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Tanshinone ITA inhibits cell growth by suppressing SIX1-induced
aerobic glycolysis in non-small cell lung cancer cells
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Abstract. Aerobic glycolysis plays a key role in cancer cell
metabolism and contributes to tumorigenesis, including that
of non-small cell lung cancer (NSCLC). Tanshinone ITA
(Tan ITA), an active compound of Salvia miltiorrhiza, exhibits
antitumor properties. Multiple mechanisms are involved in the
antitumor action of Tan IIA in lung cancer, such as inhibiting
cell growth, promoting cell apoptosis and influencing cellular
metabolism. However, the effects of Tan IIA on NSCLC cells
and its mechanisms of action remain unclear. The present
study shows Tan ITA dose-dependently attenuated the growth
of NSCLC cells and in vitro in a dose-dependent manner.
Moreover, Tan ITA markedly decreased the ATP level, glucose
uptake and lactate production in the NSCLC cells in vitro.
Tan ITA also inhibited tumor growth in a xenograft model
in vivo. Mechanically, Tan ITA treatment decreased sine oculis
homeobox homolog 1 (SIX1) mRNA and protein levels, thus
leading to the downregulation of pyruvate kinase isozyme M2,
hexokinase 2 and lactate dehydrogenase A (LDHA) expression
in A549 cells. SIX1 knockdown with small interfering-RNA
inhibited glycolysis in NSCLC cells, suggesting that SIX1 plays
arole in the antitumor effect of Tan IIA on NSCLC cells. More
importantly, it was demonstrated that SIX1 expression was
stimulated in patients with NSCLC and was positively corre-
lated with the LDH serum level. Finally, SIX1 low expression
levels predicted the poor prognosis of patients with NSCLC. In
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conclusion, the present study showed that Tan IIA functioned
as an anti-glycolysis agent in NSCLC cells by downregulating
SIX1 expression and inhibiting cell proliferation.

Introduction

Lung cancer is the leading cause of cancer-associated death and
the second most diagnosed cancer worldwide. Approximately
228,820 people are diagnosed with lung cancer and at least
135,700 people succumb to the disease each year (1). Non-small
cell lung cancer (NSCLC) is the most common histological
type of lung cancer, accounting for ~85% of lung cancer
cases (2,3). Although the prognosis of patients with NSCLC has
improved over the last decade with the development of target
drugs and immune checkpoint inhibitors, NSCLC is still a
highly malignant, rapidly progressing and incurable malignant
tumor (4,5). The 5-year survival rate of patients with NSCLC
is <20% (6). Therefore, elucidating the underlying molecular
mechanisms and identifying the therapeutic targets are critical
for developing efficient treatments of NSCLC.

Sine oculis homeobox homolog 1 (SIX1) is an important
transcription factor for the development of various organs and
is not expressed in most normal adult tissues. However, SIX1
expression is frequently found in a number of malignant cells
and plays a significant role in tumorigenesis, including cell
proliferation, apoptosis, invasion, epithelial to mesenchymal
transition and stem cell maintenance (7-11). More importantly,
previous studies have confirmed that SIX1 is mainly involved
in aerobic glycolysis, a metabolic feature of malignancy, by
positively regulating the expression of key glycolytic enzymes
at the transcriptional level (12). SIX1 knockdown results in
a decrease in glucose uptake, ATP level and lactate produc-
tion (13). Additionally, SIX1 levels are increased in lung cancer
and are correlated with a poor prognosis (14). Hence, finding
new compounds to block SIX1 expression in NSLSC may
contribute to the development of successful cancer therapy.

Tanshinone ITA (Tan ITA) is an active constituent extracted
from the plant Salvia miltiorrhiza, the dried root of which
forms the traditional Chinese herb Danshen. Tan IIA is
found to exert antitumor effects in multiple human cancer
types, including ovarian cancer (15), oral cancer (16), prostate
cancer (17), acute leukemia (18) and lung cancer (19). Multiple
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mechanisms are involved in the antitumor action of Tan ITA
in lung cancer. For example, Liao et al (20) reported that
Tan ITIA induced cell apoptosis through the phosphatidylino-
sitol 3-kinase/protein kinase B pathway. Tan IIA also inhibits
NSCLC cell growth by regulating epidermal growth factor
receptor signaling (19) and prevents A549 cell proliferation
by targeting the kinase domain of vascular endothelial growth
factor receptor 2 (21). Additionally, the antitumor effects of
Tan ITA have been shown to deplete pyruvate kinase isozyme
M2 (PKM2) levels, leading to the inhibition of glycolysis (22).
Therefore, we hypothesize that the antitumor activity of
Tan ITA in NSCLC cells may involve its antimetabolic role.

