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Objective: Shikonin is a natural product with many activities, including anti-cancer effects.
Pyruvate kinase type M2 (PKM2) plays a crucial role in the growth of tumor cells. However,
the effect of shikonin on PKM2 in hepatocellular carcinoma (HCC) is unclear.

Methods: Cell viability, apoptosis level, glucose uptake, and lactate production were
detected in HCC cells. Lentivirus-overexpressed and —shRNA of PKM2 were used to verify
the key target of shikonin. A xenograft mouse model was used to detect the efficacy of
shikonin and its combination with sorafenib in vivo.

Results: Shikonin inhibited proliferation and glycolysis and induced apoptosis in HCC cells.
Either PKM2-overexpressed or PKM2-shRNA alleviated or enhanced this effect. The results
of CCK-8 showed that shikonin significantly inhibited cell viability of HCC cells. The levels
of glucose uptake and lactate production were dramatically decreased by shikonin-treated.
Results of flow cytometry and Western blot showed that the levels of apoptosis of HCC cells
were significantly increased in a dose-dependent manner after shikonin treatment. In addi-
tion, shikonin enhanced the anti-cancer effect of sorafenib in vitro and in vivo. Our results
showed that SK combined with sorafenib markedly inhibits tumor growth in HCC-
transplanted nude mice compared to SK or sorafenib alone.

Conclusion: By inhibiting PKM2, shikonin inhibited proliferation and glycolysis and
induced cell apoptosis in HCC cells. The effect of shikonin on tumor cell proliferation,
apoptosis and glycolsis will make it promising drug for HCC patients.

Keywords: shikonin, PKM2, glycolysis, apoptosis, proliferation, hepatocellular carcinoma

Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors
worldwide and a serious threat to human health.'™ According to global epidemio-
logic data, the incidence and mortality of liver cancer rank sixth and third for
cancer, respectively. Therefore, there is an urgent need to find an effective treatment
for HCC patients.

PKM?2, which is highly up-regulated in tumor cells, including HCC cells,” plays
a crucial role in tumor cell growth.®’” Hoshino et al® reported that PKM2 regulates
cell proliferation. Goldberg et al® demonstrated that knockdown of the PKM2 gene
leads to tumor cell apoptosis. In addition, PKM2 catalyzes the final step of
glycolysis, which catalyzes fructose bisphosphate to form pyruvate and adenosine
5'-triphosphate.'® Glycolysis is a metabolic hallmark of tumor cells."" Tumor cells
are highly dependent on glycolysis to provide energy. Therefore, PKM?2 is con-
sidered to be a potential target to suppress the growth of tumors. Identification of
a new drug that inhibits PKM2 expression would be clinically meaningful.
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Shikonin (SK), which is isolated from Lithospermum
erythrorhizon, has been reported to possess various ther-

12,13

apeutic effects, including anti-inflammation, anti-

1415 and anti-cancer.'®'” SK

ischemia/reperfusion injury,
has minimal harm to normal cells and has anti-cancer
effects on various tumor cells.'®° Zhou et al*' showed
that SK induces glioma cell necroptosis by increasing
intracellular ROS. Zhao et al** showed that the combina-
tion of erlotinib with SK could overcome erlotinib resis-
tance and kill glioblastoma cells by inhibiting the
epidermal growth factor receptor signaling. In addition,
a previous study demonstrated that SK and its analogs
suppressed tumor cell glycolysis by inhibiting PKM?2 in
MCEF-7, A549, and HeLa cells;?® however, the effect of
SK on the expression of PKM2 in HCC cells remains
unclear.

In the present study we showed that PKM2 plays an
important role in hepatoma cell proliferation, apoptosis,
and glycolysis. SK suppresses cell proliferation and gly-
colysis and leads to cell apoptosis in HCC cells. Our
results showed that SK inhibited the expression of
PKM2. Either PKM2-overexpressed (PKM2-OE) or
PKM2-shRNA alleviated or enhanced the effect of SK
on cell proliferation, apoptosis, and glycolysis. In addition,
SK improved the drug sensitivity of HCC cells to sorafe-
nib, which is the first-line drug that can prolong the survi-
val of patients with HCC. The results give us a better
understanding of the mechanism of action of SK on
tumor metabolism and proliferation, which may help find
effective therapies for HCC patients.

Methods and Materials

Reagents

SK and dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Sorafenib was
obtained from Selleck (Selleck Chemicals, Shanghai,
China). SK and sorafenib were dissolved in DMSO, and
the final concentration of DMSO was < 0.1%. Antibodies
against PKM2, caspase 3, caspase 9, PARP, CDK4, CDK6,
cyclin D1, Bcl-2, Bax, and cyto C were purchased from
Cell Signaling Technology (Danvers, MA, USA).

