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Dihydrotanshinone exerts antitumor effects and improves
the effects of cisplatin in anaplastic thyroid cancer cells
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Abstract. Anaplastic thyroid cancer (ATC) is the most aggres-
sive type of thyroid cancer and is responsible for 20-50% of
thyroid cancer-associated deaths. The absence of response to
conventional treatments makes the search for novel therapeu-
tics a clinical challenge. In the present study, the effects of
15,16-dihydrotanshinone I (DHT), a tanshinone extracted from
Salvia miltiorrhiza Bunge (Danshen), which has previously
been shown to possess anticancer activity, were examined in
two human ATC cell lines. DHT significantly reduced cell
viability, which was coupled with an increase in apoptosis.
DHT administration also reduced the colony-forming ability
and proliferation of these cells in soft agar and downregulated
the expression of epithelial-to-mesenchymal transition-related
genes. In addition, DHT significantly reduced MAD2 expres-
sion, a target of HuR with a relevant role in ATC. Finally,
cotreatment with cisplatin and DHT has a greater effect on cell
viability than each compound alone. In conclusion, to the best
of our knowledge, the present study is the first to demonstrate
that DHT exerts antitumor effects on ATC cells by reducing
MAD?2 expression levels. Moreover, a synergistic effect of
DHT with cisplatin was shown. Further in vivo studies are
required to assess this phytochemical compound as a potential
adjuvant for the treatment of ATC.

Introduction

Thyroid cancer accounts for 1-2% of all cancer cases world-
wide, representing the most prevalent type of endocrine
malignancy (1,2). Most thyroid carcinomas are derived from
follicular cells and are classified into three broad categories
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based on their differentiation levels: i) Differentiated thyroid
cancer (DTC), including papillary thyroid cancer (PTC) and
follicular thyroid cancer (FTC); ii) poorly DTC and undif-
ferentiated thyroid cancer; and iii) anaplastic thyroid cancer
(ATC) (1). ATC is a rare, but aggressive, form of thyroid
malignancy. Indeed, despite the fact that it only accounts for
<2% of all thyroid malignancies, it is responsible for 20-50%
of thyroid cancer-associated deaths (thyroid cancer incidence
and mortality in the United States, 1974-2013) (1,2). Due to the
fast-growing and aggressive nature of the tumor, the majority
of patients with ATC are diagnosed with stage-IV disease, at
which point surgery is not possible (3). Moreover, due to its
undifferentiated nature, ATC is not sensitive to the conventional
treatments used for well-differentiated thyroid cancers, such as
radioactive iodine ablation, as thyroid-specific gene expression
is lost through the dedifferentiation process (4,5). Thus, the
median survival rates in several population-based studies have
been reported to be between 3 and 6 months, without evidence
of any improvement over several decades (6,7). Treatments with
widely used chemotherapeutic agents, such as doxorubicin or
cisplatin, as well as more recent taxane-based therapies, are
unable to improve the poor overall survival rates, primarily
due to inadequate control of distant metastases (8,9). Novel
strategies are currently under investigation, including a major
effort to identify innovative approaches to ATC management.

Phytochemicals, a large class of chemical substances
naturally produced in plants, have been demonstrated to
exhibit several biological properties, including anticancer
effects (10,11). In this context, in the field of thyroid cancer,
resveratrol has been shown to sensitize tumor cells to radio-
iodine therapy (12). Furthermore, in the case of curcumin, the
capacity to inhibit invasion and migration via downregulation
of the PI3K/Akt signaling pathway has been reported in FTC
cells(13)andinhibition of TGF-B1-induced epithelial-to-mesen-
chymal transition (EMT) has been reported in PTC cells (14).
In consideration of these findings, testing novel plant extracted
compounds in thyroid cancer therapy appears to be a prom-
ising strategy. Recently, among the more novel extracted plant
compounds with anticancer activity, particular attention has
been placed on 15,16-dihydrotanshinone I (DHT), a tanshi-
none extracted from Salvia miltiorrhiza Bunge (Danshen), one
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of the most frequently prescribed herbs in Traditional Chinese
Medicine (15). DHT possesses anticancer activity in different
types of cancer, including colon (16), breast (17) and gastric
cancer (18), with an effective dose 50 (EDs,) <10 uM (15-18).
DHT has been reported to be able to induce cell cycle arrest at
the S and G, phases (17), as well as apoptosis, acting primarily
through the BCL2 family of proteins (19). In addition, DHT
has also been tested in animal models, confirming its ability to
inhibit tumor growth in xenograft nude mouse models, without
adverse effects on other tissues (20,21). Notably, DHT is effec-
tive in reducing cell proliferation and aggressiveness, even in
some drug-resistant tumor cell lines, such as K562/ADR cells,
and in p-glycoprotein-overexpressing HepG2 subclones (22).
DHT has been reported to enhance the effectiveness of irra-
diation, as the combination of irradiation and DHT induces
significantly greater decrease in tumor growth in a nude xeno-
graft mouse model of cervical cancer (23).