The present study investigated the antitumor effects of
Tan ITA on NSCLC via the repression of SIX1 expression and
the subsequent inhibition of aerobic glycolysis.

Material and methods

Clinical specimens. A total of 30 samples of NSCLC primary
tumor tissues and their adjacent noncancerous tissues were
obtained from newly diagnosed patients admitted to the
Hebei Provincial Chest Hospital (Shijiazhuang, Hebei,
China) between September 2017 and August 2019. The
tumor tissues were obtained via surgical resection, and the
distance between normal lung tissue and corresponding
non-cancerous lung tissues was >3 cm. The patient clinical
characteristics are shown in Table I. The mean age of
the patients was 63.9 years (range, 49-74 years). None of
patients received chemotherapy or radiotherapy before
surgery. The inclusion criterion was histologically proven
non-small cell lung cancer. The exclusion criterion was any
patient undergoing chemotherapy or radiotherapy. TNM
stage was defined according to TNM Stage Groupings in
the Forthcoming (Eighth) Edition of the NM Classification
for Lung Cancer (23). All the tissues were stored in the
liquid nitrogen immediately for the next experiments. All
the protocols of this study were approved by the Ethics
Committee of the Hebei Provincial Chest Hospital. Written
informed consent was obtained from all patients.

Cell culture and transfection. Human NSCLC A549 and
H292 cell lines were obtained from the Shanghai Cell Bank
of the Chinese Academy of Science. A549 and H292 cells
were cultured in Dulbecco's modified Eagle's medium (Gibco;
Thermo Fisher Scientific, Inc.) with 10% fetal bovine serum
(Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin-strep-
tomycin. Cells were cultured in an incubator with 5% CO, at
saturated humidity at 37°C.

The small interfering (si) RNAs specifically targeting
SIX1 were designed by Suzhou GenePharma Co., Ltd., and
had the following the sequences: siSIX1-1 forward, 5'-GGU
GGACUUUCACAAAUAUUU-3" and reverse, 5'-AUAUUU
GUGAAAGUCCACCUU-3" and siSIX1-2 forward, 5'-CAG
GUCAGCAACUGGUUUAUU-3" and reverse, 5-UAA
ACCAGUUGCUGACCUGUU-3". A scrambled sequence
was used as the negative control, which had the following
sequences: Forward, 5'-GCUGCUUCUACUCGUAAGUTT-3'
and reverse, 5S'-AUUCAGGAGUAGAGAGACCTT-3'. Cells
were transfected with siRNA using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the

manufacturer's instructions. Briefly, 20 pmol siRNA oligomer
and 1 pl Lipofectamine 2000 were diluted in 50 pl Opti-MEM
medium (Gibco; Thermo Fisher Scientific, Inc.) without serum,
respectively. After a 5-min incubation at room temperature, the
diluted oligomer with the diluted Lipofectamine 2000 were
combined and incubated for 20 min at room temperature. The
oligomer-Lipofectamine 2000 complexes were then added to
each well containing cells and cultured at 37°C in a 5% CO,
incubator. After 6 h, cells were introduced to normal medium.
Transfected cells were incubated at 37°C in a 5% CO, incu-
bator for 24 h and then collected to be used in the subsequent
experiments.

Cell viability assay. Cell viability was assessed with the
CCK-8 Kit (Bestbio) following the manufacturer's instructions.
Briefly, 1x10° cells were seeded in 100 pl culture medium on
96-well plates and then treated with different concentrations
of Tan ITA (0.25,0.5, 1, 2, 4, 8, 16 and 32 uM). After 48 h,
10 pl CCK-8 assay solution was added to each well and the
cells were further incubated at 37°C with 5% CO, for 2 h. The
optical density values were measured using an ELx808 absor-
bance reader (BioTek Instruments, Inc.) at 450 nm.

