
activation was found in HMGCS2-overexpressing cells.

2.3. Knockdown HMGCS2 Diminished the Sorafenib-Induced Inhibition of Migration and the
Epithelial-Mesenchymal Transition (EMT) Pathway in HCC Cells

Sorafenib treatment also inhibited tumor metastasis by inhibiting the EMT path-
way [24,25]; however, whether downregulation of the HMGCS2 gene altered sorafenib-
induced EMT inhibition remains unknown. The wound-healing migration assay is particu-
larly suitable for studies the effects of cell migration, especially in cancer cells metastasis [26].
A wound-healing migration assay showed that sorafenib treatment inhibited the migra-
tion of Huh7 and HepG2 cells; however, this phenomenon was attenuated in HMGCS2
knockdown cells (Figure 3A,B). In contrast to sorafenib-treated shlacZ control cells, shH-
MGCS2 cells treated with 8 µM sorafenib showed smaller wound areas (Figure 3A,B).
We also found that knockdown HMGCS2 decreased expression of the ZO-1 epithelial
marker, and increased expressions of the mesenchymal markers, N-cadherin, Snail, and
c-Myc (Figure 3C–E), which implied that knockdown HMGCS2 inhibited sorafenib-induced
suppression of the EMT pathway.

2.4. HMGCS2 Overexpression Had No Effect on the Migration of Sorafenib-Treated Cells

Next, we analyzed whether HMGCS2 gene overexpression promoted the sorafenib-
induced migratory-inhibitory effect. Without sorafenib treatment, HMGCS2-overexpressing
cells demonstrated less migratory ability than eGFP control cells (Figure 4A,B). Although
there was no significant difference in migration between eGFP control and HMGCS2-
overexpressing cells under sorafenib treatment, protein levels of N-cadherin and c-Myc
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were lower in HMGCS2-overexpressing cells (Figure 4C–E). Collectively, dysregulation
of the HMGCS2 gene altered sorafenib-induced inhibition of tumor migration through
regulating expressions of epithelial and mesenchymal markers.
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Figure 1. Knockdown of the HMGCS2 gene increased cell proliferation and decreased sorafenib
sensitivity through promoting the mitogen-activated protein kinase (MAPK) and Akt signaling
pathway in Huh7 and HepG2 cells. (A) Western blot analysis of HMGCS2 knockdown in Huh7 and
HepG2 cells. (B) shlacZ control and HMGCS2-knockdown Huh7 and HepG2 cells were treated with
0, 2.5, 5, 7.5, and 10 µM sorafenib for 48 h, and an MTT assay was conducted to detect cell viability.
(C) shlacZ control and HMGCS2-knockdown cells were treated with sorafenib (0, 4, and 8 µM) for
48 h. phosphorylated (p)- and total (t)- MAPK- and AKT-related signaling cascades were evaluated
by Western blotting. α-Tubulin was used as an internal control. The representative data are obtained
from three independent experiments. (D) Western blot images from Figure 1C were quantified by
using the ImageJ software. * p < 0.05; ** p < 0.01; *** p < 0.001 vs. the shlacZ control. Data are shown
as the mean ± SD.
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Figure 2. Overexpression of HMGCS2 in sorafenib-treated Huh7 and HepG2 cells exhibited an
inhibitory effect on mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase
(ERK) activation. (A) Western blot analysis of HMGCS2 overexpression in Huh7 and HepG2 cells.
(B) Enhanced green fluorescent protein (eGFP) control and HMGCS2-overexpressing Huh7 and
HepG2 cells were treated with 0, 2.5, 5, 7.5, and 10 µM sorafenib for 48 h, and an MTT assay was
conducted to detect the cell viability. (C) eGFP control and HMGCS2-overexpressing cells were
treated with sorafenib (0, 4, and 8 µM) for 48 h. phosphorylated (p)- and total (t)- MAPK- and AKT-
related signaling cascades were evaluated by Western blotting. α-Tubulin was used as an internal
control. The representative data are obtained from three independent experiments. (D) Western blot
images from Figure 2C, quantified by using the ImageJ software. * p < 0.05; ** p < 0.01; *** p < 0.001 vs.
the eGFP control. Data are shown as the mean ± SD.