Cell Culture

HCC cells lines (LM3, SMMC-7721, Huh-7, and HepG2)
and a normal liver cell line (LO2) were purchased from the
Chinese Academy of Sciences Committee Type Culture
Collection cell bank (Shanghai, China). HCC and LO2 cell

lines were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM; Logan, UT, USA) with high glucose and
10% fetal bovine serum at 37 °C in a 5% CO, humidified
atmosphere. All experiments were performed in triplicate.

Cell Proliferation and Combination
Analysis

Cells were seeded in 96-well plates and incubated for 24-
96h with different concentrations of SK. 10 pL. CCKS8
solution (Dojindo, Kumamoto, Japan) was added to each
well. Plates were placed in the dark at 37°C for 2 h. Cell
viability was determined by a microplate reader at 450 nm.

The ICso and combination index (CI) were calculated
using Compusyn software (Paramus, NJ, USA). A CI
value equal to 1 indicated that SK and sorafenib had an
additive effect, a CI value < 1 indicated that SK and
sorafenib had a synergistic effect, and a CI value > 1
indicated that SK and sorafenib had an antagonistic effect.

Cell Cycle Analysis

HCC cells were treated with or without SK for 24 h and
collected. Cells were permeabilized with cold 75% ethanol
at —20°C overnight. Then, after washing twice with PBS,
cells were incubated with 350 puL of PI/RNase staining
buffer (BD Pharmingen, Franklin Lakes, NJ, USA) for 30
min at 4°C. The results were obtained using a BD
FASCCanto II flow cytometer (Cytomics FC500;
Beckman Coulter, Fullerton, CA, USA).

Apoptosis Analysis

HCC cells were treated with or without SK for 48 h in
6-well plates at a density of 1 x 10° cells/mL. Cells were
collected and centrifuged at 1000 rpm for 5 min. After
washing twice with PBS and centrifuging, the sediments
were suspended with 1 x binding buffer and stained with
Annexin-V/PI (BD Biosciences, San Jose, CA, USA) for
15 min at room temperature. The cells were detected using
a flow cytometer (Cytomics FC500). The results were
analyzed by FlowJo software (version 10; FlowJo LLC,
Ashland, OR, USA).

Hoechst 33342 Staining

HCC cells (LM3 and SMMC-7721) were treated with or
without SK in 6-well plates for 24 h and collected. Cells
were then washed with PBS for three times and fixed with
75% ethanol for 10 min. Hoechst 33342 dye diluted in
PBS and added to the collected cells for 30 min in the
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dark. The apoptotic cells were characterized by bright blue
fluorescence in the nucleus. The images were acquired
using fluorescence microcopy (Leica, Wetzlar, Germany).
The number of positive cells was calculated using Image-
Pro Plus software 6.0 (n=6).

Glucose Uptake and Lactate Production
After washing twice with uptake buffer (140 mM NacCl,
2 mM KCl, I mM KH,PO,4, 10 mM MgCl,, 1 mMCaCl,,
5 mM glucose, 5 mM L-alanine, 5 mM indomethacin, and
10 mM HEPES/Tris [pH 7.4]), the cells were cultured for
30 min at 37 °C in an uptake buffer containing 1 pCi/mL
2-DG. The cells were dissolved using 0.1% sodium dode-
cyl sulfate (SDS) and the radioactivity was detected on
a liquid scintillation counter. Protein was then quantified to
standardize the above results. Lactate production was mea-
sured by a microplate reader according to the manufac-
turer’s instructions.

Reverse Transcription (RT)-PCR and
Quantitative Real Time (qRT)-PCR

Total RNA was extracted with TRIzol reagent according to
the manufacturer’s instructions. Total RNA was used to
transcribe into cDNA by using a reverse transcription kit
(TaKaRa Biotechnology, Dalian, China). The protocol
used was: 95°C x 3 min, 95°C x 3 s, 60°C x 30 s x 40
cycles. The qRT-PCR (Applied Biosystems, CA, USA)
was performed to determine the gene expression according
to the manufacturer’s protocol. The primers used in the
study are shown in Table 1.