Previously, Lal e al (24) showed that DHT treatment modi-
fies the activity of HuR, an RNA-binding protein involved in
tumorigenesis and cancer progression, altering its binding
to mRNA targets in vivo. In our previous studies, HuR was
overexpressed in thyroid cancer and that its downregulation
resulted anticancer effects in ATC cell lines (25-27).

Altogether, these findings indicate that DHT may be a poten-
tial candidate for ATC treatment. Thus, in the present study, the
effects of DHT were examined in two human ATC cell lines.
As it has been established that DHT inhibits HuR-target inter-
actions (24), the aim of the present study was to evaluate the
effects of DHT on MAD?2, a key component of the MAD/BUB
complex that regulates sister-chromatid separation during meta-
phase to anaphase progression (28), and a known target of HuR
with a relevant role in cancer progression (27). The effect of the
combination of DHT with cisplatin were also investigated.

Materials and methods

Cell lines. SW1736 and 8505C cells, derived from ATC (29-31),
were cultured in RPMI-1640 medium (Euroclone S.p.A)
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific,
Inc.), 2 mM L-glutamine (Euroclone S.p.A) and 50 mg/ml
gentamicin (Gibco; Thermo Fisher Scientific, Inc.). Cells were
cultured in a humidified incubator (5% CO, and 95% air at
37°C). Both cell lines were validated using short tandem repeat
analysis and confirmed to be mycoplasma-free. SW1736 and
8505C cells were treated with DMSO (vehicle; Sigma-Aldrich;
Merck KGaA), DHT (Selleck Chemicals) or cisplatin (Cayman
Chemical Company).

Cell viability. In order to test cell viability, the MTT assay was
used. SW1736 and 8505C cells (4x10° cells/well) were seeded in
96-well plates. The following day, cells were treated with DHT
(0.5, 1,2 or 3 uM) and cisplatin (1 xM) at different concen-
trations. After 24, 48 or 72 h of incubation, 4 mg/ml MTT
(Sigma-Aldrich; Merck KGaA) was added to the cell medium
and cells were cultured for a further 4 h in the incubator in
the dark. The supernatant was removed, 100 ul/well DMSO
(Sigma-Aldrich; Merck KGaA) was added, and the absorbance
at 570 nm was measured. All experiments were performed
as six technical repeats and cell viability is expressed as the
fold-change relative to the control (DMSO-treated cells).

Cell cycle analysis. Cell cycle distribution was determined
using flow cytometry analysis of DNA content, as previ-
ously described (32). Briefly, SW1736 and 8505C cells were
treated with 1.5 uM DHT or DMSO for 48 h. The cells were
collected and fixed in cold 70% ethanol, then stained with
propidium iodide solution containing RNase and Triton-X100
at 4°C for 30 min. Flow cytometry analysis was performed
on a FACSCalibur instrument (BD Biosciences) using
ModFit LT 5.0 analysis software (Verity Software House, Inc.).
A minimum of 2x10* cells were analyzed for each sample. All
experiments were performed in triplicate.

Annexin V and propidium iodide assay. To assess the effects
of DHT on cell death, an Annexin V and propidium iodide
assay was performed using the eBioscience Annexin V-FITC
Apoptosis Detection kit (cat. no. 88-8005-74; Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol.
Briefly, DHT-treated SW1736 and 8505C cells were washed
with cold PBS and resuspended in 195 ul binding buffer
(BB; 10 mM; HEPES/NaOH, pH 7.4; 140 mM NaCl and
2.5 mM CaCl,). A total of 5 ul fluorescein isothiocya-
nate-conjugated Annexin V (Annexin V-FITC) was added and
samples were incubated for 10 min at room temperature. After
washing, cells were resuspended in 190 1 BB in which 10 ul
propidium iodide stock solution (final concentration 1 ug/ml)
were added. Flow cytometry analysis was performed on a
FACSCalibur (Becton-Dickinson and Company) and analyzed
using the Summit software (Beckman-Coulter). All experi-
ments were performed in triplicate.

Protein extraction and western blotting. Total protein was
extracted from SW1736 and 8505C cells, treated with 1.5 yuM
DHT or DMSO, using a cell scraper and lysis buffer (50 mM
Tris HCI, pH 8; 120 mM NaCl; 5 mM EDTA; 1% Triton;
1% NP40; 1 mM DTT), supplemented with phenyl-meth-
ylsulphonyl fluoride and protease inhibitors. Lysates were
centrifuged at 13,000 x g for 10 min at 4°C, and supernatants
were quantified using a Bradford assay.