2.5. Pretreatment with a Ketone Body (β-HB) Decreased the Cell Proliferative Ability and
Enhanced the Cytotoxic Effect of Sorafenib in HCC Cells

Since HMGCS2 is the rate-limiting enzyme for ketogenesis [7], we investigated
whether HMGCS2 expression influenced sorafenib sensitivity under ketone treatment.
KBs exist in three forms in the body: β-HB, AcAc, and acetone. β-HB is the most abundant
circulating KB at percentages of β-HB to AcAc of around 78%:20%. According to previous
study, after prolonged fasting or exercise, the circulating total ketone body concentrations
would rise to appropriately 1 mM in healthy adults, and 20 mM was defined as pathological
states in diabetic ketoacidosis [11]. Therefore, we chose 10 mM as our working dose. We
first maintained HCC cells in medium with/without β-HB or AcAc for 2 days, and then
cells were subjected to sorafenib treatment. As shown in Figure 5A, β-HB pretreatment
decreased the proliferative ability and enhanced the cytotoxic effects of sorafenib in HCC
cells, while there was no distinct difference in an AcAc-pretreated condition (Figure 5B). To
investigate the mechanisms behind the increase of sorafenib-induced cytotoxicity in β-HB
pretreatment study, we used Western blot and quantitative real-time polymerase chain
reaction (QPCR) assay to confirm the influence in proliferative and migratory pathways.
As shown in Figure 5C, β-HB pretreatment significantly decreased the expression of prolif-
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erating cell nuclear antigen (PCNA) in sorafenib-treated Huh7 and HepG2 cells, whereas
the phosphorylation of MEK was only decreased in β-HB pretreated Huh7 cells. The
expression of cyclin D1, a downstream of ERK [27], was also decreased in β-HB combined
with sorafenib treated HCC cells (Figure 5D). Regarding the mesenchymal markers, we
found that β-HB pretreatment diminished the N-cadherin and Snail expression (Figure 5D).
These data implied that β-HB treatment may decrease the proliferative ability and enhance
the antiproliferative potential of sorafenib in HCC cells.
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Figure 3. HMGCS2-knockdown enhanced the migratory ability and epithelial-mesenchymal
transition of sorafenib-treated Huh7 and HepG2 cells. (A,B) HMGCS2-knockdown HCC cells
(4.3 × 105 cells/well of Huh7 cells and 106 cells/well of HepG2 cells) were seeded in ibidi cul-
ture inserts and treated with 0 and 8 µM sorafenib. Images were collected at the indicated time
point, and the wound-healing areas were measured with ImageJ software. (C,D) shlacZ control and
shHMGCS2 Huh7 and HepG2 cells were treated with sorafenib at concentration of 0, 4, and 8 µM
for 48 h. Protein expression levels of zonula occludens (ZO)-1, N-cadherin, c-Myc, and Snail were
evaluated by Western blotting. α-Tubulin was used as a loading control. The representative data are
obtained from three independent experiments. (E) Western blot images from Figure 3C,D, quantified
by ImageJ software. * p < 0.05; ** p < 0.01; *** p < 0.001 vs. the shlacZ control. Data are shown as the
mean ± SD.
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Figure 4. HMGCS2 overexpression did not affect the migratory ability but decreased expressions of N-
cadherin and c-Myc in both sorafenib-treated Huh7 and HepG2 cells. (A,B) HMGCS2-overexpressing
cells (4.3 × 105 cells/well of Huh7 cells and 106 cells/well of HepG2 cells) were seeded in ibidi
culture inserts and treated with 0 and 8 µM sorafenib. Images were collected at the indicated time
points and wound-healing areas were measured with ImageJ software, as shown in the column
charts. (C,D) Cells were treated with sorafenib at concentrations of 0, 4, and 8 µM for 48 h. Protein
expression levels of zonula occludens (ZO)-1, N-cadherin, c-Myc, and Snail were evaluated by
Western blotting. α-Tubulin was used as a loading control. The representative data are obtained from
three independent experiments. (E) Western blot images from Figure 4C,D were quantified by ImageJ
software. * p < 0.05; ** p < 0.01; *** p < 0.001 vs. the enhanced green fluorescent protein (eGFP) control.
Data are shown as the mean ± SD.
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Figure 5. β-Hydroxybutyrate (β-HB) pretreatment decreased cell proliferative ability and enhanced
the sorafenib sensitivity in hepatocellular carcinoma (HCC) cells. (A,B) Huh7, Hep3B, and HepG2
cells were maintained in β-HB- or AcAc-supplemented medium for 2 days, and afterwards cells were
seeded in 96-well plates and treated with 0, 2.5, 5, and 10 µM sorafenib for 48 h. An MTT assay was
conducted to detect cell viability. (C) Huh7 and HepG2 cells were treated with sorafenib (0 or 5 µM)
combined with β-HB (0 or 10 mM) for 48 h, phosphorylated (p)-, total (t)-MEK and proliferating
cell nuclear antigen (PCNA) were evaluated by Western blotting. α-Tubulin was used as an internal
control. (D) mRNA expressions of Cyclin D1, N-cadherin, and Snail in sorafenib combined with
β-HB treated Huh7 and HepG2 cells were analyzed by QPCR. * p < 0.05; ** p < 0.01 vs. the β-HB
or AcAc free control. Data are shown as the mean ± SD. The representative data are obtained from
two independent experiments.