Western Blot Analysis

The total protein of cells and tumors were extracted using
a radioimmunoprecipitation assay (RIPA) with a protease
inhibitor and separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The pro-
tein concentration was detected by a BCA kit. After
separation, the bands were transferred onto polyvinylidene
fluoride membranes and blocked with 5% non-fat milk for
60 min at room temperature. Then, the membranes were
probed with the corresponding primary antibodies at 4°C
overnight, as follows using anti-: PKM2 (1:500); cleaved-
caspase 9 (1:500); cleaved-caspase 3 (1:500); PARP
(1:500); CDK4 (1:500); CDK6 (1:500); cyclin DI
(1:500); Bcl-2 (1:500); Bax (1:500); cyto C (1:500); and -
actin (1:1000). The membranes were washed three times
with PBST, then incubated with the appropriate secondary

antibodies (1:2000) for 60 min at 37°C. After incubation,
the membranes were washed with PBST three times and
probed using the Odyssey two-color infrared laser imaging
system (LI-COR Biosciences, Lincoln, NB, USA).

Plasmid Construction, Lentivirus

Packaging, and Infection

The PKM?2 overexpressed or knockdown lentivirus was
synthesized by BioLink Biotechnology (Shanghai, China).
A full-length cDNA encoding the PKM2 sequence was ampli-
fied from 293T cDNA and cloned into the pLenO-DCE-CM V-
MCS-GFP vector. Empty vector (EV) was used as a control. In
addition, pLenR-GPH-ShRNA was constructed to generate
knockdown of PKM?2. A nonsense scrambled oligonucleotide
was used as a control. To established a stable lentivirus trans-
fection HCC cells, LM3 and SMMC-7721 cells were cultured
in 6-well plates, and transfected with EV, PKM2-OE, or
PKM2-shRNA 70-80%
Transfection of HCC cells by lentivirus was performed using
5 pug/mL polybrene (Sigma-Aldrich) for 24 h. Transduced
HCC cells were selected in puromycin. The transduction

lentivirus  when confluent.

efficiency was determined by RT-PCR and Western blotting.

In vivo Animal Experiments
Four-week-old male BALB/C nude mice (Shanghai
Laboratory Animal Center, Shanghai, China) were housed in
a standard room with a 12-h light-dark cycle and free access to
water and food. All animal experiments were performed in
accordance with the National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals. The study was
approved by the Animal Care and Use Committee of Shanghai
Tongji University. This research was approved by the Science
and Technology Commission of Shanghai Municipality (ID:
SHDSYY-2017-2330). The mice were inoculated subcuta-
neously with LM3 HCC cells (5 x 10°). After one week,
when the tumors were measurable, the mice were randomly
assigned into 4 groups with 2 mice each.

Group I, NC: saline

Group II, SK5: 5 mg/(kg-d) SK

Group III, S10: 10 mg/(kg-d) sorafenib

Group IV, SK5 + S10: 5 mg/(kg-d) SK and 10 mg/
(kg-d) sorafenib

SK and sorafenib were dissolved by DMSO and admi-
nistered orally for 24 days. Mouse weight and tumor size
were measured every 4 days. After a 24-day treatment,
mice were anesthetized and sacrificed by cervical disloca-
tion. Tumors underwent hematoxylin and eosin (H&E).

Journal of Hepatocellular Carcinoma 2020:7
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H&E Staining

The portion of tumor tissue was fixed with 4% parafor-
maldehyde for 24 h. Then, the specimen was dehydrated
and embedded in paraffin. Sections were cut into 3 um
thick and stained with H&E. A light microscope was used
to observe the histopathological changes.

Immunohistochemistry (IHC) Staining
Paraformaldehyde-immersed tissues were embedded in
paraffin and cut in 3 pm thick sections. The sections
were dewaxed and rehydrated, after an antigen retrieval
process and blocking, the sections were incubated with
primary antibodies against PKM2 overnight. The images
were captured by an optional microscope.

Statistical Analysis

All experiments were repeated at least three times. Differences
between groups were evaluated by one-way ANOVA using
SPSS version 20.0 software (SPSS, Chicago, IL, USA).
A P <0.05 was considered statistically significant.

Results
PKM2 Plays an Important Role in HCC
Cells

PKM2 plays an important role in tumor cell growth.
Western blot and q-PCR were used to determine the expres-
sion of PKM2 protein and mRNA in HCC cell lines (LM3,
SMMC-7721, HepG2, and Huh7) and normal liver cells

Table | Nucleotide Sequences of Primers Used for PCR

(LO2). As shown in Figure 1A and B, compared with
LO2, the mRNA and protein levels of PKM?2 in the four
HCC cells were increased to a different extent, and the
highest increase was observed in SMMC-7721 and LM3
cells. Based on the above experimental results, we selected
SMMC-7721 and LM3 for further investigation.