For western blot analysis, 30 ug protein was loaded per lane
on a 10% SDS gel, resolved using SDS-PAGE, then transferred
to nitrocellulose membranes (GE Healthcare). The membranes
were blocked at room temperature for 1 h using PBS-milk
(PBS; 0.1% Tween-20; 5% non-fat dry milk). The membranes
were then incubated overnight at 4°C with rabbit anti-actin anti-
body (1:1,000; cat. no. A2066; Sigma-Aldrich; Merck KGaA),
mouse monoclonal anti-MAD?2 (1:500; cat. no. sc-374131;
Santa Cruz Biotechnology, Inc.), mouse anti-E-cadherin
(1:1,000; cat. no. 14472), mouse anti-N-cadherin (1:1,000;
cat. no. 14215), rabbit anti-vimentin (1:1,000; cat. no. 5741)
(all Cell Signaling Technology, Inc.) or Apoptosis Western
Blot Cocktail (pro/pl7-caspase-3, cleaved PARP, muscle actin)
(1:400; cat. no. ab136812; Abcam). This cocktail is designed to
study the induction of apoptosis in response to various stimuli
and includes monoclonal antibodies specific for procas-
pase-3, caspase-3 and PARP. In particular, the mouse PARP
antibody of this cocktail detects only the apoptosis-specific
89-kDa PARP fragment (cleaved PARP). The following day,
the membranes were incubated with peroxidase-conjugated
anti-rabbit or anti-mouse IgG secondary antibody (both
1:4,000; cat. nos. A6154 and A9044, respectively; both
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Sigma-Aldrich; Merck KGaA) for 2 h at room temperature.
A UVITEC Alliance LD (Uvitec Ltd.) western blot detection
system with SuperSignal Technology reagent (Thermo Fisher
Scientific, Inc) and the Alliance 1D Max software (Uvitec
Ltd.) was used to visualize the signals.

Colony formation assay. SW1736 and 8505C cells were
treated with vehicle (DMSO) or 1.5 yM DHT for 48 h, then
seeded at 1.5x10° cells/plate. Colonies were left to form for
21 days, then washed twice with PBS and fixed with pure
methanol for 15 min at 4°C. Cells were then washed twice with
PBS-Triton X-0.1% (Sigma-Aldrich; Merck KGaA) and incu-
bated at room temperature with crystal violet (Sigma-Aldrich;
Merck KGaA) solution for 30 min. Crystal violet was removed
and stained colonies were washed, images were captured and
colonies were counted by eye.

Soft agar assay. The clonogenic ability of the SW1736 and
8505C cells after treatment with 1.5 yM DHT was evalu-
ated using a soft agar assay. Briefly, after 48 h of treatment,
cells were collected, and 1x10* cells were suspended in 4 ml
complete medium containing 0.25% agarose (Sigma-Aldrich),
then seeded to the top of a 1% agarose complete medium
layer in 6-cm plates. The colonies were counted by eye in four
different fields, under a Leica DMI-600B inverted microscope
(Leica Microsystems Ltd.). Data are representative of three
independent experiments.

Transwell invasion assays. Transwell membranes coated with
Matrigel™ were used to measure the ability of cells to attach
to the matrix, invade into and through the matrix, and migrate
towards a chemoattractant. The invasion ability of ATC cells
was evaluated after treatment for 72 h with 1.5 yM DHT. For
each cell line, 2.5x10* live cells per condition (DHT or vehicle)
were separately re-suspended in culture media containing
10% FBS and seeded in a 24-well plate Transwell coated with
Matrigel, as described by Justus ez al (33). RPMI-1640 medium
supplemented with 25% FBS was used as the chemoattractant
in the lower chamber. After 24 h, cells were fixed with 70%
ethanol and stained with crystal violet solution. After staining,
the top of membrane was gently scraped to remove the cells
that had not migrated; the cells that had migrated through
the membrane toward the chemoattractant were attached on
the underside of the membrane. The number of cells on the
underside were counted in six different fields of view using an
inverted microscope (Leica DMI-600B). Data are representa-
tive of the average of the sum of the cells counted in all these
six fields in three independent experiments.

High-throughput RNA sequencing and analysis. RNA was
extracted from SW1736 and 8505C cells treated with vehicle
(DMSO) or DHT using a RNeasy Mini kit (Qiagen GmbH)
according to the manufacturer's instructions. In total, ~1 ug
RNA (RNA integrity number >7) was used as the starting
material for preparation of the library using a Universal
Plus mRNA-Seq kit (cat. no. 0520-A01; Tecan Group, Ltd.)
according to the manufacturer's protocol. RNA samples were
quantified, and the quality was assessed using an Agilent
2100 Bioanalyzer RNA assay (Agilent Technologies, Inc.)
and the final libraries were checked using both a Qubit 2.0
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Fluorometer (Invitrogen; Thermo Fisher Scientific, Inc.)
and Agilent Bioanalyzer DNA assay. The library final
concentration was 68.7 nM. Libraries (1.4 nM) were then
prepared for sequencing using the single-end 75 bp mode on
a NextSeq 500 (Illumina, Inc.). The Bcl2Fastq version 2.20
in the Illumina pipeline was used for processing the raw data
(format conversion and de-multiplexing); adapter sequences
were masked with Cutadapt version 1.11 (34) from raw fastq
data and the ERNE (35) software was used to remove lower
quality bases and adapters. Reads were aligned to the refer-
ence hg38 genome/transcriptome using STAR software (36).
Finally, assembly and quantitation of full-length transcripts
representing multiple spliced variants for each gene locus
was performed using the Stringtie tool (37). Differentially
expressed genes were defined as those with a log, fold change
>1.5 or <-1.5. Raw and processed data are available on the
public online repository Gene Expression Omnibus (dataset
no. GSE168616).