3. Discussion

Regarding whether HMGCS2 expression or β-HB co-treatment affected the cytotoxicity
of sorafenib in HCC cells, we tried to use two different normalized viewpoints. We first
analyzed the normalized target to 100% with 0 µM sorafenib in MTT cell proliferation
assay, but there was no difference between shHMGCS2 vs. shlacZ, HMGCS2-overexpress
vs. eGFP, as well as β-HB-treated vs. un-treated cells. However, we found that the cell
proliferation was inhibited in β-HB pre-treated HCC cells and enhanced in HMGCS2
knockdown cells. To clarify its underlying effect focus on proliferation between the two
groups, we normalized to its shlacZ/eGFP or β-HB-untreated cells. We found that even in
sorafenib-treated condition, the cell proliferation was higher in shHMGCS2 cells, whereas
lower in β-HB pre-treated cells. These data implying that HMGCS2 downregulation or
β-HB pre-treatment may influence HCC cells proliferation and then affect the effectiveness
of sorafenib.

MAPK/Akt signaling pathway is associated with the proliferation of cancer cells,
specifically in HCC [28–30]. To inhibit the proliferation of HCC cells, sorafenib can effec-
tively target the Raf/MEK/ERK pathway [5]. Our data found the attenuation of sorafenib
sensitivity in knockdown HMGCS2 HCC cell lines through activating the MAPK/Akt
pathway (Figure 1). Nagai et al. reported that the expression of hepatocyte growth factor
promotes the progression of liver cancer through activating MAPK pathway, which further
expressed transformational change and increased mesenchymal markers in Huh7 and
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HepG2 cells [31]. In addition, EGF-like repeat and discoidin I-like domain-containing
protein 3 (EDIL3), a regulator of EMT, was illustrated to induce the ERK-associated pro-
liferative signal through interactions with αvβ integrin in HCC [32]. Hence, the crosstalk
between MAPK and EMT signaling are activating in the hepatocellular carcinogenesis [33].
According to our data, HMGCS2 down-regulation attenuates the antiproliferative and
antimigratory effects of sorafenib through deterioration of MAPK/Akt/EMT pathways
(Figures 1 and 3).

In this study, we knockdown or overexpress the HMGCS2 gene in both Huh7 and
HepG2 cells to study whether HMGCS2 expression affects the effectiveness of sorafenib.
Although the antiproliferative effects of sorafenib were attenuated in both HMGCS2-
knockdown Huh7 and HepG2 cells, some molecules changed pattern were different be-
tween Huh7 and HepG2 cells. These disparities may be explained by the characteristics
and genetic variants in Huh7 and HepG2 cells. HepG2 expresses wild type p53, whereas
Huh7 harbors mutated p53, which can trigger differential effectiveness of sorafenib related
signals in liver cancer cells [34]. Furthermore, the discrepancy of drug-metabolizing genes
expression between Huh7 and HepG2 may also affect drug transport related signals [35,36].
We also detected p-P38 significantly decreased in 4 µM sorafenib treatment, but re-increased
in 8 µM sorafenib in HepG2 cells. This specific phenomenon is only observed in HepG2
cells. Although we cannot explain the underlying mechanism, this disparity may be due
to cell-specific effects or other compensatory effects in HepG2 cells. Further studies are
needed to investigate the regulation of P38 at low and high doses of sorafenib.

Recently, the potential of ketone treatment in cancer are rapidly emerging. Although
the dose selection and its ketoacidosis may be a concern issue in the clinical, the advantages
of ketone salt or ketone ester supplementation in diets have been reported in several animal
and clinical studies [37]. Accordingly, the nutritional supplement ketone salt or ketone
ester may be safe, effective, and commercially available. Since the chemical structure of our
β-HB used in this study is a sodium salt-conjugate β-HB, we believe that this compound
may be suitable for treatment in HCC cells. In the beginning of our study, we examined
the cytotoxic effects of different dosages of β-HB in HCC cells. We found that 2.5 and
5 mM β-HB did not induce a cytotoxic effect in HCC cells (Supplementary Figure S1); thus,
10 mM was used in our study. Other studies also demonstrated the therapeutic effect of
10 mM β-HB in treating human HCC cell lines and inhibiting the activation of NLRP3
inflammasome in bone marrow-derived macrophages [38,39].