Protein extraction and western blotting. Cultured cells or
tissues were lysed with RIPA buffer (Abcam). The BCA
method was used for protein determination. Then 10-30 ug
total protein was separated by 10% SDS-PAGE and
electrotransferred to polyvinylidene fluoride membranes
(MilliporeSigma). Membranes were blocked with 5%
non-fat milk for 2 h at 37°C and then incubated with the
primary antibodies overnight at 4°C with primary antibody
recognizing SIX1 (catalog no. 10709-1-AP; 1:1,000), hexo-
kinases 2 (HK2; catalog no. 66974-1-Ig; 1:1,000), PKM2
(catalog no. 15822-1-AP; 1:1,000), lactate dehydrogenase A
(LDHA; catalog no. 19987-1-AP; 1:1,000), hypoxia induc-
ible factor la (HIFla; catalog no. 20960-1-AP 1:1,000) and
[B-actin (catalog no. 66009-1-Ig; 1:2,000) (all Wuhan Sanying
Biotechnology). The next day, after washing with TBST
(containing 0.05% Tween-20), the membranes were incubated
with the horse radish peroxidase-conjugated secondary anti-
bodies (1:5,000; anti-mouse, catalog no. ab205719; anti-rabbit,
catalog no. ab205718; Abcam). Finally, the blots were treated
with the Immobilo™ Western (MilliporeSigma) and imaged
with ECL Fuazon Fx (Vilber Lourmat Deutschland GmbH)
on FusionCapt Advance Fx5 software (Vilber Lourmat
Deutschland GmbH).

RNA extraction and reverse transcription-quantitative
polymerase chain reaction (RT-qPCR). Total RNA was
extracted from tissues and cells using QIAzol Lysis Reagent
(Qiagen GmbH) following the manufacturer's protocol. The
M-MLV First-Strand Kit (Thermo Fisher Scientific, Inc.) was
used for the reverse transcription of RNA (2 ug) to cDNA
according to the manufacturer's instructions. The Platinum
SYBR Green qPCR Super Mix UDG Kit (Invitrogen; Thermo
Fisher Scientific, Inc.) was used for the PCR on a CFX96TM
Real-Time System (Bio-Rad Laboratories, Inc.) with the
following primers: SIX1 forward, 5'-CCAGGTCAGCAA
CTGGTTTAAG-3' and reverse, 5S'-ATAGTTTGAGCTCCT
GGCGT-3"; PKM2 forward, 5-GTGGCTCGTGGTGATCTA
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Table I. Clinicopathological characteristics of the non-small
cell lung caner patients.

Characteristic Number of cases
Age, years

<60 13

>60 17
Sex

Male 16

Female 14
Tumor size, cm

<3 22

>3 8
TNM stage

I+11 24

II+1V 6
Smoking

Yes 20

No 10

TNM, Tumor-Node-Metastasis.

GG-3' and reverse, 5'-GTGGAGTGACTTGAGGCTCG-3';
HK?2 forward, 5-GCCATCCTGCAACACTTAGGGCTT
GAG-3'" and reverse, 5-GTGAGGATGTAGCTTGTAGAG
GGTCCC-3'; LDHA forward, 5'-ATGGCAACTCTAAAG
GATCA-3' and reverse, 5-GCAACTTGCAGTTCGGGC-3";
HIFla forward, 5"-TACTCAGCACTTTTAGATGCTGTT-3'
and reverse, 5-ACGTTCAGAACTTATCCTACCAT-3"; and
B-actin forward, 5'-GAGCTACGAGCTGCCTGAC-3' and
reverse, 5'-GGTAGTTTCGTGGATGCCACAG-3". The qPCR
conditions were as follows: Initial denaturation at 95°C for
10 min, followed by 40 cycles of 95°C for 5 sec, 60°C for
30 sec and 72°C for 20 sec, with a final extension at 72°C for
5 min. All the relative gene expression levels were calculated
using the 2-22% formula (24).

Glucose uptake, lactate production and ATP assays. Glucose
uptake and lactate production were assessed using a Glucose
Uptake Colorimetric Assay Kit (catalog no. abl136955;
Abcam) and a Lactate Assay Kit II (catalog no. K267-100;
BioVision, Inc.), respectively, following the manufacturers'
instructions. Briefly, 5x10° cells were seeded into 96-well
plates and treated with Tan ITA (5 M) for 48 h. After
washing with PBS, the cells were preincubated with 100 ml
Krebs-Ringer-Phosphate-HEPES buffer containing 2% BSA
for 40 min at room temperature. Next, 2-deoxy-D-glucose
was added, and the cells were incubated for 20 min at 37°C.
Afterward, cells were lysed with 90 ml extraction buffer
and then 10 ml neutralization buffer was added. After
centrifugation (1,500 x g, for 10 min at room temperature), the
supernatant was used to measure glucose uptake at 412 nm and
lactate production at 450 nm in a microplate reader (BioTek
Instruments, Inc.).