To investigate the effect of PKM2 on the proliferation
of HCC cells, we constructed lentiviral vectors to up- and
down-regulate PKM2 in LM3 and SMMC-7721 cells. EV
or scramble was used as a control. As shown in Figure 1C
and D, q-PCR and Western blot were used to evaluate the
effect of viral infection. Our results showed that the
expression of PKM2 in the PKM2-OE group was signifi-
cantly increased compared with the EV group, while the
expression of PKM2 in the PKM2-shRNA group was
dramatically decreased compared with the scramble
group. LM3 and SMMC-7721 cells infected with PKM2-
OE and PKM2-shRNA were cultured for 48 h, and CCK8
was used to detect the proliferation of HCC cells. The
results of the CCK8 assay indicated that cell viability in
the PKM2-OE group was elevated compared with the EV
group, and cell viability in the PKM2-shRNA group was
significantly reduced compared with the scramble group
(Figure 1E).

Flow cytometry and Hoechst 33342 were used to inves-
tigate the effect of PKM2 on HCC cell apoptosis. Hoechst
33342 dye solution can enter the cell membrane of normal
cells and cause slight staining, which is increased when the
cells undergo apoptosis. The results showed that apoptosis
of LM3 and SMMC-7721 cells was slightly decreased in the
PKM2-OE group compared with the EV group, but drama-
tically increased in the PKM2-shRNA group compared with
the scramble group (Figure 1F and G). We also used
Western blot to detect the expression of Bcl-2, Bax,
cleaved-caspase 3, and cleaved-caspase 9 expression
(Figure 1H). The results were consistent with flow cytome-
try and Hoechst 33342.

Glycolysis, a metabolic feature of malignant tumors,
plays a crucial role in the rapid growth of tumor cells.
Glycolysis is characterized by high glucose uptake and
lactate production. Therefore, we examined glucose uptake
and lactate production in supernatants of LM3 and
SMMC-7721 cells infected with PKM2-OE and PKM2-
shRNA (Figure 1I). The results showed that the glucose
uptake and lactate production in the PKM2-OE group were
significantly higher than the EV group, while the glucose
uptake and lactate production in the PKM2-shRNA group
were significantly lower than the scramble group.

Gene Primer Sequence (5'—3’)
PKM2 Forward ATGTCGAAGCCCCATAGTGAA
PKMI Reverse TGGGTGGTGAATCAATGTCCA
Forward CGAGCCTCAAGTCACTCCAC
Reverse GTGAGCAGACCTGCCAGACT
HK2 Forward GAGCCACCACTCACCCTACT
Reverse CCAGGCATTCGGCAATGTG
LDH-A Forward ATGGCAACTCTAAAGGATCAGC
Reverse CCAACCCCAACAACTGTAATCT
PFK I Forward GCTGGGCGGCACTATCATT
Reverse TCAGGTGCGAGTAGGTCCG
GLUTI Forward GCCAGAAGGAGTCAGGTTCAA
Reverse TCCTCGGAAAGGAGTTAGATCC
p-actin Forward CATGTACGTTGCTATCCAGGC
Reverse CTCCTTAATGTCACGCACGAT
22 submit your manuscript
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Figure | PKM2 plays an important role in HCC cells. (A) The expression of PKM2 mRNA was detected by RT-PCR. The data are expressed as the mean + SD (n = 3, *P < 0.05 vs
LO2). (B) Western blotting was used to determine the expression of PKM2 protein. -actin was used as a loading control. The data are expressed as the mean + SD (n = 3, *P < 0.05
vs LO2). (C) The expression of PKM2 mRNA in LM3 and SMMC-7721 cells was detected by RT-PCR after PKM2-OE or PKM2-shRNA use. Data are shown as the mean £ SD (n =3,
*P <0.05 for PKM2-OE vs EV or for PKM2-shRNA vs scramble). (D) Expression of PKM2 protein in LM3 and SMMC-7721 cells was determined by Western blotting after PKM2-OE
or PKM2-shRNA use. Data are shown as the mean + SD (n = 3, *P < 0.05 for PKM2-OE vs EV or for PKM2-shRNA vs scramble). (E) CCK8 was used to detect cell viability after
PKM2-OE or PKM2-shRNA use. The data are expressed as the mean £ SD (n = 3, *P < 0.05 for PKM2-OE vs EV; *P < 0.05 for PKM2-shRNA vs scramble). (F and G) Apoptosis of
LM3 and SMMC-7721 cells was determined by Hoechst 33342 and flow cytometry after PKM2-OE or PKM2-shRNA use. (H) Expression of Bcl-2, Bax, cleaved-caspase 3, and
cleaved-caspase 9 protein was detected by Western blotting. (I) LM3 and SMMC-7721 cells were cultured for 48 h. Glucose uptake and relative lactate production were analyzed.
The data are shown as the mean + SD (n = 3, *P < 0.05 for PKM2-OE vs EV; #P < 0.05 for PKM2-shRNA vs scramble).
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Anti-Tumor Effects of SK in HCC Cells