HMGCS2 was found to be expressed in normal liver, skeletal muscle, heart, pancreas,
testis, and colon tissues [40]. In human cancers, HMGCS2 expression differs. Higher
HMGCS2 expression was found in estrogen receptor-negative breast cancer [41] and aggres-
sive prostate cancer [42]. In poorly differentiated colon cancer, HMGCS2 protein expression
was downregulated [43], while higher HMGCS2 expression caused poor susceptibility of
rectal cancer to chemoradiotherapy [44]. In liver cancer, HMGCS2 expression was lower
in HCC tissues [45]. Our recent publication showed that HMGCS2-mediated ketone pro-
duction influenced HCC clinicopathological progression through regulating c-Myc/cyclin
D1 and caspase-dependent signaling [22]. We further proved that HMGCS2 downregula-
tion attenuates the protective effect of a ketogenic diet by shifting ketone production to
enhance de novo lipogenesis in HCC [23]. However, whether HMGCS2-mediated ketone
production governs sorafenib sensitivity in HCC is still unclear. In this study, we showed
that HMGCS2 downregulation decreased the antiproliferative and anti-migratory effects
of sorafenib in HCC cells (Figure 6), while additional ketone (β-HB) supplementation
enhanced the cytotoxicity of sorafenib toward HCC cells. Previously, β-HB was reported
to increase cisplatin-induced apoptosis in HepG2 cells [38]. These data support β-HB
possibly acting as a new adjuvant agent for HCC chemotherapy. Connections between
ketone treatment and cancer are recently rapidly emerging [37]. β-HB is reported to express
antiproliferative effect through activating β-HB-Har2-Hopx axis in colorectal cancer [46,47].
Recent study had pointed out the positive effect of KB treatment in glioblastomas [48].
Stimulating the production of β-HB in melanoma and glioblastoma cells by a peroxisome
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proliferator-activated receptor-α (PPARα) agonist can cause tumor cell growth arrest [49].
Moreover, β-HB can be induced by PPARα activation in the liver partially contributed to
the antitumor effect of apatinib [50]. In pancreatic cancer cells, treatment with KBs can
inhibit tumor cell growth, proliferation, and glycolysis [21]. Taken together, these data also
support that ketone treatment not only can be used in liver cancer, but also can be used to
treat other cancers.
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Figure 6. Proposed model demonstrating the mechanisms of HMGCS2 downregulation mediating
ketone reduction in influencing the sorafenib treatment efficacy of hepatocellular carcinoma (HCC)
cells. The image was created with BioRender.

A ketogenic diet, the main resource for supplying KBs in vivo, was previously illus-
trated to play a beneficial role in heart disease since the KBs sustain the proliferation of
cardiac endothelial cells [51]. Under the condition of prolonged fasting or insufficient
carbohydrates, alternative energetic supplementation is triggered in the liver, and one of
the major metabolic pathways is ketogenesis, which catabolizes fatty acids and further
elevates levels of KBs in plasma and the brain. Otherwise, KBs can also be supplied through
the consumption of a ketogenic diet or ketone administration [14]. Our laboratory previ-
ously indicated that a high fat, low-carbohydrate ketogenic diet caused the deterioration
of CCl4- and thioacetamide (TAA)-induced liver fibrosis in mice through accumulating
quantities of cholesterol in the liver [52]; moreover, it was also reported to be associated
with atherosclerotic cardiovascular disease since a ketogenic diet helped increase levels of
low-density lipoprotein cholesterol [53]. Due to certain side effects of ketogenic diets, more
and more research has focused on directly administrating KBs, which not only increased
KB levels within 5 h which was the same as 2-week consumption of a ketogenic diet [54,55],
but also confirmed that the mechanisms was only influenced by KBs rather than other
metabolic features induced by ketogenic diets [56]. Ketone esters, which are metabolized
to the KBs, β-HB and AcAc, alleviated tumor cell viability and prolonged survival of
VM-M3 mice with systemic metastatic cancer [57]. β-HB and AcAc are the two major KBs
circulating in vivo, found in an approximately 4:1 ratio, and previous studies indicated that
β-HB rather than AcAc exhibited antitumor effects in various cancers [38,58–60]. Our data
revealed the antiproliferative and antimigratory effects of HMGCS2 overexpression, which
could be linked to the presence of β-HB-induced cytotoxic effects on human HCC cells.
Collectively, HMGCS2 expression and the β-HB quantity validated the positive potential
for treating HCC.
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4. Materials and Methods
4.1. Cell Culture and Viral Infection