For ATP level analysis, cells were lysed in the same manner
as for the glucose uptake and lactate production assays. The

cells were collected and extracted in 100 ml of the ATP Assay
Buffer from the ATP calorimetric assay kit (BioVision, Inc.).
After centrifugation (1,500 x g, for 10 min at room tempera-
ture), the supernatants were incubated for 30 min at room
temperature, and then absorbance at 570 nm was measured
using a microplate reader (BioTek Instruments, Inc.).

Xenograft model. A total of 12 male BALB/c-nu/nu nude
male mice (4-6 weeks old; weight, 22-25 g) were purchased
from Vital River Laboratory Animal Technology Co., Ltd.
Mice were maintained in specific-pathogen-free conditions
under a constant humidity of 60-70% and room temperature
of 18-20°C in the Laboratory Animal Center of Hebei Medical
University (Shijiazhuang, Hebei, China). A total of 5x10% A549
cells were mixed with 50% Matrigel matrix (BD Biosciences)
and subcutaneously injected into the nude mice. On the 8th day
after injection, the mice were then randomly divided into
two groups (6 mice in each group), namely, the Tan IIA-treated
and control groups. In the Tan ITA-treated group, Tan ITA
(20 mg/kg) was administered to the mice intraperitoneally
every day for 2 weeks, as described previously (25). The
control group was injected with the same amount of saline as
the negative control. After 28 days, the mice were euthanized
using carbon dioxide asphyxiation as follows: The mice were
placed into a euthanasia box (20x12x10 cm) and then carbon
dioxide (concentration of 99.9%) was injected into the box at a
flow rate of 1 I/min (~33% of the box volume/min). The mice
were exposed to the carbon dioxide until a complete cessa-
tion of breathing was determined (usually within 4-8 min)
and observed for at least 2 min afterwards. The mice were
then taken out of the box and cervical dislocation was
performed to ensure death. The tumors were excised from
the mice for further study. Tumor volume was calculated as
follows: Volume = (length x width?)/2. All animal experi-
ments were approved by the Institutional Animal Care and
Use Committee of Hebei Medical University (approval
no. HebMU 20,080,026).

TCGA analysis. Kaplan-Meier plot analysis of TCGA data
was performed by using OncoLnc (http://www.oncolnc.
org/kaplan). A total of 489 patients with LUAD were contained
in the database. The cut-off value was 25%.

Statistical analysis. Data are presented as the mean + standard
deviation of three independent experiments. Student's t-test
was used to determine the significance of differences between
two groups. One-way ANOVA followed by Bonferroni's
post hoc test was used for multigroup comparisons.
Correlations between SIX1 expression and LDH level were
analyzed using Pearson's correlation test. P<0.05 was consid-
ered to indicate a statistically significant difference. Statistical
analyses were performed using GraphPad Prism (version 8§;
GraphPad Software, Inc.).

Results

Tan IIA inhibits cell proliferation and glycolysis in NSCLC
cells. The structure of Tan IIA is shown in Fig. 1A. To inves-
tigate the antitumor effect of Tan ITA in NSCLC cells, A549
and H292 cells were treated with different concentrations of
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Figure 1. Tan ITA inhibits cell proliferation and glycolysis in non-small cell lung cancer cells. (A) The structure of Tan IIA. (B and C) A549 and H292 cells
were treated with different concentrations of Tan ITA for 48 h. CCK-8 assay was used to detect cell viability. "P<0.05, “P<0.01 and ““P<0.001 vs. DMSO.
(D and E) A549 cells and H292 cells were treated with 5 uM Tan IIA for 48 h. Glucoses uptake, lactate production and ATP level were measured by corre-

sponding assays. "P<0.05 and “P<0.01 vs. DMSO. Tan ITA, Tanshinone ITA.