Tumor cells are characterized by increased proliferation
and resistance to cell death. Therefore, we investigated the
effect of SK on the proliferation of HCC cells using
CCKS8. When we exposed HCC (SMMC-7721 and LM3)
and normal cells (LO2) to SK (0—5 uM) for 48 h, HCC cell
viability was markedly reduced in a dose-dependent man-
ner (Figure 2A). Then, we treated HCC cells and LO2
cells with SK (3 uM) for 24, 48, 72, or 96 h. SK inhibited
HCC cell wviability in a time-dependent manner
(Figure 2A). Based on the above results, 1, 2, and 3 uM
doses of SK were selected for further study. The prolifera-
tion of tumor cells is closely related to the progression of
the cell cycle. To explore whether or not shikonin regu-
lates the HCC cell cycle to affect cell proliferation, we
determined the cycle distribution of LM3 and SMMC-
7721 cells treated with SK (1, 2, and 3 uM) for 24 h. To
explore the mechanism of SK on the cell cycle regulation
in HCC cells, we used Western blot to detect the expres-
sion of G0/G1 phase-related proteins (Cyclin D1, CDK4,
and CDKG6). Cyclin D1 is a specific protein in the GO/G1
phase. The transition of the cell cycle from GI1 to S is
regulated by Cyclin D1/CDK4/CDK®6. The results showed
that SK reduced the protein expression of these indicators
(Figure 2B). We also used flow cytometry to determine the
distribution of HCC cells after SK treatment. The results
showed that the percentage of cells in the GO/G1 phase of
LM3 and SMMC-7721 cells was significantly increased
after SK treatment (Figure 2C).

Hoechst 33342, flow cytometry, and Western blot were
used to demonstrate cell apoptosis. As shown in Figure 2D,
cells in the NC group exhibited minimal blue staining; the
fluorescence intensity increased with increasing doses of
SK. Six areas were randomly selected and counted as posi-
tive cells. AnnexinV-FITC/PI staining showed that SK
induced apoptosis in LM3 and SMMC-7721 cells in a dose-
dependent manner (Figure 2E). Expressions of caspase3,
caspase9, and PARP protein were determined by Western
blot. SK significantly upregulated the expression of
cleaved-caspase3, cleaved-caspase9, and cleaved PARP in
LM3 and SMMC-7721 cells (Figure 2F). These results
indicated that SK induced apoptosis of HCC cells.

In addition, LM3, SMMC-7721, and LO2 cells were
treated with SK for 48 h to assess glucose uptake and lactate
production. The results showed that SK markedly decreased
glucose uptake and lactate production in a dose-dependent
manner in LM3 and SMMC-7721 cells compared with the

NC group. By contrast, SK had no effect on glucose uptake
or lactate production in LO2 cells (Figure 2G).

SK Exerts Anti-Tumor Effects by
Regulating PKM2 in HCC Cells

In the previous study, we confirmed that SK effectively
inhibited glycolysis in HCC cells. To further explore the
mechanism by which SK inhibited glycolysis, we investi-
gated the expression of glycolytic enzyme mRNAs in LM3
and SMMC-7721 cells, such as HK2 (hexokinase 2), GLUT1
(Glucose transporter type 1), PKM2 (Pyruvate kinase iso-
zyme type M2), PFK1 (phosphofructokinase 1), PFK2
(Phosphofructokinase 2), PKM1 (Pyruvate kinase M1), and
LDH-A (Lactate dehydrogenase A). The results showed that
SK significantly down-regulated the expression of PKM2 in
both LM3 and SMMC-7721 cells (Figure 3A). Western blot
was used to detect the expression of PKM2 protein after SK
treatment (Figure 3B). The results were consistent with the
results of q-PCR.

To investigate the effect of SK by regulating PKM2 on
the proliferation of HCC cells, we used 3 uM SK to treat
original cells (SK), PKM2-OE cells (PKM2-OE+SK), and
PKM2-shRNA cells (PKM2-shRNA+SK), and untreated
liver cancer cells (NC) as controls. After SK treatment, the
proliferation of each group in LM3 and SMMC-7721 cells
was detected by CCKS8 (Figure 3C). The cell viability of
the PKM2-OE+SK group was significantly higher than the
SK group, while the cell viability of the PKM2-shRNA
+SK group was significantly lower than the SK group.
Moreover, we used Western blot to detect the effect of
SK on the expression of cyclin D1 protein after up- and
down-regulation of PKM2 (Figure 3D). Compared with
the SK group, the expression of cyclin D1 protein in the
PKM2-OE+SK group was significantly increased, while
the expression of cyclin D1 protein in the PKM2-shRNA
+SK group was decreased compared with the SK group.