Gene expression assays. A total of 500 ng total RNA from
SW1736 and 8505, extracted as described above, was
reverse transcribed to cDNA using random hexaprimers and
SuperScript IIT (SSIII) reverse transcriptase (Thermo Fisher
Scientific, Inc.). Briefly, the first strand cDNA synthesis was
created in a total volume of 20 ul with 5X First-strand buffer,
DTT 0.1 M, RNase OUT Recombinant RNase Inhibitor
(Thermo Fisher Scientific, Inc.), dNTPs 10 mM, random
primers (Thermo Fisher Scientific, Inc.) and SSIII reverse tran-
scriptase. The reverse transcription step involved incubation at
room temperature for 5 min, 50°C for 60 min, 70°C for 15 min
and 45°C for 5 min. Quantitative PCR was performed using
PowerUP Sybr green master mix (Thermo Fisher Scientific,
Inc.) on the QuantStudio3 system (Applied Biosystems;
Thermo Fisher Scientific, Inc.), as previously described (38)
and following the Standard cycling mode (primer T,, <60°C):
50°C for 2 min, 95°C for 2 min and 95°C for 15 sec, 60°C for
15 sec and 72°C for 1 min for 40 cycles. The QuantStudio
Design and Analysis software (Applied Biosystems; Thermo
Fisher Scientific, Inc.), was used to calculate mRNA levels
with the 2-24% method (39) and -actin was used as reference.
All experiments were performed in triplicate. Oligonucleotide
primers were purchased from Sigma-Aldrich; Merck KGaA,
and the sequences of the primers are listed in Table I.

Statistical analysis. Data are presented as the mean + stan-
dard deviation. All results were analyzed using the unpaired
Student's t-test or one-way ANOVA in GraphPad Prism
version 6 (GraphPad Software, Inc.). After one-way ANOVA,
the Dunnett's post hoc test was performed. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Effects of DHT on cell viability, cell cycle progression and
apoptosis. In the first set of experiments, the effects of DHT
on two human ATC cell lines (SW1736 and 8505C) were
evaluated. To assess the effects of DHT on cell viability
using several doses of DHT, an MTT assay was performed
on ATC cells treated for 24, 48 or 72 h. As shown in Fig. 1A,
2 and 3 yM DHT treatment significantly reduced the viability
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Table I. Reverse transcription-quantitative PCR primer sequences.

Gene Forward primer sequence, 5'-3' Reverse primer sequence, 5'-3'
CDH1 AGCCTCAGGTCATAAACATCATTG CTCGCCCCGTGTGTTAGTTC

CDH2 CCATCACTCGGCTTAATGGT ACCCACAATCCTGTTCCACAT

VIM CAAATCGATGTGGATGTTTCCA AGGTTCTTGGCAGCCACACT

TWIST1 GCAGGACGTGTCCAGCTC CTGGCTCTTCCTCGCTGTT

ZEBI1 TCAGTGTTCTTCACCGTCTCTTTC GTTTATTCTCTATCTTTTGCCGTATCTG
ZEB2 CAAGAGGCGCAAACAAGC GGTTGGCAATACCGTCATCC

ACTB TTGTTACAGGAAGTCCCTTGCC ATGCTATCACCTCCCCTGTGTG

CDH, cadherin; VIM, vimentin; ZEB, zinc finger E-box binding homeobox; ACTB, B-actin.

of both ATC cell lines at all time points. In SW1736 cells,
doses <2 uM did not significantly affect viability, whereas the
8505C cells were more sensitive to DHT treatment, since they
exhibited a ~50% reduction in cell viability when treated with
0.5 and 1 M DHT after 48 h. However, the effects of DHT
were transient, and cell viability recovered at the 72-h time
point. Based on these data, the median EDjy, of 1.5 uM was
selected for treatment of both cell lines in subsequent experi-
ments.

The aforementioned experiments did not distinguish
whether the reduced viability was the effect of a decrease in cell
metabolism or cell number. To evaluate the effects of DHT on
cell cycle progression, flow cytometry analysis was performed
after 72 h of DHT treatment. As shown in Fig. 1B and C,
treated SW1736 and 8505C cells exhibited a slight reduction
in the proportion of cells in the G,/G, phase compared with
vehicle-treated cells, significative only in SW1736 cells. By
contrast, DHT treatment resulted in a significant increase in
the proportion of cells in the S phase from 25.8 to 32.3% and
from 43.2 to 55.3% in SW1736 and 8505C cells, respectively.
Moreover, 8505C treated cells showed a significant reduction
in the proportion of cells in the G,/M. The notable increase in
cells with reduced DNA staining compared with G,/G, cells
among treated cells was hypothesized to reflect an increase in
the degree of apoptosis, as previously described (40).