Tan ITA for 48 h and then cell viability was detected by CCK-8
assay. As shown in Fig. 1B and 1C, Tan IIA significantly inhib-
ited the proliferation of NSCLC cells in a dose-dependent
manner. The half maximal inhibitory concentration of Tan ITA
was 5.45 uM in A549 cells and 5.78 uM in H292 cells. To
clarify the effects of Tan ITA on the glycolysis of NSCLC cells,
the levels of glucose consumption, lactate production and ATP
were detected. As shown in Fig. 1D and E, glucose uptake,
lactate production and ATP levels were significantly decreased
by 30,40 and 52% in A549 cells, and 25, 38 and 50% in H292
cells, respectively, in the Tan IIA-treated group compared with
those of the DMSO group. These results indicate that Tan IIA
inhibits cell viability and suppresses cell glycolysis activity in
NSCLC cells in vitro.

Tan IIA downregulates SIXI expression in NSCLC cells. To
detect whether Tan ITA inhibited the glycolysis in NSCLC
cells, the mRNA and protein levels of glycolysis rate-limiting
enzymes (PKM2, HK2 and LDHA) were measured in
Tan ITA-treated A549 cells using RT-qPCR and western blot
analysis, respectively. As shown in Fig. 2A, Tan IIA treat-
ment markedly decreased the mRNA levels of PKM2, HK2
and LDHA compared with those measured in DMSO-treated
controls. Consistent with the RT-qPCR results, the western
blotting results showed that Tan IIA-treated A549 cells
contained lower protein levels of PKM2, HK2 and LDHA
compared with DMSO-treated controls (Fig. 2B), suggesting
that Tan ITA inhibited glycolysis by repressing the activity
of enzymes involved in aerobic glycolysis. A previous
study reported that HIFla and SIX1 contribute to regulate
the levels of enzymes involved in aerobic glycolysis level
in multiple cancer types (13). Therefore, the present study
analyzed the mRNA and protein levels of SIX1 and HIFla by
RT-qPCR and western blot analysis, respectively. As shown

in Fig. 2C and D, SIX1 mRNA and protein levels were mark-
edly decreased by Tan IIA, whereas HIF1a expression was not
affected. Additionally, A549 cells were treated with Tan IIA
(2.5,5 and 10 pM) and then RT-qPCR was used to detect the
expression levels of PKM2, LDHA, HK?2 and SIX1. As shown
in Fig. 2E, the treatment with Tan ITA decreased the mRNA
expression levels of PKM2, LDHA, HK2, and SIX1. However,
there was no significant different between Tan IIA used at
5 and 10 uM concentrations. Furthermore, it was found that
SIX1 mRNA expression in the A549 cell line was higher than
that in the H292 cell line (Fig. 2F). Therefore, the A549 cell
line was chosen for the following experiments. Together, these
data suggest that Tan IIA may influence glycolysis activity by
regulating SIX1 expression.

Knockdown of SIXI represses glycolysis in NSCLC cells.
To investigate the role of SIX1 in glycolysis in NSCLC
cells, loss-of-function experiments were performed. First,
SIX1 expression was knocked down in A549 cells using
SIX1-specific siRNA. The transfection of siRNAs against
SIX1 (si-SIX1-1 and si-SIX1-2) efficiently decreased SIX1
mRNA and protein levels of SIX1 compared with those
in the negative control (Fig. 3A and B), with si-SIX1-1
knocking down 70% of SIX1 mRNA expression. Therefore,
si-SIX1-1 was chosen for all subsequent experiments. The
knockdown of SIX1 decreased glucose uptake level, lactate
production level and ATP level in A549 cells compared with
those found in the negative control (Fig. 3C). Western blot-
ting and RT-qPCR results showed that SIX1 depletion led to
a significant decrease in PKM?2, HK2 and LDHA expression
at the mRNA and protein levels compared with those of the
negative control (Fig. 3D and E). These results demonstrate
that depletion of SIX1 decreases glycolysis in an NSCLC
cell line.
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Figure 2. Tan ITA downregulates SIX1 expression in NSCLC cells. (A) A549 cells were treated with 5 M Tan ITA for 48 h. The mRNA levels of PKM2, LDHA
and HK2 were detected by RT-gPCR. "P<0.05, *"P<0.01 and ““P<0.001 vs. DMSO. (B) A549 cells were treated as in (A), and the protein levels of PKM2,
LDHA and HK?2 were detected by western blot analysis. The right panel shows the densitometric analysis of three independent experiments. ‘P<0.05 and
“P<0.01 vs. DMSO. (C) A549 cells were treated as in (A), and the mRNA levels of SIX1 and HIF1a were detected by RT-qPCR. “P<0.01 vs. DMSO. (D) A549
cells were treated as in (A), and the protein levels of SIX1 and HIFla were detected by western blot analysis. The right panel shows the densitometric analysis
of three independent experiments. “P<0.05 vs. DMSO. (E) A549 cells were treated with Tan IIA (2.5, 5 and 10 uM) and mRNA levels of PKM2, LDHA, HK2
and SIX1 were detected by RT-qPCR. "P<0.05, “P<0.01 and *"P<0.001 vs. DMSO. (F) RT-qPCR was used to detect the mRNA level of SIX1 in A549 and
H292 cell lines. "P<0.05 vs. A549 cell line. Tan IIA, Tanshinone I1A; SIX1, sine oculis homeobox homolog 1; PKM2, pyruvate kinase subtype M2; HK2,
hexokinases 2; LDHA, lactate dehydrogenase A; HIF1a, hypoxia inducible factor la; RT-qPCR, reverse transcription-quantitative PCR.