Flow cytometry and Western blot were used to detect
the effect of SK by regulating PKM2 on HCC cell apop-
tosis. In LM3 and SMMC-7721 cells, the results of flow
cytometry showed that compared with the SK group, the
apoptosis level of the PKM2-OE+SK group was signifi-
cantly decreased, while the apoptosis level of the PKM2-
shRNA+SK group was significantly increased compared
with the SK group (Figure 3E). We also used Western blot
to determine the expression of apoptosis-related proteins
in LM3 and SMMC-7721. As shown in Figure 3F, SK
increased the expression of Bax, cyto C, cleaved-caspase
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Figure 2 The anti-tumor effects of SK in HCC cells. (A) HCC cells (SMMC-7721 and LM3) and normal liver cells (LO2) were treated with SK (0-5 uM) for 48 h and cell viability was
determined by CCK8 assays. HCC cells and normal liver cells were treated with SK (3 uM) for 24-96 h and cell viability was determined by CCK8 assays (n = 3). (B) Western blotting
was used to detect the expression of GO/G| phase-related proteins in LM3 and SMMC-7721 cells treated with SK (3 pM) for 24 h. Data are expressed as the mean = SD (n = 3,
*P < 0.05 for SK [3 pM] vs NC). (C) Cell cycle analysis of HCC cells treated with SK for 24 h. Proportion of cells in different phases of the cell cycle is shown (n = 3, *P < 0.05 for SK [|
uM] vs NC, #P < 0.05 for SK [2 uM] vs SK [ uM], and *P < 0.05 for SK [3 uM] vs SK [2 uM] in GO/GI phase). (D and E) Apoptosis of LM3 and SMMC-7721 was detected by Hoechst
33342 and flow cytometry (magnification 200 x). The data are expressed as the mean + SD (n = 3, *P < 0.05 for SK [1 uM] vs NC, #P < 0.05 for SK [2 uM] vs SK [| pM], and *P < 0.05
for SK [3 uM] vs SK [2 uM]). (F) Expression of cleaved-caspase 3, cleaved-caspase 9, and PARP protein was detected by Western blotting. B-actin was used as a loading control. The gray
values were calculated. The data are expressed as the mean + SD (n = 3, *P < 0.05 for SK [ uM] vs NC, #P < 0.05 for SK [2 uM] vs SK [| uM], and *P < 0.05 for SK [3 uM] vs SK [2 uM]).
(G) HCC cells (LM3 and SMMC-7721) and normal liver cells (LO2) were treated with SK for 48 h. Glucose uptake and relative lactate production were analyzed. The data are
expressed as the mean = SD (n = 3, *P < 0.05 for SK [ pM] vs NC, #P < 0.05 for SK [2 uM] vs SK [I uM], and *P < 0.05 for SK [3 uM] vs SK [2 uM)).
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9, and cleaved-caspase 3, and decreased the expression of
Bcl-2. In PKM2-OE group, the effects of SK on apoptosis
were attenuated, while in PKM2-shRNA group the effects
were enhanced. These results provided strong evidence
that the anti-apoptotic effects of SK were closely related
to PKM2 in HCC cells.

To investigate the effect of SK by regulating PKM?2 on
glycolysis in HCC cells, we detected glucose uptake and
lactate production in each group (Figure 3G). The results
showed that the glucose uptake and lactate production in
the PKM2-OE+SK group were significantly higher than
the SK group, while the glucose uptake and lactate pro-
PKM2-shRNA+SK  group
a consistent downward trend with the SK group and the

duction in the showed

level was lower than the SK group.

SK Enhanced Sorafenib-Induced HCC

Cell Growth Inhibition in vitro and in vivo
Sorafenib, a targeted drug, is the only effective drug used
clinically to treat HCC patients; however, due to serious
side effects and high cost, sorafenib is not widely used.
Therefore, we combined SK and sorafenib to investigate
the effects on cell proliferation in HCC cells. As shown in
Figure 4A, compared to SK or sorafenib alone, the combi-
nation of SK and sorafenib (1:1) induced greater cell cyto-
toxicity in HCC cells. Median dose-effect analysis
demonstrated that the CI in HCC cells was < 1, which
indicated a synergistic effect (Figure 4B). In addition, we
also used sorafenib alone to study the effects on cell viabi-
lity in LM3 and SMMC-7721 cells (Figure 4C).