To evaluate whether the decrease in cell viability observed
after the treatments was due to apoptotic cell death, western
blot analysis of caspase-3 activation (Fig. 2A and B) and
cleaved-PARP protein (Fig. 2C-F) was performed. Caspase-3
activation was evaluated after 24 and 48 h of treatment with
0.75 or 1.5 uM DHT. In both cell lines, 48-h treatment with
1.5 uM DHT resulted in a significant increase in caspase-3
activation compared with the DMSO control. These condi-
tions also resulted in a ~60-fold increase in the expression of
cleaved-PARP levels compared with the control in both cell
lines (Fig. 2E and F).

To better characterize the effects of DHT on cell death, an
Annexin V/propidium iodide assay was performed. As shown
in Fig. 2G, in both cell lines, 1.5 uM DHT treatment resulted
in an increase in the proportion of necrotic (top left area of the
plot) and late apoptotic cells (top right area of the plot).

Effects of DHT on cell colony forming ability and invasiveness.
To assess the effects of DHT on markers of aggressiveness in

the two ATC cells, its influence on the ability of cells to form
colonies in an anchorage-dependent or independent manner
was assessed using a plate colony formation assay and a
soft-agar colony formation assay. As shown in Fig. 3A and B,
there was a significant reduction in the number of colonies in
cells treated with 1.5 uM DHT. In 8505C cells, DHT reduced
the number of colonies by ~10-fold, and its effects were more
potent on the SW1736 cells, in which it completely abrogated
colony formation ability. To better evaluate the effects of DHT
on tumor cell aggressiveness, the anchorage-independent
colony formation ability of SW1736 and 8505C treated with
DHT was investigated by performing a soft agar colony forma-
tion assay. Treatment with 1.5 uM DHT for 48 h resulted in a
significant reduction in the number of colonies in both cell lines
relative to the respective vehicle-treated cells (Fig. 3C and D).

Since traversing the basement membrane by cancer cells is
an important step in the metastatic process, the effects of DHT
treatment on thyroid cancer cell invasiveness was assessed
using Transwell invasion assays. Treatment with 1.5 uM DHT
resulted in a significant decrease in cell invasion in both ATC
cell lines (Fig. 3E and F).

Effects of DHT on gene expression. To evaluate the effects of
DHT on gene expression, high-throughput RNA-seq analysis
was performed on the SW1736 and 8505C cells treated
with 1.5 yM DHT for 24 h. After filtering out low quality
reads, the comparison between cells treated with DMSO
or DHT showed that 1,805 and 503 genes were differen-
tially expressed (log, fold change >1.5) in the DHT-treated
SW1736 and 8505C cells, respectively. In SW1736 cells,
813 genes were upregulated and 992 were downregulated,
whereas in 8505C, 350 genes were upregulated and 153 were
downregulated in response to DHT treatment. Among these,
41 genes were commonly upregulated and 29 commonly
downregulated (Fig. 4).

Gene Ontology analysis was then performed using the
Panther Classification System (41). Briefly, differential
expressed gene lists for each cell line (separately for up-
and down-regulated genes) were loaded into PANTHER
(version 16.0) and mapped to its pathway database. When
the PANTHER pathway database was interrogated with the
commonly dysregulated genes, no pathway has been identified
as significantly deregulated. Regarding the altered genes in
each cell line, the top 10 up- and downregulated pathways of
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Figure 1. DHT affects thyroid cancer cell viability and cell cycle progression. (A) SW1736 and 8505C cells were treated with DHT at different doses (rising
from 0.5 to 3 M) or vehicle (DMSO) for 24, 48 or 72 h, and cell viability was analyzed using MTT assays. Each point represents the mean of six measure-
ments. (B) Cell cycle analysis of SW1736 and 8505C cells treated with DMSO or 1.5 pM DHT for 48 h. (C) Histogram of the cell cycle analysis of SW1736
and 8505C cells. n=3. "P<0.05, “P<0.01, “**P<0.0001; Student's t-test. DHT, dihydrotanshinone.

each cell line are shown in Fig. 5 (and Tables SI-IV). Although
the altered gene expression involved different genes, the
analysis identified some commonly dysregulated pathways
in both cell lines, which included ‘Wnt signaling’ (P00057),
‘apoptosis signaling’ (P00006) and ‘cadherin signaling
pathway’ (PO0012).

Effects of DHT on expression of EMT markers. To charac-
terize the effects of DHT on ATC cell aggressiveness at the
molecular level, the expression of five universally recognized
genes associated with EMT (42), a phenotypic change which

endows cancer cells with increased migratory and invasive
capacity, was analyzed.