The human (HepG2 and Huh-7) HCC cell lines were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM; Gibco, Grand Island, NY, USA) replenished with 10% heat-
inactivated fetal bovine serum (FBS; Hyclone, Logan, UT, USA), streptomycin (100 µg/mL),
penicillin (100 U/mL), nonessential amino acids (0.1 mM), and L-glutamine (2 mM) at 37 ◦C
in a 5% CO2 incubator. Huh-7 belongs to well differentiated HCC cell line, while HepG2
belongs to the hepatoblastoma line. Genetically, HepG2 presents wild type p53 gene, and
usually serves as the standard of drug transport study, while Huh-7 possesses the mutant
p53 and frequently uses as the alternative to HepG2 in drug metabolism [35]. Establishment
of the cell lines with stable HMGCS2 overexpression and knockdown were complied with
our previous publications [22,23]. The origin of LacZ was from E. coli β-galactosidase, and
shlacZ did not target any human or mouse genes; the enhanced green fluorescent protein
(eGFP) was used as the overexpressing control strategy in this study. The origin of these
plasmids was obtained from the National RNAi Core Facility (Academia Sinica, Taipei,
Taiwan). HMGCS2 knockdown, HMGCS2-overexpressing and their controlled (shlacZ and
eGFP) cells were cultured in DMEM supplemented with 10% FBS and 1 µg/mL puromycin.
Western blotting was used to verify the HMGCS2 expression in HMGCS2 knockdown or
overexpressing HCC cells.

4.2. Cell Viability Assay

Human HCC cells (1500 cells/well) were seeded in 96-well plates and switched to
fresh medium with different concentrations of sorafenib (ApexBio, Houston, TX, USA) or
β-HB (H6501, Sigma-Aldrich, St. Louis, MO, USA). The treatment dosage of sorafenib
was referring to other references which indicated that 10 µM of sorafenib is the clinical
achievable concentration [61,62]. After incubation for 48 h, culture medium was replaced
with 50 µL of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
reagent (Sigma-Aldrich, St. Louis, MO, USA). Then, 2.5 h later, 100 µL of dimethyl sulfoxide
(Scharlab Chemie, Barcelona, Spain) was added to each well, and the proliferation of cells
was calculated by the absorbance at 570 nm with a microplate reader.

4.3. Western Blot Analysis

Cell lysis buffer containing protease (NaVO3, NaS, and Na4P2O7) (Sigma-Aldrich,
St Louis, MO, USA) and phosphatase inhibitors (Leupton, Tosyllysine chloromethyl ketone
(TLCK), Tosylsulphonyl phenylalanyl chloromethyl ketone (TPCK), Aport, and Phenyl-
methanesulfonyl fluoride (PMSF)) (Sigma-Aldrich, St Louis, MO, USA) was used for lysing
cell samples. Cellular proteins (20 µg) were separated by sodium dodecylsulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinylidene difluoride
(PVDF) membranes. Membranes were first probed by primary antibodies at 4 ◦C overnight,
and the dilution of the primary antibodies was 1:1000. Secondary antibodies (at a 1:5000
dilution) were interacted with the membranes at room temperature for 1 h, and the bands
were visualized with an enhanced chemiluminescence (ECL) detection reagent (Millipore,
Billerica, MA, USA). Each experiment was conducted twice for verification. The following
antibodies were used in the experiments: phosphorylated (p)- and total (T)-ERK (1:1000,
Cell Signal #9101, #4695), P38 (1:1000, Cell Signal #4511, #8690), mitogen-activated protein
kinase kinase (MEK) (1:1000, Cell Signal #2338, #9122), c-Jun N-terminal kinase (JNK)
(1:1000, Cell Signal #4668, #9252), AKT (1:1000, Cell Signal #4060, #4685), zonula occludens
(ZO)-1 (1:1000, Cell Signal #8193), N-cadherin (1:1000, Cell Signal #13116), c-Myc (1:1000,
Cell Signal #5605), Snail (1:1000, Cell Signal #3879), PCNA (1:1000, Cell Signaling, Danvers,
MA, USA #13110) and anti-α-tubulin (1:5000, Sigma-Aldrich #T9026). Immunoblot signals
were quantified by densitometric scanning (ImageJ software 1.47v, National Institutes of
Health, Bethesda, Rockville, MD, USA).
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4.4. Wound-Healing Migration Assay