To verify these in vitro findings, we further performed
in vivo studies. Saline, sorafenib (10 mg/kg), SK (5 mg/kg),
and sorafenib (10 mg/kg) + SK (5 mg/kg) were used for
further in vivo experiments. Mice received a daily dose of
saline, SK, sorafenib, and SK combined with sorafenib by
gavage for 24 days after the formation of tumors. Mice treated
with SK or sorafenib alone had significantly smaller tumor
volumes than saline-treated mice after 24 days of treatment.
Combined treatment with SK and sorafenib induced greater
tumor size reduction compared to treatment with SK or sor-
afenib alone (Figure 4D), indicating that SK increased the
anti-tumor effect of sorafenib in vivo. The changes in mouse
weight and tumor volume in the 24-day period are shown in
Figure 4E and F. As shown in Figure 4G, H and E staining
showed higher levels of necrosis in the combination group
compared with the NC group and SK or sorafenib alone
groups. The results of H&E staining further supported our

conclusions. Taken together, these results provided strong
evidence that SK enhanced sorafenib-induced HCC cell
growth inhibition in vitro and in vivo.

Discussion

Tumor cells are immortalized cells whose development is
closely related to cell proliferation, apoptosis, and energy
metabolism. The ability to infinitely proliferate, resist death
signals, and abnormal energy metabolism play crucial roles in
the rapid growth of tumor cells, including HCC cells.
Therefore, there is an urgent need to find effective treatment
to mitigate with these malignant biological behaviors of HCC
cells.

SK, isolated from Lithospermum erythrorhizon, has var-
ious biologic activities, including anti-tumor effects.
A recent study showed that shikonin induces apoptosis
and autophagy in the human melanoma cell line, A375,
via ROS-mediated ER stress and the p38 pathway.**
Shikonin inhibits the growth of human prostate cancer
cells through androgen receptors.>> By regulating the
PI3K/Akt signaling pathway, shikonin exerts anti-tumor
effects in non-small cell lung cancer, chronic granulocyte
leukemia, and Burkitt’s lymphoma.”®2® In the present
study, we investigated the anti-tumor effects of SK in
HCC cells. Our results showed that SK significantly inhib-
ited HCC cell proliferation and glycolysis, and promoted
HCC cell apoptosis. However, the anti-tumor mechanism of
SK still needs to be explored. Many studies have shown that
PKM2 plays a crucial role in the growth of tumor cells.
PKM2 regulates cell proliferation and differentiation, and
knocking out PKM?2 leads to tumor cell apoptosis and
growth restriction.”* ** In addition, PKM2 is the rate-
limiting enzyme in the last step of glycolysis, which cata-
lyzes phosphoenolpyruvate-to-pyruvate. Down-regulation
of PKM2 can affect the energy metabolism of tumor cells,
thereby inhibiting the growth of tumor cells.>>*® In the
present study, we demonstrated that PKM2 was elevated
to varying degrees in HCC cells. We used lentivirus to up-
and down-regulate PKM2 of LM3 and SMMC-7721 cells.
We used the CCKS assay to detect cell proliferation, detect
apoptosis using flow cytometry and Hoechst 33342, and
measure the level of glycolysis using glucose enzyme oxi-
dation and lactic acid colorimetry. Our results showed that
PKM2 promotes HCC cell proliferation and glycolysis, and
inhibits HCC cell apoptosis. In conclusion, PKM2 plays
a crucial role in the proliferation, apoptosis, and glycolysis
of HCC cells. In view of the above research, we suspect the
anti-tumor effects of SK are related to PKM2.
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Figure 4 Effects of SK combined with sorafenib in vitro and in vivo. (A and B) LM3 and SMMC-7721 cells were treated with sorafenib combined with SK for 48 h. CCK8
assays were used to determine cell viability. Data are expressed as the mean + SD. The combination index (Cl) < | indicates synergistic effects. (C) LM3 and SMMC-7721
cells were treated with sorafenib (0—10 pM) for 48 h and cell viability was assessed by CCK8 assays. Data are expressed as the mean * SD. (D) Tumors on day 24 (n = 2,
*P < 0.05 for SK5 or S10 vs SK5 + S10). (E and F) Changes in mouse weight and tumor volume were recorded at the indicated time points. (G) H&E staining in tumor
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Several studies had shown that SK inhibits the growth
of lung cancer cells and the glycolysis process of cervical
cancer cells by inhibiting the expression of PKM2.%*%7
Therefore, we used q-PCR and Western blot to detect the
expression of PKM2 after SK treatment. Our results
demonstrated that of all glycolytic enzymes, expression
of PKM2 protein and mRNA was reduced to the greatest
extent with SK treatment in both LM3 and SMMC-7721
cells. To further verify the indispensable role of PKM2 in
the action of SK against liver cancer, we used lentivirus
PKM2 gene.