SIX1 expression is upregulated in NSCLC tissues and
correlates with LDH level in patients with NSCLC. Previous
studies have shown that SIX1 expression is correlated with the
prognosis of multiple types of cancer (26,27). Therefore, the
present study investigated SIX1 expression in NSCLC tissues.
As shown in Fig. 4A and B, SIX1 expression was markedly
upregulated in NSCLC tissues compared with the levels found
in adjacent noncancerous lung tissues. More importantly,
Kaplan-Meier survival analysis of TCGA data using OncolL.nc
(http://www.oncolnc.org/) revealed that a low level of SIX1 was
associated with a lower survival rate in patients with NSCLC
(Fig. 4C). A positive correlation was also found between SIX1
expression and LDH level (R=0.6797). These data support the

fact that lower expression of SIX1 correlates with the increased
LDH level and the poor prognosis of patients with NSCLC.

Tan IIA decreases glycolysis in NSCLC cells through
SIX1. To investigate whether SIX1 plays a role in the
Tan ITA-induced decrease in glycolysis, rescue experiments
were performed. A549 cells were transfected with si-SIX1
or negative control and then treated with Tan ITIA or DMSO.
As shown in Fig. 5A-C, glycolysis in NSCLC cells was
inhibited by Tan ITA treatment and this inhibitory effect
was enhanced by the simultaneous knockdown of SIXI.
Western blotting and RT-qPCR data revealed that Tan ITA
treatment decreased the protein and mRNA levels of SIX1,
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PKM2, HK2 and LDHA, and that the knockdown of SIX1
combined with Tan ITA treatment significantly enhanced
this effect compared with Tan ITA treatment alone (Fig. 5D).
Collectively, these findings demonstrate that SIX1 plays a
crucial role in the decrease of glycolysis induced by Tan ITA
in NSCLC cells.

Tan IIA suppresses NSCLC cell growth in vivo. To further
confirm the antitumor role of Tan IIA in NSCLC, a nude

mouse xenograft model of NSCLC was established. First,
A549 cells were implanted into nude mice. After 8 days, the
mice were administered Tan IIA. As shown in Fig. 6A-C, the
Tan ITA-treated group presented with smaller tumor volumes
and lower tumor weights compared with those measured in
the control group. In addition, the expression levels of SIX1,
PKM2, HK2 and LDHA were determined in the tumor
tissues by RT-qPCR and western blot analysis. As shown in
Fig. 6D and E, SIX1, PKM2, HK2 and LDHA levels were
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significantly decreased in the tumors of the Tan ITA-treated
group compared with those of the controls. These data reveal
that Tan ITA treatment decreases tumor growth and suppresses
SIX1 expression in vivo.

Discussion

It is well known that the uncontrolled proliferation of tumor
cells is mainly due to their monoclonality. However, increasing
evidence indicates that malignancy is not only a clonal disease, but
also a metabolic disease (28). Indeed, the rapid growth of tumor
cells depends on their unique metabolic pathways, especially in
glucose metabolism (29). The Warburg effect allows tumor cells
to undergo aerobic glycolysis to provide energy, even in the pres-
ence of sufficient oxygen, leading to increased glucose uptake
and lactate production (30,31). This characteristic of glucose
metabolism renders tumor cells more adaptable to hypoxia and
contributes to cancer progression (32,33). Therefore, inhibiting
aerobic glycolysis and then blocking the energy metabolism of
neoplastic cells may constitute an effective antitumor treatment.