The changes in mRNA levels for the EMT-related genes
CDHI, CDH2, VIM, TWIST, ZEBI and ZEB2 are shown in
Fig. 6A. Treatment with 1.5 M DHT resulted in a significant
increase in the expression of CDHI, a marker of the epithelial
phenotype, in treated cells compared with those treated with
DMSO. Additionally, DHT treatment significantly decreased
the gene expression levels of all other markers, which are asso-
ciated with the mesenchymal phenotype, in both cell lines,
except for CDH2, confirming that DHT modulated EMT.
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Figure 2. DHT affects thyroid cancer cell death. (A) Protein expression levels of cleaved caspase-3, procaspase-3 and f3-actin in SW1736 and 8505C cells treated
with DMSO or DHT 1.5 M for 48 h. (B) Densitometric analysis of cleaved caspase-3 and procaspase-3 levels normalized against $3-actin. (C and D) Protein
expression levels of PARP and B-actin in SW1736 and 8505C cells treated with DMSO or DHT 1.5 M for 48 h. (E-F) Densitometric analysis of cleaved PARP
levels obtained with Western Blot assay normalized against f3-actin. For each cell line, the results are expressed as percentage over control. (G) Annexin V
and propidium iodide staining of SW1736 and 8505C cells treated with DMSO or DHT 1.5 uM for 48 h. n=3. "P<0.05, “P<0.01, "P<0.0001; Student's t-test.
DHT, dihydrotanshinone.

Among the EMT-related genes assessed, CDHI, CDH2 also assessed. VIM and CDH?2 protein expression levels
and VIM are particularly interesting, as they are phenotypic  were significatively reduced following treatment with DHT
markers of EMT. Thus, their protein expression levels were  (Fig. 6B and C). Despite the fact that CDHI mRNA levels
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Figure 3. DHT affects the colony formation ability and invasiveness of ATC cells. (A) Colony formation in SW1736 and 8505C cells treated with 1.5 M DHT
or vehicle (DMSO) for 48 h. (B) Representative bar chart of the number of colonies after 21 days. (C) Tumor aggressiveness was evaluated as the clonogenic
ability of ATC cells using a soft-agar assay. Magnification, x4. (D) Bar chart represents the number of colonies in each line after the treatments. (E) Tumor
invasiveness was evaluated 72 h after treatment. Magnification, x10. (F) Invasiveness (number of counted cells per field) of each cell line treated either with
DHT or DMSO for 72 h. n=3. “P<0.01, "“P<0.001, ***P<0.0001; Student's t-test. DHT, dihydrotanshinone; ATC, anaplastic thyroid cancer.

were increased following DHT treatment, the protein expres-  Effects of DHT on MAD?2 expression. Since DHT is known
sion levels remained undetectable in the treated cells (data not  to inhibit the activity of the RNA-binding protein HuR (24),
shown). to verify the involvement of HuR in the effects of DHT on
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Figure 4. DHT effects on gene expression. (A) Heat maps showing the hierarchical clustering of mRNA in SW1736 and 8505C cell lines. Cells were treated
either with DHT or vehicle for 72 h. Results are showed as Fold Change (Log2). (B) Venn diagrams represented the comparison of up-regulated, down-regu-
lated between SW1736 and 8505C cell lines after RNA-seq data analysis. Light blue gene clusters indicated shared modified genes between the two cell lines.

viability, apoptosis and tumor aggressiveness in ATC cells,
MAD?2, a target of HuR, was then analyzed. MAD?2, which is
one of the major factors involved in the spindle checkpoint, has
been shown to be implicated in cancer progression (43,44) and
is overexpressed in thyroid neoplasms (45). Thus, the effects
of DHT on MAD?2 protein expression were examined using
western blotting (Fig. 7). After 48 h of treatment with 1.5 yM
DHT, there was a significant decrease in MAD2 protein
expression levels in both cell lines. This result demonstrated
that MAD2 may be involved in anticancer effect of DHT in
ATC cell lines.

DHT administration increases the sensitivity of ATC cells to
cisplatin treatment. Based on the results of the DHT treatment,
the effects of its co-administration with cisplatin, one of the
few chemotherapeutic agents used for ATC treatment, were
then examined. The effect of their combined administration

on the viability of SW1736 and 8505C cells was assessed
following 24, 48 or 72-h treatment with cisplatin and DHT
alone or combined. Since synergy is considered as the interac-
tion between two or more drugs, which results in a total effect
of the drugs, which is greater than the sum of the individual
effects of each compound, drug concentrations of 1 M for both
compounds were used, as this concentration did not exert any
notable effects when the compounds were administered alone.

As shown in Fig. 8, DHT and cisplatin 1 M alone did
not affect cell viability after 72-h treatment, in either cell
line. However, when co-administered at the same individual
concentration of 1 #M, there was a significant decrease in cell
viability of around 60-70% in both the SW1736 and 8505C
cells.

Thus, the effects of DHT-cisplatin combination on apop-
tosis and other markers of tumor aggressiveness were assessed
next (Fig. 9). Western blot analysis indicated that cleaved
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Figure 5. Top 10 deregulated pathways. (A and B) Top 10 (A) upregulated and (B) downregulated pathways in SW1736 treated with DHT 1.5 yM. (C and D) Top 10
(C) upregulated and (D) downregulated pathways in 8505C treated with DHT 1.5 uM. Pathway analysis was performed using the Panther classification system.

DHT, dihydrotanshinone.