Subsequently, we examined the effects of shikonin on

vector to up- or downregulate the
proliferation, glycolysis, and apoptosis of hepatoma cells
after PKM2 was up- or down-regulated. When PKM?2 was
up-regulated, the inhibitory effect of shikonin on prolifera-
tion and glycolysis of hepatoma cells and the promotion of
apoptosis of hepatoma cells was weakened. When PKM?2
was down-regulated, the inhibitory effect of shikonin on
proliferation and glycolysis of hepatoma cells and the
promotion of apoptosis of liver cancer cells was enhanced.
These results demonstrated that PKM2 plays a crucial role
in the action of SK against liver cancer. Taken together,
SK inhibited HCC cell proliferation and glycolysis and
promoted HCC cell apoptosis by PKM2.

Because most liver cancers cannot be treated surgi-
cally, chemotherapy is the main treatment. Sorafenib,
a targeted drug, has been shown to be effective in prolong-
ing HCC patient survival; however, the use of sorafenib is
limited due to the high cost.’® Therefore, it is very mean-
ingful to screen out a drug that can improve the sensitivity
of sorafenib. Studies had shown that SK enhanced the
sensitivity of non-small cell lung cancer to erlotinib and
gefitinib.** SK increased the sensitivity of A549 cells to
adriamycin.*® Similar reports had been reported in liver
cancer.*! The above studies provided ideas for the combi-
nation of SK and other anti-hepatocarcinoma drugs. In the
present study, we evaluated the combined effects of SK
and sorafenib both in vitro and in vivo experiments. Our
results showed that SK enhanced sorafenib-induced cell
growth inhibition in LM3 and SMMC-7721 cells. In addi-
tion, combination treatment induced greater tumor inhibi-
tion compared to treatment with sorafenib or SK alone in
HCC-transplanted nude mice. H&E staining was used to
determine the level of necrosis. SK combined with sora-
fenib induced increased necrosis compared to SK or sor-
afenib alone. Taken together, our results indicated that SK

and sorafenib have synergistic effects against liver cancer,

and SK increases the sensitivity of liver cancer to
sorafenib.

In the present study, we found that SK significantly
reduced the expression of PKM2, and inhibited the expres-
sion of cyclinD1, thereby inhibiting the proliferation of
HCC cells. In contrast, a decrease in PKM2 expression
affected the binding of PKM2 to Bcl-2, resulting in
a decrease in the anti-apoptotic protein Bcl-2, and thereby
promoting apoptosis of HCC cells. As a rate-limiting
enzyme in the glycolysis process, PKM2 catalyzes the
production of pyruvate by phosphoenolpyruvate (PEP).
The decrease in PKM2 affected HCC cell energy metabo-
lism and inhibited the process of glycolysis (Figure 5). In
addition, we have shown that SK enhances the anti-tumor
effects of sorafenib in HCC cells and an HCC-transplanted
nude mice model. Our results showed that SK combined
with sorafenib markedly inhibits tumor growth in HCC-
transplanted nude mice compared to SK or sorafenib alone.

Conclusions

By inhibiting PKM2, shikonin inhibited proliferation and
glycolysis and induced cell apoptosis in HCC cells. The
effect of shikonin on tumor cell proliferation, apoptosis
and glycolysis will make it promising drug for HCC
patients.

e caspase 3
Q.actate) /
glycolysis cell proliferation apoptosis

Figure 5 Mechanism of SK on inhibition of glycolysis and proliferation and induc-
tion of apoptosis in HCC cell lines. SK significantly reduced the expression of
PKM2, and inhibited the expression of cyclinD |, thereby inhibiting the proliferation
of HCC cells. On the other hand, a decrease in PKM2 expression affected the
binding of PKM2 to Bcl-2, resulting in a decrease in the anti-apoptotic protein Bcl-2,
which led to increase in the protein Bax, caspase 9, and caspase 3, thereby
promoting apoptosis of HCC cells. As a rate-limiting enzyme in the glycolysis
process, PKM2 can catalyze the production of pyruvate by phosphoenolpyruvate
(PEP). The decrease in PKM2 affected HCC cell energy metabolism and inhibited
the process of glycolysis.
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