In the present study, it was demonstrated that Tan IIA,
a constituent of Salvia miltiorrhiza, significantly inhibited
NSCLC cell growth in vivo and in vitro, which was consistent
with earlier studies (19,34). Moreover, Tan IIA decreased the
glucose uptake, ATP level and lactate production of the NSCLC

cells suggesting that Tan IIA exerts an anti-Warburg effect in
NSCLC. Previous studies showed that Tan IIA inhibited the
Warburg effect in various neoplasms. For example, Liu ef al (35)
reported that Tan ITA treatment led to decreased glycolysis in
cervical cancer and subsequently to cell apoptosis. Li et al (36)
revealed that Tan ITA exerted its antitumor effect by suppressing
HK?2-mediated glycolysis in oral squamous cell carcinoma.
In the present study, it was demonstrated that Tan ITA treat-
ment effectively suppressed glycolysis by interfering with
glucose uptake, lactate production and ATP level. Moreover,
Zhang et al (37) reported that Tan ITA suppressed PKM?2 expres-
sion in esophageal cancer cells by upregulating the microRNA
(miR)-122 level. Liu et al (35) also showed that treatment of
Tan IIA downregulated PKM?2 and HK2 expression in cervical
cancer cells, thus leading to cell apoptosis. The present study
confirmed that Tan ITA treatment decreased PKM2, LDHA and
LDHA mRNA and protein levels. These are key enzymes in
the glycolytic pathway in A549 cells. Although the anticancer
effect of Tan IIA in NSCLC cells was shown in vivo and in vitro,
clinical trials to test the safety and efficacy of Tan IIA in patients
with cancer are needed.

Since Li et al (13) first demonstrated that SIX1 was a critical
transcription factor involved in the Warburg effect and contrib-
uting to tumorigenesis, research has focused on suppressing
SIX1 gene expression. For example, Nie et al (38) reported



8 QI et al: TAN ITA INHIBITS AEROBIC GLYCOLYSIS

>
*

vs)]
(@)

1.5+ Ly * 150 4
k& I * | # I*_|
T i
2 # 3 _ o — &
3 1.0 m o -
g8 1.0 o 1 2 1.0
Ex = o
oS & =4
£3 2 2
T 051 £ 059 T 051
D [
2 [J] o
[an
0.0- 0.0- 0.0 -
TanllA - - + + TanllA - - + + TanllA - - + +
si-SIX1 -+ - + si-SIX1 - + - + si-SIX1 - + — 4+
D Tan IIA - - +
SESIXT - - - * [l contol [l Tan 1A
sixt W W — 15 Dssixt [ sisiX1+Tan A

- [

LDHA

- SIX1 PKM2 LDHA  HK2

Figure 5. Tan ITA decreases glycolysis in non-small cell lung cancer cells through SIX1. (A) A549 cells were transfected with si-SIX1 or si-con and then treated
with Tan ITA or DMSO. Glucose uptake was detected by glucose assay kit. (B) A549 cells were treated as in (A), and lactate level was detected by lactate assay
kit. (C) A549 cells were treated as in (A), and ATP level was detected by ATP assay kit. (D) A549 cells were treated as in (A), and the protein levels of SIX1,
PKM?2, LDHA and HK?2 were detected by western blot analysis. The right panel shows the densitometric analysis of three independent experiments. "P<0.05,
“"P<0.001, "P<0.01 and "P<0.05 vs. corresponding control. SIX1, sine oculis homeobox homolog 1; Tan IIA, Tanshinone ITA; si-, small interfering; con,
control; PKM2, pyruvate kinase subtype M2; HK2, hexokinases 2; LDHA, lactate dehydrogenase A.

Relative protein expression

A B C

= 1.5
con ‘ ° ‘ . % 1500 g 19907 +Con +TaniiA 5
£ =
= Y 1000 S 1.0
Tan . ‘ . . § 1000 5 H T
— T = . ] 5 05
“ [ m‘H“H“”\“’!”‘W\WW g 500 E 500 _— E
1 2 3 4 5 6 }g E 0 = 0 -zr—l—l—r— 0.0
o Con TanllA 0 7 14 21 28 Con Tan
Days
D 154 [ con [OTania E Con TanlA
SIXT - - ?, 15, I Con [OTanlA
< 1%
[
£§ 107 * PKM2 - = s T
13
Q @ wk E23 .OEJ
= *k ko)
$ & 054 LDHA | s 2
« °
HK2 S_—_—— %
0.0 - T T E ¢
SIX1  PKM2 LDHA HK2 B-actin — — SIX1 PKM2 LDHA HK2