PARP protein levels were increased 6-fold after cotreatment
compared with 1 yM cisplatin alone in SW1736 cells. In 8505C
cells, combined administration of DHT and cisplatin resulted
in a significant increase in cleaved-PARP protein expression
compared with either treatment alone. Similar to what was

observed when DHT was used at an EDs, dose, the lower dose
of 1 uM resulted in MAD2 downregulation in the ATC cell
lines. Moreover, cotreatment resulted in a greater decrease in
MAD?2 protein expression in the SW1736 and 8505C cells,
compared with DHT or cisplatin alone.
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DHT, dihydrotanshinone; CDH2, cadherin 2.

The effects of the combination of the two compounds on  shown in Fig. 10, in SW1736 cells, DHT alone did not induce
the expression of EMT-related genes were then evaluated.  an increase in the CDH2/CDH] ratio, whereas cisplatin, alone
During EMT, CDHI1 expression is significantly decreased, and combined with DHT, resulted in a significant reduction
whereas CDH?2 expression is increased. Thus, CDH2/CDH1 in the CHD2/CDHI ratio. In SW1736, unlike what observed
expression ratio is widely considered a marker of EMT (46). As  using the EDs, dose of DHT (1.5 uM), treatment with 1 yM
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DHT, dihydrotanshinone.

DHT resulted in an increase in VIM mRNA expression levels,
compared with the control. When cells were cotreated with
DHT and cisplatin, the mRNA expression of VIM returns to
comparable levels with control, while ZEBI decreased. In the
8505C cells, the observed effects on EMT-related genes were
not as prominent and the differences were not significant.

Discussion

The post-diagnosis survival rate of ATC is <1 year due to its
invasiveness and frequent metastasis, making it the most lethal
thyroid malignancy (47). A study of Fan et al (48) has focused
on different trimodal treatment regimens, namely aggres-
sive radiotherapy in combination with surgery and systemic
therapy, but the prognosis of patients with ATC remains poor
despite the use of these aggressive multimodal therapies. For
these reasons, the search for novel approaches to the treatment
of this aggressive thyroid cancer is crucial, as it cannot be
effectively managed by the currently available therapies (49).
Novel strategies can take advantage of the molecular altera-
tions that occur in these tumors (50). Promising results have
been observed in clinical trials of targeted therapy in ATC (50),
underscoring the importance of a selection of patients based
on tumor molecular profiles. Additional studies are focusing
on the use of bioactive molecules that are naturally present
in plants, such as phytochemicals, some of which are able
to regulate certain cell physiological pathways, which may
promote malignant transformation or drug resistance (51,52).
Indeed, several studies have reported the anticancer

proprieties of several phytochemicals, including some acting
on ATC cells (12,13). Moreover, there are natural compounds
that may also improve cancer sensitivity to commonly used
chemotherapeutic agents (53,54). The lack of effective and
standardized therapeutic strategy for the management of ATC,
and the promising anticancer effects obtained in preclinical
experimental models by certain phytochemicals, highlight
them as ideal candidates for investigation as ATC treatments.
Several studies have investigated the use of phytochemicals
for the treatment of ATC. For instance, Schwertheim et al (55)
and Allegri et al (56) independently demonstrated the antitu-
moral effects of curcumin, as well as other phytochemicals, in
different ATC cells.

In the present study, the effects of DHT were
examined. DHT is one of 40 tanshinones extracted from
Salvia miltiorrhiza, which not only has anticancer activity
through its cytotoxic properties, but also improves the sensi-
tivity to other anti-cancer agents drugs and exhibits synergism
with other chemotherapeutic regimens (15). Interestingly,
DHT has been shown to induce cell death via autophagy in
multidrug-resistant colon cancer cells (57) and to enhance
irradiation-induced cytotoxic effects, G,-phase arrest and
apoptosis in HeLa cells (23). Moreover, DHT was able to
sensitize tumors to irradiation in vivo (23). In the present study,
it was demonstrated for the first time that DHT exerts strong
anticancer activity against ATC cells. Indeed, a decrease in
ATC cell viability was observed, which was primarily due
to the activation of the apoptotic process, as indicated by a
large increase in the cleaved-PARP fraction. Moreover, cell
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Figure 8. Effects of DHT and cisplatin cotreatment on anaplastic thyroid cancer cell viability. SW1736 and 8505C cells were treated with 1 uM cisplatin
or DHT alone, with 1 #M cisplatin 1 and 1 uM DHT or with vehicle (DMSO) for 24, 48 or 72 h. Cell viability was analyzed using MTT assays. Each point
represents the mean of six measurements. “P<0.05, “P<0.01, ““P<0.001 vs. control; one-way ANOVA. DHT, dihydrotanshinone.

cycle analysis demonstrated that DHT induced S-phase arrest
of ATC cells, which has already been shown in other cancer
models (17). The calculated DHT EDs, in SW1736 and 8505C
cells was almost 50-fold lower than those of others phyto-
chemicals (56), highlighting the effectiveness of its antitumor
function in these cell lines.