HMGCS2-modified Huh-7 (4.3 × 105 cells/well) and HepG2 cells (106 cells/well)
were separately seeded in ibidi culture insert dishes (ibidi, Martinsried, Germany), and
incubated for 24 h at 37 ◦C in a 5% CO2 incubator. Culture inserts were carefully removed
with sterile tweezers and then filled with fresh culture medium together with various doses
of sorafenib. The medium was renewed every 2 days. The cell sample was recorded every
24 h, and the experiment was terminated when the scratch in the middle with any dose of
sorafenib was fully healed.

4.5. RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (QPCR)

TRIzol reagent (Ambion, Carlsbad, CA, USA) was used to extract total RNA. Comple-
mentary DNA (cDNA) was synthesized from 2 µg cellular RNA via High-Capacity cDNA
Reverse Transcription Kits (Applied Biosystems, Carlsbad, CA, USA). 4 µL of cDNA along
with 6 µL cocktail which containing 5µL KAPA SYBR® FAST qPCR Master Mix, 0.5 µL spe-
cific forward primer, and 0.5 µL specific reverse primer. The 10 µL mixed sample was loaded
into 48-well PCR plates, and was analyzed by StepOnePlus system (Applied Biosystems,
Foster City, CA, USA). The data was exported into Excel for further measurement later on.
The comparative cycle threshold (Ct) method with normalization to GAPDH was used to de-
termine gene expression levels. The primers used for QPCR are listed as follows: GAPDH,
forward, 5′-TCACCACCATGGAGAAGGC-3′. reverse, 5′-GCTAAGCAGTTGGTGGTGCA-
3′. Cyclin D1, forward, 5′-AGGAACAGAAGTGCGAGGAGG-3′. reverse, 5′-GGATGGAGT
TGTCGGTGTAGATG-3′. N-cadherin, forward, 5′-CGTGGAGGAGAAGAAGACCAG-3′.
reverse, 5′-GCATCAGGCTCCACAGT-3′. Snail, forward, 5′-GCTGCAGGACTCAATCCAG
A-3′. reverse, 5′-ATCTCCGGAGGTGGGATG-3′.

4.6. Statistical Analyses

All data are presented as the mean ± standard deviation (SD). Statistical calculations
were performed using the SPSS v20.0 program (SPSS, Chicago, IL, USA). Differences
between individual groups were determined by Student’s t-test, and p < 0.05 was considered
statistically significant.

5. Conclusions

HCC is the most common primary malignant tumor worldwide. Sorafenib is a first-
line drug for patients with advanced HCC. However, long-term treatment with sorafenib
often results in reduced sensitivity of tumor cells to the drug, leading to acquired resistance.
Our previous study demonstrated that decreased HMGCS2 expression was correlated with
the severity of HCC; however, whether HMGCS2 loss mediation of KB reduction alters the
sensitivity of human HCC to sorafenib treatment remains unclear. As shown in Figure 6,
this study showed that HMGCS2 downregulation enhanced the proliferative ability and
attenuated the cytotoxicity effects of sorafenib by activating expressions of p-ERK, p-P38,
and p-AKT. In contrast, the cell proliferation was lower in HMGCS2 overexpressed cells
and the sorafenib-induced cytotoxic effects was enhanced in HCC cells by inhibiting ERK
activation. Furthermore, we showed that knockdown HMGCS2 promoted the migratory
ability, inhibited the epithelial marker, ZO-1, and increased c-Myc expressions in both
sorafenib-treated Huh7 and HepG2 cells. Although HMGCS2 overexpression did not alter
the migratory effect, expressions of the mesenchymal markers, N-cadherin and c-Myc,
decreased in sorafenib-treated HMGCS2-overexpressing cells. Finally, we investigated
whether HMGCS2 expression influenced sorafenib sensitivity under the ketone treatment.
We showed that β-HB pretreatment decreased the proliferative ability and enhanced the
cytotoxic effects of sorafenib in HCC cells. Taken together, this study characterized the im-
pacts of HMGCS2 expression and KB treatment on sorafenib usefulness in liver cancer cells.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27228015/s1, Figure S1: Low doses of β-HB pretreatment
expressed no significant difference in cell proliferative and sorafenib sensitivity ability in Huh7,
HepG2 and Hep3B cells.
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