Figure 6. Tan IIA suppresses non-small cell lung cancer cell growth in vivo. A549 cells were injected into the right posterior ankle of the nude mice to
establish xenograft tumors. From the eighth day, mice were intraperitoneally injected with Tan IIA (20 mg/kg) for 2 weeks. (A) Representative tumor sizes in
each group of mice. (B) Tumor volumes were monitored by direct measurement. ‘P<0.05 and “P<0.01 vs. control group. (C) Xenograft tumor wet weight in
each group of mice. “P<0.01 vs. control group. (D) The mRNA levels of SIX1, PKM2, LDHA and HK?2 in xenograft tumor tissues were detected by reverse
transcription-quantitative PCR. "P<0.05 and ““P<0.01 vs. control group. (E) The protein levels of SIX1, PKM2, LDHA and HK2 in xenograft tumor tissues
were detected by western blot analysis. The right panel shows the densitometric analysis of three independent experiments. "P<0.05 vs. control group. SIX1,
sine oculis homeobox homolog 1; Tan IIA, Tanshinone IIAcon, control; PKM2, pyruvate kinase subtype M2; HK2, hexokinases 2; LDHA, lactate dehydro-
genase A.



ONCOLOGY LETTERS 23: 184, 2022 9

that miR-140-5p targeted SIX1 directly in leukemia cells.
Translation of miR-140-5p mimics markedly downregulated
SIX1 level and inhibited leukemia cell growth. In addition,
miR-23a-3p negatively regulated the post-transcription level of
SIX1 in head and neck squamous cell carcinomas (HNSCC).
SIX1 expression was decreased and HNSCC cell growth was
suppressed in vitro by transfection of miR-23a-3p mimics (39).
Furthermore, Zhou et al revealed that SIX1 was highly modi-
fied by O-GlcNAcylation in HCC cells, which could inhibit
the ubiquitination degradation of SIX1 (40). In addition,
Chu et al (41) reported that the compound 8430 decreased
SIX1 transcriptional activity and MCF7 cell proliferation
in vitro, indicating that 8430 might serve as a promising adju-
vant in the future. In the present study, it was demonstrated
that Tan ITA treatment downregulated the mRNA and protein
levels of SIX1 in A549 cells, indicating that Tan ITA might
function as a SIX1 inhibitor. Knockdown of SIX1 expression
downregulated the mRNA and protein levels of PKM2, HK?2
and LDHA. Importantly, depletion of SIX1 expression led
to a decrease in ATP level, lactate production and glucose
uptake. These results further explained the mechanisms by
which Tan ITA regulated PKM2, HK2 and LDHA expression.
Previous studies found that Tan IIA decreased the HIFla
level in colorectal cancer and breast cancer (42,43). However,
in the present study, Tan IIA treatment (5 M) did not affect
the HIFla expression in A549 cells, possibly as a different
cell line was used, in which Tan ITA might trigger different
mechanisms. Therefore, the underlying mechanism involved
in the regulation of SIX1 expression by Tan ITA in NSCLC
cells needs to be further investigated.

The high expression of SIX1 is linked to the prognosis of
patients with cancer. For example, in a previous study, SIX1
expression was increased in prostate cancer tissues compared
with that in normal tissues, The high level of SIX1 was an
independent prognostic indicator and correlated with a high
histological grade and clinical stage in prostate cancer (44).
In glioma, the higher expression of SIX1 is more frequent
in high-grade glioma and is correlated with a poor clinical
outcome (22). Consistent with these previous studies, the
present study found increased SIX1 expression levels in
NSCLC tissues and cell lines. TCGA database analysis
revealed that lower expression of SIX1 was closely associated
with the poor prognosis of patients with NSCLC. Notably,
increased SIX1 expression was positively correlated with the
LDH serum levels of the patients with NSCLC. These results
also confirmed the important role of SIXI in metabolism.
The association between SIX1 and LDH in NSCLC tissues
provides a basis for the future selection of treatment for clinical
patients. Indeed, patients with higher serum LDH levels might
benefit from Tan IIA treatment.

In conclusion, the present study revealed the antitumor
effect of Tan IIA in lung cancer in vitro and in vivo. Tan IIA
decreased SIX1 expression and inhibited glycolysis in NSCLC
cells. The results indicate that Tan IIA is an anti-Warburg
effect agent and may constitute a novel treatment for patients
with NSCLC.
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