The molecular mechanisms regulated by DHT remain to
fully elucidated. Tan et al (58) demonstrated that DHT inhibits
glioma cell proliferation through the activation of ferroptosis,
regulating the expression of ACSL4 and the GPX gene family.
Moreover, Wang et al (59) showed that DHT transcriptionally
repressed PIK3CA. These studies suggest that DHT primarily
exerts its functions by regulating gene expression. Thus, in
the present study, the effects of DHT on gene expression were
evaluated using high-throughput RNA-sequencing analysis on
SW1736 and 8505C cells. Despite the differences in the altered
expression of genes, the analysis identified certain commonly
dysregulated pathways, including the Wnt, apoptotic and
cadherin signaling pathways.

These encouraging results obtained with regard to cell
viability and apoptosis are strengthened by those obtained

with regard to counteracting other features of aggressive
tumor behavior, as the invasiveness of a few aggressive
cells that survive can lead to dissemination and re-growth
of metastasizing tumor cells. In this context, the effects of
DHT on several features of tumor cell aggressiveness were
analyzed by performing colony formation, soft agar and
invasion assays, whilst also determining the expression of
EMT-related genes. DHT significantly reduced the colony
formation ability of ATC cell lines, achieving complete
inhibition of colony formation of SW1736 cells. Moreover,
DHT treatment significantly reduced invasiveness of ATC
cells, indicating that this compound can affect mesen-
chymal motility. This latter property was also confirmed by
the effects obtained by analyzing the effects on some key
elements of the EMT process, which is typical of aggressive
neoplasia. Indeed, DHT treatment resulted in an increase in
CDH|1 expression and a significant decrease in VIM, TWIST,
ZEBI and ZEB?2 expression (components of the cytoskeleton,
the extracellular matrix or transcription factors), which are
considered the five key EMT-related genes (40). Our find-
ings showed that DHT regulated the mRNA levels of these
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genes. Thus, in order to deepen our understanding of the
molecular mechanism underlying the effects of DHT, a
second phase of our study was performed based on a recent
study by Lal et al (24), showing that DHT may alter the
activity of the RNA-binding protein HuR by inhibiting the
HuR-mRNA binding in xenograft tumors. In our previous
study, the RNA-binding protein HuR was overexpressed in
thyroid cancer, and that its downregulation resulted in anti-
cancer effects in ATC cell lines (25-27). Moreover, we also
previously showed that a HuR-specific inhibitor (CMLD-2)
exerted antitumor effects on ATC cells via downregulation of
MAD?2 (25-27). In the present study, DHT may have exerted
its antitumor effects, at least partly, by decreasing the expres-
sion of the HuR target, MAD2, a protein closely associated
with ATC cell viability, survival and aggressiveness (27).
Bates et al (60) and Pajuelo-Lozano et al (61) demonstrated
that MAD?2 silencing results in reduced tumor aggressiveness
and alteration of several biological processes including EMT,

Aok

P<0.0001 vs. control; one-way ANOVA. (C) Representative western blot images.

in different cancer types. Further experiments focused on the
molecular mechanism between MAD2 and EMT induction
in thyroid cancer could better highlight the role of MAD?2 in
thyroid cancer and EMT processes. Furthermore, evaluating
whether the effects of DHT are maintained after knockdown
of MAD2 would be an interesting experiment.

Nascimento et al (62) demonstrated that the combination
of MAD2 knockdown with cisplatin administration consti-
tuted an efficient approach to the treatment of drug-resistant
tumors. Since the present findings indicated that DHT
resulted in downregulation of MAD?2, the final part of
this study was dedicated to the investigation of a syner-
gistic effect between DHT and cisplatin. Seto er al (63)
reported that cisplatin was able to inhibit ATC progression
and improved survival outcomes of certain ATC patients.
However, another study demonstrated that cisplatin could
activate autophagy-mediated apoptosis resistance (64).
Moreover, chemotherapy resistance currently remains a
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significant hurdle in ATC management (64). Recently,
a synergistic effect was demonstrated in thyroid cancer
cells cotreated with the phytochemical quercetin and a
protein kinase inhibitor (65). In the present study, DHT
exerted a synergistic effect with cisplatin, indicating the
potential benefits of the use of DHT as an adjuvant in a
multimodal therapeutic strategy, in order to improve the
antitumor effectiveness of other therapies. An important
point regarding these proposed compounds as anticancer
drugs is the absence/tolerance of toxicity on normal cells.
In this regard, no toxic effects have been reported when
DHT is administered for the treatment of xenograft tumors
in vivo (20,21). Moreover, the possibility of a toxic effect on
normal thyroid cells can be excluded in patients with ATC,
since the use of anticancer drugs is complementary to the
surgical treatment to achieve total thyroidectomy.

In conclusion, to the best of our knowledge, the results of
the present study were the first to demonstrate the antitumor
effects of DHT on ATC cells in vitro, alone and in combina-
tion with cisplatin. Despite these encouraging results, this
study is limited by the lack of an in vivo model. Therefore,
further and more detailed studies on its effects on HuR regu-
lation, as well as in vivo investigation of this combination,
are needed